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Outer membrane vesicle (OMV) and recombinant protein-based vaccines targeted against multiple strains
of group B meningococci are under development. The serum bactericidal antibody (SBA) assay has been
designated the surrogate of protection, but the exact cutoff has not been determined. We measured the SBA
titers in 2,415 serum samples and the anti-OMV IgG antibody concentrations in 2,672 serum samples
representative of the English population to establish a baseline of natural immunity. SBA and anti-OMV IgG
antibody titers are high in infants in the first 3 months of life, declining thereafter, presumably as maternal
immunity wanes. About 6% of the subjects in the 1- to 11-year-old age group had SBA titers =4. During the
teenage years, there was a marked increase in the percentage of subjects with SBA titers =4, rising to over 50%
in 19-year-olds, with about 20% of older adults achieving this titer. The peak in SBA and anti-OMYV IgG titers
coincided with the peak in meningococcal carriage. Simple mathematical models confirm that the relationship
between observed seroprevalence and carriage by age is consistent with carriage inducing SBA and that
following an episode of carriage, SBA levels may remain elevated for many months. With the exception of
children aged 3 to 11 months, there was no clear relationship between disease incidence and seroprevalence.

With the introduction of meningococcal group C oligosac-
charide-protein conjugate (MCC) vaccines in the United King-
dom and the decline of group C disease in targeted age groups
(21, 28), attention is now being focused on the prevention of
group B meningococcal disease. From the trials of outer mem-
brane vesicle (OMV) vaccines in Cuba, Brazil, and Norway,
the serum bactericidal antibody (SBA) assay has been desig-
nated the surrogate of protection (3); however, the exact cutoff
is currently undetermined. Trials of candidate group B vac-
cines are now being undertaken, and it is imperative that we
further our understanding of the correlates of protection for
group B Neisseria meningitidis.

For group C disease, a series of studies in the United States
in the 1960s established that an SBA titer of 1 in 4 (with human
complement) is protective. Direct evidence was obtained from
soldiers who were monitored prospectively; those with SBA
titers less than 1 in 4 were more susceptible to meningococcal
disease (11). Indirect evidence was obtained from cross-sec-
tional seroprevalence studies, where an inverse relationship
between the age-specific prevalence of SBA activity and the
incidence of disease for groups A, B, and C was observed (11).
Further work in the United Kingdom established an SBA titer
of 1 in 8 with rabbit complement as a correlate of protection
for group C disease (4). MCC vaccines were licensed in the
United Kingdom and elsewhere on the basis of safety and
immunogenicity data, in the absence of a large efficacy trial. It
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is likely that efficacy trials of group B vaccines will also be
prohibitively large because of the low incidence of disease, and
hence, a large sample size will be required. In New Zealand,
the MeNZB vaccine was introduced without an efficacy trial,
with 95% of adults, 74 to 76% of children aged 6 months to 12
years, and 53% of younger infants responding to three doses
of vaccine with a fourfold rise in SBA titers to at least 1 in 8
(23, 24).

The main aims of this study were to describe the age-specific
seroprevalence of group B SBA and anti-OMYV IgG antibody,
to establish a baseline seroprevalence in the United Kingdom,
and to inform our understanding of the correlates of protec-
tion for group B disease. The strain selected (strain NZ98/254)
was B:4:P1.7-2,4, which is of the sequence type 41/44 (ST-41/44
complex). This is identified through serological testing as B:4:
P1.4 because P1.7-2 can be identified only by genotyping and
not with monoclonal antibodies (20). From 1995-1996 to
2003-2004, B:4:P1.4 was responsible for about one-fifth of the
cases of group B disease in England and Wales and was the most
common phenotype isolated (14). In order to inform the natural
history of meningococcal infection, we also compared the re-
sults from this seroprevalence study with available data on
meningococcal carriage, meningococcal disease, and the sero-
prevalence of antibodies to group C meningococci in the pre-
vaccination era.

