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Neisseria meningitidis serogroup B is a major cause of life-threatening meningitis and septicemia worldwide,
and no effective vaccine is available. Initiation of innate and acquired immune responses to N. meningitidis is
likely to be dependent on cellular responses of dendritic cells (DC) to antigens present in the outer membrane
(OM) of the meningococcus. In this study, the responses of human monocyte-derived DC (mo-DC) to OM
isolated from parent (lipopolysaccharide [LPS]-replete) meningococci and from a mutant deficient in LPS
were investigated. Parent OM selectively up-regulated Toll-like receptor 4 (TLR4) mRNA expression and
induced mo-DC maturation, as reflected by increased production of chemokines, proinflammatory cytokines,
and CD83, CD80, CD86, CD40, and major histocompatibility complex (MHC) class II molecules. In contrast,
LPS-deficient OM selectively up-regulated TLR2 mRNA expression and induced moderate increases in both
cytokine production and expression of CD86 and MHC class II molecules. Preexposure to OM, with or without
LPS, augmented the allostimulatory properties of mo-DC, which induced proliferation of naive CD4�

CD45RA� T cells. In addition, LPS-replete OM induced a greater gamma interferon/interleukin-13 ratio in
naive T cells, whereas LPS-deficient OM induced the reverse profile. These data demonstrate that components
of the OM, other than LPS, are also likely to be involved in determining the levels of DC activation and the
nature of the T-helper immune response.

Infection caused by Neisseria meningitidis is characterized by
life-threatening meningitis and septicemia (54). Meningococci
initially colonize the nasopharyngeal mucosa, and the most
likely route by which the bacteria enter the blood from the
pharynx is via penetration of the mucosal epithelium and
drainage to regional lymph nodes before they enter the circu-
lation. During the course of infection, the growth and lysis of
meningococci release outer membrane vesicles (OMV), which
disseminate lipopolysaccharide (LPS) throughout the circula-
tion (4). The formation of OMV has also been reported to
occur in other gram-negative bacteria (2), and their role in
pathogenesis is increasingly recognized. The relevance of OMV
in the pathogenesis of meningococcal disease has been clearly
demonstrated in several clinical studies. These structures have
been observed in the blood and cerebrospinal fluid of patients
with meningococcal infections (48). In addition, in a few pa-
tients with systemic meningococcal disease, the plasma LPS
levels by far exceeded the expected level of LPS as judged by
the number of live bacteria (7). Moreover, the LPS activity in
patients’ plasma was found in association with large LPS-con-
taining structures (5). The severity of the disease has been
shown to correlate with increasing concentrations of OMV-
bound LPS (8) and the presentation of acute, compartmental-
ized intravascular and intracranial inflammatory responses,
which are characterized by the production of tumor necrosis
factor alpha (TNF-�) and interleukin-1� (IL-1�), IL-6, and

IL-8 (6, 8). In addition, the pathophysiological effects of OMV-
bound LPS have also been shown in both experimental animals
(20) and an in vitro human whole-blood model (3).

Both innate and specifically acquired immune mechanisms
are important during infection with meningococci, and immu-
nity is generally accepted to be dependent on the presence of
serum antibodies capable of inducing complement-mediated
bactericidal activity (17, 18). These immune mechanisms are
believed to involve recognition of specific microbial antigens
defined as pathogen-associated molecular patterns, such as
LPS, and specific pattern recognition receptors, which include
the family of Toll-like receptors (TLRs) (30, 36). It is likely
that within the nasopharyngeal mucosa, whole meningococci
and released OMV interact with specialized antigen-present-
ing cells called dendritic cells (DC). Immature DC express
TLRs and reside in various organs, including the respiratory
tract (49). Following interaction with microbial constituents,
activated and mature DC function to take up and process
antigens and express them in the context of major histocom-
patibility complex (MHC) molecules for presentation to, and
subsequent activation of, naive T cells.

Increasing evidence suggests that the nature of the stimulus
received by the DC from foreign agents might condition or
modulate their interaction with T cells and hence determine
the type of T-helper response (Th1 or Th2) induced. The
Th1-promoting capacity of DC correlates with their ability to
produce IL-12, and pathogen-associated molecular pattern
molecules known to induce IL-12 production by these cells
include LPS, CpG DNA, and poly(I) � poly(C) (9, 12, 43). In
contrast, cholera exotoxin, hyphae of Candida albicans, and
filarial nematodes have been reported to modulate DC to
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promote Th2 polarization (14, 16, 56). The nature of microbe-
derived stimuli received by the DC also determines the pat-
terns of expression of MHC and costimulatory molecules that
are critical for influencing Th1 or Th2 differentiation (16, 28,
39). Thus, following presentation of antigen by DC to T cells,
costimulatory signals between these cells and the net effect of
proinflammatory and inhibitory cytokines have been reported
to direct the development of primary T-cell responses (27).

