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The rationale for the present study was to determine how different species of bacteria interact with cells of
the human meninges in order to gain information that would have broad relevance to understanding aspects
of the innate immune response in the brain. Neisseria lactamica is an occasional cause of meningitis in humans,
and in this study we investigated the in vitro interactions between N. lactamica and cells derived from the
leptomeninges in comparison with the closely related organism Neisseria meningitidis, a major cause of
meningitis worldwide. N. lactamica adhered specifically to meningioma cells, but the levels of adherence were
generally lower than those with N. meningitidis. Meningioma cells challenged with N. lactamica and N. menin-
gitidis secreted significant amounts of the proinflammatory cytokine interleukin-6 (IL-6), the C-X-C chemokine
IL-8, and the C-C chemokines monocyte chemoattractant protein 1 (MCP-1) and RANTES, but it secreted very
low levels of the cytokine growth factor granulocyte-macrophage colony-stimulating factor (GM-CSF). Thus,
meningeal cells are involved in the innate host response to Neisseria species that are capable of entering the
cerebrospinal fluid. The levels of IL-8 and MCP-1 secretion induced by both bacteria were essentially similar.
By contrast, N. lactamica induced significantly lower levels of IL-6 than N. meningitidis. Challenge with the
highest concentration of N. lactamica (10° CFU) induced a small but significant down-regulation of RANTES
secretion, which was not observed with lower concentrations of bacteria. N. meningitidis (10° to 10° CFU) also
down-regulated RANTES secretion, but this effect was significantly greater than that observed with N. lac-
tamica. Although both bacteria were unable to invade meningeal cells directly, host cells remained viable on
prolonged challenge with N. lactamica, whereas N. meningitidis induced death; the mechanism was overwhelm-
ing necrosis with no significant apoptosis. It is likely that differential expression of modulins between N.

lactamica and N. meningitidis contributes to these observed differences in pathogenic potential.

Meningitis, inflammation of the meninges that surround the
brain and the spinal cord (63), is the most common serious
infection of the central nervous system. In humans, the menin-
ges comprise the pachymenix (dura mater) and the leptome-
ninges, which consists of the arachnoid and pia mater together
with the trabeculae that traverse the cerebrospinal fluid (CSF)-
filled subarachnoid space (SAS) (4, 25). The bacterial etiology
of meningitis is broad, and susceptibility to the causative
organisms varies with age, with different groups of organ-
isms affecting neonates, children, and adults (28). Neonatal
bacterial meningitis is due mainly to transmission of bacte-
ria from the maternal genital tract to the newborn infant,
and the main organisms that cause disease are Streptococcus
agalactiae (group B hemolytic streptococcus) and Esche-
richia coli K1 (28, 47). After the neonatal period, the most
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common bacterial agents causing classical meningitis are Hae-
mophilus influenzae, Streptococcus pneumoniae, and Neisseria
meningitidis (11, 43, 56).

Bacteremia and penetration of the blood-CSF barrier is
necessary for development of the overwhelming majority of
cases of meningitis. However, in addition to meningitis caused
by spread of bacteria by the hematogenous route, meningitis
has also been reported following infection with other bacteria
as a complication of traumas, surgical procedures, and devel-
opmental malformations or as secondary infections to chronic
ear infections. Regardless of the route of entry of bacteria,
whether by hematogenous spread or by nonhematogenous routes,
the host defenses within the SAS are inadequate to control infec-
tion. Classical bacterial meningitis is predominantly a leptomen-
ingitis, with both the inflammatory response and bacteria largely
contained within the SAS and with little or no involvement of the
dura mater or the underlying brain.

Neisseria meningitidis is not the only species within the
genus Neisseria capable of inducing intracranial infection.
Leptomeningitis caused by the closely related pathogen
Neisseria gonorrhoeae, the causative agent of gonorrhoeae,
has been reported as an extremely rare event during dissem-
inated gonococcal infection (17). Neisseria lactamica also
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shares a close relationship with Neisseria meningitidis, and
frequent interspecies genetic exchange has been reported to
occur (6, 24, 38). Although N. lactamica has a predilection
for associating primarily with epithelial cells of the naso-
pharynx, it is an occasional cause of meningitis (18, 29, 31,
36) and septicemia (10, 42, 51, 66).

Although the mechanisms are not entirely understood, the
interactions of bacteria with host cells within the SAS are likely
to contribute to the inflammatory response. Recent studies
have shown that cells derived from the leptomeninges are
active participants in the host response to infection with me-
ningococci (13, 26, 35, 64). The rationale for the present study
was therefore to determine how different species of bacteria
interact with cells of the leptomeninges. The information
gained would have broad relevance to understanding the in-
nate immune response in the SAS. Thus, we investigated the in
vitro interactions of different species of Neisseria (N. lactamica
and N. meningitidis) with cells derived from the human lepto-
meninges and compared the nature of the inflammatory re-
sponse induced.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Neisseria meningitidis strain MC58
(B:15:P1.7,16b; Cap™ Opa™* Opc™ PorA* PorB™ Pil" [type IV; class I] Rmp™*
LPS™) was isolated from an outbreak of meningococcal infections that occurred
in Stroud, Gloucestershire, United Kingdom, in the mid-1980s (41). Neisseria
lactamica NCTC10617 (34) (Cap~ Opa~ Opc™ PorA~ PorB* Pil™ [type 1V,
class 1I] Rmp* LPS™) was obtained from the National Collection of Type
Cultures (Colindale, United Kingdom). Both bacteria were grown on proteose-
peptone agar and incubated at 37°C in an atmosphere containing 5% (vol/vol)
CO,. The presence of capsule was detected using both a slide agglutination assay
(Wellcome meningococcal serogrouping antisera) and a negative staining pro-
tocol with a solution of 1% (wt/vol) Congo red stain. The presence of type IV pili
was confirmed by transmission electron microscopy following a negative staining
protocol adapted from the method of Lin and colleagues (37). The presence of
lipopolysaccharide (LPS) was confirmed by low-M, sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis using the method of Schagger and von Jagow (50)
with silver staining (33). The phenotypes of strain MC58 and N. lactamica were
defined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and im-
munoblotting with specific antibodies to Opa, Opc, PorA, PorB, Rmp, and pilus
proteins as described previously (32, 62).

