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Our understanding of the biology of the complement
system has undergone a drastic metamorphosis since
its original discovery. This system, which was traditionally primarily described as a “complement” to
humoral immunity, is now perceived as a central
constituent of innate immunity, defending the host
against pathogens, coordinating various events during inflammation, and bridging innate and adaptive
immune responses. Complement is an assembly of
proteins found in the blood and body fluids and on
cell surfaces. Soluble complement components form
the proteolytic cascade, whose activation leads to the
generation of complement effectors that target various cells involved in the immune response. Membrane-bound receptors and regulators transmit signals from complement effectors to target cells and
limit complement activation to the surfaces of pathogens and damaged or activated host cells. The multiple interconnections among complement proteins,
immune cells, and mediators provide an excellent
mechanism to protect the organism against infections
and support the repair of damaged tissues. However,
disturbances in this “defense machinery” contribute to
the pathogenesis of various diseases. The role of complement in various inflammatory disorders is multifaceted; for example, the activation of complement can
significantly contribute to inflammation-mediated tissue damage, whereas inherited or acquired complement deficiencies highly favor the development of autoimmunity. (Am J Pathol 2007, 171:715–727; DOI:
10.2353/ajpath.2007.070166)

Complement was discovered approximately 100 years
ago as a heat-sensitive component of plasma that enhances the opsonization of bacteria by antibodies and
facilitates antibody-dependent killing of bacteria.1 The
original report assigned the name “complement” to this
component to reflect the idea that its function is comple-

mentary to that of humoral immunity. Thus, its very name
reflects our traditional view that the complement system
plays a supporting role “behind the scenes.” This terminology also corresponds to the historical concept that
complement components exert their functions at the “periphery” of the defense reaction, acting exclusively as a
supplement to the action of other components of the
immune system. The inadequacy of this “complementary” concept becomes apparent in light of recent studies
demonstrating functions of complement that are essential
and “central” to the innate immune response, as well as
functions that bridge innate with adaptive immunity.2 Today, complement should rather be viewed as a system
that orchestrates and connects various responses during
immune and inflammatory reactions and not merely as a
killer of bacteria.3
The complement system is composed of membranebound regulators and receptors as well as numerous
plasma proteins that interact with various cells and mediators of the immune system.4 These interactions vary
according to the pathophysiologic context, and they occur at different steps of an immune reaction. This wide
network of interactions, together with the broad range of
mechanisms of complement activation, make the components of the complement system ideal candidates for
coordinating events that occur as a consequence of the
induction of innate immunity, as well as those that occur
later during the adaptive immune reaction. This review
describes the role of complement proteins in the regulation and synchronization of an acute inflammatory reaction, which aims to eliminate pathogens and clear damaged host cells and proceeds with obvious benefit for the
host. In addition, we discuss the contribution of complement to the pathophysiology of selected diseases. Unfortunately, several associations of complement with other
immune mediators or cells that contribute to the successful battle against microbes or facilitate the clearance and
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repair of damaged host tissues can paradoxically become responsible for various pathologies when control
mechanisms fail or the immune system encounters unusual stimulatory factors. In some pathophysiologic situations, an excess of complement is deleterious to the
host, whereas under other circumstances a total lack or
deficiency of complement contributes to the development of disease. These two aspects of complement
pathophysiology will also be discussed.

An Acute Inflammatory Response
The complement system actively regulates various steps
of an inflammatory response. Inflammation is currently
viewed as a complex pathophysiologic process that engages literally hundreds of mediators and different cell
types and tissues and can be initiated by any stimulus
causing cell injury. Often, inflammation is a response to
infection. However, chemical or physical injury alone can
also induce this reaction.5 The ultimate goal of this process is to eliminate the causative agent with minimal
destruction to host tissues and to repair the damage
caused by the initiating factor.
The duration of an inflammatory response depends in
part on whether a successful resolution and neutralization
of the initiating agent has occurred. Acute inflammation is
a relatively short process, lasting from minutes to a few
days, and its main characteristics are an exudation of
fluid and plasma proteins and an emigration of leukocytes into an extravascular compartment. These vascular
and cellular responses are mediated by chemical factors
derived from plasma or cells and are responsible for the
classic clinical signs of inflammation, originally described
by Aulus Cornelius Celsus and later modified by Rudolph
Virchow: tumor (swelling), rubor (redness), dolor (pain),
calor (warmth), and functio laesa (loss of function). If the
acute response is unable to remove the causative factor
or repair the damage at the site of inflammation, a chronic
process, in which tissue destruction and repair occur
while the inflammatory reaction continues, may develop.
Chronic inflammation can also result from stimuli that
initiate a low-grade and asymptomatic response.6
Although an inflammatory reaction can occur in any
tissue exposed to an injurious stimulus, the hallmark of
this process is the response of vascularized connective
tissue.6 The first changes observed during inflammation
are alterations in the vascular flow and changes in the
caliber of small blood vessels. Vasodilation of arterioles,
resulting in the opening of new capillary beds in the area
of injury, follows transient vasoconstriction, which lasts
only seconds. Larger arterioles and newly opened capillary vessels increase the blood flow to this area. Gradually, progressive changes in the endothelium enhance
the vascular permeability of the microvasculature, leading to the escape of the fluid into an extravascular compartment. The decrease in the amount of the fluid in the
lumen of blood vessels enhances the viscosity of the
blood and slows down the flow rate. As a result of these
alterations in blood flow, the margination of leukocytes
begins. Over time, leukocytes stick to the endothelium, at

first transiently (rolling), then more avidly (adhesion), and
soon afterward, they migrate through the vascular wall
(transmigration) into the interstitial tissue. At this point, the
essential goal of acute inflammation, to bring leukocytes
and plasma mediators to site of injury, is achieved.6