It is possible that the cellular responses of DC to antigens of
meningococcal outer membranes (OM) are necessary for the
initiation of a specific antibody-dependent immune response
that is regulated by Th2 lymphocytes. Thus, knowledge of the
biological response(s) of DC to stimulation with OM is likely
to be important not only for understanding the disease process
but also for the development of effective vaccines. In the
present study, we have investigated the effects of OM, isolated
from parent LPS-replete N. meningitidis and from an LPS-
deficient mutant, on the biological activities of human mono-
cyte-derived DC (mo-DC).

MATERIALS AND METHODS

Bacterial strains, growth conditions, and preparation of OM and pure LPS.
N. meningitidis strain H44/76 [B:15:P1.7,16: Cap� Pil� LPS� (L3) Opa� Opc�]
is the subtype P1.7,16 reference strain (15). The LPS-deficient mutant N. men-
ingitidis strain H44/76 pLAK33 (Cap� Pil� Opa� Opc� LPS�) was isolated at
the National Institute of Public Health, Bilthoven, The Netherlands. It was
derived from the parent strain by targeted disruption of the lpxA gene as de-
scribed by Steeghs et al. (46). The phenotypes of both strains were defined by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
immunoblotting with a specific monoclonal antibody (MAb) to class I and II pili
and Opa and Opc proteins as described previously (19). In addition, no differ-
ence in pilin expression was found for the LPS-deficient mutant compared to the
wild type as measured by a dot blot assay with the pilin-specific MAb SM1. The
presence of capsule was confirmed by slide agglutination with antisera to specific
meningococcal serogroups (Difco). The absence of LPS in the mutant strain was
confirmed by low-Mr SDS-PAGE performed by the method of Schagger and von
Jagow (40) with silver staining (21).

Meningococcal strains were grown on proteose-peptone agar at 37°C for 18 h
in an atmosphere of 5% (vol/vol) CO2. OM were prepared from both strains by
extraction of whole cells with lithium acetate as described previously (51). Anal-
ysis of OM preparations by SDS-PAGE and immunoblotting with a MAb specific
to major OM proteins (25) demonstrated that the expression of PorA, PorB,
Opa, Opc, and RmpM (class IV) proteins was similar for the parent and LPS-
deficient mutant bacteria (data not shown), confirming the results of a previous
study by Steeghs et al. (45). However, it was reported that expression of the iron
limitation-inducible, cell surface-exposed lipoproteins LbpB and TbpB was re-
duced (45). LPS was purified from N. meningitidis strain MC58 [B:15:P1.7,16b:
Cap� Pil� LPS� (L3) Opa� Opc�] by extraction with hot phenol as described
previously (31); the preparation was also treated with DNase and RNase en-
zymes, and no protein was present. Strains MC58 and H44/76 have an identical
LPS immunotype, L3 (B. Kuipers [RIVM, Bilthoven, The Netherlands], personal
communication).

Cell preparations and culture conditions. Peripheral blood (200 ml) from
healthy volunteers was collected into Vacutainer tubes coated with K3 EDTA.
Peripheral blood mononuclear cells (PBMCs) were isolated following density
gradient centrifugation over Lymphoprep (1.077 g/ml; Nycomed Pharma, Oslo,
Norway) at 900 � g for 30 min. Separate monocyte and T-cell fractions were
obtained from PBMCs by countercurrent elutriation (Beckman J2-21 centrifuge
with a JE-6B countercurrent elutriation rotor). Residual T and B cells were
removed from the fractions with CD3 and CD19 MACs beads used according to
the protocols of the manufacturer (Miltenyi Biotech), resulting in CD14� mono-
cyte populations of �95% purity (determined by flow cytometry). The T-cell
fractions obtained after countercurrent elutriation were enriched for CD4�

T-helper cells by using the CD4 isolation kit, comprising a cocktail of hapten-
conjugated MAbs against CD8, CD11b, CD16, CD19, CD36, and CD56 and
antihapten magnetic microbeads (Miltenyi-Biotech). Naive CD4� CD45RA� T
cells were purified from CD4� cells by depletion of CD45RO� cells with specific

magnetic beads (Miltenyi Biotech). Purities of CD4� (�98%) and naive (�95%)
T-cell fractions were assessed by flow cytometry.

