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In pneumococcal meningitis it is assumed that bacteria cross the blood-brain barrier (BBB), which consists
mainly of cerebral endothelial cells. The effect of Streptococcus pneumoniae on the BBB was investigated with an
in vitro BBB model using a human brain microvascular endothelial cell line (HBMEC) and primary cultures
of bovine brain microvascular endothelial cells (BBMEC). Within a few hours of incubation with pneumococci,
rounding and detachment of the HBMEC were observed, and the transendothelial electrical resistance of the
BBMEC monolayer decreased markedly. An S. pneumoniae mutant deficient in pneumolysin did not affect the
integrity of the endothelial cell monolayer. Neither cell wall fragments nor isolated pneumococcal cell walls
induced changes of endothelial cell morphology. However, purified pneumolysin caused endothelial cell dam-
age comparable to that caused by the viable pneumococci. The cell detachment was dependent on de novo
protein synthesis and required the activities of caspase and tyrosine kinases. The results show that pneumo-
lysin is an important component for damaging the BBB and may contribute to the entry of pneumococci into

the cerebral compartment and to the development of brain edema in pneumococcal meningitis.

Pneumococcal infection is the main cause of severe bacterial
meningitis in children and adults (31). As a correlate of neu-
ronal cell damage, apoptosis of neurons has been observed in
humans suffering from bacterial meningitis as well as with
experimental pneumococcal meningitis (7, 20, 38). Two major
mechanisms are thought to be responsible for brain damage
resulting from pneumococcal meningitis: neurotoxicity of host
mediators and bacterial products, and brain edema caused by
loss of the integrity of the blood-brain barrier (BBB) (7, 18,
19, 25, 35, 39). The brain edema—the most serious complica-
tion during bacterial meningitis—is caused by microvascular
changes and damage to the BBB (23, 24).

The BBB consists of endothelial cells which are sealed by
tight junctions (6). Tight junction formation is characteristic of
cerebral endothelial cells and is enhanced by astrocytes (17,
21). The interaction of pneumococci with cerebral endothelial
cells is poorly understood. It has been reported recently that
pneumococci are able to invade cerebral endothelial cells and
that the interaction with the platelet-activating factor receptor
contributes to pneumococcal invasion (26). Pneumococci exert
a cytotoxic effect on human umbilical vein endothelial cells,
apparently mediated by the pneumococcal cell wall (11). Since
pneumococci are the main cause of bacterial pneumonia, their
effect has been investigated in other experimental systems. It
has been shown that pneumococci invade the lung epithelium
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and pulmonary endothelial cells through the action of pneu-
molysin. This protein, a major virulence factor of Streptococcus
pneumoniae, slows ciliary beating of the epithelial cells, dis-
rupts tight junctions, and contributes to pneumococcal adher-
ence to the disrupted bronchial epithelium (for a review, see
reference 30). Pneumolysin injures alveolus epithelial cells
(28) and pulmonary artery endothelial cells (29), resulting in
disruption of the cells that form the alveolus-capillary barrier.
In addition to these direct effects of pneumolysin on endothe-
lial and epithelial cells, the protein interacts with the human
inflammatory and immune responses. Whereas pneumolysin
inhibits neutrophil and monocyte function, it induces the pro-
duction of proinflammatory mediators, such as nitric oxide,
COX-2, tumor necrosis factor alpha (TNF-a), interleukin-1
(IL-1), and IL-6 production in macrophages (7, 16, 30). The
cytotoxicity of pneumolysin is probably due to its ability to bind
cholesterol and to the formation of transmembrane pore com-
plexes (12, 27). The mechanism by which pneumolysin induces
the proinflammatory mediators remains speculative.

Studies in experimental pneumococcal meningitis revealed
that pneumolysin is the causative agent of hearing loss and
cochlear damage, one of the major sequelae of pneumococcal
meningitis (37). This effect appears to be related to the pneu-
molysin-induced tissue damage rather than to an inflammatory
host response. In addition, pneumolysin when injected into the
subarachnoid space caused a brisk inflammatory response and
contributed to BBB damage. However, pneumolysin-deficient
mutants and wild-type cells induced subarachnoid inflam-
mation to a similar degree (10). These in vivo experiments
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strongly suggest that pneumolysin is an important component
in the pathogenicity of meningitis.

We investigated the role of pneumolysin and pneumococcal
cell walls in an in vitro system of the BBB using cerebral
endothelial cells. Pneumococci induced severe damage in brain
microvascular endothelial cells. Production of pneumolysin
was important for disintegration of the BBB, but pneumococ-
cal cell walls had no effect. The cytopathology of human brain
microvascular endothelial cells (HBMEC) in response to pneu-
molysin was dependent on de novo protein synthesis, tyrosine
phosphorylation, and induction of caspase activity.