MATERIALS AND METHODS

Serum samples. Sera were selected from the Health Protection Agency (HPA)
Seroepidemiology Unit, as described by Osborne et al. (22). Briefly, participating
laboratories submit residual sera from routine diagnostic testing to the HPA
Seroepidemiology Unit. All samples are anonymous; a unique identity number is
assigned, and details about the age, sex, and geographical location of the person
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from whom the sample was obtained are collated in a database. Other informa-
tion, such as the reason for the blood test, is not retained, although sera from
immunocompromised individuals are excluded. This type of serum sample col-
lection (convenience sampling) has been shown to be comparable to a random-
cluster survey (16). For this study, 2,706 samples collected between 2000 and
2004 from individuals aged between 0 and 93 years were selected. Ages were
stratified as follows: <0.3 years, 0.3 to 0.59 years, 0.6 to 0.99 years, single-year age
bands from age 1 year up to and including 19 years of age, 20 to 24 years, and
10-year age bands thereafter. The results for 2,672 serum samples were available
for the OMV enzyme-linked immunosorbent assay (ELISA), and there were
2,415 results for the SBA assay.

SBA assay. Sera were tested by using a standardized complement-mediated
SBA assay against strain NZ98/254, B:4:P1.7-2,4 (ST-42, complex ST-41/44), as
described elsewhere (2, 9, 19). The complement source was complement-pre-
served human plasma. SBA titers were expressed as the reciprocal of the final
serum dilution that gave =50% killing at 60 min. SBA titers of <2 were assigned
a value of 1 for computational purposes. The SBA data are categorized into
summary groups of =2, =4, and =8, according to the correlates of protection
proposed for OMYV vaccines (3). The percentage of individuals in each of these
categories was calculated for each age group.

OMY ELISA. Specific IgG OMV ELISA endpoint titers against OMV antigen
preparations from target strain NZ98/254 were determined as described previ-
ously (7). Geometric mean titers (GMTs) and 95% confidence intervals were
estimated for each age group. The correlation between the immunoglobulin G
(IgG) OMV ELISA result and the SBA titer was assessed by using Spearman’s
rank correlation in Stata software (version 9).

Disease data. Laboratory surveillance data collected by the HPA Meningo-
coccal Reference Unit between 1995-1996 and 2003-2004 were analyzed to
determine the incidence of disease due to group B overall and selected pheno-
types (14). Population statistics for England and Wales were obtained from the
Office for National Statistics and were used as the denominator.

Carriage data. Age-specific carriage prevalence data were obtained from the
Stonehouse study (5), conducted in Gloucestershire, England, in 1986, which
remains the largest cross-sectional study in the United Kingdom covering all age
groups. Recent data on the prevalence of meningococcal carrier phenotypes was
obtained from the United Kingdom Meningococcal Carriage Study (18), which
collected nasopharyngeal swabs from about 15,000 school and college students
between the ages of 15 and 18 years in eight sites in England, Scotland, and
Wales for 3 years between 1999 and 2001.

Seroprevalence of antibodies to group C meningococci. An earlier study in the
United Kingdom described the seroprevalence of SBAs to a group C meningo-
coccal strain (reference strain C11, phenotype C:16:P1.7-1,1) before the intro-
duction of widespread MCC vaccination (27). We used these data to compare the
age-specific profiles of SBAs to group B and group C. Note that the SBA for
group C was determined by using baby rabbit complement, and so a cutoff of =8
was used (4).

Mathematical modeling. Natural immunity to meningococci is generated fol-
lowing periods of asymptomatic carriage (12). To assess whether the age-specific
seroprevalence data were consistent with (and so could be explained by) age-
specific patterns of carriage, we created a simple mathematical model. Since the
prevalence of SBA titers =2, =4, and =8 was higher than the prevalence of
carriage, it was assumed that a period of immunity ensues after carriage is
cleared.

