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Abstract

Streptococcus pneumoniae is one of the most common etio-
logic agents of community-acquired pneumonia, particu-
larly bacteremic pneumonia. Pneumolysin, a multifunc-
tional cytotoxin, is a putative virulence factor for S. pneu-
moniae; however, a direct role for pneumolysin in the early
pathogenesis of pneumococcal pneumonia has not been con-
firmed in vivo. Wecompared the growth of a pneumolysin-
deficient (PLY[ - ]) type 2 S. pneumoniae strain with its
isogenic wild-type strain (PLY [ + ]) after direct endotra-
cheal instillation of bacteria into murine lungs. Compared
with PLY(-) bacteria, infection with PLY( +) bacteria pro-
duced greater injury to the alveolar-capillary barrier, as
assayed by albumin concentrations in alveolar lavage, and
substantially greater numbers of PLY( +) bacteria were re-
covered in alveolar lavages and lung homogenates at 3 and
6 h after infection. The presence of pneumolysin also con-
tributed to the development of bacteremia, which was de-
tected at 3 h after intratracheal instillation of PLY( +) bac-
teria.

The direct effects of pneumolysin on lung injury and on
the ability of pneumococci to evade local lung defenses was
confirmed by addition of purified recombinant pneumolysin
to inocula of PLY( -) pneumococci, which promoted growth
of PLY( - ) bacteria in the lung to levels comparable to those
seen with the PLY( +) strain. Wefurther demonstrated the
contributions of both the cytolytic and the complement-acti-
vating properties of pneumolysin on enhanced bacterial
growth in murine lungs using genetically modified pneumo-
lysin congeners and genetically complement-deficient mice.

Thus, pneumolysin facilitates intraalveolar replication
of pneumococci, penetration of bacteria from alveoli into
the interstitium of the lung, and dissemination of pneumo-
cocci into the bloodstream during experimental pneumonia.
Moreover, both the cytotoxic and the complement-activating
activities of pneumolysin may contribute independently to
the acute pulmonary injury and the high rates of bacteremia
which characterize pneumococcal pneumonia. (J. Clin. In-
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Introduction

Pneumococcal pneumonia is associated with high rates of inva-
sive disease and the attendant early mortality which accompan-
ies bacteremic infections (1-3). Pneumolysin, a major pneu-
mococcal cytotoxin, is a putative virulence factor in Streptococ-
cus pneumoniae infection. Pneumolysin is a potent cytotoxin
that injures immune (4, 5) and respiratory cells in vitro (6-8).
Instillation of pneumolysin into murine lungs reproduces many
of the histological findings of pneumococcal pneumonia (9),
perhaps through its ability to directly activate the classical com-
plement system (10) and cellular phospholipase A (Rubins,
J. B., manuscript submitted for publication), and stimulate cyto-
kine release from monocytes ( 11). Moreover, genetically de-
signed functionally pneumolysin-deficient (PLY[ - ])' mutant
pneumococcal strains have been demonstrated to be less virulent
than isogenic wild-type (PLY [ +]) strains after intraperitoneal
or intranasal injection in mice (12, 13). Also, immunization
with pneumolysin protects animals by delaying or preventing
death after challenge with virulent pneumococci (14, 15).

However, a direct role of pneumolysin in the early pathogen-
esis of pneumococcal pneumonia has not been completely de-
fined in vivo. It is not known whether the amounts of pneumo-
lysin required to produce cytolytic and pro-inflammatory effects
in vitro are actually released by pneumococci during infection
in vivo. Also, pneumolysin is known to be readily inactivated
by inhibitors which may be present in the pulmonary alveolus,
such as oxidants including hydrogen peroxide produced by the
pneumococcus itself ( 16), and by cholesterol ( 17) derived from
surfactant, cellular membranes, and serum lipoproteins (18).

Wenow report that pneumolysin increases bacterial multi-
plication in the lung and facilitates tissue invasion and bacter-
emia during the initial phase of murine pneumococcal pneumo-
nia. In addition, we show that the cytotoxicity and the comple-
ment-activating activities of pneumolysin appear to have
distinct roles in supporting bacterial replication and invasion
during experimental pneumonia.

