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Highly effective glycoconjugate vaccines exist against four of the five major pathogenic groups of meningo-
cocci: A, C, W-135, and Y. An equivalent vaccine against group B meningococci (menB) has remained elusive
due to the poorly immunogenic capsular polysaccharide. A promising alternative, the investigational recom-
binant menB (rMenB)- outer membrane vesicle (OMYV) vaccine, contains fHBP, NHBA (previously GNA2132),
NadA, and outer membrane vesicles (OMVs) from the New Zealand MeNZB vaccine. MenB currently accounts
for 90% of meningococcal disease in England and Wales, where the multilocus sequence type (ST) 269 (ST269)
clonal complex (cc269) has recently expanded to account for a third of menB cases. To assess the potential
cc269 coverage of the rMenB-OMYV vaccine, English and Welsh cc269 isolates from the past decade were
genetically characterized with respect to fHBP, NHBA, and NadA. All of the isolates harbored fHbp and nhba
alleles, while 98% of the cc269 isolates were devoid of nadA. Subvariant profiling of fHbp, nhba, and porA
against ST's revealed the presence of two broadly distinct and well-defined clusters of isolates, centered around
ST269 and ST275, respectively. An additional molecular marker, insertion sequence 1S1301, was found to be
present in 100% and <2% of isolates of the respective clusters. On the basis of the genetic data, the potential
rMenB-OMY coverage of cc269 in England and Wales is high (up to 100%) within both clusters. Expression
studies and serum bactericidal antibody assays will serve to enhance predictions of coverage and will augment

ongoing studies regarding the significance of IS1301 within the ST269 cluster.

Despite the availability of effective antibiotics, the rapid
onset and progression of invasive meningococcal disease are
associated with high rates of mortality (5 to 10%) and severe
sequelae in survivors (28). Four of the five major pathogenic
groups (pathogenic groups A, C, W-135, and Y) are now cov-
ered by highly effective glycoconjugate vaccines that are im-
munogenic in infants and that induce immunological memory.
In addition, the prevention of acquisition and carriage by the
group C vaccine has been demonstrated to promote herd im-
munity (3). An equivalent vaccine for group B meningococci
(menB), however, has remained elusive due its poorly immu-
nogenic («2-8)-linked capsular polysaccharide, which is also
found in fetal neural tissue (38). Outer membrane vesicle
(OMV) vaccines, in which PorA constitutes the major immu-
nodominant antigen, have proven highly effective against
menB clonal epidemics (2, 4, 16, 30), and efforts to broaden
their coverage are ongoing (17, 37, 39). In an alternative ap-
proach, genome mining was used to search the menB strain
MC58 genome for genes for putative surface proteins, which
were then characterized for their global distribution and diver-
sity, surface expression, and immunogenicity in a process
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termed “reverse vaccinology” (25). Of the antigens discovered,
three scored particularly well in these respects: neisserial he-
parin-binding antigen (NHBA; previously known as genome-
derived neisserial antigen 2132 [GNAZ2132]), neisserial adhesin
A (NadA), and factor H binding protein (fHBP; also known as
GNAI1870 and lipoprotein 2086) (9, 25). NadA is a pathoge-
nicity factor involved in host cell adhesion and invasion and is
reported to be present in ~50% of isolates tested; it has a low
level of representation among carriage isolates and up to 100%
coverage in some hypervirulent lineages (6). All isolates pos-
sess an nhba allele. The minimum pairwise amino acid identity
between subvariants is reported to be about 54%; however,
these exhibit good levels of immunological cross-reactivity (14,
25). The binding of heparin by NHBA at an arginine-rich
region suggests a possible role in serum resistance (Novartis
Vaccines, unpublished data). fHBP is a virulence factor that
specifically binds to the human complement-regulating protein
factor H, thereby enhancing serum resistance (18, 27). So far,
all isolates have been shown to harbor an fHbp allele, and the
antigen falls into one of three major variant groups: variant 1
(also known as family B) and variants 2 and 3 (also known
jointly as family A). Collectively, NadA, NHBA, and fHBP
form a major constituent of the Novartis Vaccines investiga-
tional recombinant menB (rMenB)-OMYV vaccine (currently in
phase III trials) in which recombinant fHBP (variant 1) and
NHBA are fused with two other surface proteins, GNA2091
and GNA1030, respectively (10). Also contained in the vaccine
is an OMV component containing PorA subtype P1.7-2,4,



3578 LUCIDARME ET AL.

unassigned

cc269

cc461

cc35

cc60
cclt
cc22
ccl162
cc22

FIG. 1. Clonal complexes of meningococcal group B isolates (n =
87) submitted to the Health Protection Agency Meningococcal Refer-
ence Unit in January 2008.

which was used in the New Zealand MeNZB vaccine campaign
(29). Another vaccine, developed by Wyeth Vaccine Research,
comprises a single recombinant lipidated subvariant from each
of the two fHBP families, families A and B (24).