MATERIALS AND METHODS

Bacterial strains. Streptococcus pneumoniae D39 (serotype 2) (1) was used in
cell culture experiments. Bacteria were grown in Todd-Hewitt broth containing
0.5% yeast extract. Cells were harvested at mid-exponential phase by centrifu-
gation, washed once with phosphate-buffered saline, and resuspended in cell
culture medium to a final concentration of 107 CFU/ml. In some experiments,
10-fold dilutions of the pneumococcal suspension were used. A pneumolysin-
negative mutant of D39 (D39ply::pJDC9) was constructed by insertion-duplica-
tion mutagenesis. A 418-bp internal gene fragment, amplified from chromosomal
DNA using the primers ply-1 (TTG TTG GAT CCG AAA GAA AGA AGC)
and ply-2 (GAG TTA GGA TCC ATA TCA AGA GAA), was ligated with the
insertion vector pJDC9 (8) by standard DNA techniques. After transformation
of the plasmid into S. pneumoniae D39, erythromycin-resistant transformants
were selected with 1 g of erythromycin/ml of Luria-Bertani agar containing 5%
sheep blood. Insertion of the plasmid into the pneumolysin gene ply was con-
firmed by PCR analysis and DNA sequencing. For preparation of purified pneu-
mococcal cell walls, the unencapsulated pneumococcal strain R6x (36) was used.

Sixteen clinical pneumococcal strains isolated from the blood or cerebrospinal
fluid of patients suffering from pneumococcal pneumonia and/or meningitis were
additionally used. The strains were isolated in our laboratory.

Cell culture materials and chemical reagents. M199, RPMI 1640, newborn
calf serum (NCS), fetal calf serum (FCS), glutamine, nonessential amino acids,
minimal essential medium (MEM)-vitamins, Na pyruvate, bovine plasma fi-
bronectin, penicillin-streptomycin (P/S), and amphotericin were obtained from
Gibco BRL (Eggenstein, Germany). Collagenase-dispase, dispase II, and trypsin-
EDTA solution were obtained from Roche Molecular Biochemicals (Mannheim,
Germany). Dulbecco’s modified Eagle’s medium (DMEM), HEPES, bovine
serum albumin, gelatin, heparin, and anti-glial fibrillary acidic protein antibodies
were from Sigma (Deisenhofen, Germany), dextran was from IGN (Eschwege,
Germany), Percoll was from Pharmacia Biotech (Freiburg, Germany), and
NuSerum IV was from Becton Dickinson (Heidelberg, Germany). Multiwell
culture dishes and Transwell Clear were obtained from Corning Costar (Boden-
heim, Germany). All chemical reagents were of analytical grade.

HBMEC cultures. HBMEC were isolated from a brain biopsy of an adult
female with epilepsy. The cells retained morphological and functional charac-
teristics of cerebral endothelial cells as previously described (34). HBMEC were
plated at a density of 10° cm ™2 in 25-cm? cell culture flasks or 24-well plates,
respectively. Cells were cultured in RPMI 1640 supplemented with heat-inacti-
vated 10% FCS, 10% NuSerum IV, 1% nonessential amino acids, 1% MEM-
vitamins, 1 mM Na pyruvate, 2 mM glutamine, and 1% P/S. Cultures were
incubated at 37°C in a humid atmosphere enriched with 5% CO,. After 2 days of
culture, the medium was changed to culture medium free of antibiotics. After an
additional day, the culture medium was replaced with medium containing pneu-
mococci.

Cell detachment assay. Cells (10°) were seeded on 24-well plates and cultured
for 72 h with medium changes as described above. Following treatment, the
supernatant and two washes from each well were pooled, and the cells were
counted. The remaining cells were detached by 0.5-mg/ml trypsin-0.2-mg/ml
EDTA, and the cells were counted. Percent detachment was expressed as (total
cells in the supernatant and wash)/(total cells in the supernatant, wash, and
detached from the culture plate) X 100.

