AMGEN- suppl . 27 17-08-2005 12:13 Page S-1

—5-

ThelL-1family and inflammatory diseases

C.A. Dinardlo

Charles A. Dinarello, MD, Department of
Medicine, University of Colorado Health
Sciences Center, 4200 East Ninth Ave,,
B168, Denver, CO 80262, USA.
Supported by NIH Grant Al-15614.
Author’ s Disclosures. The author is not a
consultant or stockholder in Amgen and
receives no grant support from Amgen.
The author does not receive royalties on
IL-1 receptor antagonist. The author is
an inventor of IL-18 binding protein.

Clin Exp Rheumatol 2002; 20 (Suppl. 27):
S1-S13.

© Copyright CLINICAL AND EXPERIMEN-
TAL RHEUMATOLOGY 2002.

Key words: Rheumatoid arthritis,
cytokines, binding proteins.

ABSTRACT

IL-1 and its related family member IL-

18 are primarily proinflammatory cyto -
kines by their ability to stimulate the

expression of genes associated with in -
flammation and autoimmune diseases.

For IL-1 (IL-1a and IL-1B), the most

salient and relevant properties are the
initiation of cyclooxygenase type 2

(COX-2), type 2 phospholipase A and

inducible nitric oxide synthase (iNOS).

This accounts for the large amount of

prostaglandin-E2 (PGE2), platelet

activating factor and nitric oxide (NO)

produced by cellsexposed to IL-1 or in

animals or humans injected with IL-1.

Another important member of the pro -
inflammatory IL-1 family is IL-18. IL-

18 is also an important player in auto -
immune disease because of its ability to

induce IFNy, particularly in combina -
tion with IL-12 or IL-15. Both IL-1 and

IL-18 increase the expression of adhe -
sion molecules such as intercellular

adhesion molecule-1 (ICAM-1) on me -
senchymal cells and vascular-cell

adhesion molecule-1 (VCAM-1) on en -
dothelial cells. Thislatter property pro -
motes the infiltration of inflammatory
and immunocompetent cells into the
extravascular space. IL-1 and IL-18

are also an angiogenic factors by

increasing the expression of vascular

endothelial growth factor; IL-1and IL-

18 thus play a role in pannus formation
and blood vessal supply. The strongest

case for the importance of IL-1 in dis -
ease processes come from the adminis -
tration of the IL-1 receptor antagonist,

also a member of the IL-1 family and

IL-18 binding protein (IL-18BP), a
congtitutively expressed and secreted
protein that binds and neutralizes IL-

18. Data from the human genome pro -
ject have revealed other members of
the IL-1 family. However, these appear

to be antagonists rather than agonists.

IL-1 also acts as an adjuvant during

antibody production and stimulates
bone marrow stem cellsfor differentia -
tion in the myeloid series. IL-1 is dis -
tinct from tumor necrosisfactor (TNF);
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IL-1 and TNFa share several biologi -
cal properties but the salient difference
is that TNF receptor signaling induces
programmed cell death whereas IL-1
receptor signaling does not. In fact, IL-
1 is a hematopoietic growth factor and
IL-1 was administered to humansto re -
duce the nadir of white blood cells and
platelets in patients during bone-mar -
row transplantation. This property of
IL-1is not observed in the responsesto
TNFa. Furthermore, in animal models
of destructive rheumatoid arthritis, IL-
1isnecessary but TNFa is not.

Introduction

A great deal can be learned from stud-
ies specifically blocking a single cyto-
kinein the context of a disease process.
In the case of IL-1, the administration
of I1L-1 receptor antagonist (IL-1Ra) to
wild-type mice or the severity of dis-
ease in mice deficient in either isoform
of IL-1 or deficient in IL-1 receptors
has clearly established IL-1 as a key
mediator of autoimmune and inflam-
matory diseases. Although IL-1Ra is
discussed in detail elsewhere in this
journal, injections IL-1Rainto humans
with rheumatoid arthritis has resulted
in areduction in the inflammatory and
joint destructive nature of their disease
(2-3). In mice lacking IL-1 receptor
typel, thereisafailure to develop pro-
liferative lesions of vascular smooth
muscle cells in mechanically injured
arteries (4). Mice deficient in tumor
necrosis factor-a (TNFa) aso exhibit
decreased neointimal hyperplasia but
in these mice, there is no expression of
IL-1a, suggesting that the effect in
TNFa deficient miceis dueto alack of
IL-1a expression. This conclusion is
supported by the observation that
TNFa isexpressed in mice deficient in
IL-1 receptors, but there is reduced in-
timal hyperplasia These and similar
experiments are consistent with the
concept that some effects of TNFa are
mediated by IL-1. Early studies on the
effects of TNFa reveded that TNFa
inducesIL-1 (5). It isaso possible that
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the effect of blocking TNFa in patients
with rheumatoid arthritisis dueto are-
duction in IL-1 production and/or ac-
tivity. For example, in rheumatoid arth-
ritis patients injected with anti-TNFa
monaclonal antibodies, there is arapid
reduction in circulating IL-1b levels.
Mice overexpressing TNFa develop a
spontaneous rheumatoid arthritis-like
joint disease; however, if treated early
in their disease process with anti-IL-1
receptor antibody, there is no develop-
ment of arthritis (6).

The IL-1agonist family, IL-1a, IL-1b
and IL-1, are unique in the cytokine fa-
milies. Each is initially synthesized as
precursor molecules without a signal
peptide. After processing by the re-
moval of N-terminal amino acids by
specific proteases, the resulting pep-
tides are called “mature” forms. The 31
kDa precursor form of IL-1b and the 24
kDa IL-18 precursor are biologically
inactive and require cleavage by spe-
cific intracellular cysteine protease
called IL-1b converting enzyme (ICE).
ICE is also termed caspase-1, the first
member of alarge family of intracellu-
lar cysteine proteases with important
roles in programmed cell death. How-
ever, there is little evidence that ICE
(caspase-1) participates in programmed
cell death (7). Rather, ICE seemsto be
primarily used by the cell to cleave the
IL-1b and IL-18 precursors. As aresult
of the cleavage, the mature form of IL-
1bisal7.5 kDamolecule and of IL-18
is an 18 kDa peptide. Although ICE is
primarily responsible for cleavage of
the precursor intracellularly, other pro-
teases such as proteinase-3 can process
the IL-1b precursor extracellularly into
an active cytokine (8). However, IL-1
and IL-18 are truly pleiotropic
cytokines and affect the innate as well
as the acquired immune systems.

In terms of host-defense, mice deficient
in the IL-1 receptor type I, IL-1a, IL-
1b or double deficient in IL-1a and IL-
1b exhibit no phenotype different from
the same strain wild-type mice. A simi-
lar observation has been made with
mice deficient in IL-18 or the IL-18 re-
ceptor. Thus, IL-1- and IL-18-deficient
mice livein routine, microbially unpro-
tected animal facilities. From these ob-
servations, one can conclude that these

three agonist members of the IL-1 fa
mily, which play important rolesis dis
ease, are not essential for normal em-
bryonic devel opment, post-natal growth,
homeostasis, reproduction or resistance
to routine microbial flora. These mice
also do not exhibit evidence of sponta
neous carcinogenesis and their life-
span appears normal. Lymphoid organ
architecture is also normal. Neverthe-
less, in the context of an inducible dis-
ease, a deficiency in any one of these
three members of the IL-1 superfamily
reveals a role in disease severity. In
contrast, as described below, mice defi-
cient in IL-1Ra do not exhibit normal
reproduction, have stunted growth and
in selected strains devel op spontaneous
diseases such as rheumatoid arthritis-
like polyarthropathy and afatal arteritis
(9, 10).

