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Interleukin-18 and the
Pathogenesis of Inflammatory Diseases

Charles A. Dinarello

Summary: Several autoimmune diseases are thought to be mediated in part by interleukin
(IL)-18. Many are those with associated increased interferon-� (IFN�) levels such as systemic
lupus erythematosus, macrophage activation syndrome, rheumatoid arthritis, Crohn’s disease,
psoriasis, and graft-versus-host disease. In addition, ischemia, including acute renal failure in
human beings, appears to involve IL-18. Animal studies also support the concept that IL-18 is
a key player in models of lupus erythematosus, atherosclerosis, graft-versus-host disease, and
hepatitis. Unexpectedly, IL-18 plays a role in appetite control and the development of obesity.
IL-18 is a member of the IL-1 family; IL-1� and IL-18 are related closely, and both require the
intracellular cysteine protease caspase-1 for biological activity. The IL-18 binding protein, a
naturally occurring and specific inhibitor of IL-18, neutralizes IL-18 activities and has been
shown to be safe in patients. Other options for reducing IL-18 activities are inhibitors of
caspase-1, human monoclonal antibodies to IL-18, soluble IL-18 receptors, and anti–IL-18
receptor monoclonal antibodies.
Semin Nephrol 27:98-114 © 2007 Elsevier Inc. All rights reserved.
Keywords: Cytokines, inflammation, interferon-gamma
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elect cytokines appear to be pivotal in
lupus. Based on experimental and human
evidence, interleukin (IL)-18 is central in

he pathogenesis of tissue destruction in this
llness. IL-18 levels are increased substantially in
upus patients as compared with normal indi-
iduals.1 Similarly, IL-18 is upregulated in the
idney of the MRL-Faslpr mice with lupus ne-
hritis, and renal resident cells (tubular epithe-

ial cells) appear to be largely responsible for
his increase.2 Moreover, daily injections of
L-18 accelerate the loss of renal function and
lomerulonephritis in MRL-Faslpr mice,3 and
accination with IL-18 complementary DNA is
rotective.4 Given the therapeutic potential of

L-18 in human lupus, this article provides an
n-depth analysis of the basic mechanisms of
L-18 and its role in other diseases.
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L-18, A MEMBER
F THE IL-1 FAMILY

L-18 is a member of the IL-1 family of cytokines
nd is related structurally to IL-1�.5 Recently, a
ew member of the IL-1 family, IL-33, was re-
orted; structurally IL-33 is related closely to
L-18.6 But unlike IL-18, IL-33 binds to its own
eceptor, ST2, a long-time orphan receptor in
he IL-1 family of cytokines.6 The IL-1� and the
L-18 precursors require caspase-1 for cleavage,
ctivity, and release.7-9 Therefore, antiproteases
hat inhibit caspase-1 reduce both the process-
ng and release of IL-1� and IL-18. Now, IL-33
an be added to the list of members of the IL-1
amily, which require caspase-1 for processing
nd release.6 However, it is important to note
hat IL-18 is not a recapitulation of the biology
r clinical significance of IL-1 or similar to the
iological activity of IL-33; in fact, IL-18 is a
nique cytokine showing inflammatory and im-
unoregulatory processes that are distinct

rom IL-1� or IL-33. For example, IL-1� is not
equired for interferon-� (IFN�) production
hereas IL-18 is required.10 Initially thought of
s primarily a T-helper 1 (Th1)-polarizing cyto-
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IL-18 and inflammatory diseases 99
ine, IL-18 also is relevant to T-helper 2 (Th2)
iseases.11 As discussed in this review, animal
odels reveal that targeting IL-18 holds prom-

se for the treatment of autoimmune and inflam-
atory diseases.

L-18 AS AN
MMUNOREGULATORY CYTOKINE

he importance of IL-18 as an immunoregula-
ory cytokine is derived from its prominent bi-
logical property of inducing IFN�. IL-18 first
as described in 1989 in the serum after an

njection of endotoxin into mice pretreated
ith Proprionibacterium acnes and shown to

nduce IFN�; however, at that time many inves-
igators concluded that the serum factor was
othing but IL-12. With a great deal of dili-
ence, the putative IFN�-inducing factor activ-
ty was purified from thousands of mouse livers
nd the N-terminal amino acid sequence re-
ealed a unique cytokine, not IL-12. With mo-
ecular cloning of the “IFN�-inducing factor”5 in
995, the name was changed to IL-18. Surpris-

ngly, the new cytokine was related to IL-1,
articularly to IL-1�. Both cytokines, lacking
ignal peptides, are first synthesized as inactive
recursors, and neither is secreted via the
olgi. After cleavage by caspase-1, the active
ature cytokines are released. Macrophages

nd dendritic cells are the primary sources for
ctive IL-18, but the IL-18 precursor is found
onstitutively expressed in epithelial cells
hroughout the body. Previously, it was thought
hat inhibition of caspase-1 as a therapeutic
arget was specific for reducing the activity of
L-1�, but it became clear that IL-18 activity also
ould be affected. In fact, any phenotypic char-

cteristic of caspase-1–deficient mice undergo-
ng inflammatory challenges must be differenti-
ted as caused by reduced IL-1� or IL-18
ctivity. For example, the IL-1�–deficient
ouse is susceptible to models of colitis
hereas the caspase-1–deficient mouse is resis-

ant12; antibodies to IL-18 are protective
hereas the IL-1–receptor antagonist is not.12,13

Because of its role in the production of IFN�,
-cell polarization is a characteristic of IL-18
hereas IFN� induction is not a prominent

haracteristic of IL-1. IL-18 shows characteris-

ics of other proinflammatory cytokines, such h
s increases in cell adhesion molecules, nitric
xide synthesis, and chemokine production. A
nique property of IL-18 is the induction of Fas

igand (FasL). The induction of fever, an impor-
ant clinical property of IL-1, tumor necrosis
actor � (TNF�), and IL-6, is not a property of
L-18. Injection of IL-18 into mice, rabbits, or
uman beings does not produce fever.14,15 Un-

ike IL-1 and TNF�, IL-18 does not induce cy-
looxygenase-2 and hence there is no produc-
ion of prostaglandin E2.16,17 IL-18 has been
dministered to human beings for the treatment
f cancer to increase the activity and expansion
f cytotoxic T cells. Although the results of
linical trials are presently unknown, several
reclinical studies have shown the benefit of
L-18 administration in certain models of rodent
ancer. Not unexpectedly and similar to several
ytokines, the therapeutic focus on IL-18 has
hifted from its use as an immune stimulant to
nhibition of its activity.

