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INTRODUCTION

Apart from environmental factors, there are also genetic
factors responsible for asthma. To identify the asthma-
related gene, the single nucleotide polymorphism (SNP) of
the total genome has been used. Asthma is a Th2-dominant
disease, and IL-4/1L-13 and the genetic polymorphism of the
associated receptors are involved in atopy and asthma® ¥ .
IL4/1L-13 also act on tissueforming cells such as the
epithelial cells of the airways and smooth muscle {(SM} cells.
Both these cytokines are in the asthmatic pathology
(polyblennia, hypersensitivity and remodeling of the
airways) . IL-4/11-13 are also involved in the modification of
the éxpression of the various types of chemical mediator
receptor.

1. CHEMICAL MEDIATOR RECEPTORS

Table 1 shows the expression loci and action of the various
types of chemical mediator receptor, the modifying factors
for the asthmatic pathology. Table 2 presents the genetic
polymorphism of these receptors.

1)Histamine Receptors

Four types of histamine receptor (HR) have been
identified: HIR - H4R. HIR is involved in histamine-caused
reactions (histamine-induced contraction of airways, mucus
secretion, and vascular permeability). The airway SMs
express HIR, H2R and H4R. The expression of these
histamine receptors is not subject to the effects of IL-4/IL-13
stimulation. Histamine will promote the Thl reaction via
HIR activation while H2R activation will suppress both the
Thl and the Th2 reactions®. The HIR and H2R genes are
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located at 3p25 and 5q35, respectively, and polymorphism of
HIR receptor can occur™ as -17C/T and 1045G/A in the
Japanese. H2R receptor can also occur in polymorphic SNP
variants, ‘These two polymorphic variants are not asthma-
related.- The 3p25 chromosome position' is one of the
markers of a link to atopic factors in the Japanese”. Genetic
HIR and HZR receptor polymorphism is related to atopy
rather than asthma. The H4R gene (18q11) is not involved
in asthma or atopy.

2)'Cysteinyl Leukotriene Receptor

Two cysteinyl leukotrieng . receptors (CysLTR) are
CysLTIR and CysLT2R. CysLTs as LTC, and LTD, are
responsible for afrway contraction; polyblennia and high
vascular permeability, médiated through LT1R. Airway SM
express CysLTIR and CysLT2R IL-4/1L-13 selectively'
enhance CysLTIR expression:. 1L-13 reportedly promotes
SM cell proliferation”” CysLTIR and CysLT2R are
important lipid mediator receplors involved in the
madification of asthma and the génelic polymorphism of the
receptors has been studied” ™", The’ .CysLTIR and:f
CYsLT2R receptor genes are found at Xql3-q21 and 13ql4-:
q2]1 and there are various SNPs. CysLT2R receptor may be
connected to asthma.

3) Thromboxane A, Receptor

Thromboxane A, receptor (TXA,R) is involved in the
contraction of airway SM and blood vessels. The TXAR
gene is located at 19p13. The polymorphic variant 924T/C
has a link with asthma in the Japanese®. 924T/C
polymorphism may also be involved in infantile asthma and a
correlation with decreases in FEV,, and FVC is possible'¥,
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Table 1

