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Background. Recombinant forms of Neisseria meningitidis human factor H binding protein (fHBP) are un-
dergoing clinical trials in candidate vaccines against invasive meningococcal serogroup B disease. We report an
extensive survey and phylogenetic analysis of the diversity of fhbp genes and predicted protein sequences in invasive
clinical isolates obtained in the period 2000–2006.

Methods. Nucleotide sequences of fhbp genes were obtained from 1837 invasive N. meningitidis serogroup B
(MnB) strains from the United States, Europe, New Zealand, and South Africa. Multilocus sequence typing (MLST)
analysis was performed on a subset of the strains.

Results. Every strain contained the fhbp gene. All sequences fell into 1 of 2 subfamilies (A or B), with 60%–
75% amino acid identity between subfamilies and at least 83% identity within each subfamily. One fHBP sequence
may have arisen via inter-subfamily recombination. Subfamily B sequences were found in 70% of the isolates, and
subfamily A sequences were found in 30%. Multiple fHBP variants were detected in each of the common MLST
clonal complexes. All major MLST complexes include strains in both subfamily A and subfamily B.

Conclusions. The diversity of strains observed underscores the importance of studying the distribution of the
vaccine antigen itself rather than relying on common epidemiological surrogates such as MLST.

Invasive disease caused by Neisseria meningitidis is a

rapidly progressing, disseminated infection with a case

fatality rate of ∼10% [1], and 10%–20% of survivors

experience serious permanent sequelae (eg, neurolog-

ical impairment, digit, limb, or hearing loss). Vaccines

for meningococcal serogroups A, C, Y, and W135,
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which were initially based on the serogroup-definin

polysaccharides and more recently on conjugates of the
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polysaccharides with protein carriers, have been available for

several years. In countries in which these vaccines, particularly

meningococcal serogroup C conjugate vaccines, have been

adopted, disease caused by strains of these serogroups has sig-

nificantl decreased [2]. However, a polysaccharide-based vac-

cine is not feasible for serogroup B (MnB) strains, because of

the similarity of the MnB capsular polysaccharide, a homo-

polymer of (a2r8) sialic acid, to the polysaccharide component

of human neural cell adhesion molecule [3, 4]. Therefore, the

focus of attention for MnB vaccines has shifted to surface-

exposed protein antigens that are capable of eliciting protective

immunity.

Factor H binding protein (fHBP), an ∼28 kD lipoprotein,

was firs identifie as a protective antigen through biochemical

fractionation of a soluble outer membrane preparation that had

been shown to elicit a broadly cross-reactive, PorA-independent

bactericidal response against a variety of heterogeneous sero-

group B strains [5–7]. This lipoprotein, called LP2086 by

Fletcher et al. [7], was also identifie by Masignani et al. [8],

who referred to it as GNA1870. It has recently been shown to

bind complement factor H [9], with specificit for factor H

from humans or higher primates [10]. Accordingly, the protein

has been renamed fHBP. Recruitment of factor H to the surface

of the bacterium, thereby inhibiting the alternative complement

pathway, may be an important survival mechanism for path-

ogenic Neisseria [11]. Individuals carrying a genetic polymor-

phism in a presumed regulatory region for factor H have been

reported to have elevated serum levels of factor H and an

increased risk for meningococcal disease [12], and strains in

which fhbp has been deleted are more susceptible to comple-

ment-mediated killing [13]. Thus, in addition to its ability to

elicit a bactericidal response in humans [14], fHBP plays an

important role in virulence for this organism.

Early analysis of fHBP sequences from 63 strains that rep-

resented a variety of N. meningitidis lineages identif ed 39

unique protein variants (differing by at least 1 amino acid) that

we classifie into 2 distinct groups, subfamilies A and B, with

183% amino acid identity within a subfamily but only 60%–

75% amino acid identity between the subfamilies [7]. Bacte-

ricidal antibody responses were found to be mainly specifi to

each fHBP subfamily [7]. In a similar analysis, Masignani et

al. [8] observed 24 unique variants among 78 strains and clas-

sifie fHBP into 3 groups of variants: group 1 (corresponding

to subfamily B) and groups 2 and 3 (together corresponding

to subfamily A).