Outer membranes (OM) were prepared from both meningococci and N.
lactamica by extraction of whole cells with lithium acetate as described
previously (54).

Culture of human cells. Culture of meningioma cells of the meningothelial
histological subtype was carried out as described previously (32). Briefly, fresh
meningioma tissue was obtained from surgically removed tumors and digested
with 0.125% (wt/vol) trypsin-0.02% (wt/vol) ETDA in Hanks balanced salt
solution. The cells were then cultured on collagen (type I from rat tail; 5 g
cm ™% Sigma)-coated flasks in Dulbecco’s modified Eagle’s medium (DMEM)
with glutamax-1 and sodium pyruvate (Invitrogen) supplemented with 10% (vol/
vol) decomplemented fetal calf serum (dFCS), 100 TU ml~! penicillin, 10 pg
ml~! streptomycin, and 10 pg ml~! gentamicin. The meningioma cells were
characterized by immunohistochemical staining with antibodies against the spe-
cific cellular markers of desmosomal desmoplakin, epithelial membrane antigen,
vimentin, and cytokeratin as described previously (32). In addition, the absence
of staining in the monolayers after incubation with antibody to CD68 (Dako)
confirmed that macrophages were not present.

Interactions of N. / and N. ingitidis with human meningioma cells.
(i) Determination of bacterial adherence and invasion. Human meningioma cells
from passages 6 to 9 were grown to confluence (~90%; 5 X 10* cells) on
collagen-coated 24-well tissue culture plates in culture medium without antibi-
otics. The medium was removed, and the cell monolayers were washed in phos-
phate-buffered saline (PBS) containing 0.1% dFCS (wash buffer) and then were
challenged with concentrations of bacteria (1 ml per monolayer) ranging from
1 X 10? (multiplicity of infection [MOI] of bacteria to cells, 0.002), 1 X 10*
(MO, 0.2), and 1 X 10° (MOI, 20) to 1 x 10% (MO, 2,000) CFU ml™~'. Each
bacterial inoculum was prepared in experimental medium that had been opti-
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mized in preliminary experiments so that the relative growth rates of both
meningococci and N. lactamica in the absence of cell monolayers were similar
(data not shown). Thus, inocula of both bacteria were prepared in DMEM-
glutamax containing 1.0% (vol/vol) dFCS.

During the experiments, sampling was carried out from triplicate wells at
intervals of up to 24 h. To quantify total bacterial CFU associated with the cells,
washed monolayers were lysed by incubation with 1% (wt/vol) saponin in wash
buffer for 15 min, and organisms were quantified by viable counting (32). Bac-
terial internalization was investigated after 24 h by first incubating the washed
monolayers with 200 microliters of a gentamicin solution (200 pg ml~") for 30
min to eliminate all extracellular bacteria. Monolayers were subsequently washed
and lysed, and internalized bacteria were quantified by viable counting (60). The
involvement of actin polymerization was investigated by preincubating the cell
monolayers with DMEM containing 0.1% (vol/vol) dFCS and 2 p.g ml~! cytocha-
lasin D. To validate the invasion assay, meningioma cells were infected for 9 h
with E. coli strain TH3080, which we have previously shown is able to invade
meningioma cells, in contrast to other meningeal pathogens, including Neisseria
meningitidis, which are unable to invade this cell type (26). The relative associ-
ation and internalization of N. meningitidis and N. lactamica was evaluated using
one-way analysis of variance to compare the level of significance between mean
values, with P < 0.05 being significant.

(ii) Antibodies to N. lactamica. A group of 15 mice was housed under standard
conditions of heating and lighting with access to food ad libitum. Each animal
was immunized subcutaneously on days 1, 14, and 28 with 10 pg of OM, which
had been adsorbed to aluminum hydroxide (2% [wt/vol] Superfos; Biosector as,
Vedbaek, Denmark) as previously described (14). Animals were bled 10 days
later, and antisera were stored at —20°C until used. All antisera recognized
whole N. lactamica cells and did not cross-react significantly with either N.
meningitidis or cultured cells, as judged by immunofluorescense. Subsequently, a
pool of murine antisera was prepared for confocal labeling experiments.

(iii) Visualization of bacterial association with human cells by laser-scanning
confocal microscopy (LSCM). Human meningioma cells were grown to conflu-
ence in culture medium on 0.4 wm-pore-size cell culture inserts (12-well format
with a surface area equivalent to 24-well culture plates; Falcon, Becton Dickinson
Biosciences, Bedford, Mass.), and each monolayer was challenged with various
concentrations of each bacterium (1-ml volume in the upper chamber). At intervals
of up to 24 h, the challenge medium was removed and the monolayers were washed
three times in PBS before being fixed in ice-cold methanol (100%) for 10 min at
25°C. The fixative was removed, the monolayers were washed a further three times
in PBS, and then they were blocked for 1 h at 25°C with PBS containing 10%
(vol/vol) normal rabbit serum (Gibco). Adherent bacteria were immunostained by
interaction at 4°C for 16 to 18 h with primary polyclonal antibodies (each used at a
dilution of 1/100) specific for each bacterial pathogen. Meningococci were detected
with mouse polyclonal antibodies raised against OM of Neisseria meningitidis MC58
(32) and N. lactamica detected with murine antibodies described above. After wash-
ing in PBS, the monolayers were incubated with fluorescein isothiocyanate (FITC)-
conjugated rabbit anti-mouse antibody (Zymed, Calif.) and used at a concentration
of 1/100 for 1 h at 37°C. The cells were washed and counterstained with a solution
of 0.0025% (wt/vol) Evans Blue in PBS for 20 min at 25°C. Cell monolayers were
washed and examined immediately on a Leica model TCS 4D confocal microscope
(Leitz), and images were obtained by simultaneous two-channel scanning at wave-
lengths of 488 and 568 nm to excite FITC and counterstain, respectively. Optical
sections (25 to 30 per sample) were usually taken at intervals of approximately 1.0
pm and used to reconstruct three-dimensional confocal images.

