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Understanding the basis of protective immunity is a key requirement for the development of an effective
vaccine against infection with Neisseria meningitidis of serogroup B. We have conducted a longitudinal study
into the dynamics of meningococcal acquisition and carriage in first-year university students. The detection of
carriage of serogroup B meningococci correlated with an increase in detection of serum bactericidal activity
(SBA) against both colonizing and heterologous serogroup B strains. Once induced, SBA remained high
throughout the study. Although students showed increases in antibodies reactive with capsular polysaccharide
and lipopolysaccharide (LPS), these antibody responses were transitory, and their decline was not accompa-
nied by a corresponding decline in SBA. In contrast, there was a significant correlation between the presence
of antibodies to the PorA outer membrane protein and SBA against both homologous and heterologous strains.
SBA induced by a PorA-negative mutant confirmed the contribution of PorA to heterologous activity. Increases
in SBA against a range of serogroup B strains were also observed in students in whom no meningococcal
carriage was detected. This heterologous protection could not be associated with the presence of antibodies
reacting with capsule, LPS, PorA, PorB, Rmp, Opa, Opc, or pilin, demonstrating that other, as yet unidentified,
antigens contribute to the development of immunity to serogroup B meningococci. Identification of such
antigens with the ability to induce an effective cross-reactive bactericidal response to a range of strains would
be a major step in the production of a universally effective vaccine against infections caused by serogroup B

meningococci.

Infection with Neisseria meningitidis (meningococcus) is an
important cause of meningitis and septicemia worldwide. Me-
ningococcal infections are of special concern because of their
propensity to cause rapidly deteriorating and potentially fatal
disease, particularly in children and young adults (19, 24).
Humans are the only natural host for meningococci, and
healthy carriers are of primary importance in disease transmis-
sion (11). During epidemics, contacts of infected individuals
tend to carry the epidemic strains (18), and the carriage rate is
much higher in close contacts such as family members (10) or
among individuals within institutions (24). Nasopharyngeal
carriage in closed or semiclosed institutions such as universities
may rise to >50% (4), which results in high meningococcal
transmission rates (32). The risks of transmission and contract-
ing meningococcal disease are, therefore, increased when
many young adults, a group with a high nasopharyngeal me-
ningococcal carriage rate (32), are brought together within the
close confines of a university. Students are most at risk in their
first year within the university environment when they are
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likely to be exposed to meningococcal strains not previously
encountered (1, 7, 16).

Meningococcal strains are differentiated into serogroups
based on the structure of the capsular polysaccharide. In most
temperate countries, serogroup B has been the predominant
serotype causing disease, followed in frequency by serogroup
C. Until recently, our understanding of the relationship be-
tween meningococcal carriage and immunity was based largely
on the classic studies of Goldschneider and colleagues, who
followed an epidemic of serogroup C infection in a military
training camp during 1967 and 1968 (8, 9). They found a high
prevalence of carriage of the outbreak strain together with
high levels of serum bactericidal activity (SBA). They also
correlated high levels of SBA with immunity to meningococcal
infection and demonstrated that this was due to the presence
of antibodies directed against the serogroup C capsular poly-
saccharide. In contrast, recent studies have reported much
lower levels of carriage during outbreaks in universities and
other institutions (7, 33). Following a recent serogroup C out-
break at a university in the United Kingdom, we analyzed
serum samples taken just before the outbreak and demon-
strated only low levels of SBA against serogroup C meningo-
cocci (16). The immunization of students with the MenC poly-
saccharide conjugate vaccine was subsequently introduced into
the United Kingdom immunization program, and the number
of cases of serogroup C infection has since declined dramati-
cally (2, 26).
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TABLE 1. Characteristics of carriage strains isolated in this study”

Source?
Serogroup Serotype Subtype LPS type Phenotype designation Strain designation

Student Week Site
B 4 5,2 L3 A MC168 37 3 T
B NT 72,4 L3 B MC169 30 3 T
B 4 19,15 L3 C MC170 9 18 T
B 1 19-1,15-11 L1 D MC171 28 0 G
B 1 22,14 L3 E MC172 15 31 T
C 2b 5,2 L3 F MC173 12 3 G
29E 4 5-1,10-8 ND G MC174 5 0 T
29E NT 18,25 ND H MC175 17 18 T
29E 14 5-1,2-2 ND I MC176 39 3 G
NG NT 17,16-24 ND J MC177 33 3 T
NG NT 5-2,10-25 ND K MC178 29 3 T

“Isolates were characterized by serogroup, serotype, and subtype antigens by standard methods at the Meningococcal Reference Unit (Manchester Public Health
Laboratory). DNA sequencing of the variable subtype-specific encoding regions of the PorA protein (3) at our laboratory further characterized these strains. ND, not

determined; NG, nonserogroupable; NT, nonserotypeable.