Members of the fHBP family are currently being evaluated

clinically in 2 separate MnB candidate vaccines, 1 of which

contains both a subfamily A and subfamily B protein, and the

other of which contains only a subfamily B protein (in com-

bination with other antigens). Measuring vaccine performance

and demonstrating the sensitivity of disease-causing strains to

vaccine-induced antibody is more complex for protein-based

vaccines than for capsule-based vaccines. To lay the ground-

work to address these issues, we have undertaken a compre-

hensive survey to examine the distribution and diversity of

fHBP in an epidemiologically relevant, systematic collection of

recent MnB clinical isolates.

MATERIALS AND METHODS

Strains. A set of 1263 invasive MnB strains was obtained from

the public health laboratories of the United States, Norway,

France, the Czech Republic, and from the Health Protection

Agency in Manchester (HPA), which covers England, Wales,

and Northern Ireland (table 1). For the United States, strains

were from the Active Bacterial Core Surveillance sites [16],

which collectively cover ∼13% of the US population. Available

isolates for the period 2000–2005 (180% of reported cases for

those years) were included in the study. For the European coun-

tries, strains were collected in a systematic way by order of date

received at the reference laboratory. Every seventh (Czech Re-

public) or every eighth (HPA, France, and Norway) isolate from

2001–2006 was included. The isolates from Europe that were

included in this collection thus represent ∼13% of invasive MnB

isolates from the respective reference laboratories for the period

covered by this study. The starting collections from these ref-

erence laboratories are estimated to cover 80%–85% of all in-

vasive MnB isolates in France [17] and 50%–70% of those in

the Czech Republic. For the HPA collection and Norway, cov-

erage is estimated to be 95%. A total of 9 strains from all sources

were not viable upon receipt at Wyeth and were excluded from

the collection.

We also sequenced fhbp from 574 additional invasive MnB

strains from various collections and years, for a total of 1837

strains (table 1). These additional strains were mainly from the

United States, HPA, Norway, Czech Republic, New Zealand,

and South Africa. They were included in our analysis of se-

quence diversity but were not included in analyses of variant

frequency unless otherwise noted (eg, isolates from South Af-

rica, for which all available isolates for 2005 were evaluated).

Polymerase chain reaction (PCR) and sequencing. The

strategy for sequencing fhbp employed an initial PCR reaction

with primers designed to recognize conserved regions upstream

of and partially overlapping the leader peptide of fhbp and

within 45 nucleotides downstream of the termination codon

(5′-CTATTCTGCGTATGACTAGGAG-3′ and 5′-GTCCGAAC-

GGTAAATTATCGTG-3′, respectively). PCR templates were

prepared by boiling several N. meningitidis colonies from choc-

olate agar plates in 100 mL of distilled H2O for 5 min, then

diluting 1:4 in distilled H2O. PCR reactions (50 mL total vol-

ume) contained 4 mL DNA, Premix Taq-EX TAKARA enzyme

cocktail (TAKARA Bio USA), and primers (0.4 mmol/L each).

The amplificatio steps were 95�C for 5 min, 33 cycles of 95�C
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for 50 s, 59�C for 50 s, and 72�C for 50 s, followed by an

extension step at 72�C for 7 min. Amplifie DNA was purif ed

using AMPure magnetic beads (Agencourt) and resuspended

in 80 mL 10 mmol/L Tris-acetate buffer (pH 8.0).

Sequencing primers were slightly internal to the initial PCR

primers and were hybridized to conserved regions in the N-

terminus of fhbp or to subfamily-specifi C-terminal regions.

Conserved N-terminal and internal primers were 5′-TATGACT-

AGGAGCAAACCTG-3′ and 5′-AGCTCATTACCTTGGAGAG-

CGGA-3′, respectively. Subfamily-specifi C-terminal and in-

ternal primers were 5′-TACTGTTTGCCGGCGATG-3′ and

5′-GAATGCTTTGCCGTGATACTCGGCT-3′, respectively, for

subfamily A and were 5′-TTCGGACGGCATTTTCACAATGG-

3′ and 5′-GGCGATTTCAAATGTTCGATTT-3′, respectively, for

subfamily B. All primer reactions were run for all strains; only

those corresponding to the correct subfamily were successful.

