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Abstract Interleukin-18 (IL-18) is a proinflammatory
cytokine that belongs to the IL-1 cytokine family, due to
its structure, receptor family and signal transduction
pathways. Similarly to IL-1[, IL-18 is synthesized as a
precursor requiring caspase-1 for cleavage into an active
IL-18 molecule. However, with regard to its capacity to
induce the production of Thl cytokines and to enhance
cell-mediated cytotoxicity, IL-18 is also related to IL-12.
Produced mainly by antigen-presenting cells, IL-18 is a
pleiotropic factor involved in the regulation of both in-
nate and acquired immune responses, playing a key role
in autoimmune, inflammatory, and infectious diseases.
This review summarizes recent advances in the under-
standing of IL-18 structure, processing, receptor expres-
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Shigella, Salmonella, and Mycobacterium tuberculosis.
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IL-18 and its relationship to the IL-1 family

Interleukin (IL) 18 is an IL-1 related, proinflammatory
cytokine which plays a pivotal role in systemic and local
inflammation. Initially designated as interferon (IFN) y
inducing factor, 1L-18 was first isolated from the liver of
mice primed with Propionibacterium acnes and chal-

lenged with lipopolysaccharide (LPS) [1]. However, IL-
18 mRNA is produced in awide range of cells, including
T cells, B cells, macrophages, and Kupffer cells. The
murine IL-18 gene encodes a precursor of 192 amino ac-
ids containing an unusual leader sequence of 35 amino
acids. The precursor is cleaved into an active mature 18-
kDa molecule by removal of this amino-terminal |eader

Fig. 1 Pathways of IL-18 sig-
nal transduction. Activation of
pro-1L-18 involves caspase-1
(also known as interleukin-1f3
converting enzyme, |CE) and
the extracellular 29-kDa serine
esterase PR-3. Processed, ac-
tive IL-18 mediates IL-18R ag-
gregation, and the heterodimer-
ic complex recruits the adaptor
molecule MyD88 as well as
IL-1 receptor associated kinase
(IRAK). After phosphorylation
IRAK dissociates from the re-
ceptor complex and associates
with TNF receptor associated
factor 6 (TRAF6), which then
leads to the sequential activa-
tion of NF-kB binding kinase
(NIK), I-kB kinases (IKK-1,
IKK-2) and NF-kB. Alterna-
tively, the binding of IL-18
triggers the activation of Ras
resulting in an activation cas-
cade of Raf, mitogen-activated
extracellular signal regulated
kinase activating kinase
(MEK), and mitogen-activated
protein kinase (MAPK). This
induces phosphorylation of
MAPK. After phosphorylation
MAPK istranslocated into the
nucleus and phosphorylates
NF-IL6, which allows NF-IL6
to associate to the C/ERP bind-
ing site
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sequence. Maturation requires the aspartate-specific pro-
tease caspase-1 or IL-1B converting enzyme (ICE) that
cleaves pro-1L-18 at Asp-35 [2, 3]. The activation of IL-
18 by ICE demonstrates the first parallel to IL-1[3, which
is aso activated by ICE. Caspase-3 (CPP32), a protease
shown to be involved in apoptosis, cleaves both the pre-
cursor and the mature form of IL-18 after Asp-71 and
Asp-76, thus generating inactive degraded products.
Therefore CPP32 may constitute a potential down-regu-
lator of I1L-18 [4]. In addition to caspases, the 29-kDa
serine esterase PR-3, released by activated neutrophils,
monocytes, and endothelial and mast cells, is also able to
cleave pro-1L18 into the active form [5]. These observa-
tions suggest that pro-1L-18 can be processed both intra-
cellularly and extracellularly (Fig. 1).

Cloning of the human IL-18 encoding cDNA has also
been reported [6]. The human IL-18 gene is located on
chromosome 11922 [7]. Human pro-1L-18 contains 193
amino acids and shares 64% identity with its mouse ho-
mologue. Two isoforms of rat IL-18 [8] and porcine IL-
18 [9] have also been identified recently (for a general
review see[10, 11]).

Although the IL-1 family members IL-1a, IL-1[, and
IL-1 receptor antagonist (IL-1Ra) share less than 30%
primary amino acid sequence homology, they display
structural similarities. Based on structural predictions,
Bazan et a. [12] have suggested that murine IL-18
shares a 12[3 sheet structure in common with that of the
IL-1 family, prompting 1L-18 to be termed IL-1y. It
should be noted that the discovery and characterization
of novel IL-1 related molecules have recently enlarged
the IL-1-like family. Four members of the “family of IL-
1" (FIL19, FIL1g, FIL1Z, and FIL1n) show significant
similarity to IL-1a, IL-1B3, IL receptor antagonist, and
IL-18 [13]. The relationships between the different mem-
bers of the IL-1 family suggest that IL-1a, IL-1[3, and
IL-18 form a single subfamily; FIL1e, FIL1{, and FIL1n
form a second subfamily, and IL-1Ra and FIL1d a third
[13]. Consistent with evolution by gene duplication, the
new IL-1 superfamily members are clustered in the same
region of human chromosome 2q that contains IL-1q,
IL-13, and IL receptor antagonist. IL-18 is the only
member of this superfamily that does not map to this re-
gion. Although IL-1a, IL-1f3, and IL-18 promote inflam-
mation and enhance immune responses, the biological
activities of the novel FILs remain to be characterized.
Another IL-1 related cytokine, designated IL-1H, which
is related mostly to IL-1Ra (36% of similarity), has also
been described recently [14].