Methods

Bacterial strains and preparation of inocula. A PLY( -) mutant type
2 S. pneumoniae strain (PLN-A) was previously constructed from strain

1. Abbreviations used in this paper: e.t., endotracheal; HU, hemolytic
units; LD50, 50% lethal dose; PLY( + ) and (-), pneumolysin-sufficient
and -deficient.
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D39 by insertion-duplication mutagenesis as described (12). The mu-
tant PLN-A strain produced a type 2 capsule as characterized by
Quellung reaction using antiserum obtained from Statens Seruminstitut
(Copenhagen, Denmark), and the size of the capsule was indistinguish-
able from that of the parenteral D39 strain on blood agar plates. PLY( +)
wild-type and PLY(-) mutant strains were stored at -700C on glass
beads in trypticase soy broth supplemented with 10% glycerol, and
were passed through mice immediately before experiments to ensure
virulence. Mutant strains were selected on erythromycin plates as de-
scribed (12). Bacteria were grown to mid-logarithmic phase under mi-
cro aerobic conditions in brain-heart infusion broth (DIFCO Labora-
tories, Detroit, MI), washed, and then resuspended in Dulbecco's PBS
for inoculation. Inoculum size was confirmed by quantitative culture
on blood agar plates (trypticase soy agar plates containing 5% sheep
erythrocytes, GIBCO BRL, Gaithersburg, MD).

Animals. Specific pathogen-free white female National Institutes of
Health Swiss outbred mice (20-30 g) were obtained from Harlan
Sprague-Dawley, Inc. (Indianapolis, IN). Inbred B10.D2/oSn mice ge-
netically deficient in the fifth component of complement (C5-) and
the congenic wild-type BlO.D2/nSn mice (C5+) were procured from
Jackson Laboratories (Bar Harbor, ME) (19). Animals were housed
in a pathogen-free barrier facility fully accredited by the American
Association for the Accreditation of Laboratory Animal Care. Animal
studies were performed in accordance with the guidelines established
in the NIH "Guide for the Care and Use of Laboratory Animals"
(Department of Health, Education and Welfare Publication No. [NIH]
85-23, Office of Science and Health Reports, Division of Research
Resources, Bethesda, MD), and the research was approved by the Ani-
mal Study Subcommittee of the Minneapolis Veterans Affairs Medical
Center (Minneapolis, MN).

Purification of recombinant pneumolysins. Recombinant pneumo-
lysins congeners, modified to have either reduced cytolytic activity (Trp
433 > Phe) or reduced ability to activate complement (Asp 385
> Asn), were produced by single-point site-directed mutagenesis as
described (20, 21 ). Modified and wild-type recombinant pneumolysins
were purified from lysates of Escherichia coli JM109 harboring the
pneumolysin gene in the expression vector pKK233-2 by hydrophobic
chromatography on a TSKphenyl-SPW high pressure liquid chromatog-
raphy column (22). Purified recombinant pneumolysin migrated as a
single band with approximate molecular mass of 53 kD on silver-stained
SDS-polyacrylamide gels. Wild-type recombinant pneumolysin had a
specific activity of 3 x 105 hemolytic units (HU) per mg protein,
assayed as described (7).

Endotracheal instillation of bacterial inocula. After inducing anes-
thesia by i.p. injection of 50 mg/kg sodium pentobarbital, mice were
suspended vertically by supporting the lower incisor teeth on a wire
loop and retaining the upper incisors with a rubber band as described
(23). While using a small retractor to displace the tongue anteriorly,
the oropharynx was transilluminated andunder direct visualization the
trachea was cannulated with a blunt-tipped 22 gauge metal needle
attached to a microliter syringe. During inspiration, the bacterial suspen-
sion in PBS (50 ,.d) followed by an equal volume of air was injected,
and the animals were maintained upright at a 450 angle until fully
recovered from anesthesia (- 30 min). This technique reproducibly
delivered greater than 99% of the inoculum to the lungs, as determined
by quantitative culture of lungs immediately after infection, and equally
distributed the inocula to both lower lobes, as determined by endotra-
cheal (e.t.) instillation of India ink.

Determination of 50% lethal dose after i.p. and e.t. infection.
Groups of 4-6 mice were infected with increasing concentrations of
PLY(+) and PLY(-) bacteria by either i.p. or e.t. injection. Survival
was recorded at 8-h intervals for 96 h, and the 50% lethal dose (LDm)
was calculated by the method of Reed and Muench (24).

Recovery of bacteria from blood and lung. Mice were sacrificed by
cervical dislocation at selected times after infection. After opening the
thorax, 100 MI of blood for culture was obtained by cardiac puncture.
The trachea was then surgically exposed and cannulated, and the lungs

were lavaged with 1 ml of PBS. Approximately 75% of the lavage
fluid was collected by aspiration after several seconds. This single-bolus
technique reproducibly recovered > 95% of the instilled inoculum, as
assessed by quantitative culture immediately after instillation, and had
the advantage of decreasing transudation of serum proteins into the
lavage, which might occur during repetitive lavage. After removal of
an aliquot for quantitative culture, the lavage was cleared of cells by
centrifugation and frozen at -20'C.