BBMEC cultures. Bovine brain microvascular endothelial cells (BBMEC)
were prepared from the cerebral cortices of freshly slaughtered cows. The cells
were isolated by a modified method described by Bowman et al. (5). Briefly, the
meninges and the white matter were removed from the brain. The cortex was cut
into 2-mm? pieces, and tissue fragments were resuspended in M199 containing
1% dispase IT and 2% P/S to a final volume of 160 ml. The cell suspension was
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incubated for 2 to 3 h at 37°C. The tissue suspension was passed through a
180-pum-pore-size sieve, and the filtrate, containing microvessels, was diluted 2:5
with dextran dissolved in M199 to a final dextran concentration of 9%. The
preparation was vortexed for 30 s and spun down at 3,000 X g. The cell pellets
were resuspended in 50 ml of M199 containing 0.1% collagenase, 0.08% dispase,
and 2% P/S. The suspension was incubated for 12 h at 37°C with mild agitation.
The cell suspension was centrifuged at 200 X g for 10 min at 37°C. The cell pellet
was resuspended in 12 ml of M199, and aliquots (2 ml each) were placed on top
of a Percoll gradient (derived by centrifugation of 45% Percoll in M199 at
37,500 X g for 40 min) and centrifuged at 800 X g for 20 min at 37°C. The middle
band containing the capillary endothelial cells was removed and washed in 50 ml
of M199. After centrifugation at 200 X g for 10 min, cells were resuspended in
5 ml of trypsin-EDTA solution and incubated at 37°C. After 5 min the reaction
was stopped by addition of 10 ml of M199 containing 20% newborn calf serum
(NCS), 1% P/S, and 0.1% glutamine (M199-20% NCS), washed once, and finally
resuspended in 10 ml of M199-20% NCS. Cells (270,000) were seeded on
polyester filter membranes (Transwell Clear; 12 mm; pore size, 0.4 um) coated
with 2% bovine plasma fibronectin for 1 h. In total, 20 h were used for prepa-
ration of the cells before plating. The BBMEC were grown over 7 days before
stimulation experiments were performed. At that time, more than 97% of the
cells were viable.

Rat astrocyte culture. Primary cultures of astrocytes were prepared from
newborn rat cerebral cortex. After the meninges and the white matter were
removed, the brain tissue was placed in DMEM containing 10% FCS-1%
P/S-1% glutamine. The tissue was forced gently through a 180-um- and a
70-pm-pore-size sieve consecutively. The cells were washed once with culture
medium. Cells (10° per well) were seeded on 12-well dishes precoated with 0.2%
gelatin. Medium was changed daily during the first 3 days. Starting from day 4,
medium was changed every second day. By this method astrocyte cultures were
obtained with a purity of more than 95%, estimated by immunohistochemistry
for anti-glial fibrillary acidic protein. The purity of astrocyte cultures was con-
trolled daily by analyzing the cell morphology.

BBB in vitro model. After reaching confluence, astrocyte cultures were used
for coculture of BBMEC seeded on polyester filters precoated with bovine
plasma fibronectin (see above). The endothelial cells and astrocytes were cocul-
tured for 7 days. Cell culture medium was exchanged every second day. Under
these conditions, the endothelial cells reached confluence within 3 to 4 days, and
the transendothelial electrical resistance (TEER) increased continuously until
day 7 to 8. The effect of bacteria was investigated after the TEER reached a value
of about 500 to 600 Q) X cm?, typically at day 7 of in vitro culture. The TEER was
monitored with a Millicell ERS device (Millipore, Eschborn, Germany). The
resistance measurement chamber was obtained from WPI (Berlin, Germany).

Prior to stimulation with bacteria, antibiotics were removed by two washes
with culture medium free of P/S. At each time point the TEER was measured in
triplicate. One single filter could be used only once for measuring the TEER to
avoid an artificial decrease of the TEER. The TEER of the stimulated filters is
given as a percentage of the mean calculated from quadruplicates of results for
nonstimulated controls.

Preparation of purified pneumococcal cell walls. For cell wall preparation, a
procedure described previously by Heumann et al. (14) was used with minor
modifications. R6x cells were obtained from 1,000 ml of exponentially growing
culture. Cells were washed in 50 mM Tris buffer (pH 7.0), added to preheated
5% sodium dodecyl sulfate (SDS) solution, and boiled for 15 min. Bacterial cell
walls were centrifuged at 17,000 X g for 10 min. The pellet was washed twice in
1 M NaCl and three times in distilled water to remove SDS and resuspended with
the help of a glass bead stirrer. Remaining cells were removed by centrifugation
at 700 X g, and cell walls were obtained from the supernatant by high-speed
centrifugation (38,000 X g; 15 min). The pellet was resuspended in 100 mM Tris
buffer (pH 7.5) containing 0.05% NaN3, 20 mM MgSO,, 10 g of DNase/ml, and
50 pg of RNase/ml and incubated at 37°C for 2 h. Trypsin was added to a final
concentration of 50 pg/ml, and CaCl, was added to a concentration of 10 mM.
The solution was digested overnight at 37°C. SDS was added to a final concen-
tration of 1%, and the mixture was incubated at 60°C for 15 min. The pneumo-
coccal cell walls were pelleted at 38,000 X g and washed four times with distilled
water until the SDS was completely removed. The cell wall pellet was lyophilized
and resuspended in distilled water to give a final concentration of 1 mg/ml.

