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Neisseria meningitidis, an important cause of bacterial meningitis and septicemia worldwide, is associated
with high mortality and serious sequelae. Natural immunity against meningococcal disease develops with age,
but the specificity and functional activity of natural antibodies associated with protection are poorly under-
stood. We addressed this question by using a selected subset of prevaccination sera (n � 26) with convergent
or discrepant serum bactericidal activity (SBA) and infant rat protective activity (IRPA) against the serogroup
B meningococcal strain 44/76-SL (B:15:P1.7,16) from Icelandic teenagers (B. A. Perkins et al., J. Infect. Dis.
177:683–691, 1998). The sera were analyzed by opsonophagocytic activity (OPA) assay, immunoblotting,
immunoglobulin G (IgG) quantitation against live meningococcal cells by flow cytometry, and enzyme immu-
nosorbent assay (EIA). High levels of SBA and OPA were reflected in distinct IgG binding to major outer
membrane proteins and/or lipopolysaccharide in immunoblots. However, we could not detect any specific
antibody patterns on blots that could explain IRPA. Only IgM antibody to group B capsular polysaccharide
(B-PS), measured by EIA, correlated positively (r � 0.76, P < 0.001) with IRPA. Normal human sera (NHS;
n � 20) from healthy Finnish children of different ages (7, 14, and 24 months and 10 years) supported this
finding and showed an age-related increase in IRPA that coincided with the acquisition of B-PS specific IgM
antibody. The protection was independent of complement-mediated bacterial lysis, as detected by the inability
of NHS to augment SBA in the presence of human or infant rat complement and the equal protective activity
of NHS in rat strains with fully functional or C6-deficient complement.

Neisseria meningitidis remains an important cause of menin-
gitis and septicemia worldwide. Natural immunity against me-
ningococcal disease develops with age, associated with an in-
crease in serum bactericidal activity (SBA) (15). For serogroup
A and C meningococci, SBA is primarily dependent on anti-
body to capsular polysaccharide (PS) (15, 60), and vaccines
based on either plain PS or PS conjugated to a protein carrier
are effective against disease caused by these serogroups (5, 41,
53). This does not hold true for serogroup B meningococci,
against which SBA has been attributed to be primarily against
noncapsular antigens (60, 62), since the purified capsular PS is
poorly immunogenic (61). Nevertheless, antibodies to group B
capsular polysaccharide (B-PS), predominantly of the immu-
noglobulin M (IgM) isotype, are naturally present in the ma-
jority of the adult population (16, 25). Specific immune re-
sponses to B-PS have been observed in the majority of adults
and in 30% of children recovering from serogroup B menin-
gococcal disease (3, 16, 17). Due to the relatively low avidity
(28) and the poor bactericidal activity of anti-B-PS antibodies,
especially in the presence of human complement (62), their
contribution to protective immunity against serogroup B me-
ningococci has been considered questionable.

The efficacy of the Norwegian and Cuban serogroup B vac-
cines, based on outer membrane vesicles (OMV) derived from
their respective epidemic strains, has been proven in separate
clinical trials (7, 48), and their immunogenicity has been com-
pared in clinical trials among teenagers in Iceland (39) and
among infants, toddlers, and adults in Chile (50). Although the
antibody responses in these trials have been analyzed exten-
sively (19, 20, 39, 43, 48, 50, 56), there is still much uncertainty
about the specificity and functional mechanisms of antibodies
providing protection against serogroup B disease. In essence,
although there is evidence that SBA is associated with the
protection afforded by OMV vaccines (19), lack of SBA in
nonimmune sera does not necessarily predict disease suscep-
tibility (39). Indeed, it is likely that also phagocytic killing plays
an important role for protection against meningococcal disease
(1, 9, 44, 47). Thus, other techniques, both functional, such as
opsonophagocytic (2, 33) and whole-blood assay (32), and non-
functional assays (34, 38, 55, 56), as well as assessment of active
(49) or passive protection in animal models (21, 51), have been
evaluated for providing additional information about the
mechanisms of protective immunity or even for providing cor-
relates of protection against group B meningococcal disease.

We have previously evaluated a 25% stratified subset of sera
from the Icelandic study (39) collected before and after vacci-
nation for passive protection in infant rats (52a). There we
showed that while infant rat protective activity (IRPA) corre-
lated to some extent with both SBA and anti-OMV IgG con-
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centrations measured by enzyme immunosorbent assay (EIA),
many prevaccination sera were highly protective against chal-
lenge with the Norwegian vaccine strain 44/76-SL (B:15:
P1.7,16) without having SBA and vice versa. The aim of the
present study was to assess the specificity and functional activ-
ity of natural antibodies responsible for IRPA against strain
44/76-SL. To this end, four subsets of prevaccination sera of
Icelandic teenagers with convergent or discrepant SBA and
IRPA results ( 52a) were analyzed by EIA, immunoblotting,
IgG quantitation against live meningococcal cells by flow cy-
tometry, and opsonophagocytic activity (OPA) assay. Normal
human sera (NHS), collected from healthy Finnish children of
different ages, were used to evaluate the development of
IRPA, and rat strains with fully functional or C6 deficient
complement served to assess the importance of complement-
mediated bacterial lysis for protection.

