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Abstract

The complement system comprises a strong defense
against various pathogens and is a major component of
our innate immune system. While earlier studies have
established a crucial role of complement in recognition,
opsonization and enhanced phagocytosis of microor-
ganisms by professional phagocytes such as polymor-
phonuclear leukocytes and macrophages, recent studies
delineate an additional role of complement in initiation
and maintenance of the acquired immune response. In
addition, it seems that opsonization of apoptotic cells by
complement may lead to polarization of the response of
professional antigen-presenting cells to a more inflam-
matory or tolerogenic response. The present review
summarizes these different contributions of complement

to the shaping of the immune balance.
Copyright © 2004 S. Karger AG, Basel

Molecules of the Innate Immune System

The immune system has evolved to protect the human
body against pathogens or other hazardous elements in-
cluding bacteria, viruses, parasites and tumors. Immune
responses are mediated by a variety of cells and soluble

mediators and can be distinguished into innate and
adaptive immune responses, the latter being highly spe-
cific for particular antigens. The adaptive immune re-
sponses can be divided in two broad classes: the humor-
al and the cell-mediated immune responses. In the hu-
moral immune response, antibodies are produced by B
lymphocytes, which specifically recognize and bind to a
particular target molecule. The different responses of T
lymphocytes are collectively called the cell-mediated im-
mune responses. The innate immune system consists of
physical, cellular and chemical elements. The physical
elements include the epithelial and mucosal barriers,
whereas natural killer (NK) cells, mast cells, dendritic
cells, macrophages and granulocytes constitute the cellu-
lar elements of the innate immune system. The chemical
defense consists of mucus, acid, cytokines, chemokines,
proteins or peptides that hydrolyze microbes, and so-
called pattern recognition molecules. The pattern recog-
nition molecules have the capability to specifically rec-
ognize pathogens via their highly conserved pathogen-
associated molecular patterns displayed by lipopolysac-
charides, lipoproteins, peptidoglycans and oligosaccha-
rides [1]. Originally, pattern recognition was thought to
be primarily important in host defense by the recogni-
tion of exogenous ligands. However, recent data extend
the role of these pattern recognition molecules to the rec-
ognition of endogenous ligands, indicating that they also
play a role in the clearance of self-antigens [2]. Pattern
recognition molecules can be cell-associated such as
scavenger receptors, Toll-like receptors and lectin-like
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receptors. There are also several soluble molecules that
bind pathogen-associated molecular patterns including
complement components, members of the collectin fami-
ly and members of the pentraxin family. The comple-
ment system is a key component of the innate immune
system involved in protection against invading patho-
gens.

The Complement System

The complement system consists of at least 30 plasma
proteins with an associated group of cell membrane pro-
teins that have inflammatory and immunoregulatory
functions. Many of the proteins are in a proenzymatic
form and are only activated via proteolytic cleavage by
complement components earlier in the cascade. The com-
plement system consists of at least three different path-
ways that are initiated via separate mechanisms: the clas-
sical complement pathway, the alternative complement
pathway, and the lectin complement pathway (fig. 1).

The three pathways merge at the level of C3, resulting
in the generation of the membrane attack complex (MAC)
through a common terminal pathway. The classical com-
plement pathway is activated by binding of Clq to anti-
body-antigen complexes, or other structures, such as HIV
[3], bacterial structures [4], double-stranded DNA [4, 5],
or pentraxins such as C-reactive protein (CRP) [6]. Recog-
nition of microbial saccharides by mannose-binding lec-
tin (MBL) or ficolins can initiate activation of the lectin
pathway [7]. The alternative pathway of complement is
activated following the spontaneous hydrolysis of the
thioester bond of native C3 and requires stabilization of
activated complement components, for example, by bac-
teria or viruses [8]. The alternative pathway also provides
an intrinsic amplification mechanism at the level of C3.
The common terminal complement pathway results in the
formation of the MAC, consisting of complement compo-
nents C5-C9.