Preparation of pneumolysin. Pneumolysin was purified as previously described
(22). Briefly, recombinant toxin was overexpressed in Escherichia coli strain
JM109. The bacteria were lysed by sonication, and the pneumolysin was purified
by hydrophobic and ion-exchange chromatography. Toxin purity was assessed by
SDS-polyacrylamide gel electrophoresis followed by Coomassie blue staining,
which showed a single 52-kDa band accounting for 95% of the protein.
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Detection and neutralization of pneumolysin. Pneumolysin production was
tested using the hemolysis assay as described previously (4). A pneumolysin-
neutralizing polyclonal rabbit serum was used (T.J. Mitchell, University of Glas-
gow, Glasgow, United Kingdom). The serum was used at dilutions of 1:10 to
1:1,000. For a control, sera of nonimmunized rabbits were used at the appropri-
ate concentrations.

Measurement of the oxidative burst of neutrophil granulocytes. Neutrophil
granulocytes were isolated from buffy coats derived from healthy human donors
using plasma Percoll gradients (Pharmacia Biotech) and were cultured in
DMEM with 10% FCS in a concentration of 10° ml~" at 37°C. Pneumococcal cell
walls were added to the in vitro cultures immediately after isolation of the cells.
The release of oxidative radicals was measured by chemiluminescence using 5-
amino-2,3-dihydro-1,4-phthalazinedione (Sigma). Chemiluminescence was mea-
sured over 240 min using the AutoLumat LB 953 (E&G Berthold, Bad Wildbad,
Germany). Three distinct preparations were used for the experiments.

Inhibition studies. Cycloheximide (Sigma) was used at a concentration of
5 and 50 pg/ml, herbimycin A (Sigma) was used at 0.25 and 2.5 pg/ml, and
N-benzyloxycarbonyl-Val-Ala-Asp-fluoromethyl-ketone (z-VAD-fmk; Calbio-
chem) was used at 10 and 100 M. HBMEC were preincubated with herbimycin
A for 4 h and with z-VAD-fmk for 2 h prior to the experiment.

Statistical analysis. To test for differences between the groups, analysis of
variance followed by the Student-Newman-Keuls multiple comparison test was
used. A P value of <0.05 was considered statistically significant.

RESULTS

In vitro model of BBB. In the present study an HBMEC line
and primary BBMEC were used. HBMEC were originally iso-
lated from a brain biopsy of an adult female with epilepsy and
immortalized by simian virus 40 transformation and retained
characteristics of cerebral endothelial cells (33). The cells were
positive for y-glutamyl transpeptidase, low-density lipoprotein
uptake, and factor VIII-Rag (data not shown). However, the
cells attained a TEER of about 60 Q) X cm? which could not be
enhanced in coculturing with astrocytes. Therefore, we used
primary cultures of BBMEC. BBMEC when cocultured with
astrocytes were able to reach a TEER value of approximately
500 to 600 X cm? within 7 days of culture. The TEER was
monitored daily, and stimulation experiments with pneumo-
cocci were performed after a plateau of the TEER was
reached. Since the TEER depended slightly on the individual
preparation, the values are given in relation to the mean of
those the unstimulated control cultures cultivated in parallel.

Morphological changes of HBMEC induced by S. preu-
moniae. HBMEC changed their morphology after exposure to
pneumococci. After 6 h of bacterial stimulation, the morpho-
logical changes were obvious and progressed over the 24-h
observation period. The changes in HBMEC morphology
started with rounding and detaching from the culture plate.
For quantification of the damage of the endothelial cell mono-
layer, the percentage of detached cells was determined. The
effect was dependent on the number of bacteria and the time
of exposure. Pneumococci at a concentration of 107 CFU/ml
caused detachment of up to 90% of the HBMEC. At 10°
CFU/ml, the effect on HBMEC was less strong (25%), and no
significant changes of cell morphology and cell detachment
were observed at 10° CFU/ml and lower (Fig. 1). In culture
supernatant, the lactate dehydrogenase concentration was
elevated, demonstrating cell damage (data not shown). The
detached cells showed signs of necrosis as revealed by vital
staining with acridine orange-ethidium bromide. All further
experiments were performed with 107 CFU/ml.

