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SUMMARY

Neisseria meningitidis is a Gram-negative microorganism that ex-
ists exclusively in humans and can cause devastating invasive dis-
ease. Although capsular polysaccharide-based vaccines against se-
rogroups A, C, Y, and W135 are widely available, the pathway to a
broadly protective vaccine against serogroup B has been more
complex. The last 11 years has seen the discovery and develop-
ment of the N. meningitidis serogroup B (MnB) outer membrane
protein factor H binding protein (fHBP) as a vaccine component.
Since the initial discovery of fHBP, a tremendous amount of work
has accumulated on the diversity, structure, and regulation of this
important protein. fHBP has proved to be a virulence factor for N.
meningitidis and a target for functional bactericidal antibodies.
fHBP is critical for survival of meningococci in the human host, as
it is responsible for the primary interaction with human factor H
(fH). Binding of hfH by the meningococcus serves to downregu-
late the host alternative complement pathway and helps the or-
ganism evade host innate immunity. Preclinical studies have
shown that an fHBP-based vaccine can elicit serum bactericidal
antibodies capable of killing MnB, and the vaccine has shown very
encouraging results in human clinical trials. This report reviews
our current knowledge of fHBP. In particular, we discuss the re-
cent advances in our understanding of fHBP, its importance to N.

meningitidis, and its potential role as a vaccine for preventing MnB
disease.

INTRODUCTION

Neisseria meningitidis is a Gram-negative microorganism and
an exclusive human pathogen. It usually exists in an asymp-

tomatic nasopharyngeal carriage state. However, N. meningitidis
can cause devastating invasive disease, such as septicemia or men-
ingitis, following penetration of the mucosal tissue, invasion of the
bloodstream, and colonization of the meninges. Person-to-person
transmission occurs through aerosol droplets from close contact
or human crowding in preschools, in university or military dor-
mitories, or during international pilgrimages, e.g., the Hajj. Dis-
ease often progresses very rapidly and is therefore difficult to di-
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agnose and treat. Disease rates vary from 1 to 1,000 per 100,000 (1,
2). The rates of disease are highest among infants, followed by a
second peak during adolescence and early adulthood. The associ-
ated mortality is about 10%, and permanent sequelae such as
hearing impairment, mental retardation, or limb loss are common
in survivors. Goldschneider and coworkers demonstrated an in-
verse relationship between the incidence of meningococcal disease
and the age-specific prevalence of serum bactericidal antibody
activity (3). Exposure to the pathogen is initiated by carriage.
Rates of carriage range from 10% to 35% in young adults, with
most individuals being colonized at some time in their life (4, 5).
In most people, carriage is an immunizing event resulting in stim-
ulation of an adaptive immune response to the carriage strain (6).

Encapsulation is one of the hallmarks of meningococci that
cause invasive disease, and the capsule is a known virulence factor.
There are 12 known serogroups of N. meningitidis, based on dif-
ferent capsular polysaccharide structures, of which 5 (A, B, C,
W135, and Y) are most commonly associated with significant clin-
ical disease. Prevention of disease caused by serogroups A, C,
W135, and Y is now possible due to the development of capsular
polysaccharide-conjugated vaccines against these serogroups (7–
9). Unfortunately, the capsular polysaccharide of serogroup B is
poorly immunogenic, presumably due to its structural homology
to polysialic acid on human neural cells (10–12). Efforts to de-
velop vaccines based on the N. meningitidis serogroup B (MnB)
capsular polysaccharide have failed (13). The lack of an effective
MnB vaccine that provides broad coverage is reflected in the cur-
rent meningococcal disease incidence. The majority of meningo-
coccal disease in Europe is now caused by MnB, which also ac-
counts for approximately one-third of cases in the United States.
Therefore, there is a clear unmet medical need for a broadly pro-
tective vaccine to prevent disease caused by this pathogen. Outer
membrane vesicle (OMV) vaccines have been employed in some
countries in response to outbreaks caused by specific epidemic
MnB strains (11). The major drawback with the OMV vaccines,
however, is that the principal target of the serum bactericidal re-
sponse in these vaccines is porin A (PorA), whose primary
epitopes are highly variable among meningococci. Thus, OMV
vaccines offer protection primarily by generating serum bacteri-
cidal antibodies against homologous PorA serosubtype-express-
ing strains (as was observed in the clinical trials in New Zealand)
and are not broadly protective (11, 14). Multivalent PorA-based
OMV vaccines have been used experimentally in several different
age groups (15), but even a hexavalent PorA-based vaccine would
be expected to have limited coverage in countries where disease is
caused by strains expressing many different PorA serosubtypes.
Other protein antigens have therefore been sought, with the goal
of providing broader protection against all MnB strains.

During the last 11 years, the discovery and importance of the
meningococcal factor H binding protein (fHBP) has led to the
development of two recombinant MnB vaccines which either are
directed to fHBP as the single target of the vaccine or contain
fHBP as one of the components. Binding of human factor H (hfH)
by meningococci downregulates the host alternative complement
pathway and helps the organism to evade host innate immunity
(16, 17). fHBP was identified as a vaccine candidate independently
by two groups using different approaches, hence the different des-
ignations lipoprotein 2086 (LP2086) (18, 19) and genome-derived
neisserial antigen 1870 (GNA1870) (20). One vaccine is composed
of two lipidated variants of fHBP (the native form of the protein

found on the bacterial surface and originally named LP2086) (21).
The other vaccine is composed of a single nonlipidated fHBP vari-
ant (20), which is genetically fused to another inactive protein and
used as part of a multiantigen formulation that also contains
OMVs to enhance the immunogenicity of the vaccine (22). Both
vaccines had advanced to clinical testing prior to knowledge of the
role of fHBP as a human factor H binding protein. Preclinical
studies showed that fHBP-based vaccines could elicit serum bac-
tericidal antibodies capable of killing MnB strains in serum bac-
tericidal assays (SBA) (20, 21, 23). These findings led to the ad-
vancement of fHBP-containing vaccines into clinical trials. The
recent advances in our understanding of fHBP, its importance to
N. meningitidis, and its role as a vaccine candidate are the subjects
of this review.

CHARACTERIZATION OF fHBP

fHBP Discovery: Traditional and In Silico Approaches

The search for a broadly protective vaccine that can prevent MnB
disease has long been the goal of many scientists, clinicians, and
public health representatives. Because serum bactericidal assays
using human complement (hSBA) have been shown to correlate
with protection in humans (24), the primary focus of vaccinolo-
gists in the field has been to identify potential vaccine components
that will elicit antibody-dependent serum bactericidal activity.
Different groups used different methods to discover and validate
their targets. The vaccine potential of fHBP was first presented at
the International Pathogenic Neisseria Conference in Oslo, Nor-
way, in 2002 (18, 19) and later published (21) by a group of re-
searchers from Wyeth (now Pfizer). They described a novel lipo-
protein (LP2086, later identified as fHBP) identified by a process
of differential detergent extraction of outer membrane proteins,
separation by isoelectric focusing and ion-exchange chromatog-
raphy, and sequential immunization of mice with different frac-
tions to determine which proteins were capable of generating se-
rum bactericidal antibodies that could kill genetically and
phenotypically diverse meningococcal strains (Fig. 1) (18, 21).
When more than one protein was obtained by the initial chro-
matographic separations, the individual proteins were recombi-
nantly expressed, purified, and tested for their ability to elicit the
bactericidal response. The vaccine candidate identified by this
process that elicited the broadest bactericidal response was a me-
ningococcal lipoprotein, fHBP. fHBP was cloned, recombinantly
expressed in Escherichia coli, and purified for use in human clinical
trials as a bacterial lipoprotein with the N-terminal tri-Pam-Cys-
type modification common to bacterial native lipoproteins. The
vaccine potential of fHBP was also identified by research groups at
Chiron (now Novartis) and the Children’s Hospital Oakland Re-
search Institute (CHORI) using reverse vaccinology (20). The re-
verse vaccinology approach used computer algorithms to identify
potential membrane protein open reading frames (ORFs) from
bacterial genomes. These ORFs were then cloned, expressed in E.
coli, and used to generate antibodies in mice. Antigens were se-
lected that generated specific antibodies that bound to the cell
surface of the bacteria and killed the bacteria in an SBA. Using this
approach, approximately 20 other proteins that could elicit bac-
tericidal antibodies in mice were identified (25). Genes of proteins
that could elicit bactericidal antibodies were sequenced from di-
verse strains, and proteins with sequences more highly conserved
than PorA were preferentially selected for further study. Although
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the last criterion was not met for fHBP, as sequence homology was
in the range of 62 to 74% compared to porins which are �90%
identical, the collaboration with the research group at CHORI
resulted in the first publication identifying this family of proteins,
initially called GNA1870, as a possible vaccine component (20).

