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Pneumolysin is a cytoplasmic virulence factor of Streptococcus pneumoniae that can interfere with phagocyte
function in vitro. We have examined the effects of pneumolysin in vitro and in vivo and have found that it
protects intravenously injected pneumococci against infection-induced host resistance. We employed a virulent
capsular type 2 pneumococcal strain, D39, and its isogenic pneumolysin-negative mutant, PLN. Strain D39
exhibited exponential net growth in mice (doubling time, 1.4 h); 24 to 28 h after infection with 10* CFU, the
numbers of pneumococci reached 10° to 10'® CFU/ml and the mice died. Strain PLN yielded identical net
growth in mice until reaching 10° to 10’ CFU/ml at 12 to 18 h postinfection. At this time, the increase in the
level of PLN CFU per milliliter ceased and remained constant for several days. PLN exhibited wild-type growth
kinetics in mice when coinfected simultaneously with strain D39. This observation suggests that pneumolysin
exerts its effects at a distance. By 12 to 18 h postinfection with PLN, mice exhibited the following evidence of
an induced inflammatory response: (i) elevated plasma interleukin-6, (ii) a halt in the net growth of PLN, and
(iii) control of the net growth of pneumolysin-producing D39 pneumococci upon subsequent challenge. Our
data suggest that pneumolysin plays a critical role in sepsis during the first few hours after infection by
enabling pneumococci to cause acute sepsis rather than a chronic bacteremia. However, once chronic bacte-

remia was established, it appeared that pneumolysin was no longer able to act as a virulence factor.

Infections with Streptococcus pneumoniae in the respiratory
tract and middle ear frequently result in shedding of pneumo-
cocci into the bloodstream, which can lead to pneumococcal
sepsis. Invariably, sepsis is associated with a poor clinical out-
come regardless of the site of the original infection. The pneu-
mococcus and its products, and/or host factors (including cy-
tokines) produced in response to pneumococcal infection, may
be responsible for much of the toxicity and poor outcome
associated with septicemia (20).

Pneumolysin is an intracellular protein toxin of S. pneu-
moniae that is present in virtually all clinical isolates (21) and
shows minimal variation in structure (4, 26, 36). Pneumolysin is
thought to be released in vivo by autolysin-dependent autolysis
(5, 6, 17). Pneumolysin has been shown to be a pneumococcal
virulence factor; pneumococcal strains unable to make func-
tional pneumolysin allow increased survival times for mice
challenged intranasally and a 10- to 100-fold increase in intra-
nasal and intraperitoneal 50% lethal doses (7). Immunization
with pneumolysin results in the production of antibodies to the
toxin and results in an extension of life in challenge studies
similar to that seen when pneumolysin is absent genetically (30,
31).

Numerous effects of pneumolysin on eukaryotic cells have
been demonstrated. The toxin, like other members of the sulf-
hydryl-activated toxin family, damages eukaryotic membranes
by binding to cholesterol present in membranes, forming oli-
gomers, and creating transmembrane pores (19). Pneumolysin
is known to interfere with the functions of cells of the immune
system by apparently being released in vivo during the autolysis
of pneumococci (5, 6, 17). It has been shown to inhibit human
polymorphonuclear leukocyte (PMN) respiratory burst and
migration (18, 29) and bactericidal activity (29). The toxin can
activate the classical pathway of complement in the absence of
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antibodies to pneumolysin (8, 9, 32). Sublytic concentrations of
purified pneumolysin have been shown to stimulate production
of tumor necrosis factor alpha and interleukin-1B (IL-1B) by
mononuclear phagocytes in vitro (16). Thus, pneumolysin may
act as a virulence factor through a direct effect on immune cells
and complement or on cytokine production.

In gram-negative infections, it is generally accepted that
lipopolysaccharide stimulates tumor necrosis factor alpha se-
cretion, which leads to the production of IL-1, IL-6, C-reactive
protein, and other acute-phase proteins (1). Like gram-nega-
tive infections, gram-positive infections are associated with
high levels of serum IL-6 (14). C-reactive protein was originally
identified as an acute-phase protein in pneumococcal infec-
tions (2). Lethal pneumococcal septicemia in pigs is associated
with a sharp rise in IL-6 levels (38). Pneumococcal cell wall
preparations stimulate the production of IL-1 but not tumor
necrosis factor alpha in vitro (34).

In this study, we determined the detailed kinetics of growth
and clearance from the blood of CBA/N mice of a pneumoly-
sin-deficient mutant (strain PLN) and its isogenic capsular type
2 parent (strain D39). In a previous study with time points at 1
min, 4 h, 13 h, and 30 h, we determined that the net growth of
PLN appeared to be significantly slower than that of D39 in
mice infected with 10° CFU (7). Our present data, resulting
from the use of more closely spaced time points and inocula of
10° to 10° CFU, demonstrate that the growth kinetics in mice
of these two strains are identical until a level of 10° to 107
CFU/ml is reached. The numbers of PLN pneumococci in the
blood were then maintained at 10° to 107 CFU/ml for several
days, whereas the numbers of D39 pneumococci increased
exponentially from injection until the death of the mice at 24 to
28 h postinfection at 10° to 10'® CFU/ml. To examine the
underlying mechanism(s) for these differences, we have ob-
tained results indicating that an apparently protective inflam-
matory response is elicited when the infection with PLN
reaches a level of 10° to 107 CFU/ml of blood. One aspect of
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this inflammation is a strong host immune response that can
control the net growth of pneumolysin-negative as well as
pneumolysin-producing pneumococci.

