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Meningococcal infection remains a worldwide health
problem, and understanding the mechanisms by which
Neisseria meningitidis evades host innate and acquired
immunity is crucial. The complement system is vital for
protecting individuals against N. meningitidis. However,
this pathogen has evolved several mechanisms to avoid
killing by human complement. Bacterial structures such
as polysaccharide capsule and those which mimic or
bind host molecules function to prevent complement-
mediated lysis and phagocytosis. This review provides
an update on the recent findings on the diverse mech-
anisms by which N. meningitidis avoids complement-
mediated killing, and how polymorphisms in genes
encoding human complement proteins affect suscepti-
bility to this important human pathogen.

Hide and seek: Neisseria meningitidis and the
complement system
Neisseria meningitidis is a Gram-negative pathogen that
remains a leading cause of bacterial meningitis and septi-
caemia world-wide. The bacterium is adapted to the
human host and is part of the normal flora of the naso-
pharynx [1], which is its sole reservoir. Infection is usually
entirely asymptomatic with up to 40% of the adult popu-
lation carrying N. meningitidis at any one time. Occasion-
ally the bacterium can gain access to the bloodstream
where it replicates to high levels and spreads to other
sites, notably the cerebrospinal fluid, resulting in menin-
gitis. The most serious manifestation of infection is septi-
caemia, which is associated with significant mortality [2].
In the presence of septic shock, mortality rates exceed 35%
[3]. The systemic spread of N. meningitidis is a pre-requi-
site for the deleterious consequences of meningococcal
infection and is dependent on the capacity of the bacterium
to survive in the face of host defence within the circulation.

An effective complement system is pivotal for host
resistance against N. meningitidis. This is evident from
individuals lacking specific components of the complement
system who have a markedly elevated risk of developing
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meningococcal disease compared with the general
population [4]. Furthermore, current immunological assays
used as surrogatemarkers for protective immunity rely on a
functional complement system [5,6]. Therefore, knowledge
of the targets andmechanisms of complement activation on
the bacterial cell is vital for understanding fundamental
aspects of the pathogenesis of this devastating illness,
and might provide clues for its prevention by prophylactic
vaccination.

Here, we review recent advances in howN. meningitidis
interacts with and avoids elimination by the complement
system. It is clear that N. meningitidis is inherently more
resistant to complement-mediated killing thanmany other
Gram-negative pathogens. For example, Escherichia coli
and Shigella flexneri are readily killed after 1 h in the
presence of 5% human serum [7]; similar killing of N.
meningitidis only occurs in 25% and 50% serum. This is
likely to be a key contribution to the high levels of bacter-
aemia seen in patients with meningococcal sepsis and the
fulminant nature of the disease [8].We discuss how current
understanding of host susceptibility to meningococcal
infection has continued to emphasize the importance of
the complement system for innate immunity against N.
meningitidis. An emerging theme from recent work is that
N. meningitidis co-opts complement regulatory molecules
from its human host to limit complement activation. It is
likely that the bacterium also binds other regulators, and
more research is needed in this area. Furthermore, there is
an increased appreciation of the close relationship between
the complement system and the clotting cascade and
the acute inflammatory response to infection, features of
the host response to N. meningitidis that can prove detri-
mental [3]. In this way, future research should also define
the role of the complement system in the severity of
meningococcal disease.

The complement system and its regulation
The complement system is a vital component of innate
immunity, playing a crucial part in host defence, particu-
larly against Gram-negative bacteria. Complement is also
an important effector mechanism for adaptive immunity
ed. doi:10.1016/j.tim.2007.03.005
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because complement activation modulates specific
responses to foreign antigens [9]. Beyond these functions,
which serve to eliminate invading microbes, the comp-
lement system is also linked to the inflammatory response
and the clotting cascade. These are particularly pertinent
to meningococcal sepsis in which there is often a dysregu-
lated and excessive cytokine response and disseminated
intravascular coagulation [3,10].

The complement system, which is composed of �35
fluid-phase and membrane-bound molecules, is initiated
by the classical (CP) or the lectin (LP) pathways, and
amplified by the alternative pathway (AP). Each pathway
involves a series of proteolytic steps that serve to activate
the complement factors in a cascade (Figure 1). All path-
ways eventually lead to the generation of a C3 convertase,
which cleaves C3 to liberate C3b. C3b becomes covalently
bound to the surface of a pathogen resulting in its elimin-
ation through phagocytosis or lysis.