Influence of S. pneumoniae on the BBMEC monolayer. The
primary culture of BBMEC retained the typical appearance of
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FIG. 1. Detachment of HBMEC after addition of pneumococci.
(A) Significant HBMEC detachment was measured 6 h after addition
of 107 CFU of D39/ml; the detachment progressed over 24 h. (B) After
24 h of incubation time, significant cell detachment was observed after
addition of pneumococci at concentrations of 10° to 107 CFU/ml.
Values are means * standard deviations of duplicate results. *, **, and
wxx, P values of <0.05, 0.01, and 0.001 with respect to the controls.
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endothelial cells. After a tight monolayer was achieved, the
endothelial cell compartment of the cultures was supple-
mented with pneumococci at a final concentration of 107 CFU/
ml. After 6 to 8 h, the TEER decreased rapidly (Fig. 2A).
The morphological changes differed from those observed for
HBMEC cultures: the cytoplasm of the BBMEC shrank dis-
tinctly. However, the cells did not detach during the stimula-
tion period of 24 h. Most of the BBMEC stained positive for
apoptosis using the terminal deoxynucleotidyltransferase-me-
diated dUTP-biotin nick labeling method. The lactate dehy-
drogase concentrations in the culture medium ranged within
the background of the serum-supplemented culture medium.

Influence of pneumococcal inactivation by heat and treat-
ment with antibiotics on cytotoxicity for cerebral endothelial
cells. The use of heat-killed pneumococci (60°C; 20 min; 107
CFU/ml) caused minor morphological changes in BBMEC
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FIG. 2. TEER of BBMEC cultures after addition of D39 (107
CFU/ml). (A) The TEER decreased rapidly after the wild-type D39
was added, both without (m) and with (#) antibiotic supplementation.
(B) Heat-killed wild-type D39 (V) or viable pneumolysin-deficient
pneumococci (D39ply::pJDC9) (A) caused only minor changes to the
tightness of the endothelial cell monolayer. The experiments were
conducted in parallel using the same preparation of BBMEC. Values
are means * standard deviations of triplicate results in relation to the
mean of results for four unstimulated controls.

and HBMEC monolayers. The TEER of the BBMEC mono-
layer decreased slightly within 24 h (Fig. 2B). Only 25% of the
HBMEC detached after a 24-h exposure to heat-killed pneu-
mococci (Fig. 3). These experiments suggest that the causative
factor is either heat labile, actively secreted, or released during
autolysis of the pneumococci.

To investigate the influence of pneumococcal components
which were released into the medium during antibacterial
treatment, live pneumococci (107 CFU/ml) were added in the
presence of penicillin-streptomycin. Within 1 h, no viable pneu-
mococci could be recovered from the endothelial cell culture.
In contrast to the results obtained with heat-killed bacteria, a
rapid decrease of the TEER of the BBMEC monolayer was
observed (Fig. 2A). Approximately 50% of the HBMEC de-
tached after 24 h of incubation time with antibiotically treated
bacteria, in contrast to a detachment of less than 25% in
experiments with heat-killed bacteria (Fig. 3).

Role of pneumococcal pneumolysin on cytotoxicity to the
cerebral endothelium. Since pneumolysin has been identified
as the major pneumococcal cytotoxin which is released during
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FIG. 3. Effect of antibiotical treatment, heat inactivation, and
pneumolysin activity on HBMEC detachment. Endothelial cell detach-
ment was quantitated 24 h after addition of D39 and the pneumolysin-
deficient mutant (D39ply::pJDC9; 10’ CFU/ml). Viable pneumococci
were added without and with (#) antibiotic supplementation. Antibi-
otical inactivation of the wild-type D39 caused significant cell cyto-
toxicity, whereas antibiotical treatment of the pneumolysin-deficient
mutant did not. Heat inactivation of the wild-type D39 (D39 hi) at-
tenuated the cytotoxic potential distinctly. Values are means * stan-
dard deviations of duplicate results. *, P value of <0.001 with respect
to results for viable D39.

autolysis of the bacterial cells (30), the effect of the cytotoxin
on the cerebral endothelial cells was investigated. A pneumo-
lysin-deficient mutant of S. pneumoniae D39 was constructed
by insertion-duplication mutagenesis in the structural gene ply
(D39ply::pJDCY). No pneumolysin activity could be detected
in mutant cell lysates and in the culture supernatant.

D39ply::pJDC9 had no effect on the tightness of the cerebral
endothelial cell monolayer. After addition of up to 107 CFU
of the pneumolysin-deficient mutant/ml, the TEER of the
BBMEC remained nearly unchanged over 24 h (Fig. 2B). Fur-
thermore, the human endothelial cell line was also unaffected
by the pneumolysin-deficient strain D39ply::pJDC9, and no
significant cell detachment was observed (Fig. 3). The pneu-
molysin mutant was also investigated during antibiotic-induced
inactivation. No morphological changes and no cell detach-
ment were observed with these preparations, documenting that
it was pneumolysin itself, rather than cell walls or cell wall
fragments, that contributed to pneumococcus-induced cytotox-
icity to cerebral endothelial cells (Fig. 3).