MenB currently causes over 90% of cases of invasive me-
ningococcal disease in England and Wales, where, in recent
years, the multilocus sequence type (ST) 269 (ST269) clonal
complex (cc269) has expanded to account for 31% of cases of
menB disease (Fig. 1). Relatively few data regarding the char-
acterization of nadA, nhba, and fHbp within cc269 have been
published, however. The aim of the present study was to de-
termine the presence and genetic diversity of each antigen in a
randomized selection of cc269 isolates from England and
Wales over the past 10 years. To identify possible antigenic
trends within the clonal complex, these data (along with the
porA subtype) were profiled against the ST and the genomic
presence of an additional genetic marker: insertion sequence
1S7301. 1S1301 is particularly relevant in this context, having
previously been implicated in the insertional disruption of
porA, nadA, and capsule expression (via siaA, the sialic acid
biosynthesis gene) (6, 7, 13, 23). Under certain conditions, the
insertion sequence has also been shown to enhance capsule
expression, leading to increased serum resistance (34). The
outcomes of this study will contribute to estimates of the level
of vaccine coverage in the United Kingdom, thus informing
decisions on whether to incorporate the vaccine into current
vaccination schedules.

MATERIALS AND METHODS

Isolates. The isolates used in the study (n = 168) were English and Welsh
menB cc269 isolates from cases in 2000 (n = 21), 2001 (n = 22), 2005 (n = 32),
2006 (n = 41), 2007 (n = 24), and 2008 (n = 28). These constituted cc269 isolates
identified by the Health Protection Agency Meningococcal Reference Unit in the
corresponding year, during which multilocus sequence typing (MLST) was per-
formed with every eighth isolate received during the whole year for 2000 and
2001 or all isolates received in January of the years 2005 to 2008. Grouping,
typing, and subtyping were performed by the Meningococcal Reference Unit
(11). All isolates were preserved at —80°C on Microbank cryovials containing
glycerol broth (ProLab Diagnostics, Richmond Hill, Ontario, Canada). Cultures
were prepared on Colombia agar with 5% (vol/vol) horse blood (Oxoid, Basing-
stoke, United Kingdom) and were incubated overnight at 37°C with 5% CO,.

J. CLIN. MICROBIOL.

Genomic DNA extraction. Approximately 20 overnight colonies were sus-
pended in 5 ml of 0.9% (wt/vol) saline with a sterile swab and were adjusted to
an optical density at 650 nm of 0.1. A 1-ml aliquot of suspension was then
incubated at 60°C for 70 min to ensure complete killing of the bacteria. The cells
were then pelleted by centrifugation at 6,000 X g for 10 min, and the extraction
was completed by using a DNeasy blood and tissue kit (Qiagen, Crawley, United
Kingdom), according to the manufacturer’s protocol for gram-negative bacteria.
The DNA was eluted in AE buffer and was stored at 4°C.

