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The avidity maturation and immunoglobulin G (IgG) isotype distribution of antibodies after vaccination
with a meningococcal B outer membrane vesicle (OMV) vaccine were evaluated as indicators of protective
immunity. Pre- and postvaccination sera from 134 healthy toddlers (ages, 2 to 3 years) immunized with a
monovalent meningococcal B OMV (serosubtype P1.7-2,4) vaccine adsorbed with AlPO4 or Al(OH)3 were
analyzed by enzyme-linked immunosorbent assay (ELISA) methods. The children were vaccinated three times
with intervals of 3 to 6 weeks between vaccinations or twice with an interval of 6 to 10 weeks between
vaccinations. A booster was given after 20 to 40 weeks. The avidity index (AI) of antibodies increased
significantly during the primary series of vaccinations and after the booster was given. No differences in AIs
were found when the results obtained with the two vaccination schedules or with the two adjuvants were
compared. After vaccination, IgG1 was the predominant IgG isotype, followed by IgG3. No IgG2 or IgG4 was
detected. There was a strong correlation between serum bactericidal activity (SBA) and ELISA titers (r � 0.85
[P < 0.0001] for total IgG, r � 0.83 for IgG1 [P < 0.0001], r � 0.82 for IgG3 [P < 0.0001], and r � 0.84 [P <
0.0001] for the avidity titer). When two subgroups with similar anti-OMV IgG levels were compared before and
after the booster vaccination, the higher AI after the booster vaccination was associated with significantly
increased SBA. We concluded that avidity maturation occurs after vaccination with a monovalent meningo-
coccal B OMV vaccine, especially after boosting, as indicated by a significant increase in the AI. Vaccination
with the monovalent OMV vaccine induced mainly IgG1 and IgG3 isotypes, which are considered to be most
important for protection against meningococcal disease. An increase in the AI of antibodies is associated with
increased SBA, independent of the level of specific IgG and the IgG isotype distribution. Measuring the AI and
IgG isotype distribution of antibodies after vaccination can be a supplementary method for predicting pro-
tective immunity for evaluation in future phase III trials with meningococcal serogroup B vaccines.

Neisseria meningitidis is an important cause of meningitis and
septicemia worldwide. In many countries in Western Europe,
N. meningitidis serogroup B is most frequently isolated from
seriously ill patients. In the struggle against meningococcal
disease caused by this serogroup, great efforts have been made
to develop a protective vaccine. The group B capsular polysac-
charide is poorly immunogenic since it shows strong antigenic
resemblance to structures expressed on human fetal neural
cells (12). As a consequence, a serogroup B polysaccharide
vaccine may induce antibodies that cross-react with human
tissues. Therefore, vaccines containing outer membrane pro-
teins have been developed and have been shown to induce
protective immune responses (3, 11). At the National Institute
for Public Health and the Environment (RIVM), workers de-
veloped a vaccine consisting of two outer membrane vesicle
(OMV) preparations, each expressing three different PorA
proteins representing the majority of circulating serosubtypes
in The Netherlands and other countries in Europe (7). This

vaccine has been tested in several phase I and II trials and has
been proven to be safe and immunogenic (6, 8). Since sero-
subtype P1.7-2,4 is the cause of a current epidemic in New
Zealand and is the most prevalent serosubtype in The Neth-
erlands as well, a monovalent vaccine with double expression
of this PorA was also constructed at the RIVM. This vaccine
appeared to be safe and immunogenic in toddlers; more than
90% of vaccinated children showed a fourfold increase in se-
rum bactericidal activity (SBA) (9).