(These data were presented in part at the 13th International
Pathogenic Neisseria Conference in Oslo, Norway [M.
Toropainen, L. Saarinen, K. Bolstad, T. E. Michaelsen, E.
Rosenqvist, E. Wedege, A. Aase, and H. Käyhty, Abstracts
13th International Pathogenic Neisseria Conference, p. 303,
2002].)

MATERIALS AND METHODS

Serum samples. Characteristics of the Icelandic study participants, the immu-
nizations, SBA, and anti-OMV IgG concentrations have been described else-
where (39). Previously, a 25% stratified sample (n � 92), sorted on the basis of
SBA responses, was drawn by Brian Plikaytis at the Centers for Diseases Control
and Prevention (Atlanta, Ga.) from the original study subjects (n � 391) from
whom prevaccination samples (bleed 1) and postvaccination samples drawn 6
weeks after the second dose (bleed 3) were available. These sera were assayed for
IRPA against the Norwegian vaccine strain 44/76-SL (B:15:P1.7,16) and the
Cuban vaccine strain Cu385 (B:4:P1.19,15) (52a). From the IRPA and SBA data
with strain 44/76-SL, the prevaccination sera fell into four different categories:
IRPA positive, SBA positive sera (n � 24) (category I); IRPA negative, SBA
positive sera (n � 22) (category II); IRPA positive, SBA negative sera (n � 18)
(category III); and IRPA negative, SBA negative sera (n � 28) (category IV).
For the present study, six to seven representative sera from each category were
selected on the basis of the availability of �0.2-ml volumes and analyzed for
functional and specific antibodies as described below.

In addition, NHS (n � 20) collected from healthy Finnish children of four
different age groups (7, 14, and 24 months and 10 years) were used in SBA and
IRPA studies. These sera had been collected in connection with previous immu-
nogenicity studies (26) and stored frozen at �20°C until used. Informed consent
and approvals from the ethics committees covered the use of these sera in the
present study.

Absorption of sera with aluminum hydroxide gel-bound B-PS. Equal volumes
(0.1 ml) of aluminum hydroxide gel suspension (2% Alhydrogel; Brenntag Bio-
sector, Denmark) were mixed with B-PS (received from Monique Moreau, Aven-
tis Pasteur, Marcy l’Etoile, France) or C-PS (NIBSC, Potters Bar, United King-
dom) (1 mg/ml for both PS), and the suspensions were incubated for 45 min at
room temperature. The aluminum hydroxide gel-PS complex [0.1 mg of PS per
3 mg of Al(OH)3] was pelleted by centrifugation at 10,000 rpm for 5 min, and the
supernatant was discarded. To each tube, 0.15 ml of undiluted serum was added
and incubated for 2 h at 4°C with occasional mixing. The tubes were then
centrifuged at 10,000 rpm for 5 min, and the supernatant was collected and
assayed for IRPA and for PS-specific antibody by EIA as described below.

Bacterial strains and growth conditions. N. meningitidis strains 44/76-SL and
Cu385 have been described previously (14, 48). For IRPA studies, the strains
were passaged in rats (46) three (44/76-SL) or four (Cu385) times and stored in
skimmed milk at �70°C. After rat passaging, both strains expressed the L3,7,9
immunotype, as determined by colony blotting with L3,7,9 (4A8-B2) (58) and L8
(MN43F8.10) specific monoclonal antibodies (received from B. Kuipers, NVI,
Bilthoven, The Netherlands). Both strains expressed similar amounts of capsular
PS as estimated by whole-cell EIAs (52). The inoculum for the protection assays
was prepared as previously described (51).

SBA assay. SBA data for the Icelandic sera were received through B. D.
Plikaytis. SBA was measured according to Centers for Diseases Control and
Prevention SBA assay protocol with plate-grown bacteria as described elsewhere
with 25% human plasma as the exogenous complement source (39).

SBA of the sera from Finnish children was determined with human serum
from an individual without bactericidal antibodies to 44/76-SL or serum from 5-
to 6-day-old HsdCpb:WU rat pups (Harlan, The Netherlands) as exogenous
complement sources at a final concentration of 20%. The reaction mixture had
a final volume of 50 �l, and Hanks balanced salt solution with Mg2� and Ca2�

was the dilution buffer. A mixture containing twofold serially diluted, heat-
inactivated (56°C, 30 min) serum (25 �l), bacteria (15 �l, corresponding to ca.
100 CFU), and complement serum (10 �l) was incubated in duplicate wells at
37°C on a rotatory shaker at 220 rpm for 1 h. Reaction was stopped by placing
the plates on ice, and 25-�l samples from each well were spotted on supple-
mented proteose peptone (Difco) agar plates, followed by incubation overnight
at 37°C in 5% CO2. After colony counting, the results were expressed as the
reciprocal of the highest serum dilution giving 50% killing of the inoculum. Sera
with titers of �4 were considered SBA negative, and those with titers of �4 were
considered SBA positive.