Initiation of the Complement Cascade
Efficient, rapid, and occurring in synchrony with the initiation of an inflammatory reaction, the activation of complement is a prerequisite for its involvement in regulation
of inflammatory processes. The mechanisms that govern
this activation are well defined and understood mainly in
terms of the reactions occurring in the intravascular
space. However, the soluble components of complement
are present not only in the circulation but also in body
fluids and tissues, ready to engage in defense reactions
triggered by exogenous (eg, infectious agents) or endogenous (eg, ischemia, autoimmunity) stimuli that could
cause cell injury.7 In addition to the specific activation
induced by antigen-antibody complexes, complement is
activated through the pattern recognition receptors,
which have the ability to discriminate between self and
non-self antigens based on repeating patterns of molecular structure (pathogen-associated molecular patterns)
present on the surface of pathogens.8 Complement-activating pattern recognition receptors include mannosebinding lectin (MBL), ficolins, C-reactive protein, C1q,
and natural IgM (IgM). These molecules share many
common properties with Toll-like receptors, which often
initiate an innate immune response and also belong to the
category of pattern recognition receptors.8 The contribution of the pattern recognition system to complement
activation assures the rapid initiation of the complement
cascade as a part of an early immune response and
inflammation. In fact, the activation of complement occurs immediately with high efficiency when the system
encounters appropriate stimuli. For example, in infection
induced by Leishmania, approximately 90% of promastigotes are lysed by complement in just 2.5 minutes after
contact with human blood.9 Therefore, complement effectors generated as a result of this activation can participate in
the earliest events of an inflammatory reaction.7
Complement is activated through the classical, lectin,
or alternative pathways (Figure 1). The classical pathway
is initiated by antibodies produced during the humoral
response, by natural antibodies, and by other molecules
that are generated as a result of an inflammatory reaction
such as C-reactive protein or serum amyloid protein. The
binding of C1q to antigen-antibody complexes initiates
the proteolytic cleavage of complement components in
the classical pathway. The lectin pathway begins with the
recognition and binding of pathogen-associated molecular patterns by lectin proteins, including MBL. C1q and
MBL are structurally similar molecules, and both the classical and lectin pathways require C2 and C4 complement
components for the generation of the C3 convertase. The
alternative pathway differs significantly from the classical
and lectin pathways because it is initiated by the spontaneous hydrolysis of C3, leading to the formation of
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Figure 1. Pathways of complement activation. The complement cascade is composed of proteins that are activated through the partial cleavage by an upstream
enzyme. Complement is activated through the classical (1), lectin (2), or alternative (3) pathways that converge at the central molecule of the complement system,
C3. In addition, C3 and C5 can be cleaved, independent of conventional convertases, by proteolytic enzymes that are released from leukocytes or by thrombin
or kallikrein. In this diagram, enzymes that cleave complement proteins, independently of conventional convertases, are grouped in the “extrinsic protease
pathway” (4). The binding of the C1 complex to antigen-antibody complexes initiates proteolytic cleavage of complement components by C1s in the classical
pathway (1). C1s first cleaves C4, which binds to the bacterial surface, then cleaves C2, leading to the formation of a C4b2a enzyme complex, the C3 convertase
of the classical pathway (5). The lectin pathway begins with binding of the complex MBL and mannose-binding lectin-associated proteases 1 and 2 (MASP1 and
MASP2, respectively) to a bacterial cell wall (2). MASP2, similarly to C1s, leads to the formation of the C3 convertase C4b2a (5). The alternative pathway is initiated
by the spontaneous hydrolysis of C3, leading to the formation of C3(H2O) (3). C3(H2O) forms a complex with factor B, followed by the cleavage of factor B within
this complex by factor D. The final product of these enzymatic reactions is the C3(H2O)Bb complex. The C3bBb complex has the capacity to cleave C3 to C3b
and C3a. Once deposited on the surface of cells or pathogens, C3b binds more factor B, and this binding gradually amplifies the activation cascade. The binding
of properdin stabilizes the C3bBb complex, the C3 convertase of the alternative pathway (6). C3 convertases generated through various pathways cleave C3 to
C3a and C3b. C3b contributes to the formation of the C5 convertase (7), which cleaves C5 to C5a and C5b. C3a, C5a, and the C5b-9 complex are complement
effectors that contribute to inflammation (8). In addition, the C5b-9 complex induces lysis of gram-negative bacteria of the Neisseria genus.

C3(H2O) and the binding of a small amount of C3b to
hydroxyl groups on cell surface carbohydrates and proteins. C3(H2O) forms a complex with factor B, followed by