fHBP Protein Description

The fHBP gene expresses a protein precursor which contains a
lipoprotein signal motif, LXXC. The signal sequence is cleaved
such that the cysteine (C) becomes the N terminus of the mature
fHBP and is cotranslationally modified to a tri-Pam-Cys residue
which serves to anchor the protein to the neisserial outer mem-
brane (21, 26). Mature fHBP is 253 to 266 amino acids in length;
most of the variation in size is a result of the variable length of a
flexible segment or spacer, composed of 2 to 15 glycine and serine
residues immediately following the N-terminal cysteine.

fHBP Nomenclature

The fHBP nomenclature is somewhat confusing due to the inde-
pendent discovery of fHBP by several groups and the resulting
different approaches of sequence classification. Therefore, there is

no accepted universal classification system for fHBP. In this sec-
tion, we will attempt to clarify the relevance of the different nam-
ing systems and how they relate to each other. Schematics and a
table that seek to clarify the naming systems are provided in Fig. 2.
First, prior to the discovery that the natural ligand of the protein
was human factor H, when it was therefore given the name factor
H binding protein (fHBP), the gene was named according to the
gene annotations from the strains in which it was discovered:
ORF741 (27), LP2086 (21), and GNA1870 (20). Groups se-
quenced the gene from non-prevalence-based MnB collections
and concluded from the sequences that the protein could be di-
vided into groups: either 2 subfamilies (A and B) (21) or three
major variants (1, 2, and 3) (20). Variant 1 corresponded to sub-
family B, and variants 2 and 3 corresponded to subfamily A.
LP2086 sequences were initially aligned and given the letter A or B
according to the subfamily, and each protein sequence was given a
unique number. Likewise, for the GNA1870 classification system,
sequences were named according to the specific three major vari-
ants to which they belonged, followed by a period and a unique
identifying number. For example, the subfamily A variant, A05, in

FIG 1 Biochemical approach resulting in the discovery of fHBP. The traditional biochemical approach is a proven method for the identification of vaccine
candidates that provide broad protection against heterologous strains. The initial approach starts with the isolation of cell membranes containing surface antigens
(top left). The proteins are extracted biochemically into separate fractions, with each fraction containing a different composition of membrane proteins. Each
fraction is used to immunize mice, and the sera are tested for PorA-independent bactericidal antibody activity (SBA) against heterologous MnB strains (top
right). Fractions that contain broadly reactive SBA activity are further fractionated and retested. The final fraction contains very few proteins but is highly
enriched for SBA activity. These proteins are size separated and their amino acid sequences determined (bottom right). Using available genomic sequences, the
corresponding gene is identified, cloned, and expressed in E. coli and the recombinant protein evaluated for SBA activity. The final proteins that elicit broad
protection in preclinical studies are then candidates for clinical studies (bottom left).

McNeil et al.
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the Pfizer classification system is called v3.45 in the Novartis clas-
sification system. These conflicting naming systems highlight the
inherent difficulties when exploring genomic relationships within
large data sets.

This problem was revisited by Schwarz et al. by exploiting their
novel sequence alignment method (28). In contrast to classical
methods that derive an evolutionary network from a distance ma-
trix, they embedded the sequence alignment data into high-di-
mensional vector space, resulting in the ability to identify sites of
evolutionary divergence and also sites involved in recombination
events. Both approaches suggested that fHBP can be divided into
two major groups, the aforementioned subfamilies A and B. They
also concluded that this divergence happened early in the evolu-
tion of this protein. Further divisions have evolved within these
two major groups. Murphy et al. observed that recombination
events have also occurred subsequently within the subfamilies
and, though extremely rarely, also between the subfamilies (29).
Variation in subfamily A proteins is based on the four possible
combinations of interchangeable modules corresponding to the N
and C domains of the proteins. Recombination between these
modules or domains has led to four subgroups within subfamily
A: N1C1, N2C1, N1C2, and N2C2. For subfamily B, there are

three main subgroups associated with the N domain of the fHBP
protein, i.e., N4, N5, and N6; however, no obvious modular struc-
tures or recombination regions are apparent for the C domain. N4
and N5 sequences are more closely related than N6 sequences. The
rare variants that have arisen through recombination of the sub-
families are composed of the N6 module from subfamily B and the
C2 module from subfamily A. The modular nature of fHBP se-
quences was further explored by Beernink et al., who identified
five variable segments within the proteins (30). Phylogenetic anal-
ysis on 70 known fHBP sequence variants classified all variants
into six different modular groups, designated I to VI (30). Pajon et
al. (31) evaluated the 70 sequences studied by Beernink et al. plus
172 additional distinct sequences and identified three additional
minor groups (VII, VIII, and IX), each represented by a single
variant. Despite a greater number of consensus regions defined by
Pajon et al. and Beernink al. than by Murphy et al., the same six
major subgroups were identified (Fig. 2).

The complexity of the different nomenclatures was addressed
by Brehony et al., who developed a publically available database
(http://pubmlst.org/neisseria/fHbp/) where scientists can deposit
their novel fHBP sequences and each can be given an independent
number (32). This database provides an important and useful

FIG 2 Phylogenetic analysis of fHBP protein sequences. (A) Nomenclature used to describe fHBP, including Pfizer and Novartis subfamily designations, N- and
C-terminal domains, and Pajon modular architecture assignations (20, 21, 29, 31). (B) Neighbor-joining tree of 569 fHBP variants from http://pubmlst.org
/neisseria/fHbp/. The tree was generated in ClustalW (145) with 500 bootstraps and drawn using MEGA 5.05 (146). Subfamily designations are defined by
Murphy et al. and Masignani et al. (20, 29). Subfamily A (variants 2 and 3) can be further subdivided into 4 major groupings based on the N- and C-terminal
domains of fHBP (N1C1, N2C2, N1C2, and N2C1), and subfamily B can be divided into 3 groupings (N4, N5, and N6). Pajon et al. have made similar groupings
based on five variable segments, dividing all fHBP variants into 9 modular groups (31). The six major modular groups are indicated by the roman numerals (the
minor groups VIII and IX, each represented by a single variant, are not labeled on the tree). Not shown are several hybrid sequences that are composed of both
subfamily A and subfamily B regions. N2C1 and N2C2 together are equivalent to variant 2 (v.2), and N1C2 and N1C1 are equivalent to variant 3 (v.3). The bar
indicates genetic distance.
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function by allowing investigators to identify sequences from ei-
ther classification system and by tracking deposited sequences.
Numbers are assigned sequentially and do not differentiate be-
tween subfamilies. This lack of differentiation has meant that the
other two major naming systems (subfamily A and B and variants
1, 2, and 3) are still in use by different groups, as they are anchored
to the investigational vaccines that they support. Importantly,
subfamily A/variant 2 and 3 strains are immunologically related,
as they elicit protective antibodies across the group (32), but do
not cross-protect against subfamily B or variant 1 strains. These
will be reviewed in “Preclinical Evaluation of the Potential
Breadth of Coverage of fHBP-Based Vaccines” below.

Distribution and Diversity of fHBP

The epidemiology of fHBP from invasive and carriage isolates has
been extensively studied in several geographic regions, providing a
comprehensive view of the distribution and diversity of this pro-
tein. The largest of these studies included 1,263 systematically col-
lected MnB disease-causing isolates from the years 2000 to 2006.
The isolates were from the United States (ABC surveillance) and
four European public health laboratories (those in France, Czech
Republic, and Norway and the United Kingdom Health Protec-
tion Agency, which encompasses England, Wales, and Northern
Ireland) (29, 33). Except for one strain in which the fHBP gene
contained a premature stop codon at nucleotide 366, all the strains
were found to encode a full-length fHBP protein; 197 unique pro-
tein sequences were identified in this collection. Phylogenetic
analysis (Fig. 2) showed that the protein sequences fell into one of
two groups, the aforementioned subfamilies A and B, with �83%
sequence identity within each subfamily but only 60 to 75% iden-
tity between subfamilies (29). The subfamily distribution of the
strains was approximately 30% subfamily A and 70% subfamily B
(29). This overall distribution has remained constant, with re-
gions such as Sweden (34) and Brazil (35) reporting similar values.
South Africa, however, has a higher proportion of subfamily A
variants reported (36). Interestingly, in a follow-up study by the
Centers for Disease Control and Prevention in the United States, it
was found that although there was a lower proportion of disease
caused by fHBP subfamily A MnB isolates, infants and subjects
�65 years of age were more likely to be infected with fHBP sub-
family A strains, in contrast to adolescents and young adults, who
acquire disease dominated by fHBP subfamily B strains (37). The
same study also evaluated the distribution of fHBP proteins in
other meningococcal serogroups (MnC, MnY, and MnW135) and
showed that for these other serogroups the proportion of fHBP
subfamily A variants was also increased. Relatively more subfam-
ily A disease has also been identified for MnC isolates from South
Africa and for W135 isolates from the sub-Saharan meningitis belt
in Africa (36, 38, 39). Conversely, in South Africa, MnW135 is
dominated by a higher proportion of fHBP subfamily B variants.
MnA isolates obtained from sub-Saharan Africa were all fHBP
subfamily B.