There is a great need for well-defined markers for immunity
induced by vaccination. These markers could serve as surro-
gates of vaccine protective efficacy and would be helpful for
quick introduction of new or improved vaccines in the future.
Measurement of total immunoglobulin G (IgG) titers by spe-
cific enzyme-linked immunosorbent assays (ELISA) does not
provide any information concerning the functionality of anti-
bodies. A fourfold increase in SBA after vaccination has been
widely used to evaluate the immunogenicities and efficacies of
various meningococcal B vaccines. However, Perkins et al. (23)
showed that a fourfold increase in SBA appeared to underes-
timate clinical efficacy. In addition, SBA titers and IgG ELISA
titers in sera obtained after vaccination with the RIVM hexava-
lent OMV vaccine correlated poorly (10). One possible expla-
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nation for a poor correlation between SBA and ELISA results
is that only high-avidity antibodies are bactericidal. For vacci-
nation with meningococcal C conjugate vaccines, the func-
tional importance of antibody avidity maturation after vacci-
nation has recently been demonstrated by Richmond et al.
(27). Several studies of conjugate vaccines against Streptococ-
cus pneumoniae and Haemophilus influenzae type b (Hib) have
also shown that vaccination induces an increase in antibody
avidity (2, 14, 28) and that low concentrations of passively
administered high-avidity antibody can protect experimentally
infected animals from disease (20, 31). Most investigators use
an ELISA method in which sodium thiocyanate (NaSCN) is
used as an agent to discriminate weak binding between anti-
body and antigen from high-affinity binding (25). By calculat-
ing an avidity index (AI), the relative avidities of specific an-
tibodies in serum can be compared during a vaccination trial.

The functional activity of antibodies also depends on IgG
isotypes (19). IgG1 and IgG3 are most effective in complement
binding and activation (5), and IgG2 may also contribute to
protection against meningococcal disease (1). Furthermore,
affinity differences have been found in antibodies with similar
antigen-binding specificities but different IgG isotypes (24).
IgG1 and IgG3 are mainly directed at protein antigens,
whereas IgG2 is predominantly found after vaccination with
polysaccharide antigens in adults (15, 16, 29). The aim of this
study was to compare SBA with the AI and IgG isotype dis-
tribution and to evaluate antibody avidity maturation as an
indicator of protective immunity after vaccination with the
monovalent P1.7-2,4 OMV vaccine. The AI was determined by
an ELISA technique using NaSCN, and the IgG isotype dis-
tribution was determined by an isotype-specific ELISA (21,
26). The effects of different adjuvants and immunization sched-
ules on avidity maturation and IgG isotype distribution were
also examined.

(Parts of this study were presented at the 19th Annual Meet-
ing of the European Society for Pediatric Infectious Diseases
[ESPID], Istanbul, Turkey, 2001.)

MATERIALS AND METHODS

Vaccine and subjects. In this study we used serum samples from a randomized,
blind, comparative clinical phase II trial previously performed with toddlers and
a PorA-based meningococcal OMV vaccine against serosubtype P1.7-2,4 (9).
This vaccine is made from strain F91, which contains duplicate copies of the
PorA gene and does not express class 3 and 4 proteins. The vaccine was adsorbed
with either AlPO4 or Al(OH)3, and two vaccination schedules consisting of two
or three vaccinations in the primary series and one booster vaccination were
evaluated. In the 2�1 schedule two vaccinations were given with an interval of 6
to 10 weeks between vaccinations, whereas in the 3�1 schedule three vaccina-
tions were given with intervals of 3 to 6 weeks between vaccinations. In both
schedules a booster vaccination was given 20 to 40 weeks after the primary series.
Blood samples were drawn by venipuncture before each vaccination and 4 to 6
weeks after the last vaccination of the primary series and after the booster. Thus,
five and six blood samples were obtained from children immunized with the 2�1
and 3�1 schedules, respectively. A total of 134 toddlers participated in this study.
The trial was designed so that we could detect a 40% difference between the
immune responses of the different groups, with an alpha value of 0.05 (two sided)
and 80% power with 30 children per group.