The 1L-18 receptor and the TIR superfamily

The receptor for human IL-18 has been isolated from the
Hodgkin's disease derived cell line L428 [15]. As with
most cytokine receptors, the IL-18 receptor (IL-18R) isa
heterodimer consisting of a constitutive ligand binding
chain (the a chain), originally identified as IL-1 receptor
related protein (IL-1Rrp), and an inducible accessory
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chain (the B chain), designated accessory protein like
(AcPL) [15, 16]. IL-1 receptor related protein binds IL-
18 with low affinity, whereas AcPL does not bind IL-18
but increases the affinity of the receptor and participates
in signal transduction [17]. IL-1a, IL-1(3, and IL-1Ra are
unable to bind to IL-18R [16]. However, it has recently
been suggested that IL-1H binds to IL-18R but not to IL-
1R, suggesting that IL-1H is another ligand for IL-18R
and a new factor in the inflammatory and immune re-
sponses mediated by IL-18R [14]. The presence of IL-
18R mRNA has been demonstrated in various organs in-
cluding the spleen, thymus, liver, lung, heart, small and
large intestine, prostate, placenta, skeletal muscle, kid-
ney, pancreas, and brain [16, 18]. IL-18R is selectively
expressed on Thl but not on Th2 cells and can therefore
be considered as a cell surface marker to distinguish Thl
from Th2 cells [16].

IL-18R shares the structural organization of the IL-
1R/Toll-like receptor (TLR) superfamily. This family
shares a conserved region termed a Toll/IL-1R (TIR) do-
main and appears to play a central role in inflammation
and host defense against infection [19]. The TIR domain
is a conserved sequence of around 200 amino acids and
has three particular regions that are strongly conserved.
This family can be divided into three groups based on
similarities other than the TIR domain (Fig. 2).

Members of the first subgroup all contain three extra-
cellular immunoglobulin like domains and are defined
by the IL-1 type | receptor. This receptor can bind to
both IL-1a and IL-1(3 as well as to IL-1Ra. This sub-
group also includes the chains of IL-18R, IL-1 receptor
related protein, and AcPL, as well as orphan receptors
T1/ST-2, IL-1 receptor related protein 2, and IL-1 recep-
tor accessory protein like. Interestingly, T1/ST2 and IL-
18R present opposite effects in terms of T cell function
since TL/ST2 plays arole in Th2 development [20], and
IL-18 is a key regulator of Thl cells. Thisis an unusual
situation in that opposite immune responses are elicited
by stimulating the same receptor family.

The Drosophila melanogaster Toll protein was the
first member described belonging to the second sub-
group of the TIR superfamily. Toll was demonstrated to
play arole both in the development and in antifungal de-
fense in the adult fly [21]. Apart from Toll, D. melano-
gaster also contains other TLRs, such as 18-Wheeler, re-
quired for antibacterial defenses [22]. Of the ten human
TLRs that have been described, only two have a known
function. TLR2 is involved in responses to microbial
products from Gram-positive bacteria such as peptido-
glycan and lipoteichoic acid [23], whereas TLR4 is re-
quired for responses to LPS [24].

The last subgroup comprises MyD88, and the two vi-
ral proteins A46R and A52R. All lack an extracellular
domain and are involved in signaling rather than being a
receptor. MyD88 is a crucia protein for signaling by IL-
1 type | receptor, IL-18R, TLR2, and TLR4. Lack of
MyD88 results in impaired responses to IL-1, IL-18, and
LPS [25]. This cytoplasmic protein appears to function
as the adaptor for the superfamily. It is thought to be re-
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Fig. 2 The Toll/IL-1R (TIR)
superfamily. The TIR super-
family is defined by a homolo-
gous TIR domain and can be

subdivided into three main sub-group
groups. Members of the first

group contain immunoglobulin IL-1RI
like domains and include IL- ) e
18Ra and IL-18Rp. The sec- IL-1RAcI
ond group is defined by the IL-18Ro
presence of leucine-rich repeats IL-18Rp
and includes the Toll-like re- TI/ST-2
ceptors (TLRs). The third group IL-1RAPL
consists of nonreceptor cytosol- [L-1Rrp2

ic proteins that include MyD88
and two viral proteins, A46R
and A52R

cruited to the receptor complex in response to IL-1 and
connects the TIR domain to downstream signaling pro-
teins via a homotypic interaction [26].

Recently a secreted |L-18 binding protein (IL-18BP)
has been purified from human urine [27] and from sera
of mice under endotoxin shock [28]. IL-18BP has been
shown to bind IL-18 with high affinity. The most abun-
dant form of IL-18BP bears a single immunoglobulin do-
main and belongs to a novel secreted protein family, dis-
tinct from both the IL-1 and IL-18 receptor families[27].
The binding of IL-18BP to IL-18 results in neutralization
of the IL-18 effector functions, ultimately leading to the
suppression of IFN-y production [27]. This suggest that
IL-18BP acts as a soluble decoy receptor for IL-18 to in-
hibit its biological functions [27]. Thus it may act as a
natural anti-inflammatory and immunosuppressive mole-
cule. Two isoforms of murine IL-18BP and three iso-
forms of human IL-18BP have been reported [29]. Inter-
estingly, some poxviruses encode putative |L-18BPs that
appear to participate in the inhibition of IFN-y produc-
tion [30]. Recent studies have introduced site-specific al-
terations into the human mature IL-18 polypeptide,
which enhanced the biological activities of 1L-18 but de-
creased neutralization by IL-18BP [31].

Immunoglobulin domain

Leucine-rich repeat 0 le domain
sub-group
Toll Leucin-rich repeat
18-W domain
Tehao
MstProx
TLRI...TLR1O

% TIR domain

Extracellular

Intracellular

MyD88
A46R
AS2R

\_Y_/'

Adapter sub-group

IL-18 signal transduction pathway

The downstream effectors of the IL-18 transduction
pathway are closely related to those of IL-1 signaling
[32]. The nuclear factor (NF) kB activation cascade in-
volves IL-18 mediated IL-18Ra aggregation in associa-
tion with the signal transducing subunit AcPL (Fig. 1).
The activated IL-18R complex recruits the IL-1 receptor
associated kinase (IRAK) viathe adaptor protein MyD88
[33]. After phosphorylation IRAK dissociates from the
N-terminus of MyD88 and interacts with tumor necrosis
factor (TNF) receptor associated factor 6 (TRAF®6),
which then relays the signal via NF-kB binding kinase
(NIK) to two 1-kB kinases (IKK-1 and IKK-2). This fi-
nally leads to the release of the NF-kB subunits p65/p50
from 1-kB and its translocation into the nucleus to bind
to kB-bhinding sites [34, 35]. The generation of IRAK-
deficient mice has confirmed the crucial role of this fac-
tor in IL-18 induced signaling and function in Thl and
natural killer (NK) cells [36]. Recently a Toll-interacting
protein (Tollip) has been identified and shown to regu-
late the recruitment of IRAK to the receptor complex, al-
lowing it to interact with MyD88 [37].