Opsonophagocytic assay. OPA was measured at the Norwegian Institute of
Public Health (NIPH; Oslo, Norway) as respiratory burst (RB) by flow cytometry
with polymorphonuclear leukocytes (PMNL) from a donor heterozygous for the
FcgRIIa allotype as effector cells and live 44/76-SL cells grown on plates to log
phase as the target, as previously described (2). Human serum without any
antibody activity against the target strain was used as complement source at a
final concentration of 10%. The percentage of effector cells that had undergone
RB was determined, and the results were expressed as the reciprocal of the
highest serum dilution giving RB above the cutoff line of 15% cells. Sera with
titers of �2 were considered OPA negative, and those with titers of �2 were
considered OPA positive.

Quantification of IgG by flow cytometry. Antimeningococcal IgG antibodies
were quantified at the NIPH with live, log-grown 44/76-SL cells by flow cytometry
as described previously (2). Twofold dilutions of a reference plasma (quantified
by EIA against OMVs) was used as an internal standard to create a standard
curve with concentration (range, 0.07 to 9.0 �g/ml) on the abscissa and median
fluorescence intensity on the ordinate, to which the median fluorescence inten-
sities of test samples were interpolated by using GraphPad Prism software
(GraphPad, San Diego, CA).

Immunoblotting. Immunoblotting was carried out at the NIPH as described
previously (55) with deoxycholate-extracted OMVs (14) from strain 44/76-SL as
antigen. Strips loaded with OMV antigens were incubated with 1:200 dilutions of
human sera in the absence and presence of 0.15% Empigen BB to detect
antibody binding to conformation-dependent epitopes (54). The intensities of
IgG binding to different OMV antigens (Omp85, FetA [FrpB of 70 kDa], P1.7,16
PorA, P3.15 PorB, Rmp [class 4 protein], OpcA, OpaJ [class 5.5 protein], lipo-
polysaccharide [LPS] of immunotypes L3 and L8, and unidentified antigens with
higher molecular masses of �50 kDa or in the lower range of 20 to 25 kDa) were
determined visually. By visual determination, the immunoreactive bands were
scored on a scale from 0 to 4, where scores between 0 and 1.5, between 2 and 2.5,
and between 3 and 4 represented no or weak binding, medium binding, and
strong binding, respectively.

OMV EIA. The OMV EIA data for the Icelandic study sera were obtained
from B. D. Plikaytis. As reported previously (39), these data were obtained at the
NIPH and the Finlay Institute, respectively, using OMVs from their respective
vaccine preparations as solid-phase antigen in their OMV EIA (43).

B-PS EIA. IgM and IgG antibodies to meningococcal group B capsular poly-
saccharide (B-PS) were measured by EIA as described previously (4), using B-PS
noncovalently complexed to methylated human serum albumin as coating anti-
gen. The results are expressed as titers, i.e., reciprocals of serum dilution giving
an optical density of 0.3 measured at 450 nm. The sera were assayed starting at
1:50 dilution. Negative samples were assigned a titer of 1:10.

Infant rat protection assay. The passive protection experiments were done as
described previously (51). In brief, outbred HsdCpb:WU (Harlan Nederland,
Horst, The Netherlands) or inbred, complement component C6-deficient PVG
(received from Mohamed R. Daha, LUMC, Leiden, The Netherlands) (24) 5- to
7-day-old infant rats (five rats/serum with sera from Finnish children and six
rats/serum with sera from Icelandic teenagers) were injected intraperitoneally
with 0.1 ml of 1:10-diluted serum 1 to 2 h before the intraperitoneal bacterial
challenge of ca. 105 (Finnish NHS) or 106 (Icelandic prevaccination sera) CFU/
pup in a final volume of 0.1 ml. Saline was used as a negative control for
protection (five to six rats/group). Development of bacteremia was assessed by
culturing blood samples taken 6 h after challenge. The limit of detection for
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blood cultures was 103 CFU/ml. Animals with sterile cultures were assigned a
value of 0.3 times the detection limit, i.e., 3 � 102 CFU/ml of blood.