For the generation of mo-DC for phenotypic analysis, purified monocytes were
resuspended at a density of 106 cells/ml in phenol red-free RPMI 1640 medium
(Life Technologies) supplemented with 10% (vol/vol) low-endotoxin fetal calf
serum (FCS) (HyClone, Pierce & Warriner, Cheshire, United Kingdom), 2 mM
glutamine (Life Technologies), 100 U of penicillin (Life Technologies) per ml,
and 100 �g of streptomycin (Life Technologies) per ml. At the start of culture,
purified recombinant human IL-4 (R&D Systems) and recombinant human
granulocyte-macrophage colony-stimulating factor (Leucomax; Sandoz Pharma-
ceuticals) were included, each at a final concentration of 1,000 U/ml. Every 2
days, half of the medium was replaced with fresh medium containing recombi-
nant human IL-4 and recombinant human granulocyte-macrophage colony-stim-
ulating factor at final concentrations of 500 and 1,000 U/ml, respectively. After
5 days of culture, CD1a� CD14� mo-DC (�95% CD1a� purity) were harvested
for use. To obtain mo-DC for subsequent functional assays with T cells, the cells
were differentiated from monocytes for 5 days in supplemented medium con-
taining 2% (vol/vol) pooled human AB serum (Sigma) to minimize high back-
ground proliferation. Purified CD4� or naive CD4� CD45RA� T cells were
used in allogeneic mixed leukocyte reaction experiments. They were resuspended
in phenol red-free RPMI 1640 medium supplemented with 5% (vol/vol) pooled
human AB serum, 2 mM glutamine, 100 U of penicillin per ml, 100 �g of
streptomycin per ml, 1% (vol/vol) sodium pyruvate, 0.05 M 2-mercaptoethanol,
and 2 mM HEPES. All cell cultures were maintained at 37°C in a humidified
atmosphere containing 5% (vol/vol) CO2.

Treatment of human mo-DC with OM and pure LPS. Human mo-DC (CD1a�

CD14�), cultured in 24-well tissue culture plates in phenol red-free RPMI 1640
medium containing 10% (vol/vol) FCS and 2 mM glutamine but without antibi-
otics, were incubated with various concentrations (0.0001 to 10 �g/ml) of OM
prepared from the parent strain H44/76 (OM) or from the LPS-deficient mutant
(pLAK-OM) or with pure LPS. At each concentration tested, the relative
amounts of LPS in all preparations were similar; thus, an OM preparation of 1
�g/ml based on protein content contained an equivalent concentration of LPS,
which would be equivalent to an infecting dose of approximately 106 CFU of live
bacteria (10). At various time points, supernatants were harvested and stored at
�80°C for cytokine immunoassay. The viability of mo-DC during the experi-
ments was investigated by using a cell viability assay (LIVE/DEAD; Molecular
Probes) and confocal microscopy and was �95% following prolonged treatment
(�24 h) with any of the preparations. In addition, the mo-DC were prepared for
analysis of cell surface markers by flow cytometry or subsequent coculture with
allogeneic T cells.

Flow cytometry. The expression of surface antigens on treated or control
mo-DC was analyzed by flow cytometry. Cells were harvested and washed twice
in ice-cold fluorescence-activated cell sorter (FACS) buffer (phosphate-buffered
saline containing 10% [wt/vol] bovine serum albumin fraction V [Sigma] and
0.1% [wt/vol] sodium azide). Fc receptors were blocked with human Fc� frag-
ments prior to staining with fluorescent conjugated MAbs. Fluorescein isothio-
cyanate (FITC)- and phycoerythrin (PE)-conjugated MAbs were added at satu-
rating concentrations and left for 30 min at 4°C in the dark, followed by two
additional washes in FACS buffer. FITC- or PE-conjugated MAbs specific for
CD1a (NA1/34; Dako), CD4 (B-F5; Diaclone), CD14 (M	P9; Becton Dickin-
son), CD40 (mAB89; Immunotech), CD45RO (UCHL1; Diaclone), CD45RA
(B-C15; Diaclone), CD80 (MAB104; PharMingen), CD83 (HB15A; Immuno-
tech), CD86 (FUN-1; PharMingen), and HLA-DR (L243; Becton Dickinson)
were used to label the cells. TLR2 (clone TL2.1) and TLR4 (clone HTA125)
were purchased from eBioscience (San Diego, Calif.). Relevant FITC- or PE-
conjugated isotype control antibodies were also used. Expression of cell surface
molecules was evaluated by single- or double-immunofluorescence staining, and
analysis was performed with a FACScan flow cytometer (Becton Dickinson) and
Cell Quest (Becton Dickinson) or WinMDI 2.7 software.