An dternative pathway involves activation of Ras
with recruitment of nonreceptor protein tyrosine kinases
p56 (Ick), leading to the activation of mitogen-activated
extracellular signal regulated kinase activating kinase



(MEK) through activation of Raf. MEK phosphorylates
mitogen-activated protein kinase (MAPK), inducing its
nuclear translocation (Fig. 1). Translocated MAPK phos-
phorylates NF-IL6 allowing its association with the
C/ERP binding site [33, 34, 38, 39].

Biological properties of IL-18 and IFN-y production

As mentioned above, I1L-18 and IL-13 are related to the
same family in terms of structure, processing, receptor
family, and signal transduction pathways. As with IL-1j3,
IL-18 exerts proinflammatory properties (Table 1), but
this cytokine is aso related to IL-12, with regard to its
capacity to induce the production of Thl cytokines and
to enhance cell-mediated immune cytotoxicity.

IL-18 actsin synergism with IL-12

IL-12 is a pivotal cytokine representing the link between
the cellular and humoral branches of an effective host im-
mune defense. It is a heterodimeric cytokine that is se-
creted mainly by antigen-presenting cells (APCs) and
plays a key role in the induction of T cell dependent and
independent activation of macrophages, generation of
Thl and cytotoxic T cells, suppression of 1gG1 and IgE
production, and resistance to bacterial and parasitic infec-
tions [40]. IL-12 is comprised of two disulfide-linked
protein subunits designated I1L-12p35 and IL-12p40. Both
subunits must be produced within the same cell to obtain
the biologically active dimer |L-12p70. The production of
IL-12p40 exceeds the production of IL-12p70 by from
40-fold to more than 500-fold [41]. Some 5-40% of IL-
12p40 is secreted as a homodimer IL-12p(40),, which has
been shown to exert antagonistic activity on the IL-12 re-
ceptor both in vitro [42] and in vivo [43]. On the other
hand, the 1L-12p(40), stimulates the differentiation of
CD8* T cdls, indicating agonistic properties. The IL-
12p35 subunit lacks any biological activity.

Naive T cells do not respond to IL-12 or IL-18 on an-
ti-CD3 coated plates, whereas the combination of IL-12
and IL-18 induces them to proliferate and to produce
IFN-y in a synergistic manner [1, 44]. This synergistic
effect has also been shown to be important for enhance-
ment of NK cell cytotoxicity and Thl cell differentia-
tion. However, the two cytokines use distinct signaling
pathways. |L-12 activates signal transducer and activator
of transcription (STAT) 4 in Thl cell, whereas IL-18 in-
duces nuclear translocation of the p65/p50 NF-kB com-
plex through the serine-threonine kinase IRAK pathway
[34] (Fig. 1). IL-18 aone does not trigger |FN-y produc-
tion by naive T cells because of their lack of IL-18R ex-
pression. IL-12 is required to induce IL-18R production
on the surface of naive T cells [44, 45]. Reciprocally, IL-
18 induces the expression of the IL-12 receptor [46]. The
two cytokines may also synergize at the transcriptional
level of the IFN-y gene [47]. IL-18 activates the IFN-y
promoter via activator protein 1 and NF kB-binding
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Table1l Comparison of the biological activities of 1L-18 and
IL-13

Properties IL-18 IL-13
IRAK activation + +
NF-kB translocation + +
Precursor form + +
Expression in NOD mice + +
Induction of IL-8/IL-1B/TNF-a + +
Activation of Thl responses + +
Activation of Th2 responses - -
Synergy with IL-12 for IFN-y production + +
Protection against infection + +
Bindingto IL-1R - +
Bindingto IL-18R + -

sites, whereas IL-12 stimulates IFN-y production by
binding to the STAT4-binding site in the IFN-y promoter
[34]. The combination of the two cytokines activates ac-
tivator protein 1 and STAT4 binding sites, as demonstrat-
ed in human CD4+* T cells [47, 48].

Immunomodulatory functions of 1L-18

High levels of 1L-18 were first described in activated
macrophages and Kupffer cells [1]. However, other
APCs such as dendritic cells [49], Langerhans cells [50],
myelomonocytic cell lines [4], and B cell lines [4] also
represent major sources of IL-18. Nonhematopoietic
cells such as keratinocyte [50], astrocytes, microglial
cells, osteoblasts, and intestinal epithelial cells produce
IL-18 (Fig. 3). Many of the biological properties of this
pleiotropic cytokine have been recently reviewed [10,
11, 51, 52, 53] and are summarized in Table 2 and Fig. 3.

IL-18 modulates the activity of Thl cells, cytotoxic T
lymphocytes, NK cells, macrophages, dendritic cells,
and B cells. IL-18 also upregulates inducible nitric oxide
synthase production and the production of adhesion mol-
ecules. It degrades cartilage by reducing chondrocyte
proliferation, increases cyclo-oxygenase 2 expression,
induces glycosaminoglycan release, and activates matrix
metalloproteinases. It has also been demonstrated to in-
hibit osteoclasts via granulocyte/macrophage colony
stimulating factor (GM-CSF) and to inhibit angiogene-
sis. IL-18 a so shows chemoattractant properties on poly-
morphonuclear cells by stimulating I1L-8 production. The
production of chemokines involved in the recruitment of
monocytes/macrophages, macrophage inflammatory pro-
tein-1a, and monocyte chemotactic protein 1 is also in-
duced in IL-18 activated peripheral blood mononuclear
cells (PBMC) [54].

