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The correlate of protection for the licensure of meningococcal vaccines is serum bactericidal activity. However, evidence indi-
cates that a complex situation and other mechanisms, such as antibody-mediated, complement-dependent opsonophagocytosis
(OP), may play a role in protection and should be investigated in order to understand immunity to this disease. In this study, a
high-throughput flow cytometric opsonophagocytic assay (OPA) was optimized. The assay measures the presence of killed fluo-
rescently labeled Neisseria meningitidis within human granulocytes (differentiated HL60 cells) by flow cytometry, using IgG-
depleted pooled human plasma as an exogenous source of complement. This method was found to be reliable and correlated
with the results of an opsonophagocytic killing assay. The OPA was used to measure OP activity in 1,878 serum samples from
individuals ranging from 0 to 99 years of age against N. meningitidis strain NZ98/254 (B:4:P1.7-2,4). The levels of OP activity in
individual serum samples varied greatly. OP activity showed an initial peak in the 6- to 12-month age group corresponding to a
peak in disease incidence. The OP activity dropped in childhood until the late teenage years, although there was still a higher
percentage of individuals with OP activity than with protective bactericidal antibody titers. OP activity reached a peak in the 30-
to 39-year age group and then declined. This later peak in OP activity did not coincide with the young adults in whom peak se-
rum bactericidal activity and disease incidence occurred. The demonstration of OP activity when disease incidence is low and
when protective bactericidal antibody titers are not detected may indicate a role for OP in protection from meningococcal dis-
ease in these age groups.

The correlate of protection for the licensure of meningococcal
vaccines is serum bactericidal activity, as measured by the

serum bactericidal assay (SBA). This was established by direct ev-
idence obtained in studies carried out in the 1960s by Goldsch-
neider (1), who observed an epidemic of serogroup C meningo-
coccal disease in military recruits. In this study, while 82% of the
military recruits had SBA titers of �1:4 at the start of their basic
training, 51 out of 53 recruits who developed meningococcal dis-
ease had SBA titers of �1:4 against the epidemic strain. Thus, it
was proposed that a titer of �1:4 conferred protection against
disease (1). In a concurrent paper by Goldschneider (2), it was also
observed that SBA titers of �1:4 were rarely observed in children
between 6 and 12 months of age, which is the age group with the
highest incidence of meningococcal disease.

However, there is evidence to suggest that protection from
meningococcal disease is possible even in the absence of an SBA
titer of �1:4 (reviewed by Granoff [3]). Even in the initial reports
by Goldschneider (1, 2), it was noted that there were many recruits
who were likely to have been exposed to the epidemic strain and
had SBA titers of �1:4 but did not develop meningococcal disease
(1). Therefore, while titers of �1:4 conferred protection, titers of
�1:4 did not necessarily indicate susceptibility. Seroprevalence
studies in the United Kingdom (4–7) confirmed a decline in me-
ningococcal disease without a corresponding increase in the pro-
portion of individuals with higher SBA titers. This indicates that
alternative mechanisms of protection must be responsible and
may include the age-related maturation of the alternative comple-
ment pathway (8, 9), the presence of bactericidal activity in blood
as observed using whole-blood killing assays (10, 11), opsonic
activity (12), or a combination of these activities. Immunization
with a serogroup B outer membrane vesicle (OMV) vaccine, alone

or in combination with recombinant antigens, has also been
shown to elicit antibodies that have opsonophagocytic killing ac-
tivity despite SBA titers being �1:4 (12). In addition, efficacy stud-
ies of OMV vaccines in a number of countries have shown that
while SBA titers of �1:4 are protective, they are not necessarily
required for protection, as the efficacy of the vaccine appears to be
greater and longer lasting than would be predicted by SBA titers
alone (3). Evidence for opsonophagocytosis as a mechanism of
protection against meningococcal disease is also seen in individu-
als with late-complement component deficiencies, who are more
susceptible to recurrent episodes of meningococcal disease, as
they are unable to form the membrane-attack complex and induce
bacteriolysis (13–15). Following immunization with polysaccha-
ride vaccines, these individuals elicited antibodies that promoted
opsonophagocytic killing activity (13, 15, 16).