Quantification of endocytosis. Stimulated or control mo-DC were washed by
centrifugation in sterile phosphate-buffered saline and then resuspended in phe-
nol red-free RPMI 1640 medium containing 10% (vol/vol) FCS, 2 mM glu-
tamine, 100 U of penicillin per ml, 100 �g of streptomycin per ml, and 250 �g of
FITC-conjugated dextran (Sigma) per ml. After 1 h of incubation at 37 or 4°C,
antigen uptake was stopped by harvesting the cells, followed by three washes in
ice-cold FACS buffer. Analysis of receptor-mediated endocytosis of FITC-dex-
tran was performed with a FACScan. Surface binding values obtained by incu-
bating cells at 4°C were subtracted from values measured at 37°C.

Analysis of cytokine levels in culture supernatants. Supernatants were ana-
lyzed for the presence of cytokines or chemokines by specific immunoassay.
Levels of IL-1�, IL-10 (Endogen), IL-6 (Diaclone Research), IL-12p40 (Bio-
source), IL-12p70 (Diaclone Research), IL-13 (Diaclone Research), and gamma
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interferon (IFN-�) (Diaclone Research) were determined by using matched
paired MAbs according to the manufacturers’ instructions. For all cytokine
enzyme-linked immunosorbent assay systems, tetramethylbenzidine-free base
substrate (Sigma) was used to detect the horseradish peroxidase reaction. The
color reaction was stopped with sulfuric acid (0.18 to 2 M), and the plates were
read at a wavelength of 450 nm on a spectrophotometer (SpectraMAX340pc;
Molecular Devices). The levels of chemokine proteins produced on incubation of
mo-DC with OM preparations were quantified by sandwich immunoassays with
matched pairs of specific antibodies (R&D) as described previously (11). The
levels of IL-8, MIP-1�, MIP-1�, and RANTES were detected with a Delfia
time-resolved fluorometry system (Wallac) as described previously (11). The
concentration of each chemokine was determined by comparison with standard
solutions of the corresponding purified recombinant protein (PeproTech EC)
similarly treated.

Allogeneic mixed leukocyte reaction and naive T-cell proliferation. Allogeneic
mixed leukocyte reaction was performed with irradiated (1,000 rads) mo-DC and
purified allogeneic T cells. The mo-DC were washed extensively prior to cocul-
ture with allogeneic T cells. Graded numbers of mo-DC per well were cultured
with allogeneic purified CD4� or CD4� CD45RA� T cells (105/well) for 5 days
in 96-well U-bottom microtiter plates (Nunc). [3H]thymidine (0.5 �Ci/well; Am-
ersham Pharmacia Biotech) was added for the last 18 h; cells were harvested
onto filter paper (Camo Ltd.) with a semiautomatic cell harvester (Skatron
Instruments). [3H]thymidine incorporation was measured by scintillation count-
ing (2500 TR liquid scintillation counter; Packard-Canberra), and results were
expressed as average counts per minute for triplicate wells 
 standard error
(SE). To determine the priming ability of mo-DC, following a 4-day coculture of
naive T cells and mo-DC, cells were harvested and restimulated with plate-bound
anti-CD3 (1 �g/ml; clone OKT3) for a further 24 h. Cytokines in supernatants
from these cultures were detected by use of specific immunoassays.

Isolation and quantification of mRNA for determination of TLR2 and TLR4
status. mo-DC were stimulated with OM from the parent H44/74 strain, the
LPS-deficient mutant strain (pLAK-OM), or pure LPS for 24 h. Treated and
untreated cells were pelleted and used for RNA isolation. Total RNA was
extracted by using the RNeasy kit (Qiagen) and treated with DNase I (RNase-
free DNase; Promega) according to the manufacturer’s instructions. RNA was
quantified by using the RiboGreen RNA kit (Molecular Probes) (used as di-
rected) with a fluorescence spectrophotometer and CytofluorII software. cDNA
was prepared from 400 ng of total RNA by using the Omniscript reverse tran-
scriptase preamplification system (Promega) with random hexamer primers
(Promega). The cDNA levels of TLR2 and TLR4 were quantified by TaqMan
PCR with an ABI prism 7700 sequence detector according to the instructions of
the manufacturer (Applied Biosystems). The cDNA levels during the linear
phase of amplification were normalized against 18s rRNA (predeveloped assay
reagent; PE Applied Biosystems). Relative RNA concentrations were extrapo-
lated by using a standard curve generated from human PBMC RNA. The fol-
lowing primers (Sigma-Genosys Ltd.) and probes (Biosource International) were
used: TLR2 sense, 5�-CTACTGGGTGGAGAACCTTATGGT-3�; TLR2 anti-
sense, 5�-CCGCTTATGAAGACACAACTTGA-3�; TLR2 probe, 5�-FAM-AG
GAGCTGGAGAACTTCAATCCCCCC-TAMRA-3�; TLR4 sense, 5�-TCCAT
GAAGGTTTCCATAAAAGC-3�; TLR4 antisense, 5�-CTGCCAGGTCTGAG
CAATCTC, and TLR4 probe, 5�-FAM-ATTGTTGTGGTGTCCCAGCACTTC
ATCC-TAMRA-3�.

