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Neisseria  meningitidis  is  a major  cause  of endemic  cases  and epidemics  of meningitis  and  devastating
septicemia.  Although  effective  vaccines  exist  for  several  serogroups  of  pathogenic  N. meningitidis, con-
ventional  vaccinology  approaches  have  failed  to provide  a universal  solution  for  serogroup  B  (MenB)
which  consequently  remains  an  important  burden  of  disease  worldwide.  The  advent  of  whole-genome
sequencing  changed  the  approach  to vaccine  development,  enabling  the  identification  of  potential  vaccine
candidates  starting  directly  with  the  genomic  information,  with  a  process  named  reverse  vaccinology.
The  application  of  reverse  vaccinology  to MenB  allowed  the  identification  of  new  protein  antigens  able  to
induce  bactericidal  antibodies.  Three  highly  immunogenic  antigens  (fHbp,  NadA  and  NHBA)  were  com-
ulticomponent vaccine
Hbp, NadA
HBA

bined  with  outer  membrane  vesicles  and formulated  for  human  use  in  a  multicomponent  vaccine,  named
4CMenB.  This  is  the  first MenB  vaccine  based  on  recombinant  proteins  able  to elicit a robust  bactericidal
immune  response  in  adults,  adolescents  and  infants  against  a broad  range  of  serogroup  B isolates.  This
review describes  the  successful  story  of  the  development  of  the  4CMenB  vaccine,  with  particular  empha-
sis on  the  functional,  immunological  and structural  characterization  of  the protein  antigens  included  in
the vaccine.

© 2012 Elsevier Ltd. All rights reserved.
. Introduction

Neisseria meningitidis is a major cause of meningitis and sepsis,
wo devastating diseases that can kill children and young adults
ithin hours, despite the availability of effective antibiotics. It is a
uman-specific Gram-negative bacterium that is adapted to colo-
ize the upper nasopharynx and spread directly from host to host,
ithout requiring a reservoir outside humans. Carriage rates are

ery variable among human populations and depend on different
actors such as age, coincident respiratory tract infection and social
ontacts; in Europe and the United States point-prevalence car-
iage rates have been estimated to range from 10 to 35% in young
dults [1,2]. In a small but significant number of infections the
acterium traverses the epithelium and reaches the bloodstream,
ausing septicemia. From the blood, meningococcus is able to cross
he blood–brain barrier and infect the meninges, causing meningi-
is [3–5]. The ability to colonize and cause disease are dependent

n the ability of the meningococcus to evade the human immune
ystem [6].

∗ Corresponding author. Tel.: +39 0577245055; fax: +39 0577243564.
E-mail address: davide.serruto@novartis.com (D. Serruto).

264-410X/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
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With the exception of isolated case reports [7–9], a capsule
made up of complex polysaccharides surrounds all currently known
disease-causing meningococci and is one of the essential meningo-
coccal attributes for pathogenesis. The capsular polysaccharide
(CPS) inhibits bacterial adhesion by masking the action of meningo-
coccal adhesins but in contrast is known to be important for
bacterial survival in the blood [10]. The precise structure of the
CPS defines the serogroup, the highest serological typing order
in meningococcus. Indeed, N. meningitidis can be classified in 13
serogroups on the basis of the chemical composition of the CPS.
However, more than 95% of total cases of invasive disease are
caused by five major serogroups: A, B, C, Y and W135. Recently, a
sixth serogroup, serogroup X, has also revealed an epidemic poten-
tial [11]. The distribution of the serogroups varies globally; large
epidemics in Africa have been generally associated with serogroup
A meningococci (see review in this issue by T. Aguado). Serogroup
B meningococci, which are generally absent in sub-Saharan Africa,
are the primary concern in industrialized countries. Outbreaks of
serogroup C meningococcal disease occurs worldwide, especially in
adolescents and young adults [12] and serogroup Y meningococci

have emerged as an important cause of disease in North America
in the past 10 years and more recently in Europe [1].

Although meningococcal disease in certain industrialized
nations, including the United States, are at historic lows [13],

dx.doi.org/10.1016/j.vaccine.2012.01.033
http://www.sciencedirect.com/science/journal/0264410X
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he emergence of strains with epidemic potential can rapidly
lter this scenario. Moreover, changes in serogroup circulation
re unpredictable and can occur very quickly [14]. In light of
hese observations, vaccines conferring broad protection against N.
eningitidis are of global importance. Vaccines against serogroups
, C, Y and W135 were developed in the 1960s by using the purified
PS as the antigens. More effective, second generation, conjugated
accines have now been introduced, in which CPS components
re conjugated to carrier proteins such as CRM197 – a non-toxic
utant of the diphtheria toxin [15]. The first conjugate vaccines

argeting N. meningitidis were introduced in the United Kingdom
n 1999 to control the ongoing hyperendemic level of disease in
nfants and children caused by group C meningococci. Monova-
ent MenC conjugate vaccines have shown immunogenicity and
afety in all age groups. Routine vaccination programs have sub-
tantially reduced serogroup C disease in United Kingdom and other
ountries including Spain, Italy, Greece, France, Canada, Australia,
razil, and Argentina [14]. Following the success of MenC vac-
ines, quadrivalent meningococcal conjugate vaccines, containing
he polysaccharide from serogroups A, C, Y and W135 conju-
ated to a protein carrier, have been developed. These vaccines
ffer the potential to broaden protection against meningococ-
al disease beyond that offered by monovalent MenC conjugate
accines. Unlike the earlier polysaccharide vaccines, the quadriva-
ent meningococcal conjugate vaccine conjugated with CRM197,

enACWY-CRM, has been shown to be immunogenic in all age
roups, including infants [16]. The chemical composition of the
erogroup B CPS is a polysialic acid that resembles a molecule
resent on human tissue surfaces, thus making a serogroup B CPS-
ased vaccine poorly immunogenic and also presenting a possible
ause of auto-immunity [17,18], although this concern has recently
een challenged [19]. Consequently, an alternative approach was
ursued in order to develop a N. meningitidis vaccine protective
gainst serogroup B (MenB).