Of course, the best-described function of 1L-18 consists
in promoting expression of cytokines such as IFN-y, TNF-
a, and GM-CSF. In mice deficient for 1L-18 production
[55] or for ICE [3, 5] little or no IFN-y is produced. These
in vivo observations confirm the role of IL-18 initialy de-
scribed as a dominant IFN-y inducing factor, a feature
shared with the heterodimeric cytokine IL-12.
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Fig. 3 Cellular sources and the f'

targets of 1L-18. Both APCs
and nonhematopoietic cells

Antigen-presenting cells

have been reported to produce
IL-18. IL-18 and IL-12 synerg-
ize to induce the differentiation
of CD4* ThO cells to enhance
the cytotoxic response of CD8*
T cells, NK, and NK-T cells,
and to induce IFN-y production
by T cells, NK cells, and mac-
rophages. The inflammatory re-
sponse is mainly mediated by
activated macrophages that
produce inflammatory cyto-
kines, nitic oxide (NO), mono- \
cyte chemotactic protein 1

(MCP-1), macrophage inflam-

matory protein 1o (MIP-1a),

and prostaglandin (PG) mole-

cules. IL-18 has a potential to

induce Th2 cellsin an IL-4 de-

pendent manner. In response to

stimulation of IL-18 and I1L-3

mast cells and basophils, which

are major inducers and effec- -~
tors of alergic inflammation,
produce large amounts of IL-4
and IL-13. Administration of a
mixture of IL-12 and IL-18 has
apotential to inhibit IgE pro-
duction
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Table 2 Biological functions of 1L-18

Biological functions Cellular effectors References

IFNy production T lymphocytes or NK cells [77,128]

Thl activation CD4* T lymphocytes [27, 129]

Inhibition of IgE production Activated B cells [130]

Cytotoxic response Cytotoxic T cells, NK cells, NK-T cells [55, 131, 132]

Expression of Fas ligand NK cells, cytotoxic T cells [133]

Proinflammatory activity Macrophages, monocytic cell lines, osteoclasts [59, 66]

Response in autoimmune and inflammatory diseases Thl and cytotoxic T cells, macrophages dendritic cells, [49, 134]

B cells, chondrocytes

Response in infectious diseases Thl cells [65, 87, 97,
114, 135, 136]

Response in tumors NK cells, cytotoxic T cells, macrophages [56]

HIV-1 expression Macrophages [137]




Since IL-18 plays a crucial role in immunomodulation
by acting on cell-mediated cytotoxicity, Thl differentia-
tion, and inflammation, antitumor actions of IL-18 have
been investigated in vivo [56, 57]. IL-18 mediated anti-
tumor action is T cell dependent and relies on upregula-
tion of FasL-mediated tumoricidal activity [58]. Recent
work also suggests that IL-18 is involved in the innate
defense against tumors and invading micro-organisms
[59]. In autoimmune diseases such as insulin-dependent
diabetes mellitus exogenous IL-18 inhibits diabetes de-
velopment in nonobese diabetic mice [60]. In contrast,
IL-18 is involved in the development of multiple sclero-
sis and rheumatoid arthritis. In chronic inflammation
such as Crohn's disease IL-18 also appears to promote
the development of the inflammation [61, 62]. IL-18
plays distinct roles in atopic asthma, depending on its
immunological environment and the route of administra-
tion [63, 64]. Biological properties and role of IL-18 in
modulation of tumors and autoimmune and inflammato-
ry disease have been reviewed previously [52, 65, 66].

Role of IL-18 induced by bacterial infections

The proinflammatory cytokines TNF-a, IL-1f3, and IL-6
as well as IFN-y are among the first cytokines produced
in response to infection by pathogenic bacteria [67].
Cytokines produced later during infection direct the im-
mune responses toward either Thl or Th2 immunity [68,
69]. Development of naive T cells into Thl cells has
been shown to be driven by IL-12, while Th2 maturation
depends on IL-4 [70]. Activated Thl cells participate in
cell-mediated immunity against intracellular pathogens
and produce IFN-y, IL-2, TNF-a, TNF-3 and GM-CSF.
In contrast, activated Th2 cells are involved in humoral
and allergic immune responses and produce mainly IL-4,
IL-5, IL-6, IL-10, and IL-13 [65, 71]. It has also been
shown that IFN-y acts synergistically with I1L-12 to me-
diate optimal development of the Thl phenotype [72].

Although exposure to 1L-18 enhances host defenses
that may participate in resistance to parasitic, fungal, and
bacterial pathogens (Table 3), an excess of IL-18 produc-
tion may aso be detrimental by inducing injury in the
host [65].

Extracellular bacteria

Sreptococcus pyogenes, an important human pathogen
that causes a wide range of diseases, induces IL-12, IL-
18, and IFN-y secretion by human PBMC [73]. The ki-
netics of IL-18 production are fast and resemble those of
proinflammatory cytokines, reflecting the suggested pro-
inflammatory nature assigned to I1L-18 [74]. The produc-
tion of IL-4 and IL-10 has been found to be limited,
demonstrating that this bacterium €elicits a Thl type im-
mune response. However, a direct role of I1L-18 in pro-
tection against S. pyogenes infection remains to be eluci-
dated.
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Table 3 IL-18 inducing infectious agents

Infectious organism Host system Reference
Parasite
Leishmania major Mouse [81, 138]
Trypanosoma cruzi Mouse [139]
Shistosoma mansoni Mouse [126]
Plasmodium berghei Mouse [65]
Toxoplasma gondii Mouse [140, 141]
Fungus
Cryptococcus neoformans Mouse [136, 142]
Bacteria
Extracellular
Propionibacterium acnes Mouse 77,79
Yersinia enterocolitica Mouse 87]
Streptococcus pyogenes Mouse 73]
Saphylococcus aureus Mouse 81]
Intracellular
Burkholderia pseudomallei Human 92, 143]
Mouse 9]
Salmonella typhimurium Mouse 97, 98]
Salmonella dublin Mouse 99]
Salmonella chlolera suis Porcine 100]
Chlamydia trachomatis Human 94]
epithelial cells
Mouse 135]
Listeria monocytogenes Mouse 103]
Mycabacterium leprae Mouse 117]
Human 118]
Mycobacterium avium Mouse 117]
Mycaobacterium tuberculosis Mouse 114]
Human 115, 144]
Mycobacterium bovis BCG Mouse 53, 55]
Shigella flexneri Mouse 102]
Legionella pneumophila Mouse 96]

