ANTIMICROBIAL AGENTS AND CHEMOTHERAPY, Aug. 2003, p. 2649-2654
0066-4804/03/$08.00+0 DOI: 10.1128/AAC.47.8.2649-2654.2003

Vol. 47, No. 8

Copyright © 2003, American Society for Microbiology. All Rights Reserved.

Reduced Release of Pneumolysin by Streptococcus pneumoniae In
Vitro and In Vivo after Treatment with Nonbacteriolytic
Antibiotics in Comparison to Ceftriaxone

Annette Spreer,! Holger Kerstan,' Tobias Bottcher,' Joachim Gerber,! Alexander Siemer,*f
Gregor Zysk,? Timothy J. Mitchell,* Helmut Eiffert,” and Roland Nau'*
Departments of Neurology," Medical Statistics,” and Bacteriology,” University of Gottingen, Gottingen, and Department of

Medical Microbiology and Virology, University of Diisseldorf, Diisseldorf.> Germany, and Division of Infection and
Immunity, University of Glasgow, Glasgow, Scotland*

Received 26 August 2002/Returned for modification 14 February 2003/Accepted 7 May 2003

Pneumolysin, a virulence factor of Streptococcus pneumoniae with cytotoxic and proinflammatory activities,
occurs at concentrations from 0.85 to 180 ng/ml in cerebrospinal fluid (CSF) of meningitis patients. In
pneumococcal cultures and in a rabbit meningitis model, the concentrations of pneumolysin in supernatant
and CSF were lower after addition of nonbacteriolytic bactericidal antibiotics (rifampin and clindamycin) than

after incubation with ceftriaxone.

Streptococcus pneumoniae is the most common cause of bac-
terial meningitis in adults and even more frequently the caus-
ative agent of various bacterial infections, including pneumo-
nia and otitis media. Pneumococcal meningitis frequently
causes severe neurological sequelae and death (19).

The thiol-activated membrane-damaging toxin pneumolysin
is one of the important virulence factors of pneumococci. It is
a cytoplasmic protein (14) released during bacterial growth
and autolysis: e.g., due to antibiotic treatment (2, 13). Pneu-
molysin-deficient mutants were less virulent in animal models
of infection (3, 27), and immunization protected exposed mice
(1, 22). Pneumolysin possesses cytolytic and immunomodula-
tory effects (17), including direct cytotoxicity on neurons (5,
25).

Pneumolysin is released in humans during respiratory infec-
tion (15, 28), but has not been demonstrated in cerebrospinal
fluid (CSF) of patients with pneumococcal meningitis. We
investigated CSF specimens from meningitis patients to ad-
dress this question.

The current standard therapy of bacterial meningitis is based
upon highly bactericidal B-lactam antibiotics, through which
CSF sterilization is achieved quickly. However, B-lactam anti-
biotics act by bacterial lysis, and intracellular bacterial com-
pounds with toxic effects will be released. Therefore, the influ-
ence of nonbacteriolytic bactericidal antibiotics in comparison
to ceftriaxone on the release of pneumolysin from pneumo-
cocci in vitro and in vivo was examined by quantitative immu-
noblotting.

Patients’ CSF. Pneumolysin concentrations were measured
in the CSF of diagnostic lumbar punctures from eight patients
with culture-proven S. pneumoniae meningitis and one sus-
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pected case treated at the University Hospitals of Gottingen
and Diisseldorf in 2002 (Table 1).

Bacterial strain. A penicillin-sensitive S. pneumoniae type 3
strain (kind gift of M. Tauber, University of Bern, Bern, Swit-
zerland) was used with the antibiotics ceftriaxone (MIC, 0.03
wg/ml; minimum bactericidal concentration [MBC], 0.06 g/
ml), rifampin (MIC, 0.008 png/ml; MBC, 0.06 pwg/ml), and clin-
damycin (MIC, 0.06 pg/ml; MBC, 0.12 pg/ml).