Sequencing reactions contained 4 mL PCR product, 2 mL 5�

buffer (ABI PRISM BigDye Terminator V.3.1 Cycle Sequencing

Ready Reaction Kit), 4 mL ABI BDT_V3 polymerase, and 1 mL

primer (3.2 pmol/mL) in a reaction volume of 20 mL.

Plates were handled on a Rapid Plate 96 channel Qiagen Bio

Robot and with a Multi-probe II 4 tip system. Reactions were

heated to 96�C for 30 s and then cycled at 96�C for 10 s, 50�C

for 5 s, and 60�C for 4 min for 25 cycles. Electrophoresis was

performed on an ABI3730 DNA sequencer (Applied Biosys-

tems). Sequences were examined to verify double-stranded cov-

erage with Sequencher 4.0, and sequences were subsequently

trimmed to match the length of the mature protein (lipid at-

tachment cysteine to termination codon). fhbp variant numbers

were assigned sequentially to new sequences with use of a no-

menclature that indicated subfamily, protein, and nucleotide

variant (eg, A22_003 indicates the third nucleotide sequence

variant of subfamily A protein variant number 22). This no-

menclature replaces that used in our other publications [7].

Initially, all strains were sequenced twice from independent

PCR reactions. After sequencing ∼100 strains with no discrep-

ancies between duplicates, only those strains containing new

fhbp sequences were confi med by repeat PCR and sequencing.

Sequences were deposited in GenBank with accession numbers

FJ184079-FJ184274. Multilocus sequence typing (MLST) was

performed according to the protocols at the Neisseria MLST

Web site (http://pubmlst.org/neisseria/) [18].

Bioinformatic analyses. Protein sequences were aligned

with ClustalW 1.83 [19]. Distances were calculated by the

neighbor-joining method [20] in ClustalW, with correction for

multiple substitutions [21]. Consensus sequences were calcu-

lated using the EMBOSS utility “con” [22]. Each variant had

equal weight in calculation of the consensus, with no adjust-

ment for variant frequency. Trees were displayed using MEGA

software, version 4.0 [23]. Independent subfamily A and sub-

family B alignments were generated by separating the alignment

of all sequences, without realignment or gap removal, to pre-

serve a common numbering system. Networks were generated

using Splitstree, version 4.0 [24], with default parameters.

For construction of minimum spanning trees, the aligned

unique protein sequences were reduced to the set of 77 (sub-

family A) or 101 (subfamily B) variable positions, and the

remaining data were converted to a numerical matrix. Gen-

eration of minimum spanning trees and construction of clus-

ters of fHBP sequences were performed with Bionumerics, ver-

sion 5.1 (Applied Maths), with use of a categorical coeffi ient.

Linkage priorities were assigned as follows: (1) maximum num-

ber of single-locus variants, (2) maximum number of single-

and double-locus variants, and (3) maximum number of se-

quences belonging to a single type, with hypothetical types

being permitted.

RESULTS

Summary of fhbp sequencing. fhbp was detected in all 1837

strains examined. All strains encoded a full-length protein ex-

cept for 1 (0030/01), which carried a premature stop codon at

nucleotide 366. There were 218 unique nucleotide sequences

encoding 173 unique protein variants of mature fHBP. Two

variants carried a substitution in the termination codon that

resulted in a 3 amino acid extension at the C-terminus (B82

and B112). Phylogenetic analysis indicated that all genes fell

into 1 of 2 groups (figu e 1A), which had previously been

named subfamilies A and B [7]. There were 74 unique fHBP

subfamily A and 99 unique subfamily B protein sequences, of

which 41 and 67, respectively, were represented by just 1 strain.

Pairwise identities within a subfamily ranged from 83% to 99%;

between subfamilies, pairwise identities ranged from 60% to

75%. A consensus alignment is shown in figu e 2. Evaluation

of individual residue variation revealed that 111 amino acids

(44% of all residues) were invariant among all proteins of both

subfamilies (coded red in figu e 2). Within subfamily B, 166

residues were invariant; subfamily A is somewhat less diverse,

with 192 positions completely conserved. At 32 positions, the

residues were subfamily-defining that is, the residues were

identical within and characteristic for either subfamily A or B

(coded yellow in fig re 2).