After lavage, the lungs were dissected from major vessels and bron-
chi, rinsed, and homogenized in 2 ml of sterile PBS in a glass tissue
grinder. The number of viable bacteria in samples of blood, alveolar
lavage, and lung homogenate was determined by quantitative culture
of serial dilutions on blood agar plates. Bacteria were identified as
pneumococci by colony morphology of a-hemolytic organisms and by
Optochin sensitivity, and PLY(-) bacteria were identified by growth
on erythromycin plates and by lack of hemolysin activity. The total
number of bacteria in each murine lung was calculated as the sum of
the total number of bacteria in alveolar lavage plus lung homogenate
samples.

Determination of albumin concentration in lavage. The concentra-
tion of albumin in lavage supernatants was measured as an index of
alveolar-capillary barrier disruption. Lavage proteins (40-,ul aliquots)
and albumin standards were separated by 10% SDS-polyacrylamide
gel electrophoresis. After Coomassie staining, gels were analyzed by
video densitometry (model 620; Bio-Rad Laboratories, Hercules, CA),
and the concentration of albumin determined by comparison to stan-
dards.

Assay of endotoxin activity. Endotoxin activities in recombinant
pneumolysin preparations were quantified using a Limulus amoebocyte
lysate test (Pyrotell; Association of Cape Cod, Woods Hole, MA).

Statistics. Geometric means and standard errors of means (SE) of
bacterial colony forming units (CFU) were calculated on log-trans-
formed data, and then data was converted by exponential transformation
to CFU. Where indicated, statistical significance was calculated by com-
parison of geometric means by unpaired two-tailed t-test. Each datum
point in figures and tables represents the mean±SE of 3-4 animals,
and results of each experiment were confirmed by at least one repeat
experiment.

Results

Relative virulence of PLY(+) wild-type and PLY(-) mutant
strains by systemic and mucosal infection. After systemic infec-
tion by i.p. infection, the type 2 S. pneumoniae PLY( +) strain
was highly virulent, with an LDm of 25 CFU. In contrast, the
PLY(-) mutant strain was substantially less virulent, with an
LDmi.p. dose of 500 CFU. Furthermore, death was appreciably
delayed in the groups infected with the PLY(-) mutant com-
pared with the PLY(+) strain (median survival times 72 and
20 h, respectively).

The greater virulence of the PLY(+) wild-type compared
with the PLY(-) mutant pneumococcal strain with systemic
infection paralleled that with mucosal infection by e.t. instilla-
tion. However, mice showed a marked resistance to pneumococ-
cal infection by mucosal compared to systemic infection. The
LD50 for e.t. infection with PLY(-) bacteria was again one log
higher than that for PLY( +) bacteria (108 CFU versus 107
CFU), but each was five logs greater than the corresponding
i.p. doses. In summary, the PLY(-) mutant type 2 S. pneumo-
niae strain was less virulent than the isogenic wild-type strain
after both routes of infection, consistent with previous observa-
tions (12). Moreover, the mouse lung appeared to be capable
of clearing extraordinary numbers of virulent bacteria, sug-
gesting that it serves as a major line of defense against dissemin-
ated pneumococcal infection.
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Table I. Alveolar-Capillary Barrier Injury after Infection with PLY(+) and PLY(-) Bacteria

Albumin concentration (mg/ml)

Time after infection (h)

Inoculum 0 3 6 24

PBS .06±.01 .09±.03 .18±.07 .22±.05
Pneumolysin (5 HU) .07±.02 .32±.141 .42±.12§ .34±.16
PLY(+) strain* .07±.01 .34±.11 .72±.14'11 .37±.12
PLY(-) straint .12±.07 .18±.04 .22±.01

+5 HUpneumolysin .52±0.8§11 .46±.34 .56±.39
+50 HUpneumolysin 1.12±.26§** 1.35±.321** 1.22±.341**

* Inocula = 5 x 106 CFUin 0.05 ml PBS. Data represent mean±SE of three animals. tlnocula = 1.35 x 107 CFUin 0.05 ml PBS. Mean±SE,
n = 3. § P < .02 compared with PBS; 11 P < .02 compared wit PLY(-) strain; 1 P < .05 compared with PBS; ** P < .05 compared with
PLY(-) strain.

Comparison of recovery of PLY(+) and PLY(-) strains
from lung and blood. Wenext investigated whether pneumo-
lysin might disrupt the protective function of the lung in vivo.
Purified pneumolysin injures alveolar epithelial cells in vitro
and the alveolar-capillary barrier in isolated perfused murine
lungs (7). Wehave speculated that pneumolysin injury to the
alveolar epithelium may produce alveolar flooding with serous
exudate, which may provide necessary nutrients and promote
rapid multiplication of pneumococci within the alveoli. To test
this hypothesis in vivo, mice were inoculated e.t. with either
the wild-type PLY(+) type 2 strain (5 x 106 CFU) or the
PLY(-) mutant strain (1.35 X 10' CFU). At selected times
after infection, mice were sacrificed and samples of alveolar
lavage, lung homogenates, and blood were obtained for culture
and biochemical studies. Based on previous histological studies
(25), times were selected to approximate the period before
significant neutrophil influx (congestion, 3 h), the acute phase
of neutrophil influx (red hepatization, 6 h), and the period of
established neutrophil response (gray hepatization, 24 h).