The presence of IL-18 has also been detected in pa-
tients with bacterial meningitis [75]. The causative or-
ganisms in these patients were Staphylococcus aureus,
Streptococcus  pneumoniae, Neisseria  meningitidis,
Escherichia coli, Hemophilus influenzae, Corynebacte-
ria, Pseudomonas aeruginosa, or Morganella morganii.
IL-18 was detected in the cerebrospinal fluid in only
16% of the healthy controls and was detectable in 94%
of the patients. However, serum concentrations of IL-18
were not significantly increased in patients with bacterial
meningitis. 1L-18 has been detected in cultures of murine
astrocytes and microglia [76] and 1L-18, IL-18R, AcPL
and IL-18BP mRNA expression was found in the brain
of normal adults [18]. This suggests that IL-18 is a medi-
ator of inflammatory responses within the brain, similar
to its reported role in the periphery where it induces re-
lease of IFN-y and activates immune cells. Whether IL-
18 participates in clearance of invading pathogens re-
sponsible for bacterial meningitis remains uncertain.
However, overwhelming IL-18 release may, in addition
to its possible beneficial actions, aso enhance injury of
host tissue.

Mice are relatively resistant to LPS, but pretreatment
with P. acnes sensitizes them to LPS-induced shock that
leads to acute liver injury due to overproduction of 1L-18
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[1, 77]. Overexpression of IL-18 in the liver of mice is
followed by induction of IFN-y, TNF-a, and FasL [78,
79]. Abrogation of 1L-18 production by in vivo adminis-
tration of neutralizing anti-1L-18 antibodies or using IL-
18 deficient mice not only down-regulated IFN-y and
TNF-a production but also prevented complete FasL-
mediated liver injury [55, 77, 80].

Along the same lines, IL-18-- mice infected with S.
aureus developed markedly fewer septicemia than simi-
larly infected wild-type mice [81]. The reduced septice-
mia may be attributed to a decreased TNF-a production
in the IL-18~- mice because TNF-a has been shown to
have a direct effector role in the pathogenesis of Gram-
positive bacterial shock [82]. The observation that the
knockout mice produce less TNF-a is also consistent
with the fact that IL-18 up-regulates TNF-a synthesis by
human PBMC [74].

However, IL-18-- mice infected with S. aureus devel-
oped significantly more severe septic arthritis than the
control mice. This can be explained by the fact that the
mutant mice developed an impaired Thl response, which
has frequently been associated with septic arthritis [83]
and increased |L-4 production. Indeed, IL-4 and IL-4 de-
pendent Th2 responses are known to promote S. aureus
induced septic arthritis [84]. I1L-18 appears thus, on one
hand, to protect from S. aureus induced septic arthritis
and, on the other, to promote septicemia.

Yersinia enterocolitica is an extracellular, rod-shaped
pathogen that causes enteritis and enterocolitis in hu-
mans and rodents. Systemic infection including abscess-
es and granulomatous lesions can occur in spleen and
liver, particularly in immunocompromised individuals
[85]. IL-12 induced IFN-y production is essential for
clearance of Y. enterocolitica infection in mice [86]. Al-
though predominantly IL-12 dependent, the production
of Yersinia-specific IFN-y also partially depends on IL-
18, as evidenced by the assessment of IFN-y production
in the supernatants of spleen cells from Yersinia-infected
C57BL/6 mice stimulated with heat-killed Yersinia in the
presence of anti-IL-12 or anti-IL-18 antibodies [87].
Modulation of yersiniosis by IL-18 was demonstrated by
in vivo administration of anti-IL-18 antibodies before .
enterocolitica infection. Neutralization of 1L-18 antibod-
ies caused a 100- to 1000-fold increase in bacterial
counts in the spleen of infected mice. These results sug-
gest that IL-18 isinvolved in clearance of Yersinia infec-
tion. However, no significant difference in IFN-y produc-
tion was observed between anti-1L-18 treated C57BL/6
mice and control mice, suggesting that IL-18 mediates
resistance through an IFN-y independent mechanism
[87]. In vivo treatment with recombinant I1L-18 did not
improve clearance of Y. enterocolitica in mice.

Intracellular bacteria
Melioidosis is an important cause of illness and death in

Southeast Asia and is due to infection by the Gram-nega-
tive bacillus Burkholderia (formerly Pseudomonas)

pseudomallei. The clinical features of melioidosis vary
wildly and range from acute sepsis to chronic infections
[88]. B. pseudomallei is a facultative intracellular patho-
gen that survives and replicates in human phagocytic and
nonphagocytic cells in vitro [89]. In a murine model of
melioidosis IFN-y has been shown to play an essentia
role in the host defense [90]. NK cells and CD8* cells
are the dominant sources of IFN-y in mice infected with
B. pseudomallei and IFN-y production by both cell popu-
lations was inhibited by coincubation with neutralizing
monoclonal antibodies to I1L-12 or IL-18 [91]. Further-
more, supernatants from spleen cells stimulated with B.
pseudomallei contained high levels of I1L-18 induced in a
dose-dependent manner by the micro-organism, which
were correlated with the induction of IFN-y. Markedly
elevated plasma levels of IFN-y, 1L-18, I1L-12p40, and
IL-15 have been found in patients with melioidosis [92].
IL-18 concentrations were especially high and showed
the strongest correlation with 1FN-y levels. Neutraliza-
tion of IL-12 strongly inhibited |FN-y production during
whole-blood stimulation with heat-killed B. pseudomal-
lei, which was further inhibited by the addition of neu-
tralizing anti-1L-18 antibodies [92]. This suggests that
during melioidosis IL-18 is an important |FN-y inducing
cytokine in the presence of other costimulatory signals,
especialy IL-12.