A protection index (PI) was generated based on the reduction in geometric
mean (GM) concentration of bacteria in blood (CFU/ml). The PI was equivalent
to the fold decrease in GM CFU/ml in each experimental group of animals
relative to the control group of the same day. For each serum, the PI was
calculated as the GM CFU/ml for control animals/GM CFU/ml for serum-
treated animals. Sera with PIs of �1 were assigned a value of 1. A PI of 10 (i.e.,
a �10-fold reduction in GM CFU/ml of blood in the experimental group com-
pared to the control group) was used as the cutoff value of protective activity.
Thus, sera with PIs of �10 were considered IRPA negative and those with PIs of
�10 were considered IRPA positive. All experimental protocols were reviewed
by the Institutional Laboratory Animal Committee and approved by the Provin-
cial Board.

Statistical methods. All statistical analyses were done with log-transformed
data. For calculation of GMs, sera with SBA or OPA titers of �2 were assigned
a value of 1. Differences in GMs between different groups were calculated with
two-tailed t test assuming equal variances (SPSS, Inc., Chicago, Ill.). Pearson
correlation coefficients were calculated with SPSS software. For all comparisons,
a P value of �0.05 was considered significant.

RESULTS

Figure 1a shows the IRPA PI values, and Fig. 1b shows the
SBA titers against strain 44/76-SL for the four categories of
Icelandic prevaccination sera. The OMV EIA data of these
sera resembled closely the data obtained by the SBA assay: no
significant differences in anti-OMV IgG concentrations be-
tween IRPA-positive, SBA-positive category I and IRPA-neg-
ative, SBA-positive category II sera, or IRPA-positive, SBA-
negative category III and IRPA-negative, SBA-negative
category IV sera were found (data not shown).

Opsonophagocytic activity. To find out whether mechanisms
other than SBA might be responsible for IRPA, the OPA of
the sera was evaluated with PMNL as effector cells and live
44/76-SL cells as the target. The results were similar to those
obtained with SBA assay (Fig. 1c) with no significant differ-
ences between categories I and II or III and IV, respectively.

The highest OPA titers (GM � 18, 95% confidence interval
[CI] � 6 to 53) were found for category I in which all (6 of 6)
sera were OPA positive. Category II sera showed similar, albeit
�2.5-fold-lower titers than category I sera (GM � 7, 95% CI
� 3 to 19, P � 0.24). Five of the six (83%) sera were OPA
positive. Category III sera showed negligible titers (GM � 1,
95% CI � 1 to 2); only two of seven (29%) sera were OPA
positive. Category IV sera showed similar low titers as category
III sera (GM � 2, 95% CI � 1 to 4, P � 0.07); five of the seven
(71%) sera were OPA positive.

Antibody quantitation against viable meningococci. IgG an-
tibody binding to live 44/76-SL cells was determined by flow
cytometry. Again, the results were similar to those obtained
with the SBA assay (Fig. 1d). No significant differences in
antibody levels between IRPA-positive and IRPA-negative
category I and II sera or the category III and IV sera, were
found.

The highest IgG levels (GM � 64 �g/ml, 95% CI � 21 to 202
�g/ml) were found for category I sera. Category II sera had
similar, albeit �1.5-fold-lower IgG levels than category I (GM
� 41 �g/ml, 95% CI � 20 to 86 �g/ml, P � 0.53). Category III
had �10-fold-lower IgG levels (GM � 4 �g/ml, 95% CI � 2 to
6 �g/ml) than category I or II. Category IV sera had low IgG
levels similar to those of category III sera (GM � 5 �g/ml, 95%
CI � 3 to 9 �g/ml, P � 0.62).

Antibody specificity detected on immunoblots. The possible
association between antibody specificity and IRPA was ana-
lyzed by blotting the sera against OMV from strain 44/76-SL,
followed by evaluation of the IgG binding intensity to several
outer membrane components (Omp85, FetA, P1.7,16 PorA,
P3.15 PorB, Rmp, OpcA, OpaJ, and L3 and L8 immunotypes)
and some unknown antigens. The majority of the sera (19 of
26, 73%) showed medium or strong signals to one or more of
the antigens. Although large individual variations in the anti-
body specificities were observed, all sera in categories I and II
(n � 12) demonstrated such signals, thus roughly resembling
the findings of SBA and IgG levels (data not shown). Among
the 14 SBA-negative sera in category III and IV, only one
serum showed strong signals, six gave medium signals, and the
remaining seven sera gave no or negligible signals. No differ-
ences in the antigen binding patterns between IRPA-positive
and IRPA-negative category I and II sera or category III and
IV sera were detected that could account for a specific protec-
tive activity.