® The source of the selected isolate (MC numbers) of each strain phenotype is indicated by the volunteer number followed by time point (weeks 0, 3, 18 or 31) and

specimen type (T, throat swab; G, gargle specimen).

A previous study into an outbreak of serogroup C meningo-
coccal disease within a university provided a unique opportu-
nity to investigate immunity to infection in a student popula-
tion, before and during an outbreak (37). However, given the
lack of an effective vaccine against serogroup B strains, there is
a continuing need to understand the basis of protective immu-
nity to meningococcal infection. At the time of the outbreak, in
contrast to serogroup C, the presence of SBA against sero-
group B meningococci in the population was more common
and did not correlate with the presence of antibodies directed
against capsular polysaccharide but to antibodies directed
against the PorA outer membrane protein (37). However, this
study was carried out on sera taken at a single time point, 1
month following the outbreak, and could not, therefore, assess
the temporal relationship between carriage and development
of an immune response. We have, therefore, undertaken a
longitudinal study in a new cohort of students during their first
year at the same university in order to study the dynamics of
meningococcal acquisition and carriage and their influence on
the development of both strain-specific and cross-protective
immunity to serogroup B meningococcal infection.

MATERIALS AND METHODS

Human volunteers. This study followed the human experimentation guidelines
of the authors’ institutions, and informed consent was obtained from partici-
pants. Volunteers were sought from first-year undergraduate students living in a
single university hall of residence. All had received the meningococcal noncon-
jugate polysaccharide A/C vaccine prior to entering university at the beginning of
the 1999-t0-2000 academic year. Samples, which were collected from volunteers
2 weeks after entry to the university (week 0) and on three further occasions
during the academic year (weeks 3, 18, and 31), comprised blood, throat swabs,
and mouth gargles with phosphate-buffered saline (17).

Detection of meningococcal carriage. The presence of meningococci on throat
swabs and in concentrated gargle samples was determined by culture and mod-
ified ctrA TagMan PCR, essentially as described previously (17). For culture,
samples were inoculated onto modified New York City Agar (Wessex Media
Services, Dorchester, United Kingdom), and the plates were incubated at 37°C
for 36 to 48 h in 5% (vol/vol) CO,. Meningococcal DNA was detected by the
modified ctr4 TagMan assay developed by the Meningococcal Reference Unit,
Manchester, United Kingdom; the assay detects serogroups A, B, C, X, Y, Z,
W135, 29E, and some nonserogroupable (NG) strains (5) and has been shown to
improve carriage detection over culture alone (17). Reactions contained 1X
TagMan Universal Mix, a 0.3 uM concentration of each primer, 0.2 wM probe
(all supplied by Applied Biosystems), and 5 pl of target DNA in a total volume

of 25 pl. Dilutions (10-fold) of bacterial DNA covering the range 10° to 107
copies/ml were included with these ctr4 assays. PCR amplification conditions
consisted of 2 min at 50°C and 10 min at 95°C, followed by 50 cycles of 15 s at
95°C and 1 min at 60°C on a sequence detector system 7700 (Applied Biosys-
tems). Positive controls (containing DNA extracted from serogroup B N. men-
ingitidis and serogroup C N. meningitidis) and negative controls (water only) were
included in every experiment. All NG meningococcal cultures or ctr4-positive
samples were further characterized by TagMan siaD PCR for serogroup B- and
serogroup C-associated DNA (13, 17).