Historical background

The history of I1L-1 begins with studies
on the pathogenesis of fever. These
were studies performed on the fever-
producing properties of proteins caled
endogenous pyrogens, which were re-
leased from activated rabbit peritoneal
exudate cells. Menkin and Beeson ini-
tially studied endogenous pyrogens in
1943-1948, athough there is evidence
that Menkin's preparations were con-
taminated with bacterial endotoxins.
However the work of Beeson was fol-
lowed by contributions of severa inve-
stigators, who were primarily interest-
ed in the link between fever and infec-
tion/inflammation. In 1972, Waksman
and Gery made an important contribu-
tion with the discovery that soluble fac-
tors augmented lymphocyte prolifera-
tion in response to antigenic or mito-
genic stimuli. Kamschmidt also con-
tributed to the “discovery phase” of IL-
1 in describing macrophage products
that induced the synthesis of acute
phase proteins. The basis for the name
“interleukin” was to streamline the
growing number of biological proper-
ties attributed to soluble factors from
macrophages and lymphocytes. 1L-1
was the name given to the macrophage
product whereas IL-2 was used to de-
fine the lymphocyte product. At the
time of the assignment of these names,
there was no amino acid sequence anal-
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ysis known and the terms were used to
definebiological properties. Inthefield
of rheumatoid arthritis, Krane and Day-
er described IL-1 as an inducer of col-
lagenases and Saklatvala described IL-
1 for its property to destroy cartilage.
The large number of diverse multiple
biological activities attributed to a sin-
gle molecule engendered considerable
skepticism in the scientific community
but with the cloning of IL-1 in 1984
(11,12), the use of recombinant IL-1
established that IL-1 was indeed a ple-
iotropic cytokine mediating inflamma-
tory aswell asimmunological respons-
es. With the use of targeted gene dis-
ruption, a more precise role for IL-1in
immune responses has been possible.
For example, immunization with sheep
red blood cells fails to elicit an anti-
body response in IL-1b deficient mice
and hypersensitivity responses to anti-
gens are suppressed in IL-1b deficient
mice.

ThellL-1ligand superfamily

The intron-exon organization of the IL-
1 genes suggests duplications of acom-
mon gene some 350 million years ago.
Before this common IL-1 gene, there
may have been another ancestral gene
from which fibroblast growth factors
(FGF) such as acidic and basic FGF
also evolved, since IL-1 and FGFs share
significant amino acid homologies, and
similar to IL-1, form an all-beta-pleat-
ed sheet tertiary structure. To date, ten
individual members of the IL-1 gene
superfamily have been described. Of
these, four gene products have been
thoroughly studied. The other six mem-
bers have been shown to exit in various
human tissues, but their role in health
or disease is presently unknown. The
four primary members of the IL-1 gene
superfamily are IL-1a, IL-1b, IL-18
and IL-1 receptor antagonist (IL-1Ra).
IL-1a, IL-1b and IL-18 are each ago-
nists; IL-1Ra, on the other hand, is the
specific receptor antagonist for IL-1a
and IL-1b but not for IL-18. When IL-
1Ra occupies the IL-1 receptor, bona
fide IL-1 cannot bind to the receptor
and there is no biological response to
IL-1. The existence of ahighly specific
and naturally occurring receptor antag-
onist in cytokine biology appears to be
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New Name Former Name(s) Property
IL-1F1 IL-1a Agonist
IL-1F2 IL-1b Agonist
IL-1F3 IL-1Ra Antagonist
IL-1F4 I1L-18; IFNginducing factor Agonist
IL-1F5 IL-1Hy1, FIL1d, IL-1Hz, Unknown
IL-1RPz, IL-1L1, IL-1d

IL-1F6 FIL-1, IL-1e Unknown
IL-1F7 FIL-1z, IL-1H4, IL-1RP1 Unknown
IL-1F8 FIL-1h, IL-1H2 Unknown
IL-1F9 IL-1H1, IL-1RP2 Unknown
IL-1F10 IL-1Hy2, FKSG75 Unknown

unique to the IL-1 family. Similar to
the use of anti-TNFa monoclona anti-
bodies or soluble TNF receptors, the
beneficia effects of these anti-cytokine
strategies is limited to amelioration of
disease activity without affecting the
dysfunctional autoimmune nature of
rheumatoid arthritis.

Members of the IL-1 superfamily have
been assigned a new nomenclature
using the expression IL-1F reflecting
their being part of a“family” of related
ligands. Table I lists the current mem-
bers of the IL-1 superfamily. In this
review, theterms|L-1a, IL-1b and IL-
18 as well as IL-1Ra will be retained.
Most members of the IL-1 superfamily
are located on the long arm of chromo-
some 2. IL-18 and IL-18 binding pro-
tein (IL-18BP) are located on chromo-
some 11. The intron-exon organization
of the new members is aso similar to
that of the primary four members of the
IL-1 superfamily. The six new mem-
bers are closely related to IL-1b and
IL-1Ra. From the intron-exon organi-
zation, some members represent gene
duplications. In the case of IL-1F5, and
possibly other newly described mem-
bers, the duplication of the IL-1Ra
gene has taken place (13). IL-1F7 and
IL-1F9 are aso closely related to IL-
1Ra (14).

IL-1F5 shares 47% amino acid identity
with IL-1Raand is expressed in human
monocytes activated by endotoxins.
From the gene sequence, the predicted
amino acids sequence of IL-1F5 does
not have a leader peptide for secretion,
whichisin sharp contrast to the IL-1Ra

(IL-1F3). IL-1F5 failed to exhibit ago-
nist activity using induction of IL-6
from fibroblasts, a well-described bio-
logical property of IL-1a and IL-1b
(15). Furthermore, IL-1F5 did not
block the IL-1a or IL-1b-induced IL-6
or I1L-18-induced production of IFNg
(15). Therefore, IL-1F5 possesses nei-
ther IL-1- or IL-18 like neither agonist
activities nor the property to act asare-
ceptor antagonist for IL-1, despite it
close amino acid identity to IL-1Ra.
Although IL-1F7 (formerly IL-1z, IL-
1H4, IL-1H and IL-1RP1) is structural-
ly related to IL-1Ra (36%), this mem-
ber of the IL-1 superfamily binds to the
IL-18 receptor a chain and therefore
has attracted attention as being related
to IL-18 (16). IL-1F7 has no leader
peptide and the recombinant form has
been expressed with a N-terminus from
a predicted caspase-1 site (17). There
are two forms of IL-1F7, a full-length
peptide and a splice variant with an in-
ternal 40 amino acids deletion (16).
The binding of IL-1F7 to the soluble
IL-18Ra-chain has also been observed.
However, compared to IL-18, recombi-
nant IL-1F7 does not induce | FNg from
in whole human blood cultures, in
peripheral blood mononuclear cells
(PBMC) or various cell lines. There-
fore, it is unlikely that IL-1F7 is atrue
agonist for the |L-18 receptor. Whether
IL-1F7 is a receptor antagonist for IL-
18 remains to be determined.

