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The interactions of Neisseria meningitidis with cells of the leptomeninges are pivotal events in the progression
of bacterial leptomeningitis. An in vitro model based on the culture of human meningioma cells was used to
investigate the role of the leptomeninges in the inflammatory response. Following challenge with meningococci,
meningioma cells secreted specifically the proinflammatory cytokine interleukin-6 (IL-6), the CXC chemokine
IL-8, the CC chemokines monocyte chemoattractant protein 1 (MCP-1) and regulated-upon-activation, nor-
mal-T-cell expressed and secreted protein (RANTES), and the cytokine growth factor granulocyte-macrophage
colony-stimulating factor (GM-CSF). A temporal pattern of cytokine production was observed, with early
secretion of IL-6, IL-8, and MCP-1 followed by later increases in RANTES and GM-CSF levels. IL-6 was
induced equally by the interactions of piliated and nonpiliated meningococci, whereas lipopolysaccharide
(LPS) had a minimal effect, suggesting that other, possibly secreted, bacterial components were responsible.
Induction of IL-8 and MCP-1 also did not require adherence of bacteria to meningeal cells, but LPS was
implicated. In contrast, efficient stimulation of RANTES by intact meningococci required pilus-mediated
adherence, which served to deliver increased local concentrations of LPS onto the surface of meningeal cells.
Secretion of GM-CSF was induced by pilus-mediated interactions but did not involve LPS. In addition, capsule
expression had a specific inhibitory effect on GM-CSF secretion, which was not observed with IL-6, IL-8,
MCP-1, or RANTES. Thus, the data demonstrate that cells of the leptomeninges are not inert but are active
participants in the innate host response during leptomeningitis and that there is a complex relationship

between expression of meningococcal components and cytokine induction.

Meningitis, which is an inflammation of the meninges that
surround the brain within the skull and the spinal cord within
the spinal canal (56), is the most common infection of the
central nervous system. In humans, the meninges comprise the
pachymenix or dura mater (hard mother) and the leptomenin-
ges, which consist of the arachnoid mater and pia mater to-
gether with the trabeculae that traverse the cerebrospinal fluid
(CSF)-filled subarachnoid space (SAS) (2, 9, 56). Classical
bacterial meningitis is predominantly a leptomeningitis, with
little or no involvement of the dura mater or the underlying
brain. The bacterial etiology of leptomeningitis is broad, and a
wide variety of bacteria that gain access to the SAS can initiate
an inflammatory response. Susceptibility to the various caus-
ative agents is age dependent, and a distinct group of species
affect neonates compared to the species that affect subjects
over 1 month old (13). After the neonatal period, the most
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common bacterial agents that cause pyogenic leptomeningitis
are Haemophilus influenzae, Streptococcus pneumoniae, and
Neisseria meningitidis (meningococci). In affluent countries,
vaccines developed against H. influenzae have virtually elimi-
nated the disease (35); in addition, improved vaccines reduce
the burden of disease(s) caused by S. pneumoniae (41). How-
ever, leptomeningitis and septicemia caused by meningococci
will continue to present serious health problems worldwide.
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 epithelium and
drainage to regional lymph nodes before they enter the blood.
The exact routes and mechanisms by which meningococci en-
ter the CSF are poorly understood, although increasing levels
of bacteremia closely correlate with invasion of the CSF, which
makes the hematogenous route of spread to the meninges the
most probable route. Meningococci are likely to enter the
CSF-filled spaces of the SAS via the blood-CSF barrier rather
than the blood-brain barrier, which is less relevant in menin-
gitis since the bacteria do not enter the brain parenchyma. It is
probable that veins in the SAS, and not the choroid plexi (45),
are the primary routes of entry for bacteria into the CSF, since
meningococci are unable to penetrate the tight junctions of the
choroidal epithelium (36) and ventriculitis is only a late com-
plication of bacterial infection. Due to the absence of op-
sonophagocytic host defense in the CSF (58), uncontrolled
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proliferation of meningococci is followed by an inflammatory
response, centered on the leptomeninges and the SAS, which is
characterized by the liberation of proinflammatory cytokines
and chemoattractant cytokines (chemokines) (16, 55, 54).

It is likely that the interactions of meningococci with cells of
the leptomeninges are pivotal events in the progression of
meningitis. In vivo animal models are inappropriate for study-
ing these interactions, due to significant anatomical differences
between the meninges in humans and animals. In addition, in
vitro models based on primary cultures of cells from the lep-
tomeninges are not possible (9). Recently, we have established
an in vitro model based on culture of cells from benign tumors
(meningiomas) of the human meninges; these cells have essen-
tially the same profile of cell markers as normal leptomenin-
geal cells and show identical patterns of reactivity with menin-
gococci (17). However, little is known about the role of the
leptomeninges in initiating and sustaining the intracranial in-
flammatory response and the potential contributions of indi-
vidual meningococcal components to cytokine induction. The
components that may be involved include major surface anti-
gens of the meningococci, such as pili (38, 53), lipopolysaccha-
ride (LPS) (49), polysaccharide capsule (14), and outer mem-
brane (OM) proteins, including the porins and the Opa
(opacity), Opc, and iron-binding proteins (48). A recent study
in which microarray technology was used revealed the early
expression of several cytokine genes, including those encoding
tumor necrosis factor alpha (TNF-a), interleukin-6 (IL-6), and
IL-8, in meningioma cells following challenge with whole me-
ningococci; however, the difference in gene expression may not
have reflected biological significance, and the secretion of bio-
active cytokines was not investigated (57). In the present study,
we extended the meningioma cell model to investigate (i) the
nature of the proinflammatory cytokines and chemokines in-
duced at the levels of mRNA expression and protein secretion
and (ii) the effects of specific meningococcal components on
the production of these molecules.