Because of the amplifying capacity of complement and
the production of various inflammatory mediators, con-
trol mechanisms exist to prevent ongoing activation that
could result in significant damage to host tissue. Different
complement regulators, both fluid phase and membrane-
bound, are present to tightly regulate the complement sys-
tem [9]. However, undesired complement activation
might occur and has been implicated in the pathogenesis
of several diseases, including glomerulonephritis [10],
myocardial infarction [11], and rheumatoid arthritis
[12].

A Regulatory Role for Complement in
Innate Immunity and Autoimmunity

Being a central component of the innate immune sys-
tem, complement is involved in host defense against
invading pathogens, i.e. non-self. The classical view on
the action of complement in the protection against patho-
gens is that it kills targets by the formation of a transmem-
brane pore. Furthermore, opsonization of pathogens with
complement components (C4b, C3b, iC3b) can target
them for phagocytosis by cells expressing complement
receptors.

Activation of complement also contributes to inflam-
mation by the release of the anaphylatoxins C3a and C5a.
C5a and to a lesser extent C3a trigger release of histamine
and other mediators after binding to specific receptors on
mast cells or basophils, resulting in vasodilatation. Neu-
trophils, monocytes, eosinophils and mast cells are at-
tracted to the site of inflammation by C5a, a potent che-
moattractant [13, 14]. More recently, it has been estab-
lished that complement collaborates with the adaptive
immune system by augmenting the humoral response to
antigens and thereby lowering the threshold for B cell acti-
vation [15].

Recent studies have provided evidence for alternative
functions of complement that are different from its classi-
cal role in the defense against non-self. Compelling evi-
dence suggests that complement components have an
effect on ‘self’, by inducing apoptosis or by triggering cell
activation and proliferation. Moreover, complement
components can recognize and bind apoptotic cells, and
thereby contribute to the efficient clearance of cellular
debris.