the cleavage of factor B within this complex by factor D.
The final product of these enzymatic reactions is the
C3(H2O)Bb complex. Once deposited on the surface of
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cells or pathogens, C3b binds more factor B, and this
binding gradually amplifies the activation cascade.
All three pathways of complement activation lead to the
formation of C3 convertases that cleave C3 to C3a and C3b.
C3b contributes to the formation of the C5 convertase,
which in turn cleaves C5 to C5a and C5b. Complement
anaphylatoxins C3a, C4a, and C5a are potent inflammatory mediators, and C5b initiates the formation of C5b-9
terminal complement complex, which is incorporated into
bacterial cell walls and induces the lysis of pathogens, in
particular gram-negative Neisseria strains.10
The activity of the anaphylatoxins is regulated by carboxypeptidases, including carboxypeptidase N, which
circulate in the plasma or are present in the tissues.
Carboxypeptidase N hydrolyzes the carboxy-terminal
peptide bond of anaphylatoxins, releasing the carboxyterminal arginine. These derivatives of anaphylatoxins are
known as C3a-desArg and C5a-desArg. C3a, C3a-desArg,
and C4a exhibit direct antibacterial properties;11 however, some of the biological activities of the desArg forms
of C3a and C5a are significantly reduced (by 10- to
100-fold) when compared with those of their full-length
forms.12
C3 and C5 can also be cleaved locally at sites of
ongoing inflammatory reactions without the participation
of other complement components (Figure 1). Several proteolytic enzymes present within inflammatory exudates,
such as lysosomal enzymes or elastase released from
neutrophils,13 have been shown to activate C3 and C5.
Kallikrein, a component of the kinin and fibrinolysis systems, has the ability to cleave C5 and release C5a.14
Recent work has shown that C5a can be generated in
mice lacking C3 through the proteolytic cleavage of C5
by thrombin.15 These cleavage reactions result in the
generation of active complement components that have
proinflammatory properties such as anaphylatoxins as
well as C3b or C5b. C3b might contribute to the formation
of the alternative pathway convertase. Therefore, complement activation initiated by noncomplement proteins
might be amplified through the alternative pathway. We
have categorized the mechanisms, initiating complement
activation by noncomplement proteins into a separate
pathway, and named it here as the extrinsic protease
pathway of complement activation (Figure 1). Thus, a
large variety of mechanisms and pathways involved in
complement activation ensure that active complement
components can potentially be generated at almost every
step of both innate and adaptive immune responses.

Complement in Acute Inflammation
Complement components that are activated in plasma
and body fluids are engaged in the regulation of virtually
all phases of an acute inflammatory reaction, including
changes in vascular flow and caliber, the increase in
vascular permeability, extravasation of leukocytes, and
chemotaxis. Several regulatory functions of complement
affect other inflammatory mediators, whereas other complement activities are associated with the direct action of
complement proteins on target cells. Because of its va-

riety of activating mechanisms, complement can independently participate in the regulation of inflammation, in
either the presence or absence of an infection.

Anaphylatoxins and Changes in Vascular Flow
and Blood Vessel Caliber
Tissue injury, the primary signal for launching the innate
immune response and inflammation, initiates several signaling cascades that regulate changes in the microvasculature, including the activation of complement. Damaged cells release a number of constitutively expressed
proteins, such as heat shock proteins,16 the transcription
factor HMGB1 (for the high mobility group),17 and mitochondrial peptides bearing the N-formyl group that are
characteristic of prokaryotic proteins.17 It is interesting
that heat shock proteins can activate the complement
system in both an antibody-dependent and -independent
manner.18 The complement activation initiated by heat
shock proteins can occur in the absence of pathogens.
Therefore, even aseptic tissue injury activates the complement cascade. In addition, microbes and their shed or
secreted products activate complement through binding
to C1q or MBL.4 Anaphylatoxins generated through complement activation interact with their receptors expressed
on various cells, thereby modulating their inflammatory
properties.
Mast cells are widely distributed in the connective
tissue around blood vessels and are among the first
responders during inflammation.19 During their response
to activation by anaphylatoxins, mast cells release histamine, preformed tumor necrosis factor (TNF)-␣, newly
synthesized cytokines, tryptases, other proteases, and
chemokines. In addition, C5a activates the lipoxygenase
pathway of arachidonic acid metabolism in neutrophils
and monocytes, leading to an acceleration of eicosanoid
production by these cells.20 Mast cells and neutrophils
that are activated by complement anaphylatoxins release
mediators that cause vasodilation and extravasation of
fluid.19
Another cell population that is activated at the very
beginning of the inflammatory reaction are the macrophages, which are found in large numbers in connective
tissue, the submucosal layer of the gastrointestinal tract,
the lung, the liver, and the spleen.7 Although the migration of neutrophils to tissue is viewed as a hallmark of
acute inflammation, macrophages are among the first
cells to recognize pathogens that cross the epithelial
barrier and begin to replicate in the host tissue.7 The
recognition of foreign antigens occurs through the pattern recognition receptors expressed by these cells;
therefore, macrophages can immediately respond to infection. Macrophages also express receptors for anaphylatoxins, which deliver additional activation signals to
these cells. This activation leads to the secretion of cytokines and chemokines by macrophages.
C5a has the capacity to induce gene expression and
protein synthesis of TNF-␣ and interleukin (IL)-1␤ in
monocytes and macrophages.21 Although the role of C3a
in the modulation of TNF-␣ and IL-1␤ production and
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release is not as well characterized as that for C5a, it has
been shown that C3a and C3a-desArg may stimulate the
production of these cytokines.22 C3a signaling seems to
be costimulatory with lipopolysaccharide signaling and, depending on the pathophysiologic background and target
cell population, it has a stimulatory or an inhibitory effect.22
C3a also increases the expression of IL-6 when acting as a
costimulator of lipopolysaccharide signaling.23
The signals controlling TNF-␣ and IL-1␤ secretion
seem to be especially important for the course of the
acute inflammatory response, because these cytokines
have a significant influence on local (ie, at the site of
injury) and peripheral homeostasis. These two cytokines
share many properties, such as the capacity to activate
the endothelium, leukocytes, and fibroblasts.24,25 In the endothelium, TNF-␣ and IL-1␤ induce a spectrum of changes,
mostly regulated at the transcription level, that are referred
to as endothelial activation. These changes include the
synthesis of endothelial adhesion molecules, other cytokines, chemokines, growth factors, eicosanoids, nitric oxide, and enzymes associated with matrix remodeling.26 In
addition, TNF-␣ and Il-1␤ increase the surface thrombogenicity of the endothelium.27 TNF-␣ causes aggregation and
priming of neutrophils, leading to augmented responses of
these cells to other mediators. TNF-␣ also induces the release of proteolytic enzymes from mesenchymal cells, thus
contributing to tissue damage.24,25
The interactions between the complement system and
proinflammatory cytokines are reciprocal. Several reports
have suggested that proinflammatory cytokines enhance
the expression of anaphylatoxin receptors in inflammatory
cells.28,29 It also seems that the effect of anaphylatoxins on
cytokine expression depends strictly on the pathophysiological context of the ongoing inflammatory response. For
example, in sepsis, excessive C5a generation leads to
up-regulation of IB␣ (nuclear factor B inhibitor) in neutrophils, consequently decreasing nuclear factor B transcriptional activity and inhibiting lipopolysaccharide-mediated stimulation of TNF-␣ production.30