Opsonophagocytosis (OP) is important for protection provided
by Streptococcus pneumoniae vaccines (17, 18). Opsonophagocytic
assays (OPA) used for S. pneumoniae currently use the human
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leukocytic cell line HL60 as phagocytic effector cells and measure
the killing of bacteria by viable count determination (19, 20). The
meningococcal OPAs developed to date have used a variety of
methods (12, 21–25). Predominantly, peripheral blood mononu-
clear cells have been used as effector cells (12, 21–24), as well as the
HL60 cell line (25), with assays using either viable counts as their
endpoint (12, 24) or flow cytometry to measure OP activity (21–
23). Flow cytometric analysis can measure either the presence of
fluorescently labeled bacteria within phagocytes (25) or the oxi-
dative burst within the effector cells to indicate the presence of
internalized bacteria (21, 23, 26).

In this study, we developed a reproducible high-throughput
OPA using flow cytometry and characterized the age-specific se-
roprevalence of OP activity against serogroup B Neisseria menin-
gitidis isolate NZ98/254 (B:4:P1.7-2,4) using sera collected in Eng-
land from 2000 to 2001. This isolate has been used to measure the
seroprevalence of bactericidal activity in a similar panel of serum
samples (7) and is representative of clonal complex sequence type
41/44 (ST-41/44), which was responsible for approximately one-
fifth of all laboratory-confirmed cases of invasive serogroup B
meningococcal disease in England at that time (27). The preva-
lence of OP activity was also compared with the incidence of lab-
oratory-confirmed cases of invasive serogroup B meningococcal
disease in the same time period.

MATERIALS AND METHODS
Serum samples. Sera were obtained from the Public Health England se-
roepidemiology unit, which maintains a depository of anonymized resid-
ual sera from routine diagnostic testing at the participating laboratories.
There is no record of the indications for blood testing, but samples from
immunocompromised individuals are not included. The 1,878 samples
selected for this study were collected in 2000 or 2001 from male and
female individuals ranging in age from 0 to 99 years. Donors from all
regions of England were included. The serum samples were grouped by
age of the patients, as follows: 0 to 0.5 years, 0.5 to 1 years, 1 to 2 years, 3 to
6 years, 7 to 13 years, 14 to 19 years, 20 to 29 years, 30 to 39 years, 40 to 49
years, 50 to 59 years, and �60 years. Pooled mouse serum raised against
OMVs prepared from N. meningitidis strain NZ98/254 was also used as a
positive control in all assays.

Complement source. IgG-depleted pooled human plasma was pre-
pared as described by Brookes et al. (28).

Bacteria. N. meningitidis NZ98/254 (B:4:P1.7-2,4; ST-42, complex
ST-41/44) was used throughout this study (29). Bacteria were grown in 10
ml of Frantz medium for 4 h at 37°C in 5% CO2. For use in the flow
cytometric OPA, the bacteria were then washed in phosphate-buffered
saline (PBS) before being stained internally with 10 �g ml�1 2=,7=-bis-(2-
carboxyethyl)-5-(and-6) carboxyfluorescein acetoxymethyl ester
(BCECF-AM) (Life Technologies, United Kingdom) in PBS. The bacteria
were then killed by resuspension in PBS containing 0.2% (wt/vol) sodium
azide and 17 �g ml�1 phenylmethylsulfonyl fluoride for 48 h at 37°C with
5% CO2. Killing was confirmed by plating overnight on Columbia agar
containing 5% horse blood (bioMérieux). Once killing was confirmed,
the bacteria were washed once with PBS and then resuspended in 1 ml of
PBS. This suspension at an optical density at 600 nm (OD600) of 1.0 cor-
responded to 2 � 109 bacteria ml�1.

Cell line growth and differentiation. HL60 cells (human promyelo-
cytic leukemia cells, CCL240; American Type Culture Collection, Manas-
sas, VA, USA) were maintained in RPMI 1640 medium (without phenol
red; Gibco) supplemented with 20% fetal bovine serum (LabTech) and
1% L-glutamine (Gibco). The cells were subcultured daily to maintain the
cell density between 1 � 105 and 1 � 106 cells ml�1. The cells were differ-
entiated into granulocytes in the same medium containing 0.8% (vol/vol)
N,N-dimethylformamide (DMF; Sigma) for 5 days.