Over the last 40 years, great efforts have been directed towards
he identification of meningococcus B antigens as the basis of a
ew vaccine. However, the high sequence variability of these pro-
eins among different MenB strains represents a serious obstacle to
he production of a globally effective anti-MenB vaccine [20–22].
urrently, the only licensed vaccines against serogroup B disease
mploy outer membrane vesicles (OMVs). Vaccines based on OMVs
ave been developed by taking advantage of the fact that meningo-
occus naturally produces and releases vesicles composed by outer
embrane proteins, lipids and periplasmic components. A vari-

ty of ‘tailor-made’ MenB OMV  vaccines have been developed and
icensed to control regional epidemics that in contrast to endemic
isease, tend to be caused by a single clone of N. meningitidis. OMV
accines have been used in Norway [23], Cuba [24], Chile [25]
nd New Zealand [26]. They are able to induce protective anti-
odies against the homologous strain (i.e. the strain causing the
pidemic and used to prepare the OMVs) in all age groups, and have
roved successful in controlling epidemic disease in these countries
27]. However, the main limitation of OMV  vaccines is that they
re strain-specific and do not provide protection against heterol-
gous strains. This is because the major protective antigen of the
MV-based vaccines is PorA which is the most abundant integral
uter membrane protein and which is known to be highly vari-
ble across different isolates of N. meningitidis. For example, in the
nited States of America (USA), as many as 20 different PorA vari-
nts would be required to cover over 80% of invasive strains [28].
s a consequence there currently are no effective licensed vaccines
urrently available for the prevention of MenB disease, which is

esponsible for one third of meningococcal disease in the USA, and
p to 80% of cases in Europe.

Second generation OMV  vaccines have been developed in order
o broaden the strain coverage. Meningococcal strains expressing
0S (2012) B87– B97

six different PorA variants have been genetically engineered in
order to produce the hexavalent PorA OMV  vaccines [29]. More
recently, several attempts have been made to produce multiva-
lent OMV  vaccines derived from meningococcal strains genetically
manipulated to reduce LOS toxicity and increase expression of pro-
tein antigens such as Opc, fHbp and NadA [30–38].  However, since
the use of multivalent OMV  vaccines does not promise a simple uni-
versal solution, alternative approaches based on surface-exposed
proteins were sought. Here we describe in detail the identifica-
tion and characterization of the antigens ultimately included in the
4CMenB (4 Components against MenB) vaccine.

2. Discovery of MenB vaccine antigens by reverse
vaccinology

The availability of whole genome sequences in the genomic era
has radically changed the approach to vaccine development. The
genome represents a list of virtually all the protein antigens that the
pathogen can express at any time. It becomes possible to identify
potentially surface-exposed proteins in a reverse manner, starting
from the genome rather than from cultures of the microorganism
[39]. The concept of reverse vaccinology was  first applied to MenB.
N. meningitidis is essentially an extracellular pathogen and the main
protective response relies on circulating antibody. Complement-
mediated bactericidal activity (measured by the serum bactericidal
assay (SBA) using human complement) is the accepted correlate for
in vivo protection and has been adopted in clinical trials of meningo-
coccal vaccines as the surrogate for protection [40]. The sequence
of the N. meningitidis virulent strain MC58 was determined by the
shotgun strategy revealing over 2000 predicted proteins [41]. In
order to identify novel vaccine antigens, the proteins were ana-
lyzed using bioinfomatics algorithms for their potential surface
localization. Those proteins predicted to be surface-exposed or
secreted were recombinantly expressed in Escherichia coli,  purified
and tested for their potential to induce bactericidal antibodies [42].

Each purified recombinant protein was used to immunize mice
and the antibody response was  analyzed by Western blot analysis
using both total cell extracts and purified outer membrane pro-
teins to verify protein expression. Surface localization of the target
protein was confirmed by enzyme-linked immunosorbent assay
(ELISA) and flow cytometry using intact, whole bacteria. Finally, the
SBA was used to evaluate the complement-mediated killing activ-
ity of the antibodies. Of the 91 proteins found to be positive in at
least one of these assays, 28 were able to induce antibodies with
bactericidal activity.

The antigens selected by reverse vaccinology were prioritized
based on their ability to induce broad protection (i.e. against a
diverse collection of strains) as inferred by SBA or the ability of spe-
cific antibodies against the antigens to confer passive protection in
the infant rat or mouse models [43]. The proteins that met these
prioritization criteria and were ultimately selected were called
Genome-derived Neisseria Antigens (GNA) 2132 (Neisserial Hep-
arin Binding Antigen, or NHBA), GNA1870 (factor H binding protein,
or fHbp) and GNA1994 (Neisseria adhesin A, or NadA) (Fig. 1). Two
additional antigens, GNA2091 and GNA1030, were also selected
because they induced protective immunity but only in some of the
assays. The antigens were combined in a multicomponent vaccine
with the aim of inducing better and broader protection. Moreover,
in order to facilitate large-scale manufacturing of the vaccine, four
of the selected antigens were combined as two fusion proteins.
Among the several protein–protein fusions generated, the best per-

forming combinations in terms of production and immunogenicity
were NHBA plus GNA1030 and GNA2091 with fHbp. NadA did not
perform well when fused to other proteins, probably due to disrup-
tion of its trimeric organization.
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Fig. 1. Schematic representation of the 4CMenB vaccine antigens on the surface of N. meningitidis. The different bacterial compartments (outer membrane, periplasmic space,
cytoplasmic membrane) and the main antigens identified through reverse vaccinology approach (NHBA, fHbp and NadA) are depicted. The representation of NHBA and fHbp
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In order to assess fully whether the vaccine formulation devel-
ped was able to induce protection against a large proportion of
he MenB strains, a large panel of clinical isolates representing as

uch as possible the diversity of the bacterial population was col-
ected. Sera obtained by immunizing mice with the vaccine were
ested in a bactericidal assay against a panel of 85 meningococ-
al strains. Preclinical characterization showed that the vaccine
nduced bactericidal antibodies against 78% of the strains [43].

