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We have analyzed human T-cell responses in parallel with serum immunoglobulin G (IgG) antibody levels
after systemic vaccination with the Norwegian group B Neisseria meningitidis outer membrane vesicle (OMV)
vaccine. Ten adult volunteers, with no or very low levels of serum IgG antibodies against meningococci, received
three doses intramuscularly of the OMV vaccine (at weeks 0, 6, and 46). T-cell proliferation against the OMV
vaccine, purified outer membrane proteins (PorA and PorB), and control antigens (Mycobacterium bovis BCG
vaccine and tetanus toxoid) was measured by thymidine incorporation of peripheral blood mononuclear cells
before and after vaccination. The results showed that vaccination with OMV elicits strong primary and booster
T-cell responses specific to OMV as well as the PorA (class 1) protein and significant, but markedly lower,
responses against the PorB (class 3) protein. The median responses to OMV and PorA were 26 and 16 times
the prevaccination levels, respectively. Most of the vaccinees showed low T-cell responses against OMV and
PorA before vaccination, and the maximum T-cell responses to all vaccine antigens were usually obtained after
the second vaccine dose. We found a positive correlation between T-cell responses and anti-OMV IgG antibody
levels (r 5 0.50, P < 0.0001, for OMV and PorA). In addition, we observed a progressive increase in the
percentage of CD45R01 (memory) CD4-positive T cells (P 5 0.002). In conclusion, we have shown that the
Norwegian OMV vaccine against meningococcal B disease induced antigen-specific T-cell responses, kinetically
accompanied by serum IgG responses, and that vaccination increased the proportion of memory T-helper cells.

Vaccination with protein antigens will usually result in both
a cellular (T-cell) and humoral (B-cell) immune response. For
protection against extracellular bacterial infections, like Neis-
seria meningitidis, bactericidal and opsonic antibodies are of
crucial importance, while T cells play a more indirect role by
regulating the antibody response in terms of immunoglobulin
class switch, affinity maturation, and magnitude of response
(1). T cells are also necessary for the induction of immunolog-
ical memory and can indirectly induce killing of bacteria by
activating phagocytes (24).

Although polysaccharide-based vaccines against serogroup
A and C meningococci are available, this principle cannot be
applied to the B serogroup (the most prevalent serogroup in
Europe, America, and South Australia) due to low immuno-
genicity of the B polysaccharide in humans (36). Furthermore,
polysaccharides fail to induce T-cell responses and give a poor
and short-lived immunity in infants due to their immature
immune systems (13, 26). This situation has motivated the
development of a Norwegian outer membrane vesicle (OMV)
vaccine against group B meningococci based on a B:15:P1.7,16
epidemic strain (44/76) in which the major antigens are outer
membrane proteins (11). The porin proteins PorA (class 1)
and PorB (class 3) are the most abundant neisserial outer
membrane proteins (6). They are present in equal amounts
and account for about 70% of the proteins (by weight) in the
OMV vaccine (11). This vaccine has previously been shown to
induce protection against group B meningococcal disease
among teenagers in a large, double-blind, placebo-controlled
study (4).

To address the question of T-cell-mediated help in vaccine-
induced protective B-cell responses against meningococci, we
have investigated human T-cell responses during a three-dose
regimen with the Norwegian OMV vaccine. Proliferative in
vitro T-cell responses against the OMV vaccine and PorA and
PorB outer membrane proteins were assayed in peripheral
lymphocytes from OMV vaccinees and compared with immu-
noglobulin G (IgG) antibody responses.

MATERIALS AND METHODS

Vaccine. The vaccine was deoxycholate-extracted OMVs from meningococcal
strain 44/76 (B:15:P1.7, 16:L3,7,9) adsorbed to aluminum hydroxide. In addition
to the major outer membrane proteins (classes 1, 3, 4, and 5), the vaccine
contained the Opc protein, small amounts of less-well-characterized membrane
proteins, and about 8% lipopolysaccharide (LPS) (11). One dose contained 25
mg of protein, 2 mg of LPS, and 1.67 mg of Al(OH)3 and was injected intramus-
cularly (0.5 ml) into the deltoid muscle.