PCR and sequencing. PCR and sequencing of fHbp and nhba were performed
according to previously published methods (14). A deletion immediately down-
stream of the fHbp gene in a small subset of isolates necessitated the use of an
alternative reverse primer, primer gnal870R2-CGTGCCGTCGTGTCCTAG.
The presence of nadA was determined by PCR (5) in which nadA-negative
isolates yield an ~400-bp product consisting of a 16-bp region (in place of nadA)
and flanking regions that are common to both nadA-positive (nadA™) and nadA-
negative isolates alike. The absence of nadA elsewhere in the genome was
confirmed by using the internally directed primers nadaintF (5'-GTACTGACC
ACAGCCATCCTTGCC-3") and nadaintR (5'-GAAGAACCGGACGAAGTG
CCGAC-3") in a PCR consisting of 33 cycles of melting at a temperature of 96°C
for 30 s, annealing at a temperature of 70°C for 30 s, and extension at a
temperature of 72°C for 80 s. This was performed against a comprehensive
background of positive control isolates representing variants 1, 2, 3, 4, and 5
(including several alleles interrupted by IS7301 or a large 339-bp deletion [data
not shown]). Sequencing of nadA was performed by a previously published
protocol (5). The presence of IS7301 was determined by PCR with the internally
directed primers NG742 and NG743 (34). All PCRs were performed with
HotStarTaq DNA polymerase (Qiagen) with an initial activation step of 95°C for
15 min and a final step of 72°C for 7 min. The PCR products were stored at 4°C.
Before the PCR products were sequenced, they were cleaned with ExoSAP-IT
(USB Corporation), according to the manufacturers’ instructions, and then di-
luted 1 in 3 in nuclease-free water. Sequencing was performed with a BigDye
Terminator cycle sequencing kit (version 3.1; Applied Biosystems) in 10-pl
reaction volumes, according to the manufacturer’s protocol. The products were
cleaned by ethanol-sodium acetate precipitation and were resuspended in 15 pl
of HiDi formamide (Applied Biosystems). Sequence analysis was performed on
a 3130xl sequence analyzer (Applied Biosystems). Contig assembly and manual
adjustment of the bases were performed with the Sequencher program (version
4.8; Gene Codes Corporation).

Sequence alignments and phylogenetic analyses. The nucleotide and amino
acid sequences were aligned by using BioEdit software (version 6.0.8.0) (12) and
the corresponding prototype sequences from the genome of fully characterized
strain MC58 as a comparator. P-distance, neighbor-joining dendrograms were
created by using the MEGA software package (version 4.0) (31), in which
positions containing alignment gaps and missing data were eliminated only in
pairwise sequence comparisons (by use of the pairwise deletion option). The
remaining phylogenetic analyses were conducted with the eBURST program
(version 3) (8), in which the minimum number of identical loci for group defi-
nition was set at =5.

Nucleotide sequence accession numbers. The sequences identified in this study
have been submitted to the GenBank database and may be found under the follow-
ing GenBank accession numbers (the corresponding subvariant identifiers are given
in parentheses): for nhba, FJ615443 (subvariant 21), FJ615442 (subvariant 21),
FJ615445 (subvariant 17), FJ615446 (subvariant 24), FJ615441 (subvariant 29),
FJ615447 (subvariant 31), FJ615448 (subvariant 58), FJ615449 (subvariant
90), FJ615450 (subvariant 91), FJ615451 (subvariant 92), FJ615452 (subvariant 93),
and AE002098 (subvariant 3; strain MC58) (33); for nadA, FJ619642 (subvariant 2),
GQ405399 (subvariant 2; truncated), and GQ405400 (subvariant 5; truncated); and
for fHbp, F1615420 (subvariant 1.4), EU541890 (subvariant 1.13), EU541896 (sub-
variant 1.15), EU541891 (subvariant 1.60), EU541893 (subvariant 1.61), EU541894
(subvariant 1.62), EU541895 (subvariant 1.63), FJ153806 (subvariant 1.69),
FJ153807 (subvariant 1.71), EU541889 (subvariant 2.19), EU541892 (subvariant
2.19), FJ153809 (subvariant 2.68), GQ405398 (subvariant 3.31), FI615422 (subvari-
ant 3.59), EU541897 (subvariant 3.64), FJ615423 (subvariant 3.70), FJ615424 (sub-
variant 3.72), and AE002098 (subvariant 1.1; strain MC58) (33).

RESULTS

Several nomenclature systems exist for the fHBP and NHBA
protein subvariants and their corresponding alleles (1, 22).
NHBA subvariants have previously been described as falling into
1 of 14 main variants (1), assigned on the basis of the phylogenetic
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FIG. 2. P-distance, neighbor-joining dendrogram of translated fHbp subvariants present among cc269 isolates (n = 168) collected between

January 2000 and February 2008. Subvariant 1.1 (filled triangle) represents

the prototype subvariant originally discovered in strain MC58 (25) and

is included as a comparator; i.e., it was not present among any of the cc269 isolates. Filled and hollow circles, predominant ST275 cluster and ST269

cluster subvariants, respectively. The remaining subvariants appeared in

a single isolate each (of which the corresponding ST and year [in

parentheses] are included). Phylogenetic analyses were conducted with the MEGA program (version 4). All positions containing alignment gaps
and missing data were eliminated only in pairwise sequence comparisons (by use of the pairwise deletion option). There were a total of 270
positions in the final data set. The dendrogram is drawn to scale, with the sum of the branch lengths between two subvariants representing the
proportion of amino acid differences between those subvariants within the pairwise alignment.