To determine whether pneumolysin released from bacteria
was actively cytotoxic in vivo, we assayed albumin concentra-
tions in the alveolar lavage samples as a marker of alveolar-
capillary injury. Infection with PLY( +) bacteria was associated
with a 3.7-fold increase in lavage albumin at 3 h and a fourfold
increase at 6 h compared with control mice receiving PBS e.t.
(Table I). In contrast, no significant increase in albumin was
detected in lavage from mice infected with the PLY( -) strain
as compared to PBS-treated mice. Therefore, PLY( +) bacteria,
but not PLY( -) bacteria, appeared to induce a degree of muco-
sal injury sufficient to disrupt the alveolar-capillary barrier in
murmne lungs in vivo.

Corresponding to the greater alveolar injury produced by
the PLY( +) bacteria, significantly greater numbers of bacteria
were recovered from murine lungs infected with PLY( +) pneu-
mococci at 3 and 6 h after infection, compared with those in-
fected with PLY(-) mutants (Fig. 1). Recovery of PLY(+)
bacteria from lungs was more than threefold higher at 3 h and
30-fold higher at 6 h compared to PLY(-) bacteria. However,
despite the reported cytotoxicity of pneumolysin to immune
leukocytes (4, 5), the rate of net clearance of both PLY(+)
and PLY(-) bacteria from 6 to 24 h after infection was very
similar (14.5 and 13% per hour, respectively).

The increased recovery of viable PLY( +) bacteria from
murine lungs during early infection reflected the markedly
greater numbers of PLY( +) bacteria recovered from both alve-
olar lavages and lung homogenates at 3 and 6 h after infection,
compared with the PLY(-) strain (Fig. 2). There was a striking
dissociation between the numbers of organisms in the alveolar
and tissue samples at 6 h after infection with PLY( +) bacteria
(Fig. 2 A), suggesting increased penetration of pneumococci
from pulmonary alveoli into interstitium. In contrast, numbers
of PLY(-) pneumococci in alveolar lavage did not increase at
any time point, nor did they show any significant invasion into
lung tissue (Fig. 2 B). Rather, numbers of PLY(-) bacteria
continued to decrease in both compartments after 3 h.
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Figure 1. Recovery of pneumococci from murine lungs. Total number
of bacteria in murine lungs were calculated from quantitative culture of
alveolar lavages and lung homogenates obtained at the indicated times
after e.t. instillation of a pneumolysin-deficient mutant type 2 strain (o)
or the isogenic wild-type strain (e). Each datum point represents the
geometric mean±SE of the total CFUper lung for three animals. Com-
parison of geometric mean CFU for PLY(+) and PLY(-) strains by
unpaired t-test; *, P < .05; **, P < .01.
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Figure 3. Recovery of pneumococci from blood after endotracheal instil-
lation. Blood samples were collected for quantitative culture at the indi-
cated times after e.t. instillation of PLY(-) (o) and PLY( +) (-)
strains. Each datum point represents the geometric mean±SE for three
animals. Datum points below the axis break represent 0 bacteria. Data
is representative of two experiments. Statistical comparisons are as de-
scribed for Fig. 1.
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Figure 2. Recovery of pneumococci from alveolar lavages and lung
homogenates. Samples of alveolar lavage (u) and lung homogenates
(*) were quantitatively cultured at the indicated intervals after infection
with (A) PLY(+) and (B) PLY(-) strains. Datum points and statistical
comparisons are as described for Fig. 1.

Consistent with the increased invasion of PLY( +) bacteria
from alveoli into lung tissue, PLY(+) bacteria also produced
earlier and higher grade bacteremia than did PLY(-) bacteria

(Fig. 3). PLY( +) bacteria appeared in blood at 3 and 6 h, and
numbers dramatically increased at 24 h. PLY(+) bacteremia
increased to 106_107 CFU/ml at 48 h, and the animals began
to die during the subsequent 24 h. In contrast, PLY(-) bacteria
were not detected in blood before 24 h, when more modest
numbers of bacteria were recovered. Also, the number of
PLY(-) bacteria in the blood at 48 and 72 h was highly variable
between animals. A minority of animals who appeared overtly
ill were bacteremic with 106 CFU/ml at 72 h, and some of these
died during the next 48 h. However, the majority of the mice
infected with PLY(-) appeared well and had no detectable
bacteremia at 72 h.