Increased Vascular Permeability
Changes in the caliber of the arterioles and blood flow
alterations are associated with the increased vascular
permeability induced by changes in the endothelium. The
hemodynamic changes and the increased permeability
of the endothelial barrier lead to the formation of an
inflammatory exudate, which contains protein-rich fluid
and inflammatory cells. Formation of inflammatory exudates permits inflammatory mediators and cells to accumulate at the sites of injury and to efficiently fight invading
pathogens or eliminate other inflammation-causing factors. Increased vascular permeability is caused by functional and structural changes in the endothelial barrier.
These include the formation of endothelial gaps in
venules, reorganization of the endothelial cytoskeleton,
increased transcytosis across the endothelial cytoplasm,
direct and leukocyte-mediated endothelial injury, delayed prolonged leakage (illustrated by sunburn), and
leakage from blood vessels newly formed during angio-

genesis.31 Many of these endothelial alterations are mediated by factors already discussed here, including histamine, kinins, leukotrienes, and TNF-␣.31 The expression
and release of these mediators is controlled, at least in
part, by anaphylatoxins. Intriguingly, C5a can also be
involved in angiogenesis, which is an essential process
involved in tissue repair after injury. C5a-stimulated human umbilical vein endothelial cells exhibit an increased
expression of genes involved in endothelial adhesion,
migration, and angiogenesis.32 In addition, it has recently
been shown that C3a and C5a contribute to the angiogenesis associated with age-related macular degeneration (AMD).33

Leukocyte Extravasation
Increased vascular permeability and slower blood flow
also facilitate the process of extravasation, in which leukocytes leave the blood stream and migrate into the
interstitial space. The most important molecular event
associated with leukocyte extravasation is an up-regulation of adhesion molecules expressed by leukocytes and
endothelial cells, which permit interactions to occur between these cells. These interactions cause leukocyte
rolling, adhesion, and finally transmigration through the
vascular barrier.
Anaphylatoxins, mainly C5a, participate in endothelial
activation. C5a-stimulated human umbilical vein endothelial cells show up-regulation of genes for E-selectin, intracellular adhesion molecule-1, vascular cell adhesion
molecule-1, and IL-6.32 Anaphylatoxins also influence the
expression of adhesion molecules on leukocytes. It has
been postulated that C5a is involved in eosinophil adhesion to bronchial epithelial cells during allergic inflammation in the airways.34 Another study has shown that C5a is
an activator of integrin-dependent adhesion and transmigration of eosinophils and neutrophils.35 These examples
indicate that anaphylatoxins can play a role in the process of extravasation, directly influencing the expression
of adhesion molecules on endothelial cells as well as
leukocytes. In addition, anaphylatoxins also participate
indirectly in this process by regulating TNF-␣ and IL-1
expression. These two cytokines seem to be major regulators of adhesion molecule expression on both leukocytes and endothelium during inflammation.

Chemotaxis
Leukocytes that cross the walls of blood vessels migrate
toward the site of injury, directed by chemotactic mediators along a chemical gradient. Anaphylatoxins, and particularly C5a, are well-established chemotactic factors
that affect leukocyte migration directly through binding to
related receptors expressed on inflammatory cells.10 An
additional property of anaphylatoxins is their capacity to
induce the synthesis of other chemotactic factors, including eicosanoids and chemokines. C5a stimulates mouse
dermal microvascular endothelial cells, primed with IL-6,
to produce monocyte chemoattractant protein-1 and
macrophage inflammatory protein-2.36 C3a induces the
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Figure 2. Contribution of complement anaphylatoxins to vascular events of
acute inflammation. A: Cytokine signaling contributes to an up-regulation of
anaphylatoxin receptors (C3aR, C5aR) by endothelial cells in arterioles and
on circulating leukocytes. B: Binding of C3a and C5a to the reciprocal
receptors on these cells enhances the release of cytokines and eicosanoids
that contribute to an increase in vascular permeability, vasodilation, and
leukocyte extravasation.

synthesis of monocyte chemoattractant protein-1 and regulated on activation, normal T cells expressed and secreted
(RANTES) in human mast cells. 37 C5a also stimulates the
release of IL-8 from human bronchial epithelial cells38 as
well as peripheral blood mononuclear cells and mouse
macrophages.39 IL-8 production requires nuclear factor B
activation through C5a signaling.39