Expression sites and action of chemical mediator receptors

TR, MENEEN, BRI,

SRR, MESENTERE, BEIRIE

TH#ile, BE, 2/077-Y, @FEI, FEXE, |0, ThRGOEE
BE#4nRe, fHhiams Contraction of smooth muscles, enhancement of
Smeoth muscles of airways, hemangioendothelial | vascular permeabliity, increased mucus
cells, mucus-secreting cells, T-cells, monocytes, | secretion, promotion of Th1 reaction
macrophages, ecsinophlls, basophils, mast cells,
dendritic cells ’
H2R D[RR, WARSRMEE, TR, MR, AR FEER, Thi - Th2RISOIE,
' RIO7p-, MR, FERY, kel WRMBUC B3 ST AT B, voO7r—Y
Smooth muscles of alrways, mucus-secreting | {Z&(1242ehER « MBS ER TELRE
= £ 30 cells, T-cells, monocytes, macrophages, mast | Increased mucus secretion, suppression of the
Histamine cells, basophils, dendritic cells Tht and Th2 reaction, regulation of eylokine
. production In the dendritic cells, promotion of
production “of eosinophil/monocyta emlgratlon
factors
HAR | RIBTBA, R, S0k e, COS I EITS IL-16E SRR,
mEALMEE, TRk, BiEM, f7RE, IS - e
BEmRa, ikt Regulation of IL-16 production In CD8* cells,
Smooth muscles of alrways, flbroblasts, epithellal emigration of mast cells/eoslnophlls
cells of the alrways, hemangfosndothellal cellg,
T-cells, B-cells, eosinophils, mast cells, déndritic
cells | . ] . ’
CysLTIR | SR 45, CD34“#MEs, B #Mks, Mirs, SHRGER, NEERNTEER, BRSBTS
: TRy, SPERER, SHIENEY, AR D 1FE. cotEBEEMRRE, @St MR
Smaoth muscles of airways, GD34* cells, B-cells, | f§, IFAAIRBTIEET(EMA | )
SAFA= I monocytes, macrophages, sosinophlls, basophlls, | Contraction of smooth muscles, enhancement of
\ mast cells vascular permeability, Increased mucus
B3k igration of CD34" cells, cell
Cysteiny! secretion, amigration o cells,
leukotrlenes df!ferentlatlon/prollferatlon induction of
o eosinophil infiltratlon
CysLT2R | SLHFRAR, MM, BE, wo/ovr—Y, IME | QSREES
’ Smooth muscles of - airways, pulmonary veins, [ Vascular contraction .
monocytes, macrbphages, ecsinophlls '
TXAR | WETRE, SHE&EE, hEANEER, | RMREEIRR, YRR, SR BIEER
Coddars Al WK, BB, ws07r—Y, BNEn | Contraction of smooth muscles of alrways,
PEAR Y A Smooth muscles of airways, eplthelial cslis of th ! tracti h t of
Thromboxane A mooth muscles of airways, ep S ol the | vascular contraction, enhancement of mucus
alrways, hemangioendothelial cells, monocytas, | secretion
macrophages, mast cells
. MIR Rl o HEMRRNOMEE
Parasympathetic nerve synapses Stimulation of vagus nerve transmission
M2R | EEAAR AR E FLEFLAY RO
SBF R P 5—EOEE, CatF+3o0ie
FEFILOY Postsynaptic nerve terminat bud Suppression of Ach ralease
Acetylcholine Smooth muscles of alrways Adenylate cyclase, Ca®* channel suppression
M3R |SETEH - AN kEER
TR, AR R

Smooth muscles of airways
Submucosal gland, goblet cells

Contraction of smooth muscles
enhancement of mucus secretion

of airways,
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Table 2 Genetic polymorpmsm of chemical mediator receptors

HIR 3p25 -17C/T. 1045G/A - +
H2R 5q35 543G/A, 826C/T —-* 7
H4R 18q11 7 7 7
CysLTIR Xq13-q21 927T/C -~ ?
CysLT2R 13q14-q21 His57Gly + ?
TXA:R 19p13 824T/C -+ +
MIR 11g13 Cysd17Arg ? ?
M2R . 7931-q35 1696T/A ? 7
M3R 1g941-q44 {CTTT} 22~ (BT - +
FAVinl-Eorg
haplo-type ‘
L PLABROTOWEERT 5L BB, :
* . Signifies that allelism should be taken into cansideration.
4)Muscarinic Receptor II. ARGINASE x