The Recognition Molecules of the Complement
System

Clq

The recognition element of the classical complement
pathway, C1q, contains a collagen-like tail region to which
the serine proteases Clr and Cls are bound, connected to
a globular head region, responsible for ligand binding.
The classical complement pathway is activated via the
binding of Clq to an activator, resulting in activation of
Clrand Cls. Activated Cls subsequently cleaves C4 and
C2, resulting in the classical C3 convertase C4b2a. Clq
consists of trimeric polypeptide chains, designated A, B
and C, and is connected by disulfide bridges between six
A-B and three C-C chains, forming six A-B-C units. In the
circulation, C1q is predominantly present in the C1 com-
plex, together with a tetramer of two Clr and two Cls
molecules. During inflammation or upon initiation of the
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Fig. 1. The classical pathway is activated by the binding of Clq to
antibody-antigen complexes, or to other structures, such as pentrax-
ins or apoptotic cells, resulting in the formation of the classical C3
convertase C4b2a. Subsequently, C4b2a cleaves C3 to C3b to form
the classical C5 convertase C4b2a3b, which is able to initiate the ter-
minal complement pathway. Activation of the lectin pathway is ini-
tiated by MBL and ficolins, recognizing microbial saccharides.
Downstream activation of the lectin pathway is almost identical to
the classical pathway activation and results in the formation of the
same C3 and C5 convertases. The alternative pathway of comple-
ment is activated following spontaneous hydrolysis of the thioester
bond of native C3, resulting into binding of factor B, which is cleaved
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by factor D. This results into generation of C3(H,O)Bb and, subse-
quently, of the efficient alternative pathway C3 convertase C3bBb.
After stabilization by properdin, an intrinsic amplification mecha-
nism at the level of C3 is provided leading to the formation of the C5
convertase C3bBb3b that finally initiates the terminal complement
pathway. This pathway is initiated by the cleavage of C5 into C5a
and C5b by C5 convertase. The assembly of C5b with C6 and C7
results in the formation of a hydrophobic C5b67 complex able to
insert into lipid membranes. After binding of C8 and one or more C9
molecules to C5b67 a transmembrane pore is formed, called the
membrane attack complex. Regulators of complement activation are
indicated in ovals.
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classical pathway, levels of noncomplexed Clq are in-
creased [16]. The exposed collagen-like domain of Clq is
able to interact with cell surface proteins expressed by
various cell types. Several Clg-binding cell membrane
proteins have been identified. A cell surface protein that
binds to the collagen-like region of Clq was designated
cClgR, which appears to be identical to calreticulin
(CRT) [17]. Although calreticulin is predominantly an
intracellular protein, a recent study proposed that calreti-
culin can be transported from the endoplasmatic reticu-
Ium (ER) to the cell surface as a result of the fusion of the
ER with the plasma membrane [18]. Substantial evidence
has been provided for a role of cC1gR/CRT present on
the cell surface in association with CD91 in the clearance
of complement-opsonized apoptotic cells [19, 20]. C1gRp
was originally described as a putative Clq receptor ex-
pressed mainly by monocytes and macrophages, which
enhances phagocytosis [21]. However, recent data show
that C1gRp is identical to CD93. This strongly suggest
that C1gRp does not bind C1q [22]. A distinct C1q recep-
tor that triggers neutrophils to release superoxide was des-
ignated C1qRo; [23], but the identity of this receptor is
not defined. Complement receptor 1 (CR1 or CD35)
present on leukocytes and erythrocytes is known to play a
role in the recognition of immune complexes opsonized
with the activated complement fragments C3b and C4b,
leading to their clearance in the liver and spleen.
Evidence suggests that CR1 also binds to C1q via the
collagen-like region [24]. The interaction between CR1
and C1q may play a role in immune complex clearance. In
addition to C1g-binding proteins that recognize the colla-
gen-like region of Clq, also a receptor for the globular
heads of Clq has been characterized and designated
gC1gR [25]. Because gC1qR is identical to the mitochon-
drial protein p32 and p32 believed to be primarily present
in intracellular vesicles [26], it has been proposed to re-
name ‘gC1gR’ to ‘gC1gBP’, a binding protein for the
globular heads of Clq [27]. The interaction of Clq with
cell-surface proteins present on various cell types can trig-
ger an array of cellular responses, including phagocytosis,
enhanced microbial killing by phagocytes, induction of
chemotaxis, stimulation of immunoglobulin secretion
[28] and production of cytokines and chemokines [29].
Clq has been implicated in a number of functions
involved in host defense and protection against autoim-
munity. The importance of Clq in vivo is demonstrated
in Clg-deficient individuals, who are strongly predis-
posed to the development of the autoimmune disease sys-
temic lupus erythematosus (SLE). More than 90% of indi-
viduals with homozygous Clq deficiency develop a SLE-
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like illness [30]. Similarly, in mice with deficiencies in
Clq, multiple apoptotic bodies are present in the kidney
associated with the spontaneous development of autoanti-
bodies and glomerulonephritis [31]. This correlates well
with the hypothesis that apoptotic cells, when not effi-
ciently cleared, may represent a source of autoantigens,
resulting in an autoimmune response. The role of Clq in
the clearance of apoptotic cells is supported by in vitro
studies demonstrating that C1q binds directly and specifi-
cally to apoptotic cells [32-34], and that opsonization of
apoptotic cells with C1q facilitates their uptake by phago-
cytes [19].

The increased susceptibility of C1g-deficient mice to
bacterial infection supports an important role for C1q and
the classical pathway of complement in the host defense
against pathogens [35]. C1q may affect host defense by its
interaction with antibodies, but also by directly binding
pathogenic bacteria [36] and HIV [37] resulting in either
complement activation or enhanced phagocytosis. Clq
can bind to a variety of proteins in an antibody-indepen-
dent manner, thereby contributing to an inflammatory
response seen in for example Alzheimer disease, by bind-
ing B-amyloid peptides [38], or to the pathogenesis of
prion diseases, by opsonization of prions [39].

