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Streptococcus pneumoniae is a major cause of otitis media, pneumonia, meningitis, and septicemia in humans.
The host defense against this pathogen largely depends on bacterial killing by neutrophils. A peculiar property
of pneumococci is their tendency to undergo autolysis, i.e., autoinduced disruption of the bacterial cell wall
mediated by activation of the enzyme LytA, under stationary growth conditions. LytA is a virulence factor, but
the molecular background for this has not been fully clarified. Here we examine how bacterial compounds
released upon autolysis affect the production of reactive oxygen species (ROS) in neutrophils. We found that
the S. pneumoniae strains A17 and D39 induced activation of the NADPH oxidase and the production of ROS
in human neutrophils and that this activation was blocked when LytA was inactivated. The ROS-inducing
bacterial substance released from autolyzed bacteria was identified as the cytoplasmic toxin pneumolysin.
Further screening of clinical pneumococcal strains of various sero- and genotypes revealed that selected strains
expressing toxins with reduced pneumolysin-dependent hemolytic activity had decreased abilities to induce
ROS in neutrophils. Furthermore, a mutated form of purified pneumolysin lacking hemolytic and complement
binding functions (PdT) did not induce any oxygen radical production. The ROS produced in response to
pneumolysin formed mainly intracellularly, which may explain why this production was not detected previ-
ously. ROS released intracellularly may function as signaling molecules, modifying the function of neutrophils
in bacterial defense.

Streptococcus pneumoniae is a gram-positive bacterium that
may be found as a commensal of the human upper respiratory
tract. However, depending on host and bacterial factors not
fully understood, pneumococci may spread to the middle ear,
lung, or bloodstream and cause diseases such as otitis media,
pneumonia, meningitis, and septicemia. Its significance as a
pathogen can be illustrated by the fact that around 1 million
children per year in developing countries die from pneumo-
coccal diseases (47).

S. pneumoniae is regarded as a strictly extracellular pathogen
whose elimination depends on ingestion and decomposition by
phagocytes. These include alveolar and tissue-resident macro-
phages, as well as neutrophils recruited during the inflamma-
tory response. Accordingly, an important determinant of
pneumococcal pathogenicity is the thick and hydrophilic poly-
saccharide capsule, which impedes elimination by phagocytes
in the absence of capsule-specific antibodies.

Another potent pneumococcal virulence factor is pneumo-
lysin (PLY), which is an intracellular protein that exerts its
effects when released to the environment. PLY is toxic to a
range of cells and it has in addition various immunomodulatory
effects, such as induction of cytokine production and activation
of complement (12, 23, 32, 53). Other virulence factors include

cell wall components (peptidoglycan), pneumococcal surface
proteins A and C, and pneumococcal surface adhesin A (for a
review, see reference 27).

A peculiar property of S. pneumoniae is its tendency to
spontaneously undergo autolysis when reaching the stationary
phase of growth. This is mediated by enzymes called autolysins
(ALs), which, when activated, degrade the bacterial cell wall
peptidoglycan. The major AL is an N-acetyl-muramyl-L-ala-
nine amidase called LytA (31). Other ALs include LytB, in-
volved mainly in daughter cell separation after cell division
(25), and LytC, which has lysozyme activity at 30°C (26). Lysis
of pneumococci releases cell wall degradation products and
cytoplasmic components, including PLY, which may modu-
late the inflammatory reaction (8, 15, 16, 57). In several
animal studies, LytA has been shown to play a role in viru-
lence (5, 8, 14).

Neutrophils are regarded as the most important cell type for
eliminating invading pneumococci. Central to the antibacterial
activity of neutrophils is the oxidative burst that generates
reactive oxygen species (ROS) through an NADPH oxidase
system (55). ROS production starts when the NADPH oxidase
components are assembled to a functional multicomponent
electron transfer system on the cellular membrane surrounding
the cytoplasm or the phagosome. Depending on the membrane
onto which NADPH assembles, ROS may be produced intra-
cellularly, extracellularly, or both. ROS production can be
induced in response to interaction with microbial pathogen-
associated molecular patterns and is also triggered by phago-
cytosis (24, 55). The crucial role of a functional NADPH sys-
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tem and ROS production in antimicrobial defense is evident
from the observation that persons lacking functional NADPH
oxidases are prone to bacterial and fungal infections (55).
However, reactive oxygen products also damage the host’s own
cells and tissue components. Indeed, neutrophil-generated ox-
idants are at least partly responsible for the tissue destruction
associated with many microbial infections and inflammatory
diseases. A third, more recently discovered biological function
of ROS is that they act as intracellular and extracellular sig-
naling molecules, which may regulate the function of immune
cells (30, 33, 49), including the induction of apoptosis/necrosis
(42, 45).