Statistical analysis. Statistical analysis was performed with Student’s t test
(two tailed) or the nonparametric Wilcoxon signed rank test, when appropriate,
to compare responses within a subject group (ARCUS QuickStat for Windows;
Research Solutions); P values of �0.05 were considered significant.

RESULTS

OM of N. meningitidis induce activation of mo-DC. mo-DC
were stimulated with various concentrations (0.01 to 10 �g/ml)
of OM from the parent H44/76 strain (OM) or from the LPS-
deficient mutant (pLAK-OM), as well as with pure LPS. After
24 h, treated and untreated mo-DC were collected and ana-
lyzed by flow cytometry for expression of cell surface molecules
involved in T-helper cell activation (Fig. 1). Phase-contrast
microscopy of mo-DC treated with parent H44/76 OM or pure
LPS demonstrated the acquisition of distinct morphological
changes, notably pronounced dendrite formation and increased
cellular clumping, which reflected an activated phenotype com-

pared to control, untreated cells. By contrast, the morpholo-
gies of mo-DC treated with pLAK-OM and control cells were
similar, although the former contained a greater proportion of
veiled dendrites only at the higher concentrations (�1.0 �g/
ml) tested (data not shown). Untreated immature mo-DC con-
stitutively expressed moderate to high levels of MHC class II
molecules (HLA-DR), the T-cell activating molecule CD40,
and the adhesion molecule CD54, with low levels of the co-
stimulatory molecules CD80 and CD86 and the DC matura-
tion marker CD83. Stimulation of mo-DC with parent OM
resulted in marked elevation of the expression of all of these
molecules. Significant expression of cell surface molecules
above control levels was observed when parent OM concen-
trations of as low as 0.1 �g/ml were used, with maximal ex-
pression achieved at concentrations of 1 �g/ml (Fig. 1) and
above. By contrast, expression of cell surface molecules in-
duced by pLAK-OM was observed only when concentrations
of �1.0 �g/ml were tested (Fig. 1) and was limited to minor
up-regulation of CD86 and MHC class II molecules. Purified
meningococcal LPS induced maturation of the mo-DC pheno-
type similarly to parent OM (data not shown).

OM of N. meningitidis augment chemokine and proinflam-
matory cytokine production by mo-DC. The ability of mo-DC
to secrete proinflammatory cytokines and chemokines over
time in response to stimulation with various concentrations
(0.0001 to 1 �g/ml) of parental H44/76 strain OM and LPS-
deficient mutant pLAK-OM and with pure LPS was investi-
gated. Dose-dependent increases in the production of cyto-
kines and chemokines by mo-DC were observed following
treatment with parent OM. Doses of as low as 0.01 �g of
parent OM per ml induced significant cytokine and chemokine
production, and maximal secretion was observed at 24 h with 1
�g/ml, the highest concentration tested (Fig. 2). Parent OM
induced significant (P � 0.05) secretion of the cytokines IL-1�,
IL-6, IL-10, TNF-�, IL-12p40, and IL-12p70 and the chemo-
kines IL-8, MIP-1�, MIP-1�, and RANTES (Fig. 2). By con-
trast, even when used at a concentration of 1 �g/ml, pLAK-OM
failed to induce cytokine secretion, except for low but signifi-
cant (P � 0.05) levels of IL-6 and IL-10 (Fig. 2). In addition,
low but significant (P � 0.05) levels of chemokines IL-8 and
MIP-1� were secreted after stimulation for 24 h with pLAK-
OM. However, although there was a trend towards increased
secretion of MIP-1� and RANTES from mo-DC stimulated
with pLAK-OM, this was not significant compared with control
cells (P � 0.05). In general, pure LPS at concentrations of up
to 1 �g/ml induced amounts of cytokines comparable to those
induced by native OM, including secretion of IL-6, IL-10, IL-
12p40, and TNF-� (data not shown).