Meningococcal disease is preceded by pharyngeal carriage, and
carriage rates are found to peak in adolescents and young adults
(40). The fHBP distribution of carriage isolates from this age
group has also been studied. These isolates have a higher propor-
tion of fHBP subfamily A variants regardless of whether they pos-
sess a capsule locus (5) or not (41). These observations lead to an
interesting proposition that isolates more associated with adoles-
cent carriage or disease in the extreme age groups express fHBP

subfamily A proteins, whereas isolates that cause disease in older
children and adolescents are more associated with fHBP subfam-
ily B. Though the fHBP gene has been detected in most isolates,
the truncated fHBP gene identified by Murphy et al. (29) was also
identified in MnC isolates (37, 42). However, in these MnC iso-
lates, a subpopulation of cells with the mutation appeared to be
expressing fHBP on the cell surface, which is suggestive of a com-
pensatory expression mechanism (42). Four additional isolates
carried the identical frameshift mutation but had acquired com-
pensatory mutations restoring both the fHBP reading frame and
fHBP surface expression (42), demonstrating a strong selection
for retention or restoration of fHBP expression. fHBP confers a
benefit for the bacteria in vivo, as binding human factor H protects
the bacteria from complement attack (43). A small number of
isolates that lack the fHBP gene have been identified (44). These
isolates are estimated to represent 0.04% of all the isolates that
caused disease in England, Wales, and Northern Ireland over a
35-year period. Similar strains have not been identified in other
countries. Also, it is important to note that the immune status of
the patients from whom these strains were isolated is unknown,
and it cannot be ruled out that the patients were immunocompro-
mised or had complement defects. Nevertheless, it remains to be
determined whether NspA, another meningococcal surface pro-
tein that binds human fH, could substitute as a virulence factor
and downregulate the alternative complement pathway in these
fHBP gene-negative isolates or whether these isolates have other
mechanisms to avoid the innate immune response (45).

Topology of fHBP on the N. meningitidis Cell Surface

fHBP is located on the surface of N. meningitidis, as depicted sche-
matically in Fig. 3 (20, 21, 46). Its tri-Pam-Cys-modified N termi-
nus serves to anchor the protein to the outer membrane (47). The

FIG 3 Schematic depiction of fHBP anchored on the surface of N. meningiti-
dis. Shown is the B01 fHBP structure colored as follows: white, N-terminal
flexible stem; green, N-terminal domain; blue, C-terminal domain; pink,
linker between the �-structures of two domains. Inset, top view of fHBP dem-
onstrating the surface proposed to face away from the bacterial surface.
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subsequent Gly/Ser-rich segment forms a flexible and variable-
length chain which tethers the main body of fHBP to the anchor,
as seen in a recently solved three-dimensional (3D) structure (48,
49). fHBP presents a novel fold comprised chiefly of two domains,
one dominated by a �-sheet and the other by a �-barrel. The
N-terminal �-sheet is “taco shaped” and folded to itself with
amino acid side chains from both edges coming into close contact.
The C-terminal �-barrel is composed of consecutive antiparallel
strands with a hydrogen-bonded backbone and is “cannoli like” in
that the hydrophobic or fatty side chains fill the barrel. These
features are shared by all fHBP structures solved so far. They in-
clude variants B01 (also known as variant 1.55) (48, 49) and B24
(variant 1.1) (50–52), as well as a B24-based artificial fHBP in
which 22 amino acids were converted to A subfamily counter-
parts, mostly in the C-terminal domain (53). Protein variants of
the two fHBP subfamilies share 60 to 75% sequence identity dis-
tributed throughout the protein, presumably allowing for conser-
vation of structure and function, since variants of both subfami-
lies bind hfH.

The side-by-side spatial alignment of the two domains provides
fHBP with a brick-shaped main body (Fig. 3, inset) which has a
wider surface area that is accessible to antibodies (48). This upper
surface is populated with residues that are either conserved across
all fHBP variants or conserved within the A or B subfamily (Fig. 4)
(29). Two nonbactericidal monoclonal antibodies that recognize
free recombinant fHBP but do not bind to fHBP on intact menin-
gococcal cells have been mapped to an area at the bottom surface
of the N-terminal domain, illustrating that this area is less acces-
sible to antibodies when the protein is expressed on the bacterial
surface (48).

Evidence that Human Factor H Is the Ligand for fHBP

The first indication that fH is the ligand for fHBP came from
observations that strains in which fHBP had been deleted had
reduced binding to fH and reduced survival in a human comple-

ment-mediated killing assay compared to the wild-type isogenic
strains (16). The discovery that the natural ligand for fHBP was
hfH revolutionized our understanding of the importance of this
protein to N. meningitidis survival during infection.

Humans clear meningococci via both the classical and alterna-
tive complement pathways (24, 54–56), and it is widely accepted
that host genetic factors play an important role in meningococcal
susceptibility and disease outcome (56). Individuals with genetic
defects in any of the complement activation pathways are at an
increased risk of invasive meningococcal disease (IMD) (57). The
alternative pathway involves deposition of C3b on the bacterial
surface, leading to either direct lysis as a result of membrane attack
complex formation or uptake by phagocytes. Cleavage of C3 to
C3b by C3 convertase is controlled by host regulators such as fH.
fH is the main inhibitor of the alternative complement pathway
and a key discriminator between host and pathogen cells (58).
Many pathogens, however, have evolved to evade this alternative
complement pathway killing by binding fH on the bacterial sur-
face (59). A well-characterized example is PorB.1A from Neisseria
gonorrhoeae, which binds to fH short consensus repeat (SCR) do-
mains 18 to 20 (58, 60–62). Although fH binding proteins have
been identified in many pathogens, the sequence and structure of
fHBP are unique to N. meningitidis and a few other neisserial
species. Indeed, there was some early evidence of an immunore-
active fHBP-like protein in other neisserial strains, while the exis-
tence and expression of fHBP in these strains have not yet been
demonstrated by isolating fHBP from these strains (20, 21).

Factor H is a 150-kDa glycoprotein typically present in human
plasma at concentrations of 300 to 500 �g/ml (57, 63–65). It is
composed of 20 repetitive domains, termed short consensus re-
peats (SCRs), each containing approximately 60 amino acids. The
3D structures of several SCRs have been determined, showing a
globular structure with six-stranded antiparallel sheets connected
with loops and turns. The protein is an extended molecule and
appears to have a structure resembling beads on a string, where the
SCRs exhibit different activities (66, 67). The binding of fH to
specific host polyanions, such as heparin-like glycosaminoglycans
(GAGs), can protect the host from complement attack (68), thus
providing a mechanism for discrimination between invading mi-
croorganisms and the host (69).

Flow cytometric analysis has demonstrated that SCR domain 6
(SCR6) of fH is the main domain that interacts with fHBP on the
surface of N. meningitidis (61). A cocrystal structure shows specific
interactions involving both structural domains of fHBP (B24,
variant 1.1) with the fH peptide that contains SCR domains 6 and
7 (fH67, one of the three SCR regions on fH involved in binding
polyanions such as heparin), as shown in Fig. 5 (52). It is therefore
no surprise that the interaction between fHBP and fH67 can be
inhibited with a highly sulfated analogue of GAGs. This suggests
that fHBPs may mimic GAGs and act similarly to host tissues by
binding fH and preventing complement function on the bacterial
surface. Therefore, recruitment of fH to the bacterial surface is one
way in which N. meningitidis has evolved to counteract host innate
immunity (17). A recent human genome-wide association study
identified polymorphisms in the gene encoding fH that are asso-
ciated with decreased host susceptibility to invasive meningococ-
cal disease (70). This genetic variation in hfH may regulate its
affinity to fHBP and therefore affect the ability of the bacteria to
escape the host immune response.