The pathogenesis of pneumococcal diseases is characterized
by extensive cellular and tissue damage. For example, pneu-
mococci, together with beta-hemolytic streptococci, cause the
most aggressive form of otitis media and are overrepresented
in cases with rupture of the tympanic membranes (our unpub-
lished data). We hypothesized that pneumococcal autolysis, by
releasing microbial cell wall and cytosol components, would
induce deleterious activation of neutrophils and thereby con-
tribute to tissue damage. Thus, the capacities of pneumococci
capable or not capable of undergoing spontaneous autolysis to
cause neutrophil activation were determined, and compounds
released during spontaneous autolysis causing such activation
were identified. Our data show that PLY released from auto-
lyzed bacteria activates the neutrophil NADPH oxidase in a
manner targeting the release of ROS to an intracellular com-
partment. Thus, neutrophils are activated to release oxygen
species into vesicular compartments devoid of microbes, pos-
sibly accelerating the decay of the neutrophils.

MATERIALS AND METHODS

Bacterial strains. A list of the strains used in the present study can be found
in Table 1. The virulent strain S. pneumoniae D39 (D39 wild type [WT]) (NCTC
7466), its PLY-deficient mutant (D39 PLY�), and its AL-deficient mutant (D39
AL�) have been described previously (8, 11). Five isolates of S. pneumoniae
(A17, A6, A7, A22, and A24) were isolated at Lundby Hospital, Göteborg,
Sweden, from children with aggressive acute otitis media causing spontaneous
rupture of the tympanic membrane, and two pneumococcal strains were from the
University of Göteborg culture collection (CCUG 23261 and CCUG 33774).
Two clinical strains with low hemolytic activity, 56 (44) and 4496, were isolated

at Women’s and Children’s Hospital, North Adelaide, Australia. Bifidobacterium
dentium (CCUG 17360) was used as a control for the induction of oxygen
radicals after the addition of choline to the growth medium.

The pneumococcal isolates were serotyped by standard methods. Selected
strains were also analyzed by multilocus sequence typing (MLST). MLST was
performed as previously described (21). In brief, internal fragments of the aroE,
gdh, gki, recP, spi, xpt, and ddl genes were amplified by PCR directly from the
bacteria by use of the primer pairs indicated at the website http://spneumoniae
.mlst.net/misc/info.asp#experimental. Sequences were obtained for both DNA
strands by use of an ABI 3730xl DNA analyzer. Alleles from the MLST website
(http://spneumoniae.mlst.net) were downloaded for alignment analyses and se-
quence type determination.

Culture and preparation of bacteria. Bacteria were cultured for 12 to 14 h in
Todd-Hewitt broth supplemented with 0.5% yeast extract in the presence or
absence of 2% choline chloride (Substrate Department, Clinical Bacteriology
Laboratory, Sahlgrenska University Hospital). Choline binds to the AL LytA,
preventing its anchoring to choline residues within the cell wall. Thus, pneumo-
cocci that are cultivated with choline do not autolyze (13, 29). After growth to
late log phase, the bacteria were washed twice and suspended in Dulbecco’s
endotoxin-free phosphate-buffered saline (PBS) (PAA Laboratories, Linz, Aus-
tria) with or without 1% sterile filtered choline chloride. The optical density at
580 nm was adjusted to 0.87, corresponding to 7 � 108 bacteria/ml, as deter-
mined by counting in the microscope. The bacteria were inactivated by exposure
to UV light for 18 min, and inactivation was confirmed by a negative viable count.
The UV-killed bacteria were frozen at �70°C until being used in the experi-
ments.

The thawed bacterial preparations were analyzed for remaining intact bacteria
by determination of optical density and examination in the microscope. The
LytA-negative mutant D39 AL� and the strains grown in the presence of choline
were only slightly reduced in numbers (�90% bacteria remaining intact),
whereas AL-positive strains grown in the absence of choline contained only 10 to
20% of the initial numbers of intact bacteria. In all stimulations, the bacterial
concentrations used were based on the numbers of bacteria in the original
preparation, before autolysis took place. Thus, the AL-positive strains contained
approximately one-fifth of this concentration in the form of intact bacteria, while
the rest was in the form of fragmented bacteria.

To separate and analyze the factors released by autolysis, bacteria were cen-
trifuged at 13,000 � g for 10 min at 4°C, whereafter the supernatant was collected
and the pellet resuspended in an equal volume of PBS. The supernatant was
heated to 56°C for 1 h or treated for 1 h at 37°C with trypsin (0.2 to 20 �g/ml;
Sigma) or lysozyme (15 mg/ml; Sigma).

SDS-polyacrylamide gel electrophoresis (PAGE) and Western blotting. The
preparations of S. pneumoniae (prepared as described above) were centrifuged
(13,000 � g, 10 min, 4°C) and the supernatant was collected. In some experi-
ments, the bacterial cells in the pneumococcal preparations were disrupted by
glass beads (106 �m and finer; G-4649; Sigma) as described by van de Guchte et
al. (58). The cell-free supernatant was collected and the proteins were separated
on 12% sodium dodecyl sulfate (SDS)-polyacrylamide gels and transferred onto
nitrocellulose membranes. Purified PLY was used as a size marker. The blots
were blocked with 5% bovine serum albumin, stained with a 1:5,000 dilution of
primary mouse anti-PLY antibody (NCL-SPNm; Novocastra, United Kingdom),
and detected with a 1:7,500 dilution of alcalic phosphatase-conjugated anti-
mouse secondary antibody (S372B; Promega, Wisconsin). The filters were de-
veloped by the Nitro Blue Tetrazolium-BCIP (5-bromo-4-chloro-3-indolylphos-
phate) (Promega) color reaction.