Because IL-18 can increase IFN� production,
locking IL-18 activity in autoimmune diseases

s potentially an attractive therapeutic target.
owever, anti–IL-12 has been shown to reduce

he severity of Crohn’s disease and psoriasis.
herefore, IL-12 can induce IFN� in the ab-
ence of IL-18. However, there are many mod-
ls of IL-18 activity independent of IFN�. For
xample, we recently reported a new cytokine,
L-32, which was discovered in the total ab-
ence of IL-12 or IFN�.18 Furthermore, models
f inhibition of proteoglycan synthesis is IL-18
ependent, but IFN� independent.19 In addi-
ion, IL-18–dependent melanoma metastasis to
he liver is IFN� independent.20 The results of
reclinical studies and the targeting of IL-18 to
reat autoimmune and inflammatory diseases
re discussed in this article.

herapeutic Strategies
or Reducing IL-18 Activities

he strategies for reducing IL-18 activity in-
lude neutralizing anti–IL-18 monoclonal anti-
odies, caspase-1 inhibitors, and blocking anti-
odies to the IL-18–receptor chains. Caspase-1

nhibitors are oral agents and are presently in
linical trials in rheumatoid arthritis; a reduc-
ion in the signs and symptoms of the disease

as been observed. Caspase-1 inhibitors pre-
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100 C.A. Dinarello
ent the release of active IL-1� and IL-18, and
herefore may derive clinical benefit by reduc-
ng the activities of both cytokines.7,8,21 A nat-
rally occurring IL-18–binding protein (IL-
8BP) was discovered in 1999; IL-18BP is
ffective in neutralizing IL-18 activity.22 IL-18BP
s not a soluble form of either chain of the IL-18
eceptor but rather a constitutively secreted,
igh-affinity, and specific inhibitor of IL-18.23,24

L-18BP is currently in clinical trials for the
reatment of rheumatoid arthritis and severe
soriasis. Although the results of these trials
ave not been published, in phase I and phase
I clinical trials, IL-18BP was safe even at the
ighest doses in more than 6 weeks of treat-
ent.

aspase-1 and
on–Caspase-1 Processing of IL-18

he importance of caspase-1 in inflammation
as been shown in patients with mutations in
he NALP3 gene locus, which participates in
he conversion of procaspase-1 to active
aspase-1. Single amino acid point mutations in
he gene product result in increased processing
nd release of IL-1�.25 Clinical manifestations
nclude mental retardation, hearing loss, exquis-
te sensitivity to cold, and deforming arthritis.26

ome patients have extremely high levels of
erum amyloid A protein with renal deposits
nd terminal renal failure; within a few days of
L-1 blockade using the IL-1–receptor antago-
ist, these patients show a near-total reversal in
oth the symptoms and the biochemical abnor-
alities of the disease.27 It remains likely that

L-18 also contributes to disease in these pa-
ients.

The non–caspase-1 enzyme associated with
rocessing both the IL-1� and the IL-18 precur-
ors is proteinase-3.28 Agonistic autoantibodies
o proteinase-3 are pathologic in Wegner’s gran-
lomatosis and may contribute to the non–
aspase-1 cleavage of the IL-18 precursor and
FN� production in this disease. Epithelial cells
timulated with proteinase-3 in the presence of
ndotoxin release active IL-18 into the superna-
ant.29 Because lactate dehydrogenase activity is
ot released, the appearance of active IL-18 is
ot a result of cell leakage or death. Injecting

ice with recombinant FasL results in hepatic t
amage, which is IL-18 dependent.30 However,
asL-mediated cell death is IL-18 dependent and
aspase-1 independent,30 but ischemia-reperfu-
ion injury results in cell death via an IL-18– and
aspase-1–dependent pathway.31,32

2X7 Receptor Targeting

he P2X7 receptor is involved in the secretion
f IL-1� and IL-18.33-35 Stimulation of this recep-
or by adenosine triphosphate is a well-de-
cribed event in the release of IL-1� and IL-18.

tyrosine derivative named KN-62 shows se-
ective P2X7-receptor–blocking properties.36 In

study of small molecule inhibitors of this re-
eptor, analogues of KN-62–related compounds
ere characterized for their ability to affect the
uman P2X7 receptor on monocyte-derived hu-
an macrophages.36 Although several ana-

ogues inhibited the secretion of IL-1�, no data
xist on the effect of these inhibitors on IL-18
ecretion.36 Unlike IL-1�, the secretion of IL-18
s mostly studied in vivo in mice that have been
reated with Corynebacterirum parvum,8

ather than in vitro. In vitro, the release of IL-18
equires the presence of activated T cells.37,38

argeting the IL-18 Receptors

ntibodies to either chain of the IL-18–receptor
omplex are attractive options for treating IL-
8–mediated diseases. The IL-18 receptor
hains (IL-18R� and IL-18R�) are members of
he IL-1–receptor family. The binding sites for
L-18 to the IL-18–receptor � chain are similar
o those for IL-1 binding to the IL-1–receptor
ype I.39-41 Two sites bind to the ligand binding
hain (IL-18R�) and a third site binds to the
L-18R� chain, also called the signal transduc-
ng chain. The intracellular chains of the IL-18
eceptors contain the Toll domains, which are
ssential for initiating signal transduction (Fig.
). The Toll domains of the IL-18 receptors are
imilar to the same domains of the Toll-like
eceptors, which recognize various microbial
roducts, viruses, and nucleic acids. As a ther-
peutic option, however, commercial antibod-
es generated to the IL-18–receptor � and �
hains are 100-fold less effective in neutralizing
L-18 activity compared with the IL-18BP.42

evertheless, the development of blocking an-

ibodies to IL-18–receptor chains remains a vi-
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IL-18 and inflammatory diseases 101
ble therapeutic option because an antibody to
he type I IL-1–receptor chain is in clinical trials
n rheumatoid arthritis.

