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Abstract
Alternative pathway amplification plays a major role for the final effect of initial specific activation of the classical and lectin complement
pathways, but the quantitative role of the amplification is insufficiently investigated. In experimental models of human diseases in which
a direct activation of alternative pathway has been assumed, this interpretation needs revision placing a greater role on alternative ampli-
fication. We recently documented that the alternative amplification contributed to 80–90% of C5 activation when the initial activation was
highly specific for the classical pathway. The recent identification of properdin as a recognition factor directly initiating alternative path-
way activation, like C1q in the classical and mannose-binding lectin in the lectin pathway, initiates a renewed interest in the reaction mech-
anisms of complement. Complement and Toll-like receptors, including the CD14 molecule, are two main upstream recognition systems
of innate immunity, contributing to the inflammatory reaction in a number of conditions including ischaemia-reperfusion injury and sep-
sis. These systems act as ‘double-edged swords’, being protective against microbial invasion, but harmful to the host when activated
improperly or uncontrolled. Combined inhibition of complement and Toll-like receptors/CD14 should be explored as a treatment regi-
men to reduce the overwhelming damaging inflammatory response during sepsis. The alternative pathway should be particularly con-
sidered in this regard, due to its uncontrolled amplification in sepsis. The alternative pathway should be regarded as a dual system, name-
ly a recognition pathway principally similar to the classical and lectin pathways, and an amplification mechanism, well known, but quan-
titatively probably more important than generally recognized.
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Introduction
Complement activation proceeds through three distinct pathways
as illustrated in Fig. 1. The classical pathway (CP) and the lectin
pathway (LP) generate a common C3 convertase, C4b2a, but are
initially activated by distinct recognition mechanisms.

CP is mainly activated by C1q reacting with antibodies bound
to antigen [1, 2] and also by other agents, such as C-reactive pro-
tein (CRP) [3, 4], SIGN-R1, a lectin that captures microbial poly-
saccharides in the spleen [5], and phosphatidylserine being 
important for efficient removal of apoptotic cells [6]. 

LP is mainly activated by mannose-binding lectin (MBL) inter-
acting with carbohydrate structures on microbial surfaces and by 
ficolins with different fine carbohydrate binding specificity [7–11].
MBL reacts in particular with terminal mannose residues but also

with other sugars, like N-acetyl-D-glucosamine, while ficolin 2 and
3 are pattern recognition molecules for acetyl groups. 

The alternative pathway (AP) is slowly activated sponta-
neously by hydrolysis of the internal C3 thioester bond [12–14]
and further triggered by contact with various proteins, lipids and
carbohydrate structures on microorganisms and other foreign
surfaces [1, 15].

Activation of the initial pathways results in formation of C5
convertases splitting C5. C5a is a potent anaphylatoxin. C5b
induces assembly of the later components into the terminal
C5b-9 complement complex, TCC [1, 2]. The terminal pathway
is biologically highly potent and responsible for much of the
inflammatory reaction induced by initial activation, particularly
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through the C5a receptor. A reduced AP amplification will thus
in most cases substantially attenuate the effects of terminal
pathway activation, although a direct C5 activation pathway
without prior C3 involvement was recently postulated [16]. 

The complement system with a central position in acquired as
well as innate immunity mediates a variety of effector functions.
During the past decades, it has become evident that it is also an
important mediator of tissue damage in disease [1, 2, 17], in partic-
ular in ischaemia/reperfusion (I/R) injury [18, 19]. Clinical evidence
pointed to complement and immune complexes as critical players in
mediating reperfusion injury [20]. Intestinal I/R injury could also be
initiated by clonally specific natural IgM antibodies [21].

Results in early studies of C3 and C4 knockout (�/�) mice
suggested an important role of CP or LP in inducing complement
activation during skeletal muscle and intestinal I/R injury [22, 23].
However, in a later study performed with the same intestinal
model applying factor D (fD) �/� mice, the AP was shown to be
critically involved in the I/R injury [24]. We have suggested,

however, that AP amplification might play a more critical role in
CP-induced C5 activation than previously recognized. Thus, we
designed a method highly specific for CP activation in order to
quantify the role of the AP amplification. Using pathway-specific
anti-fD inhibitory monoclonal antibody (mAb) 166-32 [25], more
than 80% of C5a and TCC formation was inhibited after solid
phase IgM- and solid- and fluid phase human aggregated IgG
induced activation of CP [26]. A similar highly specific lectin path-
way activation system was designed [15] and the AP amplification
seems to play a decisive role regarding the final effect of the initial
activation (Harboe and Mollnes, unpublished observations). 

Recently, new data have appeared showing that properdin has
two clearly distinct functions: in addition to enhance AP amplifica-
tion by stabilization of the C3bBb complex, properdin is a recogni-
tion factor directly initiating AP activation [27–29]. Thus, AP should
be regarded as a recognition pathway through properdin, like CP
through C1q and LP through MBL and ficolins, in addition to being
an amplification system for all three initial pathways (Fig. 1).

Fig. 1 Complement activation proceeds through three distinct initial pathways. Patterns for recognition are indicated in red and recognition molecules
in green. Properdin has a dual role in the alternative pathway. Activation is induced on a foreign surface favouring binding of factor B instead of fac-
tor H as indicated in the upper right. The proposed mechanism for reaction of properdin with a target on the foreign surface recruits fluid-phase C3b
inducing assembly of AP C3 convertase [27] is indicated with a blue line pointing to C3. Amplification mechanisms are indicated in thick red lines:
The slow spontaneous activation involving C3(H2O) reacting with factor B, ‘tick-over’, is controlled and inhibited by factor H. The second function of
properdin is to stabilize the C3bBb complex promoting self-amplification in the other loop. These C3-directed reactions all promote C5 convertase
amplification indicated with the third, circular loop. Direct C5 activation [16] is indicated in the red square. Formation of C5b initiates assembly of the
components of the common terminal pathway with formation of the terminal complement complex TCC forming sC5b-9 in the fluid phase or C5b-
9(m), when incorporated into a nearby membrane, leading to sub-lytic attack or lysis.
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The main subject of this review is to consider this dichotomy of
the AP and the major influence of AP amplification on the effect of
complement activation in experimental models and human disease. 

Methods to study and modify 
the alternative pathway

Inhibition by monoclonal antibodies

Factor D is a rate-limiting serine protease in the amplification
loop of the alternative pathway [30] and a target of choice for
effective, specific inhibition of AP. Fung et al. generated an anti-
fD mAb (clone 166-32, IgG1) by immunizing mice with human
fD and shown to inhibit AP activation completely [25]. The bind-
ing epitope of the antibody is located in the ‘methionine loop’ of
fD (-CNRRTHHDGAITERLMC-) between Cys154 and Cys170
[26]. This epitope is distant from the catalytic site of the trypsin-
like domain of fD in which there is extensive homology with
other serine proteases of the complement system (C1r, C1s,
MASP-1, MASP-2). The antibody-binding site may be responsi-
ble for the interaction between fD and factor B (fB). Extensive
search revealed no significant homology of this epitope
sequence with other known proteins. This is consistent with
observations in haemolytic assays in which mAb 166-32 reacts
specifically with fD and inhibits AP, but does not interfere with
CP components.

Thurman et al. developed an inhibitory mAb (clone 1379, IgG1)
to fB by immunization of fB -/- mice with a fusion protein com-
prised of the second and third short consensus repeat (SCR)
domains of mouse fB linked to a mouse IgG1 Fc domain [31].
mAb 1379 reacts with an epitope on the surface of the SCR3
region of fB and prevents formation of the C3bBb complex leading
to complete inhibition of AP in vitro and in vivo.