PLY preparations. Native PLY (59) and PdT, a modified PLY in which three
amino acids have been substituted (Asp3853 Asn, Cys4283 Gly, and Trp4333
Phe), leading to the abolition of cytolytic and complement-activating abilities,
were purified as described previously (1). The specific activity of purified native
PLY was 500,000 hemolytic units (HU) per mg of protein (52). One HU/milliliter
lyses 50% of a 1% suspension of human erythrocytes in 30 min at 37°C.

Isolation of neutrophils. Neutrophils were isolated from blood donor buffy
coats (blood bank, Sahlgrenska University Hospital). After dextran sedimenta-
tion and density gradient centrifugation (Lymphoprep; Axis-Shield, Norway) for
20 min at 400 � g at room temperature, the neutrophils were washed and
remaining red blood cells were lysed in distilled H2O. Finally, the cells were
resuspended in Krebs-Ringer phosphate buffer (KRG, pH 7.3) containing glu-
cose (10 mM), Ca2� (1 mM), and Mg2� (1.5 mM); kept on ice; and used for
experiments within 6 h.

Measurement of NADPH oxidase activity. NADPH oxidase activity was de-
termined using isoluminol/luminol and chemiluminescence systems that allow
determination of both extracellularly and intracellularly released ROS (20). The
chemiluminescence activity was measured in a six-channel Biolumat LB 9505

TABLE 1. Serotype, sequence type, and ROS-inducing abilities of
nine clinical S. pneumoniae isolates, D39 WT, and D39

AL- and PLY-deficient mutants

Strain Serotype STa Reference or source ROSmax
(Mcpm)b

D39 WT 2 128 59 17 � 5.3
D39 AL� 2 128 8 3.2 � 0.8
D39 PLY� 2 128 11 2.1 � 1.4
A17 14 124 Otitis media patient 20 � 4.8
A6 19F ND Otitis media patient 13 � 3.3
A7 9V ND Otitis media patient 11 � 1.3
A22 6A 481 Otitis media patient 16 � 5.8
A24 14 ND Otitis media patient 19 � 4.0
23261 11A 62 CCUG 17 � 2.8
33774 5 ND CCUG 12 � 1.1
56 8 ND 44 1.8 � 1.3
4496 1 3018 Women’s and Children’s

Hospital, North Adelaide
4.0 � 2.0

a ST, sequence type. ND, not determined.
b Values are means � standard deviations (three to five samples per group) for

peak values of ROS produced by neutrophils in response to 50 �l of bacterial
suspensions. (The suspensions contained 7 � 108 bacteria/ml before autolysis.)
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apparatus (Berthold Co., Wildbad, Germany) by use of disposable 4-ml polypro-
pylene tubes with a 1-ml reaction mixture containing 5 � 105 neutrophils. For
measuring total ROS, 2 U horseradish peroxidase (a cell-impermeable peroxi-
dase) (Boehringer Mannheim, Mannheim, Germany) and luminol (2 � 10�5 M;
a cell-permeable luminescence substrate) were used. The tubes were equilibrated
in the Biolumat apparatus for 5 min at 37°C, after which time the stimulus (50 to
100 �l) was added. The light emission was recorded continuously.

For measurements of intracellular ROS alone, extracellular radicals were
scavenged by superoxide dismutase (200 U/ml) and catalase (2000 U/ml), which
were added to the reaction mixture before stimulation. To measure only extra-
cellular radicals, the non-membrane-permeable luminescence amplifier isolumi-
nol (2 � 10�5 M) was used instead of luminol.

Inhibition of PLY activity by cholesterol. Cholesterol inactivation experiments
were performed in a manner similar to that described by Iliev et al. (34).
Supernatant from autolyzed bacteria (3.5 � 109 bacteria/ml before autolysis) was
mixed with cholesterol (Sigma) at concentrations of up to 500 ng/ml at 37°C for
20 min. Purified PLY (5 �g/ml) and N-formyl-methionyl-leucyl (fMLF) (5 �
10�6 M) were also treated with 2.5 �g/ml of cholesterol at 37°C for 20 min. At
the end of incubation, all samples were diluted 1/5 in PBS, and 50-�l portions
were used directly to trigger neutrophils.