“Waste Disposal”
Inflammation is usually associated with host tissue damage of various degrees of severity. Restitutio ad integrum
(the return of the organism, organ, or tissue to its original
status after the cessation of a diseased process) requires
the efficient clearance of necrotic or apoptotic cells. Apoptotic and necrotic cells are known to activate complement, and several complement components significantly
facilitate the clearance of dead cells by a system involving phagocytes. Complement also plays a role in maintaining the solubility of and removing circulating immune
complexes generated during the adaptive immune response. These complement functions prevent the deposition of antigen-antibody complexes within tissues and
the subsequent injury induced by activation of an inflammatory reaction by these complexes.40 A detailed discussion of the role of complement in the clearance of
dying cells and immune complexes is included in the
section on autoimmunity (see below).
Our discussion thus far has indicated that complement
proteins contribute significantly to various steps of an
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Mast Cell
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Figure 3. Anaphylatoxin-mediated extravasation of leukocytes. Anaphylatoxins up-regulate adhesion molecules on endothelial cells and leukocytes,
facilitating the adhesion of leukocytes to the vascular wall and their subsequent transmigration into the interstitial tissue at sites of inflammation. C3a
and C5a stimulate mast cells to release histamine and proteases that also
contribute to vascular alterations. Monocyte-derived macrophages are
among the first cells encountering non-self-antigens, and through the pattern
recognition system they initiate an innate immunity response.

acute inflammatory reaction (Figures 2 and 3), which is
triggered to protect the host from injury and to eliminate
pathogens. The contribution of the complement system to
host defense against infections has been confirmed by
an increased susceptibility of complement-deficient individuals to recurrent pyogenic infections.41 For reasons
that are not yet completely understood, this increased
susceptibility is restricted to a limited number of bacteria.
For example, deficiencies in late complement components (C5 to C9) and properdin are associated with recurrent infections caused by Neisseria meningitides and
Neisseria gonorrhoeae. An increased frequency of bacterial infections is also characteristic of deficiencies in classical pathway proteins and C3.41 Despite the protective
role of complement against microbial invasion, associations of complement with an inflammatory network can
have pathogenic consequences when certain regulatory
mechanisms fail.

Complement in Inflammatory Disorders
Although the purpose of inflammation is to protect the
host against microbes, to repair injuries, and to contribute
to the removal of apoptotic cells or immune complexes,
when it becomes excessive, deregulated, or chronic, this
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process can initiate or contribute to several pathologies
including the development of cancer.5 The integral participation of complement components in various steps of
an inflammatory reaction explains in part its involvement
in the pathogenesis of variety of inflammatory disorders.
The contribution of complement to the pathogenesis of
these diseases can be viewed from various perspectives.
First, the activation of complement during an inflammatory reaction contributes to inflammation-driven tissue
injury, which occurs in the ischemia/reperfusion (I/R) setting, vasculitides of various etiologies, nephritis, and arthritis. Second, a deficiency in complement components,
even those necessary for efficient complement activation,
may also result in tissue injury, as observed in autoimmune reactions. Finally, alterations in the expression of
complement regulatory proteins, which lead to the excessive complement activation, can also contribute to tissue
injury.

I/R Injury
I/R injury is defined as cellular damage occurring after
the reperfusion of previously viable ischemic tissue. It is a
consequence of pathophysiologic conditions that lead
initially to a deprivation of tissue blood supply, followed
by the return of tissue perfusion, which paradoxically may
induce more damage than the ischemia itself. The augmentation of tissue injury after reperfusion is a result of an
intense inflammation developing simultaneously with the
return of tissue perfusion.42 Several diseases, syndromes, and clinical conditions can lead to I/R injury,
including myocardial infarction, stroke, hemorrhagic shock,
severe trauma, and organ transplantation.42 The return of
the blood supply to tissues damaged by ischemia results
in increased microvascular permeability and the attraction, activation, and migration of inflammatory cells (including neutrophils) to the site of injury; aggregation of
platelets and leukocytes; and decreased endotheliumdependent relaxation. Activated inflammatory cells produce several mediators, including cytokines, oxygen radical species, and eicosanoids, which enhance the injury
initially induced by ischemia.42 In addition, ischemic tissue activates the complement system, which contributes
to the development of tissue damage directly or indirectly
by enhancing inflammation.43 Severe inflammation, developing as a consequence of reperfusion of large areas
of ischemic tissue, may even lead to systemic inflammatory response syndrome or multiple organ dysfunction
syndrome, which accounts for up to 30 to 40% of intensive care unit mortality.44
The complement system seems to be a major contributor to the tissue damage that occurs after ischemia and
reperfusion. Complement activation following ischemia/
reperfusion occurs during myocardial infarction45,46;
ischemia of the intestine,47 hind limb,48 and kidney49;
hemorrhagic shock50; sepsis51; and pulmonary injury.52
As yet there is no definitive answer to the question of how
complement is activated after I/R.43 It seems that all three
pathways of complement activation are involved in the
initiation of the proteolytic cleavage of complement cas-