Effects of OM from N. meningitidis on receptor-mediated
endocytosis by mo-DC. An early event during the maturation
of DC is a reduction in the ability to capture exogenous anti-
gens, which is reflected by diminished receptor-mediated en-
docytosis (33). In individual experiments with mo-DC from five
different donors, the cells were treated with various concen-
trations (0.01 to 1 �g/ml) of parent OM, pLAK-OM, or pure
LPS and also left untreated as controls. Flow cytometric anal-
yses revealed that immature mo-DC were capable of taking up
FITC-labeled dextran at 37°C (mean fluorescence intensity 

standard error [SE], 41.0 
 5.2; n  5). This uptake was
markedly inhibited following 24 h of stimulation of mo-DC
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with parent OM (mean fluorescence intensity 
 SE, 2.3 
 1.2;
P � 0.05; n  5) or pure LPS (mean fluorescence intensity 

SE, 3.4 
 0.5; P � 0.05; n  5); with both of these prepara-
tions, inhibition was maximal at the highest concentration of
each tested (1 �g/ml). By contrast, FITC-dextran uptake was
partially reduced in mo-DC stimulated with pLAK-OM at the
highest concentration tested (mean fluorescence intensity 

SE, 15.2 
 2.3; P � 0.05; n  5).

Effects of N. meningitidis OM on mo-DC driven T-cell pro-
liferation. The observations described above demonstrate that
OM from N. meningitidis activate mo-DC. The possible func-
tional consequences of these effects were examined by assess-
ing the capacity of OM-treated mo-DC to stimulate allogeneic
T-cell proliferation. In the absence of any activation, immature
mo-DC induced only modest proliferation of allogeneic CD4�

T cells, which was observed at high mo-DC/T-cell ratios (Fig.
3A). mo-DC stimulated with parent OM induced strong CD4�

proliferation (Fig. 3A). In addition, mo-DC pretreated with
LPS-deficient OM also stimulated allogeneic CD4� prolifera-
tion at high mo-DC/T-cell ratios; however, this was at a lower
level than for mo-DC stimulated with parent OM (Fig. 3A).
The ability of mo-DC to activate primary T-cell responses was
also investigated (Fig. 3B). mo-DC pulsed with parent OM or
LPS-deficient pLAK-OM induced significant (P � 0.05) stim-
ulation of naive CD4� CD45RA� T-cell proliferation com-
pared with control mo-DC.

mo-DC preexposed to either parent OM, LPS-deficient pLAK-

OM, or pure LPS also encouraged naive T-cell differentiation
into effector cells producing both Th1 (IFN-�)- and Th2 (IL-
13)-type cytokines (Fig. 4). T-cell supernatants analyzed after 4
days of priming with mo-DC stimulated with parent OM con-
tained significantly (P � 0.05) higher levels of IFN-� than of
IL-13. Pure LPS, tested at a concentration equivalent to that of
parent OM, also induced significantly (P � 0.05) higher levels
of IFN-� than of IL-13 (data not shown). Conversely, mo-DC
stimulated with LPS-deficient pLAK-OM encouraged the de-
velopment of effector cells producing significantly (P � 0.05)
higher levels of IL-13 than of IFN-�.

OM from N. meningitidis induce changes in TLR expression
by mo-DC. The ability of parent OM, LPS-deficient pLAK-
OM, and purified meningococcal LPS to affect the expression
of TLR2 and TLR4 mRNAs by mo-DC was examined by using
semiquantitative TaqMan reverse transcription-PCR (Fig. 5).
Compared with control, untreated mo-DC, stimulation of
mo-DC for 24 h with either parent OM or pure LPS resulted
in a significant twofold (P � 0.05) down-regulation of TLR2
mRNA expression, while a significant (P � 0.05) fivefold in-
crease in TLR4 mRNA expression was also observed. These
differential regulation patterns of TLR2 and TLR4 mRNA
expression were also observed in mo-DC treated with Esche-
richia coli LPS (data not shown). By contrast, stimulation of
mo-DC with LPS-deficient pLAK-OM had no effect on TLR4
mRNA expression (P � 0.05), whereas there was a significant

FIG. 1. Phenotypic analysis of mo-DC activated by N. meningitidis OM. Data are shown for cell surface expression of CD83, CD80, CD86,
CD40, HLA-DR, and CD54 on control untreated mo-DC or cells that had been stimulated for 24 h with a 1-�g/ml concentration of OM from the
parent H44/76 strain (OM) or from the LPS-deficient mutant (pLAK-OM). Expression of the indicated markers is shown by the solid histograms,
whereas cells stained with relevant isotype MAb are indicated by the open histograms. The numbers on each histogram correspond to the median
fluorescence intensity of MAb staining. The results shown are from one donor and are representative of similar data obtained from experiments
carried out with mo-DC from eight different donors.
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(P � 0.05) twofold increase in TLR2 mRNA expression, com-
pared to control, untreated cells.