clustering of a globally representative menB panel. There is, how-
ever, no obvious subdivision of NHBA into a small number of
main variants such as that seen with fHBP and NadA. The no-
menclature used for the fHbp and nhba subvariants in this study
follows that of the public fHBP and NHBA databases (http:/www
.neisseria.org), in which new allelic subvariants are assigned a
sequentially allocated, numerical identifier and a preexisting or a
new (sequentially allocated), numerical protein identifier (along-
side the corresponding Novartis variant [variant 1, 2, or 3] and
Wyeth family [family A or B], in the case of fHBP). This study
pertains to both epidemiology and vaccine coverage, and as such,
the allelic subvariants are described in terms of their translated
protein subvariant; e.g., fHbp 1.13 refers to Novartis variant 1,
Neisseria.org protein subvariant 13. The classification of NadA in
this study follows a well-established scheme (1, 5, 6), in which
subvariants are reported in terms of their main variant group, i.e.,
variant 1, 2, 3, 4, or 5. Individual protein subvariants of each of the
antigens are often encoded by several alleles either within or
between clonal complexes.

nadA. Of the 168 isolates, 164 (98%) were devoid of nadA.
Three of the four nadA™ isolates (isolates ST269, ST5975, and
ST275 recovered in 2000, 2006, and 2000, respectively) har-
bored nadA-2 alleles (the latter of which was truncated owing
to a single-base-pair deletion at residue 480). The fourth iso-
late (isolate ST6791, recovered in 2008) harbored a nadA-5
allele, apparently switched off at an internal poly(C) tract.

JSHbp. All of the isolates harbored fHbp alleles and comprised
16 subvariants in total (9 variant 1, 2 variant 2, and 5 variant 3
subvariants [Fig. 2] for 83%, 14%, and 2% of isolates, respec-
tively). The predominant subvariant was 1.15 (64% of isolates),
which appeared to decline in frequency over the period studied
(from ~70% to ~47% of isolates per year). Subvariants 1.13
and 2.19 accounted for the majority of the remaining cc269
subvariants (15% and 14%, respectively), and collectively,
these showed a trend for an increase in frequency (from ~24%
to ~47% of isolates per year). Between them, the alleles for
subvariants 1.15, 1.13, and 2.19 accounted for 93% of the cc269
isolates, while each of the remaining isolates harbored an allele
for 1 of 13 minor subvariants, each of which occurred in just a
single isolate. Four isolates harboring closely related variant 3
alleles had a 47-bp deletion immediately downstream of the
fHbp gene, necessitating the development of an alternative
reverse primer.

On a pairwise nucleotide alignment with the prototype strain
MCS58 subvariant (subvariant 1.1) as a comparator, both vari-
ant 2 alleles and seven (of nine) variant 1 alleles (including the
strain MC58 variant) shared a common 15-bp deletion in a
GC-rich region at residue 69. Two variant 3 alleles had 6-bp
and 9-bp deletions, respectively, in the same region. A 9-bp
deletion (corresponding to the amino acids KDN) was present
at nucleotide residue 251 in both variant 2 and eight (of nine)
variant 1 alleles (including the strain MC58 subvariant). All
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TABLE 1. Maximum and minimum intra- and intervariant
nucleotide pairwise identities for 16 fHbp subvariants
present among cc269 isolates recovered from
England and Wales between January 2000

and February 2008*
Maximum (minimum) pairwise identity
Variant
1 2 3
1 0.997 (0.879) 0.792 (0.717) 0.770 (0.689)
2 0.987 (0.987) 0.896 (0.874)
3 0.996 (0.943)

“ A total of 168 cc269 isolates were tested.

variant 2 and variant 3 subvariants harbored a 3-bp deletion at
residue 517. A single variant 1 allele was extended by 9 bp
owing to a C-to-T substitution within the stop codon. The
maximum and minimum intra- and intervariant nucleotide
pairwise identities of the 16 subvariants are listed in Table 1.

nhba. All of the isolates harbored nhba alleles, representing
10 subvariants in total (Fig. 3). The predominant subvariant
was 21 (66% of isolates), and the frequency of this variant
showed an overall trend for a decline from ~72% to ~47% of
isolates per year. Subvariant 17 accounted for the majority of
the remaining isolates (29% overall) and showed a probable
trend for an expansion in frequency over the period studied
(from ~24% to ~50% of isolates per year). Between them,
alleles for subvariants 21 and 17 accounted for 95% of cc269
isolates, while the remaining 5% of isolates harbored alleles
for one of eight minor subvariants, each of which was found in
just a single isolate.