Measurement of cytokine and chemokine production. The levels of cytokine
and chemokine proteins produced on bacterial challenge of human meningioma
cells, cultured in 24-well plates, were quantified by sandwich immunoassay using
matched pairs of specific antibodies, as described previously (13). The antibodies
used were directed against the proinflammatory cytokine mediators interleu-
kin-la (IL-1e), IL-1B, IL-6, and tumor necrosis factor alpha (TNF-a) (all from
R&D systems); the anti-inflammatory cytokines IL-10 and transforming growth
factor beta (TGF-B) (R&D); the growth factor granulocyte-macrophage-colony
stimulating factor (GM-CSF) (R&D); the C-C chemokine family members
monocyte chemoattractant protein 1 (MCP-1), macrophage inflammatory pro-
tein la (MIP-1at), MIP-1B, and RANTES (R&D); and the C-X-C family che-
mokine IL-8 (R&D). The concentration of each cytokine or chemokine was
determined by comparison with standard solutions of the corresponding purified
recombinant protein (Peprotech, London, United Kingdom) similarly treated. A
two-sample #-test was used to compare the mean levels of cytokine secretion
following particular treatments, with P < 0.05 being significant.

Investigating cell death induced by bacteria. (i) Viability/cytotoxicity assay.
Human meningioma cells were grown to confluence (~90%) on 8-chamber
Falcon tissue culture-treated slides (Becton Dickinson Biosciences). The viability
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of human cells following challenge with approximately 10¢ and 10 CFU/mono-
layer of bacteria was assessed at intervals up to 96 h with the LIVE/DEAD
reduced biohazard viability/cytotoxicity assay from Molecular Probes, as de-
scribed previously (26). All cell monolayers were examined immediately with
LSCM as described above.

(ii) Quantification of cell viability. Human meningioma cells were grown to
confluence on collagen-coated 96-well plates, and cultures were challenged with
concentrations of bacteria (0.2 ml per monolayer) ranging from 1 X 102, 1 X 10%,
and 1 X 10° to 1 X 10% CFU ml ™. Cell viability was determined from triplicate
wells at 24, 48, and 96 h after challenge using the WST-1 Cell Proliferation Assay
kit (Chemicon) according to the manufacturer’s instructions. Briefly, the mono-
layers were gently washed three times with PBS and DMEM-glutamax contain-
ing 0.1% (vol/vol) dFCS, and WST-1 reagent (10 wl/well) was then added to each
well (100 pl/well). The cultures were incubated for 2 h at 37°C, and absorbance
was then measured at 450 nm (Anthos microplate spectrophotometer). A two-
sample t-test was used to compare the mean levels of cell viability following
particular treatments, with P < 0.05 being significant.

(iii) Detection of apoptosis with annexin V. Human meningioma cells were
grown to confluence (~90%) on 8-chamber Falcon tissue culture-treated slides
(Becton Dickinson Biosciences) and challenged with approximately 10° and 10°
CFU/monolayer of bacteria. The combination of annexin V-FITC conjugate
(R&D) and propidium iodide was used for detecting the presence of apoptotic
and necrotic cells at intervals of up to 96 h after challenge, according to the
manufacturer’s instructions (R&D). This differentiation was also examined in
additional cell monolayers by dual staining with acridine orange and ethidium
bromide as described previously (9, 46). Uninfected cells were used as negative
controls at each time point, and treatment with staurosporine (Sigma; 1 pM for
6 h) was used as a positive control for apoptosis (40). Cells were viewed imme-
diately by LSCM as described above, and the number of apoptotic cells was
quantified as the mean percentage of cells (from a minimum of 6 fields) of the
total number of cells (from a minimum of 6 fields) present in normal monolayers.

(iv) Assay for DNA fragmentation. Human meningioma cells were grown to
confluence on collagen-coated 96-well plates and challenged with approximately
10° to 10® CFU ml ™! of bacteria (0.2 ml per monolayer). At 24, 48, and 96 h, cells
were removed by treatment with trypsin, and genomic DNA was isolated from 9
wells for each challenge and from control, uninfected cells, using the Wizard
Genomic DNA purification kit (Promega UK, Southampton, England) according
to the manufacturer’s instructions. As a positive control for DNA fragmentation,
cells were exposed to UV radiation. Samples of genomic DNA were analyzed by
electrophoresis in 1.5% (wt/vol) agarose gels, run in 1X Tris-acetate-EDTA
(TAE) buffer for 1 h at 90 V, and visualized by staining for 20 min in 1X TAE
buffer containing ethidium bromide (0.5 pg ml™!).

(v) Determination of caspase-3 and caspase-8 activity. Human meningioma
cells were grown to confluence on collagen-coated 24-well plates, and quadru-
plicate wells were challenged with 10° to 10®° CFU/monolayer. Caspase activity
was determined at 6, 24, 48, and 96 h using commercially available colorimetric
assay kits according to the manufacturer’s instructions (Sigma). Uninfected cells
were used as negative controls at each time point, and treatment with stauro-
sporine (Sigma; 1 uM for 6 h) was used as a positive control for apoptosis (40).

RESULTS

The interactions of Neisseria lactamica with meningioma
cells. Meningioma cells were challenged with various concen-
trations of N. lactamica, and association was determined over
time. Challenge with 10? to 10* CFU/monolayer of N. lac-
tamica demonstrated concentration-dependent increases in as-
sociation with cell monolayers over time (Fig. 1A). However,
rapid saturation of the cell monolayers was observed as early as
3 to 6 h following challenge with concentrations of 10° to 10®
CFU/monolayer of N. lactamica (Fig. 1A). Nevertheless, by
24 h, the levels of association of N. lactamica were similar (P >
0.05) regardless of the initial infecting concentrations tested
(Fig. 1A). Significant differences (P < 0.05) were observed
between the levels of association of N. lactamica and N. men-
ingitidis: in general, at every time point sampled and for each
concentration of bacterium tested, N. meningitidis associated
with meningioma cells in approximately 10-fold greater num-
bers (P < 0.05) than N. lactamica, and this disparity was still
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FIG. 1. (A) Association of Neisseria lactamica and Neisseria men-
ingitidis with human meningioma cells. Confluent monolayers of me-
ningothelial meningioma cells were challenged over time with various
doses of bacteria, and total association to cells was quantified by viable
counting. Infection experiments were carried out in triplicate with two
different meningioma cell lines. Data are shown from typical experi-
ments with meningioma cells from one patient, with individual points
representing the mean bacterial CFU counts per 5 X 10* cells in
monolayer. The error bars represent the standard deviations from
triplicate-infected wells. (B) Neisseria lactamica and Neisseria menin-
gitidis do not invade meningioma cells. Confluent monolayers of me-
ningothelial meningioma cells were challenged for 24 h with various
doses of bacteria, and total association to cells was quantified by viable
counting. Treatment with gentamicin was used to remove all extracel-
lular bacteria. Cells were also pretreated with cytochalasin D prior to
bacterial infection and then incubated with gentamicin after 24 h.
Experiments were carried out in duplicate with meningioma cells from
two different patients, and typical data are from one experiment with
one patient cell line, with bars representing the mean bacterial CFU
counts and the error bars representing the standard deviations from
triplicate-infected wells.

evident at the saturating levels achieved at 24 h after challenge
(Fig. 1A).