Many studies have provided a better understanding of the prop-

FIG 4 fHBP conservation within and across the A and B subfamilies. The
residues defining the A and B subfamilies (gold) and the residues conserved in
all A and B variants (purple) are shown as spheres on the B01 structure. Other
residues are dimmed and colored according to structural regions: green, N-
terminal domain; blue, C-terminal domain; pink, linker between the �-struc-
tures of two domains. The membrane-anchoring N-terminal flexible stem of
fHBP is behind the structure.

fHBP as a Virulence Factor and Vaccine Candidate

June 2013 Volume 77 Number 2 mmbr.asm.org 239

http://mmbr.asm.org


erties of fH binding to fHBP on the surface of bacteria, including
fH affinity for fHBP and its role in mediating bacterial serum
resistance. Human factor H was found to have different binding
affinities for some fHBP-expressing MnB strains. However, it was
not determined whether the differences in fH binding were se-
quence variant specific (71). A similar study looking at a different
panel of variants confirmed that while fH bound to all strains
tested, there were great differences in the fH dissociation kinetics
among strains (72). This study also found no correlation between
the level of fHBP expression and the level of fH binding. Strains
which lack fHBP can be highly sensitive to killing by whole blood
or human serum, as they are unable to bind fH and inhibit the
alternative complement pathway (73). However, MnB strains that
bind to fH, even with low affinity, are able to survive in human
blood (71). Seib et al. confirmed this finding that serum resistance
does not correlate with either fH-fHBP affinity or the level of fH
binding (72). Although fH is required for bacterial survival in
blood, the low affinity of fH for fHBP in some meningococcal
strains is not a factor, likely because of the very high concentra-
tions of fH in human blood, which leads to fH-fHBP binding
saturation. The binding of fH to fHBP on the cell surface raises the
concern that important vaccine epitopes may be shielded from
bactericidal antibodies, both making a vaccine that targets fHBP
less effective and possibly preventing the vaccine from generating
an appropriate response. This is a hypothetical concern, as anti-
fHBP antibodies are capable of both inhibiting binding of fH to
fHBP and displacing fH from fHBP (74, 75). It has also been
suggested that binding of fH to the fHBP in the vaccine might
reduce the availability of epitopes during the immunization pro-
cess. This was evaluated in a recent study by Beernink et al., who
assessed the immunogenicity of fHBP-based vaccines in human
fH transgenic mice that were immunized with fHBP or a mutant
fHBP that eliminated fH binding (76). Though there was no sta-
tistically significant difference in SBA responses between the two
vaccines, a logarithmic regression looked at the effect of the con-
centration of human factor H on immunogenicity and found that
at high fH concentrations, the mutant vaccine generated slightly

higher bactericidal responses. Nonetheless, humans vaccinated
with wild-type fHBP generate substantial SBA titers (77–83),
demonstrating that this is not a relevant concern for human vac-
cines. Recently, another meningococcal surface protein, NspA,
was found to bind to human fH and contribute to bacterial com-
plement resistance for some MnB strains (45). Capsule expres-
sion, however, interferes with the binding of fH to NspA, and thus
the role of NspA in fH binding may be minimal.

Studies of binding of fHBP to its ligand fH have revealed how
well adapted N. meningitidis is to its human host. fHBP binds
preferentially to human fH, while chimpanzee, baboon, or rhesus
macaque fHs show less binding or barely bind at all (84). The
cocrystal structure of fHBP with human fH SCR6-7 peptide shows
the host specificity between the divergent human and nonhuman
primate fH SCR6 sequences that would interact with fHBP (61,
84). The specificity of fHBP for human fH also helps to explain the
observation that bactericidal titers measured with rabbit comple-
ment are typically higher than those measured in the presence of
human complement (85, 86). It is perhaps not surprising that N.
meningitidis fHBP demonstrates a preference for human fH, as N.
meningitidis is an obligate human pathogen that has coevolved
with its human host.

Regulation of fHBP Expression

N. meningitidis surface antigens are known to undergo antigenic
or phase-variable expression as a means to escape immune pres-
sure and adapt to environmental conditions (87). Genomic anal-
ysis has revealed that for a number of genes, the genome contains
short homologous DNA regions with the potential to be involved
in antigenic variation. For other proteins, repetitive nucleotides
result in phase-variable expression. Examples of surface proteins
regulated by these mechanisms include neisserial pilin, PorA, and
NadA (87, 88). The fHBP gene does not contain any of these
intrinsic regulator sequences. Neisserial surface proteins can also
be regulated by multicomponent regulatory systems or exogenous
compounds. For example, FetA expression is regulated by iron
(89), and an early report suggested that fHBP may also be regu-
lated by iron due to the identification of a putative Fur box motif
within its promoter region (20). More recently, it has been re-
ported that fHBP gene transcription in vitro is regulated by iron
availability, with the majority of strains upregulating fHBP gene
transcription under iron-rich conditions. The biological relevance
of this in vitro phenomenon is unknown, and clonal complexes
that actually made less fHBP mRNA under conditions of in-
creased iron in vitro were identified (90). It is also not known how
transcription rates correspond to protein expression. Although
free iron concentrations in the bloodstream are low, N. meningi-
tidis has access to iron through iron binding proteins such as
transferrin, lactoferrin, and hemoglobin. Oriente et al. demon-
strated that fHBP expression is under the control of two indepen-
dent promoters: a bicistronic transcript originating from an up-
stream gene and a monocistronic transcript from the promoter of
fHBP, PfHBP (91). PfHBP contains a putative FNR box motif such
that under oxygen limitation, transcription is upregulated from
PfHBP in an FNR-dependent manner. This suggests that in mi-
croenvironments where oxygen is limiting, such as the blood-
stream, N. meningitidis ensures the expression of fHBP, thereby
enhancing resistance to complement.

FIG 5 fH binding on fHBP. Shown is the cocrystal structure of human fH67

bound to B24 fHBP (52). fH67 is colored in orange, while fHBP is colored by
domain: green, N-terminal domain; blue, C-terminal domain; pink, linker
between the �-structures of two domains.
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Biological Properties of Monoclonal Antibodies Binding to
fHBP on the Bacterial Surface

A number of studies have investigated the properties of monoclo-
nal antibodies directed against fHBP (92–94). Diverse activities
are described for these antibodies; some can inhibit fH binding,
whereas others facilitate MnB killing either individually or in
combination with other monoclonal antibodies (92, 95). Bacteri-
cidal killing can be observed with strains that express lower levels
of fHBP using a combination of monoclonal antibodies that are
synergistic (93). Recent data suggest that antibodies against two
different meningococcal proteins, fHBP and neisserial heparin
binding antigen (NHBA), can cooperate to induce a bactericidal
response (96). A recent study demonstrated that some antibodies
have the ability to block fH binding to fHBP and that these anti-
bodies can enhance complement-mediated bactericidal activity
when small amounts of fHBP are expressed on the bacterial sur-
face (74). The effect of human IgG subclass on the functional activity
of anti-fHBP antibodies was recently examined, and it was shown
that IgG3 monoclonal antibodies had higher bactericidal activity than
IgG1 and IgG2 antibodies against an MnB isolate, whereas IgG1 an-
tibodies were similar or superior to IgG3 antibodies against a mutant
with increased fHBP expression (97). The relevance of these findings
for serum bactericidal activity in humans is unclear. However, since
vaccination with fHBP will elicit polyclonal antibodies, it is reason-
able to propose that multiple fHBP epitopes will be recognized and
the complement cascade may be activated even when strains express
lower levels of fHBP. In addition, polyclonal anti-fHBP antibodies
can prevent the alternative complement pathway inhibitor, hfH,
from binding to MnB strains, thus increasing their sensitivity to com-
plement attack.

In addition to studies exploring the mode of bactericidal activ-
ity, several analytical approaches have been used to specifically
map monoclonal antibody binding sites on fHBP. These include
Western blotting, enzyme-linked immunosorbent assay (ELISA),
flow cytometry, phage library screening, and nuclear magnetic
resonance (NMR) and antibody structure modeling studies (16,
92, 93, 95, 98). Although these studies did not provide informa-
tion as to whether the antibodies bind linear or conformational
epitopes, they helped define the structure of fHBP on the bacterial
surface. Figure 6A shows the locations of various monoclonal an-
tibodies that have been mapped by these methods and in combi-
nation with structural studies indicating the positioning of fHBP
above the bacterial outer membrane. The membrane-anchoring
stem of fHBP would not be predicted to be accessible to the host
humoral response due to hindrance of binding by the lipooligo-
saccharide (LOS) layer. fH and monoclonal antibodies do bind to
the bacteria, demonstrating that fHBP is both surface exposed and
accessible to antibodies (46, 99) (Fig. 6B). Importantly, bacteri-
cidal antibodies have been mapped to both the N and C termini of
fHBP, highlighting the importance of both regions in eliciting
bactericidal antibodies (98). Much of the protein, including the
subfamily-defining surface, is oriented toward the extracellular
space, where it can be subject to antibody recognition by broadly
reactive but largely subfamily-specific antibodies (47, 48).