We complemented these results by coincubating the pneu-
molysin-producing pneumococcal strain D39 with a pneumo-
lysin-neutralizing polyclonal rabbit antiserum in HBMEC cul-
tures for 24 h. The results of that experiment were similar to
those obtained with the pneumolysin-deficient mutant. No ef-
fect on cell shape or cell detachment was apparent during the
24-h period in the presence of the neutralizing antiserum at a
dilution of 1:10 (Fig. 4). Only a slight inhibition of the pneu-
mococcal cytotoxicity to the HBMEC was observed if sera of
nonimmunized rabbits were used at the same dilution.

Recombinant pneumolysin was used as the stimulus for
HBMEC cultures demonstrating comparable morphological
changes. Cytotoxicity of recombinant pneumolysin (30 pg/ml)
compared well with 107 CFU of viable pneumococci (D39)/ml
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FIG. 4. Effect of pneumolysin-neutralizing antiserum on HBMEC
detachment 24 h after addition of wild-type D39 (107 CFU/ml). The
antiserum abolished the pneumococcal cytotoxicity completely at a
final dilution of 1:10; at dilutions of more than 1:30, no effect was
evident over 24 h. Values are means * standard deviations of dupli-
cates. *, P value of <0.001 with respect to results for viable D39 in the
absence of antiserum.

24 h after addition of the stimulus. The effect of pneumolysin
was dose dependent. Culture medium was checked for pneu-
molysin activity at the end of the experiment. Hemolytic activ-
ity of the culture medium supplemented with 30 wg (final
concentration) of recombinant pneumolysin/ml compared well
with results for culture supplemented with viable pneumococci
(Fig. 5).

Effect of clinical pneumococcal isolates on the cerebral en-
dothelium. Sixteen pneumococcal strains isolated from the
cerebrospinal fluid or the blood of patients suffering from
pneumococcal meningitis and/or pneumococcal bacteremic
pneumonia, respectively, were used at a concentration between
1 X 107 and 6 X 107 CFU/ml. Cell detachment was quantitated
24 h after the bacteria were added to the culture medium.
Although all S. pneumoniae isolates are believed to contain the
ply gene, the amount of the protein released into the growth
medium varies. It had been shown that the extracellular titer of
pneumolysin can be low while the cytoplasmic titer is high (4).
Therefore, pneumolysin activity released into the culture me-
dium was determined for all S. pneumoniae isolates during
the early phase of stationary growth. Strains releasing large
amounts of pneumolysin induced cell damage similar to that
caused by the D39 strain, whereas those producing small
amounts of pneumolysin had a tendency to cause less endo-
thelial cell damage. In fact, the strains 18.B (serotype 7F) and
20.B (serotype 1), which showed no detectable pneumolysin in
the culture supernatant, did not affect the cell monolayer in-
tegrity at all. Lysed bacteria of strains 18.B and 20.B caused
only weak pneumolysin activity in the hemolysis assay, regard-
less of whether exponentially growing cells or stationary-phase
cells were used, in agreement with little but detectable cyto-
plasmic pneumolysin activity. These results are in agreement
with an important role of pneumolysin release in the disruption
of the endothelial cell monolayer. No obvious difference be-
tween pneumococcal strains from patients displaying the syn-
drome of meningitis versus pneumonia was evident (Table 1).
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FIG. 5. Effect of purified pneumolysin on HBMEC detachment
24 h after addition of the protein in comparison to results for pneu-
mococci (D39; 107 CFU/ml). Values are means of duplicate results;
error bars are standard deviations. * and #**, P values of <0.01 and
<0.001 with respect to controls. The hemolytic titers of the culture
medium after supplementation with 30 wg of pneumolysin/ml and 107
CFU of pneumococci/ml were comparable.

Effect of purified pneumococcal cell wall on the cerebral
endothelium. To investigate whether cell walls released during
the antibiotic treatment described above are responsible for
the detrimental effects on the HBMEC, purified cell walls were
added to the HBMEC culture at concentrations up to 200
pg/ml. Whereas cell walls have been shown to strongly induce
the oxidative burst of neutrophils, they did not induce any

TABLE 1. HBMEC detachment after 24 h of incubation
time with clinical pneumococcal isolates

Endothelial cell

Strain® Capsular Clinical . CFU . Pneul_n_olysin detachment
serotype  syndrome?  (107/ml) activity” + SD (%)

D39 2 1 5 789 = 0.7
1.L 9A M 6 <5 86.6 = 4.2
2.L 11A M 3 <5 21.2+03
13.L 19F M 2 15 96.8 = 3.2
14.B 23F M 5 45 67.0 =42
16.L 5 M 2 15 65.4 +7.6
S51.L 23A M 1 15 94.5 =05
S3.L 14 M 5 45 449 = 8.7
3B 1 M/P 1 5 18.5 = 4.1
12.L 6B M/P 2 5 50.3 2.8
18.B TF P 1 X 1.9+04
20.B 1 P 5 X 129 22
29.B 18F P 3 45 523 =88
30.B 6A P 4 45 11122
31.B 14 P 4 45 81.6 = 4.1
38.B 1 P 6 45 94.7+0.5
40.B 18B P 2 15 79.5 3.1

“ The pneumococcal strains were isolated from either the cerebrospinal fluid
(L) or the blood (B).