Despite the clear existence of 2 subfamilies, 1 variant, A62

(found in 2 genetically and geographically unrelated strains,

0167/03 [Czech Republic, ST-5932] and 21626 [France, ST-

2688]), was an apparent result of recombination between sub-

families. The N-terminus of A62_001 was 100% identical to

B09 from nucleotides 1–556, and its C-terminus was 100%

identical to A22 from nucleotides 507–768. The 2 A62 genes

differed by 2 nucleotides. Most of the diversity between the 2

families is found in the C-terminal domain, and therefore, the

recombinant variant was assigned to subfamily A. Such inter-

subfamily recombination events evidently occur very rarely, be-

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jid
/a

rtic
le

/2
0
0
/3

/3
7
9
/9

0
0
7
9
3
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



Sequence Diversity of N. meningitidis fHBP • JID 2009:200 (1 August) • 383

Figure 1. A, Neighbor-joining tree generated based on the ClustalW alignment of 172 unique fHBP protein sequences. The truncated B110 sequence

was excluded from the alignment. The tree was bootstrapped 500 times and drawn using MEGA software. B, SplitsTree analysis of subfamily A fHBP

variants. C, SplitsTree analysis of subfamily B variants. The trees in panels B and C are based on full-length alignments of subfamily A and subfamily

B variants, respectively. D, SplitsTree analysis of the N-terminal domain (residues 1–139 [26]) of all subfamily A and B variants. Representative variants

are labeled. Subdomain assignments are described in the Results. In the nomenclature of Masignani et al. [8], variant 2 is equivalent to subfamily A

variants carrying the N2 domain (N2C1 and N2C2); variant 3 is equivalent to subfamily A variants carrying the N1 domain (N1C1 and N1C2); and

variant 1 corresponds to subfamily B variants.

cause only these 2 recombinants were identifie among 11800

strains.

Network analysis of fHBP sequences. Phylogenetic net-

work analysis provides a better description of sequence rela-

tionships than standard tree representations when, as in the

case of N. meningitidis, evolution most likely proceeds via hor-

izontal transfer and recombination rather than linear, branched

speciation events [25]. Network analysis using SplitsTree, ver-

sion 4.0, subdivided subfamily A into 4 groups with multiple

and equally likely paths among them (figu e 1B). Visual ex-

amination of the aligned sequences in each group further re-

vealed the existence of 2 N-terminal domain types (N1 and

N2) and 2 C-terminal domain types (C1 and C2), which have

apparently recombined in all 4 possible combinations. The 2

groups with the N1 domain, N1C1 and N1C2, are together

equivalent to variant 3 in Masignani et al. [8], whereas the N2-

containing variants, N2C1 and N2C2, together correspond to

variant 2 in Masignani et al. [8]. The average pairwise distance

of all N1-containing variants versus those with the N2 domain

was 0.15266, whereas the distance between variants carrying

C1 (ie, N1C1 and N2C1) versus those with C2 (N1C2 and

N2C2) was 0.11529, indicating that, within subfamily A, more

diversity is contributed by the N-terminal domains than by the

C-terminal domains. However, the genetic distance between

either of the N1- or N2-containing subfamily A groups and

subfamily B (0. 47303 and 0.39271, respectively) was 2.5–3

times greater than the distance between the 2 subgroups of

subfamily A, reaffi ming the essentially bifurcated nature of the

fHBP phylogenetic tree (fi ure 1A).

N1 and N2 were distinguished by 20 “signature” residues
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Figure 2. fHBP consensus alignment and evaluation of residue conservation. Alignment of the consensus sequences of 97 subfamily B variants

(truncated variant B110 excluded), 73 subfamily A variants (hybrid A62 excluded), and each of the 4 groups of subfamily A variants N1C1 ( ),n p 14

N1C2 ( ), N2C1 ( ), and N2C2 ( ). A57, which carried an N3 domain, was included only in the complete subfamily A alignment.n p 23 n p 21 n p 14

Residues are numbered according to the full-length structure of the B01 variant [26]; asterisks (*) indicate the position of the KDN residues in some

variants, which are absent in the reference sequence B01. Residues are color-coded according to the type of variation exhibited at each position.

