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Pneumolysin, neuraminidases A and B, and hyaluronidase are virulence factors of Streptococcus pneumoniae
that appear to be involved in the pathogenesis of meningitis. In a murine model of meningitis after intrace-
rebral infection using mutants of S. pneumoniae D39, only mice infected with a pneumolysin-deficient strain
were healthier at 32 and 36 h, had lower bacterial titers in blood at 36 h, and survived longer than the D39
parent strain. Cerebellar and spleen bacterial titers, meningeal inflammation, and neuronal damage scores
remained uninfluenced by the lack of any of the virulence factors.

Streptococcus pneumoniae meningitis frequently causes se-
vere neurological sequelae and death (9, 15, 23). A number of
pneumococcal proteins have been characterized as putative
virulence factors, among them pneumolysin, the neuramini-
dases A and B, and hyaluronidase (7, 8, 16, 17, 21, 22, 27).
Pneumolysin, a cytoplasmic protein, is released during autoly-
sis of the bacterium and probably also via an autolysis-inde-
pendent mechanism (3, 21). It interacts with cholesterol in the
cell wall of host cells and forms transmembrane pores by oli-
gomerization, leading to loss of membrane integrity of host
cells. In sublytic concentrations it is capable of inhibiting re-
spiratory burst, chemotaxis, and bactericidal activity of poly-
morphonuclear leukocytes (20). Furthermore, it leads to com-
plement consumption (6), thereby reducing serum opsonic
activity (1, 2). Neuraminidase activity has been indirectly
linked to virulence in human pneumococcal meningitis on the
basis of elevated cerebrospinal fluid concentrations of
N-acetylneuraminic acid in patients with coma and bacteremia
(19). A deficiency of neuraminidase A led to decreased viru-
lence in a model of pneumococcal pneumonia (17). The role of
hyaluronidase has not been studied extensively. Strains causing
meningitis showed a higher in vitro expression of hyaluroni-
dase (16). Intranasal instillation of pneumococci with addition
of hyaluronidase to the inoculum was followed by meningitis in
a model of pneumococcal pneumonia (28). We used a mouse
model based on intracerebral infection (14, 26) to assess the
role of pneumolysin, neuraminidases A and B, and hyaluron-
idase in meningitis by using mutants of an S. pneumoniae type
2 strain deficient in these putative virulence factors.

(This work was presented, in part, at the 40th Interscience
Conference on Antimicrobial Agents and Chemotherapy, To-
ronto, Canada, 17 to 20 September 2000 [abstr. 433]).