On a pairwise nucleotide alignment, the latter third of the
gene (949 bp to 1.51 kbp) was devoid of indels and was rela-
tively well conserved (maximum and minimum pairwise iden-
tities, 0.996 and 0.956, respectively, versus 0.998 and 0.728,
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respectively, across the whole alignment). Upstream of this
were intermittent regions of clustered substitutions, relatively
conserved regions, and between three and seven indels per
subvariant. Three indel hot spots were noted, in which homol-
ogous regions between subvariants harbored one of several
different indels ranging from 3 to 192 bp in length.

Antigenic/genetic profiling of cc269 isolates. There were 38
distinct STs present among the cc269 isolates, with the ances-
tral ST (ST269) accounting for 38% of the isolates. Other
major STs included ST275 (14% of isolates), ST1161 (10% of
isolates), and ST283 (3% of isolates). The remaining 35% of
isolates were distributed among 34 minor STs accounting for
between one and eight isolates each. Initial ST profiling by the
use of the eBURST program indicated the presence of two
distinct clusters of closely related isolates centered around
ST269 and the major subgroup founder, ST275, respectively.
The remaining isolates were distributed among six nonclus-
tered STs (Fig. 4). Over the period studied, the ST269 cluster
exhibited a steady decline from ~70% to ~35% of isolates per
year, while the ST275 cluster expanded from ~30% to ~54%
of isolates per year (Fig. 5).

The isolates were genetically profiled with respect to the
vaccine candidate antigens (including the por4 subtype), the
ST, and the genomic presence of IS/301. Three major profiles
were identified, and these were found to segregate, for the
most part, between clusters ST269 and ST275. Overall, the
ST269 cluster accounted for 64% (n = 107) of cc269 isolates,
and 92% (n = 98) of these harbored both fHbp subvariant 1.15
and nhba subvariant 21. Of the remaining 8% (n = 9), 7% (n =
8) harbored either of these subvariants alongside a rare/minor
subvariant of the other antigen. The ST275 cluster accounted
for 32% (n = 53) of cc269 isolates overall, and 92% (n = 49)
of these harbored nhba subvariant 17. Of these, 41% (n = 20)
also harbored fHbp subvariant 2.19, while 47% (n = 23) har-
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subvariants present among cc269 isolates (n = 168) collected between

January 2000 and February 2008. Subvariant 3 (filled triangle) represents the prototype subvariant originally discovered in strain MC58 (25) and
is included as a comparator; i.e., it was not present among any of the cc269 isolates. Filled and hollow circles, predominant ST275 cluster and ST269

cluster subvariants, respectively. The remaining subvariants appeared

in a single isolate each (of which the corresponding ST and year [in

parentheses] are included). Phylogenetic analyses were conducted with the MEGA program (version 4). All positions containing alignment gaps
and missing data were eliminated only in pairwise sequence comparisons (by use of the pairwise deletion option). There were a total of 270
positions in the final data set. The dendrogram is drawn to scale, with the sum of the branch lengths between two subvariants representing the
proportion of amino acid differences between those subvariants within the pairwise alignment.
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The area of each circle indicates the relative frequency of each ST among the population studied. The founder ST (ST269) is shaded in gray.

bored fHbp subvariant 1.13. Collectively, fHbp subvariants 1.13
and 2.19 accounted for 87% (n = 46) of the ST275 cluster.
Only a single isolate of the ST275 cluster (ST352) did not
harbor at least one of these characteristic fHbp/nhba subvari-
ants. Of the eight nonclustered isolates, six had the fHbp sub-
variant 1.15/nhba subvariant 21 profile associated with the an-
cestral ST269 cluster. Another isolate (isolate ST6598)
harbored fHbp subvariant 2.19/nhba subvariant 21 and so tran-
scended both clusters, while the remaining isolate (isolate
ST492) had a minor subvariant of each antigen (Fig. 6). Inser-