By following a classic susceptible-infected-recovered-susceptible approach, the
individuals in the model, aged between 0 and 75 years, were assumed to exist in
one of four exclusive categories: category M, “immune,” with SBA titers =4 due
to maternal antibody; category S, susceptible to carriage with a low SBA titer;
category B, carrier of group B meningococci; and category I, “immune,” with
SBA titers =4 due to prior carriage.

M, =M, —gM,

Sei1 =S, — NS, +zI, + gM,
B,.1 =B, —rB, + \,S,
I,,=1,—zI, +rB,

where a is age, \ is the force of infection, r is the recovery rate from carriage, g
is the rate of waning of maternally derived immunity, and z is the rate of waning
of carriage-induced immunity.

Carriers were assumed to have low SBA titers until they cleared their carriage.
For the purposes of the model, we chose an SBA titer of =4 as our cutoff. Note
that we did not model meningococcal disease as an outcome. We estimated the
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FIG. 1. Percentage of sera with SBA titers =2, =4, and =8§, by
age.

age-specific (monthly) force of infection with group B using a five-parameter
function, as described previously (29):

(c =)
N=|b+ 1+ e @D 1+

where a is age; T is the age at the peak of carriage; w is the width of carriage
peak; and b, ¢, and d are constants.

Exponential decay was assumed for the recovery rate from carriage (r), the
rate of waning if maternally derived immunity (g), and the rate of waning of
carriage-induced immunity (z) so that the average duration in that category was
equal to the reciprocal of the rate (e.g., duration of carriage = 1/r). The average
duration of carriage was fixed at 3, 6, or 9 months. The eight remaining param-
eters in the nine-parameter model were fitted to age-specific carriage (14 datum
points, 5-year age bands up to age 65 years) and SBA seroprevalence (28 datum
points) data by the maximum-likelihood method, as described previously (29).
The model was created in Microsoft Excel software, and the “solver” tool was
used to minimize the model deviance (calculated as twice the difference between
the saturated and the model log likelihood).

d-1 ]

1+ e @ Diw

RESULTS

SBAs. The results for the 2,415 serum samples are presented
in Fig. 1. An additional 295 serum samples were tested; but 221
had an insufficient volume for titer determination, and in 74
samples non-complement-mediated lysis was present and,
thus, a final SBA titer could not be reported. In the youngest
children, nearly 30% of infants less than 5 months of age had
titers =4, presumably as a result of maternal immunity. In
older infants the titers declined, and at 8 to 11 months of age
only 5% had SBA titers =4. The SBA titers remained low
through childhood and then increased in the teenage years,
with the highest proportion above putatively protective levels
occurring at 19 years of age. In older adults, the titers were
lower, with about 20% of adults older than 25 years of age
having titers =4.

IgG OMYV ELISA. A total of 2,672 serum samples were
assayed by the OMV ELISA. Anti-OMV IgG GMTs by age
(95% confidence intervals) are shown in Fig. 2. There was a
significant decline in the anti-OMV IgG GMT from those
under 1 year old to toddlers. The GMTs remained fairly con-
stant until the early teenage years, when there was an age-
dependent increase in the anti-OMV IgG titer up to 19 years
of age, after which antibody levels plateaued.
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FIG. 2. Age-specific IgG OMV ELISA GMTs and 95% confidence intervals.

Correlation between SBA titer and IgG OMYV ELISA result.
The Spearman’s correlation coefficient for the 2,415 serum
samples for which both SBA titers and ELISA results were
available was 0.48 (P < 0.001), suggesting a positive correlation
between the two assays.

Relationship between SBA seroprevalence and disease inci-
dence. The relationship between the incidence of group B
disease by age and the prevalence of SBA titers =4 can be seen
in Fig. 3. The disease incidence was the highest in infants aged
3 to 7 months, and this coincided with low SBA titers. How-
ever, as the disease incidence declined through childhood,
there was no apparent increase in the proportion of children

with protective SBA titers. In teenagers, while SBA levels were
high, there was a small secondary peak in disease incidence. In
adults, the disease incidence was very low; and approximately
32%, 20%, and 15% of adults ages 25 years old or older had
SBA titers =2, =4, and =8, respectively. Disease due to B:4:
P1.4 and subtype P1.4 associated with any serogroup and se-
rotype followed an age distribution very similar to that for
group B (data not shown).