SBA. SBA was measured as reported previously (9). Briefly, the serosubtype
P1.7-2,4 isogenic variant of N. meningitidis serogroup B strain H44/76 was grown
on a GC agar plate containing 1% IsoVitaleX (SVM, Bilthoven, The Nether-
lands) at 37°C for 18 to 20 h in the presence of 5% CO2. Single colonies were
picked and suspended in 2 ml of Mueller-Hinton broth (SVM). A 20-ml flask
containing Mueller-Hinton broth was inoculated with each suspension so that the
optical density at 620 nm was 0.07 to 0.08. The bacteria were grown until the

optical density at 620 nm was 0.22 to 0.24 (�109 CFU/ml). Each culture was
diluted in Gey’s balanced salt solution (GBSS) (Sigma Chemical Co., St. Louis,
Mo.) with 0.5% bovine serum albumin (BSA) (ICN, Irvine, Calif.) to a concen-
tration of �105 CFU/ml. In wells of a 96-well microtiter plate 6-�l portions of
this dilution were added to 12-�l portions of twofold dilutions of heat-inactivated
sera in GBSS-BSA. After 10 to 15 min 6 �l of complement (40% [vol/vol] in
GBSS-BSA; final concentration, 10% [vol/vol]) from a negative human donor
was added to each well. Time-zero plates were incubated overnight in triplicate
as follows. Seven microliters from a well containing only bacteria, complement,
and GBSS-BSA was spread on a GC agar plate with 1% IsoVitaleX. The
microtiter plate was then incubated at 37°C in the presence of 5% CO2 for 60
min. Subsequently, 7 �l of the suspension in each well was spotted onto a GC
agar plate with 1% IsoVitaleX. After 18 to 20 h of incubation at 37°C in the
presence of 5% CO2 the numbers of CFU on time-zero plates were determined.
The average number of CFU was defined as 100%. Then the CFU on the plates
containing the serum dilutions were counted, and the serum bactericidal titer was
determined by determining the reciprocal of the lowest serum dilution that
resulted in �90% killing.

Avidity ELISA. The AI was determined by an ELISA method described by
Anttila et al. (2), with minor modifications. Briefly, each well of Immulon 2
(Dynex Technologies, Inc.) 96-well plates was coated overnight with 100 �l of a
4-�g/ml P1.7-2,4 monovalent OMV suspension. Sera were diluted 1:100 in phos-
phate-buffered saline (PBS) containing 0.1% Tween 80, and threefold serial
dilutions of serum samples were incubated for 90 min at 37°C. One plate con-
tained all samples from a single child in duplicate. As a positive control, a serum
sample from a volunteer who had been vaccinated with the hexavalent OMV
vaccine in a phase I trial and had a high antibody titer against P1.7-2,4 was
included on every plate. Sodium thiocyanate was used to dissociate low-avidity
antigen-antibody binding. To determine the optimal assay conditions for mea-
suring the AI, different concentrations of NaSCN (ranging from 0 to 3 M) were
tested first with a subset of serum samples obtained at different times. A 1.5 M
solution resulted in strong reductions in the ELISA titers of some samples,
whereas the ELISA titers of other samples were not affected. Therefore, we
considered 1.5 M a good discriminating concentration. After three washes, 100
�l of a 1.5 M NaSCN solution in PBS was added to one half of each plate, and
plain PBS was added to the other half. After incubation for 15 min at room
temperature, all wells were washed three times, and for detection of antibody
binding the plates were incubated with rabbit anti-human IgG conjugated 1:5,000
with horseradish peroxidase conjugate for 90 min at 37°C. After washing,
3,3�,5,5�-tetramethylbenzidine substrate was added, and the reaction was allowed
to proceed for 10 min and was stopped by adding 100 �l of 2 M H2SO4 per well.
The absorbance at 450 nm was read with an EL312e Bio-Kinetics reader. IgG
antibody titers were determined by determining the dilutions that yielded 50% of
the maximal optical density. Samples with antibody titers below the assay’s
detection limit were assigned a value of 50. The titers obtained after treatment
with NaSCN were called avidity titers. The AI was the percentage of antibodies
that remained bound at the antigen coat after treatment with sodium thiocyanate
and was calculated as follows: AI � (titer with NaSCN)/(titer without NaSCN) �
100 (2). As a control for antibody specificity, prevaccination, post-primary-series,
and postbooster serum samples from 24 toddlers were also used in an OMV
ELISA measuring the total IgG titer against OMVs of PorA-negative mutant
strain H1.5 (30).