The obligate intracellular bacterium Chlamydia tra-
chomatis is the cause of magjor genital and ocular infec-
tions in humans throughout the world. The development
of Thl-mediated immune responses is necessary for pro-
tective immunity against Chlamydia [93], suggesting
that IL-18 plays arole in protection. The host mucosa re-
present the initial sites of Chlamydia infection. There-
fore the ability of Chlamydia to induce the secretion of
IL-18 by epithelia cells has been investigated [94]. Hu-
man epithelial cell lines constitutively produce pro-IL-
18, but the secretion of mature IL-18 is enhanced after
Chlamydia infection. IL-18 release could be prevented
by inhibitors of chlamydial but not of host cell protein
synthesis, and depends on the activation of caspase-1, in-
dicating a role for Chlamydia-derived product(s) in the
activation of caspase-1 and subsequent secretion of ac-
tivelL-18.

The causative agent of Legionnaire's disease, Legion-
alla pneumophila, is an intracellular pathogen of phago-
cytic cells, primarily of alveolar macrophages. Cytokines
participating in cellular immunity, especialy IFN-y, are
responsible for resistance to primary L. pneumophila
lung infection [95]. IFN-y limits the iron concentration
in phagocytic cells, thus creating an intracellular envi-
ronment that is nonpermissive for L. pneumophila repli-
cation. Intratracheal inoculation of mice with virulent
L. pneumophila induced the production of IL-18 in bron-
choalveolar lavage fluids [96]. However, blocking intra-
pulmonary IL-18 activity with the anti-IL-18R antibod-
ies did not alter the resolution of L. pneumophila lung in-
fection, although it resulted in the inhibition of intrapul-
monary |FN-y production. Surprisingly, blocking endog-
enous systemic I1L-12 with anti-IL-12 antibodies, which



also inhibits intrapulmonary IFN-y production, resulted
in enhanced intrapulmonary growth of the bacteria with-
in 5 days after infection [96].

Therole of 1L-18 in host resistance to virulent Salmo-
nella in the mouse typhoid model has been investigated
by several groups [97, 98, 99]. When mice were treated
in vivo with anti-1L-18 antibodies, resistance to infection
was impaired, and the bacterial loads in the liver and
spleen were increased [97], indicating that IL-18 is re-
quired to control bacterial growth in mice infected with
virulent S. typhimurium. Administration of recombinant
IL-18 protected mice from challenge with a lethal dose
of virulent Salmonella, which is accompanied by an im-
portant reduction in bacterial numbers in the tissues.
This effect was not observed in IFN-y receptor-— mice,
suggesting that IFN-y is required for the protective ef-
fects of recombinant 1L-18 administration during salmo-
nellosis. Elhofy and Bost [99] found that S. dublin reduc-
es the production of IL-18 mRNA and the secretion of
IL-18 by murine macrophages. Mice fed orally with S
dublin displayed a reduced IL-18 mRNA production at
mucosal sites within hours after inoculation. Salmonella
has thus evolved mechanisms to limit the host response,
especially an optimal IFN-y mediated Thl response. On
the other hand, in vivo or ex vivo infection of intestinal
porcine mucosa with S, cholerae suis resulted in activa-
tion of 1L-18, as evidenced by a decrease in size of IL-
18, consistent with the cleavage of pro-1L-18 into the
mature form by caspase-1 [100].

The etiological agent of bacillary dysentery, Shigella
flexneri, has been shown to induce macrophage apopto-
sis, through the activation of caspase-1 [101]. Although
casp-1-- mice infected with S. flexneri do not develop
early acute inflammation [102], intense inflammation de-
velops much later in these mice and is more severe than
the acute inflammation in wild-type mice. Casp-1--
mice are unable to control the infection, and the inflam-
mation continues to worsen after an extended period of
time. When recombinant 1L-18 is administered to casp-
1-- mice inflammation decreases, and the presence of
the bacteria is restricted to a degree similar to that ob-
served in wild-type mice. Therefore recombinant IL-18
reconstitutes a wild-type inflammatory response in casp-
1-- mice. Consistent with this observation, |L-18-- mice
infected with S. flexneri also cannot regulate the inflam-
mation, nor control Shigella infection. This indicates that
IL-18 is required to mount an inflammatory response ca-
pable of efficiently eliminating Shigella infection.

A critical role for IL-18 has also recently been de-
scribed in Listeria monocytogenes infected mice. The
findings of Neighbors et al. [103] established that IL-18
plays an important role in cell-mediated immunity viaits
effects on both the innate and adaptive immune respons-
es. IL-18 appeared to be even more potent against this
pathogen than either IL-12 or IFN-y. Because infection
was greatly exacerbated by anti-IL 18R monoclonal anti-
body even in IFN-y-- mice, and because administration
of recombinant I1L-18 enhanced bacterial clearance in the
complete absence of IFN-y, it was concluded that IL-18
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was dominant over IFN-y in controlling bacterial load af-
ter infection. The authors also demonstrated that 1L-18 is
comparable to TNF-a in its capacity to resolve the infec-
tion, and that IL-18 mediates protection to a large extent
through TNF-a action in vivo. Moreover, IL-18 was re-
quired for the macrophage's subsequent release of nitric
oxide in response to a Listeria infection in vivo, and
since NO production is a critical mediator of the macro-
phage's listericidal effects [104], 1L-18 dependent NO
production may be a major mechanism of bacterial clear-
ance. Another interesting issue arising from this study is
that for the first time it was shown that in addition to its
protective role in primary immunity to Listeria, IL-18 is
as important in memory effector responses to reinfection
with this bacteria. Therefore IL-18 provided significant
protection in both primary and secondary responses to
thisintracellular pathogen.

Mycobacterial infections

Tuberculosis, a granulomatous disorder caused by My-
cobacterium tuberculosis remains the leading cause of
death worldwide. Successful elimination of M. tubercu-
losis from the host depends mainly on the efficient in-
teraction between antigen-specific T cells and infected
macrophages (Fig. 4). Patients with defective T cell
function, such as those with acquired immunodeficiency
syndrome [105, 106] and those undergoing immunosup-
pressive therapy [107], present an increased risk of de-
veloping tuberculosis. In contrast, no increased predis-
position to tuberculosis has been reported in persons
with impaired humoral immunity, indicating a crucial
contribution of T cell mediated immunity against tuber-
culosis.

