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A lthough two centuries have passed since Vieusseux described 
epidemic meningococcal disease,1 Neisseria meningitidis remains a leading cause 
of meningitis and sepsis. Overwhelming meningococcal disease can develop 

rapidly and is associated with mortality rates exceeding 20%.2 Thus, efforts to con-
trol the disease have focused on vaccination. In the past, vaccines against meningo-
coccal disease have failed to provide immunogenicity and long-term protection in 
infants, who are at greatest risk. Although recent vaccines have improved coverage 
for this age group, there is still no broadly effective vaccine against N. meningiti-
dis group B (NMB), now the predominant disease-causing isolate in industrialized 
countries.

Developments during the past decade have renewed hopes for solving this seem-
ingly intractable problem. Knowledge of the meningococcal genome has led to the 
identification of novel antigens that have been incorporated into the NMB vaccines 
now being studied in clinical trials. However, it remains unclear whether these 
vaccines will provide sufficient immunogenicity in infants as well as wide-ranging 
coverage. This review highlights the evolution of meningococcal vaccines in general 
and discusses strategies being used to overcome the barriers to developing vaccines 
against NMB.

Epidemiology of N. meningitidis Infection

Meningococcal disease is a global health problem. The World Health Organization 
estimates that there are 1.2 million cases of invasive meningococcal disease and 
135,000 related deaths annually.3 Although the disease occurs sporadically in indus-
trialized countries, with an incidence of 0.35 cases per 100,000 population in the 
United States and of 1.01 per 100,000 in Europe (ranging from 0.25 to 4.4 per 
100,000 in Italy and Malta, respectively),4 the major disease burden is in the nonin-
dustrialized countries. A recent epidemic in Nigeria resulted in 4164 cases and 171 
deaths in 1 week alone.5

The meningococcus is pathogenic only in humans. It colonizes the nasopharynx 
asymptomatically in up to 40% of the adult population but occasionally causes 
invasive disease. When the infection is classified according to the polysaccharide 
capsule surrounding the bacterium, only six capsular groups (A, B, C, W-135, X, 
and Y) are associated with invasive disease.6 The epidemiology of disease caused 
by these groups varies: group A is responsible for large epidemics in Africa, in 
which the incidence approaches 1000 cases per 100,000 population (and may in-
volve environmental factors), whereas groups B and C cause disease predominantly 
in industrialized and newly industrialized countries.2,6 Recently, groups W-135 and 
X (predominantly in Africa) and group Y (in the United States and other countries) 
have emerged as important disease-causing isolates.
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Host Defenses against N. meningitidis

Protection from meningococcal infection de-
pends on innate immunity, in particular a func-
tioning complement system; deficiencies of ter-
minal complement components and alterations 
in complement regulators are both associated 
with an increased risk of infection.7 In addition, 
the humoral antibody response is essential for 
protection against the bacterium. The serum 
bactericidal antibody (SBA) assay measures kill-
ing of N. meningitidis in the presence of specific 
antibodies that bind to the bacteria and activate 
complement. Since the 1960s, when it was shown 
that persons with SBA titers of 4 or more (with 
the use of human complement against group C 
meningococcus) were protected against subse-
quent disease,8 the SBA assay has been the stan-
dard immunologic correlate of protection. Al-
though the incidence of disease had been 
reported to be highest among infants 6 to 24 
months of age who had the lowest SBA titers,8 
recent U.S. data indicate that the incidence is ac-
tually highest among infants under 6 months of 
age, who have the lowest SBA titers because they 
lack meningococcal-specific maternal serum bac-
tericidal antibody.9

E va sion of Complemen t

The outer surface of the meningococcus possess-
es several structures involved in complement eva-
sion. The polysaccharide capsule, which contains 
sialic acid in all invasive meningococcal groups 
other than group A, provides protection against 
complement-mediated bacterial killing, op-
sonization, and phagocytosis.6 Meningococcal 
lipo-oligosaccharide and outer-membrane pro-
teins are also involved in pathogenesis.6 During 
invasive disease, the bacterium releases outer-
membrane vesicles that contain lipo-oligosac-
charide and outer-membrane proteins into the 
bloodstream, potentially diverting the immune 
response.7 Furthermore, the meningococcus in-
teracts specifically with complement regulators, 
thereby enhancing the evasion of complement. 
For example, the bacterium binds to the negative 
complement regulator factor H through an outer-
membrane lipoprotein, factor H–binding pro-
tein,10 a component of two vaccines currently in 
clinical trials, and may bind to another comple-
ment regulator, C4BP through PorA, an immuno-
genic outer-membrane protein11 (Fig. 1).