> The patients suffered from pneumococcal meningitis (M) and/or pneumo-
coccal pneumonia (P).

¢ Final concentration of pneumococci in the culture at the beginning of the
experiment.

4 Pneumolysin activity of the pneumococcal culture supernatant was reported
as the reciprocal of the greatest dilution which caused complete lysis (4) (X, no
reactivity; <5, incomplete lysis of the lowest dilution).
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morphological changes or cell detachment of the HBMEC
over a 24-h period.

Role of HBMEC protein synthesis, tyrosine phosphoryla-
tion, and caspase activation. Since pneumolysin acts on eu-
karyotic cells by forming pores in the cell membrane but also
might have properties similar to those of lipopolysaccharide
(7), three of the mechanisms which had been identified for
lipopolysaccharide in inducing cell cytotoxicity were investi-
gated for S. pneumoniae.

The stimulation of the HBMEC culture with pneumococci
was performed in the presence of cycloheximide (5 and 50
wg/ml), the protein kinase inhibitor herbimycin A (2.5 and 0.25
pg/ml), and the broad-spectrum caspase inhibitor z-VAD-fmk
(10 and 100 wM) for inhibition of de novo protein synthesis,
tyrosine phosphorylation, and caspase activity. Results of these
experiments were obtained 8 h after the addition of pneumo-
coccal cells. Cycloheximide, herbimycin A, and z-VAD-fmk
alone had no effect on the HBMEC during this period (Fig. 6).
At a concentration of 10" CFU/ml, pneumococci induced de-
tachment of about 50% of the HBMEC. Cycloheximide abol-
ished the cytopathic effect of the endothelial cells completely at
5 pg/ml, indicating that it was dependent on de novo protein
synthesis. Herbimycin A prevented the effect induced by pneu-
mococci on the HBMEC at a concentration of 2.5 pg/ml com-
pletely, and at 0.25 pg/ml, 17% of the cells detached from the
culture plate. The caspase inhibitor z-VAD-fmk (10 uM) re-
duced the pneumococcal cell damage. However, z-VAD-fmk
did not inhibit the effect completely (Fig. 6). Increasing the
z-VAD-fmk concentration to 100 wM did not amplify the ef-
fect.

DISCUSSION

The primary purpose of this study was to investigate the
effect of pneumococci on the integrity of cerebral endothelial
cell monolayers. Cerebral endothelial cells differ functionally
and morphologically from endothelial cells of peripheral ori-
gin, especially in the capability to form a monolayer sealed by
tight junctions. These cells form the basis of the BBB, which is
penetrated by the pneumococcus in the case of pneumococcal
meningitis.

In the present study we used two different endothelial cell
types of cerebral origin. The advantage of primary prepared
BBMEC was that these cells form tight monolayers and thus
represent an excellent in vitro model reflecting the BBB. The
disadvantage of these cells is the difficult and time-consuming
preparation; also, cattle do not serve as hosts to the pneumo-
coccus. Therefore, an HBMEC line was used as an additional
model system. Unlike the BBMEC, tight junction formation
could not be assumed, since the monolayers did not demon-
strate a high TEER comparable to that for the BBMEC. The
advantage of these cells lies in their origin, availability, and
ease of culture. The results obtained with the two cell types
complemented each other.

It has been shown with human umbilical vein endothelial
cells that pneumococci caused the disruption of endothelial
cell monolayers. In these experiments, pneumococcal cell walls
were identified as a main cause of the cytopathic effects in-
duced by the pathogen (11). These results were obtained from
in vitro experiments with human umbilical vein endothelial
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FIG. 6. Inhibition of HBMEC protein synthesis, tyrosine phos-
phorylation, and caspase activity. Cycloheximide (C), herbimycin A
(HA), and z-VAD-fmk (z-VAD) were used at 5 pg/ml, 2.5 pg/ml, and
10 pM, respectively. HBMEC were preincubated with herbimycin A
for 4 h and with z-VAD-fmk for 2 h prior to addition of 10’ CFU of
D39/ml. Detachment of HBMEC was quantified 8 h thereafter. Values
are means * standard deviations of duplicates. *, P value of <0.001
with respect to viable D39 in the absence of inhibitors.