In Vitro fHBP Surface Expression

The importance of fHBP to N. meningitidis is reflected by the
detection of the fHBP gene in essentially all MnB strains examined
(29, 33, 37, 44). Of 1,263 U.S. and European MnB invasive strains

from a prevalence-based study surveyed for surface expression of
fHBP, fewer than 2% did not express fHBP levels above the limit of
detection as measured using a universal monoclonal antibody,
MN86-994-11, that binds to both subfamilies of fHBP (46). The
apparent lack of binding was found to be dependent on the strain
and not on the fHBP sequence. Recently, a similar cross-reactive
antibody was identified by Vu et al., although only 21 different
variants were tested (100). Isogenic fHBP mutants in which the
fHBP gene was deleted are more sensitive to killing than the wild-
type strains when grown in the presence of human sera (16, 93,

FIG 6 Antibody-fHBP interactions. (A) The binding residues on fHBP of
bactericidal antibodies. Published bactericidal monoclonal antibody epitopes
are highlighted as red spheres on the secondary structure diagram of B01
fHBP. fHBP domains are colored by domain (green, N-terminal domain; blue,
C-terminal domain; pink, linker between the �-structures of two domains),
with fH binding residues highlighted in purple. (B) Interaction between sur-
face-exposed fHBP and IgG. Depicted schematically in the cell membrane are
fHBP (cyan) and PorA (gold) expressed on the N. meningitidis surface; on the top,
an IgG is drawn to scale. The fH binding residues on fHBP and the complemen-
tarity-determining regions on IgG are highlighted in purple and blue, respectively.
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101). A biological explanation as to why fHBP is present in inva-
sive MnB strains is that it prevents alternative pathway comple-
ment-dependent killing and/or killing by LL-37 (16, 101). LL-37 is
a cathelicidin produced by various immune cells and epithelial
cells in the nasopharynx, and it is postulated that fHBP prevents
LL-37 from interacting with the bacterial cell surface by electro-
static interactions, as also observed with N. meningitidis capsule
and LOS (101, 102).

In Vivo fHBP Surface Expression

As described above, surface expression of fHBP has been demon-
strated by in vitro studies. However, there is less information on
how the antigen is expressed in vivo. Indirect evidence can be
drawn from small-animal infection studies where the host im-
mune system interacts with surface-expressed fHBP in vivo. Stud-
ies in mice vaccinated with fHBP and then challenged with MnB
showed reduced nasal colonization (103, 104). Passive protection
studies in infant rats using antisera against fHBP demonstrated
protection against homologous and heterologous strain challenge
(105). Monoclonal antibodies to fHBP have also been shown to
offer protection in infant rats, confirming that fHBP is expressed
and accessible to antibody recognition in vivo (94).

Evidence of in vivo expression in humans comes from serolog-
ical studies that assessed the presence of antibodies to fHBP in
unvaccinated individuals. Jacobsson et al. demonstrated that titers
to fHBP in children increase with age, with a brisk rise in titers in
10- to 19-year-olds and a peak in the 30- to 39-year-old age group
(106). These observations correlate well with the age-related in-
creases in nasopharyngeal acquisition and carriage of meningo-
cocci, with highest meningococcal acquisition being seen between
15 and 24 years of age (107). Titers to fHBP have also been de-
tected in patients who have contracted invasive meningococcal
disease. Litt et al. detected antibody reactivity to fHBP in children
convalescing after meningococcal disease (27); however, levels of
antibody to fHBP prior to infection were not assessed in the study.
In contrast, Ala’aldeen et al. determined fHBP titers for subjects
with invasive meningococcal disease (IMD) at the time of hospital
admission and during early convalescence as well as for healthy
subjects with and without meningococcal carriage (108). All pa-
tients with IMD had detectable levels of anti-fHBP IgG, with con-
centrations that increased during the convalescence period, pro-
viding strong evidence that fHBP is expressed in vivo during
invasive disease. Furthermore, healthy carriers were also found to
have anti-fHBP antibodies, at levels similar to those found in invasive
disease patients and higher than those in noncarriers (108, 109). Fi-
nally, the existence of multiple variants and the antigenic diversity of
fHBP, which may be a consequence of immune selection pressure in
the human host, further imply that fHBP is expressed in vivo and
recognized by the host immune system (32). Altogether, these studies
provide evidence that fHBP is expressed in vivo in humans during
bacterial colonization and invasive disease.

fHBPs AS ANTIGENS FOR BROADLY PROTECTIVE MnB
PROPHYLACTIC VACCINES

Heterogeneity of fHBP Variants Expressed with Common N.
meningitidis Epidemiological Markers

Multilocus sequence typing (MLST) of meningococci has been an
important tool for the study of the population genetics and epide-
miology of meningococcal carriage and disease isolates and in the

understanding of the role of hypervirulent lineages (110, 111).
However, MLST analysis of �1,000 MnB isolates revealed consid-
erable heterogeneity of fHBP sequence variants within the com-
mon clonal complexes associated with invasive disease (29, 46). In
addition, all major clonal complexes include strains expressing
both fHBP subfamilies. Even the hyperinvasive ST32 complex,
which is dominated by one subfamily B variant (B24, variant 1.1),
contains at least 27 additional fHBP sequence variants (29). These
results were also seen in other smaller, non-prevalence-based
studies for MnB and in other N. meningitidis serogroups (32, 112,
113). Hao et al. recently conducted a comparative analysis of 38
Neisseria genomes and found that MLST could not predict viru-
lence gene content or strain phenotype (114). Thus, while MLST
remains a useful indicator for classification of strains and for
tracking outbreaks, it is not a reliable predictor of the fHBP se-
quence type, nor is it predictive of whether an MnB strain can be
killed by fHBP immune sera (23). As noted by Caugant and
Maiden, the selection of vaccine targets requires a knowledge of
the molecular epidemiology of the meningococcus, as this in-
forms which targets may achieve broad strain coverage by serum
bactericidal antibodies induced by the vaccine (4).

Preclinical Evaluation of the Potential Breadth of Coverage
of fHBP-Based Vaccines

fHBP has all of the attributes required for an effective MnB vac-
cine; it is cell surface exposed, present in �99% of all invasive
MnB disease isolates, and expressed in vivo during invasive dis-
ease, and it generates protective bactericidal antibodies. Measure-
ment of in vitro bactericidal activity by the SBA is the accepted
correlate for protection and as such was used as a surrogate of
efficacy for licensure of the MnC and MnACWY glycoconjugate
vaccines (115–117). An effective fHBP MnB vaccine must protect
not only against strains expressing the fHBP sequence present in
the vaccine but also against strains expressing heterologous fHBP
sequences. As outlined in “fHBP Nomenclature” above, fHBP can
be divided and subdivided into different groups/subgroups on the
basis of protein sequence. The relevance of the different subfam-
ilies/variants to breadth of coverage has been assessed by several
groups. To understand the breadth of protection, the sequence
variation and surface expression of vaccine components expressed
by the bacteria have to be understood, as well as the impact on the
vaccine formulation on immunogenicity.

fHBP is naturally a lipoprotein, and early preclinical studies by
Fletcher et al. clearly demonstrated that lipidated fHBP vaccines
were more immunogenic than the same variants expressed with-
out the lipidation tail (21). The breadth of coverage was also as-
sessed in these studies; four fHBP variants from each subfamily
were used to generate monovalent immune sera that were tested
for serum bactericidal activity against nine isolates expressing het-
erologous fHBP sequences. It was observed that the subfamily A or
B vaccine antigens elicited mainly subfamily-specific responses
and that these were cross-protective against strains expressing
variants from the same subfamily (21). This led to the hypothesis
by the authors that two lipidated fHBPs (one from each subfam-
ily) could be sufficient to develop a vaccine with the potential to
provide broad coverage across MnB invasive strains. In the same
time frame, Masignani et al. investigated the breadth of coverage
of three nonlipidated fHBPs, two representing subfamily A (clas-
sified as variants 2 and 3) and one representing subfamily B (clas-
sified as variant 1) (Fig. 2A) (20). In these studies, only the vaccine
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homologous strains were used in the SBA and robust SBA titers
were observed against the vaccine homologous strains. No SBA
killing against the subfamily B isolate was observed using the sub-
family A serum; however, some cross-protection was observed for
the subfamily B vaccines and the subfamily A strains. Coverage
studies for the nonlipidated variants have been further expanded
and have demonstrated that as with lipidated proteins, SBA pro-
tection is subfamily specific; however, the breadth of coverage
within the subfamily is not sufficiently covered when a single non-
lipidated variant is used in the vaccine (20, 31, 113, 118).