In vitro experiments. A culture of S. pneumoniae grown for
10 h at 37°C in tryptic soy broth was divided into fractions of 15
ml and cultivated after addition of antibiotics for another 12 h
at 37°C. Control cultures were grown without antibiotics. The
experiment was performed six times on separate days. Bacte-
rial counts were determined at 0, 3, 6, 9, and 12 h by plating
10-pl samples of 10-fold dilutions of bacteria on blood agar
plates. In the presence of antibacterial agents, the bactericidal
rates (Alog CFU per milliliter per hour) were determined by
log-linear regression analysis of bacterial titers (CFU per
milliliter) versus time. The concentrations of the antibiotics
added to the cultures were chosen according to the concentra-
tions attainable in CSF in vivo during treatment of central
nervous system infections: 8 wg/ml for ceftriaxone (Hoffmann-
LaRoche, Grenzach-Wyhlen, Germany) (16), 3 pg/ml for ri-
fampin (Griinenthal, Stolberg, Germany) (18), and 1 pg/ml for
clindamycin (Sigma-Aldrich, Taufkirchen, Germany) (21, 23).
One group of cultures was first incubated with 3 g of rifampin
per ml for 6 h, and then 8 pg of ceftriaxone per ml was added.
The bactericidal rates were compared by repeated-measures
analysis of variance followed by the Tukey-Kramer multiple-
comparisons test to correct for repeated testing.

Samples (1 ml) for the detection of pneumolysin were col-
lected immediately after addition of the antibiotics and at 1, 2,
3,6, 9, and 12 h. Supernatants were separated from bacterial
cells by centrifugation, mixed with an equal volume of reducing
sample buffer, boiled for 5 min, and stored at —20°C. Pneu-
molysin release was compared by two-sided parametric covari-
ance analysis using the software SAS 8.01, procedure GLM.
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FIG. 1. (A) Release of pneumolysin (means and minimum/maximum) from S. pneumoniae type 3 in culture without addition of antibiotics;
during incubation with ceftriaxone, clindamycin, or rifampin; or with sequential addition of rifampin and ceftriaxone (delay of 6 h). Control cultures
showed a strong increase of extracellular pneumolysin when reaching the end of logarithmic growth (at 6 h). The release of pneumolysin was lower
during exposure to nonbacteriolytic antibiotics than during exposure to ceftriaxone (P < 0.0001, two-sided covariance analysis). (B) Pneumolysin
concentrations in the CSF of rabbits (S. pneumoniae meningitis model) during antibiotic treatment with rifampin versus ceftriaxone before and 2
and 5 h after onset of treatment. Small symbols represent all individual measurements. Large symbols represent the means of each group. Bacterial
titers (means * standard deviations, ceftriaxone-treated group, 8.15 % 0.95 log CFU/ml; rifampin-treated group, 7.91 = 1.66 log CFU/ml) and
pneumolysin concentrations in rabbit CSF before onset of antibiotic treatment (16 h after infection) did not differ significantly (P = 0.74 and 0.18,
respectively). Two and 5 h after antibiotic treatment, pneumolysin concentrations in the rifampin-treated group were lower than those in the
ceftriaxone-treated group (P = 0.001 and 0.018, respectively). In the CSF of two infected but untreated animals, pneumolysin concentrations were
0.26 and 0.45 pg/ml at 15 h after infection, 0.57 and 1.1 pg/ml at 18 h after infection, and 5 and 60 pg/ml at 21 h after infection. In comparison
to release in the untreated rabbits, the release of pneumolysin in ceftriaxone-treated animals appeared to be accelerated. (C) Representative
immunoblot comparing the pneumolysin concentration in the CSF of a ceftriaxone-treated animal with that in a rifampin-treated animal.

Animal experiments. CSF supernatants from a previous
study were reevaluated (4). CSF was drawn by cisternal punc-
ture at 16 (prior to antibiotic treatment), 18, and 21 h after
infection. Pneumococcal CSF titers were measured by plating
10 pl of undiluted CSF and serial 10-fold dilutions. The loga-
rithms of bacterial titers in the treatment groups at 16 h were
compared by unpaired ¢ test. CSF was immediately centrifuged
(3,000 X g, 10 min), and supernatants were stored at —70°C.
For pneumolysin quantification, all available specimens col-

lected at 16, 18, and 21 h were used (at each time point, n = 6
to 7 for ceftriaxone and n = 5 to 6 for rifampin). After loga-
rithmic transformation of the pneumolysin concentrations
measured, an unpaired ¢ test was performed. To assess pneu-
molysin concentrations in infected but untreated rabbits, CSF
of two animals of another experimental series (CSF drawn at
15, 18, and 21 h after infection) was used.