IL-1F9 is congtitutively expressed pri-
marily in the placenta and the sgua-
mous epithelium of the esophagus. The
three-dimensional folding of IL-1F9 is
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similar to that of IL-1Ra; therefore, IL-
1F9 appears to be a possible IL-1 re-
ceptor antagonist rather than an ago-
nist. IL-1F10 shares 37% amino acid
identity with the IL-1Ra and a similar
three-dimensiona structure (18). This
cytokine is secreted from cells and is
expressed in human skin, spleen, and
tonsil. To date, recombinant IL-1F10
has been shown to bind to the recombi-
nant soluble IL-1 receptor type | but it
is unclear whether IL-1F10 binds to
cell surface IL-1 receptors. Although
these data suggest that I1L-1F10 is like-
ly to be a receptor antagonist, com-
pared to IL-1Ra, its role in health and
disease remains unclear._

In general, the function(s) of the newly
described members of the IL-1 superfa-
mily (IL-1F5-10) is presently unclear.
It is unlikely that any possess pro-in-
flammatory properties since recombi-
nant forms have not revealed
detectable effectsin primary cells simi-
lar to those for IL-1a, IL-1b or IL-18.
Since most share significant amino
acid identities with IL-1Ra and since
the intron-exon organization appears to
reveal gene duplication of the IL-1Ra
gene, these IL-1 superfamily members
may be receptor antagonists. Whether
these IL-1Ralike homologues can
block IL-18 is aso presently unclear.
Because deletion of only the IL-1Ra
gene has resulted in a significant dis-
ease-producing phenotype in mice (see
below), one can assume that the genes
coding for the IL-1Ra homologues (IL-
1F5-10) do not play asignificant rolein
health. At present, the effect of deletion
of IL-1F5-10 in mice is unknown.
What is the significance of these new
members of the IL-1 family to human
disease and particularly to rheumatoid
arthritis? It appears that there are three
members of the IL-1 family, which are
clearly agonists (IL-1a, IL-1b and IL-
18) whereas all other members are an-
tagonists. During cytokine evolution, it
apparently was important to maintain
some control over the biological activi-
ties of the IL-1 agonists and so one can
conclude that severa genesin the fam-
ily counter regulate the activities of
only three agonist IL-1. It is of note
that the large family of TNFa-like
cytokines and related proteins have not
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Table |1.Nomenclature of IL-1R family.

Name New Designation Ligand

IL-1RI IL-1R1 IL-1a, IL-1b, IL-1Ra
IL-1RII IL-1R2 IL-1b, IL-1a, IL-1Ra
IL-1R Ac-P IL-1R3 IL-1a, IL-1b
ST2/Fit-1 IL-1R4 unknown
IL-18Ra/IL-1Rrpl IL-1R5 IL-18

IL-1Rrp2 IL-1R6 ?2L-1e, IL-1d
IL-1R18b/IL-1RACPL IL-1R7 IL-18

IL-1RAPL IL-1R8 unknown

IL-R9 IL-1R9 unknown

revealed any receptor antagonists. In
addition, the IL-1 family of receptors
also includes a decoy receptor (IL-1
receptor type 1) (19), which also blunts
IL-1 responses. IL-18 also has a unique
mechanism for downregulating its res-
ponses. The IL-18BP is not the soluble
receptor for IL-18 but rather a separate
gene product, which binds and neutral-
izes|L-18.

[1-1 receptor family

The IL-1 receptor family now encodes
nine distinct genes of which some re-
main orphan receptors. As shown in
Table |1, these receptors have been as-
signed a nomenclature in the order of
their discovery. The IL-18 binding pro-
tein (IL-18BP) is not listed due to its
lack of being fixed to the cell via a
transmembrane domain; however, the
IL-18BP likely represents the former
cell-bound decoy receptor for IL-18 si-
milar to the decoy receptor for IL-1
(the IL-1 Receptor type |, see below).
In fact, there is limited but significant
amino acid homology between the IL-
18BP and the type Il IL-1 receptor,
particularly in the third domain (20).
IL-1R1, IL-1R2 and IL-1R3 are the
bona fide receptors for IL-1. IL-1R4
(also known as ST2 and Fit) remainsan
orphan receptor, although proteins
have been reported that bind to this
receptor (21). Despite a lack of a spe-
cific ligand for this receptor, a number
of studies have examined the distribu-
tion and gene regulation of this recep-
tor in mast cells (22). IL-1R5 was for-
merly an orphan receptor termed IL-1R
related protein-1 (23) but was subse-
quently discovered to be the ligand-
binding chain of the IL-18 receptor

(24), now termed IL-18Ra chain.

The IL-1R related protein-2 (IL-1R6)
has been proposed to be the receptor
for anovel member of the IL-1 family,
IL-1Fe (25). The activity of thisligand
for the IL-1R6 was demonstrated in a
luciferase NFkB assay; another mem-
ber of the IL-1 family, IL-1Fd, appears
to be its natural receptor antagonist for
IL-1Febinding to IL-1R6 (25). The IL-
1R7, formerly the non-ligand binding
chain of the IL-18 receptor termed IL-
1R AcPL (26), is now named IL-18Rb
chain. Similar to the IL-1R-AcP, the
IL-18Rb is essentia for IL-18 signal
transduction (26, 27).

Two members of the IL-1 receptor fam-
ily are particularly unique in that they
are found on the X chromosome. These
are IL-1R8 and IL-1R9, both being
homologous to the IL-1 accessory pro-
tein receptor chains (IL-1R-AcP and
IL-1R-AcPL). IL-1R9 (28) is highly
homologous to IL-1R8 (29). Both
forms have no known ligands and re-
ceptor are found in the fetal brain. In
fact, non-overlapping deletions and a
nonsense mutation in the IL-1R8 gene
were found in patients with cognitive
impairment (29) where expression in
the adult hippocampal area may play a
role in memory or learning. The cyto-
plasmic domains of IL-1R8 and IL-
1R9 are longer than the other accessory
chains. The IL-1R9 may function as a
negative receptor. This was shown in
cells overexpressing this receptor as
well as the IL-1RI and IL-1R-AcP in
which IL-1b signaling was blocked
with a specific antibody to the IL-1R-
AcP. In the presence of the antibody,
IL-1b-induced luciferase was sup-
pressed, suggesting that a possible
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complex of the type | receptor with IL-
1b plus IL-1R9 results in a negative
signal (28).

Of the three members of the IL-1 fami-
ly (IL-1a, IL-1b and IL-1Ra), IL-1b
has the lowest affinity for the cell
bound form of IL-1RI (500 pM-1 nM).
IL-1b binding to the soluble form (ex-
tracellular domains) of the IL-1RI is
lower compared to the cell bound re-
ceptor. The greatest binding affinity of
the three IL-1 ligands for the IL-1RlI is
the IL-1Ra. In fact, the off-rate is slow
and binding of IL-1Rato the cell bound
IL-1RI is nearly irreversible. Com-
pared to IL-1Ra, IL-1a bindsto IL-1RI
with affinities ranging from 100 to 300
pM. By comparison, |L-1b binds more
avidly to the non-signal transducing
type Il receptor (100 pM).

ThelL-1 receptor typell (IL-1RII) was
described by several investigators (30,
31) and the ability of IL-1b to preferen-
tially bind to B cells likely represents
binding to the type Il receptor (32, 33).
The amino acid sequence of the human
IL-1RII was reported in 1991 (34). The
concept that this receptor functioned as
a negative or “decoy” receptor was de-
monstrated by Colotta and Mantovani
in 1993 (19, 35). The extracellular seg-
ment of the IL-1RII has three typical
Ig-like domains; there is a transmem-
brane segment and a short cytoplasmic
domain (34). The short cytoplasmic do-
main is unable to initiate signa trans-
duction since there is no Toll-homolo-
gy domain. Therefore, when IL-1 binds
to the cell membrane, IL-1RII does not
signal. Vaccinia and cowpox virus
genes encode for a protein with a high
amino acid homology to the type Il
receptor and this protein binds IL-1b
(36, 37). These sames viruses also code
for IL-18 binding protein-like mo-
lecules (20). The viral form of the IL-
1RII likely servesto reduce the inflam-
matory and immune response of the
host to the virus. A soluble (extracellu-
lar) form of this receptor is released
from the cell surface by the action of a
protease, binds IL-1b and neutralizes
the biological effects of IL-1b (38).
Although the short cytoplasmic domain
in the rat is longer than in the human
(39), this receptor does not signal. In
the human and mouse, the cytoplasmic
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domain of IL-1RII consists of 29 ami-
no acids; in the rat, there are an addi-
tional 6 charged amino acids (39).
IL-1b binds with a greater affinity to
the type Il receptor than does IL-1a
and IL-1Ra binding to this receptor is
the lowest of the three ligands (38, 40,
41). Although IL-1a binds to cell sur-
face and soluble type | receptors with
approximately the same affinity (200-
300 pM), IL-1a binding to surface and
soluble type Il receptors is nearly 100-
fold less (30 and 10 nM, respectively).
By comparison, IL-1b binds avidly to
the non-signal transducing type |l re-
ceptor (100 pM) and IL-1b binding to
the soluble form of the this receptor is
also high at 500 pM. Moreover, IL-1b
binding to the soluble IL-1RI| is nearly
irreversible due to a long dissociation
rate (2 hours) (38, 40, 42). The precur-
sor form of IL-1b also preferentialy
binds to the soluble form of IL-1RII
(30, 31). The function of the type Il re-
ceptor as a “decoy” receptor is based
on the binding of IL-1b to the cell sur-
face form of this receptor, thus prevent-
ing the ability of the ligand to form a
complex with the type | receptor and
the accessory protein (19, 35). Another
and perhaps more efficient function of
the decoy receptor isto form atrimeric
complex of the IL-1b ligand with the
type |l receptor and the accessory pro-
tein (43, 44). This mechanism servesto
deprive the functional receptor type| of
the accessory chain.