Unless converted into a fusion protein in
omewhat the same manner as that of other
oluble cytokine receptors, it is unlikely that
he soluble form of the monomeric form of the
L-18R� is a candidate therapeutic agent be-
ause of its low affinity. Another member of the
L-1 family (IL-1F), IL-1F7,43 may be the naturally
ccurring receptor antagonist of IL-18. IL-1F7
inds to the IL-18R� chain with a high affinity
ut this binding does not recruit the IL-18R�

igure 1. IL-18 activation of cell signaling. Mature IL-1
esulting in the formation of a heterodimeric complex.
ntracellular chains also form a complex which brings t
lthough poorly understood, the close proximity of the
eceptor chains. MyD88 is common to cells activated by
ecruitment, there is a rapid phosphorylation of the IL-1 r
epending on the cell type, other kinases have been repo
ctivating factor (TRAF)-6 and inhibitory kappa B kinases
he phosphorylation of IkB and translocation of NF�B to
ypes and there are distinct differences in NF�B activa
L-18-activated cells phosphorylate mitogen activating p
re expressed and translated. Those shown in the figu
nduced cellular activation is accomplished by the presen
constitutively expressed protein where it can bind and

eceptors. In addition, formation of inactive complexes o
he participation of IL-18R�-chain in activating the cell.
hain. The occupancy of the IL-18R� without s
ormation of the heterodimer with the IL-18R�
s the same mechanism by which the IL-1–re-
eptor antagonist prevents the activity of IL-1.
ut IL-1F7 does not affect the activity of IL-
844,45 and the biological significance of IL-1F7
inding to the IL-18R� remains unclear. How-
ver, in the presence of low concentrations of
L-18BP, IL-1F7 reduces the activity of IL-18.46

L-18 Binding Protein

he discovery of the IL-18BP took place during
he search for the extracellular (soluble) recep-
ors for IL-18 in human urine. Nearly all the

ds to the IL-18R� chain and recruits the IL-18R� chain
sult of the formation of the extracellular complex, the

l domains of each receptor chain into close proximity.
omains recruits the intracellular protein MyD88 to the
L-18 and TLR-4 ligands (endotoxins). Following MyD88
r activating kinases (IRAK). There are four IRAK proteins.
o undergo phosphorylation. These are the TNF receptor
� and � (not shown). Phosphorylation of IKK results in
cleus. However, this is not observed uniformly in all cell
n different cells stimulated with IL-18.(13) In addition,
kinase (MAPK) p38. In IL-18-activated cells, new genes
resent the pro-inflammatory genes. Preventing IL-18-
IL-18BP. IL-18BP is present in the extracellular milieu as
alize IL-18, thus preventing activation of the cell surface
BP with IL-18 and the IL-18R�-chain deprives the cell of
8 bin
As a re
he Tol
Toll d
IL-1, I
ecepto
rted t
(IKK)

the nu
tion i
rotein
re rep
ce of
neutr
f IL-18
oluble cytokine receptors are found in human



u
c
m
p
u
I
w
c
n
w
I
i
c
e
t
s

t
I
q
s
m
n
m
t
d
t
I
b
s
i
t
t
s
c
‘
h
p
c
T
r
a
c
s
d
b
I
r
e
f

a
p
t
s
e
e

V

T
m
t
m
h
c
c
d
c
t
e
t
a
v
l
e
f
T
s
I
n
i
t
t
i
l
e
b
t
a

I
i

A
m
a
s
r
s
l
c

102 C.A. Dinarello
rine.47 For example, the TNF p75 soluble re-
eptor, used widely for the treatment of rheu-
atoid arthritis, ankylosing spondylitis, and
soriasis, initially was purified and sequenced
sing ligand-specific affinity chromatography.48

n searching for IL-18 soluble receptors, IL-18
as bound covalently to a matrix and highly

oncentrated human urine, donated by Italian
uns, was passed over the matrix and eluted
ith acid to disrupt the ligand (in this case

L-18) for its soluble receptors. Unexpectedly,
nstead of the elution of soluble forms of the
ell surface IL-18 receptors, IL-18BP was discov-
red.22 This was a result of the higher affinity of
he IL-18BP for the ligand compared with the
oluble receptors.

The IL-18BP is a constitutively secreted pro-
ein, with high-affinity (400 pmol/L) binding to
L-18. There is very limited amino acid se-
uence homology between IL-18BP and the cell
urface IL-18 receptors; IL-18BP lacks a trans-
embrane domain and contains only 1 immu-

oglobulin (Ig)-like domain.24,49 IL-18BP shares
any characteristics with the soluble form of

he IL-1 type II receptor in that both function as
ecoys to prevent the binding of their respec-
ive ligands to the signaling receptor chains.50

n fact, there is limited amino acid homology
etween IL-18BP and the IL-1–receptor type II,
uggesting a common ancestor. In human be-
ngs, IL-18BP is expressed highly in spleen and
he intestinal tract, both immunologically active
issues.22 Alternate messenger RNA (mRNA)
plicing of IL-18BP results in 4 isoforms.22,24 Of
onsiderable importance is that the prominent
a’ isoform is present in the serum of healthy
uman beings at a 20-fold molar excess com-
ared with IL-18.23 This level of IL-18BP may
ontribute to a default mechanism by which a
h1 response to foreign organisms is blunted to
educe triggering an autoimmune responses to
routine infection. The promoter for IL-18BP

ontains 2 IFN� response elements51 and con-
titutive gene expression for IL-18BP is IFN�
ependent,52 suggesting a compensatory feed-
ack mechanism. Thus, increased levels of
FN� stimulate more IL-18BP in an attempt to
educe IL-18–mediated IFN� production. For
xample, in mice deficient in IFN regulatory

actor-1, a transcription factor for IFN�, low to d
bsent tissue levels of IL-18BP are found com-
ared with wild-type mice.53 These IFN regula-
ory factor-1–deficient mice are exquisitely sen-
itive to colitis, but when treated with
xogenous IL-18BP they show reduced dis-
ase.54

iral IL-18BP

he most convincing evidence that IL-18 is a
ajor player in inflammatory conditions and

hat IL-18BP is functional in combating inflam-
ation comes from a natural experiment in
uman beings. Molluscum contagiosum is a
ommon viral infection of the skin often seen in
hildren and individuals with human immuno-
eficiency virus-1 infection. The infection is
haracterized by raised but bland eruptions;
here are large numbers of viral particles in the
pithelial cells of the skin but histologically
here are few inflammatory or immunologically
ctive cells in or near the lesions. Clearly, the
irus fails to elicit an inflammatory or immuno-
ogic response. A close amino acid similarity
xists between human IL-18BP and a gene
ound in various members of the Poxviruses.
he greatest homology is with in M contagio-
um.22,55,56 The viral genes encoding for viral
L-18BP have been expressed and the recombi-
ant proteins neutralize mammalian IL-18 activ-

ty.55,56 The ability of viral IL-18BP to reduce
he activity of mammalian IL-18 likely explains
he lack of inflammatory and immune cells
n the infected skin and the blandness of the
esions. One may conclude from this natural
xperiment of M contagiosum infection that
locking IL-18 reduces immune and inflamma-
ory processes such as the function of dendritic
nd inflammatory cells.