MATERIALS AND METHODS

Bacterial strains and growth conditions. N. meningitidis strain MC58 (B:15:
P1.7,16b; Cap* Pil* Opa* Opc™ LPS") was isolated from an outbreak of
meningococcal infections which occurred in Stroud, Gloucestershire, United
Kingdom, in the mid 1980s (33), and variants that differed in the expression of
pili were obtained by colony selection by using a stereomicroscope (17). Strain
C311, a pilE insertion-deletion mutant of strain C311 (53), and a variant of strain
MCS58 lacking capsule were obtained from M. Virji, University of Bristol. All
strains were grown on proteose-peptone agar at 37°C for 18 h in an atmosphere
containing 5% (vol/vol) CO,.

Preparation of OM, LPS-depleted OM, and LPS. OM of N. meningitidis strain
MCS58 were prepared by extraction of whole cells with lithium acetate as de-
scribed by Tinsley and Heckels (47), and LPS-depleted OM were produced by
extraction of the OM with 1% (wt/vol) sodium deoxycholate in 1 mM Tris-HCI
buffer (pH 8.5) containing 10 mM EDTA (4). LPS was purified from strain MC58
by extraction with hot phenol as described previously (25).

Isolation and culture of human meningothelial meningioma cells. Culture of
meningioma cells of the meningothelial histological subtype was carried out as
described previously (17). Fresh meningioma tissue was obtained from surgically
removed tumors, blood clots and tissue debris were removed, and the tissue was
cut into small pieces (1 mm?) and digested with 0.125% (wt/vol) trypsin-0.02%
(wt/vol) EDTA in Hanks balanced salt solution (17). Following digestion, the
cells were resuspended in culture medium (Dulbecco’s modified Eagle’s medium
[DMEM] [Gibco] supplemented with 10% [vol/vol] fetal calf serum [FCS], Glu-
tamax [stabilized L-glutamine], 100 IU of penicillin ml~!, 100 IU of streptomycin
ml~!, and 10 pg of gentamicin ml~') and cultured in tissue culture flasks that
had previously been coated with collagen (type I from rat tail; 5 pg/cm?; Sigma).
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Cells were grown in a humid environment with 5% CO, (vol/vol) at 37°C, and
fresh medium was added every 3 days. The cultures were expanded and passaged
up to eight times with no obvious signs of senescence, and they were stored
frozen at —135°C in culture medium containing 10% (vol/vol) dimethyl sulfoxide
(17). The cell cultures were characterized by immunohistochemical staining by
using antibodies against the specific cellular markers of desmosomal desmo-
plakin, epithelial membrane antigen, vimentin, and cytokeratin as described
previously (17). In addition, the absence of staining in the monolayers after
incubation with antibody to CD68 (Dako) confirmed that macrophages were not
present in the cultures.

Challenge of human meningioma cells with bacteria. Human meningioma
cells from passages 3 to 8 were grown to confluence (approximately 5 X 10* cells)
on collagen-coated 24-well tissue culture plates in culture medium with antibi-
otics. Prior to challenge, the cells were growth arrested for 48 h without antibi-
otics in DMEM-Glutamax containing 0.1% (vol/vol) decomplemented FCS.
Challenge experiments were based on the procedures of Hardy et al. and Virji et
al. (17, 52). The medium was removed, and the monolayers were washed with
phosphate-buffered saline (PBS) containing 0.1% (vol/vol) decomplemented
FCS and then incubated with concentrations of meningococci (1.0 ml per mono-
layer) ranging from low (approximately 2.5 X 10> CFU ml™') to intermediate
(approximately 2.5 X 10* and 2.5 X 10° CFU ml™!) to high (approximately 2.5
% 10% CFU ml™ '), each prepared in DMEM-Glutamax containing 0.1% (vol/vol)
decomplemented FCS. During the experiments, samples of each bacterial variant
were removed from triplicate wells at intervals for up to 48 h. Supernatant
samples were removed and stored at —20°C for the cytokine immunoassay. In
order to quantify total bacterial CFU associated with the meningioma cells,
washed monolayers were lysed by incubation with 1% (wt/vol) saponin in PBS
containing 0.1% (vol/vol) decomplemented FCS for 15 min, and organisms were
quantified by viable counting (17). The relative associations of different bacterial
variants were evaluated by using one-way analysis of variance to compare the
levels of significance between mean values; a P value of <0.05 was considered
significant (17).

Incubation of human meningioma cells with OM, LPS-depleted OM, and pure
LPS. Human meningioma cells were grown and growth arrested as described
above, and they were incubated with various concentrations of OM (0.01 to 100
pg/monolayer), LPS-depleted OM (0.1 to 100 pg/monolayer), and pure LPS
(0.001 to 1.0 pg/monolayer). During the experiments, samples of each test
concentration were removed from triplicate wells at intervals for up to 48 h, and
supernatant samples were stored at —20°C for cytokine immunoassays.

Viability of human meningioma cells. The viability of human meningioma cells
following different treatments was assessed with the LIVE/DEAD reduced bio-
hazard viability-cytotoxicity assay from Molecular Probes, used according to the
manufacturer’s instructions. All meningioma cell monolayers were examined
with a Leica model TCS 4D confocal microscope (Leitz).