Flow cytometric OPA. The OPA was adapted from the method de-
scribed previously by Findlow et al. (25). Heat-inactivated serum samples
were tested in duplicate as follows, using Dulbecco’s PBS with 0.5% bo-
vine serum albumin, 5 mM glucose, 0.9 mM CaCl2·H2O, and 0.5 mM
MgSO4·H2O (DPBS-GACM) throughout. Initially, test serum (5 �l) was
added to wells in a 96-well microtiter plate; 20 �l of a BCECF-AM-stained
N. meningitidis suspension (2.5 � 109 bacteria ml�1) was then added to
each well, and the final volume was made up to 40 �l with DPBS-GACM
before incubation at 37°C for 30 min with shaking at 900 rpm in an iEMS
shaking incubator (Thermo Scientific). Next, 10 �l of a 1:10 dilution of
IgG-depleted human plasma as the complement source was added and
incubated at 37°C for 15 min with shaking at 900 rpm. Finally, differen-
tiated HL60 cells were harvested by centrifugation at 400 � g for 5 min and
resuspended in DPBS-GACM at a cell concentration of 2.5 � 107 cells
ml�1. HL60 cells (40 �l) were added to each well and incubated for 30
min at 37°C with shaking at 900 rpm. Following this incubation, op-
sonophagocytosis was immediately stopped by placing the plate on ice
and then adding 80 �l of ice-cold DPBS containing 0.2% (wt/vol) EDTA.
Immediately prior to analysis on the flow cytometer, 50 �l of 0.4% trypan
blue solution (Sigma) was added to quench the fluorescence of bacteria
remaining on the surfaces of the HL60 cells.

For each 96-well microtiter plate, various controls were included: a
single well containing HL60 cells only; a single well containing HL60 cells
plus bacteria; duplicate wells containing HL60 cells, bacteria, and comple-
ment (complement-only control); duplicate wells of a positive control,
which included 2 �l of mouse antiserum raised against OMV isolated
from N. meningitidis NZ98/254; and a human standard serum control
with a low level of OP activity. Also included on all plates was an OP
control in duplicate containing 10 �l of Phagotest (a preparation of pre-
opsonized fluorescein isothiocyanate [FITC]-labeled Escherichia coli; Gly-
cotope, Germany) plus complement and differentiated HL60 cells.

Flow cytometric analysis. Samples were analyzed using a Beckman
Coulter CyAn flow cytometer with an automated Cytek 96-well plate sam-
pler. A minimum of 10,000 gated HL60 cells were analyzed per sample and
the fluorescence measured in the fluorescein channel. A horizontal gate
was set above the autofluorescence seen in the cells-only control. The
percentage of HL60 cells showing BCECF fluorescence (percent gated)
was multiplied by the mean fluorescence of the gated population (X-
mean) to calculate a fluorescence index (FI) for each sample; a mean FI for
each sample was calculated, and the mean FI for the complement-only
control was subtracted to give an FI-C value. The coefficient of variation
(CV) between the duplicates was calculated for each sample; if this was
�35%, the sample was repeated. The Phagotest samples were analyzed as
described above, except that the horizontal gate was set above the auto-
fluorescence (first peak) in the Phagotest samples, and were expressed as
FI values, as there is no equivalent complement-only control for this
sample.

Opsonophagocytic killing assay. The opsonophagocytic killing assay
was adapted from that described previously (12), with several variations.
Bacteria were harvested from a 4-h culture in Frantz medium, resus-
pended at 5 � 104 CFU ml�1 in opsonophagocytic killing assay (OPKA)
buffer (1% bovine serum albumin [BSA] in Hanks’ balanced salts solution
[HBSS] containing 0.9 mM CaCl2·H2O and 0.5 mM MgSO4·H2O), and 10
�l was added to 8 �l of test serum in duplicate. To this, 20 �l of IgG-
depleted human plasma diluted 1:12.5 (final complement concentration,
2%) was added, which had been incubated with a 1:125 dilution of anti-
human C7 monoclonal antibody (Quidel, San Diego, CA) for 20 min at
room temperature to remove bactericidal activity. After a 30-min incuba-
tion at 37°C with shaking at 900 rpm, 20 �l of differentiated HL60 cells at
1 � 106 cells ml�1 in OPKA buffer was added to all wells (to give a 40:1
cell-to-bacterium ratio) and incubated for 30 min with shaking at 900
rpm. Samples (10 �l) from each well were then plated out using the tilt
method onto Columbia agar containing 5% horse blood and incubated
for 24 h at 37°C with 5% CO2. The results were then expressed as the mean
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percentage of killing between the duplicates in comparison to that of the
complement-only no-test serum control.

Statistics. The OPA results from each day were normalized using the
Phagotest value for each plate, and the mean FI value for Phagotest sam-
ples across all plates was used to calculate a multiplication factor for each
sample. For all serum samples, the coefficient of variation (CV) was cal-
culated as the percent ratio of the standard deviation and the mean of the
duplicates.