Figure lillustratesthe binding of IL-1b
to the cell. In thiscell, IL-1b binds and
recruitsthe IL-1R AcPfor theinitiation
of asignal. Also shown isIL-1b bind-
ing to the type Il receptor which does
not initiate a signal. IL-1b binding to
the soluble type Il receptor is neutrali-
zed. IL-1b binding to the soluble type
Il receptor also recruits the IL-1R AcP
and forms a non-functional complex.
This complex deprivesthetypel recep-
tor of the IL-1R AcP.

IL-1p Converting Enzyme

ICE (caspase-1) is congtitutively ex-
pressed in various cells as a primary
transcript of 45-kDa (inactive precur-
sor) requiring two internal cleavages
before becoming the enzymatically
active heterodimer comprised of a 10

and 20-kD chain. The active site cys-
teine is located on the 20-kD chain.
ICE itself contributes to autoprocessing
of the ICE precursor by undergoing oli-
gomerization with itself or homologs
of ICE. In the presence of specific in-
hibitors of ICE, the generation and se-
cretion of mature IL-1b isreduced and
precursor IL-1b accumulates mostly
inside but the precursor is aso found
outside the cell. This latter finding sup-
ports the concept that precursor IL-1b
can be released from a cell independent
of processing by ICE. Due to aternate
RNA splicing, there are five isoforms
of human ICE (ICEa, b, g, d, and €);
ICEa, cleaves the ICE precursor and
the IL-1b precursor. It is presumed that
ICEb, and g also process precursor
ICE. ICEe is a truncated form of ICE
which may inhibit ICE activity by
binding to the p20 chain of ICE to form
an inactive |CE complex.

In addition to ICE, the IL-1b precursor
is cleaved by elastase, chymotrypsin, a
mast cell chymase, proteinase-3, gran-
zyme A, and a variety of proteases
commonly found in inflammatory flu-
ids. Some matrix metalloproteases
(MMPs) commonly found in joint flu-
ids from patients with rheumatoid arth-
ritis al'so cleave the precursor of IL-1b
into biologicaly active IL-1b. These
include gelatinase-B, MMP-2, MMP-3
(stromelysin-1), and MMP-9. These al-
ternative, extracellular proteases may
account for the observation that mice
deficient in ICE can exhibit a full in-
flammatory response to subcutaneous
turpentine, an IL-1b—dependent mode.
The secretion of mature IL-1b isfacili-
tated by afall in the intracellular levels
of potassium, which takes place when a
cell is exposed to high levels of ATP
(45). Treatment of stimulated macro-
phages with millimolar concentrations

Soluble IL-1R 11 . Soluble IL-1R II ’
(neutralization) +
IL-1P IL-1R AcP
IL-1RII
| IR AcP
Approximation of .
pcl:)y(t)oplas:nic ° @ No Signal
Toll-domains

. MyD88 T
W o s
Recruitment
of kinases ‘ RAR6
kB
IKKa ’Q
IKKpB

No Sigﬁal

Fig. 1. IL-1 signal transduction. The IL-1RI binds IL-1b and this complex recruits the IL-1R AcPto
form a ternary complex. As a result, the Toll-domains present in the cytoplasmic segments of both
receptor chains approximate and this results in the binding of MyD88 to the complex. There are four
kinases termed IL-1 receptor activating kinases (IRAK) which are phosphorylated by the IL-1R com-
plex. Another kinase that is phosphorylated in the TNF receptor activating factor-6 (TRAF-6). Follow
ing phosphorylation of TRAF-6, two additional kinases are phosphorylated: inhibitory-k B (1kB)
kinase-a and IkB kinase-b (IKKK). These latter kinases, in turn, phosphorylate kB itself resulting in
proteolysis of 1 kB and the release of NFkB. NFKB the trang ocates to the nucleus and acts to trigger
gene expression. When IL-1b binds to the cell-surface IL-1R type Il (IL-1RII), thereisno signal trans
duction since this receptor (decoy receptor lacks a cytoplasmic domain). Soluble IL-1RII also can bind
IL-1b and this results in neutralization of IL-1b. In addition, the soluble IL-1RII-IL-1b complex may
bind to the IL-1R AcPand this complex does not signal but rather deprivesthe IL-1RI of theIL-1R AcP

to form an active complex.
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of ATP also result in the processing and
release of IL-1b. The effect of ATP or
nigericin is due to a net decrease in the
intracellular levels of potassium. In-
creasing the extracellular level of po-
tassium also results in the inhibition of
caspases by preventing the formation
of alarge intracellular complex associ-
ated with activation of caspases (46).

IL-1o as an autocrine growth factor

The concept that IL-1a can be an auto-
crine growth factor takes into account
three distinct observations: first, pre-
cursor IL-1a is synthesized and re-
mains inside the cell where it can bind
to the nucleus; second, intracellular
precursor IL-1a complexesto anintra-
cellular pool of IL-1RI before exerting
an effect as a ligand/receptor complex
and thirdly, either precursor IL-1a or
mature IL-1a bound to surface IL-1RI
isinternalized with subsequent translo-
cation to the nucleus (similar to steroid
receptors). Each mechanism has sup-
porting experimental data. Some inves
tigators have considered that intracellu-
lar precursor IL-1a regulates normal
cellular differentiation, particularly in
epithelial and ectodermal cells. In the
case of keratinocytes, constitutive pro-
duction of large amounts of precursor
IL-1a is found in healthy human skin.
In support of the concept that precursor
IL-1a functions as an intracellular
messenger in certain cells, an antisense
oligonucleotide to IL-la reduces
senescence in endothelial cells (47,
48). In the murine Th2 cell line, IL-1a
was proposed as an essential autocrine
and paracrine growth factor using an
antisense IL-1a oligonucleotide or anti-
IL-1a antibodies. Thymic epithelium
produces IL-1a and a requirement for
IL-1a has been demonstrated in the ex-
pression of CD25 (IL-2 receptor a
chain) and maturation of thymocytes.
However, these data must be viewed
with the report that in mice deficient
for IL-1a, there are no demonstrable
defects in growth and development, in-
cluding skin, fur, epithelium and gas-
trointestinal function (49). The large
amounts of precursor IL-1a in normal
skin keratinocytes is thought to affect
terminal differentiation. If there is a
role for intracellular precursor IL-1a in

normal cell function, this should be ca-
refully regulated. The presence of large
amounts of an intracellular form of the
IL-1Ra (iclL-1Ra) (50) produced in the
same cells expressing precursor 1L-1a
is thought to compete with the intracel-
lular pool of precursor IL-1a for nucle-
ar binding sites. The IL-1a deficient
mouse does not support this concept
(49).

Membrane IL-1c.