Typing of N. meningitidis. Isolates were characterized by serogroup, serotype,
and subtype antigens by the Meningococcal Reference Unit (Manchester Public
Health Laboratory). The lipopolysaccharide (LPS) immunotype was determined
for the serogroup B strains by the Laboratory for Vaccine Research, RIVM,
Bilthoven, The Netherlands (31). Further characterization of subtype specificity
was obtained by DNA sequence determination of PorA variable regions VR1
and VR2 (3) and comparison with the PorA database (http:/neisseria.org/nm
/typing/pora/).

ELISA for detection of antibodies to capsular polysaccharide and LPS. An-
tibodies directed against the serogroup B capsule were measured as total immu-
noglobulins by enzyme-linked immunosorbent assay (ELISA) with capsular poly-
saccharide from an O-acetyl-negative mutant of Escherichia coli K1 (a generous
gift from H. Jennings, Ottawa, Canada), which is structurally and immunologi-
cally identical to serogroup B polysaccharide, by using goat anti-human immu-
noglobulins (37). Antibody concentrations were calculated by reference to a
positive control serum taken from an individual with high levels of antibody
directed against serogroup B polysaccharide, which was assigned a concentration
of 100 arbitrary units. Negative controls contained all reagents except serum.

Antibody responses to meningococcal LPS were detected by ELISA (25) with
LPS purified from strains MC171 (B:1:P1.19-1,15-11:L1) (this study) and MC58
(B:15:P1.7,16-2:L3) (21) as described previously (37). Concentrations of anti-
body directed against LPS were calculated by reference to a positive control
serum, taken from an individual with high levels of antibody directed against
LPS, which was assigned a concentration of 100 arbitrary units.

SDS-PAGE and Western blotting for detection of antibodies to meningococcal
outer membranes. The specificity of the immune response was further investi-
gated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and Western blotting (37). Control antibodies were used to identify the
position of known protein antigens, and the intensity of antibody reactivity was
scored semiquantitatively on a scale of 0 to 5 as described elsewhere (37).

SBA directed against N. meningitidis. The complement-mediated SBA assay
was carried out with the isolates described in Table 1 and with strains H44/76 and
CE2001, a PorA-negative mutant of strain H44/76 kindly provided by J. Poolman
(RIVM). SBA assays were performed essentially as described previously (16) by
using human serum at a concentration of 5% (vol/vol) as the exogenous com-
plement source for serogroup B strains (38). Serum bactericidal titers were
expressed as the final serum dilution that resulted in a =50% reduction in
surviving CFU compared with an equivalent negative control containing heat-
inactivated complement.
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TABLE 2. Longitudinal nasopharyngeal carriage of Neisseria
meningitidis in students

Meningococcal colonization detected at sampling time point®

Student
no. Week 0 Week 3 Week 18 Week 31
5 G G Did not attend Did not attend
9 - Did not attend C -
10 + - - —
11 - - + -
12 +* F - -
15 - - B B, E
17 — - H H
19 - + Did not attend Did not attend
20 + — —
26 +b - - -
28 D - Did not attend Did not attend
29 - K K K
30 +¢ B B B
33 J J J Did not attend
37 — A A A
38 - A A -
39 - I 1 Did not attend
100 - - + -

“ Nasopharyngeal colonization of meningococci in the student population was
determined by culture and PCR of throat swabs and gargle specimens; nine
carriers were detected by both culture and PCR, six were detected only by PCR,
and three were detected only by culture. The characteristics of the carried strains
(A to K) refer to the phenotypes designated in Table 1. +, positive PCR test
result but culture negative; —, carriage not detected.

b siaD PCR-detected group C-associated DNA.

¢ siaD PCR-detected group B-associated DNA.

Statistical analysis. For analysis of the correlation between the potential
protective effect and presence of specific antibodies, sera were assigned to groups
with SBA levels of <1/8 or =1/8 (37). The Mann-Whitney U test was used to
assess differences between data groups by comparing mean values; probability
values of < 0.05 were considered statistically significant.

RESULTS

Carriage of meningococci. Samples were obtained from a
total of 42 students on four occasions during the academic year
(weeks 0, 3, 18, and 31). Carriage was determined by culture
and PCR of both throat swabs and gargles. Carriers were
defined as students detected as positive for meningococci by
any one test in any sample and noncarriers were defined as
students who tested negative for meningococci by all tests on
all samples taken at the four time points.