RNA isolation and reverse transcriptase PCR. Total RNA was isolated from
triplicate wells (in 24-well culture plates) by using Trizol reagent (Gibco BRL)
according to the manufacturer’s instructions, and 1 pg was reverse transcribed
into single-stranded ¢cDNA in a reaction mixture (40 pl) containing oligo(dT)
(200 ng), Superscript RNase H™ reverse transcriptase (200 U; Gibco BRL), each
deoxynucleoside triphosphate (Promega) at a concentration of 0.5 mM in the
presence of RNase inhibitor (32 U; Promega), 0.01 M dithiothreitol (Gibco
BRL), and 0.1 mg of acetylated bovine serum albumin (Promega). Control
c¢DNA preparations (without reverse transcriptase) were also prepared in the
absence of the Superscript enzyme. Aliquots of the cDNA preparations were
made and stored at —20°C. Amplification of cytokine and chemokine cDNA was
carried out with the primer pairs (20 to 30 pmol/pl) described in Table 1 (22) in
the presence of Tag DNA polymerase enzyme (1 U; Promega), each de-
oxynucleoside triphosphate (Promega) at a concentration of 0.01 M, and various
concentrations of MgCl,. The temperature profile for the amplification reaction
consisted of 30 cycles of denaturation at 94°C for 15 s, followed by annealing for
15 s at the temperatures described in Table 1 and extension at 72°C for 5.5 min.
As positive controls for the cytokine reactions, cDNA prepared from concanava-
lin A-stimulated peripheral blood mononuclear cells and from the HT-29,
HUT?78, and CASKI cell lines, all of which constitutively express several of the
factors, were used. PCR products were visualized after agarose gel electrophore-
sis in the presence of VistraGreen (1/10,000, vol/vol; Amersham) by scanning
chemifluorescent signals with a Storm 860 imager (Molecular Dynamics). Semi-
quantification of data was performed with ImageQuant software, and cytokine
and chemokine signals were standardized by calculation of signal ratios to the
glyceraldehyde-3-phosphate dehydrogenase housekeeping gene, which was as-
sayed in every cDNA preparation.

Measurement of cytokine and chemokine protein production. The levels of
cytokine and chemokine proteins produced after bacterial challenge of menin-
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TABLE 1. Oligonucleotide primers, conditions, and product sizes for cytokine and chemokine reverse transcriptase PCR

Factor Direction Sequence éﬁ;‘t{}g‘% Mgil;l\f[())ncn Sﬁ)zr:(zg;t)

IL-1a” Sense 5'-GTCTCTGAATCAGAAATCCTTCTATC-3’ 55 1.0 420
Antisense 5'-CATGTCAAATTTCACTGCTTCATCC-3'

IL-1B* Sense 5'-AAACAGATGAAGTGCTCCTTCCAGG-3’ 55 1.0 388
Antisense 5'"TGGAGAACACCACTTGTTGCTCCA-3'

IL-6" Sense 5'-ATGAACTCCTTCTCCACAAGCGC-3’ 50 1.0 628
Antisense 5'-GAAGAGCCCTCAGGCTGGACTG-3’

IL-8¢ Sense 5'-ATGACTTCCAAGCTGGCCGTGGCT-3' 50 1.0 289
Antisense 5'-TCTCAGCCCTCTTCAAAAACTTCTC-3’

IL-10 Sense 5'-GCTCTGTTGCCTGGTCCTCCTGACT-3' 65 1.5 289
Antisense 5'-GATGCCCCAAGCTGAGAACCAAGAC-3’

IL-12¢ Sense 5'-ATGTCGTAGAATTGGATTGGTATCCG-3’ 50 2.0 358
Antisense 5'-GTACTGATTGTCGTCAGCCACCAGC-3'

GM-CSF Sense 5'-CAGCACGCAGCCCTGGGAGCATGTG-3’ 55 1.5 253
Antisense 5'-CCGGGGTTGGAGGGCAGTGCTGCTT-3'

MCP-1¢ Sense 5'-TCTGTGCCTGCTGCTCATAGC-3’ 50 1.0 510
Antisense 5'-GGGTAGAACTGTGGTTCAAGAGG-3’

MIP-1a Sense 5'-CAGGTCTCCACTGCTGCC-3' 50 3.0 252
Antisense 5'-CACTCAGCTCCAGGTCACT-3’

MIP-1B Sense 5'-AATACCATGAAGCTCTGCCTG-3’ 63 1.5 441
Antisense 5'-TGACACCTAATACAATAACACGGC-3’

RANTES Sense 5'-ATGAAGGTCTCCGCGGCACGCCTCGCTGTC-3’ 45 1.5 252
Antisense 5'-CTAGCTCATCTCCAAAGAGTTGAT-3’

TGFp Sense 5'-GCCGACTACTACGCCAAGGAGGTCA-3' 63 1.5 251
Antisense 5'-AGCAACAATTCCTGGCGATACCTCA-3'

TNFa Sense 5'-GCGGTGCTTGTTCCTGAGCCTCTTC-3' 63 1.5 284
Antisense 5'-CAATGGCGTGGAGCTGAGAGATAACCA-3’

GAPDH" Sense 5'-GGGAAGGTGAAGGTCGGAGT-3’ 60 2.0 229
Antisense 5'-TGGAAGATGGTGATGGGATTTC-3'

¢ Primer sequences derived from the study of Jung et al. (22).
® GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

gioma cells were quantified by a sandwich immunoassay by using matched pairs
of specific antibodies. The wells of 96-well FluoroNunc Maxisorp immunoassay
plates were coated, by incubation at room temperature for 16 h, with 100-pl
solutions (2 to 4 ug ml™") of the capture monoclonal antibodies in sodium
carbonate buffer (pH 9.6). The antibodies used were directed against the proin-
flammatory cytokine mediators IL-1a, IL-1B, IL-6, and TNF-« (all from R&D
Systems); the anti-inflammatory cytokines IL-10 and transforming growth factor
B (TGF-B) (R&D); the growth factor granulocyte-macrophage colony stimulat-
ing factor (GM-CSF) (Biosource International); the C-C chemokine family
members monocyte chemoattractant protein 1 (MCP-1), macrophage inflamma-
tory protein la (MIP-1a), MIP-1, and regulated-upon-activation, normal-T-cell
expressed and secreted protein (RANTES) (R&D); and the C-X-C family che-
mokine IL-8 (R&D). After the wells were washed with 25 mM Tris-phosphate
buffer (pH 8.0) containing 100 mM NaCl and 0.05% (vol/vol) Tween 20, they
were blocked by incubation with PBS containing 1% (wt/vol) bovine serum
albumin and 5% (wt/vol) sucrose for 1 h at 37°C. Samples of culture medium
were diluted with proprietary assay buffer (Delfia; Wallac) and added to immu-
noassay wells. Matched biotinylated detector antibodies (0.5 to 20 ng ml~!) were
added to the wells and incubated for 2 h at 37°C. For measurement of bound
biotin-labeled antibodies, a time-resolved fluorimetry system (Delfia; Wallac)
was used (5). Europium (Eu)-labeled streptavidin (100 ng ml~') was added to
each well, and following 1 h of incubation, any bound label was detected by the
addition of Delfia enhancement solution and subsequent measurement of emit-
ted fluorescence with a 1234 Delfia fluorimeter (Wallac). The concentration of
each cytokine or chemokine was determined by comparison with standard solu-
tions of the corresponding purified recombinant protein (Peprotech) treated
similarly. A two-sample ¢ test was used to compare the mean levels of cytokine
secretion following certain treatments, and a P value of <0.05 was considered
significant.

