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Previous studies demonstrated that interleukin-12 (IL-12)-dependent gamma interferon (IFN-vy) responses
have a major role in restricting in vivo bacterial growth during infection of mice with group B streptococci
(GBS), important human pathogens. Like IL-12, IL-18 is a potent IFN-y inducer. The role of IL-18 in
experimental GBS infection was investigated here. Significant elevations of IL-18 levels over baseline values
were detected in plasma samples from neonatal mice rendered septic with GBS. Neutralization of IL-18
significantly increased mortality and bacterial burden (P < 0.05). In contrast, administration of recombinant
IL-18 (rIL-18) before or after GBS challenge remarkably improved survival and decreased blood colony counts,
in association with increased IFN-y production by spleen cells. The beneficial effects of rIL-18 were counter-
acted by administration of neutralizing anti-IFN-y monoclonal antibodies, indicating that the effects of IL-18
were mediated by IFN-vy. Finally, low rIL-18 doses that had no effect of their own on bacterial burden could act
in synergy with rIL-12 to protect neonatal mice during GBS infection. Collectively, our data indicate that IL-18
responses have an important role in host defenses against GBS and that rIL-18 may be useful in alternative

1

strategies to treat neonatal GBS disease.

Group B streptococci (GBS) have been recognized as major
agents of septicemia and meningitis in neonates and in adults
with chronic underlying conditions (2). In spite of a significant
reduction of early-onset neonatal disease by use of intrapartum
antibiotic prophylaxis, mortality and permanent disability rates
from GBS disease continue to be high. Cytokines appear to
have an important role in host defenses against GBS (5, 8, 9,
25, 26), although an excessive release of tumor necrosis factor
alpha (TNF-a) has been associated with pathophysiologic phe-
nomena (11, 15, 23, 33). Gamma interferon (IFN-y) may have
a crucial role in stimulating anti-GBS defenses. IFN-y produc-
tion is severely impaired during early life, a fact which may
explain at least partially the increased susceptibility of neo-
nates to infections by GBS and other pathogens (6, 8, 22, 36).
Administration of recombinant IFN-y was effective in protect-
ing neonatal mice from GBS-induced lethality and in limiting
in vivo GBS growth (7). Recombinant interleukin-12 (rIL-12)
also improved survival and impaired in vivo bacterial growth
(24). These effects were mediated at least partially by increased
IFN-y production (10, 24).

Interleukin-18 (IL-18) is a potent IFN-vy inducer, especially
in combination with IL-12. IL-18 is a member of the IL-1
family of ligands and is produced mainly as a precursor protein
(24 kDa) that requires proteolytic activation by an IL-1B-con-
verting enzyme to liberate the 18-kDa mature active protein
(14, 16). IL-18 mRNA is expressed in a wide range of cells,
including Kupffer cells, macrophages, T cells, B cells, dendritic
cells, osteoblasts, keratinocytes, astrocytes, and microglia (28).
The IL-18 receptor system and its signal transduction pathway
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are analogous to those of IL-1 (34). In addition to IFN-v, IL-18
can induce the synthesis of IL-1B, TNF-«, IL-8, and various
chemokines (21, 30, 31), probably through the activation of
nuclear factor kB (NF-kB) (28). Recent studies investigated
the role of IL-18 in the host response to infection. In its
capacity as a IFN-y-inducing factor, IL-18 has an important
role in natural immunity and acquired immunity (1, 21). Ac-
cordingly, IL-18 is protective against infection caused by a
number of intracellular and extracellular pathogens (3, 4, 17,
20, 32, 35). However, during experimental endotoxemia in
mice, neutralization of IL-18 protected against lipopolysaccha-
ride-induced liver injury and lethality (12, 29), suggesting a
pathogenic role of IL-18 in lethal endotoxemia.

In view of the pleiotropic effects of IL-18, it was of interest
to explore its role in experimental GBS disease. Our data
indicate that endogenous IL-18 contributes significantly to host
defenses against GBS. Moreover, prophylactic or therapeutic
administration of rIL-18 results in decreased bacterial burden
and increased survival.

MATERIALS AND METHODS

Bacteria. GBS strain COH1, a highly virulent strain originally isolated from a
septic neonate, was kindly provided by Craig Rubens, University of Washington,
Seattle. Bacteria were grown to the mid-log phase in Todd-Hewitt broth (Oxoid,
Milan, Italy) and diluted to the appropriate concentration in phosphate-buffered
saline (PBS; 0.01 M phosphate, 0.15 M NaCl [pH 7.2]) prior to the inoculation
of animals.

Neonatal mice. Neonatal (<24-h-old) BALB/c mice were used. Parental mice
were obtained from Charles River Italia (Calco, Italy). Pups from each litter
were randomly assigned to control or experimental groups, marked, and kept
with their mothers. Mice used in this study were housed under specific-pathogen-
free conditions in the animal facilities of the Department of Pathology and
Experimental Microbiology at the University of Messina. The mice were fed
clean food and water ad libitum. All of the procedures were in agreement with
the guidelines of the National Institutes of Health for the handling of laboratory
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animals, and the studies presented here were approved by the relevant national
and institutional committees.

Neonatal sepsis model. Mouse pups were infected subcutaneously with various
GBS doses. The actual numbers of injected bacteria were confirmed by colony
counts. Mice were observed daily for 8 days after inoculation. Deaths were never
observed after 5 days. In addition, some of the mice were killed at certain
intervals in order to measure bacterial burden and plasma cytokine levels.

Reagents and antibodies. Murine rIL-18 was purchased from Euroclone (dis-
tributed by Celbio, Milan, Italy). The endotoxin content in this preparation was
less than 1 endotoxin unit/pg, as determined by the manufacturer. Murine
rIL-12, goat polyclonal anti-mouse IL-18, anti-mouse IFN-y immunoglobulin G
(IgG), and normal goat IgG were purchased from PeproTech EC Ltd. (London,
United Kingdom).

Cytokine determinations. In order to measure cytokine production during the
course of infection, mouse pups were killed by decapitation at various times after
GBS challenge. Mixed venous-arterial blood was collected in heparinized con-
tainers and centrifuged after 10 wl was saved for colony counts. Pooled plasma
from five animals was stored at —70°C until measured for IL-18 and TNF-a by
using, respectively, a mouse IL-18 enzyme-linked immunosorbent assay kit
(MBL; R&D Systems, Minneapolis, Minn.) and a mouse TNF-a module set
(BenderMedSystems, Vienna, Austria). The lower limits of detection for IL-18
and TNF-a were 25.6 and 16 pg/ml, respectively. To measure ongoing IFN-y
production in spleen cells, the organs from five animals were pooled and a
single-cell suspension was prepared as described previously (7, 13). Cells were
washed and resuspended in RPMI 1640 containing 10% heat-inactivated fetal
calf serum, HEPES (10 mM), r-glutamine (2 mM), penicillin (50 TU/ml), and
streptomycin (50 pg/ml) (all obtained from Invitrogen Life Technologies, San
Giuliano Milanese, Italy) to a density of 2 X 10° cells per ml. One-milliliter
aliquots were cultured in 24-well plates for 24 h at 37°C in a humidified atmo-
sphere containing 5% CO,. Spleen cells obtained from uninfected animals and
cultured under the same conditions served as controls. After culturing, superna-
tants were removed and stored at —70°C until assayed by using a mouse IFN-y
enzyme-linked immunosorbent assay kit (Euroclone; sensitivity of 15 pg/ml).

Expression of data and statistical analysis. IL-18, TNF-«, IFN-y, and log
CFU levels were expressed as means and standard deviations of three indepen-
dent observations, each conducted on a different animal (IL-18, TNF-a, and log
CFU) or on a different pool from five animals (IFN-vy). Differences in cytokine
and CFU levels were assessed by a one-way analysis of variance and the Student-
Newman-Keuls test. Survival data were analyzed with Kaplan-Meier survival
plots followed by the Wilcoxon test. With both tests, differences were considered
significant when P values were <(0.05.

RESULTS

IL-18 levels during infection. Plasma IL-18 values were be-
low the limit of detection of the assay in uninfected control
pups (data not shown). Significant IL-18 elevations over base-
line values could be detected in plasma at 12 to 60 h after
challenge with 60 CFU of GBS, peaking at 24 h (Fig. 1).

Effects of anti-IL-18 and rIL-18. In further experiments, we
explored the role of the IL-18 endogenously produced during
GBS infection. Administration of goat polyclonal anti-IL-18
IgG (0.5 pg/pup) at 6 h before challenge totally prevented the
elevations in immunoreactive I1L-18 (Fig. 1). This treatment
also markedly decreased survival in GBS-infected pups relative
to controls injected with PBS before bacterial challenge (Fig.
2). In further experiments, similar detrimental effects of anti-
IL-18 IgG were observed when controls consisted of normal
goat IgG-treated pups instead of PBS-treated ones.

Since IL-18 blockade decreased survival in this model, we
investigated whether treatment with rIL-18 would be benefi-
cial. Mouse pups were injected with rIL-18 at 6 h before GBS
challenge. Prophylactic treatment with 200 ng of rIL-18 per
pup increased survival, as evidenced by significantly (P < 0.05)
decreased lethality (Fig. 3). This effect was dose dependent,
since no effects were observed with a lower IL-18 dose (100 ng)
(Fig. 3). Doses of 300 and 400 ng per mouse did not result in
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FIG. 1. Plasma IL-18 levels in neonatal mice at various times after
infection with GBS. Groups of pups were treated with goat polyclonal
anti-IL-18 IgG (0.5 pg/pup) or vehicle (PBS) at 6 h before GBS
challenge (60 CFU/mouse). Data represent means and standard devi-
ations of three independent observations, each conducted on a differ-
ent animal.

further protection over that observed with 200 ng (data not
shown). Treatment at the time of or 16 h after GBS challenge
also was able to increase survival (data not shown).

Effects of rIL-18 on blood colony counts. Colony counts were
determined with blood samples obtained from animals treated
with rIL-18, anti-IL-18 IgG, or PBS at 6 h before challenge. At
48 or 72 h after challenge, log CFU levels were significantly
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FIG. 2. Effects of IL-18 blockade on GBS-induced lethality in neo-
natal mice. Pups were treated with goat polyclonal anti-IL-18 IgG (0.5
ug/pup) or vehicle (PBS) at 6 h before GBS challenge (15 CFU/pup).
An asterisk indicates a P value of <0.05 for a comparison of the
treated mice and the control mice.
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FIG. 3. Effects of rIL-18 on GBS-induced lethality in neonatal mice. Pups were treated with two doses of rIL-18 (200 and 100 ng/pup) or vehicle
(PBS) at 6 h before GBS challenge (60 CFU/pup). An asterisk indicates a P value of <0.05 for a comparison of the treated mice and the control

mice.

lower and higher in the blood of pups treated with rIL-18 and
anti-IL-18 IgG, respectively, than in vehicle-treated controls (P
< 0.05) (Table 1). These data indicated that blockade of en-
dogenous IL-18 increased the severity of sepsis. Conversely,
rIL-18 administration had the opposite effect and decreased
bacterial burden (Table 1).

TNF-a and IFN-y levels. Since it is known that IL-18 can
increase the production of TNF-a (31), a cytokine previously
shown to have a pathophysiologic role in this sepsis model (23),
TNF-«a levels in neonatal mice treated with rIL-18 or anti-
IL-18 at doses previously shown to modify lethality were de-
termined. Pups were treated with rIL-18 (200 ng/pup), anti-
IL-18 (0.5 pg/pup), or vehicle at 6 h before challenge with 60
CFU, and plasma samples were collected after 24 or 48 h.
Plasma TNF-a values did not differ in the three groups of mice
(data not shown), indicating that neither rIL-18 nor anti-IL-18

TABLE 1. Effects of anti-IL-18 IgG or rIL-18 administration on
blood counts in GBS-infected neonatal mice”

Blood colony counts (mean = SD log CFU/

Treatment ml) at h:
48 72
PBS 4.56 +1.27 5.9+ 1.19
Anti-TIL-18 1gG 7.16 = 1.34° 7.40 = 1.56
rIL-18 231 + 1.08° 4.01 * 0.96°

“ Neonatal mice were treated with 0.5 g of goat polyclonal anti-IL-18 IgG or
200 ng of rIL-18 at 6 h before challenge with GBS (60 CFU/pup). Data represent
three observations each conducted on a different animal.

® The P value in a comparison with the respective PBS control was <0.05, as
determined by analysis of variance and the Student-Newman-Keuls test.

treatment significantly affected TNF-a production in this
model.

Because IL-18 is also a potent inducer of IFN-vy, a mediator
that was previously shown to improve anti-GBS defenses, the
effects of rIL-18 and anti-IL-18 on IFN-y production also were
investigated. To this end, neonatal spleen cells were explanted
at various times after infection, and IFN-y responses in super-
natants of splenocyte cultures were measured (13). IFN-y pro-
duction was significantly enhanced by rIL-18 administration in
GBS-infected pups relative to vehicle-treated controls (Fig. 4).
Conversely, the IFN-y response was impaired but not totally
abolished by anti-IL-18 treatment (P < 0.05).

Next, to ascertain whether the beneficial activities of 1L-18
were mediated by increased IFN-y bioactivity, pups were
treated with an anti-IFN-y monoclonal antibody (5 pg per
pup) plus rIL-18 (200 ng/pup) at 6 h before challenge with a
90% lethal dose. Infected pups treated with rIL-18 alone
served as controls. Figure 5 shows that the effects of rIL-18
were counteracted by IFN-y blockade. These data indicate that
the effects of rIL-18 were mediated at least partially by IFN-y.

Effects of combined treatment with rIL-18 and rIL-12. To
determine whether IL-18 acts in synergy with IL-12, pups were
inoculated with mixtures of rIL-18 and rIL-12 at 6 h before
challenge with a 90% lethal dose. Treatment with a low dose of
rIL-18 (100 ng) or rIL-12 (50 ng) was not effective when given
alone. However, combined administration of the same low
doses increased the survival of pups (Fig. 6). Combined treat-
ment with optimal rIL-12 (100 ng) and rIL-18 (200 ng) doses
did not result in increased protection over that observed with
single doses (data not shown).
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FIG. 4. IFN-y levels in culture supernatants of spleen cells explanted from neonatal mice at various times after GBS challenge. Pups were
treated with rIL-18 (200 ng/pup), goat polyclonal anti-IL-18 (0.5 wg/pup), or vehicle (PBS) at 6 h before GBS challenge (60 CFU/pup). Data
represent means and standard deviations of three independent observations, each conducted in duplicate on culture supernatants of spleen cells
pooled from five animals. An asterisk indicates a value that was significantly (P < 0.05) different from the value for the vehicle-treated control,
as determined by one-way analysis of variance and the Student-Newman-Keuls test.

DISCUSSION

Sepsis still is frequently a fatal disease that involves the
expression of a complex network of proinflammatory and anti-
inflammatory cytokines. Previous studies demonstrated that
IL-18 is produced during clinical infection caused by different
organisms and in various animal models of infection (3, 4, 17,
20). The main finding of the present study is that IL-18 is
produced during GBS sepsis and contributes significantly to
host defenses. This finding was evidenced by the ability of GBS
challenge to induce circulating IL-18 and by the ability of
treatment with neutralizing anti-IL-18 to produce marked in-
creases in both lethality and blood CFU levels. Conversely,
administration of rIL-18 to mice before or after challenge
improved their survival rates and decreased bacterial burden.
These results were reminiscent of the effects of rIFN-y admin-
istration previously observed with the same animal model (7).
Moreover, in the present study, administration of rIL-18 was
followed by significant elevations of IFN-y production by
spleen cells. Although IL-18 exerts some of its activities
through induction of IFN-vy, recent data suggest that IL-18 has
direct properties, including NF-kB activation, stimulation of
proliferation and cytotoxicity of T and NK cells, induction of
Fas ligand expression, and cytokine production (12, 27, 31).
Therefore, we studied whether mechanisms different from the
hypothesized IL-18-promoted IFN-y production were involved
in protection of neonatal mice against GBS sepsis. Our data

showed that the effects of rIL-18 could be abolished almost
completely by concomitant IFN-y blockade, indicating an im-
portant role of IFN-y in the observed beneficial effects of
rIL-18.

Marked neonatal age-associated defects in IFN-y produc-
tion have been well documented (18, 22). Our results demon-
strated that rIL-18 administration may restore at least partially
the ability of neonates to produce IFN-y. A reduced IL-18
response may contribute to neonatal age-associated defects in
IFN-y production. Interestingly, a recent study showed that
cord blood mixed mononuclear cells produced significantly less
IL-18, IL-12, and IFN-y in response to GBS than did mixed
mononuclear cells from adults (19). Moreover, IFN-y produc-
tion was enhanced by added rIL-18 and rIL-12 (19). These
data, as well as those of the present study, suggest that exog-
enous rIL-18 may be useful for correcting neonatal deficiences
in IL-18 and IFN-y production and for decreasing neonatal
susceptibility to GBS infections. Collectively, the results pre-
sented here and those of previous studies (7, 24) suggest that
IL-18- and IL-12-induced IFN-y is a crucial host response
factor that acts mainly through increasing phagocyte-mediated
killing of GBS. Since phagocyte functions are depressed in
neonates, administration of exogenous IFN-vy, IL-12, IL-18, or
combinations thereof may help to correct neonatal age-asso-
ciated defects in innate immunity.

In the present study, low doses of rIL-18, which had no
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FIG. 5. Effects of combined treatment with rIL-18 and anti-IFN-y on GBS-induced lethality in neonatal mice. Pups were treated with rIL-18
(200 ng/pup) alone, with rIL-18 (200 ng/pup) and goat polyclonal anti-IFN-y (5 pg/pup), or with vehicle (PBS) at 6 h before GBS challenge (60
CFU/pup). An asterisk indicates a P value of <0.05 for a comparison with rIL-18-treated mice.
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FIG. 6. Effects of combined treatment with rIL-12 and rIL-18 on GBS-induced lethality in neonatal mice. Pups were treated with rIL-18 (100
ng/pup) and rIL-12 (50 ng/pup), alone or in combination, or with vehicle (PBS) at 6 h before GBS challenge (60 CFU/pup). An asterisk indicates
a P value of <0.05 for a comparison of the treated mice and the control mice.
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protective effects of their own, could act in synergy with rIL-12
to improve survival. Finally, rIL-18 was effective both prophy-
lactically and therapeutically. Both of these observations may
be clinically relevant.

In conclusion, the present study indicates that (i) endoge-
nous IL-18 may have an important role as a host defense factor
in GBS disesase and (ii) the administration of rIL-18 may be
useful alone or in combination with rIL-12 for correcting neo-
natal age-associated defects in IFN-y responses. These obser-
vations may be useful for the development of alternative strat-
egies for treating neonatal GBS disease. Moreover, our data
are in general agreement with the notion that IL-18 is an
important innate immunity factor during bacterial infections.
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