Bacteria. Mutant strains of S. pneumoniae D39 were gener-
ated by insertion duplication mutagenesis as described in detail
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before (30). In brief, internal gene fragments amplified from
chromosomal DNA were ligated with the insertion vector
pJDC9 by standard DNA techniques (12). The insertion was
performed at position 547 of the 1,416-bp ply gene, position
605 of the 3,108-bp nanA gene, position 735 of the 2,094-bp
nanB gene, and position 534 of the 2,850-bp Ayl gene. Eryth-
romycin-resistant transformants were selected with 1 pg of
erythromycin/ml on Luria-Bertani agar containing 5% sheep
blood. Insertion was demonstrated by PCR analysis and DNA
sequencing. Functional deficiency of pneumolysin was con-
firmed by a hemolysis assay (4). The stability of mutants was
confirmed by PCR testing of spleen isolates. In vitro growth
rates were assessed in Todd-Hewitt broth supplemented with
yeast extract.
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FIG. 1. Clinical score of mice infected with the various strains (n =
11 each). S. pneumoniae D39 wild-type ((J), pneumolysin-deficient
(m), neuraminidase A-deficient (A), neuraminidase B-deficient (V),
and hyaluronidase-deficient (@) strains were used. Mice infected with
the pneumolysin-deficientstrainstayed clinically almost healthy through-
out the 36 h of the experiment and performed well in the tightrope test
as opposed to mice infected with the S. pneumoniae D39 wild type or
any of the other deficient strains. *, P < 0.05; #, P < 0.01; Kruskal-
Wallis test with Dunn’s multiple-comparison test. Error bars denote
25th and 75th percentiles.
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Model of meningitis. Three- to 5-month-old anesthetized
(ketamine [100 mg/kg of body weight] and xylazine [10 mg/kg])
C57BL/6 mice were infected with 25 pl of 0.9% NaCl contain-
ing 10* CFU of the respective strain in the right frontal lobe
(14). Mice were followed up at 12, 24, 32, and 36 h after
infection by weighing, tightrope test, and a clinical score (26) as
follows: appearing healthy (0); slightly lethargic (1); moder-
ately lethargic but able to walk (2); severely lethargic and
unable to walk (3); and dead (4). Mice with a clinical score of
3 were killed for ethical reasons. To determine in vivo growth
rates, 36 h after infection mice were sacrificed by decapitation
and blood was collected. The cerebellum and the ventral half
of the spleen were homogenized in 0.9% saline (1/10 [wt/wt])
for determination of bacterial titers. The remaining brain was
fixed in 4% paraformaldehyde. For a more detailed assessment
of neuronal damage, tissue samples from mice infected with
D39 wild-type and pneumolysin-deficient S. pneumoniae (n =
10 each) were perfused with phosphate-buffered saline and 4%
paraformaldehyde and were embedded in paraffin. One-mi-
crometer-thick coronary sections were stained with hematoxy-
lin and eosin. Brain sections were scored semiquantitatively for
inflammation and neuronal damage (14, 25). In a survival
experiment mice were infected with either D39 wild-type strain
or pneumolysin-deficient S. pneumoniae (n = 12 each). Ani-
mals were followed up at 8- to 12-h intervals for up to 14 days.
In animals that were dead or were killed when having a clinical
score of 3, blood bacterial titers were determined to ensure
that infection was the cause of death. Surviving animals were
killed after 14 days, and blood bacterial titers were determined
to assess whether they had cleared the infection.

Data were expressed as means * standard deviations if
normally distributed. Groups were compared by analysis of
variance (ANOVA) for independent samples followed by Dun-
nett’s multiple-comparison test when overall P was < 0.05.
In the absence of normal distribution, median and 25th and
75th percentiles were used. Then, groups were compared by
Kruskal-Wallis test, followed by Dunn’s multiple-comparison
post hoc analysis when overall P was < 0.05. For neuronal
damage scores data were compared by the Mann-Whitney U
test. For survival analysis, the log rank test based on a Kaplan-
Meier plot was used.

Not all mutant strains differed in their in vitro growth char-
acteristics from the D39 wild-type strain. All mice lost weight
during the course of meningitis. Although weight loss was least
in mice infected with the pneumolysin-deficient strain, the
differences were not significant between groups (32 h, P =
0.36; and 36 h, P = 0.10). Mice infected with the D39 wild-type
strain started to become lethargic 24 h after infection (Fig. 1).
At 32 h and 36 h animals infected with the pneumolysin-
deficient mutant were significantly less lethargic than animals
infected with the D39 wild-type strain (32 h, Kruskal-Wallis
test [P = 0.02] and Dunn’s multiple-comparison test [P <
0.05]; 36 h, P = 0.005; and posttest, P < 0.01 [Fig. 1]). The
tightrope test reflected the differences in clinical scores but did
not reach statistical significance due to the high variations in
test performance (32 h, P = 0.33; 36 h, P = 0.04; and posttest,
P > 0.05).

