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Limited Role for Interleukin-18 in the Host Protection Response to
Pulmonary Infection with Pseudomonas aeruginosa in Mice
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We report that clearance of Pseudomonas aeruginosa, accumulation of neutrophils, and synthesis of tumor
necrosis factor alpha and macrophage inflammatory protein 2 in the infected lung were not largely different in
interleukin-18 (IL-18) knockout or transgenic mice compared with control mice. Our results suggest a limited
role for IL-18 in the host defense against P. aeruginosa.

Pseudomonas aeruginosa, an important cause of nosocomial
pulmonary infections, is eradicated from infected tissues
mainly by the bactericidal mechanism of neutrophils (21).
Upon entry of the bacteria, alveolar macrophages initiate an
inflammatory response involving the recruitment of a large
number of neutrophils from the circulation into the alveolar
spaces (11, 20). During this process, tumor necrosis factor
alpha (TNF-a) facilitates the adhesion of neutrophils to vas-
cular endothelial cells by enhancing their expression of adhe-
sion molecules (2, 10), and macrophage inflammatory protein
2 (MIP-2) directly induces the trafficking of these cells (17).

Interleukin-18 (IL-18), originally identified as gamma inter-
feron (IFN-vy)-inducing factor, is secreted from activated mac-
rophages and dendritic cells after cleavage of the precursor
form by caspase-1 (14, 15). This cytokine triggers the produc-
tion of IFN-vy by natural killer and type 1 helper T cells and
promotes the cytolytic activity of natural killer cells against
tumor cells (4, 14, 15). IL-18 is also reported to induce the
secretion of TNF-a and IL-8 by human peripheral blood
monocytes (16), and it contributes to the neutrophil tissue
accumulation and production of TNF-a and MIP-2 in various
mouse models (1, 9, 12). In the present study, we examined the
role of IL-18 in the neutrophil-mediated host protective re-
sponses to P. aeruginosa infection in lungs by using mice with
either genetic depletion or transgenic (Tg) overexpression of
this cytokine.

Mice with a targeted disruption of the IL-18 gene (IL-18
knockout [KO] mice) were established as described previously
(19) and backcrossed eight times to C57BL/6 mice. IL-18 Tg
mice with a C57BL/6 background in which B cells could ex-
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press mature mouse IL-18 cDNA fused with signal peptide of
the mouse immunoglobulin (Ig) k chain under the control of
mouse Ig promoter were generated (5). C57BL/6 mice were
purchased from Charles River Japan (Osaka, Japan) and used
as a control wild-type animal for each KO mouse. We used
hemizygous IL-18 Tg mice and littermate mice without expres-
sion of the transgene as the control. All experimental protocols
described in the present study were approved by the Ethics
Review Committee for Animal Experimentation of our uni-
versity.

P. aeruginosa (PAO-1) was cultured in Trypticase soy broth
(Becton Dickinson, Franklin Lake, N.J.) at 37°C, harvested at
a mid-log phase, and then washed three times in phosphate-
buffered saline. The inocula were prepared to concentrations
of 1.3 X 107 to 4.0 X 107 CFU/ml, based on their turbidity.
Fifty-microliter concentrations of live P. aeruginosa were pre-
pared, and inoculation was done by insertion of a 25-gauge
blunt needle into and parallel to the trachea.

In the first experiments, we compared the clinical course of
this infection in control and IL-18 KO mice. Mice were sacri-
ficed on day 3, and lungs were separately homogenized in 5 ml
of half-diluted normal saline by teasing with a stainless mesh.
The homogenates (100 wl) were inoculated onto Trypticase soy
agar plates, and the numbers of colonies were counted. As
shown in Fig. 1A, the bacterial loads in the lungs of IL-18 KO
mice were significantly lower than those of the control mice in
experiment 2, suggesting an increased clearance of the bacte-
rial pathogen. However, in experiments 1 and 4, the difference
was not statistically significant. There was no such tendency in
experiment 3. These results indicated that the defect in IL-18
synthesis did not have much influence on the host protection
against P. aeruginosa infection.

Next, we examined the influence of the IL-18 defect on the
lung recruitment of neutrophils, an essential cellular compo-
nent for host defense, after P. aeruginosa infection. For this
purpose, leukocytes were prepared from lung homogenates, as
described previously by Kawakami et al. (7). Before infection,
the proportion of neutrophils in IL-18 KO and control mice
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FIG. 1. Bacterial loads and neutrophil and cytokine responses in the lungs of IL-18 KO mice after infection with P. aeruginosa. IL-18 KO and
control mice were infected intratracheally with P. aeruginosa. The counts of live bacteria (A), numbers of neutrophils (B), and concentrations of
TNF-a, MIP-2, and IL-18 (C) in the lung homogenates were examined on day 3 (A) and at the indicated time points (B and C). Each bar represents
the mean = standard deviation (SD) of results from three to seven IL-18 KO mice or three to eight control mice. Similar results were obtained
in three experiments (B and C). White bars, control mice; black bars, IL-18 KO mice; Exp., experiment; ND, not detected; NS, not significant; *,
P < 0.05 compared with results from control mice by analysis of variance (ANOVA).

was not different. As shown in Fig. 1B, there was no significant
difference in the numbers of neutrophils at 3, 6, 12, and 24 h
postinfection for these mice. We further examined the effect of
the IL-18 defect on the synthesis of TNF-a and MIP-2 in the
lungs, as measured by the respective specific enzyme-linked

immunosorbent assay kit (R&D Systems, Inc., Minneapolis,
Minn.). As shown in Fig. 1C, the production levels of these
cytokines in control and IL-18 KO mice were not significantly
different, although the level of MIP-2 was lower in the IL-18
KO mice at 3, 6, and 12 h. On the other hand, a large amount
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FIG. 2. Bacterial loads and neutrophil and cytokine responses in the lungs of IL-18 Tg mice after infection with P. aeruginosa. 1L-18 Tg and
control mice were infected intratracheally with P. aeruginosa. The counts of live bacteria (A), numbers of neutrophils (B), and concentrations of
TNF-a, MIP-2, and IL-18 (C) in the lung homogenates were examined on day 3 and at 6 and 3 h postinfection, respectively. Each bar represents
the mean = SD of results from five to six IL-18 Tg mice or three to six control mice. Similar results were obtained in three experiments. CNT,
control mice; 18Tg, IL-18 Tg mice; NS, not significant; *, P < 0.05 compared with results from control mice by ANOVA.

of IL-18 was produced in the lungs of control mice after in-
fection with P. aeruginosa, whereas such production was not or
only marginally detected in IL-18 KO mice. These results in-
dicated that the defect in the synthesis of IL-18 did not result
in the impairment of neutrophil-mediated host defense against
this infection.

To further explore the role of IL-18 in the host defense
against P. aeruginosa infection, we compared the clearance of
this bacteria and neutrophil-mediated inflammatory responses
for control and IL-18 Tg mice. As shown in Fig. 2A, for IL-18
Tg mice, a small reduction in the lung bacterial burdens was
observed on day 3 postinfection compared with those of con-
trol mice. Neutrophils accumulated in the lungs of control and
IL-18 Tg mice at comparable levels at 6 h (Fig. 2B). Similarly,
there was no difference between the levels of production of
MIP-2 for these groups of mice, while the production of
TNF-a in the lungs significantly increased in IL-18 Tg mice
compared with control mice. On the other hand, a significantly

larger amount of IL-18 was produced in the lungs of IL-18 Tg
mice than that produced in control mice (Fig. 2C).

Finally, we compared the in vitro production of TNF-a and
MIP-2 by lung leukocytes upon stimulation with live P. aerugi-
nosa by control, IL-18 KO, and IL-18 Tg mice. The cells were
cultured to a concentration of 1 X 10°/ml with or without live
P. aeruginosa (5 X 10°/ml) for 12 h in RPMI 1640 medium
(Nippro, Osaka, Japan) supplemented with 10% fetal calf se-
rum (Cansera, Rexdale, Ontario, Canada), but without any
antibiotics, in a 5% CO, incubator. As shown in Fig. 3, TNF-a
production was significantly lower in IL-18 KO mice and
higher in IL-18 Tg mice than in control mice. In contrast, there
was no difference between MIP-2 production levels in control
and IL-18 KO mice, although levels were slightly higher in
IL-18 Tg mice than in control mice. On the other hand, the
production of IL-18 by infected lung leukocytes was not de-
tected in IL-18 KO mice and was much higher in IL-18 Tg mice
than in control mice.
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FIG. 3. In vitro synthesis of cytokines by lung leukocytes stimulated with P. aeruginosa. Lung leukocytes were cultured at a concentration of 1
X 10°ml with 5 X 10° CFU of P. aeruginosa for 12 h, and the concentrations of TNF-a, MIP-2, and IL-18 in the culture supernatants were
measured. Each bar represents the mean = SD of results from triplicate cultures. Similar results were obtained in two experiments. White bars,
medium only; black bars, medium with P. aeruginosa; CNT, control; 18KO, IL-18 KO mice; 18Tg, IL-18 Tg mice; ND, not detected; NS, not
significant; *, P < 0.05 compared with results from control mice by ANOVA.

In an earlier investigation, Huang and coworkers (6) re-
ported that the administration of neutralizing anti-IL-18 anti-
body resulted in the decreased synthesis of IFN-y and the
impaired clearance of P. aeruginosa in the cornea, and they
concluded that IL-18 contributed to host resistance to this
infection through the induction of IFN-y. In sharp contrast,
Schultz and coworkers (18) indicated that deficient synthesis of
IL-18 increased the bacterial clearance in the lungs, which was
associated with reduced synthesis of proinflammatory cyto-
kines. In the present study, as in the latter study, clearance of
this bacterium tended to be promoted, rather than impaired, in
the lungs of IL-18-deficient mice, although this change was not
always significant. Although the reason for the different results
remains to be clarified, a distinct mechanism(s) might be op-
erational in different tissues, such as the cornea and lungs.

IL-18 contributes to neutrophil-mediated inflammatory re-
sponses by enhancing the production of TNF-a and MIP-2 and
recruiting these cells into the tissues, as indicated in various
mouse models (1, 9, 12). These earlier findings suggest the
reduced synthesis of TNF-a and MIP-2 and suppression of
neutrophil accumulation in the infected lungs of IL-18 KO
mice, which is highly consistent with previous investigations of
P. aeruginosa pneumonia and pneumococcal meningitis (18,
22). Similarly, TNF-a synthesis caused by P. aeruginosa is re-
duced in the corneas of anti-IL-18 antibody-treated mice (6).
In our study, however, the synthesis of both cytokines in P.
aeruginosa-infected lungs was not significantly different for
control and IL-18 KO mice; for the latter, IL-18 synthesis was

not detected at any time points. Compatible with these results,
the levels of recruitment of neutrophils in the infected lung
tissues were not different among these mouse strains. In ani-
mals with pneumococcal pneumonia, the synthesis of MIP-2
and accumulation of neutrophils in the lungs is reported to be
higher in IL-18 KO mice than in control mice, although TNF-«
is produced in equivalent amounts in these mouse strains (8).
Thus, the regulation of the inflammatory response by IL-18
appears more complex than previously realized, although the
precise mechanism remains to be fully understood.

In order to address the role of IL-18, we examined for the
first time the effect of Tg expression of this cytokine on the
clearance of P. aeruginosa in the lungs. The transgene is ex-
pressed under the control of Ig promoter (5), which indicates
overproduction of IL-18 by B cells that reside in a considerable
proportion in the lungs (7). In fact, this cytokine was detected
at high levels in the serum and lungs of IL-18 Tg mice even
before infection (data not shown). In these mice, the synthesis
of MIP-2 and the recruitment of neutrophils in P. aeruginosa-
infected lungs were not influenced compared to the levels
detected in control mice, although bacterial clearance and
TNF-a production were significantly enhanced. These results
do not provide clear evidence determining the active role of
IL-18 in neutrophil-mediated host resistance to P. aeruginosa
infection.

In our in vitro study, TNF-a synthesis by lung leukocytes
upon stimulation with P. aeruginosa was significantly lower in
IL-18 KO mice than in control mice, while these cells produced
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a higher level of both TNF-a and MIP-2 in IL-18 Tg mice.
These results are consistent with those of previous reports
showing IL-18 induction of TNF-a and MIP-2 synthesis (1, 3,
9,12, 13, 16). Nevertheless, in vivo synthesis of these cytokines,
neutrophil recruitment, and clearance of bacteria in lungs were
not altered in IL-18 KO mice. Although the reason for these
discrepant observations is not clear, some compensatory mech-
anism(s) might be operating to maintain the host protective
responses under an IL-18-deficient condition.

In conclusion, we demonstrated here that defective as well
as exaggerated production of IL-18 did not alter the neutro-
phil-mediated host protective response to pulmonary infection
with P. aeruginosa. Our data suggest the involvement of a more
complex mechanism in IL-18-mediated regulation of host de-
fense against infection, and this possibility should be noted in
any future attempt to develop immune-based strategies with
IL-18 against refractory infectious diseases caused by P. aerugi-
nosa.
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