Gupta-Bansal et al. generated a total of 74 monoclonal anti-
properdin antibodies by immunization of mice with human
properdin and assay for ability to prevent properdin binding to
C3b [32]. Eight of them were blocking antibodies efficiently
inhibiting AP activation. These antibodies also reduced TCC
formation after addition of protamine to heparinized blood sug-
gesting that the AP amplification loop is a ‘major contributor to
sC5b-9 formation after CP activation by heparin-protamine
complexes in blood’ [32]. 

Knockout models

To generate fD knockout mice, Xu et al. constructed a gene-target-
ing vector inserting a neor (neomycin-resistance) gene cassette to
disrupt exon 3 of the fD gene containing the Asp102 residue of the
serine protease active centre [33]. In homozygous fD �/� mice,
Northern blots of RNA showed the absence of fD message, and fD

protein was not detectable in serum by Western blotting. Serum
did not deposit C3 on zymosan particles in Mg/EGTA buffer and
did not haemolyse rabbit erythrocytes, typical features of AP acti-
vation. Reconstitution with purified fD reversed these defects.  

To generate fB knockout mice, Matsumoto et al. interrupted the
murine fB gene by exchange of exon 3 through exon 7 with the
neor gene [34]. This site was chosen to avoid compromising C2
expression; the 3� end of the C2 gene overlaps fB promoter ele-
ments and is only about 100 bp upstream of the 5� fB transcrip-
tion start site. The deletion included exon 6 encoding the fD cleav-
ing site required for fB activation. Disruption of the fB gene was
confirmed by Northern blotting and studies of fB protein synthe-
sis in cell culture. In serum from fB �/� mice, intact fB protein
could not be detected and there was no AP activity. C3 was not
deposited on zymosan in Mg/EGTA buffer, and purified mouse fB
reversed the deficit. C3 and C4 protein and C2 mRNA levels were
similar in wild-type and fB �/� mice confirming no effect on
essential early CP components. The abstract states ‘Classical
pathway-dependent total haemolytic activity was lower in fB-defi-
cient than wild-type mice, possibly reflecting loss of the alterna-
tive pathway amplification loop’ [34]. 

To generate properdin knockout mice, Kimura et al. targeted
exon 3-5 of the properdin gene for disruption [28] because muta-
tions in exon 4-6 of the human properdin gene are among those
associated with type I properdin deficiency with absence of circu-
lating properdin [35–37]. In properdin �/� mice, Northern blots
showed absence of properdin mRNA and Western blots confirmed
lack of properdin protein in plasma. Salmonella typhosa
lipopolysaccharide (LPS) induced AP complement activation was
abolished in serum from properdin -/- mice being restored with
purified human properdin.

Stover et al. independently developed another properdin �/�
mouse [29] showing similar properties; hemizygous male mice had
no detectable properdin protein in serum and did not lyse rabbit red
cells in the standard test for AP activity. Properdin in wild-type
mouse serum was shown to associate directly with E. coli K12
DH5� exhibiting rough LPS while properdin �/� serum lacked this
activity, again pointing to properdin as recognition unit in the AP.

Influence of alternative pathway 
amplification on the effect of specific
activation of the other initial pathways

Extensive studies in well-established murine models of intestinal
I/R injury illustrate changing views on its pathogenesis, in partic-
ular regarding the role of the three complement pathways for
induction of tissue damage. 

Totally antibody-deficient Rag-1 knockout (-/-) mice did not
develop I/R damage while reconstitution with pooled IgM isolated
from wild-type sera restored injury [23], identifying IgM antibody
as an essential inducer of tissue damage. Studies of C3 -/- and 
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C4 -/- mice further supported an important role of CP or LP in
inducing complement activation during skeletal muscle and intes-
tinal I/R injury, but could not allocate the effect to one of these two
pathways [22, 23].

In a separate study in the same model, fD -/- mice did not
develop intestinal I/R injury [24], turning the attention to AP and
its important role in development of local and remote tissue
injury after gastrointestinal I/R. We have suggested, however,
that absence of amplification via AP in fD -/- mice could reduce
the complement-mediated inflammatory response and tissue
injury, triggered by initial activation of the CP, but mainly effectu-
ated by AP amplification and the potent terminal pathway. For this
purpose, we designed a highly CP specific activation system and
used pathway-specific anti-fD mAb to show that AP amplification
plays a decisive role regarding the final effect of initial specific
activation of CP. Indeed, selective blockade of AP by neutraliza-
tion of fD with mAb 166-32 inhibited more than 80% of C5a and
TCC formation induced by solid phase IgM and solid- and fluid-
phase human aggregated IgG via CP [26]. To further investigate
the role of AP amplification of initial complement activation, we
designed a highly specific assay for activation of LP [15]. AP
amplification seems to play a similar role regarding the final
effect of the initial activation (Harboe and Mollnes, unpublished
observations). Studies of C1q -/- and MBL -/- mice have been
essential to identify the relative role of CP and LP in development
of intestinal and myocardial I/R injury. MBL -/- mice were protect-
ed while C1q -/- mice were not, indicating a decisive role of LP in
these conditions [38, 39].

The self-reactive clonal natural IgM antibody shown to initiate
the I/R injury [21, 40] was recently demonstrated to react with a
highly conserved region within non-muscle myosin heavy chain
type II (NMHC-II) A and C [41]. When further experiments showed
that murine MBL could bind to IgM, a novel model could be sug-
gested in which intestinal I/R tissue injury is induced when LP is
activated following recognition of ischaemic antigen by natural
IgM antibody [42]. 

In skeletal muscle I/R CP and LP play different roles.
Blockade of CP alone in C1q -/- mice protects against permeabil-
ity oedema and remote pulmonary injury but not against histo-
logic muscle injury while blocking of LP alone in MBL -/- mice
protects against histological injury but not against permeability
oedema or lung injury. Thus, activation of both pathways is
probably needed to induce the full spectrum of injuries observed
after skeletal muscle reperfusion injury [43]. Skeletal muscle
I/R damage is specifically blocked by intravenous administra-
tion of amino acid peptides selected by a 12-mer phage display
further identifying the pathogenic role of the natural clonal IgM
antibody [44].

The relative importance of CP and LP in I/R injury may thus
vary in different models. The basis for this variation remains to be
shown, although initiation of the reaction by the clonal IgM anti-
body is a common feature. Variation in the content of the reactive
epitope in different tissues may be an important feature to explain
that apparently different mechanisms of complement activation

occur in different organs. There are indications that the I/R injury
in the heart is initiated by MBL and the LP [39], whereas renal I/R
injury might be due to loss of regulators of the AP in the tubuli
[45]. A common feature for any initial complement activation is AP
amplification. Initial activation of both CP and LP generates a com-
mon C3 convertase, C4b2a, forming C3b, which is essential in
starting up the amplification loop providing a rational explanation
for the common AP amplification (Fig. 1).

Although the initial reactions in CP and LP are similar, there is
a potential for four times more amplification via LP than CP in gen-
eration of C3/C5 convertases since it was demonstrated in vitro
that LP activation deposited four times more C4 than CP activation
[46]. Thus, production of proinflammatory products through LP
might be a relatively more prominent contributor to inflammatory
reactions if this also holds true for the physiological convertases
formed in vivo. 