The differential association of N. lactamica and N. meningi-
tidis with meningioma cells was also studied with confocal
microscopy (Fig. 2). Infection of monolayers with a nonsat-
urating concentration (10* CFU/monolayer) of each bacterium
confirmed the viable counting data (Fig. 1A) and clearly dem-
onstrated that N. meningitidis adhered more rapidly to the cells
by 9 h than N. lactamica. Notably, N. lactamica association was
concentrated at the curvilinear edges of the cells rather than
over the cytoplasm, whereas N. meningitidis adherence was
observed over the whole cell surface. As expected, when
saturating concentrations (10®° CFU/monolayer) of bacteria
were used, higher levels of adherence of both bacteria were
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FIG. 2. Laser-scanning confocal microscopy of human meningioma cells infected with Neisseria lactamica (Nlac) and Neisseria meningitidis (Nmen).
Confluent monolayers were infected with various doses of bacteria, and at intervals the monolayers were processed for confocal microscopy. The images
shown are for adherence of bacteria determined at 3, 6, 9, and 24 h after infection with a concentration of 10* CFU/monolayer (nonsaturating). For
comparison, images are shown of rapid bacterial saturation of monolayers at 6 and 24 h after infection with a concentration of 10®° CFU/monolayer
(saturating). Images are representative of experiments carried out in triplicate with two different meningioma cell lines.
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observed by 6 h compared with the lower concentration (Fig.
2). By 24 h, regardless of initial bacterial concentration, N.
meningitidis showed greater association than N. lactamica with
meningioma cells, which was in agreement with the viable
count data (Fig. 1A).

We next investigated whether N. lactamica and N. meningi-
tidis invaded meningioma cells by infecting monolayers with a
concentration of each bacterium that did not saturate the
monolayers (10> CFU) and comparing them with a concentra-
tion that led to rapid saturation (10° CFU). After 24 h of
infection with bacteria, gentamicin treatment was then used to
remove all extracellular bacteria. At each concentration tested,
and compared to the total number of associated bacteria,
<0.1% of either bacterium was recovered from the monolayers
after gentamicin treatment (Fig. 1B). These numbers were not
significantly different (P > 0.05) from the numbers of either
species recovered from monolayers that had been pretreated
with cytochalasin D (Fig. 1B), demonstrating the absence of
internalization by a microfilament-dependent process, which is
necessary for invasion of epithelial and endothelial cells by N.
meningitidis (59, 60). These data demonstrate that both N.
lactamica and N. meningitidis were unable to invade meningi-
oma cells, an observation that is similar to our previous studies
showing that meningioma cells provide an effective barrier to
Neisseria species (32).

Cytokine and chemokine production by meningioma cells
infected with Neisseria lactamica. In order to investigate
whether N. lactamica induced the production of inflammatory
mediators, meningioma cell monolayers were challenged with
various concentrations of bacteria, and the dose-dependent
kinetics of cytokine and chemokine secretion were measured
over time and compared to those of N. meningitidis. Superna-
tants were collected for 48 h, since previous studies have shown
that bacterial infection induced the late secretion of some
chemokines (13).

Differences were observed in the levels and patterns of cy-
tokine and chemokine secretion by meningioma cells chal-
lenged with N. lactamica compared with N. meningitidis (Fig.
3). Challenge with various concentrations of N. lactamica in-
duced the secretion of between 18 to 55 ng/ml of the proin-
flammatory cytokine IL-6 by 48 h, but these levels were signif-
icantly lower (P < 0.05) than the levels of IL-6 secretion
induced by challenge with N. meningitidis (107 to 218 ng/ml).

N. lactamica also induced secretion of the C-X-C chemokine
IL-8 by meningioma cells, but after 36 h the levels were ap-
proximately twofold lower (P < 0.05) than those observed
following challenge with N. meningitidis (Fig. 3). This twofold
difference was still significant (P < 0.05) by 48 h at lower
concentrations (10% to 10* CFU/ml) of N. lactamica (29 to 33
ng/ml) and N. meningitidis (57 to 69 ng/ml). By contrast, at the
higher concentrations tested (10° to 108 CFU/ml), there were
no significant differences (P > 0.05) in the induction of IL-8
secretion by N. lactamica (44 to 54 ng/ml) and N. meningitidis
(58 to 66 ng/ml) (Fig. 3).

N. lactamica also induced secretion of the C-C chemokines
MCP-1 and RANTES by meningioma cells. In contrast to the
different patterns of secretion of IL-6 and IL-8 induced by the
two bacteria, the levels of MCP-1 secretion after 48 h following
challenge with N. lactamica (39 to 43 ng/ml) were not signifi-
cantly different (P > 0.05) from the levels induced by N. men-
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FIG. 3. Cytokine and chemokine secretion by human meningioma
cells infected with Neisseria lactamica (Nlac) and Neisseria meningitidis
(Nmen). Confluent monolayers of meningioma cells were infected with
various doses of bacteria, and culture supernatants were assayed over
time for cytokine and chemokine protein secretion. Infection experi-
ments were carried out in triplicate with two different meningioma cell
lines. Data are shown from a typical experiment with meningioma cells
from one patient, with individual points representing the mean levels
of cytokine secretion and the error bars representing the standard
deviations from triplicate-infected wells. An asterisk denotes signifi-
cantly lower (P < 0.05) levels of cytokine/chemokine induced by N.
lactamica compared to levels induced by N. meningitidis. Two asterisks
denotes significantly lower (P < 0.05) levels of RANTES secretion
following challenge with 10®* CFU of N. lactamica compared with levels
induced by 10° CFU of N. lactamica. Three asterisks denotes signif-
icantly lower (P < 0.05) levels of RANTES secretion following
challenge with 108 CFU of N. meningitidis compared with secretion
induced by all other concentrations of N. meningitidis.