The hypothesis that two lipidated proteins would be sufficient
to provide broad coverage was further assessed by SBA using ei-
ther rabbit or human immune serum generated using the lipi-
dated variants B01 and A05 (23). One hundred MnB clinical iso-
lates that represented the diversity of fHBP sequences were tested.
The vast majority of the isolates were susceptible to both the rabbit
and human antisera generated to the bivalent lipidated vaccine
(23). These studies and the earlier epidemiological analyses (29)
show that there is no link between the susceptibility of a strain to
SBA and its particular fHBP protein or gene sequence provided
that the antibodies were generated with a vaccine containing a
lipidated fHBP variant from each subfamily. The factor that best
predicted the susceptibility of MnB strains to killing in the SBA
was in vitro fHBP surface expression. MnB strains show a wide
range of fHBP surface expression, from below the limit of detec-
tion (mean fluorescence intensity [MFI] of �100) to very high
levels (MFI of �30,000) (23, 46). In a panel of 100 diverse MnB
strains, only 13 strains were not killed in the SBA using rabbit
bivalent immune sera. All 13 strains expressed very low levels of
fHBP in vitro. Forty-five diverse subfamily A and B strains were
also tested in the SBA using adult human bivalent immune sera.
Similar to the results with rabbit sera, the human sera could not
kill strains that expressed very low levels of fHBP in vitro but could
kill strains of many different fHBP sequence variants showing a
wide range of fHBP surface expression (23). The bivalent fHBP
vaccine induced immune sera in adults that were able to kill a
broad range of variants, representing 84.5% of variants that cause
IMD (23, 29) (Fig. 7). Another group also observed decreased
killing against strains expressing low fHBP levels using mouse
antisera (31). A further study from the same laboratory con-
structed isogenic mutants with different levels of fHBP expression

and found that mouse fHBP antisera were not bactericidal against
a mutant with low fHBP expression (39). Thus, the in vitro surface
expression level of fHBP is a good predictor for whether a strain
may be susceptible in the in vitro SBA.

Several assays have been developed with the potential aim of
estimating the breadth of coverage in conjunction with SBA. The
meningococcal antigen surface expression (MEASURE) assay
monitors fHBP surface expression and accessibility on intact bac-
teria by flow cytometry (119). This assay utilizes a broadly cross-
reactive monoclonal antibody to a conserved epitope that binds to
all fHBP variants regardless of subfamily. The MEASURE assay
determines both fHBP surface expression and accessibility of
fHBP to antibodies in the presence of other surface antigens, as it
utilizes intact bacteria. The reactivity of the monoclonal antibody
to the surface of meningococci correlated (correlation coefficient �
0.81) with the reactivity observed with polyclonal bivalent anti-
fHBP sera and provided the ability to supply a more homogeneous
reagent over time than with polyclonal sera (46). The recently
developed meningococcal antigen typing system (MATS) assay
evaluates total protein from a cell extract (120). The MATS assay is
a sandwich ELISA that uses lysed bacterial extracts and rabbit
polyclonal antibodies against fHBP, NHBA, or NadA. The MATS
assay was found to correlate with susceptibility of MnB strains in
the SBA. MnB strains that exceeded a threshold value for any of
the three vaccine antigens had greater than an 80% chance of
being killed in the SBA. However, both of these assays have limi-
tations, as they measure in vitro expression levels of fHBP and do
not provide an indication as to how different populations or indi-
vidual subjects will respond to the vaccine. (This will be further
reviewed in “Estimation of Vaccine Efficacy for fHBP-Containing
Vaccines” below.) Therefore, the prediction of effectiveness needs
to be done with caution and definitely has to be fully substantiated
with large panels of epidemiologically relevant MnB strains in
hSBA using individual subject sera, as only a positive response in
hSBA correlated with protection (3). Ultimately, the data on how
effective MnB vaccines will be in providing broad protection
against meningococcal disease will be provided by surveillance
studies monitoring the disease incidence over time, as with the
implementation of the meningococcal conjugate vaccines (121,
122).

FIG 7 Demonstration of the breadth of coverage afforded by the bivalent fHBP vaccine: cumulative coverage of fHBP variants. Variants shown to be killed by
anti-fHBP bivalent immune sera from adults (23) are indicated on the x axis. The prevalence of these variants in a systematically collected set of 1,263 invasive
MnB disease isolates from the United States and Europe (29) is shown on the left y axis, with the cumulative prevalence indicated by the red line (right y axis).
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Estimation of Vaccine Efficacy for fHBP-Containing Vaccines

Seminal studies by Goldschneider et al. in the 1960s provided a
link between serum bactericidal antibody titers and natural pro-
tection against meningococcal disease (3). As humans get older,
meningococcal carriage rates increase, resulting in increased se-
rum bactericidal antibody levels over time. Goldschneider et al.
identified that humans with an hSBA titer of �4 were protected
from meningococcal disease. Although meningococcal disease is
devastating, the disease rates are generally too low to permit clin-
ical efficacy testing with a disease endpoint. Meningococcal poly-
saccharide-based vaccines were therefore licensed based on serum
bactericidal antibody levels as measured in SBA with either rabbit
(rSBA) or human (hSBA) complement (123–125). True vaccine
efficacy can then be monitored by postlicensure surveillance and is
often comparable to the initial SBA rates determined during phase
3 clinical testing (126). Assessment of vaccine efficacy for surface-
expressed proteins is much more complex than that for polysac-
charide-based vaccines because of sequence heterogeneity, anti-
gen accessibility, and antigen surface expression levels, which can
vary widely among disease-causing MnB strains. The selection of
clinical test strains used in hSBA to evaluate fHBP-containing vac-
cines must demonstrate that broad protection is achieved against
epidemic and endemic invasive disease. The use of hSBA clinical
test strains that carry only the homologous antigen sequence is not
adequate, as they may not provide an indication as to whether the
vaccine can be effective against more divergent sequences, as was
observed with PorA-based vaccines (11, 14). A more representa-
tive, nonbiased approach that addresses several factors, including
expression level and sequence variation, should be taken. It is also
important to validate the approach by using both randomly se-
lected and representative disease isolates for SBA. Thus, if strains
expressing heterologous vaccine antigens at levels reflective of the
majority of invasive MnB strains are used, then the efficacy of the
MnB vaccines would likely represent the efficacy against the diver-
sity of MnB invasive disease strains.

Development of fHBP Vaccines for Broad Protection
against MnB Disease

Vaccine development for the prevention of MnB disease has
proved to be a complex problem and has been under investigation
for many decades. Promising candidates such as porin-based vac-
cines have fallen short due to the antigen sequence-specific pro-
tection that they afford. An MnB vaccine containing fHBP re-
cently has been licensed, and there are two others, including one in
late-stage clinical testing, that contain fHBP components that are
intended to provide broad protection against invasive MnB dis-
ease. Two of the vaccines contain recombinant fHBP components
produced in E. coli, while a third approach utilizes OMVs that
have been engineered to express different fHBP sequences and
different levels of fHBP expression. A challenge for all these pro-
grams will be the postlicensure demonstration of broad MnB cov-
erage.

The 4CMenB vaccine (Novartis), which has been recently li-
censed in the European Union as Bexsero, is intended for individ-
uals 2 months of age and older and is composed of 3 recombinant
proteins expressing 5 MnB antigens (rMenB) together with an
OMV component (MeNZB) which provides PorA coverage
against the New Zealand outbreak strain NZ 98/254 (P1.7-2,4).
Two of the recombinant proteins in the 4CMenB vaccine are fu-

sion proteins containing sequence from four bacterial antigens
(GNA2091 fused to fHBP and NHBA fused to GNA1030); the
third recombinant protein is NadA (34). The fHBP included in
this vaccine is a nonlipidated subfamily B (variant 1.1/B24) pro-
tein variant (34), a variant detected in about 17% of MnB strains
collected in an MnB prevalence study of 1,263 isolates across Eu-
rope and the United States (29) and in 30% in a U.S.-only-based
prevalence study (37). The 4CMenB vaccine contains 50 �g each
of fHBP, NHBA, and NadA with 25 �g of the OMV.

The bivalent fHBP vaccine (rLP2086) (Pfizer) is designed
around the premise that two fHBPs, one from each subfamily, A
and B (B01 and A05), in their native lipidated form, are sufficient
to provide broad coverage against MnB disease-causing strains
(23).

Serum bactericidal data from clinical trials are available for both
these vaccines. Both vaccine trials measure in vitro bactericidal
activity with human complement (hSBA). A comparison of po-
tential vaccine efficacy is difficult due to differences in vaccine
composition and the fact that the numbers and types of MnB
strains (and associated fHBP sequence variants) used to demon-
strate the vaccine responses are very different. Table 1 provides
details on the different MnB test strains used in the clinical trials
for Novartis and Pfizer and the percentages of participants who
responded with a positive hSBA titer against the test strain at 1
month after dose 2 and 1 month after dose 3. It is important to
note that the immune responses obtained are specific for the age
groups with which they are tested and cannot be compared.