Direct activation versus amplification

To distinguish between two alternatives: (i) direct activation of
AP and (ii) initial activation of CP or LP where the final effect to
a large extent is determined by AP amplification is often difficult.
In studies of specific LP activation of normal human serum by
different amounts of mannan on the solid phase of ELISA plates
[15], comparison between the effect of 3F8 inhibiting and 1C10
non-inhibiting anti-MBL mAbs [47] is very informative.
Complete inhibition of TCC generation by 3F8 mAb indicates no
direct effect on AP under these conditions of even high amounts
of mannan on the solid phase (Harboe and Mollnes, unpublished
observations). Comparison between the effect of selected
inhibiting and non-inhibiting anti-C1q mAbs [48] provides simi-
lar information on the relative importance of CP and direct acti-
vation of AP by other compounds. In our view, a decisive impor-
tance of AP amplification is involved in several experimental
models in which antibodies are involved in the initial activation.
The MRL/lpr model of lupus nephritis [49, 50], arthritis in mice
triggered by immune complex deposition [51], anti-phospholipid
antibody-mediated foetal injury [31, 52, 53] and collagen 
antibody-induced arthritis in mice [54] are candidates for this
interpretation.

By contrast, the striking complement activation during coro-
nary bypass surgery has for a long time been a candidate for ini-
tial triggering of AP through contact between blood and the for-
eign surface with rapid formation of C3b. If factor H (fH) is
bound, the surface will appear as ‘compatible’ while more exclu-
sive binding of fB will initiate AP activation [55], consistent with
the view of complement’s ability to discriminate ‘self’ from ‘non-
self’ illustrated in figure 2 in [1].

Conjugation of heparin to biomaterials improves biocompatibili-
ty. When polystyrene microtitre plates were incubated with human
serum, C3 was deposited on the surface with activation of CP and
AP. Heparin surface modification decreased complement activation
related to an enhanced fH/factor I (fI)-dependent down-regulation of
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C3b binding and decreased AP amplification [56]. Studies of com-
plement activation in blood in contact with polystyrene by quartz
crystal microbalance-dissipation analysis (QCM-D) showed that the
surface was immediately covered with a plasma protein film of
about 8 nm triggering limited CP activation followed by C3 binding
and AP amplification [57]. Thus, initial triggering of CP, the effect of
which is largely determined by AP amplification, also appears to be
a central feature in these circumstances.

Experimental data indicate that anti-neutrophil cytoplasmic
autoantibodies (ANCAs) induce glomerulonephritis and vasculitis
through another mechanism. After injection of IgG anti-myeloper-
oxidase (MPO-ANCA), C4 -/- mice developed disease comparable
to wild-type mice while fB -/- mice developed no disease, indicat-
ing a primary role of AP in induction of the disease. Incubation of
MPO-ANCA or anti-myeloperoxidase 3 ANCA with human neu-
trophils stimulated the cells resulting in release of factors activat-
ing AP, citation: ‘thus initiating an inflammatory amplification
loop that mediates the severe necrotizing inflammation of ANCA
disease’ [58].

Mechanisms of amplification

Initial activation of CP and LP generates a common C3 convertase,
C4b2a, splitting C3 into C3a and C3b. Upon formation of C3b the
amplification loop of AP is induced on the activating surface and/or
in the fluid phase. Different mechanisms of amplification in the
fluid phase and on cell surfaces are discussed in more detail by
Lutz and Jelezarova [59] and visually illustrated in Figures 1 and 2
in their paper. In the fluid phase, amplification is maintained prima-
rily by C3b2-IgG complexes. These complexes bind properdin biva-
lently and have a half-life longer than free C3b since both C3b mol-
ecules are partially protected from inactivation by fH and fI, pro-
moting AP amplification. On cell surfaces nascent C3b binds cova-
lently with the thioester bond to surface components forming clus-
ters recruiting fB, fD and properdin resulting in additional conver-
tase activity and amplification. 

A common feature of the experimental models discussed
above is the central importance of AP amplification. In addition,
clinical evidence underlines the prominent role of complement in
the pathogenesis of numerous inflammatory diseases. The list of
such conditions is rapidly growing, including immune complex
diseases such as rheumatoid arthritis and systemic lupus erythe-
matosus, I/R injury locally manifested as infarctions or systemi-
cally as a post-ischaemic inflammatory syndrome, systemic
inflammatory response syndrome and acute respiratory distress
syndrome, renal diseases, inflammatory and degenerative dis-
eases in the nervous system, transplant rejection and inflammato-
ry complications after cardiopulmonary bypass and haemodialy-
sis. In principle, when inflammation is involved in the pathogene-
sis, complement has to be considered as a possible mediator in
the disease process and, thus, a possible candidate for therapeutic
intervention [60]. 

Properdin

Control protein in the alternative pathway 
amplification loop

In the long-standing model, AP is slowly activated spontaneous-
ly by hydrolysis of C3 with exposure of the internal thioester
bond, and C3b is subsequently attached covalently to nearby tar-
gets. Bound C3b then binds to fB, and the resulting C3bB com-
plex is cleaved by fD. The Ba fragment is released into the fluid
phase. Bb remains as part of the C3bBb complex, the AP C3 con-
vertase, which splits more C3 resulting in self-amplification and
generation of the C5 convertase C3bBb3b. The C3Bb complex is
relatively unstable with a half-life of 90 sec. under physiological
conditions [61, 62]. Properdin associates with C3bBb forming a
more stable C3bBbProperdin (C3bBbP) complex [63, 64] with
longer lasting enzyme activity essential for effective AP amplifica-
tion. Regulation of complement generally involves a number of
inhibitory proteins protecting the host against tissue damage.
Interestingly, properdin is the only known regulator of comple-
ment that enhances activation.

Recognition molecule in the alternative 
pathway 

Revision of our concepts concerning properdin as recognition
molecule in AP started with experiments showing that purified
properdin bound to a biosensor surface could serve as a platform
for in situ assembly of AP C3 convertases [65]. In a follow-up
paper, the authors stated that ‘The properdin-directed model is
consistent with a proposal made by Pillemer and his colleagues
>50 years ago’ [27]. Pillemer and his collaborators first described
properdin reacting with zymosan, a carbohydrate complex derived
from yeast cell walls [66] and ‘provided evidence that
properdin:target complexes directed antibody-independent com-
plement activation’ [27]. Reaction between properdin and various
bacterial polysaccharides was also reported by Pillemer et al. [67].
The findings were difficult to reproduce, criticized, and with
Pillemer’s death [68–70] properdin was largely dismissed by the
scientific community. The properdin system was reborn as the AP
more than 20 years later [27, 69], and the current two model sys-
tems of properdin activity [27] form a valuable basis for further
development in this area.

Development of properdin knockout mice [28, 29] provided
additional, independent evidence indicating that properdin acts as
recognition molecule, emphasizing AP as a recognition pathway
[71]. LPS of Salmonella typhosa coated on ELISA plates was used
to measure complement activation in Mg/EGTA buffer, a standard
assay of AP activation. Normal wild-type mouse serum showed
substantial activity, whereas properdin -/- serum showed no activity
being fully restored by purified properdin.
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Further studies are needed to confirm properdin as recognition
molecule in AP and to delineate its fine specificity in this reaction.

The dual function of properdin is further illustrated in Figure 1. 

Influence of alternative pathway in
deficiency states

Factor H deficiency and variants

Factor H is a potent soluble inhibitor of AP by serving as cofactor
for fI in conversion of active C3b to inactive iC3b. Factor H is
required for keeping the physiologic, spontaneous hydrolysis of
the C3 molecule under control [72]. Thus, in the absence of fH, AP
will be highly activated without any particular activation substance
present and activated complement will then be deposited particu-
larly on the glomerulus basement membrane due to the fenestrat-
ed endothelial lining. Pigs genetically deficient in fH and fH -/-
mice spontaneously develop membranoproliferative glomeru-
lonephritis type II [73, 74]. 