Measurements of intracellular Ca2� mobilization. Neutrophils were sus-
pended at 2 � 107 cells/ml in KRG without calcium containing 0.1% bovine
serum albumin and loaded with 2 �M Fura-2/AM (Molecular Probes, Inc.,
Eugene, OR) for 30 min at room temperature. The cells were washed twice at
ambient room temperature and resuspended in KRG containing calcium. Ali-
quots of neutrophils, at a final concentration of 2 � 106 cells/ml, were dispensed
into cuvettes maintained at 37°C and equipped with a stirring device. After 5 min
of equilibration at 37°C, stimulus (50 �l) was added and the Fura-2/AM fluo-
rescence was monitored using a LC50 fluorescence spectrophotometer (LS50B;
Perkin Elmer, Wellesley, MA). Fura-2/AM was excited with light of dual wave-
lengths (340 and 380 nm) and monitored for emission at 510 nm. Data are
presented as the 340-nm/380-nm ratio. To calibrate the system, Triton X-100
(0.04% final concentration) was added to disrupt cells. Fluorescence was then
determined in 1 mM free calcium, whereafter EGTA (5 mM final concentration)
together with Tris-HCl (30 mM; pH 8.7) was added and fluorescence was de-
termined at a low (�1 nM) level of free calcium. To determine if the increase in
cytosolic Ca2� was due to an influx over the plasma membrane or a release from
intracellular stores, experiments were conducted in the presence of EGTA,
which was added to a final concentration of 3 mM 20 s prior to the addition of
stimulus.

Tests of viability and functional capacity of neutrophils. To measure the
viability of neutrophils after 30 min of incubation with purified PLY or pneu-
mococcal components, the cells were washed once with PBS, whereafter the
nucleic acid dye 7-amino-actinomycin D (BD Pharmingen) was added. The cells
were analyzed by flow cytometry (Becton Dickinson FACScan equipped with
FlowJo software).

To measure remaining functional capacity, neutrophils were incubated with
native PLY or with PdT for 30 min at 37°C, after which the cells were stimulated
with the chemotactic peptide fMLF (10�7 M) (Sigma) or the phorbol ester
phorbol myristate acetate (PMA) (5 � 10�8 M) (Sigma), and ROS production
was determined as described above.

RESULTS

The autolytic S. pneumoniae strain A17 produces soluble
neutrophil-activating compounds in stationary phase. The
clinical S. pneumoniae isolate A17 was cultured in broth for
14 h to reach stationary phase, and the entire bacterial culture,
containing intact as well as autolyzed cells, was added to hu-
man blood donor neutrophils. The bacterial suspension dose-
dependently activated neutrophils to produce superoxide an-
ions (Fig. 1). The response in neutrophils was not immediate
but occurred after around 1 min and reached a maximum after
about 5 to 10 min.

Following centrifugation (13,000 � g, 10 min), the ability to
trigger the neutrophil NADPH oxidase remained in the super-
natant (Fig. 1, inset), suggesting that the active material was
soluble and released from bacteria.

A fraction of S. pneumoniae spontaneously autolyzes when

reaching the stationary phase by activation of peptidoglycan-
degrading enzymes called ALs, the dominant one being LytA
(31). To determine the role of spontaneous autolysis for the
release of the neutrophil-activating compound, S. pneumoniae
A17 was cultured in the presence or absence of choline, an
inhibitor of AL action (13, 29). When pneumococci were cul-
tivated and prepared in the presence of choline, the bacterial
suspension contained no neutrophil-activating activity (Fig. 1).
As a control for an effect of choline on neutrophil viability or
activation, Bifidobacterium dentium, which, like S. pneumoniae,
is gram positive and a potent inducer of ROS in our system,
was cultivated in the presence or absence of choline and used
to stimulate neutrophils. The presence of choline did not affect
the ability of B. dentium to induce NADPH oxidase activation
(data not shown). Furthermore, the addition of choline to
bacteria after culture did not impede their capacity to generate
ROS (data not shown).

Ability to activate the neutrophil NADPH oxidase is dimin-
ished in a LytA-deficient strain of S. pneumoniae. We next
compared the NADPH oxidase-activating abilities of a LytA-
deficient pneumococcal strain and its otherwise isogenic WT
control. Whereas S. pneumoniae D39 WT induced a chemilu-
minescence response, its AL-deficient mutant, S. pneumoniae
D39 AL�, was much less active (Fig. 2A). Although LytA has
been knocked out, the D39 AL� strain contains a functional
minor AL, LytC, which is enzymatically active at 30°C (26). We
incubated LytA-deficient bacteria at 30°C for 1 h prior to the
stimulation of neutrophils. This treatment increased the capac-
ity of the AL� mutant to induce a chemiluminescence re-
sponse (Fig. 2A).

Basic characterization of the pneumococcal component re-
sponsible for activation of the neutrophil NADPH oxidase. In

FIG. 1. A soluble factor in a bacterial suspension of S. pneumoniae
A17 induces activation of the neutrophil NADPH oxidase. Neutrophils
(5 � 105/ml) were preincubated at 37°C for 5 min, and then, at time
zero, 50-�l portions of diluted and undiluted suspensions of S. pneu-
moniae A17 (the undiluted suspension contained 7 � 108 bacteria/ml
before autolysis took place; see Materials and Methods), grown in the
absence (CC�) or presence (CC�) of the autolysis inhibitor choline,
were added. ROS production was measured and the time course of the
response determined. Data from a representative experiment are
shown (n � 5). (Inset) The bacterial suspension of S. pneumoniae A17
grown in the absence of choline was separated into soluble and par-
ticulate fractions by centrifugation (13,000 � g, 10 min). Neutrophils
were stimulated with the soluble and particulate fractions, and ROS
production was measured. The curves are from a representative ex-
periment (n � 5).
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order to characterize the NADPH oxidase-activating factor
released during pneumococcal autolysis, we treated the super-
natant of S. pneumoniae A17 with heat or degrading enzymes.
Treatment of pneumococcal supernatant with heat (56°C for
30 min) or trypsin (20 �g/ml, 37°C, 1 h) completely abrogated
its ability to activate neutrophils, whereas treatment with ly-
sozyme (15 mg/ml, 37°C, 1 h), which degrades peptidoglycan
components, had no effect on the chemiluminescence response
(data not shown).