The clinical studies that support the Novartis 4CMenB vaccine
have been reviewed by Gorringe and Pajon (131). The 4CMenB
vaccine has been studied in infants, adolescents, and adults. No-
vartis has licensed this vaccine by using four reference strains to
determine bactericidal activity to each of the four vaccine anti-
gens. For example, N. meningitidis strain 44/76 measures the in-
dividual contribution of the anti-fHBP response, NZ 98/254 the
anti-PorA response, and 5/99 the anti-NadA response; therefore,
each strain is specific for its respective antigens (127). In phase 1
(127) and 2 (79) clinical trials with healthy adults, the proportions
of subjects with an hSBA titer of �1:4 at 1 month after dose 3 using
a strain with the homologous fHBP variant were 96% and 100%,
respectively. Moreover, a phase 2b/3 study in adolescents aged 11
to 17 years was able to demonstrate that similar high responses
against the fHBP reference strain could be observed after two
doses of the 4CMenB vaccine (82). hSBA data are available from
some clinical trials and provide an indication of the breadth of
coverage afforded by this vaccine by examining additional strains
expressing heterologous fHBP variants. Toneatto et al. reported
hSBA response rates of 7 to 100% for these fHBP heterologous
strains using sera obtained from a phase 1 study in adults (n � 27)
(127). Similar observations have been made for younger popula-
tions (infants and toddlers), with a trend for reduced immunoge-
nicity in the very young. For example, 100% of 6- to 8-month-old
infants vaccinated with 4CMenB had hSBA titers greater than or
equal to 1:4 against the homologous fHBP strain, while a strain
expressing the heterologous fHBP variant 1.15 (B44) had a re-
sponder rate of 70% (83). In a phase 2 clinical trial of healthy
2-month-old infants, 87% had an hSBA titer of �4 after the third
dose against strains expressing the antigen homologous to the
vaccine antigen, compared to 0 to 47% of subjects having SBA
titers of �4 against strains with the heterologous fHBP variants
1.14 (B03), 1.15 (B44), and 1.4 (B16) (77). Gossger et al. demon-
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TABLE 1 MnB test strains used in clinical trialsa

Company and target
population

Trial details (age of
participants, no. of
participants,
ClinicalTrials.gov
identifier) Strain name

Neisseria.org
ID Groupb

Sequence
IDc

% Homology to
fHBP vaccine
antigend

% of
responders
after dosee:

2 3

Novartis
Infants 2 mo, 147,

NCT00381615
H44/76 1 B, 1 B24, 1.1 100 95 87f

M01240355 31 A, 3 A47, 3.31 65.4 0 0
M01240101 15 B, 1 B44, 1.15 85.9 28 47

6–8 mo, 60,
NCT00433914

H44/76-SL 1 B, 1 B24, 1.1 100 100 100g

M01240101 15 B, 1 B44, 1.15 85.9 67 70
M01240355 31 A, 3 A47, 3.31 65.4 7 17

2 mo, 1885,
NCT00721396

44/76-SL 1 B, 1 B24, 1.1 100 NDh 99i

Adolescents 11–17 yr, 1631,
NCT00661713

44/76 1 B, 1 B24, 1.1 100 99 100j

1000 25 A, 2 A15, 2.25 68.1 85 86k

44/76 1 B, 1 B24, 1.1 100 100 100
95N477 22 A, 2 A10, 2.22 69.3 7 7

Adults 18–40 yr, 70 M01240013 19 A, 2 A22, 2.19 72.4 81 79
M1390 14 B, 1 B03, 1.14 91.8 96 96
M3812 12 B, 1 B06, 1.12 93.7 82 79
M4105 4 B, 1 B16, 1.4 96.1 100 100
M4458 25 A, 2 A15, 2.25 68.1 79 70
M6190 6 B, 1 B10, 1.6 94.5 39 43

18–50 yr, 54,
NCT00560313

44/76-SL 1 B, 1 B24, 1.1 100 100 97l

Pfizer
Toddlers 18–36 mo, 99,

NCT00387569
PMB1745 45 A, 3 A05, 3.45 100 59 83m

PMB17 87 B, 1 B02, 1.87 92 38 89
PMB663 19 A A22, 2.19 88.9 0 44
PMB265 13 B, 1 B09, 1.13 88.1 0 11
PMB3556 1 B, 1 B24, 1.1 86.2 7 20
PMB1168 45 A, 3 A05, 3.45 100 ND 100
PMB147 15 B, 1 B44, 1.15 91.6 ND 94
PMB1256 14 B, 1 B03, 1.14 90.8 ND 82
PMB1321 19 A A22, 2.19 88.9 ND 100

Children and
adolescents

8–14 yr, 127,
NCT00387725

PMB1745 45 A, 3 A05, 3.45 100 86 91n

PMB663 19 A A22, 2.19 88.9 53 59
PMB3556 1 B, 1 B24, 1.1 86.2 29 60
PMB17 87 B, 1 B02, 1.87 92 69 98
PMB265 13 B, 1 B09, 1.13 88.1 14 47

Adolescents 11–18 yr, 539,
NCT00808028

PMB3302 180 A, 3 A04, 3.180 96.6 97 98o

PMB1256 14 B, 1 B03, 1.14 90.8 30 68
PMB2001 187 A, 3 A56, 3.187 98.1 97 96
PMB2707 15 B, 1 B44, 1.15 91.6 70 87
PMB1321 19 A, 2 A22, 2.19 88.9 ND 88
PMB2948 1 B, 1 B24, 1.1 86.2 ND 84
PMB1745 45 A, 3 A05, 3.45 100 95 97
PMB17 87 B, 1 B02, 1.87 99 79 90

Young adults 18–25 yr, 103,
NCT00297687

PMB1745 45 A, 3 A05, 3.45 100 91 100p

PMB17 87 B, 1 B02, 1.87 99 82 88
PMB267 49 A, 2 A17, 2.49 88.1 100 100
PMB265 13 B, 1 B09, 1.13 88.1 97 96
PMB663 19 A A22, 2.19 88.9 64 100
PMB3556 45 A, 3 A05, 3.45 100 81 100

(Continued on following page)
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strated that response rates do not seem to be impacted by the
concomitant administration of routine infant vaccines, with over
99% of vaccinated infants achieving an hSBA titer of 1:5 or greater
against a strain expressing the fHBP variant homologous to the
vaccine antigen (78).

The clinical development path for the Pfizer bivalent fHBP vac-
cine differs from that for the Novartis vaccine, as no immunoge-
nicity data have been reported for infants. A small clinical study of
the Pfizer vaccine in infants (132) yielded fever rates that, while
not dissimilar to those observed with the Novartis vaccine (77, 78,
83, 132), were nonetheless higher than desired given that menin-
gococcal serogroup B disease in young infants occurs predomi-
nantly in neonates. Accordingly, Pfizer has noted its intention to
develop its vaccine for use in adolescents (133). Adolescents expe-
rience high rates of meningococcal B disease (134) and are impor-
tant carriers of meningococci (40). In addition, immunization
campaigns with meningococcal serogroup C vaccines in children
and adolescents have resulted in herd immunity effects evident in
infants and other unvaccinated populations (135, 136).

Published studies are available that describe the clinical trial
results with both the initial (81, 128, 129) and final (80, 130, 137)
formulations of Pfizer’s bivalent rLP2086 vaccine. However, a
comprehensive review of clinical findings for Pfizer’s bivalent
rLP2086 vaccine is not yet available. Therefore, a brief summary is
provided here. Initial dose ranging studies with an initial formu-
lation of the bivalent rLP2086 vaccine were conducted in adults
(81), adolescents (129), and toddlers (128) using dose levels of 20
�g, 60 �g, and 200 �g of vaccine. An additional dose ranging
phase 2 study with the final vaccine formulation (60 �g, 120 �g,
and 200 �g) was conducted in adults (137) and adolescents (80).
Based on the hSBA immunogenicity and tolerability profiles ob-
served in the adolescent phase 2 study with the final vaccine for-

mulation, the 120-�g dose level was selected for further clinical
development (80). The Pfizer hSBA testing strategy was to select
four primary strains (two from each subfamily) that are represen-
tative of fHBP diversity and prevalence and have low and medium
fHBP surface expression. Additional exploratory strains were cho-
sen for their divergence from the primary hSBA strains (strain
information is listed in Table 1). For the early studies with the
initial vaccine formulation in young adults at the 60-�g dose, the
percentage of participants with hSBA titers of �1:4 was 60% after
dose 2, rising to 98% after dose 3. For the highest dose level tested
(200 �g) the response rates were 91% for the vaccine homologous
strain after dose 2, rising to 100% after dose 3 (81). Five heterol-
ogous MnB strains were also tested in this study; the response rates
after dose 3 ranged from 77 to 100% at the 60-�g dose and from 88
to 100% at the 200-�g dose. In another study in adults with the
final bivalent rLP2086 vaccine at the 120-�g dose, the response
rates after three doses were 81 to 94%, irrespective of whether the
hSBA strain expressed homologous or heterologous fHBP (130).
In adolescents and children over the age of 8 years, the response
rate after dose 3 at the 200-�g dose was 91% for the vaccine ho-
mologous strain and ranged from 47 to 98% for vaccine heterol-
ogous strains (129). In another adolescent study using the final
vaccine formulation and dose (120 �g), the response rate after two
doses was 95% for the homologous strain and ranged from 30 to
97% for strains with heterologous variants (80). These response
rates rose after 3 doses, to 68 to 98% for heterologous MnB strains
and 97% for the homologous strain. These data highlight the im-
portance of testing heterologous fHBP strains in the hSBA to un-
derstand the true MnB vaccine coverage. In addition to results for
adults and adolescents, results from a clinical trial with the initial
formulation of the bivalent rLP2086 vaccine conducted in healthy
toddlers aged 18 to 36 months with evaluation of a 4-fold rise in