Antibody to B-PS. Since antibodies to capsular PS cannot be
detected by immunoblots, we used EIA to measure B-PS-
specific IgG and IgM antibodies. With the exception of three
individual sera with titers of �1,000 (one individual in category
I and two individuals in category II), the IgG titers to B-PS
were very low in all categories (GM IgG titer range of 36 to
127), with 15 of 26 (58%) of the sera having a titer of �100 and
22 of 26 (85%) having a titer of �200. No significant differ-
ences in titers between IRPA-positive and IRPA-negative cat-
egory I and II sera or category III and IV sera that could
explain the protection were found (Fig. 1e). In contrast, IgM
titers to B-PS were significantly higher among the IRPA-pos-
itive, SBA-positive sera than the IRPA-negative, SBA-positive
sera (GM IgM titers of 3,662 versus 1,064, P � 0.006), and
among the IRPA-positive, SBA-negative sera than the IRPA-
negative, SBA-negative sera (GM IgM titers of 3,868 versus
1,378, P � 0.013) (Fig. 1f). No significant differences in IgM
titers between SBA-positive and SBA-negative sera were
found.

Correlation between IRPA and in vitro antibody measure-
ments against strain 44/76-SL. Figure 2 shows the correlation
between PI and functional (SBA and OPA) or quantitative
(EIAs and flow cytometric assay) antibody measurements.
Only IgM antibody to B-PS measured by EIA correlated pos-
itively (r � 0.76, P � 0.001) with IRPA against strain 44/76-SL
(Fig. 2f).

Development of protection against strain 44/76-SL as a
function of age. Since the Icelandic study sera were from teen-
agers of a narrow age group (16 to 19 years), the tracing of
development of natural immunity was not possible. To study
this, a set of NHS, collected from Finnish children of different
ages (7, 14, and 20 months and 10 years), was tested for IRPA
against strain 44/76-SL, and the results were compared to SBA
and B-PS specific IgG and IgM concentrations. Since the
source of complement may affect SBA assay results (62), both
human and infant rat sera were used as the exogenous com-
plement source.

There was a clear, age-related increase in PI against 44/
76-SL that coincided with acquisition of B-PS specific IgM
antibody. At the age of 7 months, only one of the five (20%)
individual sera was IRPA positive (PI of �10) (Fig. 3). At the
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FIG. 1. Summary “box-and-whiskers” plots based on the median, quartile, and extreme antibody values for the prevaccination sera from
Icelandic teenagers evaluated for functionality (IRPA [a], SBA [b], OPA [c]) and quantity of meningococcal specific antibodies ([d to f]). On basis
of the convergence or discrepancy of the IRPA and SBA data with the 44/76-SL (B:15:P1.7,16) strain, sera were divided into four different
categories: category I, IRPA-positive, SBA-positive sera; category II, IRPA-negative, SBA-positive sera; category III, IRPA-positive, SBA-negative
sera; and category IV, IRPA-negative, SBA-negative sera. The designated cutoff value (PI � 10) for IRPA is indicated by the horizontal dotted
line.
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age of 10 years, all individuals (five of five) had reached this
level (Fig. 3). In SBA assays, similar low titers were obtained
regardless of the complement source used; only one (5%)
serum was SBA positive (titer of 4 with infant rat serum as the
complement source). The positive control serum gave essen-
tially the same titer regardless of the complement source used.
Similarly to the Icelandic teenager sera, only low IgG titers to

B-PS were found (GM � 27, 95% CI � 14 to 51). Again, only
IgM antibody to B-PS correlated positively (r � 0.77, P �
0.001) with IRPA against strain 44/76-SL (Fig. 4).

Protection by nonabsorbed and aluminum hydroxide gel-
bound B-PS absorbed sera in complement component C6-
deficient rats. To confirm the importance of B-PS specific IgM
antibody to protection against strain 44/76-SL, two IRPA-pos-

FIG. 2. Correlations between IRPA and functional (SBA [a] and OPA [b]) or quantitative antibody (c to f) assays for the prevaccination sera
from Icelandic teenagers (n � 26). Strain 44/76-SL (B:15:P1.7,16) was used in IRPA, SBA, OPA, and preparation of the OMVs, and in
measurement of IgG binding to live cells. (a) SBA titers versus protection indices (PIs); (b) OPA titers versus PIs; (c) anti-OMV IgG
concentrations versus PIs; (d) IgG binding to live 44/76-SL cells versus PIs; (e) anti-B-PS IgG concentrations versus PIs; (f) anti-B-PS IgM
concentrations versus PIs.
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itive NHS (samples 105 and 109) of sufficient volumes from
10-year-old Finnish children were absorbed with aluminum
hydroxide gel-bound B-PS (Al-B-PS) to deplete B-PS specific
antibody, and the nonabsorbed and absorbed sera were as-
sayed for IRPA. To further assess whether protection afforded
by these sera was independent of direct bacterial lysis, as sug-
gested by the lack of SBA with either human or infant rat
serum as the complement source, a rat strain with a deficiency
in the terminal part of the complement pathway (C6 defi-

ciency), i.e., in the generation of the membrane attack com-
plex, was used.