9 24 36 48

ingitidis (25 to 33 ng/ml). However, a more pronounced differ-
ence was observed for RANTES. Challenge with various
concentrations of N. lactamica resulted in the accumulation of
between 5 and 10 ng/ml of RANTES by 48 h (Fig. 3). However,
challenge with the highest concentration of N. lactamica tested
(10® CFU) resulted in a small but significant down-regulation
(P < 0.05) of RANTES secretion relative to the levels that
were induced by 10° CFU of bacteria (Fig. 3). In contrast, the
ability of N. meningitidis to down-regulate RANTES produc-
tion was more pronounced. Significantly lower (P < 0.05)
concentrations of RANTES (1 ng/ml) were detected by 48 h in
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TABLE 1. Effects of OM from N. lactamica and N. meningitidis on cytokine and chemokine secretion by human meningioma cells”

Cytokine level (ng/ml)

Dose
Challenge !
(pg/monolayer) L8 IL-6 MCP-1 RANTES GM-CSF
N. lactamica-OM 1.0 58 0.8 48 = 1.1 359+1.0 92 +1.2 0.2
N. meningitidis-OM 1.0 7.8 2.0 6.1 x2.7 30.2 = 4.0 6.2 2.0 02 *0.1
Control Medium only 03 *0.1 0.5+0.7 83 +1.0 09 +0.2 0.1

“ Human meningioma cells were treated with a range of concentrations (1, 0.1, 0.01, and 0.001 pg/monolayer) of OM from Neisseria lactamica and Neisseria
meningitidis for up to 48 h. Data are shown for the highest concentration tested at the 48-h time point; dose-dependent decreases in secretion of all cytokines were

observed with the other concentrations tested (data not shown).

samples challenged with the highest concentration of N. men-
ingitidis (10® CFU) compared to the levels (8 to 13 ng/ml)
secreted following challenge with smaller numbers of bacteria
(107 to 10° CFU) (Fig. 3). Thus, increased concentrations of N.
meningitidis down-regulated secretion of RANTES, confirming
the observations from our previous study (13), whereas minor
down-regulation by N. lactamica was only observed with the
highest concentration tested.

Both bacteria induced the secretion of the cytokine growth
factor GM-CSF, but they did so at very low levels compared
with the other inflammatory molecules (Fig. 3). Nevertheless,
minor differences were seen in the patterns of GM-CSF secre-
tion induced by both bacteria. Challenge with 10* to 10° CFU/
monolayer of N. lactamica induced the accumulation of be-
tween 0.2 to 0.9 ng/ml GM-CSF by 48 h, and these levels were
approximately twofold lower (P < 0.05) than the levels of
secretion induced by similar concentrations of N. meningitidis
(1 to 2 ng/ml, respectively). By contrast, at the highest concen-
tration tested (10% CFU/monolayer), no significant difference
(P > 0.05) was observed (Fig. 3). Nevertheless, it should be
noted that the biological significance of differences in GM-CSF
induction may not be critical given the low levels of cytokine
observed. Neither bacterium induced the secretion of IL-1a,
IL-1B, TNF-a, MIP-1a,, MIP-1B, TGF-B, IL-10, or IL-12 cy-
tokines.

Stimulation of cytokine and chemokine production by outer
membranes (OM) of Neisseria lactamica. 1t is clear that OM
vesicles released by pathogenic Neisseria species are important
during infection due to their ability to stimulate host cell in-
flammatory responses (58), and recent studies have shown that
OM from meningococci can induce cytokine production by
meningeal cells (13). Since N. lactamica could induce the pro-
duction of inflammatory mediators by meningeal cells, we in-
vestigated whether OM isolated from the organism also played
a significant role in cytokine and chemokine secretion. OM
from N. lactamica induced the secretion of IL-6, IL-8, MCP-1,
and RANTES but not GM-CSF from meningeal cells, and
these results were similarly observed with OM from N. men-
ingitidis (Table 1). In addition, for each cytokine examined,
there was no significant difference (P > 0.05) in the levels of
secretion induced by either OM preparation.

However, the levels of secretion by 48 h of IL-6 and IL-8
induced by N. lactamica-OM preparation (used at a concen-
tration of 1 wg LPS/monolayer) were approximately 10-fold
lower (P < 0.05) than the levels observed following challenge
with viable bacteria (10° CFU bacteria, containing a similar
amount of LPS) (13). By contrast, there was no significant
difference in the levels of either MCP-1 or RANTES secreted

following treatment with either viable bacteria or N. lactamica
OM (Table 1).

Influence of bacterial challenge on viability of meningioma
cells. During the course of challenge experiments, it was ap-
parent by visual inspection that death and detachment of me-
ningioma cells within the monolayers was occurring by 48 to
96 h in response to high concentrations of N. meningitidis but
not to N. lactamica. In order to investigate this observation in
more detail, meningioma cell cultures were challenged with
10° to 10® CFU of bacteria and viability was assessed using a
fluorescence-based method, with simultancous determination
of live and dead cells using two probes that measure intracel-
lular esterase activity and plasma membrane integrity (Fig. 4).
N. lactamica did not induce cell death during contact with
monolayers for 48 h (Fig. 4a and b). By contrast, while N.
meningitidis similarly did not affect the viability of meningioma
cells by 24 h (Fig. 4d), significant thinning of monolayers and
some cell detachment was demonstrated in cultures by 48 h
(Fig. 4e). Furthermore, prolonged contact with N. meningitidis
resulted in gross destruction of the monolayers by 96 h (Fig.
4f), and cells sloughed into the culture medium were dead. By
contrast, the viability of monolayers challenged with N. lac-
tamica for the same period of time was unaffected (Fig. 4c).