Precursor IL-1a can be found on the
surface of severa cdlls, particularly on
monocytes and B lymphocytes, where
it is referred to as membrane IL-1a
(51). Membrane IL-1a is biologically
active; its biological activities are neu-
tralized by anti—IL-1a but not by anti-
IL-1b. Membrane IL-1a appears to be
anchored to the cell membrane via a
lectin interaction involving mannose
residues. A mannose-like receptor ap-
pears to bind membrane IL-1a (52).
The role of membrane IL-1a in disease
remains unclear. In vitro, the amount of
IL-1Ra needed to block membrane IL-
la was ten to 50-fold greater than the
amount required to block mature IL-1b
(53).

Autoantibodies to IL-1a.

Neutralizing autoantibodies directed
against IL-1a may function as natural
buffers for IL-1la. Autoantibodies to
IL-1a have been detected in hedthy
subjects aswell asin patients with var-
ious autoimmune diseases. Autoanti-
bodies to IL-1a are neutralizing 1gG
antibodies that bind natural precursor
form of IL-1a as well as 17 kDa re-
combinant IL-l1a [Bendtzen, 1990
#779]. The incidence of these antibod-
iesisincreased in patients with autoim-
mune diseases. For example, in 318 pa-
tients with chronic arthritis, anti-IL-1a,
but not anti-IL-1b or anti-TNFa, 1gG
antibodies were detected in 18.9% of
arthritis patients but in 9% of healthy
subjects. Anti-IL-1a was present more
commonly and at a higher level in
patients with non-destructive arthritis.
An inverse correlation has been ob-
served between the levels of anti—IL-
la antibodies and the clinica disease
activity.
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Effectsin IL-1 knockouts

The IL-1p deficient mouse

The IL-1b deficient is without abnor-
mal findings after six years of continu-
ous breeding. However, upon chal-
lenge, IL-1b deficient exhibit specific
differences from their wild-type con-
trols. Mice deficient in IL-1b do not
develop a destructive joint process fol-
lowing injection of streptococcal wall
components (54). The most dramatic is
the response to local inflammation fol-
lowed by a subcutaneous injection of
turpentine (50-100 nL). Within the first
24 hours, IL-1b deficient miceinjected
with turpentine do not manifest an
acute phase response, do not develop
anorexia, have no circulating IL-6 and
no fever (55, 56). These findings are
consistent with those reported in the
same model using anti-IL-1R type | an-
tibodies in wild-type mice (55). IL-1b
deficient mice aso have reduced in-
flammation following zymosan-induc-
ed peritonitis (57). Additional studies
have also found that IL-1b deficient
mice have elevated febrile responses to
IL-1b and IL-1a (58).

In contrast, IL-1b deficient mice have
nearly the same responsesto LPS as do
wild-type mice (59) with one notable
exception. IL-1b deficient mice inject-
ed with LPS have little or no expres-
sion of leptin mMRNA or protein (60). In
IL-1b pregnant mice, there is a normal
response to LPS-induced pre-mature
delivery; however, in these mice, there
is decreased uterine cytokines follow-
ing LPS (61). Thereduction in LPS-in-
duced cytokines is not found in non-
pregnant IL-1b deficient mice suggest-
ing that the combination of the hormo-
nal changes in pregnancy and the state
of IL-1b deficiency act together to re-
duce the responsiveness to LPS. The
mechanism for the reduced cytokine
production in pregnant IL-1b deficient
mice appearsto be dueto areductionin
the constitutive level of the p65 com-
ponent of NFKB.

No differences were noted in plasma
elevations of glucocorticoid steroids
between IL-1b deficient and wild-type
mice following injection of LPS, indi-
cating that IL-1b is not required for ac-
tivation of the HPA axis during endoto-
xemia. The data demonstrate that in the
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Disease model Effect Reference
Streptococcal Wall Arthritis Lack of destuctive processes (54)
Endotoxin Fever No effect (59)
LPS-induced leptin ~ Circulating leptin (60)
Zymosan Peritonitis ~ Inflammation

~ Mortdlity

~ 1L-6 and chemokines (57)
Turpentine inflammation " Inflammation

"~ Fever

T IL-6; SAA ™ cortisone (55)

~ COX-2 (49
IL-1a-induced fever - Fever

- Cytokines (58)
Hepatic melanoma " Metastasis (104)
Brain ischemia " Neuronal Death (205)
Immune myasthenia gravis Resistant to disease devel opment (106)
Fas-expressing tumors ~ Neutrophil infiltration (207)
LPS-induced shock lung No effect on neutrophil infiltration (108)
Turpentine coagul opathy ~ plasminogen activator inhibitor (i) (109)
LPS-induced coagul opathy Plasminogen activator i unchanged (109)
Contact hypersensitivity ~ delayed hypersensitivity (73)
Contact hypersensitivity ~ Langerhans cell activation (110)
Steady state p65 (NFkB) ~ levels and translocation (61)

mouse, IL-1b is critical for the induc-
tion of fever during local inflammation.
Another characterized body tempera-
ture, activity and feeding live influenza
virus in IL-1b deficient mice. Body
temperature and activity were lower in
IL-1b deficient mice (62). The anorex-
ic effects of influenza infection was
similar in both groups of mice. The
mice deficient in IL-1b exhibited a
higher mortality to influenza infection
than the wild-type mice.

Sudiesin IL-1a-deficient mice

Mice deficient in IL-1a are born
healthy and develop normally. Follow-
ing subcutaneous injection of turpen-
tine, which induces alocal inflammato-
ry response, wild-type and IL-1a—defi-
cient mice develop fever, whereas IL-
1B—deficient mice do not (49). Thein-
duction of glucocorticoids after turpen-
tine injection was suppressed in I1L-1b—
but not in IL-la—deficient mice. Ex-
pression of IL-1b mRNA in the brain
decreased 1.5-fold in IL-1la—deficient
mice, whereas expression of IL-la
MRNA decreased more than 30-fold in
IL-1b—deficient mice. These data sug-
gest that IL-1b exerts greater control

over production of IL-1a than does IL-
la over the production of IL-1b. In
|CE-deficient mice, IL-1a production
is aso reduced (63), suggesting that
production of IL-1a is under the con-
trol of IL-1b.

Differences between IL-1o and
IL-1p-deficient mice

Studies on the effects of selective defi-
ciency in IL-1b in mice are summa-
rized in Table I11. These differences are
to be compared to the same models in
mice deficient in IL-1a. For example,
mice deficient in IL-1a develop a nor-
mal immune response to immunization
with sheep red blood cells whereas
mice deficient in IL-1b do not produce
anti-sheep red blood cell antibodies, a
T-dependent response (64). However,
antibody production by T-independent
antigens was normal in mice deficient
in both IL-1a and IL-1 as was the
proliferative response to anti-CD3. In
mice deficient in IL-1Ra, there was en-
hanced response (64). Also mice defi-
cientin IL-1a have abrisk inflammato-
ry response to turpentine-induced in-
flammation whereas IL-1b deficient
mice have nearly no response.
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Sudiesin IL-1RI—deficient mice