RESULTS

Profile of cytokine and chemokine production by human
meningioma cells challenged with N. meningitidis. Human me-
ningioma cells of the meningothelial subtype are thought to

resemble normal leptomeningeal cells closely. In order to in-
vestigate the role of cells of the leptomeninges in the inflam-
matory response, meningothelial meningioma cell lines were
established from three different patients. Meningeal cell lines
were characterized by phase-contrast microscopy and immu-
nocytochemical analysis with antibodies directed against spe-
cific cellular markers and by the similar quantitative patterns of
adherence of meningococci in challenge experiments over time
(17). The N. meningitidis that is normally recovered from in-
fected CSF is both capsulated (Cap™) and piliated (Pil*) (6,
44). The meningioma cell lines were challenged with a high
dose (approximately 2.5 X 10 CFU per monolayer) of Cap™*
Pil" N. meningitidis strain MC58, and reverse transcriptase
PCR was used to screen for up-regulation of a panel of proin-
flammatory cytokines and chemokines. Compared to the re-
sults obtained with control uninfected cells, challenge with
meningococci induced significant up-regulation of mRNA for
the proinflammatory cytokine IL-6 and the chemokines IL-8
and MCP-1 and lower levels of the chemokine RANTES and
the cytokine growth factor GM-CSF (Fig. 1). In general, max-
imum expression of mRNA was observed between 6 and 9 h
after challenge, and expression declined by 24 h. In contrast,
little or no significant mRNA for IL-1a, IL-1B8, TNF-a,, MIP-
la, MIP-1B8, TGF-B, IL-10, or IL-12 was detected in cells
challenged with meningococci.

The accumulation of individual cytokine and chemokine
proteins was also measured at each of the time points during
the experiments. There was a positive correlation between
up-regulation of mRNA expression and secretion of protein,
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FIG. 1. Cytokine and chemokine mRNA expression in human me-
ningioma cells challenged with 2.5 X 108 CFU of N. meningitidis parent
strain MC58 (Cap™ Pil* Opa® Opc® LPS"). The data are median
values for five independent experiments performed with three different
meningothelial meningioma cell lines. GAPDH, glyceraldehyde-3-
phosphate dehygrogenase.

which continued to increase after the decline in mRNA and
reached the maximum level 24 h after challenge (Fig. 2). Chal-
lenge with meningococci induced high levels of IL-6 (25 * 12
ng/ml), which were approximately 10-fold greater than the
levels observed with control cells. Smaller amounts of IL-8 (7
+ 1 ng/ml) and MCP-1 (3 =2 ng/ml) were secreted, but these
amounts were approximately 58- and 10-fold greater, respec-
tively, than the amounts in the control cells (Fig. 2). In addi-
tion, although the levels of RANTES (1 = 0.2 ng/ml) and
GM-CSF (0.2 = 0.05 ng/ml) were the lowest levels detected,
they were still approximately 18- and 7-fold higher, respec-
tively, than the control levels (Fig. 2). As expected, in the
absence of mRNA message, no protein secretion was observed
for IL-1a, IL-1B3, TNF-a, MIP-1a, MIP-1B3, TGF-B, IL-10, or
IL-12 cytokine.

The reproducibility of the assays was demonstrated by the
similar results obtained in five independent experiments per-
formed with the three different meningothelial meningioma
cell lines. Therefore, subsequent experiments were carried out
with one representative cell line. In addition, the viability of
meningioma cell monolayers challenged with the high dose of
meningococci was investigated. Even after 48 h of bacterial
challenge, the confluent monolayers were intact (still contain-
ing approximately 5 X 10 cells), and cell viability was >99%
(data not shown). Thus, meningioma cells in vitro were resis-
tant to killing by meningococci, even after prolonged contact
with a high concentration of the bacteria.

Role of pili in modulating cytokine production by human
meningioma cells. The role of pili in modulating cytokine and
chemokine production by meningioma cells was determined by
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FIG. 2. Cytokine and chemokine protein secretion by human me-
ningioma cells challenged with 2.5 X 10° CFU of N. meningitidis parent
strain MC58 (Cap* Pil"™ Opa®™ Opc™ LPS™). The data are mean
cytokine levels, and the error bars indicate the standard errors of the
means of five independent experiments performed with three different
meningothelial meningioma cell lines.

investigating the dose- and time-dependent kinetics of protein
secretion induced by piliated (Pil*) and nonpiliated (Pil™)
variants of capsulated (Cap™) strain MC58. Meningothelial
meningioma cells were challenged with various concentrations
of meningococci in order to mimic the events that may occur in
the SAS when initial low levels of entering bacteria are fol-
lowed by unchecked proliferation. Regardless of the concen-
tration of the bacterial inoculum, Pil* meningococci always
showed significantly greater adherence (P < 0.05) to meningi-
oma cells than the corresponding Pil~ variant showed, in ac-
cordance with previous observations (17). In addition, the cell
monolayers remained viable and intact throughout the exper-
iments following challenge with the various concentrations of
either Pil* or Pil~ meningococci.