Vaccine antigens. PorA (class 1) and PorB (class 3) outer membrane proteins
were purified from mutant variants of strain 44/76, HIII5 and HI5, lacking PorB
and PorA, respectively, and both lacking RmpM (class 4 protein). The porins
were solubilized with Zwittergent detergent, purified by chromatography, and
reconstituted as proteosomes lacking potentially lymphotoxic detergent (5, 17,
33). There was no contamination with other outer membrane proteins, as dem-
onstrated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
Western blot analyses. LPS contamination was less than 0.01% as judged by gel
electrophoresis and silver staining (31).

Vaccinees, samples, and immunization schedule. Ten healthy adult volunteers,
designated 1 to 10 (three males and seven females, aged 24 to 49 years, median
age 5 40), with negative anamnesis for meningococcal disease and selected for
low serum IgG antibody levels against group B meningococci, were given two
doses of the OMV vaccine with a 6-week interval and a third dose after 10
months. Blood samples were collected, and serum and peripheral blood mono-
nuclear cells (PBMCs) were isolated before vaccination; 2 and 6 weeks after the
first and second doses; and 1, 2, and 6 weeks after the third dose. Two of the
vaccinees had received one dose of an experimental group B meningococcal
vaccine 10 years earlier, which contained outer membrane proteins from two
meningococcal strains, 44/76 (B:15:P1.7,16) and 8047 (2b:P1.2), complexed with
serogroup A, C, Y, and W-135 capsular polysaccharides (28). The others had not
previously been immunized against meningococci. None of the vaccinees were
found to be tonsillopharyngeal carriers of meningococci during the study period.
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The study was approved by the Norwegian Medicines Control Authority and the
Regional Ethical Committee for Medical Sciences, Southeast Norway.

T-cell proliferation assay. PBMCs were isolated from whole blood (drawn into
ACD Vacutainers [Becton Dickinson, Rutherford, N.J.]) by density centrifuga-
tion (Lymphoprep; Nycomed, Oslo, Norway) (8) and assayed for in vitro prolif-
erative responses by the thymidine incorporation method against OMV, PorA
and PorB antigens, Mycobacterium bovis BCG vaccine antigen (Statens Seru-
minstitut, Copenhagen, Denmark), tetanus toxoid (National Institute of Public
Health, Oslo, Norway), and phytohemagglutinin (PHA) (Sigma, St. Louis, Mo.).
Freshly isolated PBMCs (105 cells per well) were cultured in the absence or
presence of antigen in 96-well flat-bottomed microculture plates (Costar) in
RPMI 1640 medium supplemented with 2 mM L-glutamine (Gibco), benzylpen-
icillin (100 IU/ml; Gibco), streptomycin (100 mg/ml; Gibco), and 15% heat-
inactivated (30 min at 56°C), pooled human AB serum (final volume, 150 ml/
well). Antigen was added in triplicate at final concentrations of 4, 0.8, 0.16, and
0.032 mg/ml for OMV and 5, 1, 0.2, and 0.04 mg/ml for PorA and PorB. These
concentrations were previously shown to cover the antigen concentrations giving
the maximum T-cell response in different individuals, which usually was the same
within one individual at all time points tested. BCG was used at final concen-
trations of 20, 4, and 0.8 mg/ml; tetanus toxoid was used at 40, 8, and 1.6 mg/ml;
and PHA was used at 25, 5, and 1 mg/ml. After 6 days of incubation (5% CO2,
37°C), the cultures were pulsed with [3H]thymidine (1.25 mCi/well; Amersham,
Little Chalfont, United Kingdom) for 4 h, harvested on filters with a cell har-
vester (Skatron, Lier, Norway), and transferred to plastic vials (Maxi-vial; Pack-
ard). Scintillation liquid (Ultima Gold F; Packard) was added (10 ml/vial), and
radioactivity incorporated into DNA was determined by liquid scintillation
counting (TRI-CARB 1500; Packard).

To avoid exclusion of appropriate antigen-presenting cells, unfractionated
PBMCs were used with the 6-day proliferation assay, which is widely accepted as
a measure of T-cell activity. The T-cell-to-B-cell ratio was determined by flow
cytometry in all blood samples. The T cells accounted for about 75% of the
PBMCs, and the B cells varied between 5 and 15% of the PBMCs.