Residues conserved between both subfamilies are colored in red and are 100% identical among all variants; orange indicates residues that differ in

just 1 variant. Subfamily-defining residues (ie, residues that differ between subfamily A and subfamily B but are invariant within each subfamily) are

shown in yellow. Subdomain signature residues (shown in green) are those that define the 4 subgroups of subfamily A (figure 1B); these are noted

as “X” in the consensus line for all subfamily A variants. Variable residues (black on white) are those that varied in more than a single variant without

conforming to any pattern. Many of these are conserved in the majority of sequences, and thus display identical consensus residues across all 6

groups. “X” indicates that there is no consensus residue. Only 1 position in the alignment (180) contained as many as 5 different residues, all other

positions were limited to a maximum of 4.
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Figure 3. Minimum spanning trees generated based on variable amino acid positions in the protein alignment of fHBP variants in 1317 strains

(systematically collected strains and strains from South Africa). Trees were generated with Bionumerics with use of a categorical coefficient and are based

on 77 variable positions in subfamily A (A) and 101 variable positions in subfamily B (B). The size of each circle is proportional to the number of strains

carrying that variant. Each color in the circles represents a different MLST clonal complex. Groups based on fHBP protein sequence (connected by colored

background) were formed where the neighboring distance was �5 amino acid differences, with formation of hypothetical types allowed. Connecting lines

are proportional to distance.

(marked in green in figu e 2), including the KDN insertion

after residue 67, that were 100% diagnostic for either N1 or

N2. A third form of the N terminal domain, N3 (found in only

1 strain [variant A57]), had the signature residues of N1 except

for the 3 most C-terminal signature residues, where it carried

the N2 signature Ile85, Arg86 and Gln87. In the C-terminal

domain, 8 residues were 100% diagnostic for either C1 or C2

in subfamily A (fi ure 2).

Network analysis of subfamily B did not yield obvious sub-

groups similar to that of subfamily A (figu e 1C). However,

consideration of just the N-terminal domains (residues 1–139

[26]) of all variants of both subfamilies (figu e 1D) indicated

a close relationship between subfamily A and B variants. The

majority of subfamily B variants (84% of subfamily B strains

in the systematically collected set) possessed an N-terminal do-

main (N6) with all signature residues of the A subfamily N2

domain. Variation at the nonsignature residues resulted in the

independent branching of N2 and N6. This analysis also re-

vealed 7 subfamily B variants with N-terminal domains that,

like N3, appeared to be a result of recombination between an

N1- and N2-like domain between residues 79 and 85 (N4,

exemplifie by B44), as well as 4 subfamily B variants that

could have arisen by recombination of an N1- and N2-like

domain between residues 55 and 63 (N5).

Minimum spanning trees constructed from the variable po-

sitions in the subfamily A and subfamily B protein alignments

are shown in figu e 3. Complexes were allowed to form from

neighboring sequences containing up to 5 amino acid differ-

ences. In both trees, it is evident that a few “founder” sequences

and closely related variants (with 1–2 amino acid differences)

make up the majority of the fHBP population. In subfamily B,

31 variants (39 strains) were not included within any complex;

26 of these occurred in just 1 strain, and 5 others occurred in

�4 strains. In subfamily A, there were just 9 variants (11 strains)

that were not included within any complex.

Geographic distribution and frequency of fHBP variants.

Overall, 71% of the systematically collected strains and 70% of

the larger strain set were subfamily B variants, the remainder

being subfamily A variants. Within each individual country, the

percentage of strains carrying subfamily A variants ranged from

23% to 35%, and the percentage carrying subfamily B variants

ranged from 65% to 77% (table 2). The distribution of strains

in the United States is affected by an ongoing epidemic in

Oregon that is not representative of disease elsewhere in the

country. If Oregon is excluded from the analysis of strains from

the United States, the subfamily distribution for the other US

sites is 45% subfamily A and 55% subfamily B. In South Africa

(where all available isolates from 2005 were evaluated), sub-
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Table 2. Frequency of the 10 Most Common fHBP Variants in the Systematically Collected Strain Set, by Geographic Location