cade components. However, the specific contribution of
the classical, alternative, and lectin pathways varies, depending on pathophysiologic setting. Results of several
studies have postulated the involvement of the lectin pathway in myocardial46 and gastrointestinal I/R-induced complement activation.43 However, the amplification of complement activation occurs through the alternative pathway in
gastrointestinal I/R.43 Skeletal muscle injury resulting from
I/R is likely associated with complement activation occurring via the lectin and classical pathways.53 In contrast,
several experiments using various complement-deficient
mouse strains have suggested that the alternative pathway contributes to kidney injury.49,54
Whatever the mechanism of activation, the components of complement are often deposited on the surface
of endothelial cells. The endothelium, together with the
underlying basement membrane, builds a vascular barrier, which has particular significance for the pathogenesis of I/R injury.45 It has been postulated that natural
antibodies reacting with antigen epitopes that are exposed after damage to endothelial cells play an important
role in the activation of complement during I/R injury.55
iC3b, formed by the proteolytic cleavage of C3b deposited on the endothelial surface, acts as a ligand for ␤2
integrin CD11b/CD18 (CR3). This adhesion molecule is
up-regulated in activated leukocytes and contributes to
the accumulation of these cells in the extravascular compartment. The deposition of several complement proteins
on the surface of endothelium ultimately leads to the
formation of terminal complement complex, which, when
incorporated into the cellular membrane, activates endothelial nuclear factor B. Thereby, it increases the transcription and expression of several adhesion molecules,
including vascular cell adhesion molecule-1, intracellular
adhesion molecule-1, and E- and P-selectins.56 Terminal
complement complex also stimulates the endothelium to
produce IL-8 and monocyte chemoattractant protein-1
and directly affects vascular tone by inhibiting endothelium-dependent relaxation and decreasing endothelial
cyclic guanosine monophosphate.57 Terminal complement complex also induces the activation of platelets,
contributing to platelet-leukocyte aggregation.58 Anaphylatoxins C3a and C5a activate endothelial cells and leukocytes. C5a, more potent as an inflammatory mediator
than C3a, up-regulates the expression of adhesion molecules on endothelium and induces the release of various
cytokines, including IL-1, IL-6, monocyte chemoattractant
protein-1, and TNF-␣.21,32 C5a is also a strong chemoattractant, contributing to the accumulation of inflammatory
cells at the site of injury.59 Thus, several mechanisms
used by complement to orchestrate the events of acute
inflammation are also important for the pathogenesis of
I/R injury.
Further confirmation of the importance of complement
for the pathogenesis of injury after ischemia and reperfusion is the successful implementation of anticomplement therapies in clinical trials for the treatment of patients suffering from the consequences of I/R-related
diseases. Inhibition of complement activation has been
shown to reduce I/R injury in many experimental models.60 Administration of soluble complement receptor 1
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(CR1), a C3 convertase inhibitor, significantly reduces
the size of an experimental myocardial infarct. Similarly, a
recombinant single-chain antibody against human C5
(pexelizumab) attenuates leukocyte activation, myocardial injury, and acute postoperative mortality in patients
undergoing cardiopulmonary bypass surgery.60 Both of
these compounds, as well as many others, are currently
undergoing clinical trials, and anticomplement therapies
seem to be a novel and promising approach to minimizing the consequences of I/R-associated diseases.

Autoimmune Disorders
Autoimmune diseases occur when a specific adaptive
immune response is directed against self-antigens. In
contrast to an adaptive immune response against foreign
antigens, the elimination of self-antigens is usually impossible for the effector mechanisms of an immune system to
achieve. Therefore, a sustained immune response occurs
and leads to a chronic inflammatory injury to the host
tissues. The archetypical autoimmune disease is systemic lupus erythematosus (SLE), a disease of unknown
etiology, in which deposition of pathogenic antibodies
and immune complexes triggers damage to cells and
tissues. Studies on the pathogenesis of SLE have highlighted several mechanisms in this disease that apply to
various other autoimmune disorders as well.
The role of the complement system in the pathogenesis of SLE is diverse. The first evidence of a link between
complement and the pathogenesis of this disease originated from the observation that the levels of several
complement components are decreased in patients with
SLE. This “decomplementation” is often a result of deposition of complement components in host tissues, associated with the deposition of immune complexes that
activate complement through the classical pathway.61
Complement effectors that are generated as a result of
this activation enhance the inflammatory reaction in affected host tissue, thereby exacerbating the tissue injury.
The magnitude of the complement activation and the
levels of complement proteins correlate to some extent
with the disease activity, at least during the initial phase
of SLE.61 This harmful role of complement in the pathogenesis of inflammation-mediated tissue injury seems to
contradict the observation that inherited and acquired
complement deficiencies are associated with a higher
prevalence of SLE in humans. In fact, the homozygous
deficiencies of early components of the classical pathway, including C1q, C1r, C1s, C4, and C2, are the strongest susceptibility factors for the development of SLE that
have been identified in humans thus far.61 The prevalence and the severity of disease are associated with the
position of the particular deficient protein in the complement cascade. The highest frequency and the most severe course of disease is observed in patients deficient in
one of the C1 complex proteins or C4, whereas most of
the individuals with homozygous C2 deficiency remain
asymptomatic.62 The results of analyses of heterozygous
individuals and people with complement gene polymorphisms are less conclusive. However, some interesting

associations have been observed. For example, gene
polymorphisms associated with lower levels of MBL are
found in higher frequencies in patients with SLE, and,
conversely, polymorphisms that result in high levels of
MBL expression are underrepresented in patients with
SLE.63
Although homozygous complement deficiencies are
extremely rare, they have provided a significant insight
into the mechanism of development of SLE and autoimmunity. It seems that complement proteins involved in the
activation of the classical pathway, independent of C3
cleavage, protect against the development of autoimmune reactions. This hypothesis is also supported by the
higher prevalence of autoimmune reactions in patients
with acquired complement deficiencies.61 SLE is observed more often in patients with hereditary angioedema, which is characterized by an autosomal dominant functional deficiency of C1 inhibitor that results in the
failure to regulate the classical pathway of complement
activation. As a consequence, the levels of C4 and C2
are chronically low in these individuals. There is a predominance of females in this group, as well as a high
incidence of antinuclear antibodies, skin lesions, and photosensitivity, which are all common clinical features of
SLE.64 SLE ultimately develops in a significant number of
patients with C3 nephritic factors, autoantibodies that stabilize the C3 convertase and thereby cause uncontrolled
complement activation and hypocomplementemia. In many
cases, the development of SLE occurs years after the
initial appearance of the nephritic factor.65
The initial observations suggesting a link between the
complement system and SLE originated from studies on
humans. However, recent investigations using various
complement-deficient mouse strains and experimental
disease models have provided deeper insight into the
mechanism behind complement’s protective role in
preventing the development of autoimmunity. Studies performed using C1q-, C4-, C3-, and CD35/CD21 (CR1/2)deficient mice have confirmed that an absence of proteins participating in the activation of complement
through the classical pathway is associated with the development of autoimmunity, and these associations are
independent of C3 activation.66 – 68 It is interesting that
the expression of the disease phenotype was background-related, suggesting the contribution of other
genes to the higher susceptibility of complement-deficient mice to autoimmune reactions.66