tion sequence IS/301 was present within all of the ST269
cluster isolates but only a single ST275 cluster isolate. The
insertion sequence was present in seven of the eight nonclus-
tered isolates. There were 30 different por4 subtypes repre-
sented within the cc269 isolates. The ST269 cluster was rela-
tively heterogeneous in this respect, representing 28 different
subtypes. The predominant subtype among the ST269 cluster
and nonclustered isolates was P1.15-1,19-11, representing 54
(n = 58) and 50% (n = 4) of isolates, respectively, while
P1.15-1,19-11 was absent from the ST275 cluster. The ST275
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FIG. 5. ST clustering of English and Welsh cc269 isolates (n = 168) versus year of isolation.
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cluster was somewhat less heterogeneous, with only five differ-
ent subtypes being detected, of which 91% (n = 48) belonged
to P1.22,9 (Fig. 7). The two major cc269 profiles with respect to
fHbp, nhba, porA, ST, and the genomic presence of IS1301 are
presented in Table 2.

The four nadA™ cc269 isolates were distributed evenly be-

tween the clusters. Two (isolates ST6791 and ST275, respec-
tively) belonged to the ST275 cluster and, with the exception of
a minor fHbp variant (subvariant 1.71) in the latter isolate, had
an antigenic/genetic profile to match. The remaining two iso-
lates were of the ST269 cluster (isolate ST269) and nonclus-
tered ST5975, respectively. Other than the lack of IS7301 in
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TABLE 2. Major fHbp, nhba, porA, and 1S1301 profile versus ST
cluster for 160 cc269 isolates

Major antigenic subvariant

(proportion of cluster) Presence of

Cluster

1S1301¢
fHbp nhba porA subtype
269 centered  1.15 (94) 21(96) P1.19-1,15-11 (54) 100 (107/107)
275 centered  1.13 (47) 17(92) P1.22,9 (91) 2(1/53)
or 2.19 (40)

“Data are presented as percent (number of isolates in which IS/301 was
present/total number of isolates tested).

the STS5975 isolate, these conformed to the typical ST269 clus-
ter profile and shared a common porA subtype, P1.5-1,10-4.

DISCUSSION

The poorly immunogenic capsular polysaccharide and the
considerable diversity among menB immunodominant surface
epitopes have hindered the pursuit of a universal vaccine
against meningococcal disease (26, 38). OMV vaccines have
proven to be effective against clonal epidemics but, thus far,
offer little cross-protection on a broader scale (26, 32). A
number of relatively well-conserved surface proteins, fHBP,
NadA, and NHBA, have aroused considerable interest as pro-
spective components of broadly cross-protective meningococ-
cal vaccines (9, 10). This study aimed to characterize the pres-
ence and genetic diversity of fHbp, nadA, and nhba in recently
expanded English and Welsh cc269 isolates. Further profiling
of the antigenic data for ST, the porA subtype, and the pres-
ence of IS71301 was used to highlight underlying antigenic/
genetic trends within the clonal complex.

The frequency of nadA among isolates has previously been
reported to be approximately 50% (6). In this study, 4 of 168
cc269 isolates (2%) were found to harbor nadA alleles. The
ST6791 isolate in the ST275 cluster harbored an allele for
nadA-5 which shares significant homology with the poorly
cross-reactive, carriage-associated allele nadA-4. The allele
was apparently switched off at an internal poly(C) tract (unique
to nadA-5); however, Western blot analyses with similar
nadA-5" cultures have shown that the protein is present, indi-
cating the simultaneous presence of both on and off genes
within the culture (data not presented). Previously, nadA4-5 has
been described only in cc213 isolates (1), suggesting a possible
source from which this isolate (or a recent predecessor) may
have acquired the allele via the horizontal route. All of the
remaining three isolates (isolates ST5975, ST269, and ST275)
harbored nadA-2 alleles, but in the ST275 isolate, the nadA-2
allele was truncated due to a frameshift mutation. Apart from
their atypical nadA™ status, these isolates are interesting since
they transcend both the ST269 and ST275 clusters and the
nonclustered ST5975 ST. The fact that they harbor the same
variant suggests that these isolates may descend from a com-
mon nadA™ ancestor. This seems possible in the case of iso-
lates ST269 and ST5975, which are identical in terms of fHbp
and nhba and which share a relatively atypical porA P1.5-
1,10-4. The respective cases, however, were separated by ~6
years (2000 and 2006, respectively) and were geographically
remote (southeast England and Devon, respectively), thus ex-
cluding any clear epidemiological links. An independent hor-
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izontal transfer event appears to be likely in the case of the
remaining ST275 cluster isolate, however, since a common
nadA™ ancestor would have had to have preceded the diver-
gence of the two clusters, both of which are similarly devoid of
nadA. Despite its role as a pathogenicity factor, therefore, it
seems that cc269 has not yet adapted so that it may incorporate
nadA to any large degree.