Mannose-Binding Lectin and Collectins

Mannose-binding lectin (MBL) is a member of the col-
lectin family of proteins, which are characterized by the
presence of both a collagen-like region and a C-type lectin
domain. Collectins are structurally related to C1q. MBL
binds to a wide array of carbohydrate structures on micro-
bial surfaces and subsequently activates the complement
system. MBL can be associated with three MBL-associat-
ed serine proteases (MASPs), MASP-1[40], MASP-2 [41],
MASP-3 [42], and a truncated version of MASP-2 called
MAp 19 [43]. The MASPs show a similar domain struc-
ture, shared also with Clr and Cls. From the MASPs,
MASP-2 appears to be the major complement-activating
enzyme, upon binding of MBL-MASP complexes to a sug-
ar-rich microbial surface, MASP2 specifically cleaves
both C4 and C2, leading to formation of the C3 conver-
tase C4b2a, [44, 45]. The biological function of MASP-1,
MASP-3 and MAp 19 has not yet been resolved. Although
MASP-1 has been reported to cleave C3, its physiological
role is debated [46]. Moreover, MBL can also act as an
opsonin and enhance internalization of microorganisms
by phagocytic cells carrying the receptor for MBL [47].
The cell surface C1g-binding proteins CRT (cC1gR) [48]
and complement receptor 1 (CR1) [49] have been defined
as cellular receptors for MBL.
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The gene encoding the MBL protein is characterized by
several polymorphic sites, both in the promoter region and
in exon 1 that can affect the polymerization and secretion
of the protein [50], resulting in reduced serum levels of
MBL. MBL deficiency appears to be one of the most com-
mon immunodeficiencies, and several studies have estab-
lished an association between MBL deficiency and the sus-
ceptibility of an individual to infectious diseases [51, 52].
In addition, MBL deficiency leads to accelerated progres-
sion of several chronic diseases such as rheumatoid arthri-
tis [53], cystic fibrosis [54] and SLE [55].

The lung surfactants protein A (SP-A) and protein D
(SP-D) are also members of the collectin family of pro-
teins. SP-A and SP-D play an important role in pulmo-
nary host defense. Like MBL, SP-A and SP-D also bind to
various microorganisms via their lectin domains and
stimulate their removal through opsonin-mediated
phagocytosis [56]. However, SP-A and SP-D are not able
to activate complement [57]. Mice deficient in SP-A or
SP-D are more susceptible to bacterial and viral infec-
tions in the lung [58, 59]. Furthermore, recent studies
demonstrated the importance of SP-A and SP-D in the
pulmonary clearance of apoptotic cells and have shown
that both lung surfactants can bind apoptotic cells and
promote their ingestion by phagocytes via a receptor com-
plex of calreticulin and CD91 [20]. Based on the capacity
of SP-A to bind C1q [60], SP-A can also enhance the clear-
ance of foreign particles in concert with complement [61].
Furthermore, the interaction between SP-A and Clq
downregulates the activation of the complement system,
thereby minimizing complement-mediated inflammation
and tissue damage [61].

Ficolins

Ficolins represent another important group of pattern
recognition molecules that are structurally related to the
collectins. Ficolins also bind to sugar residues on the sur-
face of microorganisms; however they possess a different
type of lectin domain, called the fibrinogen-like domain
[62]. Three members of the ficolin family have been char-
acterized: H-ficolin also called Hakata antigen [63], L-
ficolin also known as p35 [64], and M-ficolin [65]. Ficol-
ins have been reported to promote the phagocytosis of
pathogens through opsonization of microbes [65]. Fur-
thermore, ficolins can contribute to host defense by acti-
vation of the lectin pathway, via a mechanism similar to
that used by MBL [66, 67]. Both L-ficolin and H-ficolin
are associated with MASPs and MAp19 and this complex
has the capacity to cleave C4 and C2, resulting in the gen-
eration of the C3 convertase C4b2a.
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The Effector Phase of the Complement System

The Opsonins C3b and C4b

Activation of complement leading to the proteolytic
cleavage of C4 and C3 to C4b and C3b, respectively, is
associated with the formation of covalent linkages be-
tween C4b and C3b and the activating surface. Both
opsonins and their cleavage products, in case of C3b, can
serve as ligands for complement receptors. C4b and C3b
can interact with CR1 (CD35), while the cleavage product
of C3b, 1C3b is a ligand for CR2 (CD21), CR3 (CD11b/
CD18) and CR4 (CD11¢/CD18). These interactions pro-
mote immune adherence, phagocytosis, B cell activation,
and antigen uptake, processing and presentation [68]. The
deposition of C4b and C3b on apoptotic cells is shown to
increase the efficiency of their uptake by phagocytic cells
[69, 70].