The proliferation results are expressed as mean disintegrations per minute of
triplicate cultures for the antigen concentration giving maximum response minus
the mean disintegration-per-minute values for 12 wells without antigen (medium
only). Proliferative responses exceeding 2,000 dpm (disintegrations per minute
for antigen 2 disintegrations per minute for medium) and at least threefold
higher than individual background proliferation (medium only) were considered
positive.

Enzyme-linked immunosorbent assay quantitation of serum IgG antibody
against OMV. To quantitate IgG antibodies against OMV in serum, vaccinee
sera and reference serum were added in twofold serial dilutions (starting at 1:40
and diluted in phosphate-buffered saline [PBS]–Tween 20–1% bovine serum
albumin) to OMV-coated microtiter plates (PBS, 100 ml/well, 4 mg/ml). The
plates were incubated at 18°C overnight and washed in PBS-Tween 20. There-
after, a mixture of biotinylated sheep anti-human IgG antibody (produced in our
laboratory and diluted 1:8,000), alkaline phosphatase-biotin conjugate (1:6,000),
and streptavidin (1:6,000) was added and incubated for 2 h at 37°C. Following
washing, p-nitrophenyl phosphate (Sigma) was added and absorbance levels were
recorded at 405 nm in a Thermomax microplate reader (Molecular Devices,
Sunnyvale, Calif.).

The reference serum used was a postvaccination serum (MKIGG13-01) from
a vaccinee in a previous vaccination trial drawn 4 weeks after the second dose,
and IgG antibody concentrations were expressed in micrograms per milliliter
with (5-iodo-4-hydroxy-3-nitro-phenacetyl) hapten-specific chimeric antibodies
as heterologous standards as previously described for a method for IgG subclass
quantitation (23).

Flow cytometric analysis of PBMC subpopulations. Lymphocytes were ana-
lyzed for membrane markers by flow cytometry with freshly isolated whole blood.
Monoclonal antibodies (labeled with fluorescein isothiocyanate or phyco-
erythrin) to the surface antigens; CD19 (B-cell marker), CD4 (helper T-cell
marker), CD8 (cytotoxic T-cell marker), and CD45R0 (memory T-cell marker)
(all from Becton Dickinson, San Jose, Calif.), were used. Two-color staining
analyses were performed for CD4 and CD8 together with CD45R0. Freshly
isolated whole blood from an unvaccinated control person was included in all
tests at all time points. Samples were analyzed on an EPICS Profile II (Coulter
Electronics, Luton, United Kingdom) flow cytometer, and matched isotype con-
trol antibodies were used to set correct regions to be analyzed. Only relative
amounts of the different PBMC subsets could be determined and not the exact
cell number, due to limitations of the flow cytometer.

Statistical methods. Wilcoxon paired signed rank tests were used to test for
statistical significance. The Spearman correlation coefficients were determined in
the correlation analyses. PRISM software (GraphPad Software, San Diego, Cal-
if.) was used in all statistical calculations.

RESULTS

T-cell response against OMV. A total of 6 of 10 vaccinees
showed moderate T-cell responses against OMV before vacci-
nation (median dpm 5 4,033) (Fig. 1A). After the first vaccine
dose, we observed a large increase in T-cell responses against

OMV in all vaccinees (median dpm 5 73,200; P 5 0.002),
although large individual variations occurred (7- to 214-fold
increase from prevaccination levels; median 5 26-fold) with
the maximum response observed 2 weeks after vaccination.
Before the second dose was given (after 6 weeks), T-cell re-
sponses decreased in all but one vaccinee (median dpm 5
13,600). The second dose induced T-cell responses which were
higher than the responses obtained after the first dose in the
majority of the vaccinees, with median dpm being 88,700 (6- to
209-fold increase from prevaccination levels; median 5 19-
fold). However, considered as a group, the differences in re-
sponses after the first and second doses were not statistically
significant. Two of the vaccinees (vaccinees 5 and 8) had equal
responses after the first and second doses. Vaccinees 1 and 4,
who previously had been immunized against meningococci,
obtained their maximum response after the first dose. Before
the third dose was given (after 10 months), disintegrations per
minute were higher than prevaccination levels for all vaccinees
(median dpm 5 17,400), except for vaccinees 1 and 4, who had
responses slightly above background level. Vaccination with
the third dose did result in elevation of the T-cell responses
against OMV in 8 of the 10 vaccinees (median dpm 5 22,250;
P 5 0.0098), but the level did not exceed the responses ob-
tained after the first or second dose for any of the vaccinees (2-
to 53-fold increase from prevaccination levels; median 5
9-fold). The T-cell response against the control antigens, BCG
and tetanus toxoid (data not shown), dropped significantly
from week 46 and in the following tests, although the response
to PHA was not decreased (Fig. 2). This could indicate that the
responses against OMV after the third dose are underesti-
mated but, in spite of this, will be lower than responses after
the first or second dose.