Mechanism of Complement-Dependent
Development of Autoimmunity
Several, not necessarily exclusive, hypotheses have been
proposed to explain the link between complement deficiencies and the development of autoimmunity. One generally
accepted hypothesis is that the high prevalence of autoimmune reactions in complement-deficient patients and animals is associated with an impairment of the clearance of
dying cells and immune complexes, which occurs when
complement proteins are missing. An alternative hypothesis
is that complement determines the thresholds for B- and
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T-cell activation, and the absence of complement proteins
disturbs the tolerance for self-antigens.

contribute to the autoimmune phenotype, at least in mice,
further demonstrating the complex and still unresolved
nature of autoimmunity in SLE.

Clearance of Apoptotic and Necrotic Cells
Under physiological conditions, complement fulfills
several functions related to the removal of waste material
originating from necrotic or apoptotic cells, as well as the
clearance of circulating immune complexes. Activation of
complement by necrotic cells is well established. Apoptotic cells have also been reported to initiate the classical pathway of complement activation through the binding of the globular head of C1q to the blebs present on
apoptotic cells, and the intensity of C1q binding has been
found to increase along with bleb maturation.69 The role
of C1q, however, is not restricted to the initiation of the
classical pathway. A defect in the uptake of apoptotic
cells by monocyte-derived macrophages has been
shown in patients carrying hereditary C1q deficiencies,
as well as in patients with SLE.70,71 These observations
have been confirmed by studies using C1q-deficient
mice, which develop a proliferative glomerulonephritis
characterized by the presence of multiple apoptotic bodies in affected glomeruli, suggesting an inability of these
mice to clear cellular debris.72 In addition, the opsonization of apoptotic cells by C3 cleavage products facilitates
the engulfment of apoptotic cells or apoptotic bodies by
phagocytes bearing CR3 and CR4 receptors.73
The phagocytosis of apoptotic cells is an extremely
complex process involving the interactions of multiple
receptors with various ligands. In addition to C1q, other
collectins such as MBL also contribute to this process
through their binding to calreticulin and CD91 on phagocytes. A number of other molecules that bind to C1q and
activate the classical pathway recognize the modified
cell membranes of apoptotic cells, including C-reactive
protein and IgM. The targets for these proteins are membrane lysophospholipids containing phosphorylcholine.61
Impaired clearance of dying cells leads to the prolonged presence of self-antigens, which are normally
hidden within cells from immune recognition mechanisms. This extended exposure is thought to contribute to
the development of an immune response directed
against host tissues. This hypothesis has been confirmed
by the restriction of the specificity of autoantibodies
present in patients with SLE. The repertoire of target
autoantigens for SLE autoantibodies is surprisingly limited, mainly to the components of the cell nucleus. In
particular, several of these antigens are found in high
concentration on the surface of apoptotic cell blebs,74 a
localization that strongly suggests that apoptotic cells are
indeed the source of the self-antigens that induce autoimmune reactions in these patients.
The attractiveness of this hypothesis relies mainly on
the fact that it provides an explanation of the origin of
autoantigens, which can potentially initiate an autoimmune reaction. However, the steps that follow the defective clearance of apoptotic cells and the development of
autoimmunity remain unclear. In addition, the dependence of the disease phenotype on the genetic background of C1q-deficient mice suggests that other genes

Clearance of Immune Complexes
Complement maintains the solubility of immune complexes and promotes their recognition and clearance by
phagocytes. It preserves solubility by preventing an increase in the size of immune complexes through the
binding of the C1 complex, C4, and C3 to the antigen and
the heavy chain of IgG. This binding reduces the effective
valency of the antigen and antibody and also interferes
with Fc-Fc interactions.75 Complement fragments bound
to immune complexes also provide ligands that facilitate
the clearance of these complexes by phagocytes. For
example, in primates, erythrocytes expressing CR1 are
responsible for the transfer of immune complexes to the
liver and spleen, where tissue macrophages remove
them from circulation.61
Another example of cooperation between phagocytes
and complement is the up-regulation of Fc␥ receptors
(Fc␥Rs) on Kupffer cells by C5a. This cross-talk has been
shown to play an important role in the development of
autoimmune hemolytic anemia in mice.76 Given that patients with SLE often develop hematological abnormalities, including hemolytic anemia, we can speculate that
C5a-Fc␥R interactions also link complement to autoimmunity in SLE. Thus, genetic complement deficiencies or
acquired hypocomplementemia in patients with SLE
leads to increased levels and decreased solubility of
circulating immune complexes, facilitating their deposition within host tissues. However, inhibition of C5a signaling attenuates antibody-dependent hemolytic anemia.76