Country

No. of

strains

Percentage

in

subfamily Common variants, percentage of strains

A B B24 B16 B44 B03 B09 A22 A19 A12 A05 A07

Czech Republic 28 25.0 75.0 17.9 3.6 10.7 7.1 0 3.6 0 10.7 3.6 0

France 244 32.4 67.6 19.7 6.6 5.7 22.5 1.6 12.7 3.7 2.5 1.2 1.2

Norway 23 34.8 65.2 34.8 8.7 4.3 17.4 0 30.4 0 0 4.3 0

England, Wales, Northern Ireland 536 23.3 76.7 3.9 23.5 22.0 6.7 9.9 7.8 1.7 0.4 4.3 0.9

United States

Including Oregon
a

432 34.5 65.5 42.6 5.1 0.2 3.2 3.9 10.4 3.5 6.3 0.2 3.0

Not including Oregon
a

291 45.0 55.0 29.2 6.5 0.3 4.8 4.5 12.7 4.5 8.6 0.3 4.5

Total 1263 29.1 70.9 21.1 13.2 10.8 8.8 5.8 10.0 2.6 3.0 2.3 1.7

South Africa 54 57.4 42.6 11.1 14.8 1.9 3.7 3.7 13.0 13.0 0 0 0

a
Statistics for the United States are impacted by the epidemic in Oregon [27].

Table 3. Domain Assignments and Frequency

for All fhbp Variants

This table is available in its entirety in the online

version of the Journal of Infectious Diseases

family A strains were isolated more frequently than were sub-

family B strains (31 [57.4%] of 54 strains were subfamily A),

including a high frequency of a variant (A32) that was rare

elsewhere.

Within the systematically collected strain pool, 143 fHBP

variants were identifie among the 1263 strains; 92 variants

were found just once, and 20 variants were found in 2 strains

each. Only 18 variants were found in �10 isolates; of these, 10

variants (5 each of subfamily A and subfamily B) accounted

for 79% of the systematically collected strain set (table 2). Fre-

quencies for all variants are given in table 3.

Although the 10 most common variants were almost always

among the most common in each country, their rank order

differed (table 2). In the United States, B24 accounted for 42.6%

of the isolates from 2000–2005. B24 is associated with the ST-

32 clonal complex, which has been responsible for long-term

hyperendemic disease in parts of the United States (particularly

in Oregon) [27] and many parts of Europe [17, 28]. Strains

carrying the B24 variant were common in Norway (35%) and

France (20%) but were less frequent in the HPA set (4%), where

the common subfamily B variants were B16 (23.5%) and B44

(22.0%). B44 was isolated less frequently in France, Norway,

and the Czech Republic and was isolated only once in the

United States. No major changes in variant frequency within

countries were observed over the 6 years surveyed (f gure 4).

Relationship of MnB genetic lineage and fHBP sequence

type. Data for common MLST clonal complexes from the

systematically collected strains from the United States, France,

Norway, and the Czech Republic are shown in figu e 5. Most

clonal complexes contained both subfamily A and subfamily B

variants. For example, the ST-41/44 clonal complex is highly

diverse and contains a wide diversity of fHBP variants, includ-

ing 107 subfamily A strains (13 different variants) and 129

subfamily B strains (17 variants). Two subfamily A (A12 and

A22) and 2 subfamily B variants (B03 and B16) accounted for

39% and 42%, respectively, of ST-41/44 strains. The major

exception was the ST-32 clonal complex, where 234 (87%) of

270 strains carried the B24 variant. However, despite the high

frequency of B24 within this lineage, 27 other fHBP variants

representing both subfamilies (10 subfamily A and 17 subfamily

B) occurred in the remaining 36 strains. Analysis of PorA sub-

typing data for 500 strains revealed a similar diversity of fHBP

variants within most PorA types (data not shown).

DISCUSSION

Our molecular subtyping analysis confi ms that there are 2

phylogenetic groups of fHBP sequences, subfamilies A and B.