It has become evident that not only fH deficiency, but also
genetic variants and polymorphisms predispose to several other
serious diseases like atypical haemolytic uremic syndrome and
age-related macular degeneration [75–79]. A role for fH in surface
protection of endothelial cells has been proposed as a pathophys-
iologic mechanism which may explain the predisposition of dis-
eases related to genetic variations in the protein [80].
Furthermore, genetic variants of other complement regulators
controlling the AP activation (MCP, fI and fB, the latter by ‘gain of
function’) display similar disease predispositions [81, 82]. Based
on the role of AP in a number of serious diseases [83], therapeu-
tic strategies for interference with AP have been proposed [84].

C2 bypass in CP and LP

The complement system is a typical cascade system with a strict
order of activation and amplification at specific sites. In genetic
deficiencies of individual components, bypass mechanisms have
been identified, like ‘C2 bypass’ in C2 deficiency.

Basic observations on CP C2 deficiency were made in guinea
pigs [85]. High concentrations of anti-Forssman antibody
induced efficient lysis of sheep erythrocytes in vitro in C2 defi-
cient serum. Inhibition experiments showed that a fully function-
al AP was required for haemolysis. A Forssman shock model was
used to test the relevance of C2 bypass in vivo: intravenous injec-
tion of anti-Forssman antibody in normal guinea pigs resulted in
rapid death from pulmonary shock whereas C2 deficient guinea
pigs died in a delayed fashion or had a sub-lethal reaction.

LP C2 bypass in human beings has been demonstrated inde-
pendently in two different model systems:

i) In C2 deficient serum, specific LP activation by mannan on the
solid phase in ELISA would be expected to stop at the C4
stage, while direct activation of AP might occur at high man-
nan concentrations. We observed a markedly increased depo-
sition of C3b on the solid phase at 10 ug mannan/ well com-
pared with 0.5 ug/well. This deposition was not inhibited by
anti-C1q clone 85 mAb, but completely by anti-MBL mAb 3F8
demonstrating LP C2 bypass [15]. Similar findings have later
been obtained concerning deposition of TCC on the solid
phase. This LP C2 bypass deposition depends on intact AP
function and is completely inhibited by anti-fD (Harboe and
Mollnes, unpublished observations). 

ii) LP C2 bypass was also demonstrated by quantification of C3
deposition onto wells coated with Salmonella O antigen-spe-
cific oligosaccharides after incubation with normal human
serum compared with C2-deficient serum. Deposition in C2-
deficient serum was completely dependent on MBL and intact
AP function [86]. 

Properdin deficiency

The properdin gene is located on the short arm of the X chromo-
some, at Xp11.3-p.11.23 and is composed of 10 exons. Properdin
deficiency was first described in a Swedish family in association
with fulminant meningococcal disease [87]. In type I deficiency
with complete absence of circulating properdin inherited as an X-
linked recessive disorder [35–37], distinct mutations have been
demonstrated in exon 4, 5, 6, 8 and 10 of the properdin gene.

Essential information on mechanisms of defence in meningo-
coccal infection has been provided by studies of various forms of
complement deficiency [88–90]. Deficiency of one of the terminal
complement components leads to inadequate TCC formation and
increased risk of meningococcal infection, estimated up to 6000-
fold [88, 90]. Interestingly, most of these infections are caused by
relatively rare serogroups and run a mild course [91]. In deficien-
cies of earlier components, C3b-mediated clearance of bacteria is
missing and a more severe course may be expected, as often
observed in properdin deficiency [87, 92]. Experiments to identify
the specific targets recognized by properdin in the ‘direct model’
have begun suggesting that properdin recognizes a common bac-
terial surface component that is readily exposed in Neisseria but
masked by the O-antigen in wild-type smooth enteric bacteria
[27], fitting the clinical finding of frequent serious meningococcal
infection in properdin deficiency.

After sub-lethal cecal ligation and puncture (CLP) as in vivo
model for acute poly-microbial septic peritonitis, properdin defi-
cient -/- mice showed distinctly decreased survival; in the first 7
days of the observation period, 14 of 16 wild-type mice survived,
whereas only 6 of 16 properdin deficient mice survived [29].

An interesting observation regarding the role of properdin was
recently recognized in two different methods for detection of AP
deficiency [93]. In the traditional haemolytic assay based on
human serum added to rabbit erythrocytes, properdin deficiencies
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were frequently missed, probably since the assay was based on the
‘self-non-self’ discrimination and triggering of the amplification
loop. In contrast, a solid phase ELISA based on LPS coating of the
wells [94] efficiently recognized properdin deficiencies, most likely
due to the pattern recognition mechanism of AP through properdin. 

Complement in sepsis

Sepsis and accompanying systemic inflammatory response syn-
drome (SIRS) represent a spectrum of clinical symptoms and a
complex pathophysiology. In the United States, sepsis affects
about 700,000 people and accounts for about 210,000 deaths per
year. The incidence of sepsis is rising, at a rate of approximately
1.5% per year despite progress in developing antibiotics, techni-
cal developments in intensive care units and other supportive care
therapies. The costs of sepsis in the United States are estimated
to be approximately $16.7 billion per year, a major burden to the
health care system. Sepsis is a major health problem with high
morbidity and a mortality in the range of 30–70% [95–97]. Sepsis
is the commonest cause of neonatal mortality being responsible
for 30–50% of the total neonatal death in developing countries
each year [98, 99]. There are more than 200 putative mediators of
sepsis and there have been more than 70 well-designed clinical tri-
als to test the effect of manipulation of a number of these media-
tors. The results in large have been disappointing reflecting the
complexity of the pathology [100, 101].

The complement system is activated during sepsis, leading to
a systemic release of activation products with undesired effects on
the host. After meningococcal infection, the clinical course shows
marked variation. Meningitis may run a benign course with mod-
erate outgrowth of meningococci in the bloodstream, while fulmi-
nant meningococcal septic shock is characterized by rapidly over-
whelming intravascular outgrowth of meningococci, high concen-
trations of endotoxin and massive induction of proinflammatory
mediators [90, 102].

We demonstrated a strong correlation between the degree of
complement activation at hospital entry and the subsequent
course in patients with systemic meningococcal disease [103].
Here, six of seven patients with TCC above a certain cut-off at
admittance died during the course whereas only one of 32 of those
with TCC below this value died (P < 0.0001). Using pathway-spe-
cific assays, we later showed that the overwhelming complement
activation seen in those with fulminant, lethal septicaemia, was
due to an uncontrolled AP amplification [104]. 

In experimental models of gram-negative sepsis, it has been
clearly demonstrated, using specific complement inhibitors, that
complement activation is of essential importance in the develop-
ment of septic shock [105]. Blockade of C5a or the C5a receptor
has markedly improved morbidity and mortality in rodent models
of cecal ligation and puncture, leading to severe poly-microbial
sepsis [106] C1-inhibitor has been used in patients with sepsis and
other systemic inflammatory reactions associated with capillary

leakage, but randomized clinical studies using complement
inhibitors in sepsis have not been performed.