A spectrophotometric assay was next used to quantify total
host cell viability following bacterial challenge over time by
measuring the cleavage of the tetrazolium salt WST-1 to form-
azan by host cell mitochondrial dehydrogenases (Fig. 5). N.
lactamica did not affect the viability of meningioma cells at any
time up to 96 h and at any of the concentrations tested (Fig. 5),
which confirmed the results of the fluorescence-based assays
(Fig. 4c). Meningioma cell viability was also unaffected by
challenge with concentrations of N. meningitidis from 10* to
10° CFU, but bacteria at 10® CFU induced >95% reduction in
cell viability by 48 h (Fig. 5). However, prolonged contact of
monolayers with N. meningitidis for 96 h resulted in total re-
duction of cell viability (>95%) regardless of the initial con-
centrations of bacteria used (Fig. 5), and this correlated with
the absence of viable cells (Fig. 4f).

Taken together, these data demonstrate that after prolonged
contact, N. meningitidis but not N. lactamica is able to induce
death in meningioma cells. However, it is possible that differ-
ences in the growth rates of N. lactamica and N. meningitidis
could account for the observed differences in the ability to
induce cell death. In order to exclude this possibility, growth of
bacteria in culture medium and attachment to cell monolayers
was quantified at 48 and 96 h, when cell death was apparent.
No significant differences (P > 0.05) were observed in the
numbers of viable N. lactamica and N. meningitidis cells grown
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FIG. 4. Viability of human meningioma cells following infection with Neisseria lactamica (Nlac) and Neisseria meningitidis (Nmen). Confluent
monolayers of human meningioma cells were challenged with bacteria, and host cell viability was determined over time with a live/dead cytotoxicity
assay and compared with control, uninfected cells. Confocal images are representative of experiments carried out in triplicate with two different
meningioma cell lines infected with 10®° CFU/monolayer of bacteria. The green fluorescence denotes viable cells, whereas uptake of red
fluorescence denotes necrotic cell death. Saponin treatment of an uninfected monolayer was used as a positive control for cell death.

from culture medium at 48 h, when either a low (10) or high
(10® CFU) concentration of each bacterium was used to infect
the monolayers (Fig. 6). This was similarly the case by 96 h.
Therefore, the differences between the two bacteria in their
abilities to induce cell death were unrelated to differences in
bacterial growth during the infection experiments. However,
differences were observed in bacterial association: by 96 h, no
significant numbers of N. meningitidis bacteria were recovered,
and this observation correlated with the absence of viable cell
monolayers (Fig. 4f and 5), whereas the recovery of adherent
N. lactamica correlated with the presence of intact monolayers
(Fig. 4c and 5).

We next investigated whether this cell death induced by N.
meningitidis was solely a consequence of necrosis or whether
apoptosis was involved. In a previous study of meningococcal
interactions with meningeal cells, microarray technology re-
vealed a general trend in down-regulation of proapoptotic
genes, with the exception of the interferon regulatory factor 1
gene and an up-regulation of antiapoptotic genes (64). These
data suggested that the bacteria inhibited potential apoptotic
mechanisms at least at the transcriptional level, but the phe-
notype of this differential gene expression was not investigated.
In the current study, the apoptotic phenotype was investigated
at early (6 to 24 h) and late time points (48 to 96 h) by
determining annexin V binding as a marker for the external-
ization of phosphatidylserine, a hallmark change in the cell

surface during apoptosis (48); by dual staining with acridine
orange and ethidium bromide to differentiate between live,
necrotic, and apoptotic cells (9, 46); by identifying the appear-
ance of DNA fragments (65); and by determining the upregu-
lation of caspase-3 and -8 enzymes (15).

Dual staining with acridine orange and ethidium bromide
showed the presence of necrotic cells and the absence of
apoptotic cells in cultures following 96 h of infection with N.
meningitidis, whereas cells infected with N. lactamica remained
viable (Fig. 7A). Labeling with annexin V demonstrated that
control, uninfected meningioma cell monolayers were viable
(>95%) and contained small numbers of apoptotic cells (<5%
of the total cell population) by 96 h (Fig. 7B). Infection with N.
lactamica did not induce any significant change in the percent-
age of cells labeled with annexin V (P > 0.05) over time, and
viability remained >95% by 96 h (Fig. 7B). This was similarly
the case in monolayers that were still intact during meningo-
coccal infection at early time points (data not shown). How-
ever, with gross destruction of the monolayers by 96 h, all
meningioma cells detached from the substratum (>95% of the
monolayer population) were necrotic (Fig. 7B), as were the few
remaining attached cells, with only an occasional cell showing
signs of late apoptosis (Fig. 7B, inset).

In addition, challenge with either bacterium did not induce
DNA laddering characteristic of apoptosis or increases in
caspase enzyme activity at any time point (data not shown).
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FIG. 5. Viability of human meningioma cells determined by mea-
suring the cleavage of the tetrazolium salt WST-1 to formazan by host
cell mitochondrial dehydrogenases. Confluent monolayers of human
meningioma cells were challenged over time with various doses of
Neisseria lactamica and Neisseria meningitidis, and formazan dye was
quantified with a spectrophotometric assay as a measure of total host
cell viability. Control cells were maintained in normal culture medium.
Infection experiments were carried out in triplicate with two different
meningioma cell lines. Data are shown from a typical experiment with
meningioma cells from one patient, with the columns representing
mean absorbance (A4,s,) and the error bars representing the standard
deviations from triplicate-infected wells. An asterisk indicates statisti-
cal significance (P < 0.05) compared with control, uninfected cell
monolayers. Incubation of bacteria alone (approximately 10® CFU/ml)
with WST-1 did not result in any production of formazan dye.

Thus, prolonged bacterial challenge did not induce any apop-
totic phenotype in meningioma cell cultures above the low
levels associated with normal cellular turnover.