cells which do not express characteristic properties of cerebral
endothelial cells. Therefore, these experiments are not a suit-
able model of pneumococcal disturbance of the BBB. It has
also been shown recently that pneumococci bind to HBMEC,
and invasion and transmigration through the cells was ob-
served (26). The platelet-activating factor receptor seemed to
play a role in the transmigration process, and the effect was
enhanced by pretreatment of the cells with TNF-a. Over the
first 5 h after pneumococcal stimulation, no cytotoxic effect of
HBMEC was reported. The authors stated that for at least
14 h, the TEER remained unchanged in their experiments,
suggesting that pneumococci did not compromise tight junc-
tions (26). In contrast, the data we obtained from the BBMEC
cultures clearly demonstrated that the TEER decreased and
the cytoplasm shrank within 4 to 6 h after pneumococci had
been added to the endothelial cell culture. After 24 h, apopto-
tic endothelial cells were detected. In parallel with the de-
crease of the TEER of BBMEC cultures, the morphology of
HBMEC changed, i.e., the cells showed signs of necrosis and
detached. Destruction of the cell monolayer depended on a
functional pneumolysin secreted by the pneumococci. In con-
tradiction to results of previous experiments using human um-
bilical vein endothelial cells (11), pneumococcal cell walls did
not affect the integrity of the cerebral endothelial cell culture.
Neither cellular lysis of a pneumolysin-deficient mutant nor a
preparation of purified cell walls resulted in cell destruction or
caused any morphological changes of the HBMEC. The dis-
crepancy between previous results and those reported here
might be due to the different cell types used in the two studies.
In support of our results, experiments performed on pulmo-
nary endothelial cells in vitro also demonstrated that pneumo-
lysin activity was a major cause of damage to pulmonary en-
dothelial cells (29).

Our observations strongly suggest that the pneumococcus
uses the same virulence mechanisms for damaging the BBB in
cerebral infection as for damaging lung tissue. This observation
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underlines the importance of pneumolysin in BBB disruption
and as a major virulence factor in general. We could not detect
any obvious differences between endothelial cell damage
caused by pneumococci isolated from the cerebrospinal fluid of
patients with pneumococcal meningitis and that caused by
blood isolates of patients suffering from bacteremic pneumo-
nia. In fact, the pneumolysin gene has been detected in all
clinical isolates of S. pneumoniae. It is therefore likely that
pneumococcal meningitis develops as a consequence of an
impairment of the host defense system rather than being re-
lated to special properties of individual pneumococcal strains.
One may assume that the pneumolysin released by pneumo-
cocci adhering to the cerebral endothelial cells or pneumolysin
in the blood during pneumococcal bacteremia has a concen-
tration sufficient to induce damage to the tight junctions of the
cerebral endothelial cells, enabling penetration of the pneu-
mococci into the cerebral compartment through an impaired
BBB.

Apart from pneumolysin, the production of hydrogen per-
oxide has been described as contributing to pneumococcal tox-
icity. However, additional cytotoxicity was observed in experi-
ments using pneumolysin-negative pneumococci at higher
concentrations (10° CFU/ml) than we used in this study (up to
107 CFU/ml) (9, 15). The effect of pneumolysin is more severe
than the effect of hydrogen peroxide.

Pneumolysin belongs to a group of bacterial thiol-activated
cytolysins which is involved in several aspects of the pathophys-
iology of pneumococcal infection. The protein forms trans-
membrane pores, resulting in cytolysis of eukaryotic cells; it
also interferes with functional components of the immune sys-
tem (for a review, see reference 30). Recently, pneumolysin
was reported to induce the production of TNF-«, IL-13 (16),
and nitric oxide (7) in monocytes. In the present study we
demonstrated that pneumococci induced cytopathology of ce-
rebral endothelial cells. The effect depended on de novo pro-
tein synthesis, tyrosine phosphorylation and, at least in part,
caspase activation. The results indicate that pneumolysin acts
on eukaryotic cells in a manner similar to that of LPS of
gram-negative bacteria. LPS increases paracellular permeabil-
ity and endothelial cell detachment of bovine pulmonary artery
endothelial cells in vitro, changes caused by caspase-mediated
cleavage of adherence junction proteins (2) and mediated
through tyrosine phosphorylation (3). However, LPS-induced
changes in endothelial barrier function increased upon inhibi-
tion of protein synthesis (13), while the effect of pneumolysin
decreased after inhibition of protein synthesis.

In conclusion, pneumolysin appears to be the main inducer
of cerebral endothelial cell barrier dysfunction caused by S.
pneumoniae. Pneumolysin-induced endothelial cell dysfunction
involves a protein synthesis-dependent pathway, tyrosine phos-
phorylation, and caspase activation. The pneumococcal cyto-
toxin might enable the entry of pneumococci into the cerebrum
by an impairment of the BBB.
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