The final vaccine formulation contains 50 �g of each recombi-
ant protein NHBA-GNA1030, NadA and GNA2091-fHbp (vaccine
amed ‘rMenB’). In addition, the 3 recombinant proteins were also

ormulated with 25 �g of OMV-based vaccine MeNZB (from N.
eningitidis strain NZ98/254, expressing PorA serosubtype P1.4)

n order to provide broader serogroup B strain coverage, due to the
orA variant contained in the OMVs (vaccine named 4CMenB). Both
accines, with or without OMVs, are formulated with aluminum
ydroxide. The addition of the MeNZB component was  driven by
he positive results obtained with the OMV-based vaccine, which
as shown to be safe and efficacious in the control of the clonal
eningococcal serogroup B epidemic in New Zealand [26]. The

ationale for combining the three main antigens was  to increase
he spectrum of vaccine coverage, minimizing the possibility of
acterial evasion and the emergence of selection mutants.

. Protein antigens in the 4CMenB vaccine

The immunogenic protein antigens included in the 4CMenB
accine (fHbp, NadA, and NHBA) have been functionally and
mmunologically characterized. Several studies have demonstrated
heir roles as virulence factors in meningococcal pathogenesis and,

ore importantly, they are the key immunogens in the vaccine
Table 1).

.1. fHbp
Factor H binding protein (fHbp or GNA1870) was first identified
s a surface-exposed lipoprotein during the screening of the MC58
enome [42,44]. It was also identified independently as a potential
accine antigen (designated as LP2086) using the entirely different
n. NadA is a model based on the structural homology with other members of the
olysaccharide capsule, lipooligosaccharide and integral inner and outer membrane

approach of membrane fractionation [45] and became a component
of another MenB vaccine in clinical development [46].

fHbp binds to human factor H, an inhibitor of the alternative
complement pathway. Evasion of the human complement system
is critical for meningococci to cause invasive disease. The obser-
vation that persons deficient in various complement components
are highly predisposed to invasive meningococcal disease provides
epidemiologic evidence for the role of complement in host defense
against this infection [47,48]. The contribution of factor H to the
ability of meningococci to resist killing by human serum was first
provided by Schneider and colleagues, who  showed that deplet-
ing factor H from human serum resulted in enhanced killing of
meningococci [49]. In a subsequent report, Madico et al. identi-
fied the meningococcal ligand for factor H as GNA1870, which was
subsequently renamed factor H binding protein (fHbp) [50]. Sev-
eral reports thereafter have confirmed that deleting fHbp results in
increased susceptibility of most strains of N. meningitidis to killing
in either serum or in whole blood [51].

The three-dimensional (3D) solution structure of fHbp has been
determined by nuclear magnetic resonance (NMR) spectroscopy
[52,53], and by X-ray crystallography [54]. The NMR  and X-ray
structures are very similar (pairwise root mean square deviation
of the C� trace is 2.6 Å) and reveal that the protein is composed
of two  domains: an N-terminal domain of 8 beta-strands forming
a highly curved anti-parallel beta-sheet (approximating a beta-
barrel) and a C-terminal domain that is a well-defined beta-barrel of
8 anti-parallel beta strands. The 2 domains are connected by a short
linker, which together with several predominantly hydrophobic
inter-domain contacts, results in minimal orientational flexibility
between the two domains (see Fig. 2). Although there are over
300 different sequence variants of fHbp known, multiple-sequence
alignments show that residues contributing to the hydrophobic
cores of each domain are well conserved, suggesting that the 3D
fold will be the same in all variants, even with sequence identity as
low as 63% in some cases.

fHbp has a long N-terminal stretch containing a signal sequence

and a lipo-box motif (LxxC). There are approximately 10 residues
between the Cys and the folded N-terminal domain of fHbp and
this linker region is highly flexible and has been removed from the
protein in most structural studies. The structure of the lipidated
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Table 1
Relevant publications concerning the 4CMenB vaccine antigens.

Antigen Content – main message Reference

fHbp
Function

Discovery of GNA1870. Identification of the three genetic and immunogenic variants of GNA1870 [44]
GNA1870 is the fH binding protein of N. meningitidis [50]
Characterization of fHbp deletion mutants: they were sensitive to killing in ex vivo human whole blood and
serum models of meningococcal bacteremia with respect to the isogenic wild-type strains

[51]

fHbp binds only human fH suggesting that N. meningitidis evolved to survive and grow only in human blood
and explaining why this pathogen is strictly human specific

[57]

fHbp is regulated by oxygen limitation in a FNR-dependent manner [60]
Immunogenicity

Characterization of 12 fHbp subvariants for their level of surface exposure and ability to bind fH, to mediate
serum resistance, and to induce bactericidal antibodies

[69]

Evaluation of the contribution of amino acid sequence variability of fHbp to strain coverage of sub-variants 1 [59]
Identification of the fHbp protein region containing bactericidal epitopes [64]
The ability of fHbp vaccines to elicit protective antibodies, can be enhanced if the antibody repertoire is of
high  avidity and includes fH-blocking activity