Bioactivation of acetylcholine (Ach) is mediated via the
muscarinic receptor (MR). There are 5 sub-types of MR
with different functions: MIR - M5R, MIR, M2R and M3R
occur in the lung. Airway SM contraction and increased
mucus secretion in asthma are triggered via the M3R
receptor. SM stimulation by IL-4/IL-13 enhances M3R
expression and increases intracellular Ca?*. The M3R genes
are located at 1q41-g44, close to the airway hypersensitivity
area in Australians'®™, In Maltese asthmatics no SNP was

detected in the MB3R gene translation and in the 3
untranslation areas (3-UTR)'". In Caucasians and African
Americans, four SNPs are present in the promoter region of
the M3R gene. They have no connection with asthma'.
Haplo-type short tandem repeat polymorphism {STRPs) in
this region is not directly related to asthma.

M2R suppresses the release of Ach at the postsynaptic
terminal. Cyclic AMP decreases due to inhibition of
adenylate cyclase in the SM causing muscle contraction.
The MZ2R gene is located at 7q31-q35, with 2 silent SNPs in
the translation area and one SNP in the 3-UTR".

MIRs are present in the autonomous nerve synapses and
promote vagus nerve transmission. In the translation region
of the MIR gene (at 11ql3) Cys417Arg mutates across
animal boundary lines™. There is no clear relation to
asthma. Binding affinity for ligands and antagonists is
altered in rats by mutation.

~ ARt Y -~
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Arginase expression is enhanced in a I1L-4/1L-13-dependent
manner. This enzyme ‘has a strong involvement in
asthma™*, Arginase catalyzes the hydrolytic cleavage of
arginine to regenerate ornithine and yield urea. Ithportantly,
arginase catalyzes the NO synthesis reaction and inhibits
stromal competition (Fig. 1). NO exhibits diverse effects on
the airways. In the guinea pig asthma model, for example,
enhanced arginase activation suppresses NO with enhanced
airway sensitivity. Arginase also plays an important role in
murine pulmonary fibrosis due to, Puromycin®, In asthmad
patients, high arginase expression’ occcurs in the alrway- :

epithelial cells and the submucosal inflimmatory cells™.

Arginase I deficient patients have two mutation sites ™
associated with the loss of enzyme activity®,

CONCLUSION

The chemical mediator receptors and arginase are factors
modifying the asthmatic pathology. The regulating effect of
IL-4/1L-13 on the expression of these chemical mediator
receptors and arginase and the polymorphism of the
receptor genes are relevant to the pathology of asthma.
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KRS 2EEGBEAATIT—— SRR THLOT, oh
COBEFERIIOVWTRSITRSELOBRE T bR
72971, CysLTIR & CysLT2R O BIEF iR+ h 2 R
Xql13-q21E13q4-q2UsFEL, WThOBEFIZLVD
@ SNPs MR EENT w5, CysLTIR OBEFES L
BEDBELAEBANC T AIME T2V AS, CysLT2R 12
MEEERMBREFOIOTHALELZLRTVA,

3) POLFEHYL A S

PO EFH Y AREFE(TXAR IR ES B OFIELG
RHFERICHES LTS, TXAR S{ET 12191317 L,
BAANTIRUT/C SR A BAELEBLBEEL R+ ok
BHESHTWE?. ZOSRIZH AL SNP THEDT,
B2 IR A 2 b AR E T MR aHC
HBETEEMEARIBEND., T/, BEARHSRELBFL
FITLNE, 924T/C BRI/ RBMEELBEL, FEV,,
(1382 FVC (BNMER) 0BT LELOMBM TS h
TVEY, 8612, FIHFHFRM B EXEELEDLN
HOT, 9ZAT/C FRITIY - L EHLTWEE £ 60 2,