The CP is initiated by the binding and activation of the
C1 complex, consisting of C1q, C1r and C1s. C1q can bind
directly tomany bacteria through lipid A, lipoteichoic acids
or other structures, and also to clustered IgG or IgM bound
on the surface of bacteria. When C1q binds, its associated
Figure 1. Complement pathways focused on cell lysis. The three complement pathways

C3 into C3b. Increased cleavage of C3 results in activation of the alternative pathway and

of the MAC (which consists of C5b–9). Polymerization of C9 takes place inside the bacte

polymorphisms in certain complement proteins (indicated in purple) have increased su

meningococcal disease. Arrows indicate activation; T-shapes indicate inhibition.
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proteases, C1r and C1s, become activated and form the
activated C1 complex, which cleaves C4 and C2 to generate
C4b2a; this functions as a C3 convertase. The LP is
initiated when mannose-binding lectin (MBL) or ficolins
bind to carbohydrates on the surface of amicrobe [11]. Both
MBL and ficolins form complexes with MBL-associated
serine protease-2 (MASP-2), which cleaves C4 and C2 to
yield the identical C3 convertase that is produced by the
CP. C3b itself can also interact directly with complement
factor B forming C3bBb, the C3 convertase of the AP.
Properdin, a positive regulator of the AP, stabilizes
C3bBb and prolongs its activity. The AP has a low constant
turnover but, under normal circumstances, negative reg-
ulators (see later) interact with C3b to prevent formation of
C3bBb. On pathogen surfaces, the AP functions as an
amplification loop, increasing C3b production generated
by the CP or LP.

There are two principal ways in which C3b deposition
mediates clearance of microorganisms. First, C3b is an
essential component of both convertases, C4b2a3b and
C3bBbC3b, which cleave C5 into C5a and C5b. The latter
initiates the assembly of the late complement components
(C5b through to C9), which constitute the membrane
(classical, lectin and alternative) lead to the formation of C3 convertases that cleave

contributes to the assembly of C5 convertase. The C5 convertase allows formation

rial membrane forming a pore, which triggers cell lysis. Patients that lack or have

sceptibility to meningococcal infection. Lack of properdin is associated with severe
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attack complex (MAC). The MAC is a multi-protein
structure that inserts into lipid bilayers causing mem-
brane disruption and cell lysis. Second, C3b also functions
as an opsonin, mediating uptake by phagocytic cells
through complement receptor 1 (CR1) [12]. A breakdown
product of C3b, iC3b, can itself function as an opsonin
leading to CR3- and CR4-mediated uptake. For most
microorganisms, opsonization is regarded as the primary
route for bacterial killing. However, bacteriolysis seems to
be more important for the prevention of N. meningitidis
infections based on the susceptibility of MAC-deficient
individuals [13].

Precise regulation of the complement system is
necessary to avoid inappropriate activation and host cell
damage (Figure 1). This is achieved through a series of
regulators that limit the formation of C3b or prevent MAC
insertion into host cells. Soluble regulators such as C4
binding protein (C4BP), factor H (fH) and C1-inhibitor
(C1-inh) are present in the bloodstream and at mucosal
surfaces, and downregulate complement activation by
reducing the production of C3 convertases. S protein (also
known as vitronectin) and clusterin downregulate comp-
lement pathways but function by inhibiting the insertion of
the C5b-7 complex intomembranes and the polymerisation
of C9 [14,15]. Negative regulators are present on host cell
membranes, and include decay-accelerating factor (DAF
or CD55), protectin (CD59), CR1 (CD35), membrane cofac-
tor protein (CD46) and a novel receptor named C2 receptor
inhibitor trispanning (CRIT), which might regulate the CP
by binding to C2 [16].

Genetics of host susceptibility to meningococcal
infection
The importance of complement in innate immunity against
meningococcal infection is emphasized by the marked
susceptibility of people with complement deficiencies to
systemic disease (Box 1). While people with reduced levels
of C3 or C4 are at increased risk [13], the most striking
association is among individuals who lack components of
Box 1. Human and bacterial factors in meningococcal

disease

Human susceptibility to meningococcal disease

Genome-wide association studies will be highly informative about

human genetic predisposition to meningococcal disease. Combin-

ing this data with knowledge about the variation in the infecting

pathogen offers the prospect for understanding why some people

develop meningococcal disease, while the overwhelming majority

of individuals become asymptomatically infected.