[67]

N. meningitidis strains can cause invasive disease even if they do not express fHbp [62]
Structure

Structure determination by NMR  spectroscopy and functional epitope mapping of the full-length fHbp [53,112]
Crystal structure of mature fHbp determined at 2 Å resolution [54]
The  crystal structure of the complex between human fH and fHbp of N. meningitidis. fHbp mimics host cell
carbohydrates in binding fH

[55]

Rational designed of a chimeric fHbp able to induce cross-protective bactericidal antibodies against the three
variants

[56]

NHBA
Function

The application of the reverse vaccinology approach identify the GNA2132 as a surface-exposed lipoprotein
able to induce bactericidal antibodies in mice

[42]

NHBA antigen induces protective immunity in humans and it is recognized by sera of patients after
meningococcal disease. The protein binds heparin in vitro through an Arg-rich region and this property
correlates with increased survival of the unencapsulated bacterium in human serum

[74]

Immunogenicity
NHBA antiserum passively protected infant rats against meningococcal bacteremia after challenge with
different meningococcus strains

[65]

Cooperative serum bactericidal activity exists between human Ab against antigens fHbp and NHBA [70]
Structure

Structure of NHBA C-terminal domain solved by NMR spectroscopy; it consists of an eight strands �-barrel
that  closely resembles to the C-terminal domains of other surface-exposed lipoproteins (e.g. fHbp and TbpB)

[81]

NadA
Function

Characterization of NadA as antigen able to induce bactericidal antibodies and protective immunity in the
infant rat model

[90]

NadA is an adhesin and invasin of N. meningitidis [94]
NadA expressed in a noninvasive Yersinia enterocolitica mutant strain binds �-1 integrin [95]
NadA expression is regulated by the NadR repressor, and may  be induced during colonization of the
oropharynx by the 4-hydroxyphenylacetic acid, a metabolite of aromatic amino acid catabolism that is
secreted in saliva

[102]

NadA interacts with human Heat Shock Protein 90 (Hsp90) interfering with the adhesion and invasion process
mediated by NadA

[96]

Immunogenicity
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Presence and conservation of NadA in carrier isolates
NadA is recognized by serum antibodies of young chi

orm of the micelle-associated protein [53] shows no significant
ifferences when compared with the other known structures, sug-
esting that this N-terminal region serves simply to anchor the
rotein on the exterior bacterial surface, thus exposing fHbp to
he solution and making it accessible to the host immune system
Fig. 1).

The structure of fHbp in complex with domains 6 and 7 of fac-
or H was determined by X-ray crystallography, providing detailed
nsights into the function of fHbp [55]. It is noteworthy that the
ites in fH that interact with fHbp are similar to the glycosamino-
lycan binding region in domains 6 and 7, thus revealing an
xample of host mimicry by the bacterial protein. The interac-
ion buries a relatively large total surface area ∼2860 Å2, involving
oth the N- and C-terminal domains of fHbp, creating a high-

ffinity binding (KD 5–30 nM)  [55,56]. The binding to fHbp appears
o be specific for human fH [57] and, interestingly the struc-
ure of the complex revealed that the amino acid differences
etween human and rhesus fH domain 6 lay in or around the
nB [99]
onvalescing after meningococcal disease [100]

contact interface between human fH and fHbp. The high affin-
ity and the large surface area buried by the fH–fHbp interaction,
and the human-specific nature of the fH–fHbp interaction might
have implications for the immunogenicity of the fHbp antigen.
The interaction between human fH and fHbp could potentially
prevent recognition by the human immune system of surface-
exposed fHbp epitopes that are targets for bactericidal antibodies.
This hypothesis was tested in a transgenic BALB/c mouse that
expressed human fH [58]. Transgenic human fH mice that were
immunized with the wild-type fHbp variant 1 protein (capable of
binding human fH) mounted a lower IgG response and showed sig-
nificantly lower SBA titers than wild-type mice (murine fH does
not bind to fHbp). Moreover, the human fH transgenic mice immu-
nized with the R41S mutant fHbp protein (protein mutated at

position Arg 41, which does not bind fH) displayed higher SBA titers
than transgenic mice immunized with wild-type fHbp. Further,
the level of human fH expressed by the transgenic mice corre-
lated inversely with the SBA titers elicited by the wild-type fHbp
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Fig. 2. Structures of fHbp. The currently known structures of the factor H binding protein (fHbp) from N. meningitidis serogroup B all share the same overall fold: two
beta-barrel domains (one domain N-terminal and the other C-terminal, as indicated) connected by a short linker (arrowed), evident in panels A–C. (A) The NMR  solution
structure of a variant 1 fHbp from strain MC58 (PDB entry 2KC0) and (B) the crystal structure of an engineered form of fHbp variant 1 (strain MC58) containing 22 point
mutations (PDB entry 2Y7S); the crystal structure of fHbp variant 1 has also been determined in complex with domains 6 and 7 of human Factor H (PDB entry 2W80): panel
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C)  shows the fHbp alone, panel (D) shows the same orientation of fHbp as a surfa
hown  as ribbons.

rotein, but not the R41S mutant. The clinical implications of these
ndings in humans immunized with fHbp remains unclear at this
ime.