L-18:IL-18BP Imbalance
n Macrophage-Activating Syndrome

lso known as hemophagocytic syndrome,
acrophage-activating syndrome (MAS) is char-

cterized by an uncontrolled and poorly under-
tood activation of Th-1 lymphocytes and mac-
ophages. In a study of 20 patients with MAS
econdary to infections, autoimmune disease,
ymphoma, or cancer, the concentrations of
irculating IL-18, IL-18BP, IFN�, and IL-12 were

etermined and matched with clinical parame-



t
a
c
i
c
l
(
.
o
c
c
M
h
T
s
b
T
w
t
a
p

N

A
i
h
t
t
t
o
t
i
t
t
h
k
O
g
i
e
c
t
t
a
n
t
p
f
i
i

w
o
r
l
a
h
o
w
i
r
b
n
t
d
M

B

A
d
c
d
h
o
t
t
s
d
I
t
i
i
m
p
I
i
m
a
m
h

i
p
t
d
s
e
t
P
p

IL-18 and inflammatory diseases 103
ers. Evidence of stimulation of macrophages
nd natural killer (NK) cells was highly in-
reased in MAS but not in control patients. Most
mportantly, concentrations of IL-18BP were in-
reased only moderately, resulting in a high
evel of biologically active free IL-1823 in MAS
4.6-fold increase compared with controls; P �
001). Others have reported marked expression
f IL-18 in fatal MAS.57 Free IL-18 but not IL-12
oncentrations significantly correlated with
linical status and the biological markers of
AS such as anemia, hypertriglyceridemia, and
yperferritinemia, and also with markers of
h-1 lymphocyte or macrophage activation
uch as increased concentrations of IFN�, solu-
le IL-2, and TNF-receptor concentrations.
herefore, treatment of life-threatening MAS
ith IL-18BP is a logical therapeutic interven-

ion to correct the severe IL-18:IL-18BP imbal-
nce resulting in Th-1 lymphocyte and macro-
hage activation.

eutralizing Antibodies to IL-18

lthough there are no clinical trials of neutral-
zing antibodies to IL-18, preclinical studies
ave used IL-18 antibodies to reduce IL-18 ac-
ivity in animal models of disease. The results of
hese studies are shown in Table 1. Assuming
hat neutralizing antibodies to IL-18 are devel-
ped and tested in human diseases, what are
he anticipated differences between a neutral-
zing antibody and a neutralizing soluble recep-
or or a binding protein such as IL-18BP? First,
o evaluate such differences, the agent with the
ighest affinity is preferable. From a pharmaco-
inetic viewpoint, a long half-life is preferable.
ne can increase the binding affinity for a li-
and by converting a soluble receptor or bind-
ng protein to a divalent fusion protein. How-
ver, the danger here is the increased risk of
reating a novel epitope for antibody produc-
ion. The advantage of monoclonal antibodies is
hat they are human and the risk of developing
ntibodies to a human antibody is reduced sig-
ificantly. At first glance, one would conclude
hat high-affinity human antibodies to IL-18 are
referable to the IL-18BP. However, if a divalent

usion protein of IL-18BP has a high affinity and
s not immunogenic, the next issue is a compar-

son of the half-life of a monoclonal antibody fi
ith that of a fusion protein. Here the issue is
ne of safety. A short half-life is preferential for
apid cessation of therapy in the event of a
ife-threatening infection whereas long half-life
ntibodies exert their effects of suppressing
ost defense for weeks. In fact, the large body
f evidence for comparing infections associated
ith anti-TNF� monoclonal antibodies (inflix-

mab or adalimumab) with the soluble TNF p75
eceptor fusion protein (etanercept) may, in part,
e owing to differences in half-life and mecha-
isms of action.58 In the case of neutralizing IL-18,
he suppression of IFN� is of concern for host
efense against intracellular organisms such as
ycobacterium tuberculosis.59

locking IL-18 in Disease Models

s with any cytokine, its role in a particular
isease process is best assessed by using spe-
ific neutralization of the cytokine in a complex
isease model. Although mice deficient in IL-18
ave been generated and tested for the devel-
pment of autoimmune diseases,60 any reduc-
ion in severity may be caused by a reduction in
he immune response such as antigens or the
ensitization processes itself and does not ad-
ress the effect of IL-18 on established disease.
L-18 neutralization in wild-type mice is effec-
ive in reducing collagen-induced arthritis61 and
nflammatory arthritis.19 Inflammatory arthritis
s of particular relevance because this is a

odel of cartilage loss caused by decreased
roteoglycan synthesis and is independent of
FN�. IL-18 contributes to the lupus-like disease
n mice4 via IFN� production. These are other

odels that are based on a reduction in IL-18
ctivity in wild-type mice. Caspase-1–deficient
ice provide useful models for disease10,32 but
ere the effect may be on IL-1�, IL-18, or both.
Most investigations initially focused on IL-18

n Th1-mediated diseases in which IFN� plays a
rominent role. However, it soon became clear
hat blocking IL-18 resulted in a reduction of
isease severity in models in which IFN� has no
ignificant role or in mice deficient in IFN�. For
xample, IL-18–mediated loss of cartilage syn-
hesis in arthritis models is IFN� independent.19

revention of melanoma metastases is IL-18 de-
endent but IFN� independent,20 and similar

ndings exist for ischemia-reperfusion injury in



Table 1. Reduction in Disease Severity with Reduction of Endogenous IL-18 Activity

Disease Model Intervention Outcome

Acute dextran sulphate
sodium–induced
colitis

Anti–IL-18 antibodies,11 IL-
18BP94

2 clinical disease, 2 TNF�, IFN�,
IL-1, MIP-1,2

Chronic dextran
sulphate sodium–
induced colitis

Caspase-1 K12 2 IL-1�, IFN� , and CD3 cells

TNBS-induced colitis IL-18BP95 2 clinical disease, 2 cytokines
CD62/CD4

T-cell–induced colitis
Adenoviral antisense IL-1896 2 clinical disease, 2 mucosal IFN�

Streptococcal wall-
induced arthritis

IL-18 antibodies19 1 cartilage proteoglycan synthesis,
2 inflammation

Collagen-induced
arthritis

IL-18BP, IL-18,61 Ad-viral
IL-18BP97

2 clinical disease, 2 cytokines

Collagen-induced
arthritis

IL-18–deficient mice60 2 clinical disease, 2 cytokines

Graft-versus-host
disease

Anti-IL-1866 2 CD8�-mediated mortality

Lupus-prone mice IL-18 vaccination4 2 mortality, 2 nephritis
Allergic airway

hyperresponsiveness
IL-18 vaccination98 2 bronchoconstriction

Experimental
myasthenia gravis

Anti–IL-1899 2 clinical disease

Autoimmune
encephalomyelitis

Caspase-1 knock-out,100

caspase-1 inhibition100
2 clinical disease, 2 IFN�

Con-A–induced
hepatitis

Anti-18,101 IL-18BP,30 IL-
18BP-Tg102

2 liver enzyme levels

Fas-mediated hepatic
failure

IL-18–deficient mice,103 IL-
18BP30

2 liver necrosis

Pseudomonas
exotoxin-A hepatitis

IL-18BP30 2 liver enzyme levels, 2 IFN�

IL-12–induced IFN� Anti-18,104 caspase-1
knock-out104

2 IFN�

Endotoxin-induced
IFN�

�nti-18,5,105 IL-18BP,22,30

caspase-1 knock-out
2 IFN�

Lipopolysaccharide-
induced hepatic
necrosis

Anti–IL-18 monoclonal,5,105

IL-18BP30
2 necrosis, 2 TNF�, 2 FasL

Lipopolysaccharide-
induced lung
neutrophils

IL-18105 1 survival, 2 myeloperoxidase

Melanoma hepatic
metastasis

IL-18BP20,105 2 metastatic foci, 2 VCAM-1

Ischemia-induced
hepatic failure

Anti-18107 2 apoptosis, 2 nuclear factor � B

Ischemia-induced acute
renal failure

Anti–IL-18 polyclonal,32

caspase-1 knock-out32
2 creatinine level, 2 urea level

Ischemic myocardial
dysfunction

IL-18BP,31 caspase-1
inhibition31

1 myocardial contractility

Lipopolysaccharide-
induced myocardial
suppression

Anti–IL-18 polyclonal73 1 heart contractility, 2 �L-1�

Atherosclerosis in apoE
knock-out mice

IL-18BP78 2 plaques, 2 infiltrates, 1 vessel
collagen

Abbreviations: TNBS, trinitrobenzene sulfonic acid; Con-A, concanavalin A; VCAM-1, vascular cell adhesion molecule-1.
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IL-18 and inflammatory diseases 105
he heart, kidney, and liver. Table 1 lists various
nimal models of Th1-, Th2-, and non–immune-
ediated diseases in which the effect of reduc-

ng endogenous IL-18 activities has been re-
orted.

L-18 in Th1-Like Diseases

n driving the Th1 response, IL-18 appears to
ct in association with IL-12 or IL-15 because
L-18 alone does not induce IFN�. The effect of
L-12 is, in part, to increase the expression of
L-18 receptors on T lymphocytes, thymocytes,
nd NK cells.11,62,63 It appears that the role of
L-18 in the polarization of the Th1 response is
ependent on IFN� and IL-12 receptor �-2
hain expression. The production of IFN� by
he combination of IL-18 plus IL-12 is an exam-
le of true synergism in cytokine biology, sim-

lar to the synergism of IL-1 and TNF� in models
f inflammation. Because IFN� is the signature
ytokine of CD4� and CD8� T cells and NK
ells, a great deal of the biology of IL-18 is
onsidered owing to IFN� production. Den-
ritic cells deficient in the IFN� transcription
actor T-bet show impaired IFN� production
fter stimulation with IL-18 plus IL-12.64 IL-18 is
resent constitutively in monocytes and mono-
yte-derived dendritic type 1 cells. Thus, IFN�
nduced by the combination of IL-12 plus IL-18
ppears to be via the T-bet transcription factor.

raft-Versus-Host Disease

FN� plays a major pathologic role in this dis-
ase because of its Th1-inducing properties and
he generation of cytotoxic T cells. By using a

Table 2. Studies on IL-18 Receptor–Deficient M

Model

Th1 response 2 IF
IL-18/IL-2–induced lung injury 2 le
Graft-versus-host disease 2 d
Lupus-prone mice 2 d
NK-mediated cytotoxicty in vivo* 2 cy
Dextran sulphate sodium colitis 1 d
NOTE. Unless stated otherwise, IL-18 receptor–deficient mic
*Mice are deficient in IL-18–receptor � chain.
ohort of 157 patients who received unrelated I
onor bone marrow transplantation and devel-
ped graft-versus-host disease, a polymorphism

n the IL-18 promoter (G137C, C607A, G656T)
as identified and associated with a statistically

ignificant decreased risk of death.65 One hun-
red days after the transplant, the mortality in
atients with this polymorphism was 23%, com-
ared with 48% in those patients without the
olymorphism, and after 1 year the mortality
as 36% versus 65%, respectively. The proba-
ility of survival was 2-fold in patients with this
aplotype.65 In the case of graft-versus-host dis-
ase in mice, paradoxic effects of IL-18 have
een reported depending on whether the
isease is CD4� or CD8� T-cell mediated. In
uman beings, T cells are responsible for the
isease after allogeneic bone marrow transplan-
ation. Administration of IL-18 to recipient mice
ncreased survival in CD4�-mediated disease,
ut resulted in worsening in the CD8�-medi-
ted disease.66 Neutralizing anti–IL-18 monoclo-
al antibodies significantly reduced CD8�-medi-
ted mortality.66 Administration of IL-18 reduces
he severity of the disease by inducing the pro-
uction of Th2 cytokines.67 The importance of
L-18 in graft-versus-host disease also was shown
n mice deficient in the IL-18 receptor � chain
Table 2). Other models of disease in mice defi-
ient in this receptor chain are listed in Table 2.