The dose-dependent kinetics of cytokine and chemokine
protein secretion by meningioma cells following challenge with
Pil* and Pil~ meningococci are shown in Fig. 3. The highest
concentration of bacteria induced early increases in the IL-6
and IL-8 levels, which at 6 and 9 h were approximately 10-fold
higher than those induced by the other challenge concentra-
tions. A significant time lag was observed with the intermediate
and lower challenge concentrations, with secretion occurring
between 9 and 24 h after challenge. However, by 24 h the levels
of cytokine accumulation induced by the various concentra-
tions of bacteria were essentially similar (P > 0.05). Signifi-
cantly, there was no difference in the kinetics and quantitative
production of both IL-6 and IL-8 from cells challenged with
Pil™ meningococci and cells challenged with Pil~ meningo-
cocci (P > 0.05) (Fig. 3). The highest concentration of bacteria
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FIG. 3. Role of pili in modulating cytokine production by human
meningioma cells. Meningothelial meningioma cells were challenged
with the following concentrations of piliated (Pil*) and nonpiliated
(Pil™) strain MC58: 2.5 X 10? CFU per monolayer [J, 2.5 X 10* CFU
per monolayer A, 2.5 X 10° CFU per monolayer O, and 2.5 X 10® CFU
per monolayer m. Control wells contained culture medium alone 4.
The data are the mean levels of cytokine and chemokine secretion in
triplicate wells, and the error bars indicate the standard deviations.

induced only an approximately twofold increase in MCP-1 at
the early time points compared with the level induced by the
intermediate dose (2.5 X 10° CFU) but more-than-10-fold
increases compared with the levels induced by the lower chal-
lenge concentrations. However, as was observed with IL-6 and
IL-8, the levels of MCP-1 accumulation at 24 h were compa-
rable (P > 0.05), regardless of the concentration of the bacte-
rial inoculum and the expression of pili (Fig. 3).

Different dose-dependent kinetics of secretion were ob-
served for RANTES and GM-CSF. A time lag in secretion of
RANTES was observed with all of the challenge concentra-
tions of Pil™ and Pil~ meningococci, with significant secretion
at levels above control levels occurring between 9 and 24 h.
Increasing the concentration of the Pil " variant from 2.5 X 10?
to 2 X 10° CFU per monolayer resulted in an approximately
two- to threefold increase in RANTES secretion. In addition,
at these concentrations Pil" meningococci induced levels of
RANTES that were two to fourfold higher than the levels
induced by equivalent concentrations of the Pil ™ variant. How-
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ever, an unexpected pattern was observed following challenge
with the highest concentration of Pil* meningococci: this con-
centration did not stimulate RANTES production at the early
time points, and at 24 h the level of secretion was significantly
lower (P = 0.006) than the level of secretion induced by the
intermediate concentrations of Pil™ meningococci and was
similar to the level of secretion obtained with the lowest con-
centration (Fig. 3). Furthermore, although Pil™ meningococci
increased RANTES secretion compared to the secretion in-
duced by the control, there were no significant differences in
the levels of secretion induced by the various concentrations of
Pil™ inoculum (P > 0.05).

A time lag in secretion of GM-CSF was also observed with
all of the challenge concentrations of Pil* meningococci, and
significant secretion occurred between 9 and 24 h (Fig. 3). In
contrast to the RANTES data, challenge with 2 X 10° CFU of
the Pil™ variant per monolayer induced approximately three-
to sevenfold increases in GM-CSF levels compared with the
levels induced by the other concentrations, all of which in-
duced similar levels of secretion. Regardless of the concentra-
tion of the bacterial inoculum, Pil~ meningococci did not in-
duce secretion of GM-CSF from meningioma cells. Challenge
experiments with a variant of N. meningitidis strain C311, which
contains an insertion-deletion in pilE and produces no pili,
confirmed that Pil~ meningococci were unable to induce GM-
CSF secretion from meningioma cells (data not shown).

We also investigated whether the reductions in RANTES
and GM-CSF levels observed with the highest concentration of
Pil™ meningococci were due to an ability of the Pil™ variant,
but not the Pil™ variant, to adsorb these cytokines from the
supernatants. Each variant (>10% CFU) was incubated in the
presence of 1 ng of purified RANTES or GM-CSF cytokine
per ml for up to 24 h. There were no significant differences
(P > 0.05) in the concentrations of each cytokine in superna-
tant samples from wells containing Pil*™ meningococci, wells
containing Pil~ meningococci, and wells containing no bacteria
(data not shown). Therefore, neither Pil™ nor Pil~ meningo-
cocci adsorbed either RANTES or GM-CSF cytokines from
the supernatants.

Effect of capsule expression on modulation of cytokine pro-
duction by human meningioma cells. Previous studies have
shown that Cap™~ Pil™ meningococci associate more intimately
with the surface of meningioma cells than the corresponding
Cap™ Pil* variant does (17). In addition, the intimate associ-
ation was linked to an apparent increase in the activity of the
host cell membrane. The role of capsule expression in modu-
lating the induction of cytokine protein secretion was deter-
mined by challenging meningioma cells with the Cap™ Pil™ and
Cap~ Pil" variants. Similar kinetics and quantitative secretion
of IL-6, IL-8, and MCP-1 were observed with the two variants
(Fig. 4). Challenge with Cap~ Pil* meningococci induced a
slightly higher level of RANTES secretion at 24 h, but the level
was only marginally higher (P = 0.063) than the level observed
with the Cap™ Pil* variant (Fig. 4). In contrast, Cap~ menin-
gococci induced fivefold-higher production of GM-CSF than
the Cap* variant induced at 24 h (P = 0.033). In order to
confirm whether the increases were statistically significant and
to determine whether RANTES and GM-CSF secretion oc-
curred later than secretion of the other cytokines, supernatant
samples were also collected at intervals up to 48 h after chal-