IgG isotype ELISA. IgG isotype-specific antibody titers were determined by an
OMV ELISA by using isotype-specific conjugates as described previously (10).
Briefly, plates were coated and sera were incubated as described above for the
avidity ELISA. After incubation of the sera, the plates were washed three times
and incubated with mouse anti-human conjugate specific for each of the various
IgG isotypes (clone HP6188 for IgG1, clone HP6014 for IgG2, clone HP6095 for
IgG3, and clone HP6196 for IgG4) (CLB, Amsterdam, The Netherlands) (17,
18). After incubation for 90 min at 37°C, the plates were washed, TMB substrate
was added, and after 15 min the reaction was stopped by adding 100 �l of 2 M
H2SO4 per well. The plates were read with an EL312e Bio-Kinetics reader at 450
nm, and IgG antibody titers were determined by determining the dilution that
yielded 50% of the maximal optical density.

Statistical analysis. Antibody titers were log transformed before statistical
analysis. To determine which immunization schedule and vaccine adjuvant in-
duced the highest overall SBA and antibody titers in the course of vaccination,
the values for total IgG, IgG1, IgG3, avidity, and SBA titers from sera obtained
at four time points were added for every child. The means were calculated for
each group, and a variance analysis was performed with SAS software. Before the
primary series titers were generally undetectable, and therefore these titers were
not included in the analysis; in addition, the extra titers obtained during the
primary series of the 3�1 schedule were not included since such titers were not
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obtained for all trial participants. Spearman’s rho correlation coefficient was used
to calculate correlations between the different IgG antibody titers and AI and
SBA results by using SPSS. Parametric tests were used to calculate differences in
AIs between time points and groups, and nonparametric tests were used to
calculate differences in IgG and SBA titers between groups.

RESULTS

Total anti-OMV IgG titer. The total anti-OMV IgG titer
increased during the primary series from 308 after one vacci-
nation to 5,318 after the primary series (Fig. 1). In the pre-
booster samples, the total anti-OMV IgG titer dropped signif-
icantly, to 741. After the booster vaccination, the mean total
anti-OMV IgG titer was 15,230. Variance analysis showed that
the total anti-OMV IgG levels were highest following the 3�1
schedule (P � 0.0001) when AlPO4 was the adjuvant (P �
0.0002) (data not shown). The total IgG titers of serum sam-
ples obtained before the vaccination trial, after the primary
series, and after the booster for 24 toddlers were measured
against PorA-negative OMVs as a control for antibody speci-
ficity. The mean total IgG titers against these OMVs were 677
before vaccination, 881 after the primary series, and 911 after
the booster (Fig. 1), indicating that the IgG titer against P1.7-
2,4 OMVs was PorA specific.

Avidity. As found for the total anti-OMV IgG titer, variance
analysis showed that the avidity titer was highest in the group
that was vaccinated with the 3�1 schedule when AlPO4 was
the adjuvant, indicating that this schedule and adjuvant re-
sulted in significantly more avid antibodies (P � 0.0005 and
P � 0.0243, respectively).

Mean AIs for all children are shown in Fig. 1. Only values
for serum samples that contained measurable specific IgG an-
tibodies are shown in Fig. 1, since it is not possible to calculate
an AI when anti-OMV IgG titers are undetectable. Only 4 of
134 toddlers had detectable anti-OMV IgG titers before the
first vaccination (AIs, 34, 40, 50, and 53%), suggesting that
there was previous natural exposure to meningococcal anti-
gens. The AIs of these four sera are not plotted in Fig. 1. All
other serum samples obtained during the trial had detectable
antibodies and were included in the analysis. The mean AI
after the primary vaccination series was 44.8% (confidence

interval [CI], 41.5 to 48.0%). Before the booster, the AI in-
creased significantly, to 50.0% (CI, 47.5 to 53.2%) (paired
sample t test, P � 0.015). After the booster vaccination the
mean AI increased further, to 76.2% (CI, 72.2 to 80.3%) (P �
0.0001). Although IgG antibody titers decreased after the last
vaccination of the primary series, the AIs of the antibodies
increased (Fig. 1), whereas the AIs increased over time for the
four groups that received different adjuvants and were sub-
jected to different immunization schedules (Fig. 2). The dif-
ferences between the AIs of the groups were not significant
after the booster vaccination (analysis of variance, P � 0.746).