DISCUSSION

In the present study, we investigated the nature of the in
vitro interactions between cells derived from the human me-
ninges and Neisseria lactamica, which has also been associated
with intracranial inflammation, like the closely related bacte-
rium Neisseria meningitidis. It is generally accepted that N.
lactamica associates primarily with cells of mucosal epithelia
(5,22, 30, 53, 55), but significantly, we now demonstrate that V.
lactamica also shows a predilection for adhering to human
meningeal cells. Moreover, the dynamics of association were
similar to those observed for N. meningitidis, although the
overall levels of association with N. lactamica were generally
lower. In a previous study, pili were identified as the major
ligand that mediated adherence of N. meningitidis to meningeal
cells (32). Pilin (pilE) genes are present in a wide range of
Neisseria species (3), and analysis of pilE loci from different
Neisseria species has shown the presence of two distinct struc-
tural classes: one class (class II) includes the pilin genes from
N. lactamica and some strains of N. meningitidis, and the other
(class I) contains gonococci and the remaining N. meningitidis
strains (2). Expression of class I or class II pili by different
strains of N. meningitidis has been shown not to influence
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FIG. 6. Comparison of the growth of Neisseria lactamica (Nlac) and

Neisseria meningitidis (Nmen) in culture and association to meningi-
oma cells at time points when cell death is apparent. Monolayers of
meningioma cells were infected with various concentrations of N. lac-
tamica and N. meningitidis, and growth in culture and association to
cell monolayers were quantified at 48 and 96 h. Data are shown for
infection with the low, nonsaturating (10> CFU) concentration or high,
saturating (10% CFU) concentration of each bacterium. Infection ex-
periments were carried out in triplicate with two different meningioma
cell lines, and data are shown from a typical experiment with menin-
gioma cells from one patient. The columns represent mean log,, bac-
terial CFU, and the error bars represent the standard deviations from
triplicate-infected wells. An asterisk denotes no recovery of N. menin-
gitidis bacteria from monolayers.

adherence to meningeal cells (32), and since N. lactamica also
expresses class II pili, it is unlikely that the class of pilus
expressed accounts for the observed differences in levels of
adherence of this bacterium compared with N. meningitidis. 1t
is possible that adherence is influenced by differences between
the species in expression of the pilin-associated protein PilC,
which is present in N. meningitidis but absent in N. lactamica
(44, 45). However, other potential adhesins, such as the Opa
and Opc proteins (16, 61), which are both present in N. men-
ingitidis but absent in the N. lactamica species used in this
study, may also contribute to the observed differences in ad-
herence between the two species. In addition, the fact that
challenge with a saturating MOI of N. lactamica, compared
with the same concentrations of N. meningitidis, still resulted in
lower levels of N. lactamica association with meningioma cells
than N. meningitidis at each time point suggests that a differ-
ence in host cell receptors used by these species and/or recep-
tor density may also influence adherence.

The range of bacterial concentrations (ratio of MOI of bac-
teria to cells of 0.002:1 to 2,000:1) used to infect meningioma
cells showed a correlation with the concentration of bacteria
found in the CSF during natural infection. Although N. lac-
tamica and N. meningitidis can be cultured from CSF, estimates
of bacterial numbers in untreated patients with meningitis are
unreliable even if care is taken to optimize sample collection
and culture procedures (7). In addition, reported numbers are
likely to be underestimates that do not take into account bac-
terial cell death occurring in the CSF. In the case of N. men-
ingitidis, the levels of meningococcal LPS in the CSF accurately
reflect the bacterial growth rate and the ability to release LPS
(7). Moreover, quantification of LPS content in meningococci
showed that LPS at 100 ng/ml was equivalent to approximately
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FIG. 7. Prolonged infection with Neisseria meningitidis (Nmen) but not Neisseria lactamica (Nlac) induces necrotic cell death in human
meningioma cells. Confluent monolayers of meningioma cells from two patients were infected in triplicate for up to 96 h with 108 CFU of bacteria.
(A) Confocal images are from one of the experiments with cells from one patient, and they are typically representative of monolayers after 96 h
of challenge with bacteria. Dual staining with acridine orange and ethidium bromide (AO-EtBr) was also done; in each panel, green fluorescence
denotes viable cells and red fluorescence denotes necrotic cells. (B) Percentages of live, apoptotic, and necrotic cells in meningioma cell monolayers
after 96 h of challenge with bacteria. Typically representative data are from one of the experiments with cells from one patient. Apoptotic and
necrotic cells were visualized by annexin V and propidium iodide staining, respectively, and they were quantified as the mean percentage of cells
(from a minimum of six confocal microscopy fields) of the total number of cells (from a minimum of six fields, each containing approximately 200
cells) present in normal monolayers. The inset figure shows a representative confocal image of a monolayer after 96 h of infection with
meningococci, in which gross destruction is evident and the remaining cells are necrotic (counterstained red with propidium iodide) with only an
occasional cell showing signs of late apoptosis (green fluorescence surrounding a red nucleus). Control cells and cells infected with N. lactamica
show little or no annexin V staining (images not shown).

108 bacteria (57). The study of Brandtzaeg et al. (8) reported
median LPS levels in the CSF of patients with meningitis at 2.5
ng/ml (range, 0.025 to 500 ng/ml), and this converts to approx-
imately 2.5 X 10° CFU/ml (range, 2.5 X 10* to 2.5 X 10°
CFU/ml). Thus, these median values are in general agreement
with our concentrations of meningococci (10% to 10% CFU)
used to infect meningioma cells. Although to our knowledge
there are no published numbers for N. lactamica recovered
from the CSF of patients with meningitis, it is possible that

large bacterial numbers could occur through direct inoculation
from surgery or from other trauma.