Critical role of IFN-y and IL-12 in mycobacterial
infections

CD4* T cells are thought to contribute to protection
against mycobacteria by antigen-specific production of
cytokines, which activate infected macrophages to kill
the intracellular bacteria. Among these cytokines, |FN-y
is the crucial effector molecule in mice [108, 109] as
well asin humans [110, 111]. In mice IFN-y mediates its
protective effect predominantly by the induction of reac-
tive nitrogen intermediates, which are necessary for the
killing of the intracellular mycobacteria (Fig. 4). Howev-
er, the contribution of reactive nitrogen intermediates to
immunity against mycobacteriain humans still remains a
matter of debate. Mice lacking IFN-y present a markedly
increased susceptibility to infection with M. tuberculosis
[108, 109]. Humans with a defective IFN-y receptor de-
velop severe mycobacterial disease [110, 111]. Persons
lacking either the a- or B-chain of the IFN-y receptor
were discovered because they died either from dissemi-
nated bacille Calmette-Guérin (BCG) infection or from
infection with M. avium or M. fortuitum.
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Fig. 4 Basic pathway of immune responses to mycobacterial infec-
tions. Infected macrophages become activated, leading to the re-
lease of TNF-a, IL-12, and IL-18 that are required to activate NK
cells and to establish a Thl response early in the infectious process.
In response to these cytokines Thl cells produce TNF-a and IFN-y,
which activate macrophages to kill infected mycobacteria by vari-
ous mechanisms, including the production of reactive oxygen and
nitrogen radicals. Phagocytosis of M. tuberculosis also induces the
release of the proinflammatory cytokines IL-1, IL-3, and IL-6 and
the chemokine monocyte chemotactic protein (MCP-1)

IL-12 also plays a critical role in immunity to myco-
bacteria through its role of 1L-12 is to increase the pro-
duction of IFN-y. Mice and humans lacking the p40
chain of the IL-12 heterodimer or the IL-12-receptor
subunits secrete less IFN-y than normal individuals and
are susceptible to mycaobacterial infection [112, 113].
IFN-y has been successfully used to treat patients lacking
IL-12 when administered in combination with antituber-
cular drugs [113], confirming that the major role of IL-
12 is to enhance IFN-y production and to promote a Thl
immune response.

Role of 1L-18 in tuberculosis

IL-18 deficient mice display a phenotype similar to that
of IL-12 deficient mice concerning to the reduction in
NK cell activity, Thl response, and |FN-y secretion [55].
IL-12 and IL-18 double-deficient mice exhibited an even
more severe defect in NK cell activity and Thl response
than that seen in single-knockout mice [55]. When in-
fected by aerosol with M. tuberculosis, higher bacterial
loads were found in the lung tissues of IL-18 deficient
mice than in those of control mice [114]. When M. tu-
berculosis was administered intravenously, larger gran-

ulomas were found in the lungs and spleens of 1L-18 de-
ficient mice than in those of their wild-type littermates,
and numerous bacteria were present in the granuloma-
tous lesions. When exogenous recombinant I1L-18 was
administered, the sizes of the granulomas were signifi-
cantly reduced, and virtually no bacteria were detected in
the lesions, indicating that this cytokine plays an impor-
tant role in immunity against M. tuberculosis. |L-18 defi-
cient mice showed lower levels of splenic IFN-y than did
wild-type mice, although their IL-12 levels were normal,
demonstrating that IL-18 is crucial for the generation of
protective immunity to mycobacteria by inducing IFN-y
production. However, the production of NO by peritone-
al macrophages was similar in IL-18 deficient and wild-
type mice. Vankayalapati et a. [115] found that M. tu-
berculosis stimulated PBMC from tuberculosis patients
secrete less IL-18 and IFN-y than do those from healthy
tuberculin reactors. Furthermore, the M. tuberculosis in-
duced IFN-y production was inhibited by anti-1L-18, but
enhanced by the addition of recombinant IL-18. Surpris-
ingly, alveolar macrophages secreted IL-18 in response
to M. tuberculosis, suggesting that IL-18 is produced in
the lung during tuberculosis infection. Finally, both IL-
18 and IFN-y concentrations were higher in pleural fluid
of tuberculosis patients than in pleura fluid of patients
with nontubercul ous diseases.

Other mycobacterial infections

BALB/c mice that are genetically susceptible to M.
avium exhibit less expression of IFN-y and the IFN-y-in-
ducing cytokines IL-12 and IL-18 than do resistant mice
[116]. Similarly, early expression of 1L-12p40 and IL-18
was found in mice resistant to M. leprae 3—72 h after in-
fection, but not in susceptible mice [117]. The deficient
expression of I1L-12 and IL-18 may result in a dimin-
ished level of cell-mediated immune responses against
the infection and therefore to uncontrolled replication of
M. leprae in susceptible hosts. In human leprosy patients
Thl responses are generally associated with resistance to
M. leprae infection (tuberculoid type), whereas Th2 re-
sponses are associated with progressive disease (lepro-
matous type). Recently Garcia et al. [118] have shown
that in vivo IL-18 mRNA levels are higher in lesions of
tuberculoid patients than in those of lepromatous pa-
tients. When PBMC from tuberculoid patients were stim-
ulated with M. leprae in the presence of neutralizing an-
ti-1L-18 antibodies, IFN-y levels induced in response to
the antigens were inhibited by 80-99%, demonstrating
that endogenous IL-18 contributes to M. leprae induced
IFN-y secretion. The addition of exogenous recombinant
IL-18 increased M. leprae induced IFN-y in tuberculoid
patients but not in lepromatous patients. In contrast, the
addition of IL-18 had no effect on IL-4 production either
from tuberculoid or from lepromatous patients. When
IL-12 and IL-18 were added together to PBMC from tu-
berculoid patients cultured in the presence of M. leprae,
a significant increase in the IFN-y production was ob-



served. IFN-y secretion was rapidly induced by NK and
T cells after 1 and 5 days of stimulation, respectively. In
addition, IL-18 directly induced IFN-y production from
mycobacteria-reactive T cell clones. These observations
suggest that IL-18 induces type 1 cytokine responses
against M. leprae in tuberculoid leprosy patients to pro-
mote cell-mediated immune responses allowing them to
control M. leprae. In contrast, the absence of type 1 cy-
tokine responses in lepromatous leprosy patients results
in weak cell-mediated immunity to the pathogen and
therefore in progressive infection.