Bacterial factors

The meningococcus is specifically adapted to life in its human host.

A fundamental unresolved question is how the capsule and LPS

prevent complement-mediated bacteriolysis to promote survival of

the meningococcus in vivo, and how the nutritional status of the

bacterium facilitates this evasion of host innate immunity.

So far, Neisseria meningitidis has been found to use two negative

complement regulators from its human host, fH and C4BP; both

bind to immunogenic proteins on the surface of the meningococcus.

It is probable that further regulators are co-opted by the bacterium,

and identifying the sites where they bind might identify antigens

that could be included in much-needed vaccines to prevent disease

caused by this important human pathogen.
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the MAC; this association has been described in numerous
family studies [17,18]. Affected individuals have an
increased lifetime risk of meningococcal disease of 1000–
10 000-fold compared with the general population, and can
present with multiple attacks [19]. Interestingly, case
fatality rates among MAC-deficient patients seem to
be relatively low, with the course of infection being more
benign than in immunocompetent individuals [20]. It is
thought that the lack of serum lytic activity results in a
lower release of bacterial products such as lipopolysacchar-
ide (LPS) and peptidoglycan, and this limits the excessive
and ultimately detrimental release of cytokines seen in
fulminant disease. This view is supported by the obser-
vation that infusion of fresh frozen plasma (containing the
components of the MAC) in a C6-deficient individual with
meningococcal infection was associated with a transient
increase in circulating LPS [21]. By contrast, infections in
individuals who lack properdin, which stabilizes the AP C3
convertase (C3bBb), have a poor prognosis. This difference
is unexplained, although it probably reflects the inability of
these individuals to clear bacteria by opsonophagocytosis
and bacterial lysis. More recently, rare cases of factor D
deficiency and meningococcal disease have been described
[22]; factor D is necessary for cleavage of factor B to yield
Bb, a component of the AP C3 convertase (Figure 1).

Another notable feature of patients with MAC
deficiencies is that they are susceptible to infection with
a range of unusual capsular types [23,24], suggesting that
the different meningococcal serogroups have inherently
distinct capacities to prevent complement-mediated lysis.
Surprisingly, individuals lacking MAC components typi-
cally present with their first attack of meningococcal dis-
ease during their early teens, rather than during childhood
(which is the usual peak of incidence). This indicates that
other mechanisms such as cell-mediated immunity can
compensate for the absence of bactericidal activity in the
younger age group.

Current understanding of the human genetic basis of
susceptibility to infectious disease has been based largely
on descriptions of rare individuals with exquisite suscepti-
bility to certain pathogens. Over the past ten years, the
emphasis of human susceptibility studies has shifted
towards the identification of common polymorphisms that
are associated with a significant, but not necessarily
dramatic, increase in the risk of infection. One example
is the influence of polymorphisms in MBL on meningococ-
cal susceptibility [25].

Deficiency ofMBL is one of themost frequent hereditary
immunodeficiencies and is associatedwith a predisposition
to a range of infections. There have been occasional
descriptions of members of the same family with reduced
serum MBL levels affected by meningococcal disease
[20,26]. However, further evidence for the contribution of
MBL to innate immunity against N. meningitidis was
provided by a case control study [25]. Individuals homo-
zygous for variants of MBL with diminished function were
over-represented among patients with disseminated
meningococcal infection compared with controls in both
UK hospital- and community-based populations. However,
there was no association between very low levels of circu-
lating MBL and meningococcal disease in a recent smaller

beba
Highlight

beba
Highlight

beba
Highlight



236 Review TRENDS in Microbiology Vol.15 No.5
case control study [27]. Therefore, it will be interesting to
see whether the initial genetic findings are replicated in
other populations.