Quantification of pneumolysin. Sample proteins were sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel electro-
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FIG. 2. Comparative illustration of selected toxic effects of pneu-
molysin with respect to the pneumolysin concentrations detected in
human CSF during pneumococcal meningitis. Solid bar, cytotoxicity to
neuronal cells (5, 25); darkly shaded bar, reduction of ciliary beat
frequency of respiratory and ependymal epithelium (8, 11); lightly
shaded bar, release of proinflammatory cytokines (6, 13); solid dia-
monds, pneumolysin concentrations in CSF of patients with S. pneu-
moniae meningitis.

phoresis and transferred to nitrocellulose membranes. Blots
were blocked and successively incubated with monoclonal mu-
rine antibodies to recombinant pneumolysin (NCL-SPNm; No-
vocastra Laboratories, Newcastle upon Tyne, United King-
dom) and peroxidase-conjugated goat anti-mouse antibodies
(Jackson Immunoresearch Laboratories, West Grove, Pa.).
The reaction was developed with the ECL+ enhanced chemi-
luminescence Western blotting detection reagents and exposed
to Hyperfilm ECL (both from Amersham Pharmacia Biotech,
Little Chalfont, Buckinghamshire, United Kingdom). Pneumo-
lysin was detected as a band at 53 kDa. For quantitation, a set
of standards of recombinant pneumolysin was included on all
immunoblots. Specimens with pneumolysin concentrations ex-
ceeding the linear range of the standard curve were diluted and
reexamined. Densitometry of the films was performed with
NIH Image 1.62 software.

Detection of pneumolysin in human CSF. Pneumolysin was
detected in all CSF specimens of eight patients with culturally
proven S. pneumoniae meningitis (Table 1). In one suspected
but not culture-proven case, the diagnosis was established by
detecting pneumolysin at a concentration of 0.85 ng/ml in the
patient’s CSF. The pneumolysin concentrations in CSF ranged
from 0.85 to 180 ng/ml (Table 1) at the first puncture. Five CSF
specimens of patients suffering from meningeal inflammation
due to other etiologies were tested as controls. In those spec-
imens, no pneumolysin was detectable. In one patient (no. IV),
the concentration of pneumolysin in CSF was measured re-
peatedly during antibiotic treatment. Initially, an increment
from 3.1 ng/ml to 7.7 ng/ml was found; however, 32 days later,
no pneumolysin was detectable in CSF.

In vitro experiments. In the absence of antibiotics, the cul-
tures displayed logarithmic growth for another 6 h after the
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beginning of the experiment (mean = standard deviation, 0.18
+ 0.03 Alog CFU ml~! h™!) (P < 0.001 versus all antibiotic
treatments). At the end of the logarithmic phase, bacterial
titers exceeded 10° CFU/ml. The bactericidal activity of 8 p.g of
ceftriaxone per ml (—0.44 = 0.03 Alog CFU ml~! h™') was
higher than the activity of 1 pg of clindamycin per ml (—0.28
+ 0.04 Alog CFU ml™!' h™') (P < 0.05). The differences be-
tween the effects of ceftriaxone and 3 pg of rifampin per ml
(—0.33 = 0.02 Alog CFU ml~* h™!) and those of the sequen-
tial combination of 3 g of rifampin per ml for 6 h followed by
the addition of 8 pg of ceftriaxone per ml (—0.41 £ 0.03 Alog
CFU ml~ ' h™") failed to reach statistical significance.

Overall release of pneumolysin was highest in control cul-
tures. At the end of logarithmic growth (6 h), spontaneous
autolysis of the bacterial cells occurred. Pneumolysin concen-
trations in the culture supernatants increased earlier (3 to 6 h),
suggesting that the release of toxin may not be solely due to
autolysis. Type 3 pneumococci can secrete the toxin indepen-
dent of autolysis (2), possibly by a mechanism requiring protein
synthesis. Overall release of pneumolysin was lower in cultures
incubated with ceftriaxone. However, during the first 3 h after
addition of antibiotics, the concentrations of pneumolysin in
cultures incubated with ceftriaxone tended to be higher than
those in control cultures, most likely due to the ceftriaxone-
induced bacteriolysis of pneumococci. The release of pneumo-
lysin in cultures incubated with clindamycin, rifampin, and
sequential rifampin and ceftriaxone was lower than that in
cultures exposed to ceftriaxone (Fig. 1A; P < 0.0001 for all
groups versus ceftriaxone). There was no significant difference
in the release of pneumolysin between cultures incubated with
rifampin and clindamycin (P = 0.13) and between cultures
exposed to rifampin versus those with sequential addition of
rifampin and ceftriaxone (P = 0.67).