Meningococcal carriage was detected in 18 students (43%)
at some point during the 31-week study period; 10 students
acquired meningococci during the course of the study. Twelve
students were culture positive on at least one occasion. Char-
acterization of the isolates revealed a total of 11 distinct strains
(Table 1) with only two phenotypes (B:4:P1.5,2 and B:NT:P1.7-
2,4) detected in more than one student, and each of these
phenotypes (designated A and B, respectively) was detected in
two students (Table 2). The cumulative carriage rates for the
respective meningococcal serogroups were as follows: B, 14%
(n=106);C,5% (n = 2); 29E, 7% (n = 3); and NG, 17% (n =
7). SiaD PCR was performed on all NG strains to identify
meningococci not currently expressing serogroup B capsule but
with the genetic potential to do so. All such PCR results were
negative.

Two of the students carrying serogroup B strains remained
colonized for at least 28 weeks (volunteers 30 and 37), and one
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student (volunteer 15) was colonized by a second serogroup B
strain (as defined by differences in serotype and subtype) while
continuing to carry the first. The carrier of strain MC171 (stu-
dent 28) received a course of antibiotics as a contact of a
sporadic case of meningococcal disease early on in the study
and so was excluded from further analysis. One isolate from
each of the distinct phenotypes of serogroup B meningococci
was selected for further studies (Table 1).

SBA against serogroup B strains. The levels of immunity in
the student population to the circulating serogroup B strains
were determined at the beginning (week 0) and end points of
the 31-week study. Figure 1 shows the SBA against the sero-
group B meningococcal strains for the five serogroup B carriers
and for the 15 students that attended every session but had no
detectable meningococcal carriage. The levels of SBA to the
different strains varied considerably, both at the beginning and
end of the study. At the beginning of the study, 50 to 80% of
students had bactericidal activity (titer of =1/8) against strains
MC168 (B:4:P1.5,2:L3), MC169 (B:NT:P1.7-2,4:L3), and
MC170 (B:4:P1.19,15:L3), but only 30% had bactericidal ac-
tivity against strains MC171 (B:1:P1.19-1,15-11:L1) and
MC172 (B:1:P1.22,14:1.3). By the end of the study, these per-
centages had increased to 75 to 95 and 50%, respectively.

There were distinct differences in the ability of sera from the
noncarriers to kill the different serogroup B strains (Fig. 1).
For example, volunteer 32 was the only individual who showed
no SBA against any of the serogroup B carriage strains at week
0. By week 31, this individual had developed bactericidal ac-
tivity against strains MC170, MC168, and MC169. Volunteer
36 demonstrated SBA at week 0 only to strain MC168; by week
31, this student had developed some activity against strain
MC169 but not to the other three serogroup B carriage strains.
In contrast, student 29 demonstrated SBA against all of the
serogroup B carriage strains throughout the study.

In order to study the effect of carriage on immunity, all sera
taken at any session from serogroup carriers were tested for
SBA against the serogroup B strains. Student 30, who was
colonized at the beginning of the study, was found to have
bactericidal activity throughout the study to the entire panel of
serogroup B strains (Fig. 2). Sera from the other carriers re-
vealed increases in SBA both to their homologous and heter-
ologous strains during the course of the study. Subjects 9, 15,
37, and 38 became colonized by serogroup B meningococci
during the course of the study. Two of these students (15 and
38) had nonprotective levels of bactericidal antibody (titer of
<1/8) to their homologous strain in sera taken prior to colo-
nization, with a significant rise in bactericidal activity detected
in sera taken at the time point that colonization was first
detected (Fig. 2B and E). In each case the rise in titer against
the homologous strain was accompanied by an increase in titer
against the other serogroup B strains. Thus, at week 0, student
38 had preexisting bactericidal activity to strains MC169 and
MC170; colonization with strain MC168 was detected at week
3, and at the same time increases in SBA were detected against
the homologous and all four heterologous strains. Similarly,
student 15 had preexisting bactericidal activity only against
strain MC168 at week 0, became colonized with strain MC169
at week 18, and demonstrated activity not only against the
homologous strain but also against the other carriage strains,
to which he had previously lacked activity. These included a
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FIG. 1. SBA of students against each serogroup B meningococcal
carriage strain. Shown are the SBA titers of students (as numbered on
the x axis of panel E) against each serogroup B strain detected in this
study. Filled bars indicate the SBA titer at the start of the study (week
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second serogroup B isolate from the student, strain MC172,
which was only detected at week 31. Student 37 had low but
potentially protective antibodies (titer of 1/8) only against
strain MC168. Colonization with MC168 at week 3 was accom-
panied by an increase in bactericidal activity, not only to the
carriage strain but also to the four heterologous strains. In
contrast to the other colonized students, volunteer 9 showed
high levels of preexisting SBA to the colonizing strain (MC170)
and lacked bactericidal activity against only one strain
(MC169) at week 0. Following colonization with MC170, sig-
nificant activity against strain MC169 also developed. Thus,
despite the different patterns of SBA before and after carriage,
all carriers had developed bactericidal activity to all serogroup
B carriage strains by the end of the study.