To investigate the importance of the number of vaccinations

FIG. 1. Mean AI (}), mean level of total IgG against P1.7-2,4 OMVs (�), and mean level of anti-OMV IgG against PorA-negative OMVs (Œ)
in sera of 134 toddlers after immunization with a monovalent meningococcal B OMV vaccine. The error bars indicate 95% CIs. prim., primary.

FIG. 2. Mean AI for each group. The four kinds of bars show the
mean AIs obtained with the two different vaccine adjuvants and the
two different vaccination schedules. Open bars and solid bars, two
primary vaccinations followed by a booster vaccination (2�1 schedule)
with Al(OH)3 and AlPO4, respectively; mesh bars and dotted bars,
three primary vaccinations followed by a booster vaccination (3�1
schedule) with Al(OH)3 and AlPO4, respectively. The error bars indi-
cate 95% CIs.
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in producing a high AI, two subgroups with similar mean total
anti-OMV IgG titers were studied. One group of children (n �
86) had a mean total anti-OMV IgG titer of 3.4 (95% CI, 3.3
to 3.5) after the primary series, whereas the other group (n �
21) had a mean total anti-OMV IgG titer of 3.4 (95% CI, 3.3
to 3.6) after the booster (Mann-Whitney U test, P � 0.215).
The AIs and SBA titers of these two groups were compared.
Both the AI and the SBA were significantly higher in the
postbooster group than in the post-primary-series group (73.6
versus 45.3% [P � 0.0001] and 1.0 versus 0.64 [P � 0.009],
respectively), indicating that avidity maturation after boosting
was independent of the IgG titer.

IgG isotype distribution. Figure 3 shows the distribution of
IgG isotypes in the four groups. In every sample, IgG1 was the
predominant isotype. High levels of IgG3 were also found,
whereas no IgG2 or IgG4 was detected.

Variance analysis showed that the levels of IgG1 and the
levels of IgG3 were both higher when the 3�1 schedule was
used than when the 2�1 schedule was used (P � 0.0007 and
P � 0.0008, respectively). The adjuvant AlPO4 induced signif-
icantly higher IgG1 titers than Al(OH)3 induced (P � 0.0002
and P � 0.0033). The specific IgG3 titers obtained with the two
adjuvants were not different (P � 0.07).

Correlations between SBA, AI, and ELISA titers. Levels of
SBA for the sera have been reported previously (9). Briefly,
66% of all toddlers exhibited a fourfold or greater increase in

SBA after the primary series, and the percentage increased to
97% after the booster. We used these results to correlate
ELISA and AI results with SBA for each serum sample (Fig.
4). The SBA titers and ELISA titers correlated strongly (r �
0.85 for total IgG, r � 0.83 for IgG1, r � 0.82 for IgG3, and r �
0.84 for the avidity titer; P � 0.0001). The correlation between
SBA and AI was markedly lower but still significant (r � 0.36;
P � 0.0001).

DISCUSSION

This study showed clearly that the AI of PorA-specific anti-
bodies increased during the course of vaccination with a mono-
valent meningococcal OMV vaccine, even when IgG titers fell
after the primary series. To our knowledge, this is the first
study showing avidity maturation of antibodies elicited by a
meningococcal group B vaccine in children.