T-cell response against the PorA protein. The prevaccina-
tion responses against PorA antigen were generally higher than
those for OMV (median dpm 5 9,500) (Fig. 1B). The vaccine
response against PorA antigen showed the same overall pat-
tern as that for OMV in all vaccinees. The responses after the
first and second vaccine doses were of the same magnitude as
the OMV responses but generally higher after the third dose.
After the first vaccine dose, we observed a large increase in
T-cell responses against the PorA antigen in all vaccinees (me-
dian dpm 5 82,900; P 5 0.002) and that maximum values were
obtained after 2 weeks (3- to 350-fold increase from prevacci-
nation levels; median 5 7-fold). Before the second dose was
given (after 6 weeks), T-cell responses decreased in all vaccin-
ees (median dpm 5 55,300), and after the second dose, we
observed an increased response in 7 of the 10 vaccinees (me-
dian dpm 5 93,100) with a 3- to 500-fold increase from pre-
vaccination levels (median 5 13-fold). Considered as a group,
the differences between the responses after the first and second
doses were statistically significant (P , 0.05). Before the third
dose (at 10 months), T-cell responses were usually higher than
prevaccination levels (median dpm 5 16,600). The third dose
induced an increase in the T-cell responses in 9 of the 10
vaccinees (median dpm 5 44,700; P 5 0.014), but the level of
response was lower than that of the responses induced by the
preceding doses.

T-cell response against the PorB protein. A total of 4 of the
10 vaccinees showed weak T-cell responses against the PorB
antigen before vaccination (,4,000 dpm), whereas the others
showed no response. The vaccine-induced proliferation re-
sponse against the PorB antigen was markedly lower compared
to those for OMV and the PorA antigen with respect to all
three doses given (Fig. 1C). Vaccinee 1 showed no response to
the PorB antigen, whereas the others showed significant re-
sponses ranging from a 4- to a 360-fold increase from prevac-
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cination levels (median 5 9-fold) after the first dose (median
dpm 5 17,700; P 5 0.002). T-cell responses after the second
dose varied between a 2- and a 116-fold increase from prevac-
cination levels (median 5 16-fold). Six of the vaccinees showed
an increased response after the second dose compared to the
first dose, while two vaccinees showed a decreased response
(median dpm 5 16,600). However, considered as a group the
increases were not statistically significant. The response against
PorB showed different kinetics than those for the OMV and
PorA antigens when individual responses were examined (Fig.
1C). The response to the first dose evolved more slowly, and
half of the vaccinees did not reach their maximum response
until 6 weeks after vaccination (and not after 2 weeks, as for
the OMV and PorA antigen). After the second dose, all vac-
cinees showed maximum responses after 2 weeks and no fur-

ther increase after 6 weeks, as was observed for half of the
vaccinees with the OMV and the PorA antigen. As for the
OMV and PorA antigen, the PorB T-cell responses after 10
months were also higher than prevaccination levels (median
dpm 5 7,400), and T-cell responses against the PorB antigen
obtained after the third dose did not exceed the responses
induced by the first and second doses.

IgG antibodies against OMV. IgG antibodies were not de-
tectable or present at concentrations below 0.5 mg/ml in pre-
vaccination sera. All vaccinees showed significant IgG re-
sponses after each immunization (P 5 0.002) (Fig. 3), with a
maximum response 2 weeks after vaccination, except for vac-
cinee 4, who reached maximum response 6 weeks after the
second and third doses. Three of the vaccinees obtained their
maximum IgG responses after the first dose, one obtained it