L-18 and Th2 Diseases

he combination of IL-18 plus IL-12 suppresses
gE synthesis via IFN� production and suggests
role for IL-18 in Th2 polarization. For exam-
le, in models of allergic asthma, injecting both

Observation Reference

roduction; 2 cytotoxicity 108
y 109
severity 110
lethality; 2 nephritis 111
icty 112
and lethality 113

the IL-18R� chain.
ice

N� p
thalit
isease
isease
totox

isease
e lack
L-12 plus IL-18 suppresses IgE synthesis, eosi-
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106 C.A. Dinarello
ophila, and airway hyperresponsiveness.11 In
ontrast, the administration of IL-18 alone en-
anced basophil production of IL-4 and hista-
ine and increased serum IgE levels in wild-

ype and IL-4–deficient mice.68 Overexpression
f mature IL-18 in the skin results in worsening
f allergic and nonallergic cutaneous inflamma-
ion via Th2 cytokines.69 Mice overexpressing
L-18 or overexpressing caspase-1 develop an
topic-like dermatitis with mastocytosis and the
resence of Th2 cytokines; also present in
hese mice was increased serum IgE levels.70

lthough IL-18 remains a Th1 cytokine, there
re increasing reports showing a role for IL-18
n promoting Th2-mediated diseases.71 On neu-
ralization of IL-18 in cocultures of dendritic
ype 1 cells with allogeneic naive T lympho-
ytes, the Th1/Th2 phenotype was not affected
hereas anti–IL-12 downregulated the Th1 re-

ponse.72 In fact, IL-18 receptors were ex-
ressed on dendritic cells of the type-2 lineage,
uggesting a Th2 response.72

L-18 and the Heart

nexpectedly, IL-18 is an important cytokine
n myocardial ischemia-reperfusion injury, a

odel of acute infarctions, in which it func-
ions to decrease the contractile force of the
eart. It appears that the role of IL-18 in myo-
ardial dysfunction is independent of IFN� but
ikely is related to the induction of Fas ligand.
uman heart tissue contains preformed IL-18 in
acrophages and endothelial cells.31 On reduc-

ng IL-18 activity with either IL-18BP or a
aspase-1 inhibitor, the functional impairment
f the ischemia-reperfusion injury was re-
uced.31 A neutralizing anti–IL-18 polyclonal
ntibody resulted in near prevention of endo-
oxin-induced myocardial suppression in mice
nd myocardial IL-1� levels also were re-
uced.73 By using caspase-1–deficient mice sub-

ected to ligation of the left anterior descending
oronary artery as a model for myocardial in-
arction, significantly lower mortality was ob-
erved in the deficient mice compared with the
ild-type mice.74 Caspase-1–deficient mice also
ad lower levels of IL-18, metalloproteinase-3
ctivity, and myocyte apoptosis after the injury.
n human beings, myocardial tissue steady-state

evels of IL-18, IL-18R� chain, and IL-18BP d
RNA and their respective protein levels were
easured in patients with end-stage heart fail-

re. Circulating plasma and myocardial tissue
evels of IL-18 were increased in the patients
ompared with the age-matched healthy sub-
ects.75 However, mRNA levels of IL-18 BP were
ecreased in the failing myocardium. In fact,
lasma IL-18 levels were significantly higher in
atients who died compared with levels in sur-
ivors.75

There is increasing evidence that IL-18 con-
ributes to atherosclerosis. Unlike the IFN�-in-
ependent role of IL-18 in ischemic heart dis-
ase, the atherosclerotic process involves
nfiltration of the arterial wall by macrophages
nd T cells and IFN� has been identified in the
laque and considered essential for the dis-
ase.76 Human atherosclerotic plaques from the
oronary arteries show increased IL-18 and
L-18 receptors compared with nondiseased
egments of the same artery.77 The post–
aspase-1 cleavage IL-18 was found to colocal-
ze with macrophages whereas IL-18 receptors

ere expressed on endothelial and smooth
uscle cells. The localization of IL-18 and IL-18

eceptors in smooth muscle cells is an unex-
ected but important finding for the pathogen-
sis of atherosclerosis.76,77

Atherosclerotic arterial lesions with infiltrat-
ng, lipid-laden macrophages and T cells de-
elop spontaneously in male apolipoprotein E
apoE)-deficient mice fed a normal diet. When
njected for 30 days with IL-18, these mice
howed a doubling of the lesion size without a
hange in serum cholesterol level.76 There was
lso a 4-fold increase in infiltrating T cells. How-
ver, when apoE-deficient mice were back-
rossed into IFN�-deficient mice, the IL-18–
nduced increase in lesion size was not
bserved.76 Although exogenous administra-
ion of IL-18 worsened the disease, such an
xperimental design can be related to the dose
f IL-18. Therefore, reduction of natural levels
f IL-18 in the apoE-deficient mice is a more
igorous assessment for a role for IL-18 in ath-
rosclerosis. By using apoE-deficient mice and
verexpression of IL-18BP by transfection with
n IL-18BP-containing plasmid, reduced num-
ers of infiltrating macrophages and T cells, and

ecreases in cell death and lipid content of the
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IL-18 and inflammatory diseases 107
laques were found.78 In addition, increases in
mooth muscle cells and collagen content sug-
ested a stable plaque phenotype with preven-
ion of progression in this well-established
odel of human coronary artery disease.

L-18 and Renal Ischemia

imilar to myocardial ischemia-reoxygenation,
here is an unexpected role in renal ischemia
or IL-18, which is independent of T cells and
FN�. Clinically, loss of renal function in pa-
ients with septic shock contributes to mortal-
ty significantly. The IL-18 level was measured
n patients with acute renal failure and in pa-
ients with poor renal function. There was a
emarkable high level of urinary IL-18 com-
ared with other renal diseases (P � .001).79

L-18 also was increased in the urine of patients
ith delayed function of cadaveric trans-
lants.79 The conclusions of the study were that
rinary IL-18 level is a marker for proximal
ubular injury in acute renal failure.

In a large clinical study in intensive care
nits, the level of IL-18 in the urine of pa-
ients correlated with the development of re-
al failure more than creatinine as a predictor
f impending renal failure.80 More impres-
ively, based on IL-18 urine levels, it was
ossible to predict mortality in the intensive
are unit by 48 hours, a time period nearly 2
ays before other indicators of impending
eath. These findings in human beings are
onsistent with animal studies. By using a
eversible model of acute renal failure, mice
eficient in caspase-1 were protected,32

hich was caused by impaired processing of
he IL-18 precursor by caspase-1. Further-
ore, wild-type mice also were protected by
preinfusion of neutralizing anti–IL-18 poly-

lonal antibodies.32 Protection was not af-
orded by administration of the IL-1–receptor
ntagonist and therefore the model reflects
he role of IL-18 rather than IL-1� processing.
lthough the mechanism for the role of IL-18

n causing acute renal failure remains unclear,
t is not related to a decrease in neutrophilic
nfiltration.