De v el opmen t of Vaccines 
ag a ins t N.  meningi t idis

Capsular Polysaccharide Vaccines

In the 1960s, the first successful vaccines were 
developed against groups A and C and were based 
on capsular polysaccharide.12 Subsequently, poly-
saccharide vaccines were introduced against 
groups W-135 and Y; a meningococcal quadriva-
lent A, C, W-135, and Y polysaccharide vaccine, 
which has been licensed in the United States since 
1981 on the basis of its safety and immunogenic-
ity, has over 85% efficacy against the A and C com-
ponents in older children and adults.13 However, 
apart from the group A component, these vaccines 
are poorly immunogenic in children younger than 
2 years of age.13 Furthermore, polysaccharides are 
T-cell–independent antigens that result in short-
lived immunity with no memory response. Thus, 
dosing is required every 3 to 5 years, but this may 
cause a reduced antibody response (hyporespon-
siveness) as compared with the response to ini-
tial vaccination, owing to a depleted memory 
B-cell pool.14

Polysaccharide–Protein Conjugate Vaccines

To overcome the problem of short-lived protection 
against the meningococcus, covalent binding (con-
jugation) of polysaccharides to a protein carrier 
has been used, resulting in T-cell–dependent im-
munity and a memory response.13 In 1999, the 
United Kingdom became the first country to in-
troduce the meningococcal group C polysaccha-
ride–protein conjugate vaccine (MenC) into sched-
ules for routine infant immunization, with an 
initial catch-up campaign for children and ado-
lescents up to 18 years of age.15 After the intro-
duction of this vaccine, there was a marked de-
cline in group C carriage and disease.16,17 MenC 
provides significant herd immunity, with a decline 
in disease even among unvaccinated persons17; 
this effect is the result of reduced carriage among 
teenagers, who constitute the main reservoir for 
meningococcal transmission.17

MenC is safe,15 and surveillance in all age 
groups has suggested an effectiveness of 95% at 
1 year, with significant waning over a period of 
4 years.18 Although protection was maintained in 
the catch-up group (overall effectiveness, 90%), the 
immunization of infants at 2, 3, and 4 months 
of age resulted in an overall effectiveness of only 
66%. Vaccine effectiveness was 93% for up to  
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1 year in this group, but there was no evidence of 
protection after this time, with an effectiveness 
of −81% and a wide confidence interval (−7340 to 
71).18 Bacterial invasion can occur within hours, 
so the memory response that has been primed by 
conjugate vaccines cannot be initiated in time.19

Instead, protection requires circulating bactericidal 
antibodies, but their levels are not sustained af-
ter immunization in infancy,19 possibly owing 
to limited plasma-cell survival.20 To maintain 
protective antibody levels, the United Kingdom 
changed the MenC immunization regimen to vac-
cinations at 3 and 4 months of age with a booster 
at 12 months. Other European countries, Canada, 
and Australia now include MenC in routine im-
munization schedules.

Meanwhile, owing to a relatively high incidence 
of group Y disease (accounting for 37% of all 
cases of meningococcal disease between 1997 and 
200213), the United States has licensed a quadri-
valent (A, C, W135, and Y) vaccine conjugated to 
diphtheria toxoid for persons 2 to 55 years of 
age. Although this vaccine is recommended for 

routine immunization of persons 11 to 18 years 
of age, its immunogenicity in infants — the most 
vulnerable age group — is poor. However, other 
multivalent vaccines are now being studied in 
clinical trials in infants, including an A, C, W-135, 
and Y vaccine conjugated to a mutant diphtheria 
toxoid (Menveo, Novartis).21 This vaccine has pro-
vided good seroprotection in all age groups and 
is likely to be licensed soon for persons 11 to 55 
years of age, with licensure for younger children 
and infants pending further trial results. In ad-
dition, a combined Haemophilus inf luenzae type B 
and meningococcal C, Y vaccine conjugated to teta-
nus toxoid is undergoing clinical investigation.22