As stated above, mice deficient in IL-
1RI develop normally and exhibit no
particular phenotype despite being
housed in standard animal facilities
(65). IL-1RI-deficient mice show no
abnormal phenotype in health and ex-
hibit normal homeostasis, similar to
that observed in IL-1b or IL-1a defi-
cient mice (49, 55) but distinctly differ-
ent from mice deficient in IL-1Ra (66).
They do, however, exhibit reduced res-
ponses to challenge with inflammatory
agents. When given a turpentine ab-
scess, for example, IL-1RI-deficient
miceexhibited an attenuated inflamma
tory response compared with wild-type
mice (67). IL-1RI—deficient mice also
had a reduced delayed-type hypersen-
sitivity responses. Similar to wild-type
mice treated with anti—IL-1 antibodies
or IL-1Ra, IL-1RI—deficient mice were
susceptible to infection with Listeria
monocytogenes. Lymphocytes from
IL-1RI—deficient mice with major cu-
taneous leishmanial infection produced
more IL-4 and IL-10, but less IFNg,
than did those from wild-type mice.
Although mice deficient in IL-1RI do
not exhibit significant disruption of re-
production aside from a somewhat re-
duced litter size (68), in some laborato-
ries, however, the body weights of the
IL-1RI-deficient mice were 30% less
than wild-type, whereas the TNFRp55-
deficient mice weighed 30% more than
wild-type mice of equivalent age (69).
Although IL-1a is constitutively ex-
pressed in the skin, the barrier function
of skin remains intact in mice deficient
in IL-1RI (70). Similarly, mice defi-
cient in IL-1R-AcP appear normal but
have no responses to IL-1 in vivo (71).
However, cells deficient in IL-1R-AcP
have normal binding of IL-1a and IL-
1Ra (binding to the IL-1RI being in-
tact) but a 70% reduction in binding of
IL-1b (71). In these cells, there is no
biological response to IL-1  despite
binding of IL-1a. The results suggest
that IL-1R-AcP and not IL-1RI is re-
quired for IL-1b binding and biological
responseto IL-1.

Mice injected with LPS have been
studied. IL-1RI deficient mice exhibit
the same decrease in hepatic lipase, as
do wild type mice. However, injection
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of LPSdirectly into the eye of mice de-
ficient in IL-1RI reveal a decrease in
the number of infiltrating leukocytes
whereas there was no decrease in mice
deficient in both TNF receptors (72).
IL-1RI-deficient mice failed to respond
toIL-1inavariety of assays, including
IL-1-induced IL-6 and E-selectin ex-
pression and IL-1-induced fever. Simi-
lar to IL-1b-deficient mice, IL-1RI-de-
ficient mice had a reduced acute phase
response to turpentine. Also similar to
IL-1b-deficient mice (73), IL-1RI-defi-
cient mice had a reduced delayed-type
hypersensitivity response and were
highly susceptible to infection by Liste -
ria monocytogenes.

Mice deficient in IL-1RI did not devel -
op trabecular bone loss following ova-
riectomy compared to wild-type con-
trols (74). Although mice deficient in
both the TNF-RI and TNF-RII recep-
tors develop experimenta autoimmune
encephalomyelitis (EAE) after immu-
nization with central nervous system
antigens, mice deficient in IL-1RI fail-
ed to develop inflammatory lesions in
the central nervous system or evidence
of clinical EAE. Mice deficient in IL-
1RACP, the essential component of the
IL-1RI signaling complex, have aso
been generated. Although cells from
IL-1RAcP-deficient mice bound IL-1,
there was no activation of genes depen-
dent on NF-kB or activator protein-1
(AP-1) (71). Interestingly, the binding
affinity of IL-1b for cells deficient in
IL-1RAcPwas reduced by 70% where-
as the binding affinity of IL-1la was
only moderately reduced. In general,
mice deficient in the IL-1RI exhibit re-
duced disease severity as do wild-type
mice injected with pharmacol ogic dos-
esof IL-1Ra.

IL-18 and autoimmune and inflamma-
tory diseases

Although IL-18 is a member of the IL-
1 family of ligands, IL-18 appears to
have unique characteristics some of
which areimportant for itsrole in rheu-
matoid arthritis. The most salient bio-
logical property of 1L-18 that separates
this cytokine from IL-1 is its ability to
induce IFNgin the presence of IL-12.
IL-18 was originally identified as an
IFNg-inducing factor. Because IL-18

appearsto be essential for IFN, produc-
tion, the role of IL-18 in disease must
consider itsrolein regulating IFNg pro-
duction. IFNgisitself unlike other pro-
inflammatory cytokines because IFNg
has been administered in thousands of
humans with a variety of diseases, in-
cluding rheumatoid arthritis. IFNg was
also administered to patients with bur
injuries to improve intracellular killing
of bacteria, particularly by mononucle-
ar phagocytes. There are a so reports of
IFNgtreatment in cancer. Overall, there
has not been a worsening of disease
with the exception of reports on exa
cerbation of CNS lesions in multiple
sclerosis. Therefore, unlike the sys
temic inflammatory response of hu-
mansinjected with IL-1 or TNFa, IFNg
appears to be tolerated by humans and
in some disease states, can be consid-
ered therapeutic. For example, in pa
tients with chronic granulomatous dise-
ase or atypica mycobacterium infec-
tions (including leprosy), IFNgis used
in conjunction with specific antibiotic
therapies.

IL-18 neutralization, IL-18 deficient
mice or mice deficient in IL-18 recep-
tor-a chain revea varying degrees of
reduced severity in models of systemic
and local disease. In fact, thereis consi-
derable overlap in blocking IL-1, IL-
18, IFNgand TNFa in models of endo-
toxemia. For the treatment of humans
with rheumatoid arthritis using either
antibodies against 1L-18, antibodies
that block the IL-18 receptor or the IL-
18 binding protein (IL-18BP), the rele-
vant models are collagen-induced arth-
ritis (CIA), streptococcal wall (SCW)
arthritis and to a lesser extent adjuvant
arthritis. However, because IL-18 regu-
lates IFNg, primary immunization with
collagen in mice deficient in IL-18 or
deficient in the IL-18 receptor is pro-
blematic as low titers of anti-collagen
antibodies may affect the disease mod-
el. Nevertheless, IL-18 neutralization
inwild-type DBA-1 miceiseffectivein
reducing CIA (75).

IL-18 and itsfunctions

The discovery of IL-18 and itsrolein
models of systemic inflammation

IL-18 was first described as an IFNg
inducing factor found in the circulating

S8

during endotoxemia (76). In those ex-
periments, mice had been precondi-
tioned with a prior infection of Propio -
nibacterium acnes. Because of its prop-
erty to induce IFNg, IL-18 is by default
a member of the T-cell helper type |

(Thl)-inducing family of cytokines
(IFNg, IL-2, IL-12, I1L-15). However,
because antibodies to IL-18 aso re-
duced the hepatotoxicity of endotoxe-
mia (77), IL-18 was considered to pos-
sess other biological properties beyond
that of inducing IFNg. Like all cytokine
responses to infections, there are two
sides to the coin. IL-18 functions to
protect the host in that its ability to
induce IFNg and other immunosti-
mulatory cytokines assists the immune
system in a specific T and B-cell me-
diated response. However, the other pa-
thological consequences of infection

are, in part, also mediated by IL-18 in
somewhat the same fashion that are
mediated by IL-1 and TNFg These
include the increases in cell adhesion
molecules and chemokines, inflamma-
tory mediators such as nitric oxide
(NO) and neutrophil activation.

The support for arole for IL-18 in the
pathological processes of systemic in-
flammation is derived from anima

studies in which specific blockade of
IL-18 reduces the impact on organ da-
mage or improves the survival of the
host. The first experiments showed that
mice deficient in caspase-1, failure to
processthe IL-18 and IL-1b precursors
survived lethal endotoxemia (78, 79)

whereas mice deficient in IL-1b died
(59). In fact, specific antibodies against
mouse |L-18 also protected against the
hepatic toxicity of endotoxemia (77,

80). On the other hand, in naive mice
not preconditioned with a prior infec-
tion of Propionibacteriumacnes 1L-18
neutralization also reduces lethal endo-
toxemia. Moreover, this protection is
observed in mice deficient in IFNg
(81). Thus, one may conclude that pre-
conditioning with a prior infection of

Propionibacterium acnes is needed for

an IFNg sensitive animal model.