PLY as the activator of the neutrophil NADPH oxidase. We
hypothesized that PLY was the neutrophil-activating protein-
aceous factor released during the growth of AL-positive pneu-
mococci, since it is an intracellular toxin known to be released
during autolysis (12). We tested the capacity of a PLY-defi-
cient strain of S. pneumoniae, D39 PLY� (which still has an
intact AL), to activate the neutrophil NADPH oxidase. Prep-
arations of D39 PLY� bacteria lacked neutrophil-stimulating
activity, regardless of whether they were grown in the presence
or absence of choline (Fig. 2B).

To verify the presence of PLY in the NADPH oxidase-
activating pneumococcal preparations, Western blotting was
performed. The supernatants of S. pneumoniae A17, of D39
WT, and of the AL- and PLY-deficient variants of D39 were
subjected to SDS-PAGE, blotted onto nitrocellulose mem-
branes, and probed with a PLY-specific antibody. As shown in
Fig. 2C, PLY was present in the supernatants of A17 and D39
WT, whereas only a weak band was visible for the blotted
culture supernatant of D39 AL�, and, as expected, no PLY

was detected in supernatant from D39 PLY�. After the dis-
ruption of bacterial membranes with glass beads (see Materials
and Methods), PLY was also detected in the supernatant orig-
inating from D39 AL� bacteria (Fig. 2C).

Next, highly purified PLY was added to neutrophils and the
chemiluminescence response was monitored. Indeed, PLY was
highly effective in inducing neutrophil NADPH oxidase acti-
vation, and concentrations down to 1 ng/ml (representing 0.5
HU/ml) induced measurable responses (Fig. 3). Optimal con-
centration was determined using twofold dilutions of purified
PLY, starting with 1,000 ng/ml. A maximal response, of a
magnitude comparable to that induced by the phorbol ester
PMA, was seen at a concentration of 50 to 100 ng/ml of PLY,
whereas the response was reduced at higher concentrations
(Fig. 3). High concentrations of PLY also compromised cell
viability (Fig. 3, inset).

Cholesterol binding and cytolytic activities of PLY are re-
quired for NADPH oxidase activation. PLY binds to choles-
terol in eukaryotic cell membranes and can, when present in
high concentrations, form membrane pores. The addition of
cholesterol to the neutrophil-activating supernatant of S. pneu-
moniae A17 dose-dependently inhibited the ability of the su-
pernatant to activate the neutrophil oxidase. A concentration
of 500 ng cholesterol/ml completely blocked the activity (Fig.
4). Purified PLY was also incubated with cholesterol, and,
similarly, its NADPH oxidase-activating ability was completely
abrogated (Fig. 4, inset). In control experiments, cholesterol
was found to be without effect when the chemoattractant fMLF

FIG. 2. LytA-deficient and PLY-deficient strains of S. pneumoniae induce less activation of the neutrophil NADPH oxidase. (A) Neutrophils
were stimulated with 50 �l of undiluted bacterial suspensions of S. pneumoniae D39 WT or its LytA-deficient mutant (D39 AL�), and the time
course of ROS production was determined. One of the curves shows ROS production in response to 50 �l of a suspension of D39 AL� after
preincubation at 30°C for 1 h, allowing LytC-dependent autolysis to take place. Data from a representative experiment are shown (n � 3). (B) The
kinetics of ROS production from neutrophils stimulated with 50-�l bacterial suspensions of S. pneumoniae D39 WT and its PLY-deficient mutant
(D39 PLY�) grown in the absence (CC�) or presence (CC�) of choline are shown. The curves are from a representative experiment (n � 6).
(C) The proteins in supernatants of nontreated or glass-bead-disrupted bacterial suspensions of S. pneumoniae A17, D39 WT, D39 AL�, and D39
PLY� were separated by SDS-PAGE and blotted onto nitrocellulose membranes. The presence of PLY was detected as described in Materials
and Methods. The experiment was repeated twice with similar results. Sup, supernant.
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replaced PLY as the neutrophil-activating agonist (Fig. 4,
inset).

PdT, a modified PLY in which three amino acids have been
substituted (Asp3853 Asn, Cys4283 Gly, and Trp4333 Phe),
lacks both the cytolytic activity and the ability to activate the
complement system (1, 6). We tested this mutated PLY in our
system and found that it did not induce any NADPH oxidase
activity at concentrations of up to 100 ng/ml when incubated
with neutrophils (Fig. 6, inset).