On the basis of the success of MenC, a conju-
gate vaccine is being introduced against the 
formidable burden of group A disease in Africa, 
where currently only polysaccharide vaccines are 
widely available. The Meningitis Vaccine Project 
has developed an affordable group A conjugate 
vaccine (MenAfriVac, Serum Institute of India), 
which has been safe and immunogenic in phase 
2 and 3 trials in Africa and India.23 Ongoing 
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Figure 1. Structure of Meningococcal Outer Membrane, Showing Variability of Outer-Membrane Proteins and Capsule Used in Vaccines 
and Interaction with Complement.

Neisseria meningitidis is able to recruit the negative complement regulator factor H (fH) to its surface and thus escape complement- 
mediated killing. Binding to fH occurs by means of a lipoprotein named factor H–binding protein (fHBP) that is expressed on the surface 
of the organism. The meningococcus also binds the negative complement regulator C4 binding protein through the outer-membrane 
protein PorA; however, experiments have shown that this binding occurred predominantly in hypotonic (nonphysiologic) buffers,11 so 
the impact on pathogenesis is not known. During invasive disease, outer-membrane vesicles are released by the bacterium into the 
bloodstream, potentially diverting the immune response away from the bacterium. Several structures on the bacterial outer surface are 
candidates (or are potential candidates) for use as antigens in several vaccines. They all demonstrate sequence variability, thus limiting 
their use. NadA denotes Neisseria meningitidis adhesin A.
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clinical trials will determine whether the vaccine 
provides long-lasting protection in infants.23 Mean-
while, an ambitious campaign is being imple-
mented to immunize 250 million people in 25 
African countries with this vaccine during the pe-
riod from 2010 through 2015.24 However, one po-
tential problem of using a monovalent group A 
vaccine is that no protection is provided against 
serogroups W-135 and X, which have emerged in 
this region.

De v el opmen t of Vaccines 
ag a ins t NMB

With declining group C disease, the development 
of multivalent conjugate vaccines for infants, and 
the promise that MenAfriVac holds in Africa, 
group B disease remains the major public health 
challenge. NMB vaccine development has been im-
peded by the group B capsule, which is composed 
of α2-8–linked polysialic acid and is structurally 
identical to fetal brain-cell adhesion molecules.25 
Thus, immune tolerance renders the NMB capsule 
poorly immunogenic. Attempts to provide cross-
reactive immune responses against group B cap-
sular polysaccharide led to the development of a 
vaccine in which the N-acetyl group of polysialic 
acid was substituted for an N-propionyl group and 
conjugated to tetanus toxoid. Although this vaccine 
was safe and immunogenic in 17 healthy adult 
volunteers, serum samples obtained after vaccina-
tion showed no functional activity in bactericidal 
assays and other tests of protection.26 One concern 
about using group B polysaccharide vaccines is the 
development of autoantibodies against human 
neural-cell adhesion molecules, as has been sug-
gested by some in vitro findings.27,28 However, no 
autoantibodies developed during short-term fol-
low-up of these vaccine recipients,26 and a 31-year 
follow-up of persons with meningococcal disease 
showed no excess risk of autoimmune disease in 
those who had NMB as compared with the gen-
eral population.29 Nevertheless, anxiety about pos-
sible autoimmunity led to vaccine development with 
the use of noncapsular outer-membrane structures.