Relationship between carriage and SBA seroprevalence. The
increase in SBA titers during the teenage years corresponds to
an increase in group B carriage, as observed in the Stonehouse
carriage study (5). More recent carriage data are available only
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FIG. 3. Age-specific incidence of serogroup B disease compared to the percentage of individuals with SBA titers =4.
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FIG. 4. Model fit to group B SBA and carriage data. This model assumes that the average duration of group B carriage is 6 months. Other
parameters were estimated (Table 1). *, categories M (maternal immunity) and I (acquired immunity) are combined.

for 15- to 18-year-olds (18) and not across the whole age range,
but this showed that the prevalence of B:4:P1.4 strains between
1999 and 2001 was 0.4% (representing 2% of all carrier iso-
lates). The prevalence of strains with a PorA variable region 2
P1.4, regardless of the group or the type, was 0.7%, represent-
ing 4% of all carrier isolates (S. Gray, personal communica-
tion).

The simple susceptible-infected-recovered-susceptible model
was able to capture the observed SBA titer and carriage data (Fig.
4). The estimated duration of immunity (SBA titer, =4) following
carriage varied according to the assumed duration of carriage
(Table 1). For a longer duration of carriage, the estimated
force of infection was lower, and thus, the period of immunity
following carriage was also longer. The model helps to illus-
trate that the age distributions of the SBA titers and carriage
data are highly consistent.

Seroprevalence of SBAs to group B compared with those to
group C. The seroprevalence profiles for group B and group C
(in the prevaccine era) are illustrated in Fig. 5. A greater
proportion of young infants had putatively protective SBA
titers to group B strains than to group C strains, although the
95% confidence limits overlap. There was also a more marked
peak in the titers of SBAs to the group B strain in 15- to
24-year-olds (P = <0.001), perhaps reflecting the greater prev-
alence of related strains in carriage populations. In older

TABLE 1. Model estimates of duration of immunity under different
assumptions for duration of carriage

Avg duration  Prevalence (%)  Avg duration  Avg duration

(mo) of of maternal (mo) of (mo) of Model
carriage immunity at maternal immunity deviance
(fixed) birth immunity after carriage

3 41 44 16.2 28.4

6 32 8.3 33.8 29.7

9 26 12.6 525 31.6

adults, the group B SBA titers declined, but the group C SBA
titers were maintained.

DISCUSSION

We have described the age-specific prevalence of bacteri-
cidal and OMV antibodies to group B meningococci in sera
collected in England between 2000 and 2004. We performed
several ecological analyses of the SBA titer data (the estab-
lished correlate of protection [3]) compared to the carriage
and disease data, which gives some useful insights into the
natural history of meningococcal infection. The visual consis-
tency between the age-related carriage and the seroprevalence
data are supported by simple mathematical models, which pro-
vide evidence that natural immunity is being induced by car-
riage, with the persistence of SBA levels for many months after
clearance. The model chosen here is intended to be illustrative
and may not give a correct description of the course of group
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FIG. 5. Age-specific seroprevalence of SBA antibodies to group B
and group C reference strains in the United Kingdom.
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B infection. It does, however, show that simple models can
adequately capture the data; it is not necessary, for example, to
invoke the presence of “cross-reacting” organisms that induce
immunity. Since contemporary carriage data across all age
groups were not available from the United Kingdom, we used
carriage data collected in 1986. While the specific meningo-
coccal strains circulating are likely to have changed over this
time, group B meningococci are still commonly carried (18),
the age-specific prevalence of carriage is consistent with that
from more recent studies conducted elsewhere in Europe (6),
and the age distribution of the cases was similar between the
late 1980s and the early 2000s (14, 15), suggesting that no
major changes in age-specific transmission patterns have oc-
curred.