The Terminal Complement Complex C5b-9

The terminal complement pathway involves assembly
of C5b with C6, C7 and C8, and polymerization of C9,
resulting in the formation of the MAC that functions as a
transmembrane pore. The classical view on the action of
C5b-9 is that its insertion into cell membranes leads to a
direct loss of membrane integrity, resulting in cell death
by necrosis [71]. Nucleated cells are relatively resistant to
the lytic effects of complement due to expression of com-
plement regulatory proteins and the capacity to remove
C5b-9 from the cell surface [72].

Direct lysis of nucleated cells is therefore not a com-
mon phenomenon under physiological conditions. Inser-
tion of C5b-9 into nucleated cells can also cause non-lytic
effects. C5b-9 has been implicated in cell survival, either
by inhibition of apoptosis [73, 74] or protection against
lysis [75]. Moreover, C5b-9 can lead to cell activation,
with the production and release of inflammatory media-
tors such as cytokines, prostaglandins, thromboxanes, leu-
kotrienes, and reactive oxygen species [76-78] or by
increasing the expression of adhesion molecules [79]. In
various cells, C5b-9 can induce DNA synthesis [80, 81]
and stimulate cell proliferation [82, 83]. In other circum-
stances, C5b-9 has been implicated as a trigger to apopto-
sis. Inhibition of complement activation with an antibody
against C5 strongly abrogated the occurrence of apoptosis
after ischemia/reperfusion injury [11, 84]. In rat models
of human immune-mediated mesangial proliferative glo-
merulonephritis, the massive increase of apoptosis was
dependent on the presence of the terminal complement
pathway [85]. The differential effects of C5b-9 are clearly
dose-dependent, lytic amounts of C5b-9 will result in
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necrosis, whereas sublytic amounts of C5b-9 may lead to
cell activation, proliferation and either resistance to, or
induction of, apoptosis.

Apoptosis

Apoptosis, or programmed cell death, is an essential
process during development and in the maintenance of
tissue homeostasis [86]. Cells undergoing apoptosis are
characterized by biochemical and morphological changes,
including early changes in the distribution of membrane
lipids, membrane blebbing, condensation of both cyto-
plasm and chromatin, and fragmentation of the nucleus
and cellular constituents into membrane-enclosed apop-
totic bodies [87]. Phagocytosis is the final common end
stage of cells undergoing apoptosis. Another mode of cell
death is necrosis, characterized morphologically by swell-
ing of the cell, and finally the rupture of the plasma mem-
brane. In contrast to apoptosis, necrotic cell death is a pas-
sive process without nuclear changes.

The process of apoptosis can be divided into four dis-
tinct phases: initiation, control and integration, execu-
tion, and removal of dead cells (fig. 2). Apoptosis can be
initiated by many different stimuli including growth fac-
tor withdrawal, UV- or y-irradiation, chemotherapeutic
agents, or by a family of transmembrane proteins called
death receptors. Specific proteins determine whether the
initiation signal is strong enough to justify the commit-
ment of a cell to proceed into the cell death process. The
bel-2 family of proteins, containing both pro- and anti-
apoptotic members, regulate the permeability of the mito-
chondrion [88].

The mitochondria play an important role as stress sen-
sors and determine the ‘point of no return’. Upon stress
signals, the permeability of the mitochondria is increased,
leading to the release of cytochrome ¢ from the mitochon-
drial membrane into the cytosol where it can initiate the
proteolytic cascade observed in apoptosis. Caspases, cys-
teine proteases belonging to the interleukin-1-converting
enzyme/CED-3 family, are the central executioners in the
process of apoptosis. The caspase family can be divided
into initiator caspases, functioning as signaling molecules,
and execution caspases that account for the morphologi-
cal features of apoptosis. Recent data indicate that apop-
tosis can occur in the complete absence of caspases [89].