In accordance with the findings of previous studies (14, 20),
all of the isolates harbored fHbp and nhba. The ST clustering
of 95% of the cc269 isolates (all years) into two distinct groups
(centered around ST269 and ST275, respectively) was greatly
reflected by the genetic profiles generated for fHbp, nhba, and
porA. Among the predominant antigenic subvariants described
for these antigens, there was minimal crossover between clus-
ters ST269 and ST275. The most discriminatory marker be-
tween the two clusters was the genomic presence of 1S7301,
which occurred in all of the ST269 cluster isolates but in just a
single ST275 cluster isolate. With the exception of isolates
ST492 and ST6598, the nonclustered isolates conformed to the
typical ancestral ST269 cluster profiles. Isolate ST6598 was
largely similar to the isolates in the ST269 cluster in harboring
1S7301 and nhba subvariant 21, but it also harbored fHbp
subvariant 2.19, characteristic of the ST275 cluster. Isolate
ST492 harbored minor subvariants of both fHbp and nhba and
was devoid of IS7301. A wider eBURST analysis of the whole
Neisseria MLST database indicates that ST492 is relatively
distant from ST269 (having diverged via two subgroup founder
STs) and that both ST492 and ST6598 diverged via a common
subgroup founder (isolate ST1354). Interestingly, both isolate
ST492 and isolate ST6598 were unique among the isolates in
sharing the por4 P1.12,13-1 subtype. The wider e BURST anal-
ysis also identified ST492 as the founder of a considerable
subgroup. Given the antigenic profile of isolate ST492 in this
study, it is conceivable that this subgroup may form another
largely distinct cluster, similar to the case for the ST275 cluster.
The fact that no single-locus variants of ST492 were identified
among the English and Welsh isolates may be an indicator that
this subgroup has emerged elsewhere and later been imported
into the region. Other subgroup founders worthy of surveil-
lance include ST283, ST1161, and ST1163.

These findings raise several interesting points, the first of
which relates to the way in which we view c¢c269. It is clear that,
at least in England and Wales, cc269 consists of two broadly
distinct groups (described here as clusters) and that this dis-
tinction spans both housekeeping genes and surface antigens
and includes the genomic presence of the mobile genetic ele-
ment IS/301. Unsurprisingly, the distinction between these
clusters is mainly blurred by the por4 subtype, yet even this
major immunodominant antigen displays a remarkable ten-
dency toward particular subtypes that differ between the two
clusters. By definition, the two clusters are from the same
clonal complex; however, for practical purposes it may be pru-
dent to view them as distinct. For example, the ancestral ST269
cluster is apparently in decline, while the ST275 cluster and
nonclustered isolates are expanding (frequencies, 35, 54, and
11% of cc269 isolates in 2008, respectively). It is clearly mis-
leading, therefore, to view the group solely in terms of ances-
tral traits, which the title “cc269” may infer. It is also worth
considering that several STs with four or more MLST alleles in
common with ST275 (but less than four alleles in common with
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the founder ST269) are currently unassigned to a clonal com-
plex (http://www.neisseria.org) and, by definition, are excluded
from cc269. It seems to be reasonable to assume that these
constitute an important arm of the ST275 cluster, yet they may
often go unrepresented in seemingly appropriate studies (in-
cluding the present study).