To ascertain whether the enhanced growth of PLY(+)
pneumococci in infected murine lungs reflected an intrinsic de-
fect in the growth of the PLY(-) mutants, we compared the
in vitro growth of the two strains in several substrates. In con-

trast to growth in vivo, the PLY(-) mutant strain growth in
vitro when incubated in brain-heart infusion broth, in Todd-
Hewitt media, and in homogenates of murine lung (doubling
times of 32, 37, and 20 min, respectively), was equal or greater
than that of the PLY( +) strain (doubling times of 32, 37, and
22 min, respectively).

Taken together, these studies suggested that the presence of
endogenous production of pneumolysin was associated with
enhancement of specific pathogenic effects of S. pneumoniae
infection, including increased intraalveolar replication of bacte-
ria, penetration of organisms from alveoli into the interstitium
of the lung, and dissemination of pneumococci into the blood-
stream.

Addition of recombinant pneumolysin to inocula of PLY(-)
bacteria. To confirm that differences in pneumolysin production
accounted for the observed differences in specific pathogenic
effects of the PLY( + ) strain compared with the PLY( -) strain,
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Figure 4. Effect of added pneumolysin on recovery of PLY( -) bacteria
from murine lungs. Total numbers of bacteria in murine lungs were

determined from quantitative culture of alveolar lavage and lung homog-
enates obtained at the indicated intervals after e.t. instillation of inocula
of PLY(-) bacteria, either alone (0) or supplemented with purified
recombinant pneumolysin (+rPLY) at concentrations of 5 HU/ml (.)
or 50 HU/ml (*). Datum points are as described for Fig. 1. Comparison
of geometric mean CFUfor PLY( -)rPLY by unpaired t-test. *, P
< .05, **, P < .01.

inocula of PLY(-) pneumococci (107 CFU) were supple-
mented with either 5 or 50 HU/ml of purified recombinant
pneumolysin. In preliminary studies, these concentrations of
pneumolysin approximated the cytolytic activity released in
vitro by 107 and 108 CFU/ml, respectively, of the PLY(+)
strain. Addition of recombinant pneumolysin to PLY(-) pneu-

mococci produced a dose-dependent increase in alveolar lavage

albumin concentrations (Table I), confirming injury to the alve-
olar-capillary barrier. Recombinant pneumolysin also induced
a dose-dependent increase in recovery of PLY( -) bacteria from
murine lungs early in the course of infection, similar to PLY( +)
bacteria (Fig. 4). Addition of 50 HU/ml pneumolysin substan-
tially increased total numbers of PLY(-) bacteria recovered
from lungs at 3 and 6 h, approximating the effects observed
with PLY( +) bacteria.

To control for the effects of endotoxin contamination of
recombinant pneumolysin, we added of 15 pg/ml endotoxin,
equivalent to the contaminant concentrations measured by Lim-
ulus lysate assay in the pneumolysin preparations, to PLY(-)
bacteria. These suspensions neither caused albumin influx into
alveolar lavage, nor increased numbers of bacteria in lavage,
homogenate or blood (data not shown). Thus, endotoxin impu-
rities did not account for the pathogenic effects of pneumolysin
in this model.

Role of cytolytic activity in pneumolysin-facilitated bacte-
rial growth. In addition to its potent cytolytic activity, pneumo-
lysin is also capable of activating the classical complement
system (10). Molecular studies have defined distinct peptide
sequences for the cytolytic and complement-stimulating active
sites (20, 21). Furthermore, the functional independence of
these two activities has been demonstrated by the persistence
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Figure 5. Effect of heat-inactivated pneumolysin on recovery of
PLY( -) bacteria from murine lungs. Total numbers of bacteria recov-

ered from murine lungs were determined at the indicated times after e.t.
instillation of inocula of PLY( -) bacteria, either alone (o) or supple-
mented with untreated recombinant pneumolysin (rPLY, 10 HU/ml; *)
or heat-inactivated pneumolysin (heat-rPLY, A). Datum points and sta-
tistical comparisons are as described for Fig. 4.

of complement activation after inhibition of pneumolysin cyto-
toxicity (10). To examine the contributions of these two activi-
ties on pneumolysin-facilitated PLY(-) bacterial growth, we

first inactivated cytolytic activity by incubating recombinant
pneumolysin at 560C for 30 min before addition to inocula of
PLY(-) bacteria. Hemolytic activity was reduced by > 99%
after heat inactivation (6). In comparison with untreated pneu-

molysin (10 HU/ml), heat-inactivated pneumolysin had less
effect on recovery of PLY(-) bacteria from lungs at 3 h (Fig.
5). However, addition of heat-inactivated pneumolysin signifi-
cantly increased numbers of PLY(-) bacteria at 6 h, identical
to the effect of untreated pneumolysin. This increased recovery
of PLY(-) bacteria at 6 h reflected a significant persistence
of bacterial inoculum in alveolar lavage and increased tissue
invasion (data not shown).