In vivo experiments. Bacterial titers and pneumolysin con-
centrations in rabbit CSF before onset of antibiotic treatment
(16 h postinfection) did not differ significantly (P = 0.74 and
0.18, respectively). Two and 5 h after onset of treatment, pneu-
molysin concentrations in the CSF of rifampin-treated rabbits
were lower than in the CSF of ceftriaxone-treated animals (P
= 0.001 and 0.018, respectively) (Fig. 1B).

Pneumolysin can act directly as a toxin on different eukary-
otic cells or indirectly by stimulating the host’s immune re-
sponse. In general, the concentrations necessary for a direct
cytotoxic effect of pneumolysin are higher than those causing
immunomodulatory or functional interference (Fig. 2). In con-
centrations above 0.1 wg/ml, pneumolysin is directly cytotoxic
for neuronal cells (5, 25). Furthermore, pneumolysin acts in a
cytotoxic manner on other cells within the central nervous
system, such as ependymal cells or microglia and ganglion cells
within the inner ear (5, 29). In sublytic concentrations, pneu-
molysin causes cellular malfunction or disturbance of immune
cell function (17): At concentrations =5 ng/ml, pneumolysin
reduces the ciliary beat frequency of the respiratory (8) or
ependymal (11) epithelium. From 1 ng/ml upward, pneumoly-
sin stimulates neutrophilic granulocytes (increased production
of superoxide [7], prostaglandin E, and leukotriene B4 [6]),
monocytes (increased release and production of tumor necro-
sis factor alpha and interleukin-18 [12]), activates phospho-
lipase A (24), and inhibits the capacity of stimulated lympho-
cytes to produce lymphokines and immunoglobulins (9).
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In human CSF, pneumolysin was detected at concentrations
up to 180 ng/ml (Table 1 and Fig. 2). These data suggest that
during bacterial meningitis, usually immunomodulatory and
proinflammatory CSF concentrations are reached. In the CSF
of some patients, directly cytotoxic pneumolysin concentra-
tions occur. The concentrations measured in CSF after cen-
trifugation are possibly underestimates of the amounts re-
leased. An unknown portion of the toxin liberated from
bacteria probably binds quickly to the cells present and may
either remain in the cell pellet after centrifugation of CSF
specimens or be associated with the tissue in the patient or
experimental animal.

In meningitis therapy, it appears advantageous to eradicate
the pathogen quickly, but also with a minimal release of bac-
terial products, which act toxic on nervous tissue either directly
or by stimulating immune defense mechanisms (19). Ceftriax-
one, the standard therapeutic agent in pneumococcal menin-
gitis, acts by bacterial lysis. Sterilization is achieved quickly
during treatment. Nevertheless, pneumolysin is released dur-
ing incubation of pneumococcal cultures or treatment of rab-
bits suffering from meningitis with ceftriaxone. In contrast,
nonbacteriolytic bactericidal antibiotics effectively inhibited
the release of pneumolysin from S. preumoniae in cultures
(rifampin and clindamycin) and in rabbit CSF (rifampin). Sim-
ilarly, rifampin released smaller quantities of teichoic and li-
poteichoic acids and bacterial DNA from S. pneumoniae than
ceftriaxone (10, 26), decreased mortality in a mouse model of
S. pneumoniae meningitis (20), reduced the densities of apo-
ptotic neurons in the dentate gyrus of the hippocampal forma-
tion (P = 0.005) (4), and decreased the production of reactive
oxygen species by CSF phagocytes (4) in experimental rabbits.

Because of the high risk of development of antibiotic resis-
tance (rifampin) and because of the relatively high prevalence
of resistant pneumococci in the community (clindamycin),
minimizing the release of toxic bacterial products cannot be
done by using rifampin or clindamycin as a single antibiotic
agent in treatment of bacterial meningitis. For this reason, the
influence of an initial therapy with rifampin followed by the
combination of rifampin with the standard antibiotic ceftriax-
one after 6 h was studied: Rifampin pretreatment prevented
the release of pneumolysin after addition of ceftriaxone.

In conclusion, during pneumococcal meningitis, the toxin
pneumolysin is present in human CSF in concentrations able to
exert pathophysiological effects. The release of pneumolysin by
S. pneumoniae during therapy is reduced during treatment with
nonbacteriolytic antibiotics in comparison to standard therapy
with ceftriaxone in vitro and in vivo. We hypothesize that
particularly those patients with a high bacterial load in the
central nervous system would benefit from treatment directed
at the reduction of noxious bacterial products in CSF. For this
reason, antibiotic regimens relying on bactericidal protein syn-
thesis inhibitors should be evaluated for meningitis therapy.
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