DISCUSSION

Following infection with N. meningitidis, LPS-replete OM
vesicles shed by the bacteria constitute an important virulence
mechanism. In the present study, expression of TLRs appeared
to be differentially regulated by the presence of meningococcal
LPS in OM. Expression of TLR4 mRNA was up-regulated
following exposure of mo-DC to both LPS-rich parent OM and
pure LPS, whereas expression of TLR2 mRNA was decreased.
Conversely, mo-DC incubated with LPS-deficient OM showed
increased TLR2 mRNA expression, while expression of TLR4
mRNA was unaffected. These findings with mo-DC extend the
observations from other studies with monocytes and macro-
phages, which demonstrated that LPS-deficient meningococci
activated responses in these cells through TLR2 (23, 37). Al-
though the nature of the OM components that activate mo-DC
responses is not well characterized, it has been reported that
the meningococcal PorB protein mediated signals through

TLR2 on B cells (35). The observed regulation of TLRs fol-
lowing the interaction of meningococcal OM with mo-DC sug-
gests that these cells are likely to participate in the innate
immune recognition of N. meningitidis. Significantly, a recent
study has shown that only rare heterozygous missense muta-
tions of TLR4 contributed to the development of systemic
meningococcal disease in white human populations (42), whereas
the more common (functional) polymorphism Asp299Gly of
TLR4 did not (38).

Another important consequence of TLR signaling is the
possible modulation of DC function in subsequent generation
of the acquired immune response. Interaction of immature DC
with many bacteria and/or their components leads to their
activation, maturation, and acquisition of potent antigen-pre-
senting properties by virtue of increased expression of surface

FIG. 2. Effects of N. meningitidis OM on chemokine and cytokine
production by mo-DC. Cells were stimulated for 24 h with various
concentrations of OM from the parent H44/76 strain (OM) or from the
LPS-deficient mutant (pLAK-OM) and compared with control, un-
stimulated cells. The data shown are the maximal levels of secretion
induced with a 1-�g/ml concentration of preparation(s). Results are
presented as means 
 SEs of data from five donors (IL-1�, RANTES,
and MIP-1�), six donors (IL-8 and MIP-1�), or eight donors (IL-6,
IL-10, IL-12p40, IL-12p70, and TNF-�). *, P � 0.05 (t test) compared
to control cells.

FIG. 3. Effect of N. meningitidis OM on mo-DC-driven T-cell pro-
liferation. Immature mo-DC were treated for 24 h with the optimal
1-�g/ml concentration of OM from the parent H44/76 strain (OM) or
from the LPS-deficient mutant (pLAK-OM) and were also left un-
treated in culture as controls. Graded numbers of mo-DC were cocul-
tured with 105 cells of purified CD4� allogeneic T cells (A) or CD4�

CD45RA� naive allogeneic T cells (B) per well. Results are for trip-
licate cultures from one donor and are representative of similar data
obtained from experiments done with mo-DC from five different do-
nors. *, P � 0.05 compared to control cells.
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MHC class II costimulatory molecules and production of crit-
ical regulatory cytokines (1). mo-DC exposed either to LPS-
containing OM or to LPS-deficient OM showed significant
reductions in receptor-mediated endocytosis, a response char-
acteristic of DC maturation. This agrees with findings by Dixon
et al. that paraformaldehyde-fixed whole N. meningitidis
H44/76 and the LPS-deficient isogenic mutant induced matu-
ration in mo-DC (13). The observations in the present study
clearly demonstrate that components of the bacterial OM
other than LPS can induce mo-DC maturation. Although the
exact nature of these modulins remains to be confirmed, some
components of pathogenic Neisseria spp., notably the OM
porin proteins, have been shown to activate immune effector
cells (34, 35, 41, 55).

The presentation by DC of MHC class II-antigen peptide
complexes to CD4� T-helper cells initiates the induction of
acquired immunity to pathogens (22, 47). The subsequent dif-
ferentiation of T-helper cells may be determined by the com-
bination of signals through soluble cytokines and surface co-
stimulatory molecules. LPS-containing OM induced strong
expression of HLA-DR and CD86 on mo-DC together with
moderate increases of CD40 and CD80, an effect that was
largely reproduced by the LPS alone. Thus, LPS-containing
OM activated mo-DC to a phenotype typical of more mature
DC, which would be expected to have enhanced T-cell priming
ability. However, mo-DC also exhibited responses to LPS-
deficient OM, with moderate increases in the expression of
MHC class II and CD86 costimulatory molecules.