Capacities to induce a neutrophil respiratory burst among
clinical S. pneumoniae strains. Though PLY is present in vir-
tually all virulent strains of S. pneumoniae, its specific activity
has been shown to vary (35, 41, 44). To study variations in
oxidative responses to pneumococcal strains, neutrophils were
stimulated with nine clinical isolates of various sero- and ge-
notypes. The nine clinical isolates all expressed PLY, as veri-
fied by Western blotting (data not shown). Seven of the isolates
induced significant levels of superoxide production when
grown to allow autolysis (mean of ROSmax varying between 11
and 20 Mcpm) (Table 1 and Fig. 5). The presence of choline
during bacterial growth strongly reduced the ROS production
induced by the different isolates (data not shown), suggesting a
role for the AL.

Two of the clinical isolates, 56 and 4496, did not induce
significant amounts of ROS from neutrophils (Table 1 and Fig.
5). S. pneumoniae 56 is of serotype 8 and has previously been
shown to produce a PLY with low hemolytic activity (6.8 � 104

HU/mg versus 1.2 � 106 HU/mg for native PLY), due to an
amino acid substitution (Thr1723 Ile) (44). The 4496 strain is
of serotype 1 with the novel MLST type 3018, and it produces
a low-hemolytic-activity PLY due to the presence of the same
Thr172 3 Ile substitution (J. C. Paton, unpublished data).

The NADPH oxidase activity induced by PLY is localized
mainly in an intracellular compartment. Activation of neutro-
phils may induce assembly of the NADPH oxidase in the
plasma membrane and/or in membranes lining intracellular
compartments, such as specific and azurophilic granules (for a
review, see reference 38). To examine the localization of the
oxidants generated in response to PLY, we employed the lu-
minol/isoluminol method to discriminate between intra- and
extracellularly generated superoxide (20). Stimulation of neu-
trophils revealed that PLY induced a low level of secreted
superoxide but that the major fraction was generated intracel-
lularly (Fig. 6).

PLY induces an influx in neutrophils of extracellular Ca2�

that is required for activation of the NADPH oxidase activity.
A large number of physiological, as well as synthetic, agonists

FIG. 3. Purified PLY is a strong activator of the NADPH oxidase.
Neutrophils were stimulated with various concentrations of highly pu-
rified PLY and the kinetics of the NADPH oxidative response were
measured. Data are from a representative experiment (n � 3). (Inset)
Neutrophils (5 � 105/ml) were incubated at 37°C for 30 min with
various concentrations of native PLY, PdT, or 50 �l of undiluted S.
pneumoniae A17 suspension. After being washed, the cells were
stained with 7-amino-actinomycin D and the numbers of viable neu-
trophils were determined by flow cytometry. The experiment was per-
formed on neutrophils from three blood donors and data show the
average numbers of viable cells (� standard deviations) after the
various stimulations. S. pneum, S. pneumoniae.

FIG. 4. Soluble cholesterol inhibits the pneumococcal component
stimulating ROS production. The supernatant of S. pneumoniae A17
was treated with 500 ng/ml of soluble cholesterol at 37°C for 20 min
(see Materials and Methods). Neutrophils were stimulated with the
cholesterol-treated supernatants and the NADPH oxidase response
was measured. Data show a representative experiment (n � 2). (Inset)
Purified PLY was incubated with 2.5 �g/ml of cholesterol at 37°C for
20 min and used to stimulate neutrophils (the response to 50 ng/ml of
PLY with or without cholesterol incubation is shown). In control ex-
periments, NADPH oxidase activation in response to fMLF with or
without preincubation with cholesterol was tested. Data show the time
course of NADPH oxidase activation for a representative experiment
(n � 2).

FIG. 5. Capacities to induce a neutrophil respiratory burst among
clinical pneumococcal strains. Neutrophils from three blood donors
were stimulated with 50 �l of bacterial suspension from nine clinical
isolates of S. pneumoniae (otitis media strains A17, A6, A7, A22, and
A24; CCUG strains 23261 and 33774; and low-PLY strains 56 and
4496), and the NADPH oxidase response over 15 min was measured.
The curves are for a neutrophil sample from a representative blood
donor (n � 3).
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induce a transient rise in the concentration of free calcium
[Ca2�] in neutrophils. This rise occurs in two phases: a rapid
increase in the cytosolic (intracellular) calcium concentration
([Ca2�]i), which is achieved when the intracellular storage or-
ganelles are emptied, and a slower but more sustained increase
in [Ca2�]i, which comes about when ion channels in the plasma
membrane are opened (4, 7). Whereas the presence of Ca2� in
the extracellular milieu is required for the increase linked to an
influx over the membrane, the [Ca2�]i increase originating
from the emptying of intracellular stores occurs independently
of extracellular Ca2�. Stimulation of neutrophils with native
PLY but not cytolytically deficient PLY (PdT) induced a rise in
[Ca2�]i (Fig. 7A), and this rise was dependent on the presence
of extracellular Ca2� (Fig. 7B). Similar results were also ob-
tained after stimulation with S. pneumoniae A17 and D39 su-
pernatant (data not shown). Moreover, PLY-induced neutro-
phil NADPH oxidase activity was abolished in Ca2�-free
medium (Fig. 7B, inset), whereas 30% of PMA-induced ROS
production remained in Ca2�-free medium (data not shown).

PLY pretreatment primes neutrophils for subsequent stim-
ulation with fMLF and inhibits subsequent stimulation with
PMA. We asked whether interaction with PLY would alter the
functional response of neutrophils to subsequent stimulation
with unrelated stimuli. Neutrophils were preincubated (30 min
at 37°C) with native PLY (50 ng/ml) or, as a control, with PdT;
thereafter, they were stimulated with the chemotactic peptide
fMLF or the phorbol ester PMA, and the induced oxidative
responses were recorded. Figure 8 shows that the response to
fMLF was sustained over a very long period of time in neu-
trophils that had been pretreated with PLY compared to what
was found for PdT-treated neutrophils. In contrast, the subse-
quent response to PMA was strongly reduced in neutrophils
pretreated with PLY (Fig. 8, inset).

DISCUSSION

PLY is an important virulence factor of S. pneumoniae, since
mutants lacking PLY are strikingly less virulent than WT

strains in mouse infection models (11, 54). Furthermore, the
injection of purified PLY into laboratory animals causes many
symptoms that mimic those of pneumococcal diseases (48, 54).
PLY is a pore-forming toxin which, when present in high con-
centrations, can lyse any cell membrane provided that it con-
tains cholesterol. This property makes it toxic to various cell
types, but also in sublytic concentrations PLY has been shown
to exert a number of effects on host systems, including inhibi-
tion of ciliary beating (22), induction of cytokine production
(32), and activation of complement (53). We now add that
PLY in sublytic concentrations and released by autolyzed
pneumococci induces the activation of the NADPH oxidase in
human neutrophils and that the ROS are produced into an
intracellular compartment rather than being released extracel-
lularly.

S. pneumoniae expressing PLY with defined mutations that
affect cytolytic and complement-activating properties have re-
duced virulence compared to that of WT pneumococci (9, 10,
37). Though the amino acid sequence of PLY had been
thought to be well conserved throughout pneumococcal sero-
types (46), it has lately become clear that some clinical isolates

FIG. 6. PLY induces intracellular production of ROS. Neutrophils
were stimulated with PLY (50 ng/ml), and intra- and extracellularly
generated superoxides were measured separately (see Materials and
Methods). The curves show the kinetics of a representative experiment
(n � 4). (Inset) Neutrophils were stimulated with native PLY or PdT
in concentrations of up to 100 ng/ml. Data from a representative
experiment are shown (n � 5).

FIG. 7. PLY induces neutrophil influx of extracellular Ca2�, which
is required to induce NADPH oxidase activation. Neutrophils (2 �
106/ml) loaded with the Ca2�-binding fluorescent dye Fura-2/AM were
stimulated with native PLY or PdT (50 ng/ml) and the induced changes
in [Ca2�]i were determined over 20 min. (A) [Ca2�]i changes in Ca2�-
containing medium. (B) Results obtained for Ca2�-free medium (with
EGTA added at the start of the experiment). The curves show the
340-nm/380-nm ratio and are from a representative experiment (n �
2). (Inset) Neutrophil NADPH oxidase activity in response to PLY (50
ng/ml) in Ca2�-free medium was measured. Data are from a repre-
sentative experiment (n � 4). FL, fluorescence.
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bear mutations in their PLY genes (28, 35, 41, 44). Some of
these mutations affect the hemolytic activity of PLY and are
most commonly found in isolates of serotypes 1 and 8 (35, 41,
44). We tested the abilities of nine clinical strains, including
one isolate each of serotype 1 and 8 with low hemolytic activity,
to induce ROS production from neutrophils. Seven of the
tested clinical strains of S. pneumoniae produced PLY in con-
centrations high enough to induce the activation of the
NADPH oxidase without causing considerable toxicity to the
neutrophils. Release of PLY from bacterial cells during autol-
ysis was a prerequisite for the stimulation of the NADPH
oxidase, since suspensions of autolyzed, but not of intact, pneu-
mococci induced the production of ROS from neutrophils.
This is in accordance with previous data demonstrating that
PLY is expressed intracellularly and released mainly during
bacterial autolysis mediated by breakdown of the peptidogly-
can layer by activated ALs (12). Further, the two clinical strains
producing PLYs with low hemolytic activity (isolates 4496 and
56, of serotypes 1 and 8, respectively) did not induce significant
levels of ROS. Thus, hemolytic activity appeared to be re-
quired for the activation of the neutrophil NADPH oxidase.
Accordingly, cholesterol binding (which is a prerequisite for
pore formation) was required for the induction of oxygen rad-
icals, and a mutant form of PLY lacking hemolytic and com-
plement-activating abilities, PdT, did not induce ROS produc-
tion.