Since IL-18 induces synthesis of the
proinflammatory cytokines TNFa, IL-
1b and the chemokines IL-8 and ma-
crophage inflammatory protein-1a,

neutralization of IL-18 would have a
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beneficia effect in lethal endotoxemia
in naive mice. Anti-IL-18 antibodies
protected mice against a lethal injec-
tion of E. coli or S. typhimurium (81).
Anti-1L-18 aso reduced myeloperoxi-
dase levels in the liver and lungs (81).
An increased survival was accompa-
nied by decreased levels of IFNg and
macrophage inflammatory protein-2 in
anti-1L-18-treated animals challenged
with E. coli LPS, whereas IFNg and
TNFaconcentrations were decreased in
treated mice challenged with S. typhi -
murium.

IL-18 receptors

The activity of 1L-18 begins with the
formation of a heterodimeric complex
comprised of two chains of the IL-18
receptor (IL-18R) complex plus IL-18.
The ligand binding chain is termed IL-
18Ra. It was reported using amino acid
sequencing of a purified protein using
ligand affinity purification (24). IL-
18Rais a member of the IL-1 receptor
family, previously identified as the IL-
1R related protein (IL-1Rrp) (23). Fol-
lowing the binding of IL-18 to the IL-
18Ra chain, a second chain is recruited
to the complex (Figure 2). This second
chain, termed IL-18Rb chain, is a dif-
ferent gene product but structurally re-
lated to IL-18Ra; however, the IL-
18Rb chain does not bind to IL-18
unless IL-18 is aready bound to the a
chain. Because the IL-18Rb is struc-
turally related to the IL-1 signal-trans-
ducing chain, IL-1R accessory protein,
the IL-18Rb chain wasinitially termed
the IL-18R accessory protein-like
(AcPL) chain (26). The binding of IL-
18 to the IL-18Ra is a low affinity
binding (20-40 nM) (24) but the forma-
tion of the tricomplex with the IL-18Rb
chain forms a high affinity complex
(600 nM). These two distinct binding
affinities can be observed experimen-
tally on T-cells (82).

IL-18 binding protein

There are limited amino acid homolo-
gies between the IL-18BP (20) and the
type Il IL-1R and both function as
decoy receptors for their respective lig-
ands. However, a transmembrane do-
main of the IL-18BP has apparently
been deleted and this decoy receptor

ThelL-1family and inflammatory diseases/ C.A. Dinarello

functions solely as a secreted protein.
Another soluble receptor that has ap-
parently lost its transmembrane domain
is osteoprotegerin which binds and
neutralizes RANK ligand. The IL-
18BP has asingle |g-domain and limit-
ed homology to the IL-18Ra chain
(83). Molecular modeling of IL-18
binding to IL-18BP has identified spe-
cific amino acids, which, when mutat-
ed decrease the ability of I1L-18BP to
bind and neutralize 1L-18 (84). The
affinity of IL-18 for IL-18BP is high
(Kd of 400 pM) and plasmalevelsof 3-
4 ng/ mL in healthy subjects (85) sug-
gests that I1L-18BP functions as a natu-
ra buffer against IL-18 and the Thl
response.

Roleof IL-18 in models of
autoimmune disease

Models of arthritis

Studies were carried out using SCW-
induced arthritis (86). Using C57BL/6
or BALB/c mice, a neutralizing rabbit
anti-murine I1L-18 antibody was inject-
ed shortly before induction of arthritis

by intra-articular injection of SCW
fragmentsinto the right knee joint. Sig-
nificant (>60%) suppression of joint
swelling was noted on days 1 and 2 of
SCW arthritis after blockade of endo-
genousIL- 18 andjoint TNFa and IL-1
levels were aso decreased. Severe
inhibition of chondrocyte proteoglycan
synthesis is a prominent component of
SCW-induced arthritis but a near com-
plete reversal of the inhibition of chon-
drocyte proteoglycan synthesis was ob-
served in the anti-1L-18-treated ani-
mals. Although these studies clearly
established the pathological rolefor en-
dogenous IL-18 in this model, the ef-
fect of IL-18 is apparently independent
of IFNg since mice deficient in IFNg
showed similar results using anti-1L-18
antibodies (86).

IL-18 also plays arole in CIA. 1L-18
was injected into DBA-1 mice immu-
nized with collagen in incomplete Fre-
und’s adjuvant. There was an increase
in the erosive and inflammatory com-
ponent of the arthritis (87). Using mice
deficient in 1L-18, CIAwas less severe

IL-18Ra

IL-18 BP

-

Neutralization

Approximation of

cytoplasmic
Toll-domains
. MyD88
’ IRAK
Recruitment

of kinases

TRAF

e M s o

Fig. 2. IL-18 signa transduction. The IL-18Ra chain binds IL-18 and this complex recruits the IL-
18Rb chain to form aternary complex. As a result, the Toll-domains present in the cytoplasmic seg-
ments of both receptor chains approximate and this results in the binding of MyD88 to the complex.
There are four kinases termed IL-1 receptor activating kinases (IRAK) which are phosphorylated by
the IL-1R complex. It isunclear which of these are activated by IL-18. Similar to IL-1, the TNF recep-
tor activating factor-6 (TRAF-6) is phophorylated. Following phosphorylation of TRAF-6, two addi-
tional kinases are phosphorylated: inhibitory-k B (IkB) kinase-a and IkB kinase-b (IkKK). These lat-
ter kinases, in tern, phosphorylate kB itself resulting in proteolysis of IkB and the release of NFkB.
NFkB the translocates to the nucleus and acts to trigger gene expression. When IL-18 binds to the IL-

18BP, thisresultsin neutralization of 1L-18.
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compared to wild-type controls (88).
Histologically, there was evidence of
decreased joint inflammation and the
destructive component of the model.
Levels of bovine collagen-induced
IFNg, TNFa, IL-6 and IL-12 from
spleen cell cultures were decreased in
IL-18-deficient mice. However, there
was a significant reduction in serum
anti-collagen antibody levelsin the IL-
18-deficient mice, raising the perennial
issue that gene deletions on immuno-
logically active cytokines can obscure
the role of a cytokine in CIA. Never-
theless, from these studies, there is
likely a pathological role for IL-18 in
CIA.

Other studies in CIA used wild-type
DBA-1 mice treated with either neu-
tralizing antibodies to 1L-18 or the IL-
18BP after clinical onset of disease.
Thetherapeutic efficacy of neutralizing
endogenous IL-18 was assessed using
different pathological parameters of di-
sease progression. The clinical severity
in mice undergoing CIA was signifi-
cantly reduced after treatment with
either IL-18 neutralizing antibodies or
IL-18BP (75). Attenuation of the dis-
ease was associated with reduced carti-
lage erosion evident on histology. The
decreased cartilage degradation was
further documented by a significant re-
duction in the levels of circulating car-
tilage oligomeric matrix protein (an in-
dicator of cartilage turnover). Both
strategies efficiently slowed disease
progression, but only anti-IL-18 anti-
body treatment significantly decreased
an established synovitis. Serum levels
of IL-6 were significantly reduced with
both neutralizing strategies. In vitro,
neutralizing 1L-18 resulted in a signifi-
cant inhibition of TNF-a, IL-6, and
IFNg secretion by macrophages (75).

Models of inflammatory bowel

disease

Several studies have shown that IL-18
is expressed in the affected intestinal
tissues of patients with Crohn’s disease
(89-92). In general, the cytokine is
found in both intestinal epithelial cells
as well as in the mononuclear cells of
the lamina propria cells. The finding of
congtitutively expressed IL-18 in inte-
stinal mucosa is not unusual since epi-

thelial cells express IL-18 in hedlth.
However, there seemsto be a pathol og-
ica role in the expression of I1L-18 in
the mononuclear cell population in this
disease. Aswith all cytokine-associated
diseases, therole of IL-18 in inflamma-
tory bowel disease is best revealed
using specific blockade as described
below.