Comparisons of the seroprevalence profiles and disease in-
cidence are also of interest. The age patterns of the SBA titers
were very similar when SBA titer cutoffs of =2, =4, or = 8
were used; so this study does not help to determine the exact
correlate of protection for group B disease. Nonetheless, this
provides further evidence that the SBA assay measures natural
exposure to group B meningococci. An inverse relationship
between “protective” SBA titers and the incidence of disease
by age for groups A, B, and C was first described by Gold-
schneider and colleagues in the 1960s (11). This relationship is
not so clearly observed from these data. Disease incidence is
the highest among infants older than 3 months of age, when
most maternal immunity has waned and infants are the most
vulnerable to infection (25). However, disease incidence de-
clines throughout childhood, even though there is no signifi-
cant change in the proportion of children with putatively pro-
tective SBA titers. Clearly, other explanations for the falling
disease incidence must be considered. It may be that the rate
of exposure to group B organisms—and hence, the risk of
infection—is much lower in children between 2 and 12 years of
age than in those of younger or older ages. The increasing
prevalence of carriage and the secondary peak in disease inci-
dence in teenagers clearly indicates higher levels of exposure in
older children, which is a consequence of behavioral changes
(17). However, it is not clear why 2- to 12-year-olds might be at
a much lower risk of encountering group B infection than
younger children. It has been suggested that anti-capsular [gM
antibodies (which are not measured by the anti-OMV IgG
ELISA or the SBA assay with human complement [30], as used
here) are protective in an infant rat model. These antibodies
were also shown not to be opsonic (26); thus, their mechanism
of putative protection remains unknown. Neisseria lactamica is
commonly carried in infants and young children (1, 5, 10), and
it has been postulated that carriage of N. lactamica has a role
in generating protection against meningococcal disease (10).
Our study showed that there is little change in SBA activity or
anti-OMV IgG titers in young children, at a time when N.
lactamica carriage is common. If there is indeed a protective
effect from N. lactamica, this may be mediated through com-
petition (N. lactamica carriage prevents N. meningitidis colo-
nization), through local immunity in the nasopharyngeal mu-
cosa, or through innate immunity such as non-antibody-
mediated opsonophagocytosis, none of which will be measured
by the SBA assay or the OMV IgG ELISA. Further studies
may help to elucidate these effects (13). It should be noted that
the study by Gold et al. (10), which showed that carriers of N.
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lactamica were more likely than noncarriers to develop SBA
activity against meningococci, was based on a small number of
observations and that little work has been done to confirm
these findings.

The group B capsule is known to be poorly immunogenic,
and previous studies have shown that SBA to group B menin-
gococci is primarily directed at noncapsular antigens (8). In
MenZB vaccine trials, SBA specifically targeted the variable
region 2 P1.4 epitope of the NZ98/254 strain (20). A recent
large United Kingdom carriage study (18) showed that the P1.4
epitope was present in 4% of isolated carrier strains, so it
seems likely that the serological profiles shown here reflect
exposure to these strains. In an earlier seroprevalence study
performed to measure antibody against group C meningococci
(27), we used the C11 reference strain C:16:P1.7-1,1. These
subcapsular antigens are now very uncommon in the United
Kingdom, so most of the SBA activity measured was likely to
be directed against the group C capsule. Carriage of group C
meningococci was rare, even in the prevaccine era, and the
differences in the group B and group C seroprevalence profiles
may reflect the differences in exposure to the group C capsule
and the P1.4 antigen and, possibly, the differences in the im-
munizing capacity of the polysaccharide capsule compared
with those of immunodominant subcapsular protein antigens.

It is important to understand natural immunity to group B
meningococci so that the effect of vaccination can be properly
appreciated, and this description of group B SBA and anti-
OMV IgG provides a baseline of prevaccination immunity.
This study raises some interesting questions worthy of further
study, including the reason for the decline in disease incidence
in young children, despite low SBA activity and anti-OMV IgG
titers, and the role of N. lactamica in providing protection
against disease.
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