Reverse cumulative distribution curves were constructed as described
by Reed, Meade, and Steinhoff (30). The samples with OP activity below
that of complement-only background (FI-C, �0) were assigned a value of
1. The differences between the curves were then determined by a Kolm-
ogorov-Smirnov test using the GraphPad Prism software (version 6.04).

To analyze the correlation between the flow cytometric OPA and the
OPKA, the Pearson product moment correlation coefficient was calcu-
lated using GraphPad Prism to determine significance (P � 0.01).

RESULTS
Development and optimization of a flow cytometric OPA. A
previously described flow cytometric assay using chemically
killed BCECF-AM-stained N. meningitidis and dimethylforma-
mide (DMF)-differentiated HL60 cells (25) was further optimized
to improve reproducibility. The previous assay used HBSS with
0.9 mM magnesium and 0.5 mM calcium, with 2% skimmed milk
powder as the blocking agent. It was found that results were more
consistent using DPBS-GACM, in which bovine serum albumin is
the blocking agent.

The bacterium-to-cell ratio was also investigated, and in the
presence of serum, a ratio of 50:1 was found to give a consistently
increased OP level above that of the complement alone compared
to the previously described ratio of 4:1 (25). Increasing the bacte-
rium-to-cell ratio did, however, lead to an increase in the back-
ground OP activity seen in the complement-only control (without
test antiserum). To reduce this, the final complement concentra-
tion in the assay was lowered from 25% to 2%. Various incubation
times were assessed, and increased levels of antibody-mediated
OP activity were seen when a 30-min incubation was performed to
allow opsonization with specific antibody in the test sera prior to
the addition of complement. The complement was then added
and incubated for 15 min before the HL60 cells were added, and
phagocytosis was allowed to occur for 30 min.

Performance of the flow cytometric OPA. The OPA was then
assessed for reproducibility by measuring the values obtained in
repeat experiments. A panel of 20 human serum samples with a
range of OP activities was tested in duplicate concurrently on
three separate plates by one operator (intra-assay variability), by
one operator, on three separate plates, on three separate occasions
(interassay variability), and by three operators on three separate
plates concurrently (interoperator variability). The results for all

assays were collated, and the mean FI for each sample across dif-
ferent assays, as described above, was used to calculate the CV
values for each sample. The mean CV values for all samples were
then obtained and are shown in Table 1. They are all �35%, which
indicates low variability for a functional immunological assay. The
dilutional linearity of the flow cytometric OPA was determined
with two human serum samples. The mean correlation between
the observed and expected values obtained was 0.88.

Correlation of the flow cytometric OPA with OPKA. A panel
of 65 human serum samples with various OP activities was ana-
lyzed using both the flow cytometric and the live meningococcal
OPKA. For both assays, each sample was tested at a dilution of 1:10
only and used the same final complement concentration of 2%.
The same differentiated HL60 cells were used in both assays, al-
though the cell-to-bacterium ratio and incubation times differed.
When the OP activity measured by flow cytometry, expressed as
the FI-C, and the OP killing, expressed as percent killing, were
compared for these 65 samples, a positive correlation of r � 0.39
(P � 0.01) was found (Fig. 1).

Seroprevalence of OP activity. The OP activity was assessed
against that of the serogroup B N. meningitidis strain NZ98/254
using a panel of 1,878 serum samples taken from individuals in
England between 2000 and 2001. These sera were stratified by
patient age, and the percentages of serum showing OP activity
greater than those with various cutoff values are shown in Fig. 2. In
the youngest age group (�6 months of age), �10% of the children
had an OP activity above the mean FI value of the Phagotest sam-
ple (623) (12). This increased to �40% of the individuals having
an OP activity above this level in children between 6 months and 1
year of age.

Between 20 and 30% of the individuals showed OP activity
above the mean Phagotest FI throughout childhood, dropping to
�15% in teenagers (Fig. 2). The percentage of individuals with OP
activity greater than the mean Phagotest FI then increased to a
peak in the 30- to 39-year age group, in which 45% of the individ-
uals had OP activity above this level. The percentage of individuals
showing OP activity then dropped with age, and �20% of the
individuals �60 years of age showed a cutoff greater than this.
When the cutoff is raised to an FI-C of �20,000 (Fig. 2), the
percentage of individuals above this level broadly follows a similar
trend as that seen with the mean Phagotest FI cutoff. Few individ-
uals in any age group had OP values of �50,000.