Thus, the addition of exogenous purified recombinant pneu-
molysin to PLY(-) bacteria reproduced many of the sequential
changes in bacterial growth and invasion seen with pneumo-
lysin-producing organisms. However, in this in vivo model, the
activity of pneumolysin was related only in part to its heat-
labile cytolytic activity, suggesting that an additional property
of pneumolysin might be involved in these effects.

Role of complement activation in pneumolysin-facilitated
bacterial growth. Because the complement-activating activity of
pneumolysin can persist after heat-inactivation of cytotoxicity
(Mitchell, T. J., unpublished data), we hypothesized that the
persistent effects of heat-inactivated pneumolysin on bacterial
growth might be related to its ability to activate complement.
To test this hypothesis, we added modified recombinant pneu-
molysins to e.t. inocula of PLY( -) bacteria in our murine
model. Weused two modified pneumolysins with single amino
acid substitutions generated by site-directed mutagenesis; one
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with full cytolytic activity but reduced ability to activate com-
plement (Asp 385 > Asn, complement deficient), and the other
with reduced cytolytic activity (103 HU/mg, represent-
ing 0.33% of wild-type toxin activity) but normal comple-
ment-activating activity (Trp 433 > Phe, cytolytic deficient)
(20, 21).

After e.t. infection, recovery of PLY(-) bacteria from mu-
rine lungs at 3 h was appreciably increased after addition of
1 jig/ml (equivalent to 15 HU of unmodified toxin) of the
complement-deficient pneumolysin possessing full cytolytic ac-
tivity (Fig. 6 A), whereas addition of the "cytolytic-deficient"
pneumolysin produced no increase (Fig. 6 B). Conversely, re-
covery of PLY( - ) bacteria at 6 h was not increased after addi-
tion of the complement-deficient pneumolysin, but was appreci-
ably increased after addition of cytolytic-deficient pneumolysin
having normal complement-stimulating activity. Similar to the
effects of heat-inactivated pneumolysin, the increased number
of PLY( -) bacteria at 6 h reflected an appreciable persistence
of bacterial inoculum, predominantly in alveolar lavage sam-
ples, in mice receiving pneumolysin with intact complement-
activating activity (data not shown).

In summary, studies with recombinant pneumolysins sug-
gested that pneumolysin's cytolytic activity accelerated bacte-
rial growth and invasion into lung tissue during the initial period
after infection, whereas its ability to activate complement ap-
peared to facilitate bacterial growth in alveoli at later times.

Recovery of PLY( +) and PLY(-) bacteria from CS-defi-
cient mice. Complement plays a critical role in the initial clear-
ance of pneumococci from the lung by generating neutrophil
chemotaxins (primarily CSa) and by opsonizing bacteria (C3a
and CSa) (26). The ability of pneumolysin to activate comple-
ment has been speculated to subvert this essential host defense
by diverting complement away from the bacteria, thereby com-
promising complement-mediated opsonization and phagocyto-
sis. Therefore, we hypothesized that addition of pneumolysin
possessing intact complement-activating properties to bacterial
inocula might increase the recovery of PLY( -) bacteria at 6 h
by interfering with complement-mediated clearance by neutro-
phil phagocytosis. Wefurther investigated this hypothesis using
mice with a specific congenital complement deficiency, which
have reduced pulmonary granulocyte recruitment in response
to S. pneumoniae (19). Congenic C5-deficient (C5-) and C5-
sufficient (C5+) mice were infected e.t. with PLY(+) and
PLY( -) bacteria, and samples of alveolar lavage, lung homog-
enates, and blood were obtained for culture and biochemical
studies.