Cardiopulmonary bypass often results in
cute renal failure. In 20 patients who devel-

ped acute renal failure after bypass surgery, e
erial urine samples were evaluated for IL-18
evels and compared with 35 matched control
atients also undergoing cardiopulmonary by-
ass but without acute renal injury. Acute renal

njury was defined as an increase in serum cre-
tinine level of 50% or greater. The findings
ere remarkable in that increased creatinine

evels occurred 48 to 72 hours after bypass
urgery whereas urine IL-18 level was statisti-
ally significantly increased 4 to 6 hours after
he end of surgery.81 Peak levels of urinary IL-18
ere 25-fold greater 12 hours after surgery and

emained increased for 48 hours. Multivariate
nalysis of increased urinary IL-18 and urinary
eutrophil gelatinase-associated lipocalin, also

ncreased 25-fold early in acute renal failure,
evealed that these 2 markers were associated
ndependently with the number of days of
cute renal injury. These studies suggest that
he increased urinary IL-18 levels predict acute
enal injury after bypass surgery and may be
sed as a reliable biomarker rather than serum
reatinine level.81

L-18 Deficiency Triggers Overeating,
besity, and Insulin Resistance

lthough mice deficient in IL-18 are resistant to
arious exogenous challenges, an unexpected
bservation was that as mice aged, they gained
ignificantly more weight than wild-type con-
rol mice. By 6 months of age, IL-18–deficient
ice were IL-18.5% heavier than age- and sex-
atched wild-type mice and by 12 months
ere 38.1% heavier.82 The difference in weight
as caused by more body fat. The basic meta-
olic rate and core temperature were not dif-
erent between the 2 strains but increased food
ntake accounted for the weight gain. Not un-
xpectedly, leptin levels were higher in the
L-18–deficient mice and leptin levels corre-
ated with body weight but there was no evi-
ence that fat mice deficient in IL-18 were re-
istant to leptin.82 IL-6 levels were similar in the
groups. The islets of the IL-18–deficient mice

howed normal architecture but were larger than
hose of wild-type mice. Histologic examination
f major organs did not reveal significant differ-
nce but the aorta of the IL-18–deficient mice
ontained lipid deposits characteristic of ath-

rosclerosis.83
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108 C.A. Dinarello
Mice deficient in IL-18 at 6 months of age
howed increased fasting glucose compared
ith wild-type controls, although at 3 months
f age there were no differences between the 2
roups. Glucose tolerance testing was abnor-
al in the IL-18–deficient mice and was con-

istent with insulin resistance. Mice deficient in
he � chain of the IL-18 receptor also showed
imilar increases in weight at 6 months and
ncreased plasma fasting glucose and were in-
ulin resistant. In addition, mice overexpressing
he natural inhibitor of IL-18, IL-18BP, overate,
ained weight, and were hyperglycemic.82 The
dministration of recombinant murine IL-18 to
he IL-18–deficient mice reversed insulin resis-
ance. The increase in glucose level was pre-
ented by the administration of recombinant
L-18 to either the wild-type or the IL-18–defi-
ient mice, but not the IL-18 receptor–deficient
ice.
The mechanism for the increased eating in
ice deficient in IL-18, deficient in the IL-18

eceptor, or in transgenic mice overexpress-
ng the IL-18BP, appears to be a defect in the
ontrol of food intake by the hypothalamic
atiety center. Insulin resistance in the liver
nd muscle were caused by the obese condi-
ion. Of importance is the observation that
nlike IL-1�, IL-18 does not cause fever14,83

nd does not induce cyclooxygenase-2.17

hosphorylation of signal transducer and ac-
ivator of transcription (STAT) 3 was defec-
ive in mice deficient in IL-18. Nevertheless,
ecombinant IL-18 administered intracere-
rally inhibited food intake and, in addition,
ecombinant IL-18 reversed hyperglycemia in
ice deficient for IL-18 through activation of

TAT 3 phosphorylation.82 Hepatic genes for
lucose neogenesis were increased in mice
eficient in IL-18, possibly owing to the phos-
horylation of STAT 3. In mice deficient for

L-18, there was less constitutive phosphory-
ation of STAT 3 in the liver. Because IL-18 is
xpressed constitutively in healthy mice and
uman beings,84 the decrease in STAT 3 phos-
horylation may be owing to the lack of IL-18

n these mice. These findings indicate a new
ole of IL-18 in the homeostasis of energy

ntake and insulin sensitivity. t
onclusions on the
herapeutic Targeting of IL-18

xploiting discoveries such as IL-18 to improve
he treatment of disease depends on the validity
f preclinical research, the resources of the
eveloper, and the influence of market forces.
here are no doubts in our opinion that IL-18
lays a role in several diseases and despite its
se in murine models of tumors, we do not
upport the administration of IL-18 as a thera-
eutic. The challenge for a cytokine such as
L-18 is therefore which diseases to target and
hich agents are best to reduce IL-18 activities.
ne disease that may benefit blocking IL-18 is
AS. Current treatment of life-threatening MAS

s intravenous cyclosporine A, a nephrotoxic
nhibitor of IFN� and other T-cell cytokines and
igh doses of corticosteroids. The role of IL-18

n IFN� production and the role of IFN� in
acrophage activation are well established.
he finding that patients with active MAS have
igh circulating levels of free IL-18 owing to

ower than expected levels of IL-18BP provides
rational basis for reducing IL-18 in MAS.85 To
rove the concept requires treating patients
ith progressive or established MAS with in-

reasing doses of IL-18BP and monitoring fer-
itin levels and clinical responses. Because MAS
an be a fatal disease, testing the concept re-
uires no placebo arm and few patients. Out-
omes of clinical improvements, a reduction in
orticosteroids, and weaning of cyclosporine A
ould be sufficient for orphan drug status ap-
roval. Oral caspase-1 inhibitors also are deserv-

ng of testing in patients with MAS.
It is also our opinion that another acute and

ife-threatening disease can be subjected to a
roof of concept—acute renal failure. Caspase-1

nhibitors would require intravenous adminis-
ration rather than the oral route. However,
reclinical testing in mice deficient in caspase-1
rovides a rationale for the testing of caspase-1

nhibitors in patients at risk for acute renal
ailure. Because IL-18BP readily can be admin-
stered subcutaneously or intravenously, IL-
8BP would be used in a trial and compared
ith a placebo arm. There may be reluctance to

est a potentially useful anticytokine in acute
enal failure because this disease is essentially

he consequence of septic shock. The disap-
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IL-18 and inflammatory diseases 109
ointing results of TNF and IL-1 blockers in
epsis trials may reduce enthusiasm for treating
hese patients. However, one important benefit
or testing IL-18BP in preventing or reducing
cute renal failure is the predictive value of
rinary IL-18 levels. Because the urinary IL-18

evel is increased in patients at risk a full 48
ours before the renal dysfunction becomes
pparent,79 the design of a trial of IL-18BP infu-
ion would be restricted to a subgroup of those
atients. The clinical application of urinary

L-18 determinations as an entry criterion is
ubstantial because of its quantification com-
ared with clinical scoring methods. A reduc-
ion in progression to renal failure compared
ith placebo-treated patients would provide a
asis for approval because preventing acute re-
al failure is an unmet medical need.