Ou ter-Membr a ne – V esicle 
Vaccines

Outer-membrane vesicles contain a cocktail of im-
munogenic antigens, including lipo-oligosaccha-
ride and outer-membrane proteins, and can be 

prepared from cultures of meningococci. Lipo-
oligosaccharide (also known as endotoxin) is po-
tentially toxic but can be depleted from outer-mem-
brane vesicles by using detergents, with retention 
of the outer-membrane–protein constituents, which 
can then be used in vaccines. This was the basis 
for several outer-membrane–vesicle vaccines against 
NMB that were used with varying efficacy in clin-
ical trials in the 1980s and 1990s in Chile,30 Cuba,31 
Brazil,32 and Norway.33 For example, the Cuban 
vaccine, which used outer-membrane vesicles from 
an epidemic-causing strain, was efficacious in the 
trials in Cuba but strikingly less efficacious in the 
Brazilian trials.31,32 More recently, MeNZB (Nor-
wegian Institute of Public Health and Novartis), 
a tailor-made outer-membrane–vesicle vaccine, suc-
cessfully controlled an epidemic in New Zealand34 
(Table 1). These outer-membrane–vesicle vaccines 
generate largely strain-specific immune responses 
against a protein, PorA, that is highly variable 
across NMB strains.35 Although they are effective 
in NMB epidemics caused by a single PorA-express-
ing strain, outer-membrane–vesicle vaccines are 
ineffective against the diverse range of PorA pro-
teins found across strains that cause endemic dis-
ease. For example, a vaccine containing 20 differ-
ent PorA proteins would be required to cover 80% 
of the strains that cause endemic disease in the 
United States.36 Clearly, this degree of PorA diver-
sity would make it impractical to use unmodified 
outer-membrane–vesicle vaccines in many coun-
tries. Furthermore, the duration of vaccine pro-
tection is unclear; infants required four doses of 
MeNZB during the New Zealand vaccination cam-
paign.34

One potential solution to the limited coverage 
of single PorA-containing outer-membrane–vesi-
cle vaccines is to engineer vaccines based on two 
or more outer-membrane vesicles, each contain-
ing multiple PorA proteins.37 This approach re-
sulted in a hexavalent vaccine (HexaMen, Neth-
erlands Vaccine Institute), which was shown in 
phase 2 trials to be safe and immunogenic in in-
fants37 but required a fourth dose between 12 and 
18 months of age to produce cross-reactive re-
sponses.37 Adding a third outer-membrane vesicle 
led to a nonavalent vaccine (NonaMen, Nether-
lands Vaccine Institute), which is currently under-
going preclinical evaluation.38

The Walter Reed Army Institute of Research 
has developed a multivalent vaccine based on 
native outer-membrane vesicles, as opposed to 
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detergent-extracted antigens, from three strains 
genetically modified to express different native 
outer-membrane vesicles. In phase 1 trials, this 
vaccine was safe and broadly effective against 
a range of target strains in adults.39 However, a 
potential problem of vaccines based on outer-
membrane vesicles is the ability of meningo-
coccal outer-membrane proteins to undergo anti-
genic shift or gene deletion, as seen with PorA,40 
thus rendering the vaccine ineffective.

R e v er se Vaccinol o gy a nd r Me nB

The need to find highly conserved antigens for a 
universal NMB vaccine has led to alternative strat-
egies. First described in 2000, the technique of 
reverse vaccinology (Fig. 2) was used to identify 
350 genes from the N. meningitidis genome encod-
ing potential surface-exposed protein antigens, 
which were evaluated for their ability to elicit bac-
tericidal antibodies.41,42 Five of the most prom-
ising genome-derived neisserial antigens (GNAs) 
— N. meningitidis adhesin A (NadA, or GNA1994), 
factor H–binding protein (GNA1870), GNA2091, 
GNA2132 (recently renamed neisserial heparin-
binding antigen), and GNA1030 — were com-
bined in a vaccine formulation named rMenB 
(Novartis). Serum from mice immunized with this 
vaccine was found to have bactericidal antibodies 
against 78% of selected NMB strains.43

Role of T wo Vaccine A n tigens  
in Mening ococc a l Pathogenesis

Since their inclusion in the rMenB vaccine, two 
antigens, NadA and factor H–binding protein, have 
been found to be involved in the pathogenesis of 
meningococcal disease. NadA is a surface-exposed 
protein found in only 50% of meningococcal strains 
isolated from patients with meningococcal infec-
tion and 5% of strains isolated from carriers.44 
This protein is involved in mucosal colonization 
and cell invasion; a hypervirulent meningococcal 
strain with an inactivated NadA gene was shown 
to have reduced ability to invade human epithe-
lial cells.45 NadA is also implicated in tissue and 
bloodstream invasion through interaction with 
macrophages and monocytes.46

As previously discussed, factor H–binding pro-
tein binds to the complement regulator factor H, 
enhancing resistance against complement10; the 

protein is classified into different variant fami-
lies,47,48 all of which bind to factor H with its 
complement regulatory activity retained.49 Hy-
pervirulent strains express high levels of factor 
H–binding protein,47 a finding that highlights 
its role in pathogenesis. A recent study has shown 
that the way in which this protein binds to fac-
tor H mimics host–molecule interactions — that 
is, factor H–binding protein binds to factor H 
through a mechanism similar to that involved in 
the binding of human sugar molecules to factor 
H50 (Fig. 3).

Both factor H–binding protein, a genome-
derived vaccine antigen, and PorA, an outer-mem-
brane–vesicle vaccine antigen, interact with com-
plement regulators (PorA under nonphysiologic 
conditions).10,11 The recruitment of complement 
regulators by these immunogenic bacterial pro-
teins may help to moderate the immune response 
that these proteins elicit. Thus, the use of these 
antigens within vaccines may be advantageous, 
since they not only induce bactericidal antibodies 
but also may induce antibodies that block the 
attachment of complement regulators to the bac-
terial surface, thereby enhancing complement-
mediated bacterial killing. Identifying other bac-
terial components that interact with complement 
may reveal additional vaccine candidates.

Cur r en t Clinic a l Tr i a l s  
a nd Fu t ur e Prospec t s

In 2008, Novartis Vaccines initiated clinical trials 
of rMenB — both with and without an outer-
membrane vesicle from the New Zealand vaccine 
strain — in adolescents and infants. In a phase 2 
trial, 150 infants were vaccinated at 2, 4, and  
6 months of age. Safety and immunogenicity were 
satisfactory, with SBA titers of 4 or higher against 
three reference strains in 89%, 96%, and 85% of 
subjects after the third dose; these values increased 
to 100%, 98%, and 93%, respectively, after a boost-
er dose was administered at 12 months.51 The 
addition of an outer-membrane vesicle to rMenB 
leads to a dramatic increase in strain coverage be-
cause the PorA antigen is present within the out-
er-membrane vesicle.52 Furthermore, Wyeth in-
dependently identified factor H–binding protein48 
and developed a vaccine containing two protein 
variants (rLP2086). This vaccine was safe and im-
munogenic in 103 young adults in a phase 1 study, 
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with SBA responses to five of six reference strains 
occurring in 87.5% of the study participants.53

Serum samples from the vaccinees were also able 
to kill a large proportion of invasive meningococ-
cal isolates.54

Both vaccines that contain factor H–binding 
protein (rMenB and rLP2086) are undergoing fur-
ther evaluation to determine their safety and im-
munogenicity. Recruitment is under way for phase 
2b and 3 trials of rMenB in infants, toddlers (with 
the use of either a booster dose after previous 
rMenB vaccination or a catch-up regimen), and 
adolescents. Meanwhile, rLP2086 is now being in-
vestigated in phase 1 and 2 trials in infants and 
is being further evaluated in adolescents and 
adults. Although supposedly shorter than conven-
tional approaches to vaccine development,42 the 
reverse vaccinology that led to the development 
of rMenB was performed a decade ago, yet it re-
mains to be proved whether this vaccine will be 
a success.