Immune response to serogroup B capsular polysaccharide.
The sera from serogroup B carriers and noncarriers were an-
alyzed by ELISA for the presence of antibodies directed
against the serogroup B capsular polysaccharide (Fig. 3). Stu-
dent 30, who was colonized at the beginning of the study,
showed low levels of capsular polysaccharide antibody that
declined during the study. Student 15 showed a large but tran-
sitory rise in serogroup B antibodies at the time of coloniza-
tion. Students 37 and 38 showed similar, but lower, transitory
rises in antibodies. In each case the decline in anticapsular
antibodies was not accompanied by a concomitant decline in
SBA against any of the serogroup B strains. The potential
bactericidal effect of antibodies directed against capsular poly-
saccharide was further analyzed by a comparison between the
antibody concentration and bactericidal activity in samples
taken at week 31 (Fig. 4A). There was no significant difference
(P > 0.05) between the mean serogroup B capsular antibody
concentration for the students with SBA of <1/8 and those
with SBA of =1/8.

Immune response to LPS. In the present study, four of the
five serogroup B strains possessed the LPS immunotype L3,
whereas only strain MC171 was characterized as L1. The stu-
dents’ serum samples were tested for the presence of antibod-
ies directed against both LPS immunotypes by using ELISA.
All sera demonstrated the presence of antibodies that reacted
against both LPS immunotypes. As with antibodies directed
against the capsular polysaccharide, some students showed in-
creases in antibody levels following colonization, but these
increases were transitory (Fig. 3B and C) and not accompanied
by a decline in SBA. Similarly, there was no significant differ-
ence between the mean anti-LPS antibody concentration for
the students with SBA of <1/8 and those with SBA of =1/8
(Fig. 4B and C).

SDS-PAGE and Western blotting for detection of antibodies
to outer membranes of serogroup B meningococci. The sera
from serogroup B carriers were subjected to SDS-PAGE and
Western blotting against both the homologous and heterolo-
gous carriage strains. In general, colonization and the devel-
opment of bactericidal activity were accompanied by the pres-

0), and open bars show bactericidal antibody levels at the end (week
31) of the study. Noncarriers and carriers are grouped by parentheses
(as shown in panel E) on the x axis. Striped bars indicate bactericidal
activity of carriers at week 31 against their homologous colonizing
strain(s).
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FIG. 2. SBA of serogroup B carriers against all serogroup B meningococcal carriage strains. The SBA titers of individual students colonized
by serogroup B meningococci are shown. The MC numbers (MC168 to MC172) are the designations of the serogroup B carriage strains detected
in the present survey (Table 2). The arrows indicate the time point(s) at which serogroup B colonization was first detected. The four time points
are shown in chronological order as indicated on the figure. Student 9 did not attend the second session; therefore, there is no data for this

individual at that time point.

ence of antibodies directed against the homologous PorA
protein. Analysis of all serum samples taken from carriers
revealed that there was a significant correlation (P < 0.01)
between SBA and the presence of antibodies to the homolo-
gous PorA protein. No significant correlation (P > 0.05) could
be detected between SBA and the presence of the other pro-
tein antigens, PorB, Opc, Opa, Rmp, and pilin. In addition,
there was also a significant correlation (P < 0.01) between the
bactericidal activity of sera from carriers and the presence of
antibodies to the heterologous PorA proteins.