An important finding from the present study was that cells
derived from the meninges were involved in the innate host
defense response to N. lactamica. Meningioma cells challenged
with this organism secreted a specific subset of proinflamma-
tory (IL-6), chemoattractant (IL-8, MCP-1, and RANTES),
and growth-factor-related (GM-CSF) cytokines. This profile of
cytokine secretion was also observed following infection with
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N. meningitidis (13, 26), suggesting that N. lactamica and N.
meningitidis share similar modulins capable of stimulating the
meninges. However, although the levels of IL-8, MCP-1, and
GM-CSF secretion induced by N. lactamica and N. meningitidis
were essentially similar for each cytokine measured, some dif-
ferences were observed in IL-6 and RANTES secretion. N.
lactamica induced lower levels of IL-6 secretion by meningeal
cells than N. meningitidis. Interestingly, OM from both bacteria
were poor stimulators of IL-6 production, suggesting that com-
ponents of the bacteria other than OM modulins are largely
responsible for induction of this cytokine. This conclusion is
consistent with our previous study, which demonstrated that
OM and also pure LPS from meningococci had a minimal
effect on IL-6 secretion (13). Recent studies have shown that
both immunoglobulin A (IgA) protease and peptidoglycan
fragments, which are both secreted by pathogenic Neisseria (20,
39), up-regulate IL-6 production by peripheral blood mononu-
clear cells. However, N. lactamica does not produce IgA pro-
tease (44, 45), and it is possible that the observed induction of
IL-6 secretion is due to peptidoglycan release, although the
involvement of additional uncharacterized secreted compo-
nents cannot be excluded (49). In the case of RANTES, it was
of particular interest that while low concentrations of both
bacteria induced similar levels of secretion, high concentra-
tions of N. meningitidis significantly down-regulated chemokine
production during infection. This was also observed with the
highest concentration of N. lactamica during infection, but the
effect was less pronounced compared to that with N. meningi-
tidis, and such differences may be important contributions to
the pathogenesis of infection caused by meningococci.
Knowledge of the modulins expressed by N. lactamica and
N. meningitidis is important for understanding how both or-
ganisms are likely to interact with human meningeal cells. In
the present study, the phenotype of the meningococcus was
similar to that of strains isolated from the CSF of patients with
meningitis (19, 52) in expressing capsule, pili, LPS, and the
major outer membrane proteins PorA, PorB, Opa, Opc, and
Rmp. To our knowledge, no information is available on the
antigens expressed by Neisseria lactamica isolated from the
CSF of patients with meningitis. However, N. lactamica does
express pili, LPS, PorB, and Rmp but not capsule, PorA, or
Opc. Recently, comparative genomic studies of N. lactamica
and N. meningitidis have demonstrated further differences be-
tween the two bacteria (44, 45). Conserved DNA sequences
encoding virulence-associated genes were identified in N. men-
ingitidis that were absent in N. lactamica, including those genes
encoding capsule synthesis, secreted Frp and RTX toxins, PilC,
and IgA1 protease, as well as several genes whose products are
homologous with virulence-associated proteins found in other
bacteria. In addition, several genes encoding enzymes associ-
ated with metabolic pathways, transporter proteins, integral
membrane proteins, and lipoproteins were present in N. men-
ingitidis and absent in N. lactamica (44, 45). Interestingly, an in
vitro study of gene expression in N. lactamica and N. meningi-
tidis on contact with epithelial cells demonstrated changes in
expression of 285 genes in N. lactamica and 347 genes in N.
meningitidis, with 167 genes common to both organisms (30).
Dissimilarities in gene expression between the bacteria, iden-
tified by both comparative genomics (44, 45) and following
host cell interaction (30), may account in part for differences in
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the pathogenicity of N. lactamica and N. meningitidis, particu-
larly with respect to the ability of the latter to invade the
nasopharyngeal mucosa, survive in the blood, and penetrate
the blood-CSF barrier.

Based on the data in the present study, a model by which N.
lactamica induces intracranial inflammation can be proposed.
Despite the obvious genetic and phenotypic differences be-
tween the bacteria, following entry into the SAS, N. lactamica
is able to proliferate in the CSF, adhere to meningeal cells, and
induce an inflammatory response similar to that observed with
N. meningitidis. The interactions of N. lactamica, bacterial
products, and, to a lesser extent, released OM induce the
secretion of IL-6, IL-8, MCP-1, RANTES, and GM-CSF by
leptomeningeal cells. This pattern of secretion is consistent
with the elevated levels of these and other cytokines found in
the CSF of patients with meningitis caused by N. meningitidis
and other bacteria (12). Roles for IL-8 in the in vivo chemo-
taxis of polymorphonuclear leukocytes (PMNL) into the CSF,
abetted by up-regulation of cell adhesion molecules on blood
vessel endothelium, a consequence in part of RANTES secre-
tion, have been demonstrated (1, 23). However, the ability of
large numbers of N. lactamica cells to down-regulate RANTES
production to some extent suggests that N. lactamica may
influence the ability of PMNL to invade the SAS, thereby
allowing bacterial persistence in the CSF. Moreover, down-
regulation of RANTES was even more pronounced following
N. meningitidis infection, suggesting that this bacterium shows
a greater capacity for manipulating the host PMNL response.
Clearance of bacteria in the SAS is also dependent on MCP-1
secretion, which results in monocyte accumulation in the SAS,
with GM-CSF acting as a maturation factor (27). Although our
data suggest that lower levels of IL-6 production by the me-
ninges in response to N. lactamica may lead to a reduction in
leukocytosis and induction of the fever response, this is likely
to be outweighed by the proinflammatory cytokine production
by infiltrating PMNL and monocytes and resident macro-
phages.

During the course of leptomeningitis, significant cell and
tissue injury is observed in the SAS. Both N. lactamica and N.
meningitidis have been reported to kill blood vessel endothelial
cells in vitro (21), exacerbating further entry into the CSF of
bacteria and inflammatory cells. However, leptomeningitis is
an acute, compartmentalized inflammatory response, and both
the bacterial and inflammatory cell exudate are largely con-
tained within the SAS. In particular, the inability of N. lac-
tamica to invade meningeal cells, a property shared with N.
meningitidis (32), suggests that the pia mater provides a barrier
to direct penetration of either bacterium to the sub-pial space
and brain cortex below. However, a significant finding from the
present study was that whereas meningeal cells remained via-
ble on prolonged challenge with N. lactamica, cell death was
induced by N. meningitidis and the mechanism was overwhelm-
ing necrosis with no significant apoptosis. Our observations on
the lack of an apoptotic phenotype following meningococcal
challenge are consistent with the reports from Wells et al. (64)
and Robinson et al. (49), who demonstrated that meningococci
induced elevated gene expression of antiapoptotic factors in
meningioma cells and a small but significant resistance effect to
staurosporine-induced apoptosis. Thus, the ability to kill men-
ingeal cells suggests that meningococci and components of the
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pathogen may be able to interact with the underlying glia
limitans superficial to the brain cortex, which is consistent with
astrocyte activation that is often observed during bacterial
meningitis (28). It is possible that this sequence of events may
result in a higher degree of neurological damage and death
from N. meningitidis meningitis compared with infection caused
by N. lactamica.

In summary, the interactions of N. lactamica with cells de-
rived from the meninges share many similarities with N. men-
ingitidis, suggesting that when Neisseria species enter the CSF
the innate response of the human meninges is remarkably
conserved. However, it is likely that differential expression of
modulins between the bacteria contributes to the observed
differences in pathogenic potential, such as cytokine regulation
and induction of cell death, and consequently may influence
the eventual prognosis for the patient with leptomeningitis.
Identifying the nature of the bacterial components involved
may suggest new targets for therapeutic intervention during
infection.
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