The absorption of B-PS specific IgM antibody was efficient
and specific. In both sera, the IgM titers to B-PS decreased by
�99% after Al-B-PS absorption (serum 105 from 6,400 to 80
and serum 109 from 3,600 to �50). No significant reduction in
B-PS specific IgM titers was seen after absorption of the sera
with aluminum hydroxide gel-bound meningococcal serogroup
C capsular polysaccharide (Al-C-PS). The anti-B-PS IgG titers,
which were low already before the absorptions (�200), re-
mained essentially the same.

Figure 5 shows the IRPA results obtained with nonabsorbed,
Al-B-PS-absorbed and Al-C-PS-absorbed NHS 105. For com-
parison, data obtained previously with the complement-suffi-
cient rat strain are included. Both saline-treated rat strains
developed similar bacteremia (GM bacteremia level 2.2 � 106

compared to 6.9 � 105 CFU/ml of blood, P � 0.06). The
nonabsorbed serum was equally protective in both rat strains.
As expected, absorption with Al-C-PS did not reduce protec-
tive activity. This was in contrast to absorption with Al-B-PS
that completely abolished protective activity. Similar results
were obtained with serum 109 (data not shown).

Correlation between IRPA and in vitro antibody measure-
ments against strain Cu385. To summarize, only IgM antibod-
ies to B-PS correlated positively with IRPA against the 44/
76-SL strain. In the light of the significantly higher protection
rate conferred by the Icelandic prevaccination sera against
strain 44/76-SL than against strain Cu385 (B:4:P1.19,15) (46%
versus 12% [52a] ), which expressed an identical capsular PS, it
was of interest to study whether a similar relationship between
PI and anti-B-PS IgM concentration also existed for strain
Cu385. For this purpose, IRPA data obtained with the Cu385
strain for the Icelandic serum subset were examined for cor-
relation to SBA, OMV EIA, and anti-B-PS IgG and IgM
concentrations. Although there was a trend toward higher anti-
B-PS IgM titers in IRPA positive (n � 6) than IRPA negative
(n � 20) sera (GM IgM titers of 3,467 versus 1,860, P � 0.11),
the correlation between PI and anti-B-PS IgM concentration
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FIG. 3. Age-related increase in IRPA against strain 44/76-SL (B:
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FIG. 5. Influence of B-PS antibody depletion on passive protection
in complement component C6-deficient rats. A serum from a 10-year-
old Finnish child was absorbed with Al-B-PS or Al-C-PS. The results
are shown as the GM CFU values per ml of blood 	 the 95% CI from
n � 5 rats. ND, not determined.
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(r � 0.36, P � 0.07) did not reach statistical significance (Fig.
6d). Only SBA (r � 0.63, P � 0.01) and anti-OMV IgG anti-
body concentration (r � 0.45, P � 0.05) showed significant
positive correlation with IRPA against strain Cu385 (Fig. 6a
and b).

DISCUSSION

We have evaluated functional and specific antibodies in pre-
vaccination sera from Icelandic teenagers with convergent or
discrepant SBA and IRPA results and found that only IgM
antibody to B-PS correlated with IRPA against the serogroup
B meningococcal strain 44/76-SL (B:15:P1.7,16). Experiments
with NHS collected from healthy Finnish children of different
ages (7, 14, and 24 months and 10 years) supported this finding.
The importance of anti-B-PS IgM antibody for protection was
confirmed by the complete loss of IRPA by NHS after Al-B-PS
absorption. The protection against 44/76-SL seemed to be in-
dependent of direct lysis of the bacteria, as demonstrated by
the inability of half of the IRPA positive Icelandic sera and the
majority (13 of 14) of the Finnish NHS to promote in vitro
bacterial killing in the SBA assay (titer of �4). In support of
these findings, the NHS showed equal protective activity in a
complement-sufficient rat strain and in a rat strain with a de-
ficiency (C6 deficiency) in the generation of the membrane

attack complex. OPA with human PMNL as the effector cells
did not, however, explain the protective activity of the IRPA-
positive but SBA-negative Icelandic sera since five of seven
(71%) of these sera were also OPA negative (titers of �2).
These findings contrast with the general conception of the
minor importance of B-PS specific antibodies for protection
against serogroup B meningococcal disease; due to the low
avidity, especially of IgG (28), and the divergent reports of the
functional activity of B-PS specific antibodies in SBA assays
with human complement (27, 62), which probably arose from
differences in experimental procedures (27), the role of these
antibodies in protection against meningococcal infection has
been challenged. On the other hand, monoclonal antibodies of
human (6, 40) and mouse (11, 31, 51) origin with specificity to
B-PS have previously been shown to be protective in animal
models of serogroup B meningococcal or Escherichia coli K1
bacteremia, the latter bearing an immunochemically identical
polysialic acid capsule (23).

