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Lethal shock can be associated with excessive secretion of cytokines such as tumor necrosis factor (TNF) and
gamma interferon (IFN-vy). IFN-y mediates macrophage activation and appears to be controlled by interleukin
(IL)-12 and IL-18. To investigate the role of IL-18 in vivo, we generated IL-18-deficient mice by gene targeting.
IL-187/~ mice showed decreased sensitivity towards lipopolysaccharide (LPS)-induced shock. LPS-induced
IFN-vy production was abrogated, yet induction of IL-12 and TNF was not affected. Both wild-type and IL-18-
deficient mice succumbed to LPS-induced lethal shock after sensitization with p-galactosamine. However, in
marked contrast to LPS, the bacterial superantigen Staphylococcus aureus enterotoxin B (SEB) induced com-
parable serum levels of IFN-y in IL-18*'* and IL-18/~ mice, accompanied by an upregulation of cell surface
markers CD14, CD122 (IL-2Rp), and CD132 (IL-2Rvy) on peritoneal macrophages. Moreover, SEB injection
rendered IL-18-deficient mice sensitive for subsequent challenge with LPS. The degree of sensitization was
comparable to that in wild-type controls with respect to lethality. However, LPS-induced TNF levels in serum
were significantly reduced in SEB-sensitized IL-18-deficient mice. These results imply that IL-18 plays an

important role in induction of IFN-y and lethality in response to LPS.

Interleukin-18 (IL-18), formerly known as gamma interferon
(IFN-v)-inducing factor, was initially identified as a strong in-
ducer of IFN-y production in mice treated with Propionibacte-
rium acnes and lipopolysaccharide (LPS) (30, 31). Subsequent-
ly, IL-18 was shown to induce IFN-y production from Thl1 cells
(31). Even B cells (43) and macrophages (29) could be brought
to secrete IFN-y by combined addition of IL-12 and IL-18.
IL-18 was further defined as an important cofactor in enhanc-
ing the cytotoxic activity and proliferation of natural killer
(NK) cells (17, 39, 42). IL-18 is primarily produced by dendritic
cells (38), activated macrophages (31), and Kupffer cells (25)
and appears to amplify Th1 development (35).

IL-18 is structurally related to the IL-1 family of cytokines
(2), and its maturation and secretion are mediated by inter-
leukin-1-beta-converting enzyme (ICE) (12, 14). ICE-knock-
out (ICE-KO) mice express neither mature IL-1e, IL-13, nor
IL-18 and exhibit a decreased sensitivity to LPS (20, 24). In
contrast, IL-1B-deficient mice as well as IL-1RI-deficient mice,
which are unresponsive to both IL-la and IL-1B signaling,
display normal sensitivity to LPS (8, 13, 44). Furthermore,
ICE-KO mice show decreased LPS-induced IFN-y production,
although no alterations in IL-12 induction were observed (6,
12). These findings imply an important role of IL-18 in re-
sponse to LPS, especially with respect to IFN-y production.

Mice deficient for the IFN-y receptor (IFN-yR) showed
significantly decreased sensitivity to LPS, as determined by
lethality and TNF production (4, 18). In accordance, liver
injury caused by LPS was dramatically diminished in these
mice. Furthermore, IFN-y is critically involved in the patho-
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genesis of liver injury induced by concanavalin A (21). These
findings imply a central role of IFN-y in LPS-induced lethality
and initiation and severity of liver injury. Similar to IFN-v,
IL-18 was also shown to be critical for LPS-induced liver injury
in P. acnes-sensitized mice (31). Interestingly, IL-18 appeared
to be essential during the sensitization to LPS mediated by
P. acnes (37).

In this study, we generated IL-18-deficient (IL-18KO) mice
to investigate the role of IL-18 during induction of and sensi-
tization for lethal shock. IL-18KO mice displayed enhanced
resistance to LPS. LPS-induced IFN-y production was com-
pletely abrogated. In contrast, IL-18KO mice responded to the
superantigen Staphylococcus aureus enterotoxin B (SEB) with
IFN-y production and could be sensitized by SEB for a sub-
sequent challenge with LPS. These results indicate that sensi-
tivity to LPS can be controlled by IL-18-dependent and -inde-
pendent pathways. While IL-18 is critically involved during
sensitization of mice to LPS by P. acnes (37), IL-18 is dispens-
able during sensitization mediated by superantigens.

MATERIALS AND METHODS

Cells. E14.1 ES cells from 129Sv mice were maintained as described before
(33).

Generation of IL-18-deficient mice. A genomic library (129/Sv/ADash2) was
screened with a partial IL-18 cDNA clone. A genomic clone harboring a part of
the murine IL-18 gene from exon 3 to exon 7 was isolated, subcloned into
pBluescript vector (Stratagene), mapped, and partially sequenced (data not
shown). The genomic structure was subsequently confirmed by the analysis
described by Tone et al. (40). The targeting vector was constructed to replace a
3.3-kb genomic fragment with the neomycin resistance gene in pMClneopolyA
(Stratagene). The replaced genomic fragment contained a portion of exons 5 and
7 and all of exon 6 (Fig. 1). The neomycin gene cassette was flanked by the
0.84-kb 5’-homologous genomic fragment, which was generated by PCR, and the
3.2-kb 3’-homologous genomic BamHI-EcoRV fragment. Finally, the herpes
simplex virus thymidine kinase gene (HSV-tk) cassette was ligated into the
EcoRV site.

E14.1 ES cells were transfected with the NotlI-linearized targeting vector as
described before (33). G418- and gancyclovir-resistant clones were picked and
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FIG. 1. Targeted disruption of the mouse IL-18 gene. (A) Targeting vector. The upper thick line shows the IL-18 coding region of the mouse genome, with exons
indicated as boxes and appropriate restriction enzyme sites labeled (B, BarmHI; P, PstI; RV, EcoRV). The start codon of the IL-18 gene is indicated as ATG. To
construct the targeting vector, NEO poly(A), a neomycin resistance gene cassette, was introduced at the indicated site, oriented as indicated by the arrow. TK, HSV
tk gene. The thin lines represent the bacterial plasmid sequences. (B) Configuration of normal and mutated IL-18 alleles. The expected restriction fragment lengths
are indicated, and the probes used for hybridization are depicted. (C) Southern blot analysis of DNAs. Genomic DNAs prepared from wild-type (WT, +/+),
heterozygous (+/—), and IL-18KO (KO, —/—) mouse tails were digested with BamHI or PstI and hybridized with probe 1 or 2, as indicated. (D) Total RNA was
prepared from untreated mouse livers (two mice each) and analyzed for IL-18 mRNA with an RNase protection assay. GAPDH, glyceraldehyde-3-phosphate

dehydrogenase.

screened by PCR for homologous recombination. Subsequently, positive PCR
results were confirmed by genomic Southern blotting after digestion of ES cell
DNA with BamHI and hybridization with a flanking probe (0.5-kb AccI-BglIl
fragment, indicated in Fig. 1 as probe 2). Single integration of the targeting
vector was verified by Southern probing with the neo resistance cassette. Chi-
meric mice were generated as described before (33). Mice were housed in an
animal facility under specific-pathogen-free conditions.

Injection protocols. To study lethal shock induction, mice were injected intra-
peritoneally (i.p.) either with 20 mg of D-galactosamine (D-GalN; Roth,
Karlsruhe, Germany) together with 2 g of LPS (Escherichia coli O127:BS;
Sigma, Deisenhofen, Germany), with LPS alone (dosages as indicated in Fig.
2B), or with 10 p.g of SEB (Toxin Technologies, Sarasota, Fla.) and 5 h later with
LPS (100 or 70 wg). To analyze cytokine production, mice were injected i.p. with
either 500 or 1,000 pg of LPS.

Analysis for cytokine mRNA expression. At different time points after injec-
tion, spleens were removed and frozen in liquid nitrogen. Subsequently, total

RNA was extracted using Tri-Reagent (Sigma) following the protocol given by
the manufacturer. The presence of mRNAs for the housekeeping gene 1.32
(protein from the large ribosomal subunit) and cytokines was determined with an
RNase protection assay (Pharmingen, Hamburg, Germany) as described by the
manufacturer.

Determination of cytokines. For determination of cytokine release kinetics in
serum, mice were killed at the indicated time points after treatment, and serum
samples were harvested. Cytokine levels, except IL-18, were determined by com-
mercially available enzyme-linked immunosorbent assay (ELISA) kits (Pharm-
ingen). IL-18 levels were determined with a rat anti-mouse IL-18 monoclonal
antibody (clone 51817.111) and a goat anti-mouse IL-18 polyclonal biotinylated
antibody from R&D Systems (Wiesbaden, Germany).

Flow cytometric analysis. Peritoneal exudate cells (PEC) were harvested 12 h
after i.p. SEB injection and kept through all staining procedures in phosphate-
buffered saline with 2% (wt/vol) bovine serum albumin (Sigma, Deisenhofen,
Germany). PEC were pretreated with 10% homologous mouse serum and sub-
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FIG. 2. Enhanced resistance to LPS of IL-18KO mice. (A) p-GalN-dependent LPS shock. IL-18KO (KO) and wild-type (WT) mice (n = 5) were injected i.p. with
20 mg of p-GalN together with 2 pg of LPS, and lethality was monitored. (B) LPS shock model. Wild-type and IL-18KO mice (n = 6) were injected i.p. with increasing

doses of LPS, and lethality was monitored.

sequently labeled with specific fluorescein isothiocyanate- and R-phycoerythrin-
coupled antibodies (Pharmingen). PEC were gated on F4/80 expression (murine
macrophage-specific antigen) to define peritoneal macrophages, and fluores-
cence intensity was measured with a Coulter EPICS XL cytometer (Coulter,
Hialeah, Fla.).

RESULTS

Generation of an IL-18-deficient mouse strain. The murine
IL-18 gene consists of seven exons (40; unpublished data). A
targeting vector was designed to partially replace exons 5 and
7 and to replace exon 6 entirely with a neomycin resistance
gene cassette. Homologous recombination of the IL-18 locus
with the targeting vector was performed in E14.1 embryonic
stem (ES) cells (Fig. 1A and B). Homologous recombination
was detected in 2 of 47 clones that were resistant to both G418
and gancyclovir. After microinjection into C57BL/6 blasto-
cysts, both targeted ES cell clones transmitted the disrupted
gene successfully to germline, as determined by Southern blot
analysis of mouse tail DNA (Fig. 1C). IL-18-deficient (IL-
18KO) mice were born at the expected Mendelian ratio (45+/
+:104+/—:62—/—). IL-18 mRNA was not detectable in the
livers of IL-18KO mice, as determined by the RNase protec-

tion assay (RPA) (Fig. 1D). IL-18KO mice developed nor-
mally, were fertile, and showed no obvious abnormalities up to
52 weeks of age. Flow cytometry revealed a normal gross dis-
tribution of lymphocytes in the spleen, mesenteric lymph
nodes, and thymus; however, the intensity of CD3 expression
on T cells was reduced by about a third in these organs. Mean
fluorescence intensity (MFI) values were 16.7 and 11.3 in the
spleen, 35.9 and 22.1 in the mesenteric lymph nodes, and 20
and 15.3 in the thymus for the wild-type and IL-18KO mice,
respectively (values are representative of two independent in-
dividuals each). In vitro antibody cross-linking of CD3 on T
cells from IL-18KO mice revealed normal responsiveness with
respect to IL-2 production and proliferation (data not shown).

LPS sensitivity of IL-18-deficient mice. IL-18 was initially
defined as a cytokine involved in hyperreactivity induced by
LPS subsequent to sensitization with P. acnes (30, 31). In this
study, we analyzed whether IL-18KO mice would display an
altered reactivity to LPS without presensitization. Groups of
six mice each were injected with increasing amounts of LPS,
and lethality was monitored. The approximate 50% lethal dose
(LDs;) was 600 pg of LPS for littermate controls and 900 pg
of LPS for IL-18KO mice; 90% lethality was achieved with 700
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FIG. 3. Altered cytokine pattern in IL-18KO mice after LPS treatment. (A)
Wild-type (+/+) and IL-18KO (—/—) mice (n = 2) mice were injected i.p. with
500 or 1,000 wg of LPS, as indicated. Spleens were harvested after 1 h (TNF) or
5 h (IFN-y), and RNase protection assays with total splenic RNA were per-
formed. For standardization of the loaded probe amount, we used the mRNA
signal of the housekeeping gene L32 (protein L32 from the large ribosomal
subunit). (B) Wild-type and IL-18KO mice were injected i.p. with 500 g of LPS.
Serum samples were taken at the indicated times after LPS administration. Each
cytokine concentration was determined by ELISA. Results are the mean values
for three mice per time point for IL-18 and TNF and at least one mouse per time
point for IL-12 and IFN-y. Error bars represent the standard deviation (n = 3).

wg of LPS in wild-type controls and 1,000 pg of LPS in IL-
18KO mice (Fig. 2B). Thus, IL-18-deficient mice tolerated a
50% higher LPS dose than wild-type mice.

We next tested whether p-GalN would sensitize IL-18KO
mice to the lethal actions of LPS. p-GalN is known to impede
the acute-phase response of liver cells, rendering these cells
sensitive to TNF-mediated apoptosis (10, 11, 22). In this sys-
tem, TNF levels in serum of about 0.5 ng/ml appear to be
sufficient to cause lethality within 8 to 12 h (11, 23). When we
administered D-GalN together with LPS, no difference in le-
thality between IL-18KO mice and littermate controls was
observed. Both groups showed about 50% lethality under these
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experimental conditions (Fig. 2A). Thus, IL-18KO mice can be
sensitized by pD-GalN and show in this respect no alteration in
response to LPS compared with wild-type mice.

To examine the enhanced resistance to LPS-induced shock
of IL-18KO mice, we next analyzed cytokine mRNA expres-
sion and cytokine production induced by LPS. Mice were in-
jected with 500 g of LPS, and splenic mRNA was analyzed by
an RNase protection assay (Fig. 3). We found induction of
TNF mRNA in the spleens of IL-18KO mice compared with
littermate controls, whereas no induction of IFN-y mRNA was
observed in the IL-18KO mice. Even when lethal doses (1,000
ng) of LPS were applied to IL-18KO mice, no induction of
IFN-y mRNA was recorded (Fig. 3A). We further determined
mRNA expression kinetics for IL-12 p35, IL-12 p40, IL-10,
IL-6, IL-1a, IL-1B, and IL-1 receptor antagonist. mRNAs for
these cytokines were expressed in IL-18KO mice as in litter-
mate controls (data not shown).

Corresponding serum levels of IL-12 p40, IL-18, IFN-y, and
TNF were also determined (Fig. 3B). As expected, no IL-18
was detectable in the serum of IL-18KO mice, whereas in
wild-type controls, IL-18 peaked after 1 h and returned to
background levels 2 h after LPS administration. The serum
kinetics of TNF were similar, but slightly increased levels were
measured in IL-18KO mice. IL-12 p40 expression and kinetics
were identical in IL-18KO mice and in wild-type littermate
controls (Fig. 3B). The most remarkable difference was found
with IFN-y. No IFN-y was detectable in the serum of IL-18KO
mice after LPS administration, while wild-type controls
mounted a strong response that peaked after 5 h (Fig. 3B).
Since IL-12 p40 levels in serum and expression of mRNAs for
IL-12 p35 and IL-12 p40 were not changed in IL-18KO mice,
the results imply that IL-18 is an important cytokine for induc-
tion and control of IFN-y production after challenge with LPS.

Sensitization to LPS by superantigen acts independently of
IL-18. We have previously shown that superantigens like SEB
sensitize mice to LPS for a defined period of time (16). Ad-
ministration of SEB leads to a cyclosporine A-sensitive induc-
tion of IFN-y production, presumably via SEB-mediated acti-
vation of VB8 T-cell receptor (TCR)-expressing cells. Blocking
IFN-y with neutralizing monoclonal antibodies abrogated the
sensitizing effects of SEB (16). Since IL-18KO mice did not
induce IFN-vy in response to LPS and since IFN-y is crucial for
SEB-mediated sensitization, we analyzed whether SEB would
sensitize IL-18KO mice to LPS-mediated shock. IL-18KO
mice and wild-type controls were primed with SEB and chal-
lenged with LPS 8 h later. The dose of LPS used was nonlethal
in nonsensitized mice (data not shown). However, after sensi-
tization with SEB, IL-18KO mice as well as wild-type litter-
mates showed the same lethality after challenge with LPS (Fig.
4A). Thus, sensitization to LPS by SEB appears to function
even in the absence of IL-18. When we measured IFN-y pro-
duction in IL-18KO mice induced with SEB 5 and 8 h after
SEB administration, we detected identical IFN-y levels in se-
rum from IL-18KO mice and wild-type controls (Fig. 4C). We
have shown previously that SEB administration in addition
upregulates expression of CD14, IL-2RB, and IL-2Rvy chains
on F4/80" macrophages within PEC (16). For this reason, the
upregulation of these surface markers on PEC can be used as
an indicator to determine the magnitude of macrophage acti-
vation induced by SEB. After SEB administration, both wild-
type and IL-18KO mice upregulated these surface markers on
peritoneal macrophages (Fig. 4B). Collectively, these findings
imply that SEB triggered the release of IFN-vy from activated
VB8-TCR™ T cells and that subsequent activation of macro-
phages is independent of IL-18.

Sakao et al. have shown that in the absence of IL-18, TNF
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(100 pg) challenge of SEB-primed mice, serum samples were harvested, and TNF levels were determined by ELISA. Error bars represent the standard deviation (n =
4).

expression in mice sensitized with P. acnes and challenged with challenge (Fig. 4D). Although peak TNF levels in response to
LPS is increased up to 10-fold (37). To determine whether LPS challenge were markedly enhanced after SEB sensitiza-
IL-18 would influence TNF expression after sensitization with tion in both IL-18KO and wild-type mice (compare Fig. 4D
SEB, we determined TNF levels in the serum of IL-18KO mice and 3B), the degree of augmentation was reduced in IL-18KO
and wild-type controls after SEB priming and subsequent LPS mice. In contrast to sensitization with P. acnes, potentiation of
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TNF expression after LPS challenge in SEB-sensitized mice
seems to be only partially dependent on IL-18.

DISCUSSION

In the present report, we have generated and characterized
mice deficient in IL-18 and studied their response to LPS and
superantigen in models of lethal shock. IL-18KO mice were
fertile, developed normally, and showed no obvious signs of
disease up to 52 weeks in age. These findings imply that IL-18
may not be involved in crucial developmental processes of the
mouse. Furthermore, this strongly suggests that IL-18 is not
critically important for limiting the overgrowth of normal bac-
terial flora. However, in response to LPS, IL-18KO mice dis-
played decreased sensitivity to LPS and lack of IFN-y produc-
tion and yet a preserved TNF induction.

The in vivo response to LPS is not uniform but is critically
dependent on the status of the immune system itself. Phases of
LPS hyporeactivity (LPS tolerance) as well as LPS hyperreac-
tivity have been identified (10, 26, 34, 45). While the former is
mechanistically poorly understood yet, the latter has received
profound attention. It has been recognized that although many
different agents might induce hyperreactivity to LPS, the un-
derlying mechanisms might be quite similar. Bacteria such as
P. acnes (19) and other gram-positive and gram-negative bac-
teria (19, 26), bacterial components such as LPS itself (Shwartz-
man reaction) (32), and bacterial products such as superanti-
gens (16) induce hyperreactivity to LPS. Common to most
inducers of hyperreactivity to LPS is their profound ability to
stimulate IFN-vy production, which has been defined as a key
mediator of induction of hyperreactivity to LPS (4, 5, 32). For
example, IFN-vy is a key mediator in the classical systemic
Shwartzman reaction in both the sensitization and challenge
phases (32). Several cytokine-deficient mouse strains are known
to be resistant to the lethal actions of LPS (for a review, see
reference 15). Of interest, IFN-yR-KO mice were shown to dis-
play enhanced resistance to LPS. Furthermore, clinical changes
caused by LPS, such as weight loss and liver injury, were dra-
matically decreased in these mice (4). These findings imply a
central role for IFN-y in the response to LPS, especially in le-
thal shock. The failure of IL-18KO mice to produce IFN-vy after
challenge with LPS and their decreased sensitivity to the lethal
action of LPS further underline the central role of IFN-v.

Production of IFN-vy itself, however, can be modulated by
regulatory cytokines such as IL-12 and IL-18. IL-12 has the
capacity to induce IFN-y production and to act synergistically
with IL-18 (31). B cells and macrophages were shown to pro-
duce IFN-y only after simultaneous stimulation with IL-12 and
IL-18 (29, 43), whereas T cells and NK cells have been re-
ported not to require both cytokines to produce IFN-y (3, 9,
17, 41). The relative significance of these cytokines during
induction of LPS hyperreactivity might therefore depend on
the nature of the stimulus and/or the target cell. After chal-
lenge with LPS, the expression of mRNAs for IL-12 p35 and
IL-12 p40 and the level of IL-12 p40 in serum in IL-18KO mice
compared with their wild-type controls. This might indicate
that IL-18 contributes significantly to induction of IFN-y by
IL-12. Interestingly, recent experiments in caspase-1-deficient
mice resulted in a similar conclusion (7). The mechanism by
which IL-18 exerts this effect is not known, but one might
speculate that IL-18 interferes with functional IL-12 receptor
expression or IL-12-dependent signal cascades within the tar-
get cells.

In contrast to sensitization by bacteria or their products
mediated via cytokines, mice can also be sensitized to LPS
challenge by the chemical compound D-GalN (11). This agent
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induces transcriptional arrest in hepatocytes, sensitizing these
cells to TNF-mediated apoptosis (1, 23, 28). It is generally
accepted that in D-GalN-sensitized mice, TNF alone is suffi-
cient to induce severe liver cell apoptosis and thus death (11,
22,27, 33, 36). p-GalN-treated IL-18KO mice produced equal
amounts of TNF after challenge with LPS and were as suscep-
tible as control mice. These observations lead us to conclude
that the impaired IFN-y production in LPS-challenged IL-
18KO mice is responsible for the increased LPS resistance
observed in the absence of p-GalN. This conclusion is in ac-
cordance with previous reports showing the significance of
IL-18 during the LPS challenge phase after P. acnes sensitiza-
tion (31).

We further studied the effect of IL-18 on superantigen-me-
diated sensitization to LPS (16). In vivo administration of SEB
sensitizes mice for a defined period of time to LPS (superanti-
gen-mediated Shwartzman-like reaction). This sensitization is
strictly dependent on T-cell-derived IFN-vy (16). Here we show
that induction of IFN-y by SEB and subsequent sensitiza-
tion to LPS are not significantly altered in IL-18KO mice. No
differences from wild-type mice were found with respect to
expression of CD14, IL-2RB, and IL-2Rvy on peritoneal mac-
rophages and to LPS-induced lethality. This indicates that re-
duced reactivity to LPS in nonsensitized IL-18KO mice cannot
be due to a generalized suppression of macrophages. Further-
more, [IFN-vy release by superantigen-activated T cells seems to
be independent of IL-18. In terms of augmentation of TNF
levels, sensitization efficacy might be reduced in IL-18KO mice
(Fig. 4D). Whether this reflects a bystander role for IL-18 dur-
ing SEB-mediated sensitization is currently under investiga-
tion.

In conclusion, we investigated the role of IL-18 during the
immune response to bacterial products such as endotoxin (LPS)
and superantigens (SEB). Our results demonstrate that IL-18
is important for the expression of LPS-induced IFN-y and thus
influences the response to LPS. In contrast, activation of T
cells with a superantigen (SEB) and subsequent IFN-y produc-
tion act independently of IL-18.
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