Lipopolysaccharides (LPS) have been implicated in the patho-
genesis of gram-negative sepsis through their ability to stimulate
synthesis of proinflammatory cytokines through binding to CD14
and the toll-like receptor 4 (TLR4)/MD-2 complex [107, 108]. LPS
is known to activate complement, but large doses are needed
compared to the trace amounts sufficient for cytokine production
[109]. In fact, we also showed, using LPS-deficient and -sufficient
Neisseria meningtidis strains, that membrane LPS plays a minor
role in activating complement by the bacteria, in contrast to syn-
thesis of cytokines [110]. Thus, other membrane constituents are
of importance with respect to complement activation.
Neutralization of LPS or blocking of CD14 has been effective in
preventing lethal shock in animal studies, but results from clinical
studies have been disappointing.

Complement and Toll-like receptors reacting with CD14 in com-
plex with LPS binding protein are the two main upstream compo-
nents of the innate immune system recognizing exogenous as well
as endogenous ligands. They react partly independently in the
inflammatory network, also having a set of cross-talk mechanisms:
Complement activation may induce up-regulation of CD14 enhanc-
ing TLR4-induced inflammatory reactions [111], C1q modulates
LPS/TLR-induced cytokine production [112] and MBL enhances
TLR-2 and TLR-6 signalling from the phagosome [113]. 

In recent studies of an Eschericia coli induced inflammatory
response in human whole blood, combined inhibition of complement
and CD14 completely abrogated up-regulation of CD11b, phagocyto-
sis and oxidative burst, whereas inhibition of each of the systems
abrogated the response only partially or marginally [109]. We sug-
gest that combined inhibition of complement and CD14 should be
further explored as a treatment regimen to reduce the overwhelming
damaging inflammatory response during sepsis [114].

Concluding remarks

Properdin has two distinct functions. In addition to its well-known
role to enhance AP activation by stabilization of the C3bBb com-
plex, it is being established as a recognition factor directly initiat-
ing AP activation, like C1q in CP and MBL in LP. 

AP amplification plays a decisive role for the final effect of ini-
tial activation of CP and LP, mediated through the terminal pathway
products C5a and TCC. There is a need for a revised interpretation
of the findings in important experimental models and human dis-
ease with greater emphasis of AP amplification. 

Acknowledgement

We thank Prof. Seppo Meri, Helsinki, Finland for careful consideration and
valuable comments to the manuscript.



J. Cell. Mol. Med. Vol 12, No 4, 2008

1081© 2008 The Authors
Journal compilation © 2008 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

References

1. Walport MJ. Complement. First of two
parts. N Engl J Med. 2001; 344: 1058–66.

2. Mollnes TE, Song WC, Lambris JD.
Complement in inflammatory tissue dam-
age and disease. Trends Immunol. 2002;
23: 61–4.

3. Volanakis JE, Kaplan MH. Interaction of
C-reactive protein complexes with the
complement system. II. Consumption of
guinea pig complement by CRP complex-
es: requirement for human C1q. J
Immunol. 1974; 113: 9–17.

4. Biro A, Rovo Z, Papp D, Cervenak L, Varga
L, Fust G, Thielens NM, Arlaud GJ,
Prohaszka Z. Studies on the interactions
between C-reactive protein and comple-
ment proteins. Immunology. 2007; 121:
40–50.

5. Kang YS, Do Y, Lee HK, Park SH, Cheong
C, Lynch RM, Loeffler JM, Steinman RM,
Park CG. A dominant complement fixation
pathway for pneumococcal polysaccha-
rides initiated by SIGN-R1 interacting with
C1q. Cell. 2006; 125: 47–58.

6. Paidassi H, Tacnet-Delorme P, Garlatti V,
Darnault C, Ghebrehiwet B, Gaboriaud C,
Arlaud GJ, Frachet P. C1q binds phos-
phatidylserine and likely acts as a multili-
gand-bridging molecule in apoptotic cell
recognition. J Immunol. 2008; 180:
2329–38.

7. Matsushita M, Fujita T. Ficolins and the
lectin complement pathway. Immunol Rev.
2001; 180: 78–85.

8. Roos A, Bouwman LH, Munoz J,
Zuiverloon T, Faber-Krol MC, Fallaux-van
den Houten FC, Klar-Mohamad N, Hack
CE, Tilanus MG, Daha MR. Functional
characterization of the lectin pathway of
complement in human serum. Mol
Immunol. 2003; 39: 655–68.

9. Garred P, Larsen F, Seyfarth J, Fujita R,
Madsen HO. Mannose-binding lectin and
its genetic variants. Genes Immun. 2006;
7: 85–94.

10. Thiel S. Complement activating soluble
pattern recognition molecules with colla-
gen-like regions, mannan-binding lectin,
ficolins and associated proteins. Mol
Immunol. 2007; 44: 3875–88.

11. Krarup A, Thiel S, Hansen A, Fujita T,
Jensenius JC. L-ficolin is a pattern recog-
nition molecule specific for acetyl groups.
J Biol Chem. 2004; 279: 47513–9.

12. Tack BF, Harrison RA, Janatova J,
Thomas ML, Prahl JW. Evidence for pres-
ence of an internal thiolester bond in third

component of human complement. Proc
Natl Acad Sci USA. 1980; 77: 5764–8.

13. Pangburn MK, Muller-Eberhard HJ.
Relation of putative thioester bond in C3 to
activation of the alternative pathway and
the binding of C3b to biological targets of
complement. J Exp Med. 1980; 152:
1102–14.

14. Bexborn F, Andersson PO, Chen H,
Nilsson B, Ekdahl KN. The tick-over theo-
ry revisited: formation and regulation of
the soluble alternative complement C3
convertase (C3(H(2)O)Bb). Mol Immunol.
2008; 45: 2370–9.

15. Harboe M, Garred P, Borgen MS, Stahl
GL, Roos A, Mollnes TE. Design of a com-
plement mannose-binding lectin pathway-
specific activation system applicable at low
serum dilutions. Clin Exp Immunol. 2006;
144: 512–20.

16. Huber-Lang M, Sarma JV, Zetoune FS,
Rittirsch D, Neff TA, McGuire SR,
Lambris JD, Warner RL, Flierl MA,
Hoesel LM, Gebhard F, Younger JG,
Drouin SM, Wetsel RA, Ward PA.
Generation of C5a in the absence of C3: a
new complement activation pathway. Nat
Med. 2006; 12: 682–7.

17. Walport MJ. Complement. Second of two
parts. N Engl J Med. 2001; 344: 1140–4.

18. Hill JH, Ward PA. The phlogistic role of C3
leukotactic fragments in myocardial
infarcts of rats. J Exp Med. 1971; 133:
885–900.

19. Weisman HF, Bartow T, Leppo MK, Marsh
HC Jr, Carson GR, Concino MF, Boyle MP,
Roux KH, Weisfeldt ML, Fearon DT.
Soluble human complement receptor type 1:
in vivo inhibitor of complement suppressing
post-ischemic myocardial inflammation and
necrosis. Science. 1990; 249: 146–51.

20. Chan RK, Ibrahim SI, Verna N, Carroll M,
Moore FD Jr, Hechtman HB. Ischaemia-
reperfusion is an event triggered by
immune complexes and complement. Br J
Surg. 2003; 90: 1470–8.

21. Zhang M, Austen WG Jr, Chiu I, Alicot EM,
Hung R, Ma M, Verna N, Xu M, Hechtman
HB, Moore FD Jr, Carroll MC. Identification
of a specific self-reactive IgM antibody that
initiates intestinal ischemia/reperfusion
injury. Proc Natl Acad Sci USA. 2004; 101:
3886–91.

22. Weiser MR, Williams JP, Moore FD Jr,
Kobzik L, Ma M, Hechtman HB, Carroll
MC. Reperfusion injury of ischemic skele-
tal muscle is mediated by natural antibody

and complement. J Exp Med. 1996; 183:
2343–8.

23. Williams JP, Pechet TT, Weiser MR, Reid
R, Kobzik L, Moore FD Jr, Carroll MC,
Hechtman HB. Intestinal reperfusion
injury is mediated by IgM and comple-
ment. J Appl Physiol. 1999; 86: 938–42.

24. Stahl GL, Xu Y, Hao L, Miller M, Buras
JA, Fung M, Zhao H. Role for the alterna-
tive complement pathway in ischemia/
reperfusion injury. Am J Pathol. 2003; 162:
449–55.

25. Fung M, Loubser PG, Undar A, Mueller
M, Sun C, Sun WN, Vaughn WK, Fraser
CD Jr. Inhibition of complement, neu-
trophil, and platelet activation by an anti-
factor D monoclonal antibody in simulated
cardiopulmonary bypass circuits. J Thorac
Cardiovasc Surg. 2001; 122: 113–22.

26. Harboe M, Ulvund G, Vien L, Fung M,
Mollnes TE. The quantitative role of alter-
native pathway amplification in classical
pathway induced terminal complement
activation. Clin Exp Immunol. 2004; 138:
439–46.

27. Spitzer D, Mitchell LM, Atkinson JP,
Hourcade DE. Properdin can initiate com-
plement activation by binding specific tar-
get surfaces and providing a platform for
de novo convertase assembly. J Immunol.
2007; 179: 2600–8.

28. Kimura Y, Miwa T, Zhou L, Song WC.
Activator-specific requirement of prop-
erdin in the initiation and amplification of
the alternative pathway complement.
Blood. 2008; 111: 732–40.

29. Stover CM, Luckett JC, Echtenacher B,
Dupont A, Figgitt SE, Brown J, Mannel
DN, Schwaeble WJ. Properdin plays a
protective role in polymicrobial septic peri-
tonitis. J Immunol. 2008; 180: 3313–8.

30. Volanakis JE, Narayana SV. Complement
factor D, a novel serine protease. Protein
Sci. 1996; 5: 553–64.

31. Thurman JM, Kraus DM, Girardi G,
Hourcade D, Kang HJ, Royer PA, Mitchell
LM, Giclas PC, Salmon J, Gilkeson G,
Holers VM. A novel inhibitor of the alter-
native complement pathway prevents
antiphospholipid antibody-induced preg-
nancy loss in mice. Mol Immunol. 2005;
42: 87–97.

32. Gupta-Bansal R, Parent JB, Brunden KR.
Inhibition of complement alternative path-
way function with anti-properdin mono-
clonal antibodies. Mol Immunol. 2000; 37:
191–201.



1082 © 2008 The Authors
Journal compilation © 2008 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

33. Xu Y, Ma M, Ippolito GC, Schroeder HW
Jr, Carroll MC, Volanakis JE. Complement
activation in factor D-deficient mice. Proc
Natl Acad Sci USA. 2001; 98: 14577–82.

34. Matsumoto M, Fukuda W, Circolo A,
Goellner J, Strauss-Schoenberger J,
Wang X, Fujita S, Hidvegi T, Chaplin DD,
Colten HR. Abrogation of the alternative
complement pathway by targeted deletion
of murine factor B. Proc Natl Acad Sci
USA. 1997; 94: 8720–5.

35. Truedsson L, Westberg J, Fredrikson GN,
Sjoholm AG, Kuijper EJ, Fijen CA, Spath
PJ, Uhlen M. Human properdin deficiency
has a heterogeneous genetic background.
Immunopharmacology. 1997; 38: 203–6.

36. van den Boogard R, Fijen CA, Schipper
MG, de Galan L, Kuijper EJ, Mannens
MM. Molecular characterisation of 10
Dutch properdin type I deficient families:
mutation analysis and X-inactivation stud-
ies. Eur J Hum Genet. 2000; 8: 513–8.

37. Bathum L, Hansen H, Teisner B, Koch C,
Garred P, Rasmussen K, Wang P.
Association between combined properdin
and mannose-binding lectin deficiency and
infection with Neisseria meningitidis. Mol
Immunol. 2006; 43: 473–9.

38. Hart ML, Ceonzo KA, Shaffer LA,
Takahashi K, Rother RP, Reenstra WR,
Buras JA, Stahl GL. Gastrointestinal
ischemia-reperfusion injury is lectin com-
plement pathway dependent without
involving C1q. J Immunol. 2005; 174:
6373–80.

39. Walsh MC, Bourcier T, Takahashi K, Shi
L, Busche MN, Rother RP, Solomon SD,
Ezekowitz RA, Stahl GL. Mannose-binding
lectin is a regulator of inflammation that
accompanies myocardial ischemia and
reperfusion injury. J Immunol. 2005; 175:
541–6.

40. Austen WG Jr, Zhang M, Chan R, Friend
D, Hechtman HB, Carroll MC, Moore FD
Jr. Murine hindlimb reperfusion injury can
be initiated by a self-reactive monoclonal
IgM. Surgery. 2004; 136: 401–6.

41. Zhang M, Alicot EM, Chiu I, Li J, Verna
N, Vorup-Jensen T, Kessler B, Shimaoka
M, Chan R, Friend D, Mahmood U,
Weissleder R, Moore FD, Carroll MC.
Identification of the target self-antigens in
reperfusion injury. J Exp Med. 2006; 203:
141–52.

42. Zhang M, Takahashi K, Alicot EM, Vorup-
Jensen T, Kessler B, Thiel S, Jensenius
JC, Ezekowitz RA, Moore FD, Carroll MC.
Activation of the lectin pathway by natural
IgM in a model of ischemia/reperfusion
injury. J Immunol. 2006; 177: 4727–34.

43. Chan RK, Ibrahim SI, Takahashi K, Kwon E,
McCormack M, Ezekowitz A, Carroll MC,
Moore FD Jr, Austen WG Jr. The differing
roles of the classical and mannose-binding
lectin complement pathways in the events
following skeletal muscle ischemia-reperfu-
sion. J Immunol. 2006; 177: 8080–5.

44. Chan RK, Verna N, Afnan J, Zhang M,
Ibrahim S, Carroll MC, Moore FD Jr.
Attenuation of skeletal muscle reperfusion
injury with intravenous 12 amino acid pep-
tides that bind to pathogenic IgM. Surgery.
2006; 139: 236–43.

45. Thurman JM, Ljubanovic D, Royer PA,
Kraus DM, Molina H, Barry NP, Proctor G,
Levi M, Holers VM. Altered renal tubular
expression of the complement inhibitor
Crry permits complement activation after
ischemia/reperfusion. J Clin Invest. 2006;
116: 357–68.

46. Rawal N, Rajagopalan R, Salvi VP.
Activation of complement component C5:
comparison of C5 convertases of the lectin
pathway and classical pathway of comple-
ment. J Biol Chem. 2008; 283: 7853–63.

47. Zhao H, Wakamiya N, Suzuki Y, Hamonko
MT, Stahl GL. Identification of human
mannose binding lectin (MBL) recognition
sites for novel inhibitory antibodies.
Hybrid Hybridomics. 2002; 21: 25–36.

48. McGrath FD, Brouwer MC, Arlaud GJ,
Daha MR, Hack CE, Roos A. Evidence that
complement protein C1q interacts with C-
reactive protein through its globular head
region. J Immunol. 2006; 176: 2950–7.

49. Watanabe H, Garnier G, Circolo A, Wetsel
RA, Ruiz P, Holers VM, Boackle SA,
Colten HR, Gilkeson GS. Modulation of
renal disease in MRL/lpr mice genetically
deficient in the alternative complement
pathway factor B. J Immunol. 2000; 164:
786–94.

50. Elliott MK, Jarmi T, Ruiz P, Xu Y, Holers
VM, Gilkeson GS. Effects of complement
factor D deficiency on the renal disease of
MRL/lpr mice. Kidney Int. 2004; 65:
129–38.

51. Ji H, Ohmura K, Mahmood U, Lee DM,
Hofhuis FM, Boackle SA, Takahashi K,
Holers VM, Walport M, Gerard C,
Ezekowitz A, Carroll MC, Brenner M,
Weissleder R, Verbeek JS, Duchatelle V,
Degott C, Benoist C, Mathis D. Arthritis
critically dependent on innate immune sys-
tem players. Immunity. 2002; 16: 157–68.

52. Girardi G, Berman J, Redecha P, Spruce
L, Thurman JM, Kraus D, Hollmann TJ,
Casali P, Caroll MC, Wetsel RA, Lambris
JD, Holers VM, Salmon JE. Complement
C5a receptors and neutrophils mediate

fetal injury in the antiphospholipid syn-
drome. J Clin Invest. 2003; 112: 1644–54.

53. Atkinson JP. Complement system on the
attack in autoimmunity. J Clin Invest.
2003; 112: 1639–41.

54. Banda NK, Takahashi K, Wood AK, Holers
VM, Arend WP. Pathogenic complement
activation in collagen antibody-induced
arthritis in mice requires amplification by
the alternative pathway. J Immunol. 2007;
179: 4101–9.

55. Atkinson JP, Farries T. Separation of self
from non-self in the complement system.
Immunol Today. 1987; 8: 212–5.

56. Nilsson UR, Larm O, Nilsson B, Storm
KE, Elwing H, Nilsson EK. Modification of
the complement binding properties of
polystyrene: effects of end-point heparin
attachment. Scand J Immunol. 1993; 37:
349–54.

57. Andersson J, Ekdahl KN, Lambris JD,
Nilsson B. Binding of C3 fragments on
top of adsorbed plasma proteins during
complement activation on a model bio-
material surface. Biomaterials. 2005; 26:
1477–85.

58. Xiao H, Schreiber A, Heeringa P, Falk RJ,
Jennette JC. Alternative complement
pathway in the pathogenesis of disease
mediated by anti-neutrophil cytoplasmic
autoantibodies. Am J Pathol. 2007; 170:
52–64.

59. Lutz HU, Jelezarova E. Complement
amplification revisited. Mol Immunol.
2006; 43: 2–12.

60. Mollnes TE, Kirschfink M. Strategies of
therapeutic complement inhibition. Mol
Immunol. 2006; 43: 107–21.

61. Medicus RG, Gotze O, Muller-Eberhard
HJ. Alternative pathway of complement:
recruitment of precursor properdin by the
labile C3/C5 convertase and the potentia-
tion of the pathway. J Exp Med. 1976; 144:
1076–93.

62. Pangburn MK, Muller-Eberhard HJ. The
C3 convertase of the alternative pathway of
human complement. Enzymic properties of
the bimolecular proteinase. Biochem J.
1986; 235: 723–30.

63. Fearon DT, Austen KF. Properdin: binding
to C3b and stabilization of the C3b-
dependent C3 convertase. J Exp Med.
1975; 142: 856–63.

64. Fearon DT. Activation of the alternative
complement pathway. CRC Crit Rev
Immunol. 1979; 1: 1–32.

65. Hourcade DE. The role of properdin in the
assembly of the alternative pathway C3
convertases of complement. J Biol Chem.
2006; 281: 2128–32.



J. Cell. Mol. Med. Vol 12, No 4, 2008

1083© 2008 The Authors
Journal compilation © 2008 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

66. Pillemer L, Blum L, Lepow IH, Ross OA,
Todd EW, Wardlaw AC. The properdin
system and immunity. I. Demonstration
and isolation of a new serum protein,
properdin, and its role in immune phenom-
ena. Science. 1954; 120: 279–85.

67. Pillemer L, Schoenberg MD, Blum L,
Wurz L. Properdin system and immunity.
II. Interaction of the properdin system with
polysaccharides. Science. 1955; 122:
545–9.

68. Ecker EE. Louis Pillemer; 1908–1957. J
Immunol. 1958; 80: 415–6.

69. Lepow IH. Presidential address to
American Association of Immunologists in
Anaheim, California, April 16, 1980. Louis
Pillemer, Properdin, and scientific contro-
versy. J Immunol. 1980; 125: 471–5.

70. Lachmann P. Complement before molecu-
lar biology. Mol Immunol. 2006; 43:
496–508.

71. Zipfel PF, Mihlan M, Skerka C. The alter-
native pathway of complement: a pattern
recognition system. Adv Exp Med Biol.
2007; 598: 80–92.

72. Pangburn MK. Host recognition and target
differentiation by factor H, a regulator of
the alternative pathway of complement.
Immunopharmacology. 2000; 49: 149–57.

73. Hogasen K, Jansen JH, Mollnes TE,
Hovdenes J, Harboe M. Hereditary
porcine membranoproliferative glomeru-
lonephritis type II is caused by factor H
deficiency. J Clin Invest. 1995; 95:
1054–61.

74. Pickering MC, Cook HT, Warren J,
Bygrave AE, Moss J, Walport MJ, Botto
M. Uncontrolled C3 activation causes
membranoproliferative glomerulonephritis
in mice deficient in complement factor H.
Nat Genet. 2002; 31: 424–8.

75. de Cordoba SR, de Jorge EG.
Translational mini-review series on com-
plement factor H: genetics and disease
associations of human complement factor
H. Clin Exp Immunol. 2008; 151: 1–13.

76. Atkinson JP, Goodship TH. Complement
factor H and the hemolytic uremic syn-
drome. J Exp Med. 2007; 204: 1245–8.

77. Meri S. Loss of self-control in the comple-
ment system and innate autoreactivity.
Ann N Y Acad Sci. 2007; 1109: 93–105.

78. Zipfel PF, Heinen S, Jozsi M, Skerka C.
Complement and diseases: defective alter-
native pathway control results in kidney
and eye diseases. Mol Immunol. 2006; 43:
97–106.

79. Stahl AL, Vaziri-Sani F, Heinen S,
Kristoffersson AC, Gydell KH, Raafat R,
Gutierrez A, Beringer O, Zipfel PF,

Karpman D. Factor H dysfunction in
patients with atypical hemolytic uremic
syndrome contributes to complement dep-
osition on platelets and their activation.
Blood. 2008; 111: 5307–15.

80. Manuelian T, Hellwage J, Meri S,
Caprioli J, Noris M, Heinen S, Jozsi M,
Neumann HP, Remuzzi G, Zipfel PF.
Mutations in factor H reduce binding affin-
ity to C3b and heparin and surface attach-
ment to endothelial cells in hemolytic ure-
mic syndrome. J Clin Invest. 2003; 111:
1181–90.

81. Richards A, Kavanagh D, Atkinson JP.
Inherited complement regulatory protein
deficiency predisposes to human disease
in acute injury and chronic inflammatory
states. The examples of vascular damage
in atypical hemolytic uremic syndrome and
debris accumulation in age-related macu-
lar degeneration. Adv Immunol. 2007; 96:
141–77.

82. Jokiranta TS, Zipfel PF, Fremeaux-Bacchi
V, Taylor CM, Goodship TJ, Noris M.
Where next with atypical hemolytic uremic
syndrome? Mol Immunol. 2007; 44:
3889–900.

83. Thurman JM, Holers VM. The central role
of the alternative complement pathway in
human disease. J Immunol. 2006; 176:
1305–10.

84. Holers VM, Thurman JM. The alternative
pathway of complement in disease: oppor-
tunities for therapeutic targeting. Mol
Immunol. 2004; 41: 147–52.

85. Wagner E, Platt JL, Howell DN, Marsh HC
Jr, Frank MM. IgG and complement-medi-
ated tissue damage in the absence of C2:
evidence of a functionally active C2-bypass
pathway in a guinea pig model. J Immunol.
1999; 163: 3549–58.

86. Selander B, Martensson U, Weintraub A,
Holmstrom E, Matsushita M, Thiel S,
Jensenius JC, Truedsson L, Sjoholm AG.
Mannan-binding lectin activates C3 and
the alternative complement pathway with-
out involvement of C2. J Clin Invest. 2006;
116: 1425–34.

87. Sjoholm AG, Braconier JH, Soderstrom
C. Properdin deficiency in a family with
fulminant meningococcal infections. Clin
Exp Immunol. 1982; 50: 291–7.

88. Ross SC, Densen P. Complement deficien-
cy states and infection: epidemiology,
pathogenesis and consequences of neisse-
rial and other infections in an immune defi-
ciency. Medicine. 1984; 63: 243–73.

89. Nagata M, Hara T, Aoki T, Mizuno Y,
Akeda H, Inaba S, Tsumoto K, Ueda K.
Inherited deficiency of ninth component of

complement: an increased risk of
meningococcal meningitis. J Pediatr.
1989; 114: 260–4.

90. Sprong T, Roos D, Weemaes C,
Neeleman C, Geesing CL, Mollnes TE,
van Deuren M. Deficient alternative com-
plement pathway activation due to factor D
deficiency by 2 novel mutations in the
complement factor D gene in a family with
meningococcal infections. Blood. 2006;
107: 4865–70.

91. Orren A, Caugant DA, Fijen CA, Dankert
J, van Schalkwyk EJ, Poolman JT,
Coetzee GJ. Characterization of strains of
Neisseria meningitidis recovered from
complement-sufficient and complement-
deficient patients in the Western Cape
Province, South Africa. J Clin Microbiol.
1994; 32: 2185–91.

92. Cunliffe NA, Snowden N, Dunbar EM,
Haeney MR. Recurrent meningococcal
septicaemia and properdin deficiency. J
Infect. 1995; 31: 67–8.

93. Mollnes TE, Jokiranta TS, Truedsson L,
Nilsson B, Rodriguez de CS, Kirschfink
M. Complement analysis in the 21st centu-
ry. Mol Immunol. 2007; 44: 3838–49.

94. Seelen MA, Roos A, Wieslander J,
Mollnes TE, Sjoholm AG, Wurzner R,
Loos M, Tedesco F, Sim RB, Garred P,
Alexopoulos E, Turner MW, Daha MR.
Functional analysis of the classical, alter-
native, and MBL pathways of the comple-
ment system: standardization and valida-
tion of a simple ELISA. J Immunol
Methods. 2005; 296: 187–98.

95. Oberholzer A, Oberholzer C, Moldawer
LL. Sepsis syndromes: understanding the
role of innate and acquired immunity.
Shock. 2001; 16: 83–96.

96. Riedemann NC, Guo RF, Ward PA. The enig-
ma of sepsis. J Clin Invest. 2003; 112: 460–7.

97. Riedemann NC, Guo RF, Ward PA. Novel
strategies for the treatment of sepsis. Nat
Med. 2003; 9: 517–24.

98. Kutko MC, Calarco MP, Flaherty MB,
Helmrich RF, Ushay HM, Pon S,
Greenwald BM. Mortality rates in pediatric
septic shock with and without multiple
organ system failure. Pediatr Crit Care
Med. 2003; 4: 333–7.

99. Aggarwal R, Sarkar N, Deorari AK, Paul
VK. Sepsis in the newborn. Indian J
Pediatr. 2001; 68: 1143–7.

100. Marshall JC. Such stuff as dreams are
made on: mediator-directed therapy in sep-
sis. Nat Rev Drug Discov. 2003; 2: 391–405.

101. Hotchkiss RS, Karl IE. The pathophysiolo-
gy and treatment of sepsis. N Engl J Med.
2003; 348: 138–50.



1084 © 2008 The Authors
Journal compilation © 2008 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

102. van Deuren M, Brandtzaeg P, van der
Meer JW. Update on meningococcal dis-
ease with emphasis on pathogenesis and
clinical management. Clin Microbiol Rev.
2000; 13: 144–66.

103. Brandtzaeg P, Mollnes TE, Kierulf P.
Complement activation and endotoxin 
levels in systemic meningococcal disease.
J Infect Dis. 1989; 160: 58–65.

104. Brandtzaeg P, Hogasen K, Kierulf P,
Mollnes TE. The excessive complement
activation in fulminant meningococcal sep-
ticemia is predominantly caused by alter-
native pathway activation. J Infect Dis.
1996; 173: 647–55.

105. Ward PA. The dark side of C5a in sepsis.
Nat Rev Immunol. 2004; 4: 133–42.

106. Ward PA. Role of the complement in
experimental sepsis. J Leukoc Biol. 2008;
83: 467–70.

107. Heumann D, Roger T. Initial responses to
endotoxins and Gram-negative bacteria.
Clin Chim Acta. 2002; 323: 59–72.

108. Dobrovolskaia MA, Vogel SN. Toll recep-
tors, CD14, and macrophage activation
and deactivation by LPS. Microbes Infect.
2002; 4: 903–14.

109. Brekke OL, Christiansen D, Fure H, Fung
M, Mollnes TE. The role of complement C3
opsonization, C5a receptor, and CD14 in E.
coli-induced up-regulation of granulocyte
and monocyte CD11b/CD18 (CR3), phago-
cytosis, and oxidative burst in human
whole blood. J Leukoc Biol. 2007; 81:
1404–13.

110. Sprong T, Moller AS, Bjerre A, Wedege
E, Kierulf P, van der Meer JW,
Brandtzaeg P, van DM, Mollnes TE.
Complement activation and complement-
dependent inflammation by Neisseria
meningitidis are independent of
lipopolysaccharide. Infect Immun. 2004;
72: 3344–9.

111. Marchant A, Tielemans C, Husson C,
Gastaldello K, Schurmans T, de Groote
D, Duchow J, Vanherweghem L,

Goldman M. Cuprophane haemodialysis
induces upregulation of LPS receptor
(CD14) on monocytes: role of complement
activation. Nephrol Dial Transplant. 1996;
11: 657–62.

112. Yamada M, Oritani K, Kaisho T,
Ishikawa J, Yoshida H, Takahashi I,
Kawamoto S, Ishida N, Ujiie H, Masaie
H, Botto M, Tomiyama Y, Matsuzawa Y.
Complement C1q regulates LPS-induced
cytokine production in bone marrow-
derived dendritic cells. Eur J Immunol.
2004; 34: 221–30.

113. Ip WK, Takahashi K, Moore KJ, Stuart
LM, Ezekowitz RA. Mannose-binding
lectin enhances Toll-like receptors 2 and 6
signaling from the phagosome. J Exp Med.
2008; 205: 169–8.

114. Mollnes TE, Christiansen D, Brekke OL,
Espevik T. Hypothesis: combined inhibition
of complement and CD14 as treatment reg-
imen to attenuate the inflammatory
response. Adv Exp Med Biol. 2008; in press. 