During meningococcal infection, the main role of MBL
seems to be as an opsonin [28].MBL recognizes the opacity-
associated proteins (Opas) and PorB, an outer membrane
porin [29]; these are unusual targets for MBL, which
typically binds to carbohydrate structures on microbes.
The subsequent intracellular fate of the bacterium is also
influenced by MBL, which promotes greater acquisition of
LAMP-1 (a marker of late endosomes), increases bacterial
killing and upregulates cytokine production [30,31]. These
effects suggest that circulating MBL might reduce the
overall risk of developing systemic infection withN.menin-
gitidis (by promoting opsonophagocytosis) but once disease
is established, serves to increase its severity (by promoting
the production of cytokines).

Recently, it has been demonstrated that polymorphisms
in the promoter of the gene encoding fH affect suscepti-
bility to meningococcal infection [32]. fH is a 150 kDa
soluble negative regulator, which limits the amplification
of complement activation by the AP. fH is composed of 20
small globular domains (called CCPs or SCRs) that fold
independently. fH is present in the serum and on mucosal
surfaces where it functions as a co-factor for the protease
Factor I, which mediates the cleavage of C3b to iC3b. fH
also dissociates C3bBb, the APC3 convertase. Recruitment
of fHmight be a genericmechanism to subvert complement
activation, which is employed by diverse microbes such as
Streptococcus pneumoniae, Streptococcus pyogenes, Neis-
seria gonorrhoeae and Borrelia burgdorferi [33–37]. A
human genetic study on fH focused purely on the promoter
region of the gene encoding fH, and found that certain
polymorphisms are associated with increased circulating
fH and an elevated risk of developing invasive disease [32].
Common polymorphisms in the coding sequence of fH
affect the function of themolecule, conferring susceptibility
to conditions such as age-related macular degeneration
and haemolytic uraemic syndrome [38,39]. The influence
of these polymorphisms on meningococcal infection needs
to be determined.

Identification of single nucleotide polymorphisms
(SNPs) is revealing the true extent of human genetic
variation. The advent of increasingly rapid and compre-
hensive methods for determining the SNP-genotypes of
individuals will soon enable high-resolution genome-wide
association studies to be performed in complex diseases
such as meningococcal disease. The limiting factor for
these studies is no longer the collection of genomic data
but, instead, is the availability of large, well defined
cohorts of patients with adequately matched control sub-
jects. The findings should shed light on factors that affect
the susceptibility to and severity of meningococcal disease,
and are likely to highlight the importance of other com-
ponents of the complement system and other aspects of
host defence.

Bacterial factors necessary for the avoidance of
complement-mediated lysis
N. meningitidis avoids complement-mediated lysis
primarily through its polysaccharide capsule and LPS.
www.sciencedirect.com
Clinical observations underline the importance of these
structures to meningococcal virulence. First, virtually all
isolates recovered from the bloodstream of patients are
encapsulated [3]. Second, although the bacterium is
capable of expressing up to 12 different LPS structures
(known as immunotypes), only a limited subset of LPS
types, especially the L3,7,9 immunotype, tends to predo-
minate among disease isolates [40].

A recent large-scale search for meningococcal genes
required for resistance against complement emphasized
the importance of capsule and LPS expression [41]. Over
3000 mutants were analysed for their ability to withstand
complement-mediated lysis: 18 mutants were highly sen-
sitive to 25% human serum. The majority of these mutants
(14) had lost function of genes already known to be required
for the biosynthesis of capsule or LPS. Notably, subsequent
analysis showed that all four remaining mutants also had
defects in either capsule biosynthesis or expressed trun-
cated LPS isoforms.

The polysaccharide capsule

N. meningitidis expresses one of 14 antigenically distinct
capsules that are the basis for serogroup classification. Of
these, five serogroups cause the overwhelming majority of
systemic infection. Most disease in wealthy countries is
caused by serogroup B and C strains. Large-scale out-
breaks of serogroup W135 N. meningitidis have occurred
most notably in West Africa following spread from the Hajj
pilgrimage [42,43], while cases of serogroup Y infection
have been increasing in North America [44]. Interestingly,
all these capsules are composed principally of sialic acid, so
bacteria are effectively using one of the mechanisms
employed by host cells (that are also decorated with this
molecule) to prevent complement-mediated lysis [45]. By
contrast, serogroup A strains predominate in sub-Saharan
Africa, and their capsule is composed of polymers of N-
acetyl mannosamine phosphate [46].