As observed with Swiss mice, PLY(+) bacteria produced
greater albumin influx into alveolar lavage of C5- mice at 3
and 6 h than did PLY(-) (data not shown). Similarly, total
numbers of PLY( +) bacteria were increased lungs at 3 and 24
h after infection, compared with PLY(-) bacteria (Fig. 7).
However, several important differences were observed with e.t.
infection in C5- mice compared with C5+ mice. First, the total
numbers of PLY(-) and PLY(+) bacteria in lungs were at
least twofold greater at all times after e.t. infection of C5- mice
compared with C5+ mice (Fig. 7). Second, earlier and higher
grade bacteremia was seen in both PLY( - ) and PLY( + ) bacte-
ria in C5- mice compared with complement-sufficient mice
(data not shown). Third, the net clearance of PLY( -) and
especially PLY(+) mice at 24 h was substantially reduced in
C5- mice (Fig. 7).
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Figure 6. Effect of modified pneumolysins on recovery of PLY(-)
bacteria from murine lungs. Total numbers of bacteria recovered from
murine lungs were determined at the indicated times after e.t. instillation
of inocula of PLY( -) bacteria, either alone (o) or supplemented with
modified recombinant pneumolysins (+rPLY, 1 Og/ml, *). Pneumoly-
sins were genetically modified to have (A) reduced ability to activate
complement or (B) reduced cytolytic activity. Each datum point repre-
sents the geometric mean±SE of total CFUper lung for four animals.
Comparison of geometric mean CFUfor PLY(-) ±rPLY by unpaired
t-test. *, P < .05.
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Figure 7. Recovery of pneumococci from C5-deficient and C5-sufficient
mice. Total bacterial CFUwere determined at the indicated times after
e.t. instillation of PLY(-) bacteria (o, u) or PLY(+) pneumococci
(e, m) in congenic C5-deficient (o, *) and C5-sufficient (a, *) mice.
Each datum point represents the geometric meantSE of total CFUper
lung for four animals. Statistical comparisons as are described for
Fig. 1.

Finally, the total number of PLY(-) bacteria appreciably
increased from 3-6 h in C5- murine lungs (Fig. 7, open cir-
cles), in contrast to the net clearance of PLY( -) bacteria after
3 h consistently observed in C5+ mice (Fig. 7, open squares).
In particular, net clearance of PLY(-) bacteria from alveolar
lavage at 6 h was markedly reduced in C5- mice (data not
shown). Thus, a similar increase in numbers of PLY(-) pneu-
mococci at 6 h was seen when the complement system was
manipulated, either by genetic deficiency of C5 or by addition of
recombinant pneumolysins with intact complement-activating
function. Furthermore, inhibition of complement appeared to
predominantly decrease the net clearance of pneumococci from
alveoli.

Discussion

Our studies provide in vivo evidence for the important role of
pneumolysin in the early pathogenesis of pneumococcal pneu-
monia. Although pneumolysin's cytotoxicity to lung cells and
its ability to disrupt the alveolar-capillary barrier has been
previously established in vitro (7), the relevance of these obser-
vations to the pathogenesis of pneumococcal pneumonia in vivo
has remained unknown for several reasons. First, because pneu-
molysin is an intracellular protein that is only released upon
autolysis of the bacterium (27), it was not certain that replicat-
ing intraalveolar bacteria release sufficiently high concentra-
tions of pneumolysin to produce acute lung injury. Second,
pneumolysin is a member of a family of related "thiol-acti-
vated" bacterial toxins that are oxygen labile (27), and thus
might be inactivated either by oxidizing conditions within the
pulmonary alveolus or by hydrogen peroxide generated by the
pneumococcus itself. Finally, pneumolysin and other thiol-acti-

vated toxins can be inhibited by nanomolar concentrations of
cholesterol (17), present in the lung in alveolar surfactant, cel-
lular membranes, and serum lipoprotein. Thus, despite extensive
biochemical and molecular characterization of its properties in
vitro, the contribution of pneumolysin to the early pathogenesis
of pneumococcal pneumonia remained unknown.

Using a technique of direct e.t. instillation of bacterial inoc-
ula (23), which delivers a known quantity of bacteria at a
discrete time, we were able to quantify accurately changes in
bacterial numbers in lung samples at early times after infection.
Comparison of infection of Swiss mice with genetically con-
structed pneumolysin-deficient mutant and wild-type strains of
type 2 S. pneumoniae confirmed that PLY(+) bacteria were
more virulent than PLY(-) pneumococci after both systemic
and mucosal infection, as previously described (12). Impor-
tantly, we observed that mice had a marked intrinsic resistance
to infection by e.t. compared with i.p. route, similar to that
noted during infection of BALB/c mice with these same strains
(12). These results demonstrate that the mouse lung serves as
a major natural line of defense against disseminated pneumo-
coccal infection.

Supporting our observations of lung cell injury by pneumo-
lysin in vitro (7), we demonstrated that pneumolysin released
by bacteria during pneumococcal pneumonia in vivo was cyto-
toxic to the alveolar-capillary barrier. The alveolar epithelium
is the principal barrier to colloid and crystalloid flux into the
alveolus, and injury to the epithelium permits leakage of serum
proteins into the alveoli (28). Infection with PLY( -) bacteria
produced minimal increases in concentrations of albumin recov-
ered by alveolar lavage, similar to those seen from instillation
of PBS alone. In contrast, infection with PLY( + ) bacteria pro-
duced substantial increases in alveolar albumin concentrations,
indicating that pneumolysin is released in sufficient quantities
and remains sufficiently cytotoxic, despite potential inhibitors,
to produce acute lung injury in vivo.