The characteristic changes in the plasma membrane
occurring during the apoptotic process enable the recogni-
tion and removal of apoptotic cells by phagocytes. The
most characteristic change of the cell surface associated
with apoptosis is loss of phospholipid asymmetry and
exposure of phosphatidylserine. Another change of the

A Regulatory Role for Complement in
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cell surface is the alteration of carbohydrate groups on the
membrane of dying cells [90, 91]. Clearance of apoptotic
cells can be achieved by professional phagocytes, such as
macrophages and dendritic cells, or neighboring semi-
professional cells, including fibroblasts, epithelial cells,
and mesangial cells.

Defects in the apoptotic cell death process, leading to
inappropriate cell death or survival, or disturbances in the
clearance of apoptotic cells, are thought to be involved in
various chronic diseases, including neurodegenerative
disorders [92], autoimmune diseases [93, 94], and cancer
[95].

Pentraxins

Pentraxins are acute-phase proteins, usually character-
ized by a cyclic pentameric structure, that show a strong
inter-species homology [96]. The blood levels of these pro-
teins can increase dramatically in response to inflamma-
tion, trauma, or infection. The classical short pentraxins,
C-reactive protein, and serum amyloid P component
(SAP) are produced in the liver in response to inflamma-
tory mediators, most prominently interleukin-6 [97, 98].
Short pentraxins contribute to innate immune responses
to microbes, regulation of inflammation, and the scaveng-
ing of cellular debris [99, 100]. CRP is considered to be
the prototypic acute-phase reactant in man and recog-
nizes microorganisms and dying cells via its pattern recog-
nition capability [101]. The interaction of CRP with Clq
can lead to activation of complement via the classical
complement pathway [6]. CRP has been shown to have
both proinflammatory and anti-inflammatory effects.

CRP can activate monocytes to produce inflammatory
cytokines [102] and in vivo injection of CRP enhances
tissue damage in an ischemia/reperfusion model via a
complement-dependent mechanism [103]. Studies in
transgenic mice suggest an important role for CRP in the
downregulation of an inflammatory response [104, 105].
CRP inhibits the respiratory burst and chemotaxis of neu-
trophils [106]. Moreover, CRP can act as an opsonin by
binding to microbial organisms and damaged cells [101].
In mice, SAP is a major acute-phase reactant and is the
precursor of tissue amyloid P component, a constituent of
all types of amyloid [107]. SAP binds to various mole-
cules, including microbial polysaccharides, matrix com-
ponents, Clq, and to DNA and chromatin. The interac-
tion of SAP with nuclear antigens suggests a role for SAP
in their clearance. This hypothesis is supported by find-
ings in SAP-deficient mice that develop anti-nuclear anti-
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Fig. 2. (1) Apoptosis can be initiated by multiple signals including
death receptors, withdrawal of growth factors or injurious agents (e.g.
radiation, heat, oxygen radicals). Some stimuli (such as cytotoxic T
cells) directly activate execution caspases. Others act by way of initia-
tor caspases, or by mitochondrial events involving cytochrome c.
(2) The strength of the apoptosis-inducing signal is evaluated by spe-
cific control proteins, which can either inhibit or promote cell death.

bodies and glomerulonephritis [108]. Moreover, SAP has
been shown to enhance the clearance of chromatin from
the circulation [108, 109]. In contrast to these protective
effects of SAP, SAP can also enhance the virulence of
some bacteria [110] and participate in the pathogenesis of
amyloidosis [111].
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(3) If the signal is strong enough, execution caspases are activated
that degrade cytoskeletal and nuclear proteins. This results in a cas-
cade of intracellular degradation, including fragmentation of nuclear
chromatin, breakdown of the cytoskeleton, and blebbing of the cell
membrane, giving rise to the morphological features of apoptosis.
(4) The end result is the formation of membrane-enclosed vesicles
(apoptotic bodies) and the recognition and engulfment of apoptotic
material by phagocytic cells.

The role of SAP and CRP in the amplification of the
innate immune response and the regulation of the inflam-
matory response are suggested to be mediated through Fc
receptors for IgG (FcyR). A recent report provided in vivo
evidence that CRP can down-regulate inflammatory re-
sponses through interaction with FcyR [112]. CRP is
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described to bind both to FcyR1 (CD64) and FcyRlIla
(CD32), and that SAP additionally interacts with FcyRIII
(CD16) [113-115]. However, others question the inter-
pretation of these data and suggest that the binding of
pentraxins to FcyR is influenced by contamination of
CRP with other proteins, as well as by the interference of
the Fc part of the detection antibodies with FcyR [116,
117].