It is well recognized that the use of complement from het-
erologous species (especially rabbits) may greatly enhance the
SBA of human anti-PS antibodies compared to the activity
with human complement (18, 27, 62). Thus, to exclude the
possibility that the discrepancy between IRPA and SBA data
was due to species-specific differences in the efficiency of com-
plement to lyse B-PS antibody-targeted bacterial cells, we used

FIG. 6. Correlations between IRPA and functional (SBA) (a) or quantitative antibody (b to d) assays for prevaccination sera from Icelandic
teenagers (n � 26). Strain Cu385 (B:4:P1.19,15) was used in IRPA and SBA analyses and for preparing the OMVs. (a) SBA titers versus PIs; (b)
anti-OMV IgG concentrations versus PIs; (c) anti-B-PS IgG concentrations versus PIs; (d) anti-B-PS IgM concentrations versus PIs.
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sera from both humans and infant rats as the exogenous com-
plement source in SBA assays with NHS. Similar low or unde-
tectable activities were found irrespective of the complement
source. Furthermore, two NHS were equally protective in vivo
in rat strains with functional or C6-deficient complement.
These data suggested that a mechanism(s) other than direct
bacterial lysis, such as opsonophagocytosis (40), was responsi-
ble for the anti-B-PS mediated bacterial clearance, similar to
previous findings in the chicken embryo model that has an
active mononuclear phagocyte system but lacks functional
complement (13). These findings are also in accordance with in
vitro results showing that when generation of the membrane
attack complex has been prevented (depletion of C8 from
pooled normal human serum), serogroup B meningococci, al-
though relatively resistant to NHS-mediated SBA, are effi-
ciently ingested and killed by neutrophils with the indispens-
able augmentation of complement; heat inactivation of the
NHS completely abolished phagocytic activity (44).

Thus, another aim of the present study was to find out
whether the lack of correlation between IRPA and SBA could
be explained by PMNL-mediated OPA, especially in IRPA-
positive but SBA-negative Icelandic prevaccination sera.
Somewhat unexpectedly, only low or even undetectable OPA
activities were found. At present, we have no experimental
data to explain the mechanism(s) behind the protection in
IRPA-positive but SBA- and OPA-negative sera. One expla-
nation could be the sensitivity of the OPA assay. PMNL lack
Fc� receptors, and therefore opsonization by IgM antibody is
strictly dependent on complement activation via the classical
and/or the alternative complement pathway. At low comple-
ment concentrations (�10%) activation of complement occurs
mainly through the classical pathway (59). However, previous
studies comparing monoclonal IgG and IgM antibodies against
meningococcal surface PorA protein revealed IgM to be more
active than IgG in OPA under conditions similar to those used
in the present study (29, 30). Also, when different concentra-
tions of complement serum were tested with a human mono-
clonal IgM anti-P1.16 PorA antibody, no change in sensitivity
was observed at serum concentrations between 10 and 50%
(unpublished observations). Thus, alternatively, in infant rats,
the macrophages of the peritoneum or mononuclear phagocyte
system (13), rather than PMNL, might have been responsible
for bacterial clearance. It is well recognized that Fc and espe-
cially C3 receptors on macrophages play a crucial role in the
clearance of other well-opsonized encapsulated bacteria from
the bloodstream (8, 10, 35, 37, 42) and even in the absence of
opsonins, pattern recognition molecules, especially the class A
scavenger receptor, mediate meningococcal uptake by human
bone marrow culture-derived macrophages (36).

We used immunoblotting, EIA, and flow cytometry to char-
acterize the specificity and quantity of antibodies to meningo-
coccal noncapsular and capsular antigens that might be re-
sponsible for IRPA against strain 44/76-SL. On blots, most of
the prevaccination sera (73%) showed either medium or strong
IgG binding to one or more of the outer membrane antigens of
strain 44/76-SL. Such responses were not unexpected since
31% of all participants were previously identified as carriers of
meningococci during the trial (39); of the carried isolates, 25%
expressed PorA and/or PorB epitopes present on strain 44/76-

SL, whereas 36% expressed corresponding epitopes present on
strain Cu385 (56).

In general, high SBA and OPA titers were reflected in dis-
tinct IgG binding to whole meningococcal cells (measured by
flow cytometry) and to the major outer membrane proteins
and/or LPS on immunoblots. However, we could not detect
any specific antibody patterns on the blots that could explain
IRPA; three of seven of the IRPA-positive but SBA-negative
sera were negative by immunoblotting. Since the blotting was
performed with deoxycholate-extracted OMV as antigen, more
loosely attached outer membrane antigens or cellular antigens
will have escaped detection. In contrast, the anti-B-PS IgM
antibody levels were approximately three times higher among
IRPA-positive, SBA-positive sera than among IRPA-negative,
SBA-positive sera and among IRPA-positive, SBA-negative
sera than among IRPA-negative, SBA-negative sera. Although
we cannot completely exclude the possibility that IgM or IgG
antibody to noncapsular antigens might have also contributed
to IRPA, the total loss of protection by NHS after IgM deple-
tion by Al-B-PS absorption and the very low anti-capsular IgG
concentrations suggested that it was mainly due to anti-B-PS
IgM antibodies.