Within each age group, there are wide ranges in the levels of OP
activity seen, with FI-C values ranging from below the limit of

TABLE 1 Reproducibility of flow cytometric OPA as measured by CV of
repeat samples performed on different days by different operatorsa

Reproducibility measure (n)
No. of plates/
operators/days

Mean CV
(SEM)

Intra-assay variability (60) 3/1/1 13.72 (2.42)
Interassay variability (180) 3/1/3 30.07 (2.19)
Interoperator variability (180) 3/3/1 25.85 (1.60)

Total precision (600) All assays 29.03 (1.40)
a CV, coefficient of variation; SEM, standard error of the mean. Twenty serum samples
were assessed that had a range of FI values of 6,372 to 58,665, with a mean of 24,201.

FIG 1 Correlation of flow cytometric OPA with OPKA performed using 65
human serum samples with a range of OP activities, r � 0.39 (P � 0.01).
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detection, i.e., below complement-only background phagocytosis,
up to FI-C values of �100,000. The reverse cumulative distribu-
tion (RCD) curves of OP activity in each age group are shown in
Fig. 3 to allow a comparison of the distributions of the determined
activities. The lowest OP activity is seen for the samples from
individuals �6 months (Fig. 3A) and �60 years (Fig. 3C) of age.
The highest OP activity is seen in the 30- to 39-year age group. The
steep gradient of this RCD curve also indicates smaller variation
within the OP activities of individuals from this age group. The OP
activity distributions between the age groups were compared us-
ing the Kolmogorov-Smirnov t test (which assumes nonnormal
distribution), and significant differences (P � 0.05) are shown in
Table 2. The �60-year age group had significantly lower OP ac-
tivity than all age groups except the group aged �0.5 years. It is
interesting to note that the OP activity of the 3- to 6-year age group
is significantly higher than that of the age groups of �6 months, 7
to 13 years, and �60 years.

Relationship between OP activity seroprevalence and disease
incidence. Using population data from the Office of National Sta-
tistics as the denominator and the number of laboratory-con-
firmed cases of invasive serogroup B meningococcal disease for
England in 2001 collected by the Public Health England (PHE)
meningococcal reference unit as the numerator, disease incidence
was calculated and compared to the OP activity seroprevalence
data (Fig. 2). The highest disease incidence was seen in children
between 0.5 and 1 year of age, and this coincided with high levels
of OP activity. Disease incidence then dropped throughout child-
hood, up to and including the 7- to 13-year age group. OP activity,
however, drops after the second year of life but then remains at a
steady level throughout childhood. There is a second increase in
the rate of meningococcal serogroup B disease seen in teenagers
(14- to 19-year age group), and this corresponds with the lowest
percentage of individuals with OP activities of �20,000 and
�50,000. There is an increase in the percentage of individuals with
higher OP activity in adulthood, corresponding to low levels of
disease. However, there was no increase in disease incidence in the
age group of �60 years, despite the low levels of OP activity seen in
this age group.

DISCUSSION

We have further developed an opsonophagocytosis assay for N.
meningitidis using HL60 cells, with the uptake of fluorescent bac-
teria determined by flow cytometry, and used it to describe the
age-specific prevalence of antibody-mediated, complement-de-
pendent OP activity to serogroup B meningococci. Following op-
timization of the OPA protocol using a single batch of bacteria,
pooled IgG-depleted human plasma as the complement source,
and HL60 cells, the assay was found to be reproducible. The flow
cytometric OPA used killed meningococci, thus avoiding the
complication of serum bactericidal activity interfering with the
result, and it has the added advantage that the daily handling of
live meningococci is not required. Additionally, unlike some as-
says, we used a single point dilution, thus increasing the number of
sera that can be assessed on a single assay plate. To date, several
protocols for flow cytometric OPAs have been developed. Initial
studies used antigen-coated fluorescent beads in place of bacteria,
coating the beads in OMVs of the meningococcal strain of interest
(31), specific meningococcal proteins (32), or lipopolysaccharide
(LPS) epitopes of interest (33). By direct staining of the bacteria
with the internal stain BCECF-AM, as was done in this study, the
bacterial surface is available for specific-antibody binding and
complement binding. One concern when measuring the presence
of fluorescent bacteria by flow cytometry is that adherent but not
internalized meningococci might contribute to the fluorescence
signal. However, trypan blue was added to the assay to quench the
fluorescence from surface-bound bacteria. An alternative ap-
proach would be to measure the oxidative burst within the phago-
cytes following the engulfment of bacteria (26).