4040 CHRISTODOULIDES ET AL.

IL-6 RANTES
6; 70 )
200 ] 35 /
100 30 95 48
= 0
2 IL-8
- 15 1
kel
© 10
3 05
o 9
£
$ 0 0
S
O MCP-1
8
4 @ N.meningitidis Cap*Pil*
O N.meningitidis Cap™Pil*
0 A Control
3 6 9 24
Time (h)

FIG. 4. Effect of capsule expression on cytokine production by hu-
man meningioma cells. Meningothelial meningioma cells were chal-
lenged with approximately 2.5 X 10* CFU of capsulated (Cap*) and
noncapsulated (Cap ™) variants of Pil™ strain MC58 meningococci per
monolayer. Control wells contained culture medium alone. The data
are the mean concentrations of cytokine and chemokine protein se-
creted from triplicate wells, and the error bars indicate the standard
deviations.

lenge. Figure 4 (inset) clearly shows that RANTES production
increased with time, and the data confirmed that there was no
significant difference between the levels of secretion induced
by the Cap~ Pil" and Cap™ Pil* variants (P = 0.135). In
contrast, the Cap~ Pil" variant did induce significantly (P =

INFECT. IMMUN.

0.003) greater amounts of GM-CSF than the Cap™ Pil" vari-
ant, and the amounts were still increasing at 48 h after chal-
lenge (Fig. 4, inset).

As was observed in all other challenge experiments with
viable meningococci, meningioma cell monolayers were still
viable and completely intact after 48 h of challenge with either
a Cap™ or Cap variant (data not shown).

Effect of OM and LPS on modulation of cytokine production
by human meningioma cells. OM and purified LPS induced
secretion of IL-6, IL-8, MCP-1, and RANTES (Table 2). There
were no significant differences in the levels of IL-6 secretion
induced by the various concentrations of either OM or LPS,
and the levels were approximately 20- to 40-fold lower than the
levels observed with viable bacteria. The levels of IL-8 secre-
tion induced by either OM or purified LPS were also similar
within the range of concentrations tested but were only ap-
proximately two- to threefold lower than the levels induced by
viable bacteria. In contrast, the various concentrations of OM,
purified LPS, and viable meningococci all induced similar
amounts of MCP-1 (Table 2). Although increased concentra-
tions of OM resulted in increased levels of RANTES secretion,
these levels were approximately 5- to 40-fold lower the levels
induced by viable bacteria; however, purified LPS induced
levels of RANTES similar to the levels induced by viable bac-
teria. In contrast to the other cytokines and chemokines, nei-
ther OM nor purified LPS induced significant levels of GM-
CSF compared with the levels induced by viable bacteria
(Table 2).

To investigate further the contribution of LPS to the induc-
tion of cytokine and chemokine secretion, meningioma cells
were incubated with OM from strain MC58, which had been
depleted of LPS (Table 3). At a concentration of 0.1 pg of
protein per ml, the levels of IL-6, IL-8, MCP-1, and RANTES
induced by LPS-depleted OM were reduced by 80 to 100%
compared with the values observed for cells incubated with
native OM (Table 3). However, when higher concentrations of
LPS-depleted OM were used (10 to 100 pg/monolayer), in-
creased production of IL-6, IL-8, MCP-1, and RANTES was

TABLE 2. Effects of OM and purified LPS on cytokine and chemokine secretion by human meningioma cells”

Cytokine levels (ng/ml)”

Challenge Dose”
IL-6 IL-8 MCP-1 RANTES GM-CSF
N. meningitidis MC58 2.5 X 10*-2.5 x 10° 30° 18¢ 2.4-2.7° 0.8-1.5¢ 0.2-0.5¢
OM (MC58) 1.0 1.0 = 0.2 6.3 = 0.6 3.8 +0.6 0.3 £0.08 ND¢
0.1 14x01 6.3 = 0.6 46*+13 0.06 * 0.03 ND
0.01 0.7 0.2 6.1+1.7 29+09 0.02 = 0.02 ND
LPS (MC58) 1.0 1.5x02 6.8 = 0.6 22+0.1 21+05 0.09 =+ 0.02
0.1 13+03 64*15 23+0.1 25+0.6 0.04 = 0.02
0.01 1303 8.5 +26 23+02 22+04 0.07 = 0.07
0.001 0.5 +0.02 57+03 22+02 0.97 £ 0.2 0.02 + 0.002
Control (medium only) 0.03 0.19 0.11 0.02 0.02

“ Data for OM and purified LPS are compared to the levels of cytokine secretion induced by the intermediate concentrations of Pil" bacteria used to challenge
meningioma cells (see Fig. 3); at these concentrations the relative amounts of LPS in all the preparations were similar (18, 30).
® Doses are given in micrograms per milliliter, except for the N. meningitidis MC58 dose, which is given in CFU per milliliter; cytokine levels measure protein

accumulation at 24 h.
¢ Level of protein secreted by cells challenged with viable bacteria.
@ The data are means * standard deviations based on triplicate wells.
¢ ND, not detected.
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TABLE 3. Effects of OM and LPS-depleted OM preparations on cytokine production by human meningioma cells
b Conen Cytokine levels (ng/ml)”
repn 1
(ng/m) IL-6 IL-8 MCP-1 RANTES GM-CSF

MC58 OM 100 3.0x0.1 5910 25x01 0.3 +0.02 0.14 = 0.01
10 2.1 %+0.07 6.4+08 24x04 0.7 = 0.07 0.13 = 0.01
0.1 0.5 +0.07 57x11 21x02 0.3 = 0.09 0.05 = 0.02
MCs58 LPS-depleted OM 100 1.5+05 63*+13 23+0.13 1.0=0.1 0.04 = 0.01

10 0.4 = 0.04 50x04 2.0 £0.08 03*0.1 0.04 %0
0.1 0.02 = 0.02 0.2 = 0.04 0.4 x0.01 ND” 0.01 = 0.01
Control (medium only) ND 0.07+0 0.176 = 0.05 ND 0.02 = 0.02

¢ Protein accumulation at 24 h. The data are means = standard deviations based on triplicate wells.