To measure the AI, we used NaSCN in an ELISA at a
concentration of 1.5 M. For antibodies against polysaccharides,
Anttila et al. (2) used 0.5 M NaSCN in their assay to measure
the AIs of antibodies elicited by various pneumococcal vac-
cines, while Goldblatt et al. (14) used a mean NaSCN concen-
tration of up to 0.6 M in their elution ELISA. We obtained the
best resolution between high- and low-avidity antibodies when
we used a concentration of 1.5 M, which was comparable to the
1.6 M NaSCN that Pollard et al. (25) used to measure the AI

FIG. 3. Serum log10 IgG isotype concentrations against P1.7-2,4 OMVs for each group. No IgG2 or IgG4 was found. 2�1, two primary
vaccinations followed by a booster vaccination; 3�1, three primary vaccinations followed by a booster vaccination. Open bars, IgG1; solid bars,
IgG3. The error bars indicate 95% CIs.
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after infection with serogroup B meningococci. The difference
in concentration shows that the avidity of antibodies against
proteins such as PorA is in general higher than the avidity of
antibodies against (conjugated) polysaccharides. The pH of the

high-concentration solution was reduced to 6.75, compared to
pH 7.4 for PBS alone. However, Goldblatt et al. (13) showed
that pH has no effect on the thiocyanate ion.

Although antibody avidity is an important surrogate of pro-
tective efficacy for several vaccine types, vaccines differ in the
ability to evoke avidity maturation. Anttila et al. (2) showed
that boosting with a pneumococcal polysaccharide vaccine did
not result in an increase in the AI. This was in contrast to the
response seen after a booster with pneumococcal conjugate
vaccine, which induced a strong increase in AI, indicating that
maturation of antibodies was induced by this vaccine. Usinger
and Lucas (31) also reported that AI is a determinant of
protective efficacy, and these authors showed that there was an
inverse correlation between the magnitude of avidity and the
amount of antibody required to protect mice against lethal
pneumococcal bacteremia. Furthermore, Goldblatt et al. (14)
showed that the AI could be used as a surrogate marker of
successful priming by Hib conjugate vaccines. Children with
anti-Hib IgG titers below the protective level (1.0 �g/ml) after
primary immunization had antibodies with AIs after the
booster that were significantly lower than the AIs of antibodies
of children with high antibody titers after priming. After sys-
temic infection with serogroup B meningococci the mean avid-
ity of antibodies in infants was markedly lower than the mean
avidity of antibodies in children who were more than 10 years
old (25). This finding correlated with the absence of SBA in the
serum samples from the infants and with the presence of SBA
in the sera of children who were more than 10 years old (25).
In our study, the booster vaccination induced an increase in the
mean AI of anti-OMV IgG of up to 76%. By using OMVs of
PorA-negative strain H1.5 as an antigen in the ELISA, the
antibodies induced by the RIVM vaccine were shown to be
mainly PorA specific (Fig. 1). Less than 10% of antibodies
appeared to be directed against other antigens, such as lipo-
polysaccharides (LPS) or other outer membrane proteins. To
differentiate an increase in antibody titer from an increase in
AI upon boosting, the AIs of pre- and postbooster sera with
similar anti-OMV IgG titers were compared. Although the IgG
titers were equal, the postbooster group had a much higher AI.
This was associated with a significant increase in the SBA titer.
This finding indicates that the number of vaccinations which a
child received was more important for avidity maturation than
the level of IgG and that an increase in avidity after boosting
had a strong effect on SBA. A booster vaccination seems to be
necessary for optimal antibody maturation. Although the cor-
relation between SBA and AI was rather low (r � 0.36), an
increase in AI clearly coincided with an increase in SBA. How-
ever, in the prebooster samples AI increased significantly,
while the anti-PorA antibody titers (Fig. 1), as well as SBA (9),
decreased. This phenomenon was also seen in studies in which
meningococcal C and Hib conjugate vaccines were used (4,
14). The authors of these studies suggested that avidity matu-
ration after priming is associated with the establishment of
immunological memory and that because of this memory, pro-
tection against disease at that time is possible. Analogously,
the avidity maturation after a primary series of meningococcal
B OMV vaccinations may predict immunological memory and
long-term protection, but this can be proven only in a phase III
efficacy trial. To confirm that the avidity maturation in our
study was induced by vaccination and was not an effect of

FIG. 4. Scatter plots of log10 SBA titer versus AI (A) (r � 0.36),
log10 avidity titer (B) (r � 0.84), and log10 total IgG titer (C) (r � 0.85).
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aging, we tested a selection of serum samples from a control
group used in a previous study. The toddlers in the previous
study were vaccinated with hepatitis B vaccine instead of a
hexavalent OMV vaccine and received one dose of monovalent
OMV vaccine 2.5 years later (ages, 5 to 6 years). The mean AI
for this group was much lower than the mean AI after the
booster vaccination in this study (29.9%; CI, 23.5 to 36.3%;
n � 10).