Pneumolysin also produced specific pathogenic effects dur-
ing the early hours of S. pneumoniae infection, including in-
creased intraalveolar replication of bacteria, penetration of
pneumococci from alveoli into the interstitium of the lung, and
dissemination of bacteria from lung into the bloodstream. These
effects could not be attributed to an intrinsic defect in growth
of the PLY( -) strain, which grew as well as the PLY( + ) strain
in vitro in a variety of culture media, including homogenized
murine lung. Facilitation of dissemination of pneumococci from
alveolar to vascular compartments presumably is related to
pneumolysin's ability to disrupt the alveolar epithelium and
endothelium (6, 7), permitting bacterial penetration into and
multiplication within the pulmonary interstitium. Pneumococci
most likely move from the interstitium into the bloodstream
via lymphatic drainage, although direct dissemination into the
vascular space following endothelial injury by pneumolysin is
also possible. Pneumolysin may also contribute to the earlier
and high-grade bacteremia seen with the PLY( +) strain through
its ability to inhibit the clearance of pneumococci from the
vascular space (12).

Our studies also provide evidence that pneumolysin's cyto-
toxic and complement-activating properties independently con-
tribute to enhanced bacterial growth during early pneumococcal
pneumonia. When inocula of the PLY(-) strain were supple-
mented with purified recombinant pneumolysins, pneumococcal
growth at 3 h after infection was facilitated by pneumolysin's
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cytolytic activity. However, compared with studies using
PLY(+) bacteria, fewer viable PLY(-) bacteria were recov-
ered from lungs at 6 and 24 h after instillation of pneumococci
with added recombinant pneumolysin, despite a similar degree
of initial alveolar injury. These disparities may reflect the differ-
ence between the addition of a single dose of exogenous pneu-
molysin to the PLY(-) strain and the ongoing release of pneu-
molysin in vivo from the PLY ( +) strain. The latter may facili-
tate bacterial growth at 6 and 24 h by continued alveolar
damage, interference with complement-mediated clearance, or
other mechanisms not yet delineated.

Flooding of alveoli with serum and erythrocytes following
pneumolysin-mediated injury may support intraalveolar replica-
tion of bacteria by providing necessary nutrients and antioxi-
dants. Acute hemorrhagic edema may also decrease bacterial
elimination (29). Potentially, influx of serum albumin may neu-
tralize intraalveolar free fatty acids, which are the principal anti-
pneumococcal factor in alveolar lining fluids of the murine lung
(30). The cytotoxicity of pneumolysin for monocytes (5) and
neutrophils (4) in vitro may also increase recovery of viable
pneumococci by inhibiting bacterial elimination by these im-
mune cells. However, we observed that the rates of net clearance
of pneumococci during the period of neutrophil influx were
essentially identical for both the PLY( + ) and PLY( -) strains,
suggesting that pneumolysin's effect on immune cells makes a
minor contribution at most to the early pathogenesis of pneu-
monia.

Pneumolysin activates the classical complement system in
vitro (10). However, this function has not previously been dem-
onstrated to affect pneumococcal growth or elimination in vivo.
By supplementing inocula of PLY(-) bacteria with modified
recombinant pneumolysins possessing either cytolytic or com-
plement-activating properties, we demonstrated that intact com-
plement-activating activity correlated with enhanced alveolar
bacterial growth at 6 h after e.t. infection. Similarly, numbers
of PLY(-) bacteria were increased from 3 to 6 h in mice
with genetic complement deficiency compared with congenic
complement-sufficient mice. In both sets of experiments, the
net clearance of PLY(-) bacteria from alveolar lavage was
predominantly affected. Taken together, these studies suggest
that the ability of pneumolysin to activate complement indepen-
dently contributes to the intraalveolar replication of pneumo-
cocci during the early period of neutrophil influx in pneumococ-
cal pneumonia. These observations are consistent with a model
of ineffective activation of the complement system by pneumo-
lysin, which may consume complement factors and divert com-
plement opsonins away from bacterial cells.

In summary, we have demonstrated in vivo that pneumoly-
sin's cytotoxic and complement-activating properties contribute
independently to facilitate intraalveolar replication and dissemi-
nation of pneumococci into lung tissue and the bloodstream
during the initial hours of experimental pneumonia. The im-
portant role of pneumolysin in the early pathogenesis of pneu-
mococcal pneumonia suggests that immunization against pneu-
molysin might decrease acute lung injury and bacteremia during
pulmonary infection. Neutralizing antibodies to pneumolysin
are produced during pneumococcal infection in humans (31,
32), and immunization with pneumolysin has been shown to
reduce or delay death in animals ( 14). Furthermore, as a protein
toxin produced by essentially all clinical isolates of S. pneumo-

niae, pneumolysin is a promising candidate for use in a protein-
conjugate pneumococcal vaccine (33).
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