FIG. 1. T-cell responses in 10 adult vaccinees receiving three doses of OMV vaccine measured as in vitro proliferative responses in disintegrations per minute after
6 days of stimulation with vaccine antigens: OMV vaccine (A), purified PorA outer membrane protein (B), and purified PorB outer membrane protein (C). Left panels
show responses for individual vaccinees, and immunizations are indicated by arrows. Right panels show maximum T-cell responses obtained before vaccination, after
the first and second dose, 10 months after the first dose, and after the third dose given. Boxes extend from the 25th to the 75th percentile, with a horizontal line at
the median. Vertical bars show the range of the data. Significant responses after vaccination were observed after each immunization (OMV, P 5 0.002; PorA, P 5 0.002;
and PorB, P 5 0.002 after the first dose and P 5 0.0039 after the second and third doses).
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after the second dose, and six obtained them after the third
dose. The IgG response after the first dose varied between 2
and 36 mg/ml (median 5 8 mg/ml). We generally observed an
increase in IgG antibody levels after the second dose, ranging
from 4 to 55 mg/ml (median 5 19 mg/ml); however, considered
as a group the increases were not statistically significant. After
10 months, IgG antibodies were still above prevaccination lev-
els for all vaccinees (median 5 2 mg/ml). The third vaccine
dose generally induced a further increase compared to the
second dose, with IgG antibody levels between 9 and more
than 150 mg/ml (median 5 24 mg/ml), and the increase after
the third dose was significantly higher than that for the IgG
response after the first dose (P , 0.005).

Correlation between T-cell proliferation and IgG antibody
levels. Nonparametric correlation analysis was applied to es-
tablish a relationship between the vaccine-induced T-cell and
antibody responses. A positive correlation between T-cell re-
sponses against the vaccine antigens and the corresponding
levels of IgG antibodies against OMV in serum was observed
(Fig. 4). The correlation was the same for the PorA antigen
and OMV (r 5 0.50; P , 0.0001), whereas the correlation for
the PorB antigen was weaker (r 5 0.23; P 5 0.03).

Changes in cell membrane markers during vaccination.
We analyzed the proportion of CD41, CD81, CD191, and
CD45R01 cells of PBMCs from the vaccinees by flow cytom-
etry throughout the vaccination trial. The percentage of CD41

cells in peripheral blood was found to fluctuate in a vaccine-
dependent manner throughout the study period and to corre-
late with T-cell proliferation against the vaccine antigens:
OMV (r 5 0.38; P 5 0.0002), PorA (r 5 0.43; P , 0.0001), and
PorB (r 5 0.4; P 5 0.0001) (data not shown). This was not the
case for CD41 cells from a nonvaccinated control person who
was included at all time points throughout the study. We found
a significant increase in the percentage of CD41 cells after the
first vaccine dose (median 5 44% before vaccination and 49%
after vaccination; P 5 0.0039) and also after the third dose
(median 5 46% before vaccination and 54% after vaccination;
P 5 0.002) (data not shown). In addition, we observed a pro-
gressive increase in the number of activated-memory T-cells
(CD45R01 cells) after vaccination within the CD41 cell pop-
ulation, even after a single dose of OMV vaccine (P 5 0.0020)
(Fig. 5). Two years after the onset of vaccination, the propor-
tion of CD45R01 cells was slightly above prevaccination levels,
but the difference was not statistically significant. We found no
increase in the percentage of CD8-positive CD45R01 T cells

and no significant changes in the proportion of B cells (CD191

cells) after vaccination (results not shown).

DISCUSSION

We have investigated antigen-specific human T-cell re-
sponses after vaccination with the Norwegian group B menin-
gococcal (OMV) vaccine, measured as in vitro proliferation
against the vaccine itself as well as purified vaccine proteins.
We compared these T-cell responses with the corresponding
OMV-specific antibody concentrations in serum and in addi-
tion studied changes in PBMC subsets during the vaccination
schedule. This is, to our knowledge, the first study in which
human T-cell responses after vaccination against meningococci
have been systematically measured.

It is well known that most adults have antibodies against
meningococci in serum, probably caused by repeated immune
stimulation by nasopharyngeal carriage (14). Our study group
was selected on the basis of low IgG antibody levels against
OMV in order to obtain vaccinees as naive as possible. By
using this criterion, we could be at risk for selecting for poor
vaccine responders. However, this was not the case since all the
vaccinees showed both humoral and cellular immune re-

FIG. 2. T-cell responses against control antigens in the OMV-vaccinated individuals after 6 days of stimulation with BCG vaccine and PHA. Maximum responses
(in disintegrations per minute) obtained before vaccination, after the first and second doses, 10 months after the first dose, and after the third dose are shown. Boxes
extend from the 25th to the 75th percentile, with a horizontal line at the median. Vertical bars show the range of the data.

FIG. 3. OMV-specific IgG antibody responses in serum measured by en-
zyme-linked immunosorbent assay for 10 adult vaccinees given three doses of
OMV vaccine at weeks 0, 6, and 46. Data are expressed as maximum responses
obtained 1, 2, or 6 weeks after each dose given. Boxes extend from the 25th to
the 75th percentile, with a horizontal line at the median. Vertical bars show the
range of the data. Significant responses after vaccination were observed after
each immunization (P 5 0.002).
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sponses after vaccination. The second and third vaccine doses
induced typical booster IgG antibody responses in most of the
vaccinees, as expected for a nonimmune population. However,
low T-cell responses against the OMV and the PorA protein
were observed before vaccination for most of the vaccinees,
indicating some degree of cellular immunity against meningo-
cocci. This could be due to cross-reactive T-cell epitopes or
previous carriage of meningococci, not reflected in the anti-
body response, or a mitogenic effect of OMV proteins, as will
be discussed below. T-cell responses in nonimmunized individ-
uals have also been reported in a previous study by Wiertz and
coworkers, in which the majority of the volunteers tested
showed T-cell reactivity against meningococcal proteins, but
the participants in this group also had specific antibodies in
serum (34).

We observed strong T-cell responses against the whole
OMV vaccine and the PorA protein in all vaccinees after
vaccination. All vaccinees, except one, also responded to the
PorB protein, but the responses were considerably lower. In
general, the vaccinees showed a further increase in T-cell re-
sponses after the second vaccine dose. However, considered as
a group the increases were not statistically significant, except
for the response against the PorA component. On the other

hand, we do not know the size of booster T-cell responses that
would be expected after meningococcal vaccination, as this has
not been previously studied. If we exclude the two vaccinees
(vaccinees 1 and 4) who had received one dose of an experi-
mental protein-polysaccharide meningococcal vaccine 10 years
earlier (28), the increase in T-cell responses against OMV after
the second dose is statistically significant (P 5 0.02). Vaccinees
1 and 4 showed a significantly decreased T-cell response
against OMV after the second dose compared to the first dose,
probably due to immunological memory established 10 years
earlier, even though no specific IgG antibodies were detectable
in serum at the time of recruitment for this study. We observed
an effect of the third dose for OMV and the PorA protein in
nearly all vaccinees, but no statistically significant effect for the
PorB protein. There was no further increase in the T-cell
responses after the third dose compared to the second dose.
However, care should be taken in interpreting the results after
the third dose, because the responses against the control an-
tigens were markedly lower at the last four time points com-
pared to the previous samples. This must be due to an un-
known systematic change in the experimental conditions which
was not identified. Antigen-specific T-cell responses after the
third dose are thus probably underestimated compared to re-
sponses after the first and second doses. In contrast, the third
dose of vaccine generally induced a further increase in OMV-
specific IgG antibody levels in serum compared to the second
dose, as also demonstrated in a previous study by Rosenqvist et
al. (27).

The positive correlation observed between T-cell responses
and anti-OMV antibody levels (r 5 0.5, P , 0.0001, for the
OMV and PorA protein) is consistent with the assumption that
the antibody response is T cell dependent. If we use only the
results obtained after the first and second doses, we observe an
even better correlation (r 5 0.7 and 0.6 for OMV and PorA,
respectively; P , 0.0001). Furthermore, the functional corre-
lation could be even higher since the kinetics of the T-cell
response and of the antibody response are most likely different,
leading to maximum responses at different time points.

Expression of the costimulatory molecule B7-2 is essential
for B-lymphocyte-dependent T-cell stimulation (7). Neisseria
porins have the ability to activate naive, resting mouse splenic
B cells and induce expression of B7-2 but have not been shown
to directly stimulate T cells in a mitogenic manner (21, 32).
The porins may, however, increase T-cell activation indirectly
by inducing B7-2 on B cells (19, 32). In our experimental

FIG. 4. Correlation between OMV-specific IgG antibody responses in vac-
cinee sera and T-cell responses against OMV vaccine and PorA and PorB outer
membrane proteins. Spearman correlation coefficients are shown.