Therapeutic aspects of IL-18 against infection

Protection against pathogenic micro-organisms is medi-
ated by both innate and acquired immunity. Phagocytic
cells and NK cells are constituents of the innate immune
system, whereas B and T cells are required for acquired
immunity. Opsonization of bacteria coated with specific
antibodies and activation of the complement represent
the main protective immune mechanisms against extra-
cellular bacteria. The defense against intracellular micro-
organisms is mediated principally by phagocytic cells,
and acquired immunity that amplifies innate immunity is
required to kill these organisms. This can be achieved by
activation of macrophages with IFN-y and subsequent
killing of the phagocytosed micro-organisms or by lysis
of infected cells by cytotoxic CD8* T cells. Therefore ef -
fective immune therapy against intracellular bacteria, in-
cluding mycobacteria, might be enhanced by supplying
IFN-y inducers such as IL-12 and IL-18. It has been
shown that combined administration of recombinant IL-
12 and IL-18 significantly prolongs the surviva time of
Cryptococcus neoformans infected mice and reduces the
lung and brain loads [119]. With the emergence of multi-
drug-resistant strains of M. tuberculosis, there is in-
creased need to develop potential immunotherapies
against mycobacterial infections. Several cytokine thera-
pies have been tried with varying success [120]. IFN-y
has been tested in patients with multidrug-resistant tu-
berculosis with promising results [121]. However, be-
cause of itstoxicity IFN-y treatment is difficult to imple-
ment. So far there has been no attempt to treat tuberculo-
sis patients with IL-12, although this cytokine has been
tested in clinical trials in cancer patients and found to be
reasonably well tolerated [122]. IL-2 is also well tolerat-
ed and appears to give rise to significant clinical im-
provement in multidrug-resistant tuberculosis patients,
including human immunodeficiency virus positive pa-
tients [123]. We have recently developed a plasmid en-
coding IL-18 in order to evaluate the immunomodulating
effect of 1L-18 in mice after intradermal administration
and mycobacterial infection [124]. Mice treated with the
plasmid encoding IL-18 and subsequently infected with
BCG produced lower levels of anti-BCG antibodies than
did control animals. In contrast, these mice produced
greater amounts of antigen-specific IFN-y after in vitro
restimulation than did controls. When coadministered to-
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gether with a human immunodeficiency virus 1 Nef-en-
coding plasmid, the plasmid encoding IL-18 was found
to modulate the specific immune response towards a Thl
type [125]. These findings suggest that the administra-
tion of 1L-18 encoding DNA may be useful for the de-
velopment of new immunotherapeutic or immunoprotec-
tive approaches against infections with intracellular par-
asites, such as mycobacteria, and viruses.

The immunostimulatory effect of IL-18 encoding
plasmid DNA has aso been shown to be efficient in vac-
cination against Schistosoma mansoni [126]. Percutane-
ous infection of mice with S. mansoni strongly induced
the production of 1L-18 mRNA in the skin. Intradermal
coinjection of the IL-18 encoding plasmid with a S. man-
soni glutathione Stransferase (Sm28GST) encoding
plasmid generated a 30-fold increase in antigen-specific
IFN-y by spleen cellsin comparison to splenocytes from
mice that had received only the Sm28GST-encoding
plasmid. In addition, the immunostimulatory effect was
related to significant protection against schistosomiasis
attributed to cooperativity between the two plasmids
[126]. If safety issues can be satisfactorily resolved, the
use of DNA encoding IL-18 presents the advantage of a
more sustained presence of the cytokine at the site of in-
jection than with the administration of the purified pro-
tein. This would also circumvent the short half-life of re-
combinant I1L-18 and the side effects due to the adminis-
tration of repetitive high doses of the cytokine.

As an alternative approach, recombinant BCG pro-
ducing IL-18 has been constructed (BCG/IL-18; Biet et
al. submitted). This strain was found strongly to augment
the long-term production of IFN-y. Mycobacterial anti-
gen-specific secretion of GM-CSF was also greater in
mice infected with BCG/IL-18 in those infected with
nonrecombinant BCG. In contrast, a down-regulation of
Th2-type cytokines, such as IL-5 and IL-13, was ob-
served in spenocytes from mice immunized with
BCG/IL-18 compared to mice immunized with nonre-
combinant BCG, as judged by reverse transcriptase poly-
merase chain reaction. In contrast, the production of an-
tibodies to BCG antigens was decreased in both myco-
bacterial-susceptible and mycobacterial-resistant mouse
strains. These results indicate that the production of IL-
18 by BCG enhances the ability of BCG to polarize the
immune response into the Thl direction. The ability of
IL-18 produced by recombinant BCG to strengthen the
natural capacity of BCG to induce Thl-type immune re-
sponses may have interesting therapeutic or immunopro-
phylactic potential. Whether it may have a positive im-
pact on vaccination strategies, especiadly against intra-
cellular pathogens such as M. tuberculosis is currently
under investigation. 1L-18 may also increase the thera-
peutic effect of BCG in the treatment of bladder cancer.
Given that IL-18 displays antitumor activity in vivo [56,
127], production of IL-18 by a recombinant BCG strain
may be particularly valuable to treat bladder cancer pa-
tients.

In addition, due to its capacity to down-regulate the
Th2 immune response, recombinant BCG producing IL-
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18 may perhaps also be valuable in the treatment of atop-
ic disorders caused by the exacerbation of the Th2 re-
sponse.
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