Similar to previous studies (16, 25), the B-PS specific anti-
bodies in both the Icelandic sera and NHS of Finnish children
were predominantly of the IgM isotype, whereas low or unde-
tectable anti-B-PS IgG concentrations were found, especially
in NHS collected from the young Finnish children. In a previ-
ous study, to increase the specificity of the assay, serum sam-
ples were assayed in the presence or absence of soluble MenB
PS, and only the inhibitable fraction of the binding signal was
used to calculate the anti-B-PS antibody concentrations (16).
In our study, detection of B-PS specific IgM antibodies by a
slightly different EIA, one adapted from that originally de-
scribed by Arakere and Frasch (4), seemed very specific, as
seen from the nearly complete inhibition (�99% reduction in
titer) of IgM antibody binding after Al-B-PS absorption. In
contrast and similar to previous studies (16, 25), IgG titers to
B-PS remained essentially the same after adsorption, suggest-
ing that a significant part of the signal represented nonspecific
antibody binding or that the conditions used in the absorptions
did not favor efficient IgG binding, probably due to the low
avidity of IgG antibodies (28).

Since the Icelandic study sera were from teenagers (16 to 19
years old), the relatively high percentage (46% with strain
44/76-SL) of IRPA-positive prevaccination sera found in our
previous study (52a) and the high prevalence (100%) of anti-
B-PS IgM-positive sera in the present study were not unex-
pected. In order to study the kinetics of the development of
IRPA and its possible association with anti-B-PS IgM antibod-
ies, an additional set of sera collected from Finnish children of
different ages (7 months to 10 years) was assayed for protective
activity against strain 44/76-SL. A clear age-related increase in
IRPA was found that closely coincided with the acquisition of
B-PS specific IgM antibodies.

In another study (52a), we used two meningococcal strains
sharing an identical capsular polysaccharide and LPS immu-
notype in IRPA studies with the Icelandic sera. Assuming that
IgM activity to B-PS was responsible for the protection against
strain 44/76-SL with the prevaccination sera (and NHS), the
less apparent association of anti-B-PS IgM to protection
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against strain Cu385 was somewhat surprising. However, sim-
ilar differences in the susceptibility of serogroup B strains to
B-PS specific antibody have also been described previously. In
a study by Mandrell et al. (27), the concentration of human
monoclonal anti-B-PS IgM antibody needed to elicit killing in
vitro in SBA assays varied from 0.03 to as much as �100 �g/ml,
depending on both the monoclonal antibody clone and sero-
group B meningococcal target strain used. Thus, a higher con-
centration of antibodies (i.e., lower serum dilution) may have
been needed to confer protection against the Cu385 strain.
Unfortunately, the insufficient volumes of Icelandic sera pre-
vented the reassessment this question.

The reason for the differences in target strain susceptibility
to anti-B-PS antibody is not clear but could be related to
quantitative (59) and/or qualitative (22) differences in anti-
body-mediated deposition of opsonic C3 fragments to the bac-
terial surface. The activated metastable C3 has a strong pref-
erence for terminal sugar residues (45), such as the terminal
galactose of lacto-N-neotetraose (LNnT) on meningococcal
LPS, whereas the sialylation of LPS has been shown to inhibit
bacterial killing of NHS by masking the LNnT structure (12).
Thus, differences in the expression of free LNnT (not deter-
mined in the present study) or other (unidentified) C3 receptor
molecules might have accounted for strain-specific differences
in the anti-B-PS IgM-mediated bacterial clearance.

To conclude, we have shown that natural human IgM anti-
bodies to serogroup B-PS can protect against experimental
meningococcal bacteremia in infant rats even in the absence of
complement-mediated lytic activity, thereby extending the im-
portance of subbactericidal antibody concentrations in protec-
tion from serogroup C (57) meningococci also to group B
organisms and emphasizing the importance of using multiple
assays when protective immunity against meningococcal dis-
ease is measured. Before extending our findings to protection
in humans, however, several factors need to be addressed.
First, although our study showed no significant differences
between the in vitro functional activity of meningococcal anti-
bodies in the presence of human or infant rat complement,
relatively little is known about the function of human antibod-
ies in experimental animals in the presence of complement and
phagocytic cells from heterologous species compared to their
presumed function in humans. Second, the mechanism(s) be-
hind the protective activity of IRPA-positive but SBA- and
OPA-negative sera and the different sensitivities of meningo-
coccal strains expressing an identical capsular PS to B-PS spe-
cific antibodies would be important to investigate. All of this
highlights the complexity of the in vitro and in vivo assessment
of protective immunity against group B meningococcus.
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51. Toropainen, M., H. Käyhty, L. Saarinen, E. Rosenqvist, E. A. Høiby, E.
Wedege, T. Michaelsen, and P. H. Mäkelä. 1999. The infant rat model
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