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Porin A (PorA), which determines the serosubtype of Neis-
seria meningitidis, is the main antigen of a candidate vaccine
against serogroup B meningococci, which has been shown to
induce high-avidity antibodies in children. We characterized the
immune response of children after convalescing from meningo-
coccal infection with a serosubtype P1.7-2,4 strain. Acute- and
convalescent-phase sera of 21 children with meningococcal sep-
tic shock caused by strains with PorA subtype P1.7-2,4 were
collected. The serum bactericidal antibody titers, IgG isotype
distribution, and antibody avidity were measured. We deter-
mined whether the differences in avidity of anti–outer membrane
vesicle antibodies were PorA specific. Serum bactericidal activ-
ity against H44/76 P1.7-2,4 was �4 in all convalescent sera. The
IgG isotype distribution of the convalescent sera was dominated
by IgG1, followed by IgG3, whereas no IgG2 or IgG4 was found.
The geometric mean avidity index (GMAI) of convalescent sera
measured against a strain with the identical subtype as the
infective isolate was significantly higher than that against a strain
with a heterologous PorA subtype or a PorA-negative mutant

strain (57 versus 35 and 23%, respectively; p � 0.005 and p �
0.001). Geometric mean avidity titers were highest for P1.7-2,4,
corresponding with the highest GMAI. The GMAI after invasive
meningococcal disease was lower than after vaccination of
healthy toddlers with a monovalent P1.7-2,4 outer membrane
vesicle vaccine. (Pediatr Res 58: 149–152, 2005)

Abbreviations
AI, avidity index
CI, confidence interval
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GMAT, geometric mean avidity titer
GMT, geometric mean titer
LPS, lipopolysaccharide
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OMV, outer membrane vesicle
PorA, porin A
PorB, porin B
SBA, serum bactericidal activity

Meningococcal meningitis and septicemia are important
causes of morbidity and mortality in children, especially in
those younger than 2 y. Sequelae include loss of hearing, skin
necrosis, and occasionally amputation of limbs. Most cases of
invasive meningococcal disease in the industrialized countries
are caused by Neisseria meningitidis serogroup B. The immune
response after invasive meningococcal B disease is thought to
be protective because recurrent meningococcal B infections in
otherwise healthy children are extremely rare. Therefore, eval-
uation of the immune responses after meningococcal diseases
supplies important information on the magnitude and the spec-
ificity of the immune response that a protective vaccine should

induce. IgG antibodies that are found after systemic meningo-
coccal B infections are mainly directed against porin A (PorA),
porin B (PorB), opacity protein C, and lipopolysaccharide
(LPS) (1,2). In children who were younger than 12 mo, serum
bactericidal activity (SBA) was poor when compared with
children who were older than 10 y, despite the presence of
similar levels of IgG antibodies and a similar IgG isotype
distribution (3). Pollard et al. (4) showed that differences in
antibody avidity in infants are responsible for this striking
observation. These authors reported that the avidity of antibod-
ies against meningococcal reference strain H44/76, which ex-
presses PorA serosubtype P1.7,16, was significantly lower in
children who were younger than 1 y than in those who were
older than 10 y. However, the PorA specificity of the antibod-
ies was not taken into consideration in this study. Therefore,
differences in avidity maturation may depend on differences in
PorA serosubtype of the strains that cause disease in these
children.
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Candidate vaccines against serogroup B infections have not
yet provided high efficacy rates in young children and infants
(5–7). The search for a successful, widely protective menin-
gococcal vaccine therefore still continues. The sector Vaccines
of the National Institute of Public Health and Environment
(RIVM; currently Netherlands Vaccine Institute) developed
two candidate outer membrane vesicle (OMV) vaccines,
mainly containing PorA as an antigen. A monovalent vaccine
expresses PorA subtype P1.7-2,4 whereas a hexavalent vaccine
contains six highly prevalent serosubtypes. Immunization of
children with these vaccines induced a PorA-specific antibody
response with a similar IgG isotype distribution as is seen after
invasive meningococcal disease (8,9). We and others also
showed that vaccination with the monovalent OMV vaccine as
well as the hexavalent vaccine induces a significant antibody
avidity maturation (9,10), which is a marker of the induction of
immunologic memory (11–13).

The aim of the present study was to characterize the immune
response of children after meningococcal septic shock with
respect to SBA, IgG isotype, and antibody avidity. Further-
more, we determined whether the differences in avidity of
anti-OMV antibodies were PorA specific. To this purpose, we
selected acute- and convalescent-phase sera from children who
all were infected with N. meningitidis serosubtype P1.7-2,4.
Antibody avidity against the P1.7-2,4 antigen was measured
and compared with the response against the heterologous
antigen P1.7,16 and a PorA-deficient strain. In addition, we
compared the avidity of antibodies to P1.7-2,4 OMV after
convalescing from meningococcal infection with a serosubtype
P1.7-2,4 strain and after vaccination with a P1.7-2,4 OMV
vaccine.