> ND, not detected.

observed, which in many cases was similar to that observed
with native OM (Table 3); this was probably due to the stim-
ulatory effect of increasing levels of residual LPS in the LPS-
depleted OM preparation. Again, small amounts of GM-CSF
were observed with both OM and LPS-depleted OM prepara-
tions (Table 3).

During these experiments, the meningioma cell monolayers
were also examined by microscopy and were found to be intact,
demonstrating that incubation with OM or LPS had no signif-
icant effect on cell viability (data not shown).

DISCUSSION

In this study, meningioma cells challenged with N. meningi-
tidis were found to secrete a specific subset of proinflammatory
and chemoattractant cytokines, and several surface compo-
nents of the bacteria were also identified as factors that con-
tribute to activation of this inflammatory response. The major
proinflammatory cytokines that have been detected in the CSF
of patients with bacterial meningitis are IL-6, IL-18, and
TNF-a (27, 32, 50, 51, 55), and elevated levels of these cyto-
kines are found early during the intracranial inflammatory
response. Following challenge with N. meningitidis, meningi-
oma cells produce large amounts of IL-6, suggesting that the
leptomeninges is likely to be a major producer of this cytokine.
In contrast, meningioma cells did not secrete IL-1B and
TNF-a, which implies that other cells in the SAS are sources of
these two cytokines. Production of IL-6 by meningioma cells
was induced equally by the interactions of Pil* and Pil~ me-
ningococci, despite the clear association between pilus expres-
sion and increased bacterial adhesion to meningioma cells. In
addition, OM and purified LPS were poor stimulators of IL-6
production compared with viable bacteria, suggesting that LPS
had a minimal effect on IL-6 secretion by meningioma cells and
that other, possibly secreted, bacterial components were re-
sponsible. Although these modulins remain to be identified,
recent studies have shown that purified immunoglobulin Al
protease and peptidoglycan fragments, both of which are se-
creted by pathogenic neisseriae (7, 29), up-regulate IL-6 pro-
duction by peripheral blood mononuclear cells.

In the present study, meningioma cells challenged with N.
meningitidis secreted large amounts of the CXC chemokine
IL-8 and the CC chemokines MCP-1 and RANTES, as well as
the cytokine growth factor GM-CSF. This is consistent with the
presence of elevated levels of IL-8, MCP-1, and RANTES
observed in the CSF of patients with bacterial meningitis (24,

28, 31, 42, 43), implying that the leptomeninges plays a critical
role in the recruitment of inflammatory cells into the SAS. In
addition, other chemokines (namely, growth-related oncogene
alpha, MIP-1a, MIP-1B, and the GM-CSF-related molecules
granulocyte colony-stimulating factor and macrophage colony-
stimulating factor) have also been observed in patients with
leptomeningitis (11, 21, 40, 42, 43). However, meningioma cells
did not secrete these chemokines and growth factors, which
implicates other cells in the SAS in their production during the
inflammatory response.

During the course of leptomeningitis, the large numbers of
meningococci found in the CSF and associated with the lepto-
meninges release high levels of LPS, probably in the form of
OM vesicles (44). Furthermore, high concentrations of intra-
cranial LPS have been associated with increased chemokine
and cytokine production, disease severity, and a poor neuro-
logical outcome for the patient (3, 55). In the present study, a
temporal pattern of chemokine production by meningioma
cells was observed following challenge with meningococci, with
early secretion of IL-8 and MCP-1 followed by later increases
in RANTES levels. Both IL-8 and MCP-1 were induced
equally by the interactions of Pil" and Pil~ meningococci,
despite differences in the adhesion of these variants to menin-
gioma cells. The abilities of OM and purified LPS preparations
to induce similar levels of MCP-1 secretion from meningioma
cells, coupled with the significant reduction observed with LPS-
depleted OM, suggested that LPS was an important stimulus
for production of this chemokine. In addition, LPS was also
sufficient for IL-8 secretion, although the levels induced by OM
and purified LPS were less than those observed with viable
bacteria, suggesting that other bacterial components contrib-
ute to production of this chemokine. These observations indi-
cate that induction of MCP-1 and IL-8 secretion may be due to
release of LPS and other components from meningococci in
free suspension in the CSF and is not dependent on adherence
of bacteria to the leptomeninges. In contrast, whereas secre-
tion of RANTES was also induced by Pil* meningococci, OM,
and pure LPS, Pil- meningococci induced secretion of lower
levels of this chemokine than the levels induced by the Pil™
variant. In addition, reduction of LPS from OM also resulted
in lower levels of RANTES production. Therefore, it is likely
that efficient stimulation of RANTES production by intact
meningococci requires pilus-mediated adherence, which may
deliver increased local concentrations of LPS and other com-
ponents to the surface of meningeal cells. This is in accord with
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observations made with type 1 pili and fimbriae of Escherichia
coli, which have been reported to augment cytokine responses
by delivering LPS-dependent activation signals to epithelial
cells (19, 39).