The role of 1L-18 was examined in in-
testinal inflammation using a neutraliz-
ing anti-murine IL-18 antiserum in
dextran sulfate sodium (DSS)-induced
colitis in either BALB/c or C57BL/6
mice (93). Using increasing doses or
oral DSS, levels of colonic IL-18 in-
creased parallel with clinical worsen-
ing. With the use of confocal laser mi-
croscopy, the increased IL-18 was lo-
calized to theintestinal epithelial layer.
Anti-1L-18 antibody treatment resulted
in a dose-dependent reduction of the
severity of calitis in both BALB/c and
C57BL/6 mice. Colon shortening fol-
lowing DSS-induced colitis, a marker
of severity in this model, was partially
prevented in the anti-1L-18 treatment
groups. In the colon tissue homogena-
tes, IFNg concentrations were lower in
the anti-IL-18-treated DSS-fed mice
compared with untreated DSS-fed
mice. This suppressive effect of anti-
IL-18 administered in vivowas &l so ob-
served on spontaneous TNFa, 1L-18,
and IFNg production from ex vivo
colon organ cultures. Similar to spleen
cells, the stimulation of lamina propria
mononuclear cells by 1L-18 plus IL-12
resulted in a synergistic increase in
IFNg synthesis. Using this model, IL-
18 appears to be a pivotal mediator in
experimental colitis.

The role of IL-18 was also studied in
the trinitrobenzene sulfonic acid
(TNBS)-induced colitis model in
which the activity of endogenous IL-18
was neutralized using human IL-18BP
isoform “a’ (94). Daily injection of IL-
18BP resulted in less severe clinical
score, less body weight loss, and a sta-
bilization of colon weight when com-
pared with saline-treated mice. In IL-
18BP-treated mice, the intensity of the
colitis as assessed histologially was re-
duced. Similar to anti-IL-18 antibody
treatment in DSS-induced colitis, there
was a decrease in colonic levels of
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TNFa, IL-6, and IL-1b in mice treated
with IL-18BP. However, there was no
reduction in IFNg levels in these same
tissues, afinding that contrasts with the
effect of anti-IL-18 antibody treatment
in DSS-induced colitis.

The systemic administration of daily
injections of IL-12 plus IL-18 to
BALB/c mice results in a severe wast-
ing syndrome with intestinal inflamma-
tion and fatty liver (95). Intestina mu-
cosal inflammation is prominent in this
model with bloody diarrhea and weight
loss. There are high levels of serum
IFNg in these mice associated with ele-
vated serum nitric oxide (NO) levels.
In mice deficient in inducible NO, the
disease faled to develop. Moreover,
the disease was aso induced in mice
deficient in Fas. The disease did not
develop in mice deficient in IFNg.

In this study, we show that IL-18 is
strongly expressed by intestinal epithe-
lia cellsin a murine model of Crohn's
disease has been used by the transfer of
a population of CD62* and CD4* T
cells into SCID mice. The activity of
endogenous IL-18 was reduced using
an adenovirus expressing IL-18 anti-
sense MRNA (96). Local administra-
tion of the anti-sense adenovirus to
mice with established colitis resulted in
expression of the vector in the intesti-
nal epithelial cells. In these mice there
was a reduction in the severity of the
colitis as assessed histologically. In ad-
dition, IFNg production from mucosal
but not spleen cells was observed with
the use of the anti-sense adenovirus.

In acute DSS-induced colitis, mice de-
ficient in caspase-1 exhibited a greater
than 50% decrease of the clinical
scores of weight loss, diarrhea, rectal
bleeding, and colon length, whereas
daily treatment with IL-1 receptor an-
tagonist revealed a modest reduction in
colitis severity (97). To further charac-
terize the function of caspase-1 and its
rolein intestinal inflammation, chronic
colitis was induced over a 30-day time
period. During this chronic time
course, caspase-1 deficient mice exhi-
bited a near compl ete protection, as re-
flected by significantly reduced clinical
scores and almost absent histological
signs of colitis. Consistently, colon
shortening occurred only in DSS-ex-
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posed wild-type mice but not in cas-
pase-1 deficient mice. Protection was
accompanied by reduced spontaneous
release of the proinflammatory cytoki-
nes IL-18, IL-1b, and IFNg from total
colon cultures. In addition, flow cyto-
metric analysis of isolated mesenteric
lymph node cells revealed evidence of
reduced cell activation in caspase-1 de-
ficient mice as evaluated by surface ex-
pression of CD3, CD69 and CD4/-
CD25.

IL-18 in models of brain inflammation

Since IL-1 is a sleep-inducing factor,
IL-18 was examined for its ability to
induce sleep in rats and rabbits (98).
IL-18 injected intracerebroventricular-
ly into rabbits increased non-rapid eye
movement sleep. The sleep effects of
IL-18 introduced directly into the brain
coincided with increases in brain tem-
perature (98). Similar results were ob-
tained after intracerebroventricular in-
jection of IL-18 into rats. Intraperito-
neal 1L-18 faled to induce fever in
mice (99) and rats (98). Anti-human
IL-18 antibody significantly attenuated
muramyl dipeptide-induced deep.
These data are consistent with arolefor
IL-18 in mechanisms of deep respons-
esto infection.

In caspase-1 deficient mice, experi-
mental autoimmune encephalomyelitis
was studied (100). This is the animal
model for multiple sclerosis. Steady
state levels of caspase-1 are elevated in
this model and correlate with disease
severity as well as the upregulation of
cytokines such as TNFa, IL-1b, IL-6
and IFN g In caspase-1-deficient mice,
there was a reduction in the severity of
the disease, although this was depen-
dent on the amount of the encephalito-
genic myelin oligodendrocyte glyco-
protein antigen used to induce the dis-
ease. The administration of the tetra-
peptide inhibitor of caspase-1 to mice
with the devel oped disease did not alter
the severity index, athough pretreat-
ment was effective. It was concluded
that inhibition of caspase-1, perhaps
via reduction in the processing of the
IL-1b aswell asthe IL-18 precursorsis
a potential treatment possibility for re-
lapsing remitting multiple sclerosis.
The importance of IFNg in brain in-
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flammation is supported by studies in
mice showing a spontaneous neurode-
generative disease using overexpres-
sion of IFNg in the brain with a glia
promoter (101).

Models of hepatic injury

The administration of Con A or of
Pseudomonas aeruginosa exotoxin A
results in an acute hepatic injury. In
both models, leptin-deficient (ob/ob)
mice were protected from liver damage
and showed lower induction of TNFa
and IL-18 compared with their lean lit-
termates (102). Neutralization of TNFa
reduced induction of 1L-18 by either
Con A (70% reduction) or PEA (40%
reduction). Pretreatment of lean mice
with either soluble TNF receptors or
with an anti-IL-18 antiserum signifi-
cantly reduced Con A- and PEA-in-
duced liver damage. The simultaneous
neutralization of TNFa and IL-18 fully
protected the mice against liver toxici-
ty. However, neutralization of either
IL-18 or TNF-a did not inhibit Con A-
induced production of IFNg (102).
Thymus atrophy and alterations in the
number of circulating lymphocytes and
monocytes were observed in ob/ob mice,
Exogenous leptin replacement restored
the responsiveness of ob/ob mice to
Con A and normalized their lympho-
cyte and monocyte populations. These
results demonstrate that leptin defi-
ciency leads to reduced production of
TNFa and IL-18 associated with re-
duced T cell-mediated hepatotoxicity.
In addition, both TNF-a and IL-18 ap-
pear to be essential mediators of T cell-
mediated liver injury.

The daily injection of I1L-12 plus IL-18
results in prominent intestinal mucosal
inflammation and fatty liver changes
(95). The effects on the liver, however,
are both IFNgaswell asNO dependent.
Administration of recombinant soluble
Fas ligand to mice preconditioned with
P. acnes induced elevated serum liver
enzyme levels. This Fas-ligand-in-
duced liver injury did not develop in
IL-18-deficient mice. The disease aso
did not develop in caspase-1 deficient
mice (103).
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