4) L2HZEE

TXF N2 (Ach) DEYER I LAAYZ 54 (MR)
EALTREIESN, 7 MR IS MIR-MSR 05004 7%
ATHRAEShTVS. ZR6MIL, Bz MIR, M2R
BIUMIR AREINTVE, FH 751 TR o785
ZhoTHD, MBS EWTIREI IR E KO 1
SN7z Ach ASGETF R PHM T HICRBETv3 M3R
AL TRBIE PR AR TSR ST AT
MR IL-4/IL-13THI 8328, MIR oRH MEsh,
72 Ach ik MMM Ca® ILE D62 A B 6D
LAS, FREHST). 20X, MRORRAE
IL-4/IL-1312 ko G EO WM Z 31 3, M3R BIEFRRE
H1q41-q44ZFFEEL, 7SO TRA—RISTYT AORE
SR TR L TV AL A RSN T B
BRI Z0cMEHEL TV B, MIR OREF S AL T
B, YT EONERHEET T AT e R LT
PRI, MR BIZTOBRERE - 8RR
(3-UTR)IZIZ SNP @RISR TWAWS, Lpl, 3—oy

~ . e - -
Aol i _\ —
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RRETIYAFZDTAJA AN BWTII MR BiEFo7o
F-F—HRIZ4DD SNPs MFEE SN 7225, w3 ho SNP
b BEDHBEIIZEDON o, —F, ZOHERBICE
WTRIE SN2 TR0 EL B S % B (STRPs) N Tus 4
T, TFE—BHEERRELEETEM 7 AMI LB T
IV FAMNIBIT IR TR BRI TV
bbb, STRPs N7Od4 7R R EBESLonE
BIRBIELR RSV, THE-RENREFv—h—Li3E
SHAFEICH LN IR SIS,

MZR BEI R MER R TIE, FVF1 77—t oty
LT Ach DEUEEIGI4 5, £/, AEFBRGTIZTF
SNV EOERIERET EIEICL>TH A2y
AMP VRXNVEETEE, 20HRIMMICIERT 5.
M2ZR BIEFI27q31-935\: 2L, BFRERITIE2o0H AL
“FSNPs, £7:3-UTR 1212 SNP MR EEN TN 59,
63D SNPs EM B ED B OWTIE S H DM A%
AL (0%

MIR 3 BRMEMICHEEL, KEBBEZHLET 2.
MIRE{ZF (11q13) D BERFURICIE Cys417Arg R 35
EENTWDH, WELOBBRIIHBHIATVRY, &
DERFURIIBWIELZBLTRFESATEY, LTk
WEREHRTHL, VAR EOT A S E S
NEALT 526 T2,

I. Phri¥d—4 _
TAFF—Bid IL-4/IL- 13T N R A i sh, 3/
il BANOME P RREENTVRARETHE? D, 7%
FT—ERTNVF = OoMASBeiil, FL=F rRER

ERTIERETH), LREOTAVI+—bMEETS. &

D35, FATTIFREFAIMIBEL, FRICEE
BHOhB, AT TIHLTIE, MRS ERIESREL,
MR 25— VEEICE b 7O e R TIVA SR
T5. TA¥FI—EOEBETEEHEIE, NO (—E{ke®)
EREEIATHANETAIETHE([®1). NOEE
AREBLERERL, REATELEYMEBETLTIT
NFF—EEROBEI NO BEELINFIL, 208258
BEMSATCES 22, Fi, ThF -z rLd= oz
LI ARREICO EEL RS 2L T02D, BAE
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Fig.1 Asthma and Arginine metabolic pathway
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The structure and binding mode of interleukin-18

Zenichiro Kato!, JunGoo Jee??, Hiroaki Shikano!, Masaki Mishima¥, Izuru Ohki®, Hidenori Ohnishi!, Ailian Li?,
Kazuyuki Hashimoto!, Eiji Matsukuma!, Kentaro Omoya', Yutaka Yamamoto!, Teruyo Yoneda®, Takane Hara?,

Naomi Kondo! & Masahiro Shirakawa?

Interleukin-18 (1L-18), a cytