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Abstract
Interleukin (IL)-18 is a cytokine with a broad array of
effector functions, the most prominent of which is to act
synergistically with IL-12 in interferon-Á production and
the induction of a strong T-helper-1-mediated immune
response. In addition, IL-18 also upregulates the produc-
tion of proinflammatory cytokines such as IL-1 and
tumor necrosis factor-·. Analysis of IL-18-deficient mice
revealed an important role of IL-18 in the activation of
macrophages and natural killer cells in the context of
infection with intracellular bacteria or parasites. In hu-
mans, it was reported that IL-18 is elevated at sites of
inflammation in inflammatory bowel disease (IBD), par-
ticularly in Crohn’s disease, suggesting a possible role
for IL-18 in the development and persistence of IBD. In
this review we summarize recent findings on the func-
tional role of IL-18 in the pathogenesis of colitis with a
special focus on murine models of IBD. The neutralizing
mouse anti-mouse IL-18 antibodies generated in our
group should facilitate the evaluation of the efficiency of
therapeutic blockade of endogenous IL-18 in chronic
mouse models of colitis besides the use of recombinant
forms of the inhibitory IL-18-binding protein.

Copyright © 2003 S. Karger AG, Basel

Introduction

The cytokine interleukin (IL)-18 was initially identi-
fied as a potent interferon-Á (IFN-Á)-inducing factor [1]. It
was purified from the livers of mice treated with Propioni-
bacterium acnes and subsequently challenged with lipo-
polysaccharide (LPS) to induce a toxic shock syndrome
[2]. IL-18 is synthesized as a bioinactive 24-kD precursor
protein that is cleaved by IL-1ß-converting enzyme (ICE,
caspase-1), leading to the release of the biologically active
18-kD protein. However, alternative caspase-1 indepen-
dent processing by caspase-3 or -4, or proteinase-3 has
also been postulated [3]. Production of IL-18 mRNA and
the bioactive protein has been demonstrated for a wide
range of cells including Kupffer cells, macrophages, T
cells, B cells, osteoblasts, keratinocytes, dendritic cells,
astrocytes and microglia [4, 5]. Besides this production by
immune cells, expression of bioactive IL-18 has also been
detected in nonimmune cells such as intestinal and airway
epithelial cells [6, 7].

The most prominent function of IL-18 is to induce
IFN-Á production from T, B and natural killer (NK) cells,
in particular in the presence of IL-12 [2, 8]. In vitro, treat-
ment of T cells with both IL-12 and IL-18 leads to strong
IFN-Á production, but these T cells do not develop into
T-helper-1 (Th1) cells without concomitant T-cell recep-
tor engagement [8]. Stimulation of T cells with anti-CD3
and IL-18 results in IFN-Á production which can be abro-
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gated by the addition of anti-IL-12 or by using T cells
from IL-12–/– mice [9]. Thus, IL-18 itself has no Th1-driv-
ing potential on its own. Besides T cells, also murine bone
marrow-derived macrophages and dendritic cells produce
high amounts of IFN-Á when stimulated with IL-12 and
IL-18 and are thus not only a source of IL-12 and IL-18,
but are also able to respond to their own secreted cyto-
kines in an autocrine manner [10–12]. In addition to its
IFN-Á-inducing activity, IL-18 has direct proinflammato-
ry effects, being able to induce the synthesis of tumor
necrosis factor-· (TNF-·), IL-1·, IL-1ß and IL-6 by
mouse peritoneal macrophages [13]. Recombinant hu-
man IL-18 stimulates production of TNF-·, IL-1ß, IL-8,
IL-6 or granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF) by human T cells, monocytes, NK cells and
chondrocytes [14–16]. Although these findings together
led to the classification of IL-18 as a proinflammatory
Th1-driving cytokine, recent data demonstrate that fol-
lowing T-cell receptor activation in the absence of IL-12,
IL-18 can drive naı̈ve CD4+ T-cells into Th0 and Th2
cells and stimulate the production of IL-4, IL-5 and IL-13
from these cells [17, 18].

IL-18 exerts its functions by binding to the IL-18 recep-
tor (IL-18R) complex which shows a remarkable similari-
ty to the IL-1 receptor (IL-1R). In fact, the IL-18-binding
subunit (IL-18R·) was originally described as IL-1R-
related protein (IL-1Rrp) [19]. IL-18R· binds IL-18 with
relatively low affinity, but recruitment of the second chain
(IL-18Rß), originally referred to as IL-1R accessory pro-
tein (IL-1RacP), leads to the formation of the high-affini-
ty IL-18 receptor complex. As is the case for the IL-1R
complex, both chains are required for IL-18 signalling [20,
21]. A small IL-18-binding protein (IL-18BP) has recently
been described [22] and was shown to regulate IL-18
activity by preventing its interaction with the IL-18R. IL-
18BP exists in several naturally occurring isoforms, four
in humans and two in mice [23]. In addition, many mem-
bers of the poxvirus family possess a homologue of the
IL-18BP, which has been shown to inhibit the host
response to viral infection [24].

While freshly isolated T and B cells do not express the
IL-18R, culture of these cells in the presence of IL-12
upregulates the production of IL-18R mRNA and the
expression of the high-affinity IL-18R [8]. As a conse-
quence, only Th1 cells express high levels of IL-18R,
whereas Th2 cells do not express IL-18R or IL-18R
mRNA [8]. Since IL-18 has been shown to upregulate the
IL-12Rß2 subunit on T cells [9], the synergism of IL-12
and IL-18 in IFN-Á production lies at least in part in their
reciprocal upregulation of each other’s receptors. Since

IL-18 alone shows no Th1-driving potential, the major ef-
fect of IL-18 on the differentiation of Th1 cells is medi-
ated by its capacity to augment IL-12Rß2 expression and
thereby enhance IL-12-driven Th1 differentiation [9].

Functional Importance of IL-18 in vivo

Due to impaired IFN-Á production, IL-18 knockout
mice display defective Th1-mediated immune responses
and mount drastically altered immune responses to mi-
crobial infection [18, 25–27]. In particular, IL-18 plays a
crucial role in the defense against intracellular bacteria
and parasites by stimulation of TNF-· and nitric oxide
production by macrophages besides induction of in-
creased IFN-Á levels [18, 28]. IL-12 and IL-18 are both
required for optimal cytolytic activity of NK cells and
mice deficient for both cytokines possess barely detect-
able NK activity [25]. In contrast, elevated NK cell activi-
ty following injection of IL-18 improved resistance of
mice to Toxoplasma gondii infection [29]. With regard to
the pathogenesis of autoimmune and inflammatory dis-
eases, increased production of IL-18 has been associated
with the development of endotoxin-induced liver injury
[30], endotoxin-mediated shock syndrome [27], allergic
asthma [31], experimental allergic encephalomyelitis [32]
and also rheumatoid arthritis, a common tissue-specific
autoimmune disease. Elevated levels of IL-18 were ob-
served in synovial fluid from patients with rheumatoid
arthritis, leading to induction of TNF-·, GM-CSF, IFN-Á
and nitric oxide production by synovial cells isolated
from these patients [33]. Neutralization of endogenous
IL-18 in a murine streptococcal cell wall arthritis model
with polyclonal anti-IL-18 antibodies or recombinant hu-
man IL-18BP (rhIL-18BP) led to a significant reduction
in disease symptoms and local proinflammatory cytokine
production (TNF-·, IL-1ß) [34, 35]. A recent study dem-
onstrated expression of IL-18 and IL-18R in human athe-
roma, implying a role for IL-18 in atherogenesis [36].

Participation of IL-18 in the Pathogenesis of
Inflammatory Bowel Disease

There is increasing evidence that an imbalance of the
Th1/Th2 polarization in favor of a Th1 directed cytokine
pattern is involved in the pathology of idiopathic inflam-
matory bowel diseases (IBD), particularly Crohn’s disease
(CD) [37–39]. The first evidence for a role of IL-18 in IBD
came from two independent studies exploring the expres-
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sion levels of IL-18 in the course of immunoinflammatory
response in CD [40, 41]. Reverse-transcriptase poly-
merase chain reaction analysis demonstrated an increase
in IL-18 mRNA transcripts in mucosal tissue and lamina
propria mononuclear cells (LPMCs) of infiltrated muco-
sal areas from CD patients as compared to tissues from
ulcerative colitis (UC) patients or from non-IBD controls
[40]. Whereas the non-biologically active 24-kD IL-18
precursor could be detected by Western blot in mucosal
tissue samples from CD and UC patients as well as in
noninflamed controls, the mature, biologically active 18-
kD form of IL-18 was abundantly detected in CD, weaker
in UC but absent in non-IBD controls [40, 41]. Immuno-
histochemical examination of colonic mucosa obtained
from CD patients revealed strong staining of the colonic
epithelium, as well as scattered inflammatory cells in the
lamina propria and submucosal lymphoid aggregates. IL-
18-positive cells were morphologically identified as intes-
tinal epithelial cells, tissue macrophages and dendritic
cells [41].

Kanai et al. [42] reported a significant increase in
serum IL-18 concentrations in CD patients which corre-
lated with disease activity. IL-18+ cells could hardly be
detected in normal and inflamed UC colonic mucosa
whereas in inflamed colonic mucosa of CD patients many
IL-18-producing mononuclear cells, identified mainly as
myeloid cells by CD68 staining, had infiltrated the lamina
propria. Proliferative responses of freshly isolated lamina
propria lymphocytes from CD patients to recombinant
human IL-18 were significantly increased compared to
lamina propria lymphocytes from UC patients or normal
control mucosa [42].

Recently, there were several reports indicating a patho-
genic role for IL-18 in murine models of IBD. Adminis-
tration of IL-12 and IL-18 to BALB/c mice induced
weight loss, diarrhea and inflammation of the small and
large intestine in an IFN-Á-dependent manner [43]. How-
ever, administration of high doses of IFN-Á failed to
replace the action of IL-12 and IL-18, suggesting the par-
ticipation of additional factors induced by IL-12 and IL-
18 in the described pathology. Surprisingly, no pathogenic
role for TNF-· could be detected in this model.

Therapeutic Effect of IL-18 Blockade in Mouse
Models of IBD

At present, the efficiency of IL-18 blockade in the pre-
vention or therapy of IBD has been tested by pharmaco-
logical application of IL-18BP [44], xenogenic neutraliz-

ing IL-18-specific antibodies [45, 46], and IL-18 anti-
sense mRNA [47] using chemically induced mouse mod-
els of colitis or a transfer colitis model. In addition, the
susceptibility of IL-18–/– and Caspase-1–/– mice to colitis
development has been examined by some groups. The
outcome of these studies is summarized below.

Siegmund et al. [46] analyzed the role of IL-18 in the
dextran sulfate sodium (DSS)-induced colitis model. Ad-
ministration of DSS induced colitis in BALB/c and
C57BL/6 mice within 4–10 days and increased IL-18 con-
centrations in colon cultures. Confocal laser microscopy
of colon sections revealed colonic epithelial cells as the
main source of IL-18. Neutralization of IL-18 with an
anti-IL-18 rabbit antiserum led to a dose-dependent re-
duction in the clinical score (comprising stool consistency
and rectal bleeding) but not to significant changes in
weight loss. The latter is in agreement with our own obser-
vations that weight loss induced by feeding with 3.5%
DSS was similar in IL-18–/– mice and C57BL/6 wild-type
controls (unpublished data). Regarding the influence of
anti-IL-18 treatment on cytokine production, Siegmund
et al. [46] observed a reduced amount of IFN-Á and
TNF-· in the colon of anti-IL-18-treated mice. In addi-
tion, spontaneous ex vivo synthesis of TNF-·, IFN-Á and
IL-18 in colon organ cultures was reduced after anti-IL-18
treatment in BALB/c and C57BL/6 mice [46]. Using the
same model, this group also examined ICE (caspase-1)-
deficient mice for susceptibility to intestinal inflamma-
tion [48]. Remarkably, ICE-KO mice showed a stronger
protection from acute DSS colitis than could be achieved
by either anti-IL-18 treatment or IL-1 blockade with IL-
1Ra. Even in chronic DSS colitis (30 days), DSS-fed ICE-
KO mice were mostly protected from disease develop-
ment. These findings indicate that ICE deficiency results
in a more profound resistance to colitis development than
blockade of either IL-1 or IL-18. However, inhibition of
these cytokines alone also resulted in a partial protection.

The effect of blockade of endogenous IL-18 in the trini-
trobenzene sulfonic acid (TNBS) colitis model was as-
sessed in two independent studies by Ten Hove et al. [44]
and Kanai et al. [45]. Ten Hove et al. [44] treated BALB/c
mice with TNBS in the presence or absence of the rhIL-
18BP isoform a (rhIL-18BPa). Only the highest dose of
rhIL-18BPa with daily injections of 200 Ìg resulted in
partial protection from colitis development with some
decrease in colon weight, caudal lymph node cellularity
and the percentage of splenic CD4+CD69+ cells. Histo-
logical analyses of colons revealed a reduction in the num-
ber of cells infiltrating the mucosa and the absence of
ulcerations in mice treated with rhIL-18BPa, although
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inflammation was still present. While a reduction in
TNF-·, IL-1ß and IL-6 production in colonic homogenate
cultures of rhIL-18BPa-treated mice was observed, no dif-
ferences in IFN-Á levels were detected. In line with the
finding that IFN-Á–/– or IFN-ÁR–/– mice were not pro-
tected from development of TNBS colitis [49], these
authors propose that the protective effect of IL-18-block-
ade in colitis development is not mediated through inhibi-
tion of IFN-Á production but rather through the reduction
of other proinflammatory cytokines such as TNF-·.

In an independent study Kanai et al. [45] determined
the role of mucosal macrophages and IL-18 in TNBS coli-
tis in C57BL/6 wt and IL-18–/– mice. Colitis was induced
after priming the mice with TNBS-bovine serum albumin
(TNBS-BSA) in the presence of complete Freund’s adju-
vant and subsequent induction of acute colitis by rectal
administration of 10 mg TNBS in 40% ethanol. Following
this treatment, increased IL-18 levels were detected in
splenocytes, LPMCs and in colonic tissue homogenates.
Upon administration of saporin-conjugated anti-Mac-1
antibodies and depletion of macrophages, intestinal in-
flammation and weight loss were attenuated. In addition,
mice treated with rabbit anti-IL-18 antibodies (1 mg/
mouse on days 0, 1, 3 and 5) were protected from weight
loss, had reduced colon thickening, and a decreased histo-
logical scoring. In this case, anti-IL-18 treatment resulted
in a reduction in IFN-Á production from phorbol myris-
tate acetate/ionomycin-stimulated LPMCs to levels seen
in non-TNBS-treated mice. The same result was also
obtained when IL-18–/– mice were used for TNBS treat-
ment and compared to wild-type mice.

Finally, Wirtz et al. [47] employed a different strategy
of local IL-18 blockade by rectal administration of an ade-
novirus containing antisense IL-18 RNA (Ad-asIL-18).
Colitis was induced by transfer of CD62L+CD4+ cells
from normal BALB/c mice into BALB/cSCID mice. Ad-
ministration of Ad-asIL-18 was performed in reconsti-
tuted SCID mice after the onset of disease symptoms
(10% weight loss) over a period of 6 days and resulted in
an immediate reduction in mucosal IL-18 contents and
improvement of colitis scores as assessed by coloscopy
and histology.

Taken together, the above reports indicate that neu-
tralization of IL-18 in acute colitis models or in short-
term treatment regimens (IL-18 anti-sense mRNA) causes
an improvement in colitis pathology. However, complete
protection could in most cases not be obtained and it
remains to be shown whether IL-18 blockade is also bene-
ficial in long-term treatment of chronic colitis.

Fig. 1. In vivo neutralization capability of anti-IL-18 antibody
SK113AE-4. C57BL/6 mice were injected intraperitoneally with
500 Ìg of SK113AE-4 monoclonal antibody or phosphate-buffered
saline (PBS). Twelve hours later, the same mice and, in addition,
IL-18–/– mice were injected intraperitoneally with 500 Ìg LPS. Six
hours after LPS treatment, mice were bled and serum IFN-Á levels
were determined by ELISA.

Generation of Isogeneic Anti-Murine IL-18
Antibodies for Chronic Therapy

All of the available IL-18 or IL-18 receptor-neutraliz-
ing antibodies have been generated by immunization
across species barriers, mostly in rabbits or rats. However,
the feasibility of long-term therapeutic studies depends on
the availability of isogeneic reagents to avoid immunolog-
ical rejection of the injected protein. For this reason, we
have recently generated neutralizing monoclonal mouse
anti-mouse IL-18 antibodies [50] using IL-18-deficient
mice [27] for immunization. The use of this immuniza-
tion protocol enabled us to circumvent the problem of
immunological tolerance against endogenous proteins. In
addition, we have made use of synthetic oligodeoxynu-
cleotide-containing CpG motifs [51] as a potent adjuvant
to stimulate the production of strong, high-affinity im-
mune responses. With the combination of immunostimu-
latory DNA as an adjuvant and the use of IL-18-deficient
animals for immunization, an unusually strong and highly
specific humoral immune response to recombinant mu-
rine IL-18 could be obtained. This strategy enabled us to
identify a panel of isogeneic IL-18-binding and neutraliz-
ing antibodies.
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To assess the in vivo neutralizing capacity of the anti-
bodies, we used a high-dose LPS model in mice and deter-
mined serum IFN-Á levels 5 h after treatment with a single
dose of LPS (500 Ìg). Figure 1 shows the neutralizing
capacity of anti-IL-18 mAb SK113AE-4 injected 12 h
before LPS treatment. This treatment resulted in a reduc-
tion in serum IFN-Á levels by 85% compared to phos-
phate-buffered saline-treated wild-type mice, while no
IFN-Á was detectable in IL-18–/– mice, in agreement with
the data of Hochholzer et al. [27].

With the availability of this reagent it is now possible
to test the efficiency of IL-18 blockade in chronic mouse
models of IBD. We haven chosen to use the transfer colitis
model originally established by Powrie et al. [52] for this
purpose because it represents a Th1-dominated chronic
model of IBD with some similarities to CD. Preliminary
data from these studies indicate that a reduction in the
severity of colitis symptoms can be achieved through
application of the antibody over a period of 3–6 weeks,
similar to attenuated disease development in IL-18–/–

recipients. However, these data need to be confirmed with
larger numbers of animals and in additional mouse mod-
els of colitis.

Conclusion

The present data on the therapeutic efficiency of IL-18
blockade in murine colitis models suggest that IL-18-neu-
tralizing reagents are promising candidates for the devel-
opment of alternative treatment regimens of IBD and
potentially other inflammatory diseases. Although anti-
TNF treatment is presently used successfully in clinics, a
substantial proportion of IBD patients do not respond to
this treatment. Thus, it will be important to also assess the
efficiency of combination therapies using anti-TNF re-
agents together with anti-IL-18 and/or anti-IL-12. In light
of the increased susceptibility of patients treated with
TNF-neutralizing agents to bacterial infection, e.g. recur-
rence of latent tuberculosis [53], it is, however, necessary
to balance the efficiency of newly developed anti-inflam-
matory reagents with residual protection to microbial
infections. Therefore, novel alternative treatment strate-
gies in IBD should also be evaluated with regard to their
effect on the functionality of the innate immune system.
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