By the end of the survey an increasing percentage of non-
carriers had bactericidal activity against the serogroup B car-
riage strains, which varied from 33% for strain MC172 up to
93% for strain MC168. However, there was no association
between SBA and the presence of antibodies directed against
PorA or any of the other protein antigens tested (P > 0.05).

Bactericidal activity of sera against PorA-negative mutant.
In order to confirm the contribution of antibodies directed
against PorA to the SBA of carrier sera against heterologous
strains, serum samples from the five serogroup B carriers were
tested against meningococcal strain H44/76 (B:15:P1.7,16) and
a corresponding mutant lacking PorA (Table 3). Two of the
five serum samples showed a significant decrease in titer
against the PorA-negative mutant compared with wild type; a
third serum sample showed an equivocal result, while the two
remaining samples showed no significant differences.

DISCUSSION

Despite the importance of the carrier state in the natural
history of meningococcal disease, there is limited information
available on the temporal relationship between the acquisition

of carriage and the development of immunity to infection. The
classic studies of Goldschneider and colleagues in the 1960s
revealed the importance of antibodies directed against capsu-
lar polysaccharide in the development of immunity against
serogroup C infection in military recruits (8, 9). More recently,
colonization of military recruits with serogroups X and W135
has been shown to be accompanied by an increase in bacteri-
cidal activity against the colonizing strain, which was associated
with presence of antibodies to the PorA outer membrane pro-
tein (15). Given the lack of an effective vaccine, the effect of
carriage on the development of immunity to serogroup B in-
fection is of particular importance. One study of long-term
carriage in students revealed that carriage of serogroup B
strains may persist for many months (1) and that carriage was
associated with an increase in serum immunoglobulin G reac-
tive with the colonizing strain, but this study did not examine
responses to individual antigens (27). Previous studies on im-
munity and carriage in a university population were carried out
at a single time point and showed an association between
bactericidal activity to serogroup B and the presence of anti-
bodies to the PorA outer membrane protein (37). In the
present study we were able to take advantage of a heightened
awareness of meningococcal infection following the earlier in-
stitutional outbreak to undertake a longitudinal study of me-
ningococcal carriage in a cohort of new students at the same
university. In particular, we were able to follow students over a
7-month period and to examine the effect of carriage on indi-
vidual immune responses and the development of SBA against
serogroup B meningococci, the generally accepted “gold stan-
dard” correlate of protective immunity (35).

The levels of meningococcal carriage were high, with at least
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FIG. 3. Serum antibodies directed against specific meningococcal components in serogroup B carriers. Antibodies directed against the
serogroup B capsular polysaccharide (B cap) and LPS immunotypes L1 and L3 were determined by ELISA, and results are shown for individual
students. The data are presented as antibody concentration levels obtained at each sampling time point as detailed in the legend of Fig. 2, with
arrows indicating the time point(s) at which serogroup B colonization was first detected.

43% of students carrying meningococci at some point during
the study. Although the numbers are small, the level of car-
riage of serogroup C meningococci (5%; n = 2) was compa-
rable to the equivalent population at the time of the outbreak
(7). These results are consistent with observations that immu-
nization with capsular polysaccharide alone may not eliminate
carriage of the corresponding meningococcal serogroup (12,
6).

Carriage of serogroup B meningococci was significantly
higher than carriage of serogroup C, with colonization de-
tected in 14% (n = 6) of individuals at some point in the study.
Although such carriers represent a potential reservoir of in-
fection for nonimmune individuals, it is interesting that with
most of the serogroup B carriage strains being different, strain
acquisition was not from among the students followed. The
detection of carriage correlated with an increase in the detec-
tion of bactericidal activity against the colonizing strain; this
included one student (volunteer 15) who was colonized by two
distinct strains and who developed bactericidal activity to both.
Once induced, bactericidal activity remained high throughout
the study. In contrast, although students showed increases in
antibodies reactive with capsular polysaccharide and LPS,
these antibody responses were transitory, and their decline was
not accompanied by a corresponding decline in SBA. The lack
of correlation between antibodies to these antigens and the
presence of bactericidal activity is consistent with previous
studies of patients recovering from meningococcal infection
and recipients of experimental outer membrane vaccines,
where the major antigen associated with production of a bac-