TABLE 1 (Continued)

Company and target
population

Trial details (age of
participants, no. of
participants,
ClinicalTrials.gov
identifier) Strain name

Neisseria.org
ID Groupb

Sequence
IDc

% Homology to
fHBP vaccine
antigend

% of
responders
after dosee:

2 3

Adults 18–40 yr, 60,
NCT00780806

PMB1745 45 A, 3 A05, 3.45 100 75 94q

PMB17 87 B, 1 B02, 1.87 99 70 94
PMB1321 19 A, 2 A22, 2.19 88.9 75 94
PMB2707 15 B, 1 B44, 1.15 91.6 83 94
PMB2948 1 B, 1 B24, 1.1 86.2 72 81

a Strains that express the 4CMenB vaccine homologous PorA or NadA protein are not included in this table, which focuses on SBA responses to fHBP.
b Pfizer subfamily, Novartis variant.
c Pfizer variant number, Novartis subvariant number.
d B24 (1.1) for Novartis, A05 (3.45) and B01 (1.55) for Pfizer.
e Percentage of responders at 1 month after the indicated dose.
f Percentage of participants with hSBA titers of �4 (77).
g ND, not determined.
h Percentage of participants with hSBA titers of �1:4 (83).
i Percentage of participants with hSBA titers of �1:5 (78).
j Percentage of participants with hSBA titers of �4 (82).
k Percentage of participants with hSBA titers of �4 (127).
l Percentage of participants with hSBA titers of �4 (79).
m Percentage of participants with �4-fold rise in hSBA titer (128).
n Percentage of participants with hSBA titers of �1:4 (129).
o Percentage of participants with hSBA titers equal to or greater than the limit of quantitation (LOQ) (80).
p Percentage of participants with hSBA titers of �1:4 (81).
q Percentage of participants with hSBA titers of �1:4 (130).
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hSBA titers have been published (128). The 200-�g response rate
after dose 3 ranged from 44 to 100% for six heterologous MnB
strains. Lower responses in the toddlers were observed against a
B09 strain (variant 1.13) (11%) and a B24 strain (variant 1.1)
(20%) (128). Furthermore, when different strains expressing
the same variant were tested, different responses could be ob-
served; for instance, an A22 (variant 2.19) strain had response
rates of 44%, yet a second A22 (variant 2.19) strain had rates of
100%, emphasizing the complexity of monitoring the breadth
of coverage.

Another approach to an MnB vaccine is to overexpress fHBP in
OMVs. Phase 1 studies for an OMV-based vaccine that combines
OMVs from three different strains that have been engineered to
overexpress MnB antigens, including different fHBP variants, are
in progress. Preclinical studies demonstrated that the vaccine gen-
erated serum bactericidal antibodies against homologous MnB
strains (W. D. Zollinger, M. Donets, B. L. Brandt, B. Ionin, E. E.
Moran, D. Schmiel, V. Pinto, M. Fisseha, J. Labrie, R. Marques,
and P. Keiser, presented at the 16th International Pathogenic
Neisseria Conference, Rotterdam, The Netherlands, 2008), and
initial clinical findings indicate that the vaccine is safe and well
tolerated (138). The same group has generated another genetically
detoxified native OMV vaccine with overexpressed fHBP, stabi-
lized OpcA, and expression of a second PorA. This vaccine has
completed phase 1 clinical trials and was found to be safe and
effective at generating cross-reactive bactericidal activity to differ-
ent strains (139, 140). Recently, Koeberling et al. tested an OMV-
based vaccine that expressed penta-acetylated LOS and overex-
pressed lipidated fHBP variants 1.1 (B24) and 2.77 (subfamily A)
in infant rhesus macaque monkeys (141). The four vaccinated
animals had serum bactericidal titers of �1:4 against nine diverse
heterologous strains.

CONCLUDING REMARKS

The fHBP gene is found in all N. meningitidis genomes sequenced
to date, in �99% of clinical MnB strains examined to date, and in
MnB carriage isolates, suggesting that fHBP is a critical protein for
this pathogen. In addition to MnB, other serogroups (A, C, W135,
X, and Y) have been shown to contain fHBP (36, 38). The recent
finding that fHBP gene transcription is expressed from two sepa-
rate promoters, which are regulated by both oxygen and iron
availability, further suggests the important role of fHBP in the
virulence and pathogenesis of N. meningitidis (91). Although
some sequence variation is exhibited by fHBP (32), the protein
still maintains conserved regions for binding human fH and reac-
tivity to protective immune sera. Taken together, all of the above
information supports the classification of fHBP as a virulence fac-
tor involved in infection and possibly carriage.

fHBP is a vaccine candidate with great promise for the preven-
tion of serogroup B meningococcal disease caused by diverse in-
vasive MnB strains. This is exemplified by the following: (i) The
fHBP gene is found in almost all MnB disease isolates, (ii) fHBP is
expressed on the bacterial surface, (iii) protein sequences of fHBP
can be divided into two distinct subfamilies containing a
conserved subfamily-specific surface, (iv) fHBP is important for
survival of N. meningitidis in ex vivo models, and (v) humans
immunized with an fHBP-containing vaccine generate broadly
protective bactericidal antibodies. In addition, fHBP-containing
vaccines may have the opportunity to reduce MnB carriage and

may elicit protection against meningococcal disease caused by
other serogroups, since these strains also contain the fHBP gene.

UNCERTAINTIES

fHBP has great potential as a vaccine for the prevention of sero-
group B meningococcal disease, yet several uncertainties remain.

Who Should Be Vaccinated?

While the disease burden in infants is high, it can be difficult to
induce robust, broad, and sustained immune responses in the very
young. This has now been observed for PorA, OMV, and the new
generation of MnB vaccines (15, 77, 128, 142, 143). Though the
incidence of serogroup B disease is high in infants, there are more
cases in the adolescent and young adult group combined in the
United States and most of Europe (134). In addition, adolescents
clearly have a role in the carriage and transmission of meningo-
coccal disease, and therefore vaccination of this age group may be
important in both the control of outbreaks and overall disease
prevention (40). The two advanced fHBP vaccines both induce
robust responses against homologous strains in this age group,
and if they are demonstrated to interrupt carriage, they may also
have a profound effect on disease prevention in infants. However,
whether the height of the immune response and the breadth of
coverage will be sufficient to interrupt this transmission will be
uncertain until postlicensure surveillance studies have been con-
ducted. Another challenge for this population is the reduced rate
of compliance to obtain a full multidose regimen (144).

Will These Vaccines Interrupt Carriage?

It is now well established that polysaccharide-based vaccines can
interrupt carriage; however, the mechanism of action of anti-
fHBP antibodies differs from that of both anticapsule and anti-
PorA antibodies, which function strictly via the classical comple-
ment pathway. Antibodies to fHBP can block hfH binding and/or
induce bactericidal activity, thereby utilizing a combination of the
alternative and complement pathways (74).

Will the Vaccines Have Different Efficacy in the Field?

Preclinical data obtained for animals have indicated that lipopro-
teins induce more robust bactericidal responses, yet how these
results will translate to human populations is uncertain (21) and
cannot be assessed in the absence of head-to-head clinical studies.
It is also unclear whether the MATS and MEASURE assays can
predict individual or population coverage, as they both measure
only fHBP expression levels, which can predict whether a strain is
killed in hSBA but do not predict vaccine responses in individuals
or a population, unlike the hSBA response, the true correlate of
protection. Therefore, ongoing epidemiological surveillance will
be required to confirm vaccine effectiveness and monitor sus-
tained effectiveness within immunized populations.
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