Immunity or Tolerance
Unlike necrosis, apoptosis does not induce an inflammatory reaction and immune response. This tolerance is
a result of down-regulation of the immune response by
dendritic cells (DCs), which avidly take up apoptotic
cells. This uptake by immature DCs, in contrast to the
uptake of necrotic cells, prevents the maturation of immature DCs that is required to activate the immune
response.77 The phagocytosis of apoptotic cells by immature DCs suppresses inflammation and promotes tolerance by increasing the production of anti-inflammatory
mediators such as transforming growth factor-␤ and
IL-10 and inhibiting proinflammatory cytokines such as
TNF-␣.77 The phagocytosis of apoptotic cells also reduces the capacity of DCs to stimulate T cells directly. In
addition, cells undergoing apoptosis secrete immunosuppressive cytokines.78
The impaired clearance of apoptotic cells that results
from complement deficiency, together with their prolonged
presence in the tissues of patients with autoimmune reactions, may result in the development of secondary necrosis.
This process in turn induces the maturation of DCs and
activation of proinflammatory signaling, leading to a
break in tolerance to self-antigens. Several studies using
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tumor cell lines have confirmed that necrotic cells can
induce the maturation of DCs in vitro. However, this maturation does not occur when DCs phagocytose necrotic
cells originating from primary cultures. Furthermore,
recent investigations have shown that the ability of necrotic cells to induce DC maturation was limited to cells
that originated from cell lines contaminated with mycoplasma.61 Therefore, the role of secondary necrosis in the
development of autoimmunity still requires further clarification. The disruption of tolerance to self-antigens could
also be induced by the large dose of autoantigen present
as a result of impaired clearance of apoptotic cells.
Deficiencies in complement proteins can also be associated with a breakdown in B-cell tolerance, which
results in the escape of autoreactive B cells from deletion
or anergy. These autoreactive B cells are subsequently
activated to produce the autoreactive antibodies responsible for immune complex formation and tissue injury in
autoimmune disorders. It has also been suggested that
the attachment of C4b to self-antigens and localization of
these complexes to CD35 on stromal cells within the
bone marrow regulate the selection of potentially autoreactive B cells.79
CD4⫹ T cells play a critical role in the pathogenesis of
SLE. Effector T cells directly induce tissue damage and
costimulate autoreactive B cells to produce high-affinity
autoantibodies. Certain subpopulations of T cells express
C1q receptors, and the proliferation of these cells is
significantly inhibited by the addition of soluble C1q to
mitogen-activated T-cell cultures.80 Although the pathophysiological role of these in vitro observations is not
clear, they may suggest an important link between complement and the regulation of T-cell activity. This hypothesis is further supported by the finding that in patients
with SLE, the levels of C1q can be decreased as a
consequence of the presence of autoantibodies against
this protein.81 The insufficient amount of C1q available
might contribute to the activation of autoreactive T cells
and the breakdown of tolerance for self-antigens.

Dysfunction of Complement Regulators
Alterations in the expression of the complement regulators that limit the activation of complement in the healthy
individual can lead to unregulated and excessive complement activation, resulting in tissue injury. Examples of
such conditions include atypical hemolytic-uremic syndrome (aHUS) and AMD.
Atypical aHUS
This rare disorder is characterized by thrombocytopenia, Coombs test-negative microangiopathic hemolytic
anemia, and acute renal failure. It occurs in adults and in
very young children and is associated with mutations or
polymorphism in the genes encoding complement regulatory proteins, including factor H, membrane cofactor
protein, and factor I.82,83 Recently, it has been also reported that mutations in the gene encoding factor B are
present in a subgroup of patients with aHUS.84 Several

studies have suggested that mutations in the factor H
gene result in inappropriate regulation of C3 convertase
activity.85 In addition, mutant forms of factor H exhibit
weaker binding to C3b and C3d, heparin, and the surface
of endothelial cells than is exhibited by their normal counterparts. These reduced binding properties of the mutated factor H likely contribute to the progressive damage
of the endothelium and microvasculature that occurs in
factor H-associated genetic forms of aHUS.86 An inhibition of factor H function by anti-factor H antibodies has
been also reported in some forms of aHUS.87 The genetic
alterations in the factor B gene that have been identified
in a subgroup of patients with aHUS have been associated with a persistent activation of the alternative pathway of complement, further confirming its importance for
the pathogenesis of this disease.84
AMD
AMD is the leading cause of irreversible vision loss in
Western societies. The connection between this disease
and the complement system has been suggested by
studies demonstrating that a tyrosine-histidine polymorphism at amino acid 402 of factor H is associated with the
development of AMD.88 The retinal lesions of AMD,
called drusen, contain deposited components of terminal
complement complex, C3a, C5a, and serum amyloid P,
suggesting that impaired inhibition of the alternative complement pathway by altered factor H contributes to the
development of AMD.88 In addition, recent studies have
pointed to a possible role for C3a and C5a in AMDassociated choroidal neovascularization, which is directly responsible for the loss of vision in patients with
AMD.33

Concluding Remarks
In recent years, the simplicity of the original description of
complement has been replaced by the complexity of
modern biology. Although such a transition can be attributed to many biological systems, it is particularly fitting in
the case of complement, which has advanced from a role
as an adjunct to the humoral response to being the
central player in innate immunity. In addition, several
recent studies have pointed to an important role for complement components in adaptive immune responses.
Therefore, it is not surprising that there is an increased
interest in the exploration of complement biology, especially in the context of the involvement of complement in
the development and progression of numerous diseases.
However, the role of complement in various pathologies
is not straightforward. For example, common sense
would dictate that complement activation is harmful in
many clinical conditions, because it leads to inflammation-mediated tissue injury. However, several observations have indicated that the opposite is true as well.
Inherited or acquired deficiencies in components of the
classical pathway of complement activation are strongly
associated with an increased risk of developing autoimmunity. These complex associations between comple-
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ment and pathophysiology raise essential questions
regarding therapeutic approaches to patients with inflammatory disorders. It seems that “Hamlet’s question”—to
inhibit or not to inhibit complement— becomes more valid
for current therapy that it was in the past. If the answer to
this question is yes, then our previously acquired knowledge of the complement system supports the design of
therapeutics that could specifically inhibit complement
components at various activation steps, block reciprocal
complement receptors, or prevent the generation of complement effectors.
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