Variation in the immunization schedules and different alu-
minum adjuvants had no effect on the postbooster AI. Vari-
ance analysis revealed that the difference between adjuvants
was not significant (P � 0.13) during the course of vaccination.
However, the 3�1 schedule resulted in higher anti-OMV IgG
titers, which resulted in significantly higher SBA titers (P �
0.03), in accordance with previous results (9).

The isotype distribution of the immune response after im-
munization with an OMV vaccine was dominated by IgG1 and
IgG3, in agreement with data obtained previously (22). As
shown in Fig. 3, the distribution of IgG1 and IgG3 did not
change during the vaccination trial, except for a significant
decline in the IgG3 titer in the prebooster samples. This phe-
nomenon was probably due to the shorter half-life of IgG3
(22). Thus, avidity maturation is not related to a shift in IgG
isotype distribution during the course of vaccination. We did
not detect specific IgG2 in any sample. A previous study per-
formed in our laboratory revealed low IgG2 levels detected by
a whole-cell ELISA after immunization with a hexavalent
OMV vaccine (10). The difference between the two studies
may be explained by differences in coating conditions, as we
used OMVs for ELISA plate coating instead of whole cells.
OMVs contain small amounts of galE LPS, whereas whole cells
contain the wild-type LPS (immunotype L3). Perhaps the IgG2
antibodies were directed against LPS or other proteins or poly-
saccharides present in whole-cell preparations.

Previously, we could not find a good correlation between
SBA and specific IgG or IgG subclasses using whole-cell
ELISA after vaccination with a hexavalent vaccine. The corre-
lation values ranged from insignificant up to 0.64 for total IgG
or IgG subclasses (10). However, in a study in which the Nor-
wegian monovalent P1.7,16 OMV vaccine was used, significant
correlations were found for total IgG, IgG1, IgG3, and SBA
(22). In this study, in which a monovalent vaccine was also
used, the correlations with SBA were high, varying from 0.82
for IgG3 and 0.83 for IgG1 to 0.85 for total IgG (P � 0.0001).
The correlation between SBA and the avidity titer was similar
(r � 0.84; P � 0.0001). Most antibodies induced by a mono-
valent vaccine are probably functionally active, whereas not all
antibodies induced by the hexavalent vaccine are. Further-
more, the whole-cell ELISA method, which was used in the
hexavalent study, may not be a very effective method for mea-
suring the specific response to PorA compared with an OMV
ELISA. We observed high background signals when we used a
whole-cell ELISA, even with prevaccination samples. It seems
that whole cells bind more nonbactericidal antibodies than
OMVs bind.

We concluded that a meningococcal B monovalent OMV
vaccine against serosubtype P1.7-2,4 induced high levels of
functional, PorA-specific IgG antibodies, as indicated by a
strong correlation between ELISA titers and SBA. Avidity
maturation of PorA-specific antibodies occurred during the

course of vaccination, especially after boosting. The AIs of
antibodies after the booster vaccination were comparable for
the 2�1 and 3�1 vaccination schedules and with different
aluminum adjuvants. Avidity maturation was independent of
the level of IgG and the age at the time of vaccination. Serum
antibodies with high AIs were more effective in SBA than
low-AI antibodies. This cannot be explained by differences in
IgG isotypes, since IgG1 predominated during the course of
vaccination, followed by IgG3, and a booster vaccination did
not change this pattern. Our results indicated that the SBA of
serum after vaccination depends on PorA-specific antibody
concentrations in particular and that there is an additional
effect of AI. AI should be measured in future efficacy trials
with serogroup B meningococcal vaccines to investigate its
potential as a predictor of immunological memory and long-
term protection.
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