PTX3 is the first cloned long pentraxin, structurally
related to, yet distinct from, classical short pentraxins.
Long pentraxins differ from short pentraxins for the pres-
ence of an unrelated long N-terminal domain. Inflamma-
tory cytokines can induce the expression of PTX3 in a
variety of cells, most prominently endothelial cells and
mononuclear phagocytes [118, 119]. PTX3 is suggested to
play an important role in the regulation of inflammatory
reactions, innate immunity and in the clearance of self-
components similar to the short pentraxins SAP and
CRP. PTX3 plays an important role in the resistance
against pathogens, as demonstrated by studies with
PTX3-deficient mice [120]. PTX3 can also bind C1q and
it participates in the clearance of apoptotic cells and par-
ticular microorganisms [120-122]. Expression of PTX3
in a late phase of certain neurological disorders has been
associated with a potential protective activity of PTX3
[123]. Transgenic mice overexpressing the PTX3 gene
were found to be more resistant to endotoxic shock and
sepsis [124]. Although in these mice the excessive inflam-
matory response was associated with a more effective con-
trol of infection, the augmentation of proinflammatory
cytokines in PTX3 transgenic mice resulted in a higher
degree of tissue damage and enhanced lethality in a model
of ischemia/reperfusion injury [125]. Moreover, PTX3
levels are elevated in a number of human disorders, such
as myocardial infarction [126], rheumatoid arthritis
[127], and sepsis [128], and in such conditions PTX3 is
suggested to contribute to tissue damage by activation of
the complement system. PTX3 potentiates the expression
of tissue factor on endothelial cells, thereby contributing
to thrombogenesis and vascular ischemia [129].

After cloning of PTX3, other long pentraxins were
identified, including guinea pig apexin [130], XL-PXN1
from Xenopus [131], rat neuronal pentraxin 1 (NP1)
[132], human neuronal pentraxin 2 (NPTX2) [133], and
neuronal activity regulated pentraxin (NARP) [134].
These members of the long pentraxin family are constitu-
tively expressed in the central nervous system.

A Regulatory Role for Complement in
Innate Immunity and Autoimmunity

The Double-Edged Sword of the Innate Immune
System

Activation of the innate immune system can have
diverse and opposing effects (fig. 3). On the one hand,
molecules of the innate immune system have many pro-
tective functions, contributing to host defense against
invading pathogens. Moreover, innate molecules are sug-
gested to be involved in the clearance of self antigens. On
the other hand, activation of innate immunity can con-
tribute to inflammation and tissue injury and is described
to contribute to the pathogenesis of many diseases.

Complement and Pentraxins in the Host
Defense against Pathogens

The complement system and members of the pentrax-
in family have a major role in the host defense against
invading pathogens. Detailed knowledge about the contri-
bution of complement components and pentraxins has
been obtained from naturally occurring complement defi-
ciencies and by the generation of knockout mice [re-
viewed in ref. 135]. The absence of several complement
components and pentraxins has been associated with
recurrent infections [136]. Complement and pentraxins
contribute to host defense by killing pathogens directly,
targeting pathogens for clearance by phagocytic cells by
opsonization, stimulating inflammation by the release of
the C5a and C3a, and last but not least, indirectly by
enhancing and directing the adaptive immune response.