METHODS

Patients. Acute-phase sera of children with meningococcal septic shock
were drawn within 6 h of admission to the pediatric intensive care unit of the
Sophia Children’s Hospital, whereas convalescent-phase serum samples were
obtained 1–3 mo after admission to the pediatric intensive care unit. The study
was approved by the Medical Ethics Committee of the Erasmus MC. Written
informed consent was obtained from the parents of the children. Sera of
children with a positive blood culture for N. meningitidis serosubtype P1.4
were selected. The variable regions 1 and 2 of the PorA gene of these isolates
were sequenced by the Netherlands Reference Laboratory for Bacterial Men-
ingitis (Academic Medical Center Amsterdam/RIVM) and showed that these
isolates all had P1.7-2,4 as a variable region 1/variable region 2 combination.

Avidity ELISA. Antibody avidity was measured using thiocyanate as
chaotropic agent (9). In short, Immulon 2 (Dynex Technologies, Inc. Chantilly,
USA) 96-well plates were coated overnight with 100 �L/well of a monovalent
OMV suspension at a concentration of 4 �g/mL. OMVs from strain H44/76
with serosubtype P1.7,16, as well as OMVs from its isogenic variants with
serosubtype P1.7-2,4 and the PorA-negative isogenic mutant H1.5 were used
as a coating. Sera were diluted 1:100 in PBS-0.1% Tween 80. A 3-fold serial
dilution of serum samples was made in duplicate so that the two halves of a
plate contained identical serum dilutions. Plates were incubated for 90 min at
37°C. 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 and P1.7,16 was included on every plate. After
three washes, 100 �L of a 1.5-M sodium thiocyanate (NaSCN) solution
dissolved 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 incubated with rabbit anti-human IgG 1:5000
conjugated with horseradish peroxidase (Dako A/S, Glostrup, Denmark) for 90
min at 37°C. Subsequently after washing, 3,3',5,5'-tetramethylbenzidine sub-
strate 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 using an EL312e Bio-Kinetics reader. IgG antibody titers were

determined as the dilution yielding 50% of the maximal OD. Samples with
antibody titers below the assay’s detection limit were assigned a value of 50.
Titers that were obtained after treatment with NaSCN were called “avidity
titers.” An avidity index (AI) was expressed as the percentage of antibodies
that remained bound at the antigen coat after treatment with sodium thiocya-
nate: AI � titer (NaSCN�)/titer (NaSCN�) � 100.

IgG isotype ELISA. IgG isotype distribution of the convalescent patient
sera was measured by an OMV ELISA using isotype-specific conjugates as
described elsewhere (8). Anti-human IgG1, IgG2, IgG3, and IgG4 antibodies
conjugated with horseradish peroxidase were used from Sanquin (Amsterdam,
the Netherlands). IgG isotype titers were measured as described for the avidity
ELISA, and samples with antibody titers below the detection limit were
assigned a value of 50.

SBA. SBA titers were assessed as described previously (14). Human plasma
with no detectable SBA against any of the strains used in this study was used
as an exogenous complement source. SBA titers were expressed as the
reciprocal of the lowest serum dilution that yielded �90% killing after 60 min
of incubation.

Statistical analysis. IgG titers, avidity titers, and AIs were log-transformed,
and geometric mean titers (GMT), geometric mean avidity titers (GMAT) and
geometric mean avidity indices (GMAI) with 95% confidence intervals (CIs)
were calculated. Differences in GMTs and GMATs against OMVs of menin-
gococcal strains with different serosubtypes were analyzed by Wilcoxon signed
rank tests. Differences in GMAIs were analyzed by paired sample t tests.

RESULTS

Serum samples from 21 children were used in this study. All
children had a positive blood culture for N. meningitidis,
serosubtype P1.7-2,4. The mean age of the patients was 6.3 y
(SD: 4.8 y; range: 0.5–13 y). Figure 1 shows the GMT mea-
sured against OMVs of a meningococcal strain that contained
the homologous P1.7-2,4 or the heterologous P1.7,16 as PorA
antigen or a PorA-deficient strain to test PorA specificity in
acute and convalescent serum samples. In the acute phase of
disease, GMTs were very low against all OMVs. In convales-
cent sera, there was no significant difference in GMTs against
P1.7-2,4 and P1.7,16 (p � 0.071). GMT against H1.5 was
significantly higher compared with P1.7,16 but not when com-
pared with P1.7-2,4 (p � 0.001 and p � 0.063, respectively).