Recent studies reported that after exposure to whole me-
ningococci of strains H44/76 and MC58, mo-DC secreted high
levels of TNF-�, IL-1�, IL-6, and IL-8 (29, 52) and that when

PBMCs were treated with H44/76 OM complexes they pro-
duced TNF-� and IL-1� (44). In the present study, parent,
LPS-replete OM induced secretion of the proinflammatory
cytokines IL-1�, IL-6, IL-12p40, IL-12p70, and TNF-�; the
chemokines IL-8, RANTES, MIP-1�, and MIP-1�; and the
anti-inflammatory cytokine IL-10. Secretion of these cytokines
was also detected from cultures of mo-DC infected with live
H44/76 meningococci in this study (data not shown). By con-
trast, LPS-deficient OM did not induce significant cytokine and
chemokine secretion by mo-DC, other than low levels of IL-6,
IL-8, IL-10, and MIP-1�. These observations with isolated OM
are in agreement with several studies describing attenuated
cytokine production from human cells infected with whole
LPS-deficient bacteria (13, 24, 44, 53). Hence, as expected,
LPS in the OM is a major stimulus for the production of both
proinflammatory cytokines and chemokines by human DC.
However, the present data also suggest that components other
than LPS in the OM are able to stimulate the production of
inflammatory mediators by DC. The nature of these non-LPS
modulins is not known, but they may include porins, other OM
proteins and lipoproteins, and several components such as
peptidoglycan and bacterial DNA, which may be found as
possible contaminants of OM vesicles.

FIG. 4. Activation of mo-DC by N. meningitidis OM promotes cy-
tokine production by primed naive T cells. Allogeneic CD4� CD45�

naive T cells were cocultured with mo-DC preexposed for 24 h to the
optimal 1-�g/ml concentration of OM from the parent H44/76 strain
(OM) or from the LPS-deficient mutant (pLAK-OM). Results are
presented as mean cytokine production 
 SE from experiments done
with mo-DC from three different donors.

FIG. 5. Expression of TLR2 and TLR4 mRNAs by mo-DC treated
with meningococcal OM. Cells were left untreated or exposed to the
optimal 1-�g/ml concentration of OM from the parent H44/76 strain
(OM) or from the LPS-deficient mutant (pLAK-OM), or to pure
meningococcal LPS, for 24 h. Results show the averages 
 SEs from
experiments with mo-DC from five donors, except for TLR2 with
pLAK-OM treatment, where four donors were used. *, P � 0.05 (t
test). #, one additional donor (data not shown) did not show a change
in TLR2 mRNA expression following treatment.
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mo-DC preexposed to either parent LPS-replete OM or
LPS-deficient OM were capable of inducing potent allogeneic
CD4� T-cell proliferation. Moreover, mo-DC activated by ei-
ther OM preparation stimulated allogeneic primary naive T-
cell responses. Although the levels of proliferation of CD4� or
naive CD4� CD45RA� T cells were greater when the stimu-
lating mo-DC were pretreated with LPS-replete OM, mo-DC
driven T-cell proliferation was also enhanced by LPS-deficient
OM. In addition, mo-DC preexposed to parent OM acquired
the capacity to prime naive T-helper cells into effector cells
exhibiting a higher IFN-�/IL-13 cytokine profile. In contrast,
the reverse ratio of cytokine production (higher IL-13/IFN-�
ratio) was observed in naive T cells when they were activated
with mo-DC treated with LPS-deficient OM. Thus, these find-
ings clearly demonstrate the ability of meningococcal OM to
modulate the antigen-presenting capacity of DC to initiate and
promote differentiation of primary T-cell responses. Further-
more, these data also suggest that components of the OM
other than LPS contribute significantly to these activities.

In summary, the present study has demonstrated that OM
from N. meningitidis are immunomodulatory and exert distinct
effects on human mo-DC. OM induced changes in mo-DC
phenotype, which resulted in the DC acquiring potent T cell-
activating properties. However, there is increasing evidence
that different DC subsets (whether of myeloid or lymphoid
origin) which express distinct pattern recognition receptors, in
conjunction with both the levels and duration of antigen en-
countered and the presence of cytokines within the microen-
vironment, all influence the subsequent balance between Th1
and Th2 cells (26, 32, 49, 50). In addition, individual compo-
nents of the meningococcal OM, other than LPS, may play
roles in determining the levels of DC activation and the nature
of the immune response. Thus, the appropriate response
mounted against meningococcal OM in vivo is likely to involve
a combination of all of these factors. Modulation of these
biological activities suggests the possibility of inducing or ma-
nipulating the desired innate and/or adaptive immune responses
with appropriately designed vaccines.
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