The fHbp protein can be classified into three genetic and
mmunogenic variants: fHbp-1, fHbp-2 and fHbp-3 [44], which are
ot cross-protective, and can be further divided into subvariants

Hbp-1.x, fHbp-2.x and fHbp-3.x. Sequence conservation within
ach variant ranges from 92 to 100%, while between the variants the
onservation can be as low as 63%. This diversity has an important
mpact on the immunological properties of fHbp, since members of
ach variant induce a strong protective immune response against
eningococcal strains carrying homologous alleles but are ineffec-

ive against strains that express distantly related variants [44]. In a
ifferent nomenclature scheme based on genetic information, the
ariants have been grouped into family A (variants 2–3) and family

 (variant 1) [45]. In order to evaluate the cross-reactivity within
Hbp variant 1 of antibodies induced by immunization with the
accine subvariant fHbp-1.1, post-immunization sera from differ-
nt age groups were tested in SBA against a panel of recombinant
sogenic Neisseria strains expressing the same amounts of different
Hbp variant 1 proteins. This approach enabled the potential inter-
ering effects from the other vaccine antigens to be avoided. These
ata demonstrated a broad cross-reactivity in adults but sera from

nfants were more susceptible to amino acidic variation. Neverthe-

ess, analysis of natural isolates expressing diverse fHbp variants
howed that these strains are killed by infants’ sera, demonstrating
he importance of the other components of the 4CMenB vaccine
59].
resentation (dark green) with bound Factor H domains 6 (orange) and 7 (yellow)

The level of fHbp expressed by N. meningitidis varies widely
among strains and is regulated by oxygen limitation in a FNR-
dependent manner [44,60]. Although fHbp is expressed in nearly all
N. meningitidis strains examined thus far [44,61],  a few strains that
do not express fHbp have been identified recently [62]. In the con-
text of N. meningitidis pathogenesis, this finding suggests that these
isolates may  have alternative systems for recruiting human fH in
order to escape the host complement system. Of note, Neisseria sur-
face protein A (NspA) that is expressed by all meningococcal strains
examined for presence of this protein has also been shown to bind
factor H [63]. The redundancy in factor H binding mechanisms by
meningococci highlights the critical role of this strategy to limit
complement activation on the bacterial surface. While immune
pressure (for example, the presence of anti-fHbp antibodies that
may  be elicited following vaccination) could select for strains that
do not express fHbp, this selection would occur at the expense of
a key virulence mechanism generating bacterial strains missing an
important virulence factor.

fHbp is able to induce bactericidal antibodies and confer pas-
sive protection in an infant rat model of bacteremia [44]. Several
monoclonal antibodies have been generated against fHbp [64–66];
using a panel of monoclonal antibodies, Granoff and colleagues
have characterized the functional basis for the activity of antibodies
directed against fHbp. Interplay between the following variables

likely contributes to the efficacy of anti-fHbp antibodies in the
killing of meningococcus: (i) the ability of the antibody to block
fH binding to the bacterial surface (antibodies that block fH bind-
ing show greater bactericidal activity) [67]; (ii) subclass of the Ab
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murine IgG3 > IgG2a/b, human IgG3 > IgG1 > IgG2 [68]; (iii) pres-
nce of antibodies directed against distinct fHbp epitopes (synergy
s seen with combinations of anti-fHbp mAbs directed against non-
ompeting epitopes) [65] and (iv) the amount of fHbp expressed
n the bacterial surface (epitope density) [68]. Moreover, it has
een demonstrated that the bactericidal response induced by fHbp

s dependent on amino acidic sequence diversity; different fHbp
ub-variants induce different levels of cross reactivity suggesting
hat the selected fHbp subvariant is important for the breath and

agnitude of bactericidal response [69]. Germane to fHbp vaccine
evelopment is the observation that antibodies directed against
istinct fHbp epitopes can synergize to effect bactericidal activity,

ncluding strains that express very low amounts of antigen [65],
hich portends the need for a robust polyclonal response against
ultiple surface exposed bactericidal fHbp epitopes for broad bac-

ericidal activity. In the context of the 4CMenB vaccine, it was
emonstrated that a cooperative serum bactericidal activity exists
etween human antibodies against fHbp and another antigen of the
accine, NHBA [70].

To identify the immunogenic regions of fHbp, a number of
pitope mapping studies have been performed, using NMR  spec-
roscopy [53,71],  scanning of the full-length protein via synthetic
inear peptides [64] and other ELISA-based techniques [72,73].
nterestingly, these studies revealed that amino acids contributing
o the immunogenicity of variant 1 or variants 2 and 3 are located
n non-overlapping areas, which is perhaps not surprising given the
elatively high degree of sequence variability. This structural and
unctional variation between different variant families has impor-
ant implications for vaccine design, since the choice of fHbp variant
o include will determine the number of MenB strains that are
ffectively covered by a fHbp-based vaccine. The extensive struc-
ural and immunological characterizations of fHbp inspired a recent
roof-of-concept study that demonstrated that the immunogenic
egions from all three variants can be incorporated into a single
olecule [56]. The overall structure of this engineered fHbp is not

ignificantly changed from the variant 1 scaffold, but displays on its
urface multiple immunogenic regions capable of inducing broad
ross-protection against multiple strains of MenB harboring vari-
nts 2 and 3 (Fig. 2B). It is conceivable that this successful approach
ould be applied in other cases where antigenic sequence variation
s a hurdle in vaccine development.

.2. NHBA

NHBA (Neisserial Heparin Binding Antigen, or GNA2132) is a
urface-exposed lipoprotein also discovered by the application of
everse vaccinology [42]. The protein is specific for Neisseria species
nd recent studies have demonstrated that the protein binds hep-
rin in vitro through an arginine-rich region [74]. Upon binding
eparin, which is often used as a surrogate for host polyanions

n in vitro assays, unencapsulated bacteria showed increased sur-
ival in human serum [74]. These data may  point to a role for
HBA in protection of unencapsulated meningococci (as found

n the nasopharynx) against complement. Heparin binding is a
ommon feature of several bacterial virulence factors and vac-
ine components [75]. The binding of heparin to bacteria has been
eported to increase resistance to the bactericidal activity of nor-
al  human serum [76]. The interactions between heparin and the

omplement system are complex and involve several of its compo-
ent proteins [77], including complement inhibitors such as factor
, C4b-binding protein and vitronectin. It is conceivable that the
stablishment of an NHBA–heparin complex on the meningococ-

us cell surface could recruit complement inhibitors, which in turn
ct to prevent complement activation.