The GMAT against P1.7-2,4 was significantly higher com-
pared with the GMAT against P1.7,16 (p � 0.004; Fig. 2).
GMTs were too low for assessment of GMAI in the acute-

Figure 1. GMT of 21 sera in the acute phase and 1–3 mo after sepsis with N.
meningitidis P1.7-2, 4 infection against OMVs from strain H44/76 either
expressing P1.7-2, 4 or P1.7,16 PorA. Alternatively, the PorA-negative mutant
H1.5 was used as source of antigen. f GMT 7-2,4; GMT 7,16; � GMT
H1.5. Error bars indicate 95% CIs.
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phase sera. However, in convalescent sera, the GMAI against
P1.7-2,4 was 57%, which is significantly higher than the
GMAI against P1.7,16 (35%) and H1.5 (23%; p � 0.005 and
p � 0.001, respectively). The IgG isotype distribution of the
convalescent sera was dominated by IgG1 (GMT: 158; 95% CI:
71–350), followed by IgG3 (GMT: 130; 95% CI: 68–247),
whereas no IgG2 or IgG4 was found. IgG titers in the acute-
phase sera were too low to assess IgG isotype distribution.
SBA against strain H44/76 P1.7-2,4 did not reach titers �2 in
any of the convalescent sera or against strains H44/76 P1.7,16
or H1.5.

DISCUSSION

In this study, we found that the high-avidity antibodies
induced by a meningococcal infection in young children are
specifically directed to the homologous PorA subtype of the
disease-causing strain. Antibody avidity against OMVs of a
strain with a heterologous PorA subtype is significantly lower,
and antibody avidity against OMVs of a PorA-negative mutant
strain is even lower. These results indicate that a specific
immune response against PorA is generated as a result of
invasive infection. Because antibody GMTs in the acute sera
were so low, GMAI could not be measured in these samples.
Therefore, we were unable to compare GMAI of acute-phase
antibodies with GMAI of convalescent-phase antibodies and to
assess whether avidity maturation occurred.

It is widely known that invasive meningococcal disease
induces an antibody response mainly against PorA but also
against PorB, LPS, and class 5 proteins. In this study, we
focused on studying strain-specific PorA antibodies, because
these have been found to be most relevant for bactericidal
activity and protection from disease. Well-defined OMV sus-
pensions were used as a coating in the avidity ELISA to
measure antibody titers and the AI, in which PorA is the far
most abundant antigen. These OMVs mainly contain either
P1.7-2,4 or P1.7,16 PorA as a protein content, are depleted
from PorB, and contain only low amounts of LPS and class 5
proteins. Therefore, avidity of antibodies against other antigens
than PorA is not measured accurately in this set-up. However,

the PorA-negative H1.5 OMVs contain large amounts of PorB.
Earlier studies showed specific anti-PorB antibodies in conva-
lescent-phase sera regardless of the serotype of the infecting
strain (15). In our study, GMAI of antibodies against H1.5
OMVs were of low avidity.

We did not detect any significant SBA in the convalescent
patient sera and therefore could not correlate SBA titers to
GMAI. It was shown previously that SBA is low after a
meningococcal infection, especially in young children (1,3).
Our group of patients had a mean age of 6.3 y, with only three
children older than 10 y and seven younger than 2 y, which
may explain the absence of SBA in the convalescent sera. It
should also be noted that we used human complement to
measure bactericidal titers. In general, human complement has
been shown to measure lower SBA titers compared with baby
rabbit complement (16). Furthermore, maybe specific IgG
titers were too low to reach the threshold level for SBA.

Recurrent infections by meningococci are exceptional ex-
cept in complement-deficient individuals. This means that the
immune response after invasive disease in otherwise healthy
humans is protective, despite the absence of SBA in convales-
cent patient sera. Other mechanisms therefore may be respon-
sible for induced protection after infection. Recently, several
studies have shown protection in infant rat models against
meningococcal infection in absence of SBA activity (17,18).
The most likely mechanism responsible for protective activity
in the absence of SBA is opsonization. Opsonic activity was
found in patients after meningococcal serogroup B infection
(19). Also, animal studies have shown that protective activity
was associated with high-avidity antibodies (18,20,21). The
PorA-specific avidity induced after infection therefore may
play an import role in protection.

Although important differences can be expected between the
immune responses of healthy toddlers who are vaccinated with
a meningococcal OMV vaccine and children who are recover-
ing from meningococcal septic shock, we tried to compare the
characteristics of the immune response in these patients with
the immune response seen in children who are immunized with
a monovalent P1.7-2,4 OMV vaccine. The IgG isotype distri-
bution was similar between the two groups (9). The GMAI in
convalescent sera is lower in comparison with antibody avidity
induced by the monovalent P1.7-2,4 OMV vaccine: 57 versus
73%. This may suggest that vaccination with this OMV vac-
cine induces a better immune response than invasive menin-
gococcal disease and provides an encouraging view on the
protection against meningococcal disease offered by this
vaccine.
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