The third clinical testing of agents that re-
uce IL-18 activity is acute lupus nephritis and
asculitis. Here the role of IL-18 in the produc-
ion of IFN� may be of paramount importance.
nimal models of lupus indicate a pathologic
ole for IL-18 in the kidney. However, the effect
f IL-18 on the vasculature also may be part of
he lupus vasculitis. Some early trials have
locked TNF� in acute lupus nephritis using
he monoclonal anti-TNF� antibodies. In this
ase, these antibodies reduce both TNF� and
FN�. Taken together, these preclinical obser-
ations provide a rationale for an intervention
tudy in lupus nephritis. Testing the concept
ith oral caspase-1 inhibitors or IL-18BP admin-

stered subcutaneously asks whether the vessel
all inflammation can be reduced over that
resently achieved by heparin, corticosteroids,
nd aspirin.

L-18 and Host Defense

imilar to many cytokines of the innate immune
esponse, there are 2 sides to the coin. IL-18
unctions to protect the host by increased ex-
ression of adhesion molecules, neutrophil ac-
ivation, and nitric oxide production, each tar-
eting the killing of invading microbes. IL-18–
ediated IFN� production promotes specific

ytotoxic T-cell–mediated responses, essential
or elimination of viral infections. But cytokines
uch as IL-1, TNF, and IL-18 did not evolve to

ause disease, but rather to oppose microbial i
nvasion. It is the unregulated overproduction
nd persistent production of these cytokines
hat results in autoimmune and inflammatory
iseases. In its role as an IFN�-inducing factor,
everal models of obligate intracellular patho-
ens and fungal infections are worsened by a
eduction or absence of IL-18 and administra-
ion of exogenous IL-18 can enhance the host
efense against these microbes.86 However, the
dministration of IL-18 to patients to enhance
heir ability to fight infection is an unlikely
linical exercise because IFN� already is used as
therapy to reduce infection caused by myco-
acterial infections and in patients with chronic
ranulomatous disease.

onsequence of IL-18–Blocking Therapy

he use of TNF�-neutralizing strategies to treat
rohn’s disease and rheumatoid arthritis has

esulted in reactivation of M tuberculosis infec-
ions, particularly disseminated and extrapul-
onary forms.87-89 But these findings came as
o surprise because blocking TNF� increased
he spread and lethality of M tuberculosis infec-
ions in mice.90,91 In the case of chronic IL-18
lockade, a reduction in IL-18–dependent IFN�
roduction may result in a similar increase in
eactivation of M tuberculosis disease. In fact,
hildren born with defects in IFN� production
r activity die of disseminated mycobacterial
isease.59 IL-18–deficient mice, although an ex-
reme example of IL-18 blockade, show in-
reased susceptibility to M tuberculosis infec-
ion.92 A high level and chronic reduction in
L-18 activity in human beings likely will affect
ost defense mechanisms, as is the case with
NF blockers. However, in the case of TNF�
lockade, the risks of reactivation of M tuber-
ulosis have been reduced dramatically by tu-
erculin testing.93

It is likely that within 5 years the efficacy of
educing IL-18 activity in a few diseases will be
stablished. Although IL-18BP presently is avail-
ble for clinical trials, this potent naturally oc-
urring binding protein, even with its remark-
ble safety record to date, has to be compared
ith other cytokine antagonists that presently
ominate treating diseases such as rheumatoid
rthritis and psoriasis. In fact, there are shrink-

ng numbers of naive patients with these dis-
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110 C.A. Dinarello
ases willing to enter clinical trials in which the
fficacy of the agents are not known or one may
e randomized to receive placebo. Trials with

arge numbers of patients are required to com-
ensate for the availability of naive patients or
rials must be performed in developing coun-
ries. Therefore, market-based decisions may
ake precedence over decisions to test for effi-
acy. The same decision-making processes also
ay affect the development of neutralizing an-

ibodies to IL-18 or its receptors. The costs of
arge trials can affect the decision to test for
fficacy in diseases such as rheumatoid arthritis,
soriasis, or Crohn’s disease, in which highly
ompetitive markets already exist for anti-TNF�
onoclonal antibodies (infliximab and adali-
umab), anti–IL-12, and other agents. In rheu-
atoid arthritis a similar competitive environ-
ent dominates the area. In psoriasis, there are

o less than 6 agents that are based on inter-
uption of the immunologic mechanisms in this
isease.

The breakthrough in reducing IL-18 activ-
ty in disease may come from the testing of
ral caspase-1 inhibitors. These are in clinical
rial in psoriasis and also in patients with
ALP3 mutations in the cold-induced autoin-
ammatory syndrome locus. IL-18 is found
onstitutively in the skin and because of the
mportance of IFN� in psoriasis, reducing
L-18 activity by reducing the processing of
he IL-18 precursor may be a therapeutic ad-
antage. Blocking IL-1 with the IL-1–receptor
ntagonist does not have a significant effect
n patients with psoriatic arthritis.

Similar to the biologic IFN�, approval for an
ral caspase-1 inhibitor will result in availability
f the drug to physicians and novel testing.
FN� was approved initially for hairy cell leuke-
ia, a truly rare disease; nevertheless, once

pproved, several uses for IFN� were explored
y clinicians and the benefit of IFN� in the
reatment of hepatitis B and C was established.
n the next 5 years, one would hope that in rare
iseases such as MAS approval for caspase-1

nhibitors or IL-18BP will take place. The avail-
bility of these agents in the hands of physicians
ikely will expand the concept that reducing

L-18 activities is a therapeutic option.106
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