At 36 h, blood bacterial titers were almost 100 times lower in
the group infected with the pneumolysin-deficient mutant
(5.25 = 1.39 versus 7.23 = 1.67 log CFU/ml; ANOVA, P =
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FIG. 2. Bacterial titers in blood (A), cerebellar (B), and spleen
(C) homogenates in the D39 wild type and the various deficient strains
(n = 11 each). Ply, pneumolysin; NanA, neuraminidase A; NanB,
neuraminidase B; and Hyl, hyaluronidase. Only the pneumolysin-de-
ficient strain was significantly different from the D39 wild-type strain.
Error bars show standard deviations. *, P < 0.05; ANOVA with Dun-
nett’s multiple-comparison posttest.
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FIG. 3. Hematoxylin-and-eosin-stained brain sections show a meningeal infiltrate (arrowheads) with polymorphonuclear neutrophils in a
mouse infected with hyaluronidase-deficient pneumococci (A) and neuronal necrosis in the dentate gyrus of mice infected with pneumolysin-
deficient (B), and neuraminidase A-deficient (C), and neuraminidase B-deficient (D) pneumococci. Note the clusters of necrotic granular cells

(arrows). Scale bar, 50 wm.

0.02; and posttest, P < 0.05 [Fig. 2]). Cerebellar and spleen
bacterial titers were slightly but not significantly lower in mice
infected with pneumolysin-deficient pneumococci (D39 versus
pneumolysin-deficient mutant cerebellar titers, 7.21 = 0.70
versus 6.36 = 0.81 log CFU/ml; ANOVA, P = 0.04; post hoc
tests, P > 0.05; and spleen titers, 6.71 * 1.85 versus 5.65 * 1.12
log CFU/ml; ANOVA, P = 0.18 [Fig. 2]). Direct comparison
between cerebellar titers of mice infected with wild-type and
pneumolysin-deficient bacteria by ¢ test would result in a sta-
tistically significant difference (P = 0.015). Leukocyte recruit-
ment into the subarachnoid space was evident on brain slices in
all mice but again tended to be lower in the group infected with
the pneumolysin-deficient mutant (inflammation score median
[25th and 75th percentiles] for D39, 12 [4 and 17]; and for
pneumolysin-deficient mice, 6 [4 and 11] [P = 0.16] [Fig. 3A]).
Brain histology showed neuronal damage preferentially lo-
cated in the hippocampal formation and neocortex (Fig. 3B to
D). The neuronal damage score was not reduced in mice in-
fected with pneumolysin-deficient bacteria (overall neuronal
damage score median [25th and 75th percentiles] for D39, 4 [3
and 5]; and for pneumolysin-deficient bacteria, 3 [3 and 4.5] [P
= 0.53]).

In the survival experiment, all mice infected with D39 wild-
type bacteria died, whereas two mice infected with pneumoly-
sin-deficient bacteria survived and were able to clear infection.
Overall survival was significantly longer in the latter group
(P = 0.0005 [Fig. 4]). Blood bacterial titers at time of death did

not differ significantly between groups (8.34 * 1.38 versus
7.43 = 0.89 log CFU/ml; P = 0.09).

Pneumolysin-deficient pneumococci showed reduced viru-
lence in this murine model of meningitis. Despite relatively
high cerebellar bacterial titers, mice infected with this strain
showed little signs of disease at 36 h. This was accompanied by
a strongly reduced bacterial load in the blood, suggesting that
the effect of a lack of pneumolysin on the clinical picture may
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FIG. 4. Cumulative survival (Kaplan-Meier plots) of mice infected
with D39 wild-type ((J) and pneumolysin-deficient (m) S. pneumoniae
(n = 12 each). P < 0.0005 (log rank test).
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be in part due to the less severe sepsis. The differences in
cerebellar bacterial titers were less pronounced, just failing to
reach statistical significance due to the adjustment of P for
repeated testing. The probable reason is the immunocompro-
mised state of the central nervous system, where pneumolysin
may be less important for counteracting host defense.