Sequence variation is distributed throughout the length of the

proteins and is interspersed with highly conserved residues;

there are no hypervariable regions characteristic of other surface

antigens, such as PorA. The pattern of natural sequence vari-

ation of fHBP suggests that evolution is operating under dif-

ferent constraints within each subfamily. Variation in both the

N- and C-terminal domains of subfamily A is relatively limited,

whereas subfamily B shows more evidence of recombination

in the N-terminal domain and more allowable mutation overall.

The division of fHBP variants into 2 sequence families par-

allels the functional immune reactivity of these proteins. The

111 residues common to and conserved between both subfam-

ilies map mainly to the interior core structure of fHBP, whereas

32 subfamily-specifi residues lie mainly on one surface of the

structure [26]. These residues are likely to be largely responsible

for the subfamily-specifi immune response. Because mono-

valent fHBP vaccines elicit bactericidal antibodies that are
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Figure 4. fHBP variants by country and by year in the systematically collected strain set. The 6 most common variants for each subfamily are

included. CZ, Czech Republic; FR, France; NO, Norway; UK, United Kingdom; US, United States.

Figure 5. Distribution of fHBP variants within clonal complexes. Mul-

tilocus sequence type was determined for 694 of the 727 strains from

the United States, France, Norway, and Czech Republic from the system-

atic collection. Data for 672 strains belonging to clonal complexes con-

taining at least 6 strains (461 subfamily B and 211 subfamily A) are

included in the figure; 22 strains in less common complexes are not

shown. NA indicates sequence types (STs) that were not assignable to

a clonal complex. Each color represents a different fHBP variant; the

most common variants are labeled.

largely subfamily specifi [7, 29, 30], a bivalent vaccine is nec-

essary to provide coverage against both subfamilies. A bivalent

vaccine given to mice, rabbits, monkeys, or humans is capable

of generating serum bactericidal antibody responses against a

variety of heterologous strains [5–7, 14, 31].

In assessing the likelihood that a surface protein–based vac-

cine will recognize a majority of clinical isolates, it is imperative

to monitor the variation and expression of each individual

antigen rather than relying on epidemiological surrogates. In a

few instances, a particular fHBP variant may predict MLST (eg,

97% of B24 strains belong to the ST-32 clonal complex), but

the opposite is not necessarily true (figu e 5). Earlier, less com-

prehensive studies [32, 33] showed that neither PorA nor MLST

is predictive of fHBP variant. Similarly, this study showed that

even those complexes, such as ST-32, that contain a dominant

variant also contain examples of many other fHBP variants of

both subfamilies.

A number of N. meningitidis surface protein–based vaccines

have been considered for development, but the hurdles have

been considerable. These include a failure to generate bacte-

ricidal antibodies in humans (Neisserial surface protein A

[NspA]) [34], a high degree of sequence divergence in critical

epitopes (PorA and Tbp) [35–37], and an absence of the gene

in many isolates (N. meningitidis Adhesin A [NadA]) [32, 38].

However, fHBP is ubiquitous in N. meningitidis, is expressed

on the bacterial surface, generates bactericidal antibodies in

humans, and sequence divergence within each of the 2 sub-

families does not limit the development of a broad, subfamily-

specifi bactericidal response [5–7, 14, 30, 39]. All of these

attributes make a bivalent recombinant fHBP vaccine a prom-

ising candidate for prevention of MnB disease.

The strains described in this study have also been evaluated

for surface expression of fHBP and serogroup B capsule [40].

They show a range of expression for both, with no correlation

between amount of capsule and level of surface expression of

fHBP. The best predictor for killing by anti-fHBP antibodies

appears to be the level of fHBP surface expression [30]. All

1837 strains evaluated in this study contained the fHBP gene,

consistent with the important role that fHBP is believed to play

in survival of the organism in vivo. An interesting observation

was the detection of 3 strains with truncated or hybrid variants

of fHBP; additional studies are necessary to determine whether

these proteins are functional. Ongoing studies are aimed at
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further refinin the correlates of fHBP surface expression and

protection in relation to the selection of appropriate assay

strains for the evaluation of Phase III sera. The epidemiolog-

ically and genetically characterized collection of invasive MnB

strains described here forms the framework for this ongoing

work.
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