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Spleen and peritoneal macrophages obtained from innately resistant A/J mice released low levels of inter-
leukin 18 (IL-18) upon infection with Salmonella typhimurium C5 RP4. Incubating the cells with recombinant
gamma interferon (rIFN-g) enhanced IL-18 production. A/J mice treated in vivo with anti-IL-18 antibodies
showed impaired resistance to infection, with increased bacterial loads in the liver and spleen. Administration
of rIL-18 could protect A/J mice from challenge with a lethal dose of virulent salmonellae, with a dramatic
reduction in bacterial numbers in the tissues. rIL-18 administration did not ameliorate the disease in
IFN-g-R2/2 mice. IL-18 proved to be required for IFN-g production by mouse splenocytes from conventional,
scid, and rag-12/2 mice; in vivo IL-18 neutralization caused a decrease in circulating IFN-g levels. Thus, IL-18
is a key factor in early host resistance to Salmonella and probably acts via IFN-g.

A better knowledge of the mechanisms of pathogenesis and
immunity operating in Salmonella infections is needed for a
more rational approach to the treatment of the disease as well
as for the development of improved vaccines.

The mouse model is widely used for the study of systemic
Salmonella infections. In mice, host-adapted salmonellae can
invade and multiply in the tissues of the reticuloendothelial
system (RES), with the severity and outcome of the disease
depending on the infecting dose, on the virulence of the bac-
terial strain, and on the genetic background of the animal (15).

In mice, early resistance is under control of the innate re-
sistance Nramp (Ity) gene, which is expressed by macrophages
(10). In lethal infections, bacterial growth in the tissues
progresses unrestrained until large bacterial numbers are
reached (ca. 108 CFU), causing death. In sublethal infections,
survival requires an early host response that controls the
growth of the organisms in the tissues (5, 12). This early re-
sponse does not require functional T cells, depends on the
presence of bone marrow-derived cells (mononuclear cells)
(5), and coincides with the formation of granulomas in the
infected tissues (18, 26). Most of the salmonellae in the spleen
and liver of the infected animal are localized within the phago-
cytes present in the focal lesions (26).

Several cytokines and soluble factors play a crucial role in
early resistance to mouse typhoid. Tumor necrosis factor alpha
(TNF-a)-interleukin 12 (IL-12), gamma interferon (IFN-g),
and nitric oxide derivatives (NO) are all required for the con-
trol of Salmonella growth by the infected host (8, 13, 14, 16–18,
20, 21, 30). TNF-a is needed for granuloma formation (18);
IL-12 is required for IFN-g production by NK cells (16, 24, 25);

IFN-g is a key factor in the enhancement of Salmonella killing
by macrophages (6).

IL-18 is an 18- to 19-kDa cytokine produced by several cell
types, including activated mononuclear cells and epidermal
cells, in response to bacterial and inflammatory stimuli (22,
27). IL-18 specific mRNA can be detected in a wide range of
cell types (29). The cytokine is produced as a precursor
polypeptide, which is cleaved by caspase 1 to yield a 157-
amino-acid biologically active monomer (4). IL-18 has multiple
biological activities including induction of IFN-g from NK cells
and antigen- or mitogen-stimulated Th1 cells, upregulation of
IL-2R on T cells (9, 28), enhancement of Fas ligand-mediated
cytotoxicity of murine T-helper cells (3), and augmentation of NK
cell cytotoxicity (28). IL-18 and IL-12 have a synergistic effect on
the induction of IFN-g from T cells, probably due to the upregu-
lation of IL-18 receptors by IL-12 (1, 28). IL-18 has been recently
shown to induce TNF-a from human NK and T cells (23).

IL-18 plays a role in host resistance to infection and in
lipopolysaccharide-induced histopathology. The cytokine en-
hances host resistance to infection with virulent Cryptococcus
neoformans (31) and is involved in LPS-mediated liver injury in
animals exposed to Propionibacterium acnes (22). Recently,
IL-18 has been shown to play a crucial role in the control of
Yersinia enterocolitica infection in mice (2).

In the present study, we investigated the role of IL-18 in host
resistance to virulent salmonellae by using the mouse typhoid
model. We assessed whether IL-18 is induced in response to
Salmonella; we studied the effect of administration of anti-
IL-18 antibodies and recombinant IL-18 (rIL-18) to Salmonel-
la-infected mice; and we evaluated the involvement of IL-18 in
IFN-g production from mouse splenocytes. Finally, we wished
to assess whether IL-18 acts via IFN-g induction.

MATERIALS AND METHODS

Animals. A/J, C57BL/6, C57BL/6 rag-12/2, 129 sv, and 129 sv IFN-g-R2/2

mice were purchased from BaK Universal Ltd. C.B.-17 and C.B.-17 scid mice
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were purchased from Charles River U.K. Ltd. Age- and sex-matched groups
were used when older than 8 weeks.

Bacteria. S. typhimurium C5 is a virulent strain with an intravenous (i.v.) 50%
lethal dose for A/J and 129 sv mice of ca. 104.5 CFU (reference 16 and our
unpublished observations). Bacteria were grown at 37°C as stationary overnight
cultures in Luria-Bertani (LB) broth (Difco). Aliquots were snap-frozen and
stored in liquid nitrogen. The inoculum was diluted in phosphate-buffered saline
(PBS) and injected in a lateral tail vein. The dose was further checked by pour
plating. For infection of macrophage cultures, the ampicillin-resistant S. typhi-
murium C5 RP4 was grown as above in LB broth containing 50 mg of ampicillin
per ml. The mouse virulence of S. typhimurium C5 RP4 and S. typhimurium C5
are very similar in terms of 50% lethal dose and growth curves in innately
susceptible and resistant mice (our unpublished observations). The bacteria were
diluted at the appropriate concentration in RPMI 1640 containing 10% fresh
mouse serum and incubated at 37°C for 50 min before being added to the
macrophage cultures. In a series of preliminary experiments, we found that a
bacterium-to-macrophage ratio of 5:1 gave the highest intracellular bacterial
penetration of S. typhimurium C5 in murine peritoneal and splenic macrophages.

Bacterial enumeration in organ homogenates. Mice were sacrificed by cervical
dislocation. Spleens and livers were aseptically removed and homogenized in a
Colworth stomacher in 10 ml of distilled water (16). Viable counts were per-
formed with pour plates of LB agar.

Anti-IL-18 antibodies and rIL-18. Neutralizing anti-IL-18 antiserum was pre-
pared from sera of rabbits immunized with murine rIL-18. A 200-mg dose of
anti-IL-18 antibody completely blocked the IFN-g-inducing activity of 50 ng of
IL-18 in spleen cells stimulated with concanavalin A (ConA) (22).

rIL-18 was prepared as described elsewhere (22). The endotoxin content was
,0.9 ng/mg of protein as assessed by the Limulus amebocyte lysate assay (Seika-
gaku Kogyo, Tokyo, Japan).

Preparation of peritoneal and splenic macrophages. Mice were sacrificed by
cervical dislocation. The peritoneal cavity was injected with 5 ml of cold RPMI
1640 (Sigma, Poole, United Kingdom) containing 10 U of heparin (Sigma) per
ml. The fluid-distended peritoneal cavity was massaged, and the cells were
collected, washed three times by centrifugation at 290 3 g for 7 min, resuspended
in RPMI 1640 supplemented with 2 mM glutamine, 1 mM HEPES (Sigma), 50
mg of ampicillin (Sigma) per ml, and 10% heat-inactivated fetal calf serum (FCS)
(Sigma), and dispensed in 24-well plates (Corning, Corning, N.Y.) at 106 cells per
well.

Splenic macrophages were prepared by a modification of the method de-
scribed by Lissner et al. (11). Briefly, spleens were aseptically removed and
mashed through a stainless steel sieve in RPMI 1640. The supernatant was
collected. Gross pieces were allowed to sediment before being treated with
0.075% collagenase and 0.001% DNase I in Ca21- and Mg21-free Dulbecco
modified phosphate-buffered saline (D-PBS) for 45 min at 37°C. The superna-
tant and the collagenase-treated sediment were pooled and incubated in Gey’s
solution to lyse erythrocytes and the cells were washed three times at 290 3 g for
7 min, resuspended in RPMI 1640 supplemented as described above, and dis-
pensed in 24-well plates at 106 cells/well. After a 3-h incubation, the plates
containing splenic and peritoneal cells were vigorously washed and incubated
overnight in RPMI 1640 supplemented as described above. Different sets of wells
were incubated for 16 h with medium alone or with medium containing recom-
binant murine IFN-g (8,000 to 100 U/ml) (kindly provided by G. R. Adolf,
Bender, Vienna, Austria).

Adherent cells were washed once and exposed to 500 ml of the opsonized S.
typhimurium C5 RP4 (time zero) at a bacterium-to-cell ratio of approximately 5:1
for 1 h at 37°C. The supernatant was removed, the wells were washed three times
with RPMI 1640, and the cells were further cultured in RPMI 1640 supple-
mented with 2 mM glutamine, 1 mM HEPES, 50 mg of ampicillin per ml, 5 mg
of gentamicin (Sigma) per ml, and 10% heat-inactivated FCS. Supernatants were
removed at intervals thereafter and stored at 270°C until use.

Splenocyte cultures. Splenocytes were prepared as described elsewhere (16).
Briefly, mice were sacrificed by cervical dislocation and single-cell suspensions
were prepared. The cells were washed once in RPMI 1640 medium and incu-
bated in Gey’s solution to lyse the erythrocytes. Leukocytes were washed twice
more and resuspended in RPMI 1640 supplemented with 100 U of penicillin per
ml, 100 mg of streptomycin (Sigma) per ml, 2 mM glutamine, 2 3 1025 M
b-mercaptoethanol, 1 mM HEPES, and 10% heat-inactivated FCS. For stimu-
lation with whole bacteria (105 CFU of S. typhimurium C5), cells were dispensed
at a concentration of 106/well in flat-bottom 96-well plates (Corning) in 200 ml.
For IFN-g measurements, the supernatants were harvested at 48 h, aliquoted,
and stored at 270°C.

IL-18 ELISA. IL-18 was measured by capture enzyme-linked immunosorbent
assay (ELISA). The antibodies used in the ELISA react with mature IL-18 in
Western blots (our observations). We coated 96-well ELISA plates (Maxisorp
Immunoplates, Nunc, Roskilde, Denmark) at room temperature (RT) for 3 h
with 100 ml of capture monoclonal antibody 74 (rat splenocyte/Y3Ag1.2.3. rat
myeloma) per well in D-PBS at 20 mg/ml. After blocking with 250 ml of D-PBS
containing 1% bovine serum albumin (Sigma) for 30 min at RT, 50 ml of D-PBS
containing 1% bovine serum albumin, 5% FCS, and 1 M NaCl was added to each
well. Samples and standard dilutions of recombinant murine IL-18 ranging be-
tween 1 and 0.1 ng/ml (in RPMI 1640 plus 10% FCS) were loaded in 50 ml in
triplicate, and the plates were incubated at RT for 3 h. After being washed, the

plates were incubated at RT for 3 h with 100 ml of the horseradish peroxidase-
conjugated detection monoclonal antibody 93-10C–HRP (rat splenocytes/SP2/O
mouse myeloma) in D-PBS containing 5% FCS, 0.15 M NaCl, and 0.1% 3-[(b-
cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS; Sigma) at
0.4 mg/ml. o-Phenylenediamine (OPD) (1 mg/ml in 0.2 M Na2HPO4–0.1 M
citrate buffer) in the presence of H2O2 was used to develop the plates. The
reaction was stopped by adding 15 ml of 3 M H2SO4 per ml. The optical density
was read at 490 nm. IL-18 concentrations (in picograms per milliliter) were
determined by comparison with the standard curve. The lower detection limit for
the IL-18 ELISA was 120 pg/ml.

IFN-g ELISA. IFN-g was measured by capture ELISA with antibody pairs and
rIFN-g purchased from PharMingen (Becton Dickinson UK, Ltd.). We coated
each well of 96-well ELISA plates at 37°C for 2 h with 50 ml of a capture rat
anti-mouse IFN-g immunoglobulin G1 monoclonal antibody (clone R4-6A2) in
0.1 M NaHCO3 buffer (pH 8.2) at 2 mg/ml and incubated the plates overnight at
4°C. After blocking at 37°C for 1 h with RPMI 1640 supplemented with 10% FCS
(RPMI-FCS), samples (diluted 1/2 in RPMI-FCS) were loaded at 50 ml in
triplicate and the plates were incubated at 37°C for 2 h. Serial twofold dilutions
of rIFN-g ranging from 60 ng/ml to 40 pg/ml were included as standards. Use of
100 ml of the biotinylated rat anti-mouse IFN-g immunoglobulin G1 monoclonal
antibody (clone XMG1.2) at 1 mg/ml in PBS–10% FCS (1 h at 37°C) per well was
followed by 100 ml of peroxidase-labelled streptavidin at 2.5 mg/ml (Sigma) in
PBS–10% FCS (45 min at RT) per well. The reaction was developed and stopped
as described for the IL-18 ELISA. IFN-g concentrations (in nanograms per
milliliter) were determined by comparison with the standard curve. We consid-
ered 100 pg/ml to be the lower limit of sensitivity of our ELISA.

Statistical analysis. Student’s t test was used to determine the significance of
differences between controls and experimental groups. We consider differences
between experimental groups statistically significant for P , 0.05.

RESULTS

IL-18 production by macrophages infected with S. typhi-
murium. Peritoneal and splenic macrophages were cultured
overnight in the presence of medium alone or medium supple-
mented with 800 U of rIFN-g per ml. Thereafter, the cells were
infected with S. typhimurium C5 RP4 and supernatants were
collected for IL-18 measurements. Salmonella infection in-
duced the release of low levels of IL-18 from untreated (no
rIFN-g) peritoneal and splenic macrophages 1 h after infec-
tion. Thereafter, low IL-18 levels were detectable in splenic
macrophages cultures but not in supernatants from peritoneal
macrophages (Fig. 1).

rIFN-g-treated macrophages (both splenic and peritoneal)
released higher levels of IL-18 than did untreated macro-
phages, with a peak being reached 1 h after infection and the
cytokine being detectable in the supernatants throughout the
experiment (10 h). The differences in IL-18 production be-

FIG. 1. Peritoneal and splenic macrophages were cultured overnight with
medium alone or in the presence of 800 U of rIFN-g per ml. The cells were
infected with S. typhimurium C5 RP4 (0 h) at a bacterium-to-cell ratio of 5:1.
Supernatants for IL-18 measurements were collected at the indicated times
thereafter. The results are expressed as the concentration of IL-18 from triplicate
cultures (mean and standard deviation).
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tween rIFN-g-treated and untreated macrophages were statis-
tically significant 1 and 2 h after infection (Fig. 1). The exper-
iment in Fig. 1 is representative of three similar experiments.

A statistically significant enhancement of IL-18 production
from peritoneal and splenic macrophages was observed over a
wide range of IFN-g concentrations (100 to 8,000 U/ml) (re-
sults not shown). No IL-18 was detected in uninfected cultures.

Thus, resident peritoneal and splenic macrophages release
IL-18 in response to Salmonella. IFN-g stimulation of mono-
nuclear cells greatly increases IL-18 production.

Effect of IL-18 neutralization on host resistance to Salmo-
nella. A/J mice were sublethally infected with ca. 103 CFU of
the virulent S. typhimurium C5. One group of mice received
two i.v. injections of 0.25 mg of anti-IL-18 neutralizing globu-
lins 2 h before challenge and on day 3 of the infection; controls
received a similar amount of normal rabbit globulins (NRG).
On days 1 and 3, bacterial counts in the spleen and liver were
similar in control and anti-IL-18-treated animals. Conversely,
on day 7, bacterial counts in the spleen and liver were signif-
icantly higher in anti-IL-18-treated mice than in NRG-treated
controls, indicating a clear exacerbation of the infection (Fig.
2). A repeat experiment with a larger amount (0.5 mg per
dose) of anti-IL-18 antibodies gave similar results (data not
shown).

Thus, IL-18 is required for the control of bacterial growth in
mice infected intravenously with a virulent S. typhimurium
strain.

Effect of rIL-18 administration on a lethal Salmonella infec-
tion. A/J mice were infected with a lethal dose (ca. 106 CFU)
of S. typhimurium C5. One group of mice was intraperitoneally
injected daily with 1.25 mg of rIL-18 starting 2 days prior to
infection. Control mice were similarly treated with diluent
(PBS).

On day 7, two of five control mice (injected with PBS) were
dead and the remaining control animals showed signs of seri-
ous illness, while all the rIL-18-treated animals appeared
healthy. Bacterial counts in the spleens and livers of the in-
fected mice were measured. Control mice showed the expected
high premortem bacterial loads, while fewer bacteria were

present in the tissues of mice treated with rIL-18 (Fig. 3). A
repeat experiment gave similar results.

Thus, treatment with rIL-18 confers protection against a
lethal bacterial challenge with virulent salmonellae.

IL-18 produced in response to Salmonella triggers IFN-g
release by spleen cells from T-cell-deficient mice. Splenocytes
from uninfected C.B.-17 scid and C57BL/6 rag-12/2 mice (T-
and B-cell deficient) and wild-type control mice were stimu-
lated in vitro with 105 CFU of S. typhimurium C5 or with 5 mg
of ConA per ml in the presence of 40 mg of anti-IL-18 neu-
tralizing rabbit globulins per ml. Parallel cultures were stimu-
lated in the presence of a similar amount of control rabbit
globulins. IFN-g was measured in the supernatants 48 h after
stimulation. Cells from conventional mice of either strain pro-
duced significant levels of IFN-g in response to both ConA and
S. typhimurium; a dramatic and statistically significant reduc-
tion in IFN-g release in response to Salmonella but not to
ConA was seen in the cultures treated with anti-IL-18 antibod-
ies compared to untreated cultures. Spleen cells from scid and
rag-12/2 mice released IFN-g in response to S. typhimurium
but not in response to ConA. Addition of anti-IL-18 antibodies
to the cultures eliminated IFN-g release from spleen cells of
scid and rag-12/2 mice (Fig. 4).

A statistically significant reduction in IFN-g release in re-
sponse to S. typhimurium but not to ConA was seen when using
spleen cells from A/J mice (data not shown).

Thus, IL-18 neutralization reduces or eliminates IFN-g re-
lease from spleen cells of conventional mice and scid and
rag-12/2 (T- and B-cell-deficient) mice.

Effect of IL-18 neutralization on IFN-g levels in the sera of
infected mice. A/J mice were infected and treated as in the
experiment in Fig. 2. IFN-g was measured in serum samples
obtained on day 7 of the infection. IFN-g levels were signifi-
cantly lower in the sera of anti-IL-18-treated mice (300 6 40
pg/ml) than in the sera of NRG-treated controls (1,250 6 300
pg/ml).

Thus, in vivo neutralization of IL-18 causes a reduction in
circulating IFN-g levels.

Effect of rIL-18 treatment in IFN-g-R2/2 mice infected with
virulent salmonellae. 129 sv IFN-g-R2/2 mice and 129 sv con-
trols were infected with ca. 105 CFU of S. typhimurium C5. One

FIG. 2. A/J mice were sublethally infected with ca. 103 CFU of the virulent S.
typhimurium C5. One group of mice received two i.v. injections of 0.25 mg of
anti-IL-18 neutralizing globulins 2 h before challenge and on day 3 of the
infection; controls received similar amounts of NRG. Bacterial counts in the
spleen and liver were measured on day 7 of the infection. The results are
expressed as log10 viable counts on four individual mice.

FIG. 3. A/J mice were given a lethal i.v. dose (ca. 106 CFU) of S. typhimurium
C5. One group of mice was injected (i.p.) daily with 1.25 mg of rIL-18 starting 2
days prior to infection. Control mice were similarly treated with diluent (PBS).
Bacterial counts in the spleen and liver were measured on day 7 of the infection.
The results are expressed as log10 viable counts on five individual mice.
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group of mice from each strain was injected daily i.p. with 1.5
mg of rIL-18 starting 2 days before infection. Control mice
were treated with PBS. On day 5, both rIL-18-treated and
PBS-treated 129 sv IFN-g-R2/2 mice showed serious signs of
illness, and viable counts revealed similarly high bacterial loads
in both groups (no statistical significance between groups),
indicating that rIL-18 had exerted no protective effects. At the
challenge dose used in this experiment, the infection appeared
to be milder in conventional 129 sv mice, which were not ill on
day 5. Nevertheless, day 7 viable counts in rIL-18-treated 129
sv mice were significantly lower than in the mice treated with
PBS (Fig. 5).

In a similar experiment, mice were challenged with ca. 6 3
104 CFU of S. typhimurium C5. Viable counts were performed
in both 129 sv mice and 129 sv IFN-g-R2/2 mice on day 6 of
the infection. Once again, counts in rIL-18 treated 129 sv mice
were significantly lower than in the mice treated with PBS,
while the rIL-18 treatment had no effect in the IFN-g-R2/2

mice (data not shown).
Thus, IFN-g is required for the protective effects of rIL-18

administration during salmonellosis.

DISCUSSION

In the present report, we show that IL-18 (IGIF) is involved
in host resistance to virulent salmonellae.

Splenic and peritoneal macrophages released IL-18 upon

infection with salmonellae. In vivo administration of anti-IL-18
antibodies exacerbated the course of the infection, while
rIL-18 could ameliorate the disease in conventional but not in
IFN-g-R2/2 mice. We also show that IL-18 positively modu-
lates IFN-g production from mouse splenocytes and enhances
IFN-g production in vivo.

The early mechanisms of immunity to Salmonella require
the balanced interaction of a multiplicity of factors. We and
others have previously shown that resistance to Salmonella in
the mouse model requires granuloma formation as well as the
action of cytokines and soluble factors including TNF-a, IL-12,
IFN-g, and nitric oxide (5, 6, 8, 12–18, 20, 21, 26, 30). We found
that TNF-a is needed for granuloma formation in the RES
(18); TNF-a neutralization prevents the formation of macro-
phage-rich focal lesion in the tissues and leads to unrestrained
growth and dissemination of the bacteria in the organs. Others
have found that nitric oxide is also involved in resistance and
granuloma formation (30). In vivo and in vitro evidence indi-
cates that IFN-g plays a key role in macrophage activation by
enhancing the ability of mononuclear cells to restrain bacterial
growth in the tissues (6, 20, 21).

Increasing interest has been focused on cytokine networks in
bacterial infections. Efforts have been made to elucidate the
mechanisms that regulate IFN-g, due to the importance of this
cytokine in early resistance and in the development of Th1-
type long-term immunity to disease. IL-12 had been identified
as the main IFN-g inducer in response to products of bacterial
origin. We and others previously reported that IL-12 is abso-
lutely required for host resistance and IFN-g production in
responses to salmonellae (8, 16).

In the present report, we conclusively show that IL-18 is
crucial for resistance to virulent salmonellae and for IFN-g
production in vitro and in vivo. We found that mice injected
with anti-IL-18 antibodies cannot efficiently control the growth
of virulent salmonellae in the RES. Similar results obtained
with the C. neoformans and Y. enterocolitica mouse models
showed that in vivo neutralization of IL-18 impairs host resis-
tance to infection (2, 7, 31). Therefore, it appears that a com-
mon mechanism involving IL-18 exists for the control of dif-
ferent pathogens. This can probably be explained considering
the absolute requirement for IFN-g production in host resis-
tance to pathogens whose growth is controlled by macrophage

FIG. 4. Spleen cells from C.B-17 and C.B-17 scid mice (top graph) and from
C57BL/6 and C57BL/6 rag-12/2 mice (bottom graph) were stimulated in vitro
with 105 CFU of S. typhimurium C5 (STM) or with 5 mg/ml of ConA in the
presence of 50 mg of anti-IL-18 neutralizing antibodies (hatched bars) or NRG
(solid bars) per ml. IFN-g was measured in the supernatants at 48 h. The results
are expressed as the concentration of IFN-g in triplicate cultures (mean and
standard deviation).

FIG. 5. 129 sv IFN-g-R2/2 mice and conventional 129 sv mice were infected
i.v. with 105 CFU of S. typhimurium C5. One group of mice from each strain was
injected i.p. daily with 1.5 mg of rIL-18 neutralizing globulins starting 2 days prior
to infection. Control mice from each strain received PBS only. Bacterial counts
in the spleen and liver were measured on day 5 or 7 of the infection. The results
are expressed as log10 viable count (mean and standard deviation) on groups of
four mice.

VOL. 67, 1999 IL-18 IN SALMONELLOSIS 481



activation, although IFN-g-independent immune system mech-
anisms cannot be completely disregarded.

Our results show that IL-18 is required for IFN-g production
in response to Salmonella. In fact, addition of anti-IL-18 neu-
tralizing antibodies to splenocyte cultures causes a dramatic
reduction in IFN-g release upon exposure to whole bacteria.
These in vitro results are matched and further supported by
our in vivo observations showing a reduction in circulating
IFN-g levels in mice treated with anti-IL-18 globulins. IL-18
plays a role in IFN-g release from mouse splenocytes exposed
to Y. enterocolitica (2), although the effect is not as strong as
that observed upon IL-12 neutralization. We observed a dra-
matic reduction in IFN-g production by mouse splenocytes
after addition of either anti-IL-12 or anti-IL-18 antibodies to
the cultures (reference 16 and see above). This discrepancy
seems to indicate that the relative importance of IL-12 and
IL-18 in the regulation of IFN-g production can be different
depending on the invading pathogen. IL-18 also induces an
increase in IFN-g levels in serum when exogenously adminis-
tered to mice infected with C. neoformans (31). Furthermore,
P. acnes-treated IL-182/2 mice show reduced IFN-g levels in
serum upon LPS administration (28), supporting the observa-
tion that IL-18 contributes to IFN-g release in response to
gram-negative bacterial products.

In vitro evidence indicates that CD42NK1.11 cells (NK
cells) release IFN-g in response to Salmonella (24, 25). Fur-
thermore, IFN-g can be detected in the circulation of Salmo-
nella-infected nude, scid, and rag-12/2 (T-cell-deficient) mice
infected with salmonellae (our unpublished observations). NK
cells seem to be the main (although possibly not the only)
target of the joint action of IL-12 and IL-18 in the early (T-
cell-independent [5]) stages of murine salmonellosis. In fact, in
the present study we found that neutralization of IL-18 reduces
IFN-g production from spleen cells of scid and rag-12/2 mice.
These mice lack T cells, and therefore NK cells are the primary
source of IFN-g. Our findings therefore indicate that IL-18
production is triggered by Salmonella and that at least in T-
cell-deficient mice, it induces IFN-g production by acting pre-
sumably on NK cells. Nevertheless, our in vitro data, obtained
with T-cell-deficient mice, cannot exclude that other IFN-g-
producing cells are also targeted by IL-18 in conventional
animals. Furthermore, the lack of effect of IL-18 neutralization
on IFN-g release by splenocytes in response to ConA seems to
indicate that naive T cells (within the total splenocyte popula-
tion) do not require IL-18 to release IFN-g in response to
mitogenic stimuli. With the present data, we neither show nor
infer that IL-18 would not act on immune T cells specifically
stimulated with antigen.

IFN-g seems to be required for the protective effects exerted
by IL-18. In fact, administration of rIL-18 resulted in signifi-
cant protection and lower bacterial loads in the RES in con-
ventional but not in IFN-g-R2/2 mice. The in vivo and in vitro
reduction or elimination of IFN-g production, paralleled by
the lack of protective effect of rIL-18 in IFN-g-R2/2 mice
seems to indicate that IL-18 contributes to host resistance to
Salmonella by triggering the production and release of IFN-g.
Similarly, recent evidence indicates that IL-18 protects mice
against pulmonary and disseminated C. neoformans infections,
acting mainly via IFN-g induction (31). Conversely, adminis-
tration of rIL-18 has been recently reported to have no pro-
tective effect in Y. enterocolitica-infected mice (2).

It is becoming increasingly clearer that in Salmonella infec-
tions, the expression of the bactericidal or bacteriostatic activ-
ity of the RES is achieved via IFN-g induction and requires at
least two distinct signals provided by the combined action of
IL-12 and IL-18. Neither cytokine is dispensable, and no re-

dundancy occurs. At present, we cannot exclude that IL-18 also
mediates host resistance to Salmonella by inducing cytokines
different from IFN-g. Interestingly, a recent report indicates
that IL-18 is required for TNF production by human NK cells
and T cells (23).

IFN-g appears to positively modulate IL-18 production from
macrophages. A cytokine network can be envisaged in which
Salmonella-induced IL-18 (in conjunction with IL-12), triggers
IFN-g production, which then enhances IL-18 release by
mononuclear cells (see Results), ultimately resulting in the
amplification of the initial response. This interpretation is in
line with our in vitro data showing increased IL-18 production
by macrophages cultured in the presence of IFN-g and with
recent observations showing that IL-18-induced IFN-g produc-
tion is reduced in IFN-g-R2/2 mice (2). Nevertheless, it re-
mains to be established whether IFN-g modulates IL-18 pro-
duction in vivo.

The results shown in this paper allow us to conclude that
IL-18 is a key factor in host resistance to virulent salmonellae
by acting as a potent inducer of IFN-g.
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