Role of Pattern Recognition Molecules of the
Innate Immune System in the Clearance of
Endogenous Material

Complement and pentraxins are also involved in the
clearance of cellular debris. The safe clearance of cells
dying by apoptosis is essential in order to prevent tissue
injury by the release of their noxious contents and self-
antigens. If apoptotic cells are not cleared efficiently, they
undergo secondary necrosis, resulting in inflammation.
Macrophages and dendritic cells can internalize apoptotic
cells and present antigens derived from processing of
these apoptotic cells to T cells [137, 138]. In case of dis-
turbed clearance of apoptotic cells, danger signals may be
provided, converting the response to these antigens from
tolerogenic to immunogenic [139]. The interaction of ear-
ly complement components and pentraxins with apoptot-

Int Arch Allergy Immunol 2004;134:310-323 317



Beneficial

debris for phagocylosis

cellular debris

Amplificatian of iImmune
responsa against pathogens

Target pathogens and callullar,

|"_"".\_.".
- |
"R
Removal of pathogens and I‘—T'”—q

Killing of pathegens = +— %—h
caa (O
— 0 —  pmplification of inflammation
D Sa

I'E'IJn'lZIJ'IZ!_'r'I'-E' affracian and aclivanon

Harmful

fr‘“"'.::’h & Enhancing immunogenicity of
...—-:3\__.! C4b self antigens
Cig
COpsomizalon

'H._\-\_H"

)

f\ ——
CR3

( -::ﬂr’l/’_

Presentation of autoantigens

Fhagocyiosis

Coll death, coell activation,
cell proliferation

Cob=-3 formadion

Fig. 3. The effects of complement activation can be both beneficial
and harmful for the host. Activation of complement can lead to
opsonization of pathogens or cells with molecules such as C3b there-
by targeting them for clearance. On the other hand, complement
opsonization can potentially enhance the immune response against
self-antigens. Complement contributes to the phagocytosis of patho-
gens and cellular debris that otherwise could cause damage; however,
clearance of self-antigens under inflammatory conditions may favor

ic debris and the increased uptake of apoptotic cells by
phagocytes in the presence of complement suggest a role
for these molecules in the clearance of dying cells and
thereby in the maintenance of tolerance. This hypothesis
is further supported by observations that deficiencies in
these molecules, both in humans and in mice, predispose
to autoimmunity.
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the development of an autoimmune response. The formation of C5b-
9 can contribute to host defense by directly killing target cells, but can
also trigger various events in cells, including activation, proliferation
and apoptosis, that can cause damage to self. Complement can con-
tribute to the inflammation by attracting and activating leukocytes
that aid in the host defense against pathogens, but at the same time
can contribute to tissue injury.

The Complement System as an Important
Mediator of Inflammatory Tissue Damage

Evidence has been presented that complement compo-
nents and pentraxins may target its effects to self-tissue
via similar mechanisms required for optimal host de-
fense. Thereby, complement and pentraxins can cause tis-
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sue damage and inflammation and have been implicated
in the pathogenesis of numerous inflammatory disorders,
including autoimmune diseases, immune complex dis-
eases, neurodegenerative disorders, allograft rejection,
and ischemia/reperfusion injury, as occurring notably in
myocardial infarction, stroke, and major surgery. Unde-
sired complement activation is initiated by the binding of
recognition molecules of the complement system to dam-
aged cells. Activation of complement results in the forma-
tion of several proinflammatory mediators, including the
anaphylatoxins C3a, C5a. Furthermore, the membrane
attack complex can contribute to inflammation and tissue
injury. C5a is a potent chemoattractant for neutrophils,
monocytes and eosinophils and both C3a and C5a can
stimulate the synthesis of pro-inflammatory mediators.
Formation of the terminal complement complex C5b-9
can lead to cell activation, proliferation and cell death by
necrosis or apoptosis. Several studies demonstrated the
involvement of complement in inflammatory tissue de-
struction. Inhibition of C5 strongly abrogated apoptosis
and inflammation, leading to a significant reduction in
renal function loss in a murine model of renal ischemia/
reperfusion injury [84]. Mice deficient in C3, C5 and C6
were protected from ischemia/reperfusion injury of the
kidney, skeletal muscle, and intestine [140-142]. Further-
more, a recent study demonstrated that the absence of
local C3 production promoted renal graft survival [143].
The absence of C3 not only prevented direct complement-
mediated injury but also impaired the priming of T cells
against donor antigens. Together, these data indicate that
the recognition of altered self by complement factors may
be beneficial to support clearance and to prevent autoim-
munity, but, in case of extensive injury, may also lead to
enhanced inflammation and tissue damage.
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