MATERIALS AND METHODS

Bacterial strains. We used a virulent capsular type 2 S. pneumoniae strain, D39
(3, 25), and its isogenic pneumolysin-deficient mutant, PLN. The pneumolysin-
negative strain was created through insertion-duplication mutagenesis and con-
tains an erythromycin resistance marker in the insert (7). Spontaneous strepto-
mycin-resistant mutants of pneumococcal strains D39, WU2 (capsular type 3),
EF3296 (capsular type 4), and BG9163 (capsular type 6B) were isolated follow-
ing growth in Todd-Hewitt broth supplemented with 0.5% yeast extract (THY)
or on blood agar plates containing 1 mg of streptomycin per ml. These strains
were shown to be no less virulent than their antibiotic susceptible parents.
S43/29R, a streptomycin-resistant mouse-virulent type M6 group A streptococcal
strain, was provided by Susan Hollingshead, Department of Microbiology, Uni-
versity of Alabama at Birmingham.

Mice. CBA/CAHN-XID/J (CBA/N) mice, 6 to 12 weeks old, obtained from
Jackson Laboratories (Bar Harbor, Maine), were used for all studies. CBA/N
mice carry an X-linked immunodeficiency and are unable to produce antibodies
to polysaccharides.

Intravenous infection of mice. Pneumococcal cultures were grown to the late
log phase in THY. Pneumococci were diluted on the basis of the optical density
at 420 nm (ODy,0; OD of 0.2 = 5 X 107/ml) into lactated Ringer’s solution,
injected intravenously in a volume of 0.2 ml, and plated on blood agar to confirm
the numbers of CFU per milliliter. Mice were bled retroorbitally with a 75-pl
heparinized microhematocrit capillary tube (Fisher Scientific) at selected times
postinfection. The number of CFU per milliliter of blood was determined by
plating serial dilutions of blood obtained from individual mice on blood agar
plates with or without 0.3 g of erythromycin per ml or 1 mg of streptomycin per
ml as appropriate.

In experiments in which mice were infected simultaneously with two strains of
pneumococci, the strains were grown individually in THY and diluted on the
basis of the OD,,, to obtain the desired inoculum in a volume of 0.1 ml. Mice
were then inoculated intravenously with 0.2 ml containing equal numbers of
CFU of the two strains. The numbers of CFU of each strain per milliliter were
determined as described by plating on blood agar plates with erythromycin or
streptomycin.

In one experiment, mice were infected with pneumococci grown in a live
mouse infected 12 h previously with strain D39. The infected mouse was bled
with a heparinized capillary tube, and the blood was immediately diluted 1:10,
1:100, and 1:1000 in Ringer’s solution. Groups of naive mice were injected
intravenously with 0.2 ml of each diluted inoculum. Aliquots of the diluted blood
were plated to calculate the numbers of CFU of S. pneumoniae injected.

In vitro interactions of pneumococci and PMNs. Human PMNs were isolated
from 20 ml of heparinized whole blood by layering 3 parts blood over 1 part
Ficoll-Paque (Pharmacia) and centrifuging to pellet erythrocytes (RBC) and
leukocytes (WBC). The pellet was washed twice with phosphate-buffered saline
(PBS), resuspended in 45 ml of PBS plus 5 ml of 4% dextran sulfate (Sigma) in
normal saline, and incubated at 37°C for 60 min. The supernatant was removed
and centrifuged to pellet PMNs and remaining RBC. Contaminating RBC were
removed by hypotonic lysis. PMNs were resuspended in PBS to a concentration
of approximately 3 X 10%ml. Cell viability in PBS was determined to be at least
96% by trypan blue exclusion, and the cell suspension was determined to be 90%
PMNSs by differential count. Pneumococci were grown in THY and diluted to 3
% 10%ml. One milliliter of the diluted bacterial culture was opsonized in 1 ml of
fresh human serum for 60 min at 4°C with moderate shaking. Human serum was
obtained from whole blood from a 35-year-old white female volunteer after clot
retraction at room temperature for 60 min.

Opsonized cultures of pneumococci were incubated in polypropylene tubes
with the suspension of PMNSs in a final volume of 3 ml at 37°C with shaking.
Control cultures were pneumococci without PMNs and PMNs without pneumo-
cocci. At time points of 0, 15, and 30 min, aliquots were removed and assessed
for total WBC, WBC viability, and viable pneumococci. The total WBC per
milliliter was determined with a hemocytometer, and the percentage of PMNs of
total WBC per ml was determined by differential counts from cytocentrifuge
slides. The cells were stained by the leukostat modification of Wright’s stain
method (Fisher Diagnostics, Orangeburg, N.Y.) and found to be 85 to 90%
PMNs. The total numbers of CFU of pneumococci per milliliter were deter-
mined by plating serial dilutions on blood agar plates.

Determination of plasma levels of IL-6 and gamma interferon (IFN-y) in
infected mice. Blood was obtained at various time points from mice infected with
D39, PLN, or PLN 24 h prior to infection with D39. CFU levels were determined
at each time point. The blood was diluted 1:10 in RPMI medium plus 5% fetal
calf serum, the cells were pelleted, and the diluted plasma was filtered through
a 0.45-um-pore-size Millex GV filter and stored at 4°C.

IL-6 and IFN-vy levels were determined by using the cytokine-sensitive cell
lines 7TD1 (35) and WEHI-279 (33), respectively, by comparison of supernatant
dilutions with recombinant cytokine dose-response curves as described previ-
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FIG. 1. In vitro interactions of pneumococci and PMNs. Pneumococci (10°
CFU/ml) were opsonized with normal human serum and incubated with 10°
human PMNs per ml. The numbers of pneumococcal CFU per milliliter (A) and
viable PMNs per milliliter (B) were determined after 0, 15, and 30 min of
incubation at 37°C. Data are shown as the geometric means (= standard errors)
of triplicate CFU or PMN counts from individual samples. At each time point in
panel A, the numbers of both D39 and PLN incubated with PMNs (CFU per
milliliter) differ significantly from those of their respective controls lacking PMNs
and at the 0 time point (P < 0.001) by the two-sample rank test. In panel B, no
significant decreases in the numbers of PMNs were observed compared with
those of control tubes lacking pneumococci.

ously (12). Samples from mice infected with the same strain at the same time
point were pooled prior to performing dilutions.

Statistical analysis. All groups were compared by the two-sample rank test or
Student’s ¢ test using two-tailed P values (37).

RESULTS

Phagocytosis and killing of pneumolysin-producing pneu-
mococci by PMNs does not reduce the viability of PMNs.
Previous in vitro studies had demonstrated that purified pneu-
molysin can affect phagocyte function. As a partial test of the
relevance of this finding, we wished to determine if pneumo-
lysin-negative pneumococci were killed any more readily than
those making pneumolysin. We also wanted to determine
whether pneumolysin-producing pneumococci were able to kill
PMNs.

We observed significant killing of D39 and PLN pneumo-
cocci opsonized in normal human serum by human PMNs in an
in vitro assay representative of three assays performed (Fig.
1A). Pneumolysin-negative strain PLN was killed slightly faster
by PMNs than the pneumolysin-positive D39 parent strain. By
15 min, the number of PLN pneumococci had decreased 1.65
logs, whereas the number of D39 pneumococci had decreased
only by 0.65 log (P < 0.001). Within 30 min, however, the
number of CFU of both D39 and PLN pneumococci per mil-
liliter had decreased to about 1/1,000 of the starting concen-
tration of pneumococci. No significant killing of PMNs by
either strain of pneumococci was observed, strongly suggesting
that in this assay the antiphagocytic effects of pneumolysin
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FIG. 2. Survival of mice infected intravenously with wild-type (D39) or pneu-
molysin-negative (PLN) isogenic pneumococci. The survival of eight mice is
shown for infections with 10° D39 CFU or 10° PLN CFU. Deaths were recorded
daily for 7 days as indicated, at which time all survivors were sacrificed. The
difference in percentages of survival between the two groups was significant at a
P of 0.0002 by the two-sample rank test.

were not attributable to the destruction of phagocytosing
PMNs (Fig. 1B).

Effect of pneumolysin on mouse survival postinfection. We
used an in vivo mouse model to examine the effects of pneu-
molysin on sepsis. Previous studies have demonstrated that
mice infected with the pneumolysin-negative strain PLN live
several days longer than those infected with the isogenic parent
strain D39 (7). This finding was confirmed under the condi-
tions used in our current studies (Fig. 2). Strain D39 at 10°
CFU/ml killed half of the mice within 24 h and all of the mice
by 26 h postinfection. None of the mice infected with 10° CFU
of PLN per ml died prior to 48 h postinfection, and 50% were
still alive at 7 days postinfection, when the experiment was
terminated. Similar results were obtained in other experiments
when mice were infected with similar doses of D39 (Table 1).

Effects of pneumolysin on bacteremia kinetics. When PLN
and D39 were injected intravenously at a range of doses, iden-
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FIG. 3. Net growth of D39 and PLN in the blood of infected mice. The
geometric means (=* standard errors) of the log CFU per milliliter at time points
of 1 min, 3 h, 6 h, 12 h, and 18 h are shown for groups of four mice infected with
D39 or PLN at the indicated doses. Results for a 24-h time point are shown for
all mice except those infected with 2 X 10* D39 CFU since all four of these mice
died just prior to this time point. Results for a 48-h time point are shown for all
mice infected with PLN; results at 72 h are shown for all mice infected with 2 X
10° PLN CFU and three of four mice infected with 5 X 10* PLN CFU since one
mouse in this group died prior to this time point.

tical exponential growth kinetics (doubling time, 1.4 h) were
observed until the numbers of CFU in the blood reached levels
of 10° to 107 CFU/ml at 12 h postinfection (Fig. 3). From this
point, the number of D39 CFU continued to increase expo-
nentially until reaching 10° to 10'°/ml of blood at 24 to 28 h
postinfection, at which time the mice died. No change in the
net in vivo growth rate of D39 was evident over the period of
infection, even in studies in which blood was collected at fre-
quent time points just prior to the death of the mice (data not
shown). Blood levels of PLN did not increase beyond 10° to 107
CFU/ml (Fig. 3), regardless of the infectious dose. The number
of PLN CFU was maintained at 10° to 107 in vivo for several
days to weeks (data not shown). The blood collection time
points for the PLN-infected mice were not frequent enough to
detect, or rule out, a possible increase in CFU immediately

TABLE 1. Effect of preinfection with PLN on D39-induced death

Time between

PLN dose PLN and D39 D39 dose Survival periods for individual mice Median survival P vs. no
(log,, CFU) infection (h) (log,o CFU) after D39 infection (h) time (h) PLN“
None 2 48, 48, 48, 48 48
None 4 21, 22, 23, 23, 23, 24, 24, 25, 25, 25, 25, 25 24
None 5 21, 21, 21, 22, 22, 22, 22, 22, 23, 25, 25, 27, 36, 22
36, 36
4 6 3.5 96, 120, 120, 168, 312 120 <0.02
5 6 59 23, 29, 30, 32 30 NS?
5 12 52 36, 96, 120, 120 108 <0.001
5 12 59 26, 32, 46, 72, 72, 72, 96, 144, 144, 168, 216, 84 <0.0001
>336
5 24 5.6 72, 96, 144, 168, 168, 168, 168, 264, 312 168 <0.00001
5 24 59 96, 120, 192, >336 156 <0.00001

@ P values were calculated between the PLN-plus-D39 group and the D39-only group (no PLN given) infected with the same (or next lower) number of D39 CFU.

P value calculations were done by the two-sample rank test.
> NS, not significant.
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prior to death. The occurrence of a plateau at 10° to 107
CFU/ml with PLN, but not with D39, was observed with PLN
doses ranging from 2 X 10° to 1 X 10° CFU/ml (Fig. 3 and data
not shown).

Coinfection with PLN and D39. When mice were infected
simultaneously with 3 X 10° D39 CFU/ml and 3 X 10° PLN
CFU/ml, the growth kinetics of both pneumococcal strains
(from 4 to 24 h postinfection) and the survival times of the
mice infected with both strains (Fig. 4) were identical to those
of mice infected with D39 alone (Fig. 2 and 3). Even when 10°
CFU of PLN was injected with 10* or 10* CFU of D39, strain
PLN showed in vivo growth rates identical to those of strain
D39. Moreover, coinfection with D39 allowed PLN to grow to
greater than 10° to 107 CFU/ml. The ability of PLN to reach
levels above 10° CFU/ml in the coinfected mice (Fig. 4) indi-
cated that the effect of the pneumolysin produced by D39 was
as advantageous to PLN growth as it was to D39 growth.

Host resistance elicited by prior infection with PLN. We
reasoned that the plateau in PLN CFU per milliliter of blood
(Fig. 2) that began at 12 to 18 h postinfection was due to some
aspect of infection-induced antibacterial inflammation. In ef-
forts to detect an enhanced antibacterial activity during PLN
infection, we infected mice with 8 X 10° CFU of D39 per ml at
6, 12, and 24 h following infection with 3 X 10° CFU of PLN
per ml. In the groups of mice preinfected with PLN for 12 or
24 h, the levels of D39 failed to increase exponentially and
PLN levels held at about 10° to 10’ CFU/ml. The combined
levels of D39 and PLN were maintained at <107 CFU/ml for at
least 3 days (Fig. 5). When these results are compared with the
kinetics of D39 depicted in Fig. 4, it is apparent that consid-
erable host protection against D39 growth was induced during
the first 12 h of PLN infection.

Table 1 summarizes the survival data for the PLN-prein-
fected mice shown in Fig. 5 as well as data from experiments
using lower D39 challenge doses. As might be expected, longer
preinfection times and lower challenge doses resulted in
greater delays in death post-D39 infection. The protective ef-
fect of PLN preinfection was seen in mice challenged 6 h
post-PLN infection with a dose of only 3 X 10° (10°°) D39
CFU but not when a dose of 8 X 10° (10°) D39 CFU was used
for challenge (Table 1; Fig. 5). With the lower D39 dose, the
number of D39 CFU did not reach 10° until 12 h postinfection.
By this time, the mice had been infected with PLN for 18 h and
the number of PLN CFU was already in excess of 10%/ml.

Plasma levels of IL-6 and IFN-y in infected mice. One
explanation for the failure of D39 to kill PLN-preinfected mice
was that PLN had induced an inflammatory response. In an
effort to obtain independent evidence for PLN-induced inflam-
mation, we measured a monocyte-derived cytokine (IL-6) and
a T-cell-derived cytokine (IFN-vy) in efforts to understand the
roles of soluble factors and inflammation in these animals.
These cytokines were measured in the plasma of mice infected
with 3 X 10° D39, 1 X 10° PLN, or 1 X 10° PLN CFU 12 h
prior to challenge with 1 X 10° D39 CFU. IL-6 and IFN-y
levels were determined prior to the initial infection and at 6,
12, 18, 24, and 48 h postinfection. In PLN-preinfected mice,
the blood collection at the 12-h time point was done immedi-
ately prior to challenge with D39 (Fig. 6). In mice infected with
10° D39 CFU, 10® U of IL-6 per ml was detected after 6 h, and
the concentration of IL-6 increased in parallel with the in-
crease in CFU until it reached about 10° U/ml at 18 h postin-
fection. By 24 h postinfection, just prior to death of the mice,
the IL-6 level had fallen to 10> U/ml. With mice infected with
10° PLN CFU only, an IL-6 response was not detected until 12
h postinfection even though these mice had an equal or greater
number of PLN CFU than did the D39-infected mice. The IL-6
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FIG. 4. Coinfection of mice with PLN plus D39. The geometric means (=
standard errors) of the log CFU per milliliter of both D39 and PLN are shown
for groups of four mice infected with 2 X 10° PLN and 2 X 10° D39 CFU (A),
2% 10°PLN and 1 X 10* D39 CFU (B), and 2 X 10° PLN and 2 X 10° D39 CFU
(C) for time points of 1 min and 4, 8, 12, 20, and 24 h postinfection. Mouse
survival times were between 22 and 30 h (A), 30 h for two mice and between 30
and 46 h for two mice (B), and greater than 30 h but less than 46 h (C).

response in PLN-infected mice showed no net increase be-
tween 12 and 48 h postinfection. Similarly, in the PLN-prein-
fected mice, the levels of IL-6 remained relatively stable over
the 48-h period (Fig. 6). IFN-y was detected only in the D39-
infected mice and then only at the onset of extreme sepsis,
immediately prior to death.
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to infection with 8 X 10° D39 CFU. The 1-min bleeding was done 1 min
postinfection with D39 (6, 12, or 24 h postinfection with PLN). The numbers of
PLN in the mice at the time of D39 challenge were higher when preinfection
times correspending to the lengths of time of in vivo growth of PLN were longer.
Median survival times post-D39 infection were 29 h for mice infected with PLN
6 h prior to infection with D39, 93 h for mice infected with PLN 12 h prior to
infection with D39, and 180 h for mice infected with PLN 24 h prior to infection
with D39.

The ratio of IL-6 production to number of CFU was in
general lower in mice infected with PLN than in mice infected
with D39. This was also apparent from other experiments with
slightly different challenge doses of D39 (data not shown).
Since the amount of IL-6 produced is related to the level of S.
pneumoniae CFU per milliliter, we considered the possibility
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FIG. 6. Groups of four mice were infected with either 3 X 10° D39 CFU (A),
1 X 10° PLN CFU (B), or 1 X 10° PLN CFU (C) 12 h prior to infection with 1
X 10° D39 CFU. CFU levels of D39 (m) and/or PLN () in the blood were
determined for individual mice and are shown as the geometric means * stan-
dard errors. Levels of IL-6 (B) and IFN-y ({ZJ) were determined from blood
pooled from each group of four mice. CFU determinations and cytokine assays
were conducted with blood obtained prior to infection and at 6, 12, 18, 24, and
48 h postinfection. In the case of PLN-preinfected mice, time points refer to
hours post-PLN infection, with the first time point postchallenge with D39 being
18 h. In the cytokine assays, coefficients of variation in replicate assays were
routinely <15% and are omitted for clarity.

that the amount of IL-6 in each pool might be more closely
related to the highest number of CFU in each group of mice
rather than to the geometric mean CFU of each group. To test
this possibility, we calculated the ratios of IL-6 production to
the largest number of CFU in the mice providing the sera for
each pool. The results obtained were essentially unchanged
and still indicated a greater ratio of IL-6 production/number of
CFU in D39 than in PLN infections.

Lack of an effect of growth conditions on the ability of
pneumococci to evade the inflammatory response induced by
PLN. The studies described above demonstrate that although
strain D39 can reach 10° to 10'® CFU/ml of blood and kill
naive mice in a day or less, it does not reach concentrations
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TABLE 2. Effect of preinfection with PLN on survival time of mice challenged with four different pathogenic streptococci

Survival times postchallenge (days)

Challenge strain N infecti Preinfected with P
o preinfection 10° PLN CFU?
WU2 (type 3 pneumococcus) 1,1,1,1,2,2,2 1,1,4,4,4,5,8, >21 0.04
EF3296 (type 4 pneumococcus) 2,2,2,2,2,2,4 2,4,4,5,6,8,8,12 0.006
BG9163 (type 6B pneumococcus) 3,4,6,7, >21, >21, >21 1,2,4,8, 11,17, 19 NS¢
S43/29R (group A streptococcus) 1,2,2,2,2,3 1,2,2,2,2,2,3 NS

“ P values comparing survival times of groups of mice preinfected with 10° PLN CFU and groups of naive mice were calculated by the two-sample rank test.
b Mice were inoculated intravenously with 10° PLN CFU 24 h prior to intravenous inoculation with 10° CFU of the indicated challenge strain.

¢ NS, not significant.

above 10’ CFU/ml in PLN-preinfected mice for at least several
days. It is possible that the failure of D39 to rapidly kill the
PLN-preinfected mice was due to the fact that the strain D39
in naive mice had many hours to adapt to the in vivo environ-
ment before inflammation-associated host resistance was es-
tablished, whereas the D39 used to infect the PLN-preinfected
mice had been grown in broth and might have been relatively
less able to resist host immunity mediated by an ongoing PLN-
induced host response. To test this possibility, PLN-prein-
fected mice were infected with D39 pneumococci either grown
in THY or freshly obtained from the blood of a live mouse
infected 12 h earlier. We observed that growing D39 pneumo-
cocci in the mouse did not increase their ability to evade the
increased host resistance generated by PLN preinfection. The
median time of death of groups of three mice infected with 10*
D39 CFU was 27 to 29 h regardless of whether the inocula
were grown in broth or in mice. When 10* CFU of the same
broth- or mouse-grown D39 inoculum was injected into PLN-
preinfected mice, the median time of death for both groups of
mice was between 310 and 380 h postchallenge.

Effect of prior infection with PLN on host resistance to other
pneumococcal strains and group A streptococci. If the resis-
tance elicited by PLN was the result of nonspecific inflamma-
tion, such resistance should be able to elicit protection against
pneumococci other than D39. PLN preinfection greatly ex-
tended the survival time of mice infected with type 3 or type 4
pneumococci but not of mice infected with group A strepto-
cocci (Table 2). Preinfection with PLN prior to challenge with
the type 6B pneumococcal strain had no effect on time to
death. Infection with type 6B pneumococci results in a chronic
infection similar to that of PLN, where the median time of
death was about 7 days. This stands in contrast to the much
more rapid septic deaths caused by capsular types 2, 3, and 4
pneumococci (10, 11). This could be because although PLN
preinfection prevents rapid sepsis, it does not affect the course
of chronic S. pneumoniae infection.

DISCUSSION

Prior studies of the mechanism(s) by which pneumolysin
affects virulence have relied on the addition of exogenous
pneumolysin to in vitro systems and have shown that pneumo-
lysin interferes with the phagocytic and antibacterial activities
of phagocytes. These in vitro effects of purified pneumolysin
are presumed to be important in its role in in vivo pneumo-
coccal virulence (13, 15, 22, 27, 29, 32). For in vitro studies
using purified pneumolysin to be considered relevant to the in
vivo virulence effects of pneumolysin, it must be assumed that
the effect of the toxin on pneumococcal sepsis is mediated by
the diffusible molecule acting extracellularly on phagocytes
and/or complement (9, 29, 32). This interpretation is sup-
ported, but not proven, by studies showing that antibody to

pneumolysin reduces virulence as much as inactivation of the
pneumolysin gene does (7, 23).

Our present data showing that pneumolysin-negative pneu-
mococci are more susceptible than pneumolysin-producing
pneumococci to in vitro killing by phagocytes further support
the hypothesis that the role of pneumolysin in virulence is to
decrease opsonophagocytosis. An alternative hypothesis to
pneumolysin acting extracellularly on phagocytes and comple-
ment is that it kills PMNs when they destroy phagocytosed
pneumococci and thus release cytoplasmic pneumolysin. This
hypothesis was not supported, however, by our in vitro finding
that phagocytosis and killing of pneumolysin-producing pneu-
mococci did not affect PMN viability.

Since the release of pneumolysin from pneumococci is ap-
parently required for the biologically important functions of
pneumolysin (5, 6, 17, 22) and since it likely acts extracellularly
on phagocytes, the toxin would be expected to act by causing a
generalized effect on host resistance. This expectation was con-
firmed by the observation that when mice were coinfected with
pneumolysin-producing and pneumolysin-negative pneumo-
cocci, both strains grew exponentially until the death of the
mice. The generalized effect of pneumolysin on host resistance
is in contrast to the virulence effects of capsule or pneumococ-
cal surface protein A (PspA), which act at the level of the
bacterium producing them; PspA produced by one strain was
shown to confer no benefit on coinfecting strains lacking PspA
(25).

Our studies have revealed a dynamic picture of the in vivo
effects of pneumolysin. Pneumolysin did not affect the in vivo
net growth of pneumococci as long as the numbers of CFU per
milliliter remained less than 10° but was required for the num-
bers of CFU per milliliter of blood to increase to greater than
107. However, after mice have been infected with pneumolysin-
negative pneumococci for at least 12 h, pneumolysin produc-
tion by a subsequent challenge strain was unable to enhance
the net growth of either strain.

It seemed likely that the inability of PLN pneumococci to
show exponential growth beyond 10° or 107 CFU/ml of blood
was due to the possibility that infections with greater than 10°
CFU/ml induced host resistance. The observation that the
number of PLN CFU in the blood remained relatively constant
for several days suggests that the purported host immunity is
regulated by some type of feedback control. This could be
explained if higher levels of the pneumococci induced greater
resistance, lower levels induced less, and the amount of immu-
nity induced at 10° to 10’ CFU/ml just balanced the in vivo
growth rate of the pneumococci. Evidence for the induction of
host resistance by the PLN pneumococcal infection was pro-
vided by the observation that D39 pneumococci were not able
to exhibit exponential net growth in mice that were already
preinfected with at least 10° CFU of PLN pneumococci per ml.
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When mice were preinfected with 10° PLN CFU, host re-
sistance was not apparent until 12 h postinfection, at which
time the number of PLN in the blood reached 10°/ml. For the
establishment of host resistance, the critical factor appeared to
be the level of CFU per milliliter of blood rather than the
duration of the PLN infection. PLN-preinfected mice were
protected against D39 challenge 6 h later if the D39 dose was
sufficiently low so that the number of PLN per milliliter
reached 10° before the D39 CFU reached 10°/ml. It is possible
that the same immunity that held PLN levels between 10° and
107 CFU also controlled the net growth of D39 in PLN-prein-
fected mice.

Independent evidence for the induction of inflammation in
mice infected with 10° or more pneumococci was provided by
the detection of circulating IL-6. Although the detection of
IL-6 confirmed the presence of inflammation by the time levels
of PLN and D39 reached 10° CFU/ml, it did not by itself
explain why D39, but not PLN, was able to exhibit geometric
net growth beyond a level of 107 CFU/ml. In fact, slightly
higher levels of IL-6 were observed in mice infected with D39
than in those infected with PLN, even when any differences in
the numbers of CFU are taken into account. The fact that
circulating levels of IFN-y were not observed until just prior to
death of D39-infected mice is consistent with its being a T-cell
product under transcriptional control and a purported media-
tor in septic shock (28). The reason for the decrease in IL-6
levels just prior to death is not clear; however, IFN-vy has been
demonstrated to inhibit production by rheumatoid synovial
cells of inflammatory mediators, e.g., prostaglandin and colla-
genase, and release of cytokines associated with inflammatory
responses, e.g., IL-8 (28).

Our results indicated that pneumolysin permits the pneumo-
cocci to escape the regulatory aspects of infection-induced
inflammation. It was not clear, however, why the pneumolysin
produced by D39 injected 12 h after PLN infection did not
enable the D39 and PLN pneumococci to exhibit exponential
growth, as it did in simultaneous coinfections of both strains.
One possibility was that the D39 adapted to the mouse during
the first 6 to 12 h of infection and was more able to resist host
immunity than when injected immediately after growth in me-
dia. This possibility was eliminated by studies in which we
infected PLN-preinfected mice with D39 grown in mice rather
than in media.

Two explanations could account for the ability of D39 to
escape regulation by the inflammation that it elicits but be
controlled by inflammation elicited by preinfection with PLN.
One is that the pneumococci in an established infection are not
in the same niche as those recently injected intravenously and
are therefore not as susceptible to host resistance as those
injected directly into the blood. Another possibility is that the
continued exposure of the reticuloendothelial system of D39-
infected mice to pneumolysin, even before an inflammatory
response is induced, could alter the nature of the host immu-
nity elicited. At the time that PLN-preinfected mice are chal-
lenged with D39, the inflammation is already established, prior
to exposure to D39. The observation that more IL-6 units per
CFU are produced in D39 than PLN infections provides at
least some evidence for qualitative differences in the inflam-
matory responses induced by D39 and PLN pneumococci. The
fact that equal or greater levels of IL-6 are elicited by D39 than
by PLN must mean that although IL-6 is a measure of inflam-
mation, it does not serve as a measure of the ability of the
inflammation to control pneumococcal infection. Moreover, it
is possible that the elevated IL-6 level may be detrimental to
the host and may explain the rapid onset of sepsis in D39
infections.

INFECT. IMMUN.

Our results indicate that the effect(s) of pneumolysin on
virulence in the mouse sepsis model is limited to the first
several hours of bacteremic infection. The absence of pneu-
molysin during these first few hours prevents the rapid devel-
opment of sepsis and can delay the death of the mice for at
least several days. If, as is expected, the protective effect of
antibody to pneumolysin is to block the function(s) of pneu-
molysin, then antibody to pneumolysin would need to be
present only during the first few hours of bacteremic infection,
and its presence later in the infection would exert no additional
antipneumococcal effect. This interpretation would explain
why antibodies to pneumolysin are readily able to delay death
but frequently do not protect against death unless mice are
challenged with inocula near the minimal lethal dose (24, 30).
From these earlier reports and the present data, the picture of
pneumococcal pathogenesis that emerges is that pneumolysin
is released by autolysin-dependent autolysis in vivo and that
the released pneumolysin interferes with either the function or
generation of inflammation-induced immunity, thus permitting
the continued exponential net growth of pneumococci.

ACKNOWLEDGMENTS

We would like to acknowledge Debbie McDuffie, Colynn Forman,
and Janice King for their expert technical assistance and William
Benjamin for many helpful discussions.

This work was supported by NIH grant AI21548.

REFERENCES

1. Abbas, A. K., A. H. Lichtman, and J. S. Pober. 1991. Cytokines, p. 226-242.
In M. Wonsiewicz (ed.), Cellular and molecular immunology. The W. B.
Saunders Co., Philadelphia.

2. Ash, R. 1933. Nonspecific precipitins for pneumococcic fraction C in acute
infections. J. Infect. Dis. 53:89.

3. Avery, O. T., C. M. MacLeod, and M. McCarty. 1944. Studies on the chem-
ical n nature of the substance inducing transformation of pneumococcal
types. Induction of transformation by a desoxyribonucleic acid fraction iso-
lated from pneumococcus type III. J. Exp. Med 79:137-158.

4. Banks, S. D., and C. J. Lee. 1991. Analysis of pneumolysin in Streptococcus
pneumoniae group 19 strains abstr. D-114, p. 97. In Abstracts of the 91st
General Meeting of the American Society for Microbiology 1991. American
Society for Microbiology, Washington, D.C.

5. Bernheimer, A. W. 1976. Sulphydryl activated toxins, p. 85-97. In A. W.
Bernheimer (ed.), Mechanisms in bacterial toxicology. John Wiley & Sons,
Inc., New York.

6. Berry, A. M., J. C. Paton, and D. Hansman. 1992. Effect of insertional
inactivation of the genes encoding pneumolysin and autolysin on the viru-
lence of Streptococcus pneumoniae type 3. Microb. Pathog. 12:87-93.

7. Berry, A. M., J. Yother, D. E. Briles, D. Hansman, and J. C. Paton. 1989.
Reduced virulence of a defined pneumolysin-negative mutant of Streptococ-
cus pneumoniae. Infect. Immun. 57:2037-2042.

8. Bhakdi, S., and J. Tranum-Jensen. 1985. Complement activation and attack
on autologous cell membranes induced by streptolysin-O. Infect. Immun.
48:713-719.

9. Bhakdi, S., and J. Tranum-Jensen. 1987. Damage to mammalian cells by
proteins that form transmembrane pores. Rev. Physiol. Biochem. Pharmacol.
107:147-223.

10. Briles, D. E., M. J. Crain, B. M. Gray, C. Forman, and J. Yother. 1992. A
strong association between capsular type and mouse virulence among human
isolates of Streptococcus pneumoniae. Infect. Immun. 60:111-116.

11. Briles, D. E., C. Forman, and M. Crain. 1992. Mouse antibody to phospho-
choline can protect mice from infection with mouse-virulent human isolates
of Streptococcus pneumoniae. Infect. Immun. 60:1957-1962.

12. Everson, M. P., D. M. Spalding, and W. J. Koopman. 1989. Enhancement of
IL-2-induced T cell proliferation by a novel factor(s) present in murine
spleen dendritic cell-T cell culture supernatants. J. Immunol. 142:1183.

13. Ferrante, A., B. Rowan-Kelly, and J. C. Paton. 1984. Inhibition of in vitro
human lymphocyte response by the pneumococcal toxin, pneumolysin. In-
fect. Immun. 46:585-589.

14. Heumann, D., C. Barras, A. Severin, M. P. Glauser, and A. Tomasz. 1994.
Gram-positive cell walls stimulate synthesis of tumor necrosis factor alpha
and interleukin 6 by human monocytes. Infect. Immun. 62:2715-2721.

15. Hobden, J. A.,, M. H h, R. J. O’Callaghan, and J. M. Hill. 1992. Con-
firmation of the role of pneumolysin in occular infections with Streptococcus
pneumoniae. Invest. Opthalmol. Visual Sci. 33:1422.

16. Houldsworth, S., P. W. Andrew, and T. J. Mitchell. 1994. Pneumolysin




VoL. 63, 1995

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

stimulates production of tumor necrosis factor alpha and interleukin-1B by
human mononuclear phagocytes. Infect. Immun. 62:1501-1503.

. Johnson, M. K. 1977. Cellular location of pneumolysin. FEMS Microbiol.

Lett. 2:243-245.

Johnson, M. K., D. Boese-Marrazzo, and W. A. Pierce, Jr. 1981. Effects of
pneumolysin on human polymorphonuclear leukocytes and platelets. Infect.
Immun. 34:171-176.

Johnson, M. K., C. Geoffroy, and J. E. Alouf. 1980. Binding of cholesterol by
sulthydryl-activated cytolysins. Infect. Immun. 27:91-101.

Johnston, R. B. 1991. Pathogenesis of pneumococcal pneumonia. Rev. In-
fect. Dis. 13:S509-S517.

Kanclerski, K., and R. Mollby. 1987. Production and purification of Strep-
tococcus pneumoniae hemolysin (pneumolysin). J. Clin. Microbiol. 25:222—
225.

Lee, C.-J., S. D. Banks, and J. P. Li. 1991. Virulence, immunity, and vaccine
related to Streptococcus pneumoniae. Crit. Rev. Microbiol. 18:89-114.
Lock, R. A., D. Hansman, and J. C. Paton. 1992. Comparative efficacy of
autolysin and pneumolysin as immunogens protecting mice against infection
by Streptococcus pneumoniae. Microb. Pathog. 12:137-143.

Lock, R. A,, J. C. Paton, and D. Hansman. 1988. Comparative efficacy of
pneumococcal neuraminidase and pneumolysin as immunogens protective
against Streptococcus pneumoniae. Microb. Pathog. 5:461-467.

McDaniel, L. S., J. Yother, M. Vijayakumar, L. McGarry, W. R. Guild, and
D. E. Briles. 1987. Use of insertional inactivation to facilitate studies of
biological properties of pneumococcal surface protein A (PspA). J. Exp.
Med. 165:381-394.

Mitchell, T. J., F. Mendez, J. C. Paton, P. W. Andrew, and G. J. Boulnois.
1990. Comparison of pneumolysin genes and proteins from Streptococcus
pneumoniae types 1 and 2. Nucleic Acids Res. 18:4010.

Nandoskar, M., A. Ferrante, E. J. Bates, N. Hurst, and J. C. Paton. 1986.
Inhibition of human monocyte respiratory burst, degranulation, phospho-
lipid methylation and bactericidal activity by pneumolysin. Immunology 59:
515-520.

Oppenheim, J. J., J. L. Rossio, and A. J. Gearing. 1993. Clinical applications
of cytokines: role in pathogenesis, diagnosis, and therapy. Oxford University

A PNEUMOLYSIN MUTANT CAUSES CHRONIC BACTEREMIA

29.

30.

31

32.

33.

34

35.

36.

37.

38.

455

Press, New York.

Paton, J. C., and A. Ferrante. 1983. Inhibition of human polymorphonuclear
leukocyte respiratory burst, bactericidal activity, and migration by pneumo-
lysin. Infect. Immun. 41:1212-1216.

Paton, J. C., R. A. Lock, and D. C. Hansman. 1983. Effect of immunization
with pneumolysin on survival time of mice challenged with Streptococcus
pneumoniae. Infect. Immun. 40:548-552.

Paton, J. C., R. A. Lock, C.-J. Lee, J. P. Li, A. M. Berry, T. J. Mitchell, P. W.
Andrew, D. Hansman, and G. J. Boulnois. 1991. Purification and immuno-
genicity of genetically obtained pneumolysin toxoids and their conjugation to
Streptococcus pneumoniae type 19F polysaccharide. Infect. Immun. 59:2297-
2304.

Paton, J. C., B. Rowan-Kelly, and A. Ferrante. 1984. Activation of human
complement by the pneumococcal toxin pneumolysin. Infect. Immun. 43:
1085-1087.

Reynolds, D. S., W. H. Boom, and A. K. Abbas. 1987. Inhibition of B
lymphocyte activation by interferon-y. J. Immunol. 139:767-773.
Riesenfeld-Orn, 1., S. Wolpe, J. F. Garcia-Bustos, M. K. Hoffman, and E.
Tuomanen. 1989. Production of interleukin-1 but not tumor necrosis factor
by human monocytes stimulated with pneumococcal cell surface compo-
nents. Infect. Immun. 57:1890-1893.

Van Snick, J., S. Cayphas, A. Vink, C. Uyttenhove, P. G. Coulie, M. R.
Rubira, and R. J. Simpson. 1986. Purification and NH,-terminal amino acid
sequence of a T-cell-derived lymphokine with growth factor activity for
B-cell hybridomas. Proc. Natl. Acad. Sci. USA 83:9679-9683.

Walker, J. A., R. L. Allen, P. Falmagne, M. K. Johnson, and G. J. Boulnois.
1987. Molecular cloning, characterization, and complete nucleotide se-
quence of the gene for pneumolysin, the sulfhydryl-activated toxin of Strep-
tococcus pneumoniae. Infect. Immun. 55:1184-1189.

Zar, J. H. 1984. Biostatistical analysis, 2nd ed., p. 718. Prentice-Hall, Inc.,
Englewood Cliffs, N.J.

Ziegler-Heitbrock, H. W. L., B. Passlick, E. Kafferlein, P. G. Coulie, and J. R.
Izbicki. 1992. Protection against lethal pneumococcal septicemia in pigs is
associated with decreased levels of interleukin-6 in blood. Infect. Immun.
60:1692-1694.