The second point raised by these findings, directly related to
the first, is the possibility that relatively distinct antigenic pro-
files might result in similarly distinct vaccine coverage. It is
likely that the NadA component of the rMenB-OMYV vaccine
would have a limited impact against both, largely nadA-defi-
cient clusters. The coverage afforded by the vaccine’s PorA
P1.7-2,4 component is also likely to be limited, since only two
of the isolates (isolate ST5978, recovered in 2006, and isolate
ST1163, recovered in 2007) were found to belong to the cor-
responding subtypes (subtypes P1.7-2,16 and P1.21,4, respec-
tively). At best, the heterogeneity of PorA among these isolates
would be likely, however, to limit the coverage of any single
PorA vaccine component to a maximum of ~46%; i.e., the
PorA P1.19-1,15-11 component would potentially cover ~64%
of the ST269 cluster and ~4% of the ST275 cluster (those
isolates harboring either or both variable epitopes, P1.19-1 and
P1.15-11). The coverage afforded by the vaccine’s NHBA and
fHBP components ought to be somewhat less susceptible to
such diversity, owing to their high inter- and intravariant cross-
reactivities, respectively (9, 20, 36). Any major disparity in
coverage between the two clusters would likely result from the
relatively poor intervariant cross-reactivity exhibited by fHBP
(9, 20). The fHBP variant 1 component of the rMenB-OMV
vaccine would theoretically cover approximately 83% of the
cc269 isolates, i.e., those harboring variant 1 fHbp alleles (71%
in January 2008). Of the remaining 17% of the non-variant 1
isolates, not covered by this component, at least 14% (21% in
January 2008) belonged to the ST275 cluster; i.e., they har-
bored fHbp subvariant 2.19. Nonetheless, the high residual
proportion of fHbp variant 1 among the cc269 isolates as a
whole favors the use of a variant 1 fHBP vaccine component.
All of the isolates harbored nhba, giving this broadly immuno-
logically cross-reactive component a theoretical coverage of
100%. A minor subvariant of at least one of fHbp or nhba was
represented by 11% of the cc269 isolates, and a minor subvari-
ant of both occurred in two (1%) of the isolates. Consideration
of these is also important in terms of vaccine coverage, al-
though the fact that they occurred in just a single isolate each
suggests that many of these unusual subvariants likely lack
longevity within the clonal complex. That most of the minor
subvariants had not previously been submitted to the GenBank
database  (http:/www.ncbi.nlm.nih.gov/GenBank/index.html)
or the Neisseria fHBP database (http://www.neisseria.org) may
indicate horizontal transfer from carriage isolates, with which
large-scale studies of these antigens are still to be performed/
reported.

Collectively, fHbp subvariants 1.15 and 1.13 accounted for
79% of the isolates, while nhba subvariant 21 and subvariant 17
accounted for ~95% of the isolates. These high theoretical
projections of coverage are, therefore, heavily reliant on there
being sufficient cross-reactivity between the vaccine subvari-
ants and these four highly representative subvariants. Previous
studies relating to the intra- and intervariant cross-reactivities
of fHBP and NHBA, respectively, however, are very encour-
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aging (25, 36). The remaining OMV-related antigens and the
GNA2091 and GNA1030 components may also serve to en-
hance the vaccine’s coverage; however, the epidemiology of
these antigens is beyond the scope of this study. The diversity
among menB as a whole precludes the use of just a single
antigen in a vaccine that is intended to provide broad cross-
protection, a situation that is mirrored, on a smaller scale, by
cc269. A vaccine based on just a single antigen may also be
susceptible to the emergence of escape mutants (10).

The apparently universal presence of IS/307 in the ST269
cluster and its effective absence from the ST275 cluster are
clearly significant findings. The insertion sequence has been
implicated in the phase variation of several genes and operons,
including porA, nadA, and the capsule locus (6, 7, 13, 23).
Under certain conditions the insertion of IS7301 into the cap-
sule locus can result in capsular upregulation and enhanced
serum resistance (34). Despite the potential benefits that
1S7301 may confer, the frequency of the ST269 cluster harbor-
ing the insertion sequence has been waning over the past
decade. Work is currently ongoing to understand the signifi-
cance of the insertion sequence within the clonal complex and
the wider implications concerning, e.g., pathogenesis and po-
tential effects on vaccine efficacy.

Despite distinct clustering and the overall lack of nadA and
porA P1.7-2,4, the potential coverage of cc269 by the rMenB-
OMYV vaccine (due to fHBP and NHBA) is encouraging. As
well as antigenic cross-reactivity, however, potential coverage
is likely to be dependent on phenotypic expression levels meet-
ing a threshold (15, 21). Further work in this area will therefore
be to assess the levels of expression of each antigen in all of the
isolates. Representatives of each antigenic/expression profile
may then be selected for serum bactericidal antibody assays
(the accepted surrogate of protection for menB) that will com-
pare antibody-mediated complement killing by pre- and post-
vaccination serum samples from clinical trials. This will provide
a reliable estimate of vaccine coverage among this important
component of menB disease in the United Kingdom, thereby
informing decisions on whether the vaccine should be incor-
porated into current schedules while informing future vaccine
design.
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