tericidal immune response was the PorA protein (36, 20, 14). A
similar correlation between the presence, at a single time
point, of bactericidal activity against serogroup B meningo-
cocci and antibodies to PorA reacting with the test strain was
also noted in a previous study of the student population (37).
Major findings, however, of the present study were the devel-
opment of bactericidal activity not only against the serogroup
B colonizing strain but also against the other serogroup B
strains found in the population. The association between this
bactericidal activity and the presence of antibodies to PorA
detected by Western blotting suggests that PorA antibodies
contribute to the heterologous activity, and this was confirmed
by the observation that some serum samples showed signifi-
cantly reduced bactericidal activity against a PorA-negative
mutant.

It is not possible to strictly identify noncarriers, since colo-
nization may occur transiently between sampling sessions. In-
deed, the development of bactericidal activity against a range
of strains was also reflected in increased SBA among students
in whom no carriage was detected. This heterologous protec-
tion could not be associated with the presence of antibodies
reacting with PorA or any of the other major protein antigens
studied. Nevertheless, by the end of their first year, all students
had bactericidal activity against some, but not necessarily all, of
the serogroup B strains isolated from the cohort. It is possible
that such serological data from individuals in whom coloniza-
tion is only transient may provide useful information on recent
exposure, particularly with regard to the strains circulating
within a population.
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FIG. 4. Antibody directed against meningococcal components in relation to SBA. Serum samples of carriers and noncarriers were reacted in
ELISAs with serogroup B capsular polysaccharide (A), LPS immunotype L3 (B), and LPS immunotype L1 (C). Antibody levels are shown in
relation to SBA against the serogroup B carriage strain MC171 at the same time point (week 31), and the bar indicates the geometric mean of
the data collected. Similar results were obtained for the other strains. The immune data of serogroup B carriers are indicated by filled circles.

These results suggest that at least three different mecha-
nisms are responsible for generating immunity to serogroup B
meningococci over the course of the study. First, carriage of
serogroup B meningococci elicits antibodies to the PorA pro-
tein, resulting in a subtype-specific response. Second, this col-
onization also results in a cross-reactive response, for which
PorA is at least partially responsible, that generates bacteri-
cidal activity against other serogroup B strains. Third, transient
colonization with serogroup B or other meningococcal sero-
types generates a cross-reacting response against other anti-
gens that could not be identified in this study. A similar effect
has been reported from a study of serum samples from Bra-
zilian children immunized with an outer membrane-based vac-
cine; this study reported a complex pattern of recognition of
bactericidal antibodies, some with subtype specificity directed
against PorA and others with wider reactivity that recognized
an unidentified target antigen (22).

Present experimental vaccines based largely on meningococ-
cal outer membranes have been shown to be effective in in-
ducing bactericidal activity (23, 28, 29). The antigens that have
been identified as contributing to bactericidal activity are re-
stricted to the PorA and Opc proteins. The Opc protein is not
a viable vaccine candidate since it shows variable expression
and is absent from many disease isolates. Previous studies have

TABLE 3. Bactericidal activity of carrier sera against a
meningococcal PorA-negative strain”

Titer against strain H44/76

Student no.
PorA™ PorA~
9 32,000 8,000
15 8,000 8,000
30 5,600 4,000
37 132,000 32,000
38 8,000 8,000

“ Sera from serogroup B carriers taken at the end of the study (week 31) were
tested for bactericidal activity against strain H44/76 (B:15:P1:7,16) and the cor-
responding PorA-negative mutant. Titres are expressed as the final serum dilu-
tion that resulted in a =50% reduction in surviving CFU and are the mean of two
independent experiments.

demonstrated subtype-specific immunity in accordance with
the immunodominance of variable epitopes located on loops 1
and 4 of the predicted secondary structure of the PorA protein
(34, 30). The present studies show that other, as yet unidenti-
fied, epitopes both on PorA and other meningococcal proteins
contribute to the development of immunity to serogroup B
meningococci. The identification of such epitopes with the
ability to induce a more effective cross-reactive bactericidal
response to a range of meningococcal strains would be a major
step in the production of a universally effective vaccine against
infections caused by serogroup B meningococci.
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