In vivo, NHBA is likely to bind glysoaminoglycans (such as
eparan sulfate) that are present in mucosal secretions. Several
0S (2012) B87– B97

bacterial adhesins are reported to bind heparin and heparan sulfate
including the N. meningitidis Opc adhesin [78], Neisseria gonor-
rhoeae Opa proteins [76], heparin-binding hemagglutinin adhesin
of Mycobacterium tuberculosis [79] and the filamentous hemag-
glutinin of Bordetella pertussis, a component of licensed acellular
pertussis vaccines [80]. In this context NHBA might contribute to
the interaction of meningococcus with the host cells.

The primary amino acid sequence of NHBA comprises approx-
imately 450 residues. The N-terminal region (residues 1 to ∼230)
is annotated as an intrinsically unfolded region by commonly used
structure prediction algorithms. Between the N- and C-terminal
regions is a central arginine-rich motif (residues 235–245 in strain
2996) that is implicated in binding to heparin [74]. Adjacent to
the Arg-rich motif are two predicted cleavage sites for NalP and
lactoferrin. The lack of order in the N-terminal region of NHBA
has resulted in a shift of focus of structural studies to the C-
terminal region. The structure of the C-terminal region of NHBA
has been determined recently by NMR  spectroscopy [81]. The NHBA
structure spanning residues 246–428 exhibits a single 8-stranded
anti-parallel beta-barrel (Fig. 3) with high thermal stability. This
fold resembles members of the lipocalin superfamily which are
typically transporters of small hydrophobic molecules [82]. In
particular, the NHBA fold clearly shows structural similarity to
transferrin binding protein B (TbpB) [83] (Fig. 3B) and to the C-
terminal domain of fHbp (Fig. 3C) which, together with a very low
sequence similarity, suggests that the proteins may  be evolution-
arily related but are unlikely to share the same function.

The gene coding for NHBA is present in all the N. meningi-
tidis strains tested thus far [61,84–86] encoding for a substantial
number of peptides that have some association with clonal com-
plexes and sequence types [61]. The 4CMenB vaccine contains the
NHBA peptide 2, which is the most frequently expressed peptide
based on molecular epidemiology studies recently conducted in dif-
ferent countries. Gene sequence analysis from genetically diverse
group B strains reveals variable segments of NHBA although the
N- and C-terminal regions are highly conserved [42,61]. Serum
antibodies from mice immunized with recombinant NHBA are
able to bind to the surface of diverse N. meningitidis strains and
elicit complement-mediated bactericidal activity [42,43].  More-
over, anti-NHBA antibody elicited deposition of human C3b on
the bacterial surface and passively protected infant rats against
meningococcal bacteremia after challenge with different N. menin-
gitidis strains [87]. NHBA is recognized by sera of patients
after meningococcal disease [74], is able to induce bactericidal
antibodies in human [74,88] and has also been implicated in
opsonophagocytic protection [89]. Preclinical studies suggest that
antibodies elicited against the vaccine peptide are cross-protective
against meningococcal strains expressing different NHBA peptides
[43].

Since 4CMenB is a multicomponent vaccine, there might be the
possibility of cooperativity of antibodies directed against the dif-
ferent antigens. The ability of antibodies against NHBA and fHbp to
interact and augment protective immunity has been investigated
recently and it was demonstrated that a cooperative serum bacte-
ricidal activity exists between human antibodies against fHbp and
NHBA suggesting that a vaccine composed by multiple components
might increase the breath of strain coverage [70].

3.3. NadA

NadA (Neisseria adhesin A or GNA1994) was  identified as a mem-
ber of the ‘Oca’ (oligomeric coiled-coil adhesin) family of bacterial

trimeric autotransporter adhesins [90], which are characterized
by a common secretory mechanism of the extracellular ‘passen-
ger’ domains and their subsequent trimerization on the bacterial
surface [91–93].
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ig. 3. NHBA and structurally similar proteins. (A) The structure of the conserved C
train  2996, determined by NMR  spectroscopy. The NHBA C-terminal domain struct
n  the transferrin-binding protein B (TbpB) from Actinobacillus pleuropneumoniae (B

NadA trimers mediate adhesion to and entry into epithelial cells
94]. A putative protein receptor molecule which is differentially
xpressed by different human epithelial cell lines seems to medi-
te the binding of the trimeric NadA [94]. Recent analysis using a
oninvasive Yersinia enterocolitica mutant strain expressing NadA
evealed that �-1 integrin can act as a receptor for NadA [95]. NadA
an also interact with human Heat Shock Protein 90 (Hsp90), which
ay interfere with the adhesion and invasion process mediated by
adA [96].

The form of NadA and a properly folded N-terminal ‘head’
omain are necessary for in vitro cell-binding activity. In order to
reserve its functional organization and conformational structure,
hich could potentially also be implicated in an efficacious immune

esponse, NadA was included in the 4C MenB vaccine as single
rimeric soluble protein, devoid of the membrane anchor domain.