FIG. 5. Percentages of CD41-CD45R01 memory T cells measured by flow
cytometry in PBMCs from 10 vaccinees before OMV vaccination, after one dose,
after a second dose given 6 weeks after the first, after a third dose given after 10
months, and 2 years after the first dose was given. Boxes extend from the 25th to
the 75th percentile, with a horizontal line at the median. Vertical bars show the
range of the data. P is 0.0039 for the increase after one dose, and P is 0.002 for
the increase after the third dose.
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system, the contribution from B cells proliferating in a mito-
genic response to porins is small compared to the antigen-
specific proliferation of T cells and, importantly, represents a
constant contribution throughout the study, since the percent-
age of B cells for each vaccinee did not change significantly. An
eventual mitogenic effect of the porins as well as LPS present
in the OMV vaccine is nevertheless very small, since we ob-
served very low responses against the porins as well as OMV in
the vaccinees before vaccination compared to the responses
obtained after vaccination.

The PorA protein shows limited heterogeneity among me-
ningococci (3, 20), and a vaccine based solely on PorA proteins
is now being tested with humans (9, 25). Bactericidal antibod-
ies are considered to be important for protection against me-
ningococcal disease, and bactericidal activity in sera from
OMV vaccinees correlates with the presence of antibodies
directed against the PorA protein (27). We observed the stron-
gest T-cell responses against the PorA protein, indicating that
this protein could be the most immunogenic T-cell antigen that
is recognized in the context of major histocompatibility com-
plex molecules expressed by the vaccinees in our study. This
could be caused by the presence of more stimulatory T-cell
epitopes, thereby inducing a higher frequency of circulating
PorA-specific T cells in peripheral blood, but also more effi-
cient uptake, processing, and presentation by the antigen-pre-
senting cells. Our findings of a dominant PorA antigen re-
sponse compared to the PorB response are in accordance with
the results of a T-cell epitope study based on synthetic peptides
from the class 1 protein (35) and emphasize the importance of
PorA in the OMV vaccine. Although the participants in our
study were selected on the basis of low preimmunity against
meningococci, they were adults (24 to 49 years), whereas the
main target group for the vaccine is teenagers, who possibly
could respond differently.

The importance of the PorB protein in meningococcal vac-
cines is still a matter of debate. Monoclonal antibodies to PorB
seem to have low bactericidal activity (29), but patients surviv-
ing systemic meningococcal disease have been reported to have
a higher IgG level against the PorB protein than against the
PorA protein (16, 17). Furthermore, half of the vaccinees in
our study showed significant T-cell responses against PorB
epitopes, and the possibility that PorB could play a role in
providing T-cell help for the antibody response against OMV
could not be excluded.

Interestingly, we detected a significant increase in the per-
centage of helper T cells that expressed the CD45R0 marker
after vaccination. CD45R0 is up-regulated on activated (2, 18)
and memory (15, 22) T cells. There is a general increase in
CD45R01 T cells with age (10, 12, 30), probably reflecting
accumulation of T cells responding against various antigens
throughout life. A significant increase in the CD45R01 T-cell
population was observed already after the first vaccine dose
and increased after the second and third doses. This suggests
that the OMV vaccine induces T-cell activation and hence
memory T-cells, which is reflected in the PBMC population.
Two years after the onset of vaccination, the CD45R01 T-cell
level was back to slightly above prevaccination level, although
the difference from prevaccination level was not statistically
significant. Consistent with our results, an increase of CD41 T
cells that express CD45R0 after in vitro stimulation with per-
tussis antigens has recently also been described for PBMCs
isolated from vaccinated infants (37).

In conclusion, we have shown that the Norwegian OMV
vaccine against meningococcal B disease induced strong pro-
liferative human T-cell responses against OMV and the PorA
protein, whereas responses against the PorB protein were con-

siderably lower. The antigen-specific T-cell responses corre-
lated with the level of OMV-specific IgG antibodies in serum
of the vaccinees. The vaccine also induced an increase in the
proportion of peripheral CD45R01 memory cells within the
CD41 T-cell population.
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