The present data indicate that cells of the leptomeninges
play a pivotal role in the innate immune response to menin-
gococcal infection in the SAS. Significantly, the response to
LPS is characterized by the production of chemokines rather
than proinflammatory cytokines. This was further demon-
strated by the fact that purified LPS or LPS-containing OM did
not induce significant production of the cytokine growth factor
GM-CSF. Secretion of this cytokine, which was observed to
occur later in the inflammatory response, was dependent on
pilus-mediated adhesion and was also influenced by expression
of capsule by the bacteria. A direct association between adhe-
sion to host cells, mediated by pili and fimbriae, and the pro-
duction of cytokines has been reported for other bacteria.
Pilus-mediated adherence of Neisseria gonorrhoeae has been
shown to up-regulate the secretion by epithelial cells of GM-
CSF, as well as IL-8 and TNF-a (5, 34). In addition, the specific
interaction of P-fimbriae from E. coli has been reported to
increase the production of IL-6 by epithelial cells (20), and this
activation was independent of the LPS-CD14 signaling path-
way (10). In the present study, despite the ability of Pil™ me-
ningococci to induce GM-CSF secretion, the expression of
capsule had an inhibitory effect. This effect of capsule was
specific to GM-CSF, since the expression did not modulate the
production of IL-6, IL-8§, MCP-1, or RANTES. In addition,
capsulated and noncapsulated meningococci adhered similarly
to meningioma cells, confirming previous observations that
capsule expression does not modulate pilus-mediated adher-
ence to these cells (17). Therefore, it is likely that increased
GM-CSF production was the result of stimulation by OM com-
ponents that are more exposed in the absence of capsule. Since
N. meningitidis isolated from CSF is invariably capsulated,
these data demonstrate that in addition to its primary function
of conferring resistance to opsonophagocytosis in the blood,
the meningococcal capsule also acts as a virulence factor in the
SAS by inhibiting the production of GM-CSF. One conse-
quence of this effect may be to reduce the phagocytic activities
of macrophages during the later stages of leptomeningeal in-
flammation.

An unexpected finding of this study was that high concen-
trations (>10® CFU) of Pil" meningococci resulted in reduced
secretion of both RANTES and GM-CSF by meningioma cells.
This was not due to an ability of Pil* meningococci to adsorb
these cytokines from the supernatant. At least two hypotheses
can be presented to account for these observations, and they
are not mutually exclusive. First, autoagglutination of Pil™
meningococci may have competed with the ligand-receptor
interaction on the meningioma cell surface, and this effect may
have been exacerbated by autolysis of dead bacteria following
nutrient stress. Second, it is also possible that a negative reg-
ulatory mechanism was induced by the other cytokines se-
creted during the response.

The data obtained in this study are consistent with the lim-
ited information available regarding the sequence of events
that occur in patients during the course of leptomeningitis.
Following invasion, uncontrolled proliferation of meningo-
cocci is observed in the SAS of patients, and our study suggests
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that the interactions of bacterial components with cells of the
leptomeninges induce early secretion of IL-6, IL-8, and
MCP-1, followed by later secretion of RANTES and GM-CSF.
This secretion is consistent with the elevated levels of these
cytokines found in the CSF of patients and their role in effect-
ing multiple biological and physiological changes in the SAS.
The secretion of IL-8 by meningeal cells observed in the
present study is also consistent with the role of IL-8 in the in
vivo chemotaxis of inflammatory cells in the CSF. A direct
correlation between IL-8 and chemotaxis has been demon-
strated by the ability of antibodies to IL-8 to reduce the in vitro
chemotaxis of polymorphonuclear leukocytes (PMNL) medi-
ated by a sample of CSF from a patient with meningococcal
meningitis (42). In patients, the trafficking of PMNL into the
SAS that is observed during the early phase of infection is
believed to be stimulated by up-regulation of cell adhesion
molecules on the endothelium of blood vessels by IL-8, as well
as by RANTES, MIP-1a, and MIP-1B (1, 8). In addition, it is
also likely that the direct binding of IL-8 to selective receptors
(IL-8RA) on human PMNL also mediates chemotaxis. In the
later stages of the disease, the pattern of cell infiltration into
the CSF of patients is observed to gradually change to mono-
nuclear cells (24). It is likely that monocyte accumulation in
the SAS is effected by MCP-1, produced in part by the lepto-
meninges, and the coordinated chemotactic activity of mac-
rophage colony-stimulating factor and MIP-1a, which are
likely to be secreted by other cells, as suggested by a study
of children with meningitis (21). In addition, the later pro-
duction of GM-CSF by meningeal cells would be consistent
with the role of GM-CSF as a maturation factor for mono-
cytes (12) entering the SAS of patients during this reconsti-
tution phase.

During the course of leptomeningitis, significant cell and
tissue injury is observed in the SAS, and this is likely to result
in part from the secretion of proinflammatory cytokines and
chemokines by meningeal cells. The secretion of high levels of
IL-6, which is known to contribute to leukocytosis and induc-
tion of the fever response in patients, is consistent with a major
role for this cytokine in intracranial inflammation (15, 37). It is
likely that PMNL and mononuclear cells recruited into the
SAS aggravate the inflammatory response with further secre-
tion of proinflammatory mediators (46) and that activation of
these cells contributes to tissue injury through the release of
cytotoxic mediators (23, 26). In addition, the proinflammatory
nature of the response of the leptomeninges to meningococci
would be further exacerbated by the absence of meningeal cell
secretion of the anti-inflammatory cytokines IL-10 and TGF-
following bacterial challenge, as observed in this study. Taken
together, these biological effects have a significant influence on
the neuropathology of leptomeningitis and the eventual prog-
nosis for the patient, which may include permanent neurolog-
ical sequelae and death.

In summary, cells of the leptomeninges are not inert but are
active participants in the inflammatory response, and they play
a major role in innate host defense within the SAS during
bacterial leptomeningitis. Furthermore, the complex relation-
ship between expression of meningococcal ligands and induc-
tion of cytokine release suggests several targets at the molec-
ular level of the bacterium and the host cell for potential
anti-inflammatory therapies.
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