Activation of the NADPH oxidase in neutrophils is tightly
regulated. The dormant NADPH oxidase consists of separate
components distributed in the cytosol and in the cellular mem-
branes. Upon activation, the cytosolic proteins translocate to
membrane-bound cytochrome b and form a functional electron
transfer system which catalyzes the reduction of molecular
oxygen to superoxide ions. If the NADPH oxidase is assembled
at the plasma membrane, ROS are produced extracellularly,
whereas assembly at the membrane of an intracellular or-
ganelle results in superoxide ions being released into that com-
partment, e.g., into a granule or a phagosome. Using a tech-

nique able to discriminate between superoxide produced
intracellularly and that produced extracellularly, we could
show that PLY mainly induced intracellular production of su-
peroxide. Previous studies have reported that PLY does not
induce activation of the NADPH oxidase (17, 51). However,
the techniques used in these earlier investigations allowed
measurements only of extracellular ROS and were also less
sensitive, which could explain the discrepancy with the data
presented here. In fact, our data show that the stimulatory
capacity of optimal doses of PLY equaled that of PMA, one of
the most potent inducers of ROS known.

Through the use of techniques allowing discrimination be-
tween intracellular and extracellular ROS (for a review, see
references 20 and 40), it has become increasingly evident that
different stimuli may favor either type of reaction. For exam-
ple, signals triggered through the seven-transmembrane G-
protein-linked chemoattractant receptors generate an assem-
bly of the NADPH oxidase primarily in the plasma membrane,
and, as a consequence, an extracellular release of superoxide
anions (24). On the other hand, stimulation of neutrophils with
lactose binding lectins, termed galectins, results in both extra-
cellular release of ROS and activation of an intracellular (spe-
cific-granule-localized) pool of the oxidase, generating oxygen
radicals retained by the cells (2, 3, 39). An intracellular local-
ization of the formed oxygen metabolites without the forma-
tion of a classical phagosome/phagolysosome is apparent also
when the oxidase is activated through the triggering of com-
plement receptor 3 (56).

The intracellular signaling pathways leading to an assembly
of the oxidase have not been clearly elucidated. It is clear,
however, that an increase in intracellular calcium concentra-
tion is a signal sufficient to activate the granule-localized
NADPH oxidase but not that of the plasma membrane (18,
19). We here demonstrate that PLY stimulation results in a
flux of extracellular Ca2� into neutrophils, a phenomenon
which has been shown previously (17), but also that the pro-
duction of ROS is completely dependent on this influx. Thus,
our data suggest that the interaction of PLY with cholesterol in
the plasma membrane of neutrophils allows the entry of cal-
cium ions, leading to an intracellular assembly and activation
of the NADPH oxidase. This occurred at concentrations (5 to
50 ng/ml) lower than the concentrations causing pore forma-
tion and cell lysis (approximately 10 �g/ml [50]).

In a situation optimal for the host, ROS should be delivered
to the phagosome containing the invading microbe, aiding its
eradication. However, S. pneumoniae clearly generated ROS
production internally in neutrophils that had not phagocytosed
any pneumococci, as cell-free supernatant induced ROS pro-
duction but bacterium-containing pellet did not. Pneumococci
are notorious for their ability to withstand phagocytosis, due to
their thick and hydrophilic capsule. Our results suggest that
PLY, released by autolysis, could help pneumococci to circum-
vent the phagocyte defense. After the PLY-induced respiratory
burst, the functional response of the neutrophils to subsequent
stimuli was altered. The response to PMA was strongly re-
duced, as reported previously (51). However, the neutrophils
were not killed, as they were able to respond to fMLF. The
ROS production to this second stimulus was as high as, and
actually more sustained than, the response to fMLF seen for
nontreated control neutrophils. This is also in accordance with

FIG. 8. Priming or inhibiting effects of PLY pretreatment depend
on the nature of subsequent stimuli. Neutrophils were primed with
native PLY or PdT (50 ng/ml) for 30 min at 37°C. The cells were then
activated with fMLF (10�7 M) or PMA (5 � 10�7 M) (inset) and ROS
production was determined. The figure shows the kinetics of represen-
tative experiments (n � 3). extracell., extracellular; intracell., intracel-
lular.
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results presented by others (17). The fMLF receptor signals via
heterotrimeric G-proteins, and the signaling is terminated af-
ter association of the ligand-receptor complex to the cytoskel-
eton (36). The rise in intracellular Ca2�, triggered by PLY,
may reduce the binding of the receptor-ligand complexes with
the cytoskeleton (43) and thereby permit a prolonged oxidative
response to fMLF. The fact that PLY, in concentrations as low
as 1 ng/ml, inhibits both neutrophil chemotaxis and the killing
of opsonized pneumococci (51) could also relate to its capacity
to disturb cytoskeletal function.

As mentioned previously, pneumococcal diseases are often
coupled to extensive cellular and tissue damage. Inflammatory
cells are gradually accumulated in infected tissues, when neu-
trophils are recruited by chemoattractants generated by the
invading microbe and stationary innate immune cells. The exu-
dated inflammatory cells will meet increasing concentrations of
pneumococcal components, including PLY, released from au-
tolyzed bacteria in the infected tissue. Before reaching the
viable bacteria that should be ingested and killed, the bacteri-
cidal mechanisms of the neutrophils may be diverted through
activation of the neutrophil NADPH oxidase and the intracel-
lular release of ROS. A sustained NADPH oxidase response to
another bacterial component, fMLF, may further activate the
neutrophils in vain, thereby leading to extracellularly released
ROS, contributing to extensive tissue damage.
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