As mentioned above, the standardization of the assay was aided
by the use of pooled IgG-depleted human plasma as the source of
complement (28). SBAs for serogroup B meningococci are gener-
ally performed using human complement, but finding human do-
nors with sufficiently low anti-meningococcal serum antibodies is
a considerable problem (34) that is solved by the IgG-depleted
complement source used here. As the assay used killed meningo-
cocci, it was important to determine how the results compare to

FIG 2 Age-specific incidence of serogroup B disease compared to the percentage of individuals with OP activity at various cutoffs for sera collected in England
in 2000 to 2001.
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FIG 3 Reverse cumulative distributions for OP activity against serogroup B meningococci for various age groups. The different age ranges are identified in the
legends, with the number of samples per group in parentheses; all panels contain the 30- to 39-year age group (solid line) as a reference.
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opsonophagocytic killing of live meningococci. A weak positive
correlation was found between the flow cytometry OPA and the
OPKA, which used viable counts as the endpoint. It should be
noted that the strength of the correlation is influenced by the
difference in the dynamic ranges for the readouts of these two
assays. Killing is expressed as a percentage, whereas the FI-C re-
sults range from below detection to �100,000. It may also be that
the two assays assess different antibody specificities.

This is the first time that anti-meningococcal OP seropreva-
lence has been investigated across the population and age ranges.
The seroprevalence of OP activity above our chosen cutoff was
compared to the incidence of serogroup B disease, and two peaks
in the percentages of individuals with OP activity were seen. The
initial peak occurs in the age group of 6 months to 1 year, the age
group with the highest incidence of meningococcal disease, indi-
cating that OP is unlikely to play a role in protection against me-
ningococcal disease in this age group. In contrast, many more
children age 3 to 13 years possess OP activity than possess protec-
tive SBA titers, and this corresponds with low rates of meningo-
coccal disease. Thus, it is conceivable that OP may play a role in
maintaining low rates of disease in this age group, although there
is no direct evidence that this is responsible. The maximum per-
centage of individuals with OP activity above the cutoff is seen in
the 30- to 39-year-olds, which is �10 years later than the small
increase in disease incidence that occurs in teenagers (14- to 19-
year age group; Fig. 2), which may indicate that OP activity devel-
ops following repeated episodes of meningococcal carriage and is
a longer-lasting immune response than is bactericidal antibody.
There are also notable differences seen in the profile of OP activity
across the age ranges compared with the profile of SBA titers of
�1:4 against strain NZ98/254 (7). The maximum peak in SBA
titers seen in teenagers to young adults (18 to 24 years) is not
replicated in OP activity, with the peak of this immunity occurring
in the 30- to 39-year age group. This study and that of Trotter et al.
(7) used the same serogroup B meningococcal isolate for the as-
says, and so the SBA titer and OP activity detected may not reflect
immunity to other serogroup B isolates. It is understood that the
serum bactericidal activity is likely to be PorA specific, at least to
some extent, with small changes in that antigen having a large
effect on the level of killing detected (35). The antigens that elicit
antibodies with OP activity are less well understood, but PorA

may be less immunodominant. It would be expected that anti-
meningococcal antibodies in teenagers and adults are the result of
multiple carriage episodes with different strains. Thus, it is per-
haps surprising that the peak OP activity seen in 30- to 39-year-
olds is not also seen for bactericidal activity. This may be because
the bactericidal anti-PorA and other antigen antibodies are
shorter lived than are the possibly broader range of antigens re-
sponsible for OP activity. Broader cross-strain OP activity than
serum bactericidal activity was seen following the immunization
of adult volunteers with an OMV vaccine based on Neisseria lac-
tamica (36). Thus, it may be detrimental that vaccine candidates
such as Neisseria antigen 2123 (37) and transferrin binding pro-
tein A (32, 38) have not been pursued as vaccine candidates, as
they do not elicit serum bactericidal activity despite their ability to
mediate OP. This situation is likely to continue, as while an SBA
titer of �1:4 is sufficient for protection against meningococcal
disease, the level of OP activity needed to confer protection in the
absence of detectable bactericidal activity is not known.

We have described an OPA that requires a low serum volume
for each test and overcomes many of the shortcomings of previous
methods. We used this to characterize the seroprevalence of OP
activity in the English population to a serogroup B N. meningitidis
isolate and showed peak activity in young children and in 30- to
39-year-olds. We propose that OPA should be used in addition to
SBA to help understand immunity to serogroup B meningococci.
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