Although the 3D structure of NadA is currently unknown,
equence analyses of the Oca family members provide some insight
nto NadA organization and function. An N-terminal leader peptide
f 23 residues, not present in the mature vaccine antigen, is fol-
owed by a ‘head’ domain of around 70 residues. The head domain
s followed by a long region of 200–250 residues that is strongly pre-
icted to form a homotrimeric coiled-coil region. The extracellular
longated stalk and head domains confer the characteristic ‘drum-
tick’ appearance on the bacterial cell surface with specific adhesive
apabilities localized within the head [97,98] (Fig. 1). In the native
rotein, the coil regions are followed by the C-terminal domain
f 55 residues that share high sequence similarity (∼60% identity)
ith a region of the Yersinia YadA and Moraxella UspA2 proteins

97]. In YadA, this C-terminal domain is made of four amphipathic
eta-strands and acts as a membrane anchor, a structure and func-
ion likely to be conserved in NadA. Although it can be produced
n a soluble and stable form, the large size of the trimeric, mature
ctodomain of NadA (3 × ∼300 residues) makes it a challenging tar-
et for NMR  spectroscopy. Meanwhile, the long coiled-coil region
omprising the majority of the ectodomain is likely to be rather
exible, which may  explain why a crystallographic structure of
adA has not yet been determined.

The nadA gene is found in three out of the four known hyper-
irulent lineages of serogroup B and C strains, whereas it is mostly
bsent from carrier strains and is not found in N. gonorrhoeae nor
n the commensal species N. lactamica and N. cinerea [90]. NadA is

ell conserved, and five variants have been identified [86,90,99].

he three main variants (NadA-1, NadA-2, and NadA-3) show highly
onserved sequences and accordingly produce cross-bactericidal
ctivity [90]. The other two variants (NadA-4 and NadA-5) are less
ommon, and are associated with carrier strains [99] and with
inal region of NHBA (GNA2132) (PDB code 2LFU) from N. meningitidis serogroup B
) is architecturally related to the beta-barrel domains (shown as coloured regions)

 code 3PQS) and in fHbp (blue) (C).

ST-269 strains (NadA-5), respectively [86]. Based on molecular epi-
demiology studies, NadA results more frequently associated with
disease isolates than with carriage isolates [61,86,90,99].  Antibod-
ies raised against NadA are able to induce passive protection in
infant rats challenged with different MenB strains [90]. Moreover,
sera from convalescent patients after meningococcal disease are
able to recognize NadA, suggesting that the protein is expressed
and immunogenic during infection in humans [100]. The level of
NadA expression is highly variable because the nadA gene is sub-
ject to complex regulatory controls and is highly dependent on
environmental signals [90,101,102]. NadA is expressed at differ-
ent levels during growth, reaching a maximum in stationary phase
[90]. Expression of nadA is phase variable because of a tetranu-
cleotide tract (TAAA) located upstream of the nadA promoter [101].
Moreover, it has recently been shown that expression of NadA is
controlled by a transcriptional regulator, NadR [102]. Under the
in vitro conditions of growth of the bacteria used to perform serum
bactericidal assay, NadA antigen is repressed by the NadR repressor
protein. NadA expression can be de-repressed in the presence of 4-
hydroxyphenyl acetate (4-HPA), an aromatic amino acid catabolite
that is secreted in saliva [102]. Once repression mediated by NadR
is relieved and NadA is expressed at high levels, strains normally
resistant to killing by 4CMenB immune sera are rendered highly
susceptible to killing in SBA [103].

4. Evaluating the immunogenicity of the vaccine
components and the impact of the 4CMenB vaccine in strain
coverage

The 4CMenB vaccine is a multicomponent vaccine able to
elicit bactericidal antibodies against the four key antigens com-
bined therein. The bactericidal activity of antibodies using human
complement as the complement source is widely accepted as
a surrogate marker of protection against meningococcal disease
[40,104]. In an SBA assay using immune sera derived from humans
vaccinated with the 4CMenB, bacteria are killed by combinations of
antibodies elicited by the different antigens. This feature of the SBA
makes it difficult to tease out the contribution of each individual
vaccine antigen to the overall function of the vaccine.

In order to assess the immunogenicity of each of the 4CMenB
components, it was necessary to measure antigen-specific bac-
tericidal antibodies through the use of N. meningitidis strains

selectively recognized by antibodies against each of the anti-
gen. The genetic diversity of the 4CMenB vaccine antigens was
recently studied in large collections of N. meningitidis strains iso-
lated in different countries around the world [61,85,105] and this
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nformation was taken into consideration in order to select MenB
trains matched for the individual components. Then a solution
hase interaction assay between the antigens of interest and the
ntibodies present in the vaccinees’ sera was developed. In this
ssay, antibodies directed against a specific antigen are sequestered
y the addition of the purified recombinant antigen and thus are be
vailable to bind to its cognate antigen on bacteria in the SBA assay.
sing this competitive inhibition bactericidal assay we selected
enB strains that are predominantly killed by human antibodies

hat recognize specific protein components of the 4CMenB vaccine
88].

The strains identified to specifically assess functional anti-
ody responses induced in humans by fHbp, NadA, NHBA and the

mmunodominant P1.4 PorA component of OMV  NZ are virulent
trains of serogroup B meningococci that were isolated from cases
f invasive disease [88]. For example, strain H44/76 express homol-
gous fHbp (variant 1.1) but heterologous NHBA and PorA and
acked NadA, thus any bactericidal activity observed can be ascribed
o fHbp.