Pneumolysin potentiates the proinflammatory activity of hu-
man neutrophils (13) and murine peritoneal macrophages
(10). Meningeal inflammation scores in brain slices were
slightly but not significantly reduced in these mice. Therefore,
not only the number but also the activity of leukocytes in
cerebrospinal fluid may be reduced in meningitis caused by
pneumolysin-deficient bacteria, contributing to the mild clini-
cal symptoms despite relatively high bacterial titers. The lack
of pneumolysin was expected to result in reduced neuronal
damage (11; A. K. Stringaris, F. Bergmann, J. Geisenhainer,
M. Bihr, and R. Nau, Abstr. 54th Annu. Meet. Am. Acad.
Neurol., abstr. P04.005, 2002). In our experiment the neuronal
damage scores obtained (14), however, did not differ between
groups. To detect minor differences, more sensitive modes
of quantification may be necessary. Also, animals were not
ill enough to produce serious damage. The median clinical
score in the control animals at 36 h was only 1 (slightly lethar-
gic). In accordance with this study, mice infected with pneu-
molysin-deficient strains of S. pneumoniae created by insertion-
duplication mutagenesis showed increased survival after
intranasal challenge, an increased 50% lethal dose after intra-
peritoneal inoculation, and reduced multiplication after intra-
venous injection compared to infection by the D39 wild-type
strain (8). After intraperitoneal challenge of mice with various
mutant strains of S. prneumoniae D39, Berry and Paton (7)
found reduced virulence only for strains carrying a deletion
mutation of pneumolysin, an insertion-duplication mutation of
pneumococcal surface protein A, or of autolysin genes. Inser-
tion-duplication mutations of neuraminidase A, hyaluronidase,
or the choline-binding protein A gene did not result in reduced
virulence. After intranasal inoculation there was a reduced
virulence of mutants for pneumolysin and pneumococcal sur-
face protein A (7).

Two main properties of pneumolysin are believed to be
involved in the pathogenesis of pneumococcal infection. First-
ly, it acts as a cytolysin (21, 24; Stringaris et al., Abstr. 54th
Annu. Meet. Am. Acad. Neurol.). Secondly, it exerts comple-
ment-binding properties (1, 2). The reduced virulence of pneu-
molysin-deficient strains of S. pneumoniae in the murine peri-
tonitis model appears to be linked to the cytolytic rather than
the complement-binding properties (5). The induction of ne-
crosis and apoptosis of neutrophilic granulocytes by pneumo-
lysin interferes with the host response during the early stage of
infection and promotes bacterial multiplication in vivo (29). In
the present experiments the low blood bacterial titers of pneu-
molysin-deficient bacteria could reflect a decreased or delayed
systemic spread and/or a higher clearance from the blood-
stream. A role for pneumolysin in systemic spread of pneumo-
cocci is supported by increased levels of antipneumolysin im-
munoglobulin G in nonbacteremic infections compared to low
levels in bacteremic pneumococcal infections (18).

The neuraminidases and hyaluronidase neither influenced
the clinical course of disease nor had any effect on systemic
bacterial spread and multiplication in our model. This is in
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agreement with the course of disease studied by using intra-
peritoneal infection (7). Similarly, neuraminidase A deficiency
had no effect on hearing loss and cochlear damage in experi-
mental meningitis in guinea pigs (27). The lack of effect of
neuraminidase A (or B) deficiency on virulence may be partly
explained by the compensatory action of neuraminidase B (or
A) and possibly of another, similar enzyme, neuraminidase C
(7). In confirmation of previous studies using intraperitoneal
infection (7), hyaluronidase deficiency had no impact on viru-
lence in our model. Our experiments do not, however, exclude
a role for these virulence factors in the crossing of the mucosal
or blood-brain barrier by pneumococci, an early pathogenetic
step that is bypassed by direct intracerebral infection. In an
infant mouse model of meningitis, addition of hyaluronidase to
the nasal inoculum was necessary to cause invasive disease
(28).

In conclusion, pneumolysin was the only virulence factor
investigated whose absence had an attenuating influence on
the clinical course after intracerebral infection. This effect may
be partly caused by the less severe sepsis in these mice.

This work was supported by the Deutsche Forschungsgemeinschaft
(grant no. Na 165/4-1).
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