One potential problem with using factor 
H–binding protein is that the bactericidal activity 
of antibodies raised against the protein is variant-
specific,47 and invasive meningococcal strains with 
truncated factor H–binding protein have been ob-
served55; studies are under way to establish the 
coverage attained with these vaccines. Whereas 
rLP2086 contains two variants of factor H–bind-
ing protein, rMenB contains only one variant; this 
feature narrows coverage of the factor H–binding 
protein component of the vaccine but is counter-
balanced by the presence of the other antigens 
in rMenB. One alternative is to construct a single 
chimeric protein with epitopes from the immu-
nodominant regions of multiple variants of factor 
H–binding protein.56 In addition, future vaccines 
may contain recombinant factor H–binding pro-
tein that is engineered not to bind to factor H. The 
high-affinity interaction between factor H–bind-
ing protein and factor H may hide important 
epitopes within the binding site on the protein; 
thus, abolishing this interaction may elicit a great-
er array of bactericidal antibodies.50 Meanwhile, 
reverse vaccinology continues to identify poten-
tially useful antigens,57 and detoxification of lipo-
oligosaccharide by genetic modification holds 
promise as a vaccine candidate.58 The successful 
development of NMB vaccines may give rise to a 
universal vaccine against all meningococcal groups 
through the presence of NMB vaccine antigens 
in strains from other groups.

Conclusions

Because of its devastating effects, meningococ-
cal infection continues to be a global threat to 
human health. Although conjugate vaccines have 
been shown to be effective and safe, it is unclear 
whether recent advances in vaccine development 
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Figure 2. Application of Reverse Vaccinology in Development of a Vaccine 
for Group B Neisseria meningitidis Infection.

Reverse vaccinology has been so named because it depends on genome 
mining with the use of computer-based algorithms as the initial step rather 
than on the time-consuming conventional methods that involve culturing 
the live microorganism. Most of the antigens used in current vaccines (e.g., 
capsular polysaccharide or modified toxins) are also involved in pathogene-
sis. Reverse vaccinology involves the unbiased selection of vaccine candi-
dates from the genome and includes those which would not be easily identi-
fied by conventional methods. Interestingly, N. meningitidis adhesin A 
(NadA) and factor H–binding protein (fHbp), which are also involved in 
meningococcal pathogenesis, were both identified by reverse vaccinology. 
ELISA denotes enzyme-linked immunosorbent assay, FACS fluorescence-
activated cell sorting, NMB N. meningitidis group B, PCR polymerase-
chain-reaction assay, and SBA serum bactericidal antibody.
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will lead to a universal NMB vaccine in the fore-
seeable future. Several challenges remain: First, 
we must improve the immunogenicity of menin-
gococcal vaccines in infants, since this age group 
is still the most vulnerable to meningococcal in-
fection. This is especially true in the United States, 
where MenC does not provide adequate coverage; 
although multivalent conjugate vaccines are li-
censed for use, they currently do not provide pro-
tection for infants. Second, we must ensure that 
variations of any newly identified antigens do not 
limit future vaccine efficacy. Finally, we must se-
lect vaccines that induce herd immunity to provide 
the dramatic disease reduction seen with MenC. 
Only then will it be possible to provide the broad-

ranging vaccine against N. meningitidis group B that 
has so far remained elusive.
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Figure 3. Interaction of Factor H with Factor H–Binding Protein.

Factor H comprises 20 repetitive short-consensus-repeat (SCR) or complement-control-protein domains, with comple-
ment regulatory activity and other functions being localized to specific SCRs. Factor H binds to charged glycosamino-
glycan (GAG) sugars on host cells at several SCR domains, including SCR6 and SCR7. Factor H down-regulates com-
plement and prevents complement-mediated damage to the host cell by inactivation of complement component C3b 
(iC3b) and through its action on the C3 convertase enzyme (C3bBb), which is critical in the generation of the C5 con-
vertase enzyme and the membrane attack complex. The meningococcus binds to the same region of factor H as do 
the GAGs (at SCR6 and SCR7); however, it mimics the interaction by means of charged amino acids found within fac-
tor H–binding protein (fHbp) instead of charged sugars, as found in GAGs. Two amino acids in fHbp, at positions 283 
and 304, and corresponding amino-acid binding partners in SCR6 and SCR7 of factor H have been shown to be critical 
for this interaction.50 As shown in the inset, the amino acid glutamate-304 (Glu304) of fHbp binds to amino acids in 
factor H (right), mimicking the interaction between factor H and sucrose octasulfate (SOS), a highly sulfated analogue 
of human GAG sugars (left). (Insets reprinted from Schneider et al.,50 with the permission of the publisher.)
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