This minimal panel of 4 strains can be used to assess whether
 sero-response has occurred to the vaccine and has two  main
dvantages: it eliminates the need for region-specific panels which
ecomes prohibitive for a global vaccine and it also reduces the

ogistic challenge posed by the limited amount of serum avail-
ble from infant clinical trials. Clinical data using this panel of
trains showed that most human subjects made bactericidal anti-
odies against each of the major components demonstrating that
ach of the antigens are able to evoke a protective bactericidal
esponse [106–109]. In a phase I trial, healthy adults received

 doses of 4CMenB [109]. Pre- and post-vaccination sera were
ssayed for bactericidal activity using human complement and a
SBA titer ≥1:4 was used as the correlate of protection. 4CMenB
emonstrated a strong immunogenicity against the three reference
trains, H44/76, 5/99 and NZ98/254 (the M10713 strains was not
vailable at the time of the study). In a study of laboratory workers
hat received 4CMenB followed by Men  ACWY-CRM, bactericidal
mmune responses were evident after each dose of 4CMenB as
ssessed by hSBA against the reference strains demonstrating that
he vaccine antigens were immunogenic in this population [107].
hese analyses were subsequently confirmed in a phase IIb/III study
onducted in adolescents aged 11–17 years where, after two  doses
iven either 1, 2 or 6 months apart, 99–100% of subjects achieved
n hSBA ≥1:4 against the reference strains.

Importantly, immunogenicity has also been demonstrated in
nfants, the age group at highest risk of disease. In phase II stud-
es, UK infants were enrolled and randomly assigned to receive the
CMenB or rMenB (4CMenB without OMV-NZ) vaccine in two clin-

cal trials. One study followed an early infant schedule at 2, 4, 6
nd 12 months with a further cohort receiving a single dose at 12
onths of age [106] and one followed a late infant schedule at 6,

 and 12 months [108]. Following three doses, both vaccines were
mmunogenic against the indicator strains selected to assess the
mmunogenicity of the antigens. However, in both studies, broader
esponses were observed following immunization with 4CMenB
han rMenB. These data have also been subsequently confirmed in
arger phase III studies conducted in infants (see review in this issue
y Dull and McIntosh).

Assessing the potential strain coverage of a multicomponent
rotein-based MenB vaccine is complicated due to the number of
aturally occurring protein variants among different serogroup B
trains that may  vary not only in sequence but also in expression.
onventional typing methods for meningococci, such as serotyp-
ng and serosubtyping of PorA or multilocus sequence typing,
re not necessarily relevant to the novel antigens in the 4CMenB
accine and none of the existing serological or genetic typing sys-
ems correlate with SBA titers. Therefore, assessing the potential
0S (2012) B87– B97

strain coverage of such a multicomponent vaccine requires a reli-
able means of phenotyping different isolates of MenB bacteria that
correlates with their susceptibility to killing by vaccine elicited
antibodies. The Meningococcal Antigen Typing System (MATS) is
a method that, for any given meningococcal isolate, can be used to
quantify the level of expression and antigenic reactivity for each
protein antigen and relates it to the probability that the isolate will
be killed by the sera of an immunized person [110].  MATS uses
ELISA assays to measure specifically the expression levels of each
of the three 4CMenB vaccine recombinant antigens NadA, fHbp,
and NHBA, and also determines the PorA subtype by serological
analysis or by PCR sequencing of the hypervariable region VR2.
To evaluate whether the relative antigen content determined by
MATS correlates with bactericidal activity, SBA with exogenous
human complement was performed against 57 group B meningo-
coccal strains (with known antigen genotypes and relative antigen
content) using pooled serum from infant human subjects immu-
nized four times with the 4CMenB. By correlating the killing of
meningococcal isolates to their antigen content, it was possible
to evaluate the minimal level of expression of at least one target
antigen (named Positive Bactericidal Threshold, PBT) to allow bac-
tericidal antibody killing. Strains that carry the P1.4 PorA subtype
are considered killed by vaccine-induced immune sera based on the
data obtained with the OMV-NZ vaccine. Using MATS, N. meningi-
tidis strains can be assessed for their expression of vaccine antigens
and thus their predicted susceptibility to vaccine-elicited immune
sera. MATS can be easily performed in large panel of strains, making
it possible to survey large collections of MenB isolates in order to
determine the potential for strain coverage by the 4CMenB vaccine
of a target geographic region (see review in this issue by U. Vogel).
Currently MATS is being used by several meningococcal reference
laboratories to establish the potential coverage of the 4CMenB vac-
cine in different countries in Europe, North and South America and
Australia.

5. Conclusions

The search for a universal vaccine against MenB has been a long
and arduous process, in part because conventional approaches to
vaccine development failed to provide an effective solution for this
deadly pathogen. The availability of the genomic sequence of a
pathogen provides the possibility to identify vaccine candidates
and virulence factors in silico, irrespective of protein abundance or
cultivation of the bacteria. The validity of reverse vaccinology was
demonstrated for group B meningococci, and has been successfully
applied in the development of vaccines against several bacterial
pathogens including group B streptococcus, group A streptococcus
and pneumococcus [111].

The MenB example shows the successful application of reverse
vaccinology in the identification of a large number of previously
unidentified antigens and has dramatically changed the landscape
of antigen discovery. Immunological and molecular epidemiol-
ogy studies were instrumental in prioritizing the antigens and in
the definition of the antigen combination that was  further used
in development of the human vaccine. The successful combina-
tion, named 4CMenB, contains three protein antigens that are all
involved in important steps of the meningococcal pathogenesis, as
well as the OMVs. While the vaccine was  in clinical development,
research efforts were focused on the functional, immunological
and structural characterization of the main protein antigens fHbp,
NadA, and NHBA. The data obtained suggest that antibodies to

the antigens of 4CMenB vaccine might have two  modes of action:
(i) by directly activating classical complement pathway and (ii)
indirectly by interfering with colonization of invasive strains and/or
by preventing binding of fH on the bacterial surface. Here we have
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eviewed the relevant structural, functional and immunological
ata obtained during the development of the 4CMenB vaccine. The
linical data obtained recently strongly support the efficacy of this
accine, and suggest that its implementation will be of great benefit
n the prevention of meningococcal disease.
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