Theprimaryrole of the capsule is topreventbacteriolysis.
Strains that do not express capsule are highly sensitive to
complement, although the basis for this is not fully under-
stood [41,47]. Deposition of C3 on a serogroup B N. menin-
gitidis strain was quantified in the presence of normal
human serum [48]. There was no difference in the amount
of C3b and iC3b between the wild-type strain and its unen-
capsulated (siaD) mutant, indicating that the capsule does
not affect steps leadingup to and including cleavage ofC3 on
that strain. This is consistent with the function of the
capsule to prevent insertion of the MAC. However, ongoing
work (S. Ram, unpublished) indicates that capsular poly-
saccharide limits complement activation at the level of
C4 binding. Further studies are needed to elucidate the
mechanism(s) involved in capsule-mediated complement
resistance.

LPS and LPS sialylation

N. meningitidis LPS is distinct from that of
Enterobacteriaceae because it lacks an O-antigen of repeat-
ing polysaccharide subunits [8,49]. Instead there are two
short carbohydrate chains, the a- and b-chains, extending
from the inner core portion.Most interest has focused on the
contribution of the a-chain to survival in serum because it
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contains a lacto-N-neotetraose (LNT) moiety, which is
identical to a human blood group antigen. This is an excel-
lent example of molecular mimicry in which the bacterium
subverts the immune system by expressing host structures.
The LNT epitope is expressed by strains of the disease-
associated L3,7,9 immunotype, and can be modified by the
addition of sialic acid [50]. However, the role of LPS sialyla-
tion in encapsulatedN.meningitidis remains controversial.
Studies have demonstrated a correlation between the comp-
lement sensitivity of serogroupC isolatesand theirdegree of
LPS sialylation [51]. These findings have not been sup-
ported in studies on defined serogroup B mutants, which
are unable to sialylate their LPS [45]. Furthermore Vogel
et al. [52] studied lstmutants (which lackLPS sialylation) of
three encapsulated clinical isolates. Themutantsweremore
serum sensitive than the wild-type strains but only at high
serum concentrations. Therefore, it is likely that LPS sia-
lylation is only of minor importance for serum resistance in
the meningococcus.

Extensive truncation of the LPS molecule renders the
bacterium highly sensitive to complement even in the
presence of capsule [51,52], although the mechanism for
this is not known. Possible explanations include a change
in overall surface charge of the bacterium or an alteration
in C4b binding to LPS. C4b is the component of the CP/LP
C3 convertase that attaches tomicrobes by covalent bonds
[53]. InN.meningitidis, C4b binds to LPS, with the length
of the a chain and the location of phosphoethanolamine on
the b chain determining the nature of the LPS-C4b bond
(Figure 2). Because individuals deficient for the isoform
C4B can be susceptible to infection with encapsulated
organisms [54], these results might have important
implications for the pathogenesis of meningococcal dis-
ease.
Figure 2. Mechanisms that contribute to the resistance of Neisseria meningitidis against

downregulate complement activation at the bacterial surface. The polysaccharide capsu

of full length LPS is necessary for complement resistance [53]. The recruitment of n

significantly increase the survival of the bacteria in the presence of an active complem
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Other meningococcal factors

The ability to produce and assemble capsule and LPS is
vital for the survival of the meningococcus against innate
immune killing. Adequate substrate availability is necess-
ary for bacteria to acquire and maintain full serum resist-
ance. Sialylation is enhanced by the presence of exogenous
lactate, a carbon energy source present in sites occupied by
the bacterium during pathogenesis [55]. Lactate acqui-
sition by N. meningitidis also enhances resistance against
complement-mediated lysis, and this is the basis for the
attenuation of lactate permease-deficient mutants during
systemic infection [56]. Available lactate contributes to
protection against complement through the sialic acid
biosynthesis pathway, which is directly connected to cen-
tral carbon metabolism in the meningococcus (http://
www.genome.jp/kegg); lactate is converted to pyruvate,
and thence to phosphoenol pyruvate, a precursor of sialic
acid required for capsule synthesis and endogenous sialy-
lation of LPS. These results highlight how the nutritional
status of the meningococcus affects expression of virulence
determinants, and demonstrates the intimate association
between bacterial metabolism and resistance to comp-
lement-mediated lysis. It is therefore important to identify
other genes that enable uptake and metabolism of nutri-
ents to promote avoidance of host killing mechanisms, and
give careful consideration to the growth conditions used in
the laboratory so that they reflect the in vivo situation.

Within the bloodstream, N. meningitidis sheds outer
membrane blebs containing proteins and LPS [57]. The
blebs are thought to contribute to the high levels of circu-
lating LPS that are seen in meningococcal septicaemia,
and that correlate with an adverse outcome [21]. The outer
membrane vesicles are able to initiate complement acti-
vation in the human whole blood assay, and might thereby
complement-mediated killing. Several mechanisms are used by N. meningitidis to

le is thought to prevent insertion of MAC into the bacterial membrane. Expression

egative regulators C4BP (to PorA [60]) and fH (to GNA1870) has been shown to

ent system [66].

http://www.genome.jp/kegg
http://www.genome.jp/kegg


238 Review TRENDS in Microbiology Vol.15 No.5
redirect complement activation away frommeningococci in
the circulation, hindering the bactericidal effects of comp-
lement [58].

Although the possession of a capsule is important in
evasion of complement-mediated killing, the capsular poly-
saccharides of serogroup A, C and W135 strains can be
modified by acetylation. Given the widespread nature of
acetylation, it will be important to determine the impact of
this modification on interactions with the complement
system. This should be relatively straightforward because
the genes responsible for acetylation have been identified
[59].

Recruitment of negative complement regulators
to the bacterial surface
An increasing number of pathogens are known to recruit
host negative complement regulators to promote their
survival in vivo (Box 1). This is particularly true for
fluid-phase regulators such as C4BP and fH, andN.menin-
gitidis has recently been shown to bind both these proteins
on its surface (Figure 2).

N. meningitidis binds C4BP, a soluble negative
regulator that functions by dissociating the CP/LP C3
convertase, C4b2a. C4BP also functions as a cofactor for
Factor I-mediated cleavage of C4b to C4c and C4d [60]. In
addition, C4BP can direct complement regulation on the
surface of apoptotic cells [61] and binds protein S, a cir-
culating anticoagulant [62]; it is not known whether the
binding of C4BP to N. meningitidis has an effect on the
coagulation system through protein S [60,63]. The target
of C4BP binding to encapsulated bacteria is the highly
immunogenic outer membrane porin, PorA. Strains of N.
meningitidis that are PorA deficient were more serum
sensitive and had a 76% reduction in C4BP binding com-
pared with the wild-type strain. Binding experiments were
conducted in hypotonic conditions (50 mM NaCl), which
enhanced C4BP binding, suggesting that this interaction is
ionic. However, because C4BP binding was markedly
reduced at physiological salt concentrations, it is not cer-
tain how significant these findings are to meningococcal
pathogenesis.

Several pathogens also recruit fH to their surface
[64,65]. fH binds to N. meningitidis and this protects it
from complement-mediated killing [66,67]. Unlike the
gonococcus, binding is independent of sialic acid (either
in the capsule or LPS) and surface porins [66]. Instead, the
fH receptor in N. meningitidis is a surface-expressed lipo-
protein GNA1870 [67], which is under investigation as a
vaccine candidate [68].

Vitronectin and clusterin are part of the soluble
terminal complement complex (TCC or SC5b-9). They
function as regulators by inhibiting the insertion of the
complex into the targetedmembrane and also by inhibiting
the polymerization of C9 [14,15]. It has been suggested
that an impairment in lytic activity of complement might
exacerbate the severity of the disease. Therefore, patients
with acute meningococcal infection were examined to see if
they have lower levels of clusterin and vitronectin. How-
ever, clinical studies did not show significant alteration in
the level of these inhibitors among patients with menin-
gococcal disease [69].
www.sciencedirect.com
N. meningitidis also engages membrane-bound
complement regulators during colonization. Membrane
cofactor protein (MCP or CD46), which functions as a
cofactor for the cleavage of C3b and C4b by factor I, has
been proposed to be the host cell target that is engaged by
type IV pili, the principal meningococcal adhesin [70]. The
importance of CD46 in the pathogenesis of meningococcal
infection was recently demonstrated by studying mice
engineered to express a human isoform of CD46 [71].
Disease developed more frequently in transgenic than
control animals after systemic challenge [71].

TheworkonCD46-expressing transgenicmicehighlights
amajor limitation of current animalmodels for colonization
in that they fail to replicate someof the important features of
the human nasopharynx. Because N. meningitidis is host-
adapted, there are likely to be interactions between N.
meningitidis and the complement system that can only be
seen in the presence of human versions of complement
factors. For instance, N. meningitidis binds human but
notmurine fH (S. Ram, unpublished). Therefore, an exciting
avenue of future research is the generation of mice that
express human complement factors so their role can be
studied in vivo.

There are several other membrane-bound regulators,
including CR1 (CD35), CD55 and protectin (CD59), which
regulate different points in the complement cascade. Many
are expressed by epithelial cells and soluble forms are
present in the bloodstream; some, such as protectin,
regulate the activity of the MAC and are important for
bacterial lysis. The ability of N. meningitidis to recruit
these regulators warrants further investigation.

Complement and the pro-inflammatory response to
infection
Disseminated meningococcal disease can be devastating
with an extremely rapid and fulminant course. Disease
severity is promoted byhigh levels of circulating pro-inflam-
matory cytokines produced in response to infection. Comp-
lement can contribute to this immunopathology through the
production of C5a, an anaphylotoxin. Although C5b is the
first component of the MAC, C5a has diverse actions on
myeloid cells, particularly polymorphonuclear leukocytes
(PMNs) and monocytes or macrophages. Stimulation with
C5a results in upregulation of pro-inflammatory cytokines
and chemokines [including interleukin (IL)-1, IL-6, IL-8 and
tumour necrosis factor a] and degranulation of PMNs.
Interestingly, the generation of C5a and the oxidative burst
or release of chemokines is not dependent on bacterial LPS,
which instead promotes the production of pro-inflammatory
cytokines [58,72]. There might be therapeutic potential
in manipulating the effects of C5a during meningococcal
septicaemia.

Concluding remarks and future perspectives
The central importance of the complement system to
innate and acquired immunity against meningococcal
infection has been recognized for decades. Despite this,
surprisingly little is known about the mechanisms by
which bacterial structures, such as capsule and LPS, con-
tribute to the evasion of complement-mediated killing. A
common emerging theme is that N. meningitidis has the
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ability to recruit negative complement regulators to its
surface, although this occurs independently of capsule and
LPS expression. Instead, the regulators bind to immuno-
genic proteins on the bacterial surface. Examples include
the interactions between C4BP and PorA, and between fH
and GNA1870. This localization of recruitment in the
immediate vicinity of antigens should reduce the effect
of complement at the specific molecule that elicits its
activation. In this way, the search for targets of binding
of negative regulators on the meningococcus should be
directly relevant for the discovery of novel vaccine targets.

Although normally a commensal of the upper
respiratory tract, N. meningitidis can cause rapidly lethal
disease in some people. While the lack of protective anti-
bodies is a key predisposing factor for invasive disease [73],
the dramatically variable response to infection among
different individuals will be influenced by genetic variation
both in the host and among bacteria. Given the diversity of
both human and meningococcal populations, unravelling
this complex relationship is amajor challenge but is necess-
ary for a complete understanding of host susceptibility to
infection. Defining the key molecular host–pathogen inter-
actions involving the complement system and N. meningi-
tidis, and the impact of biologically relevantpolymorphisms,
should help to define the basis of thewide range of outcomes
following infection with the meningococcus.

Several other areas merit further investigation. For
instance, it is likely that additional soluble and mem-
brane-bound regulators of the complement system are
engaged by the bacterium. Recent work has demonstrated
that the uptake of the gonococcus by primary epithelial
cells occurs through CR3 [74]. This is an intriguing obser-
vation because this receptor was thought to be expressed
predominantly on cells of the monocyte or macrophage
lineage and PMNs. The contribution to meningococcal
pathogenesis of phagocytosis through complement recep-
tors needs to be clarified. Furthermore, it is likely that
future work will emphasize the impact of the complement
system to the initiation of disseminated intravascular
coagulation and septic shock that are characteristic of
severe disease. Therefore, much work still needs to be
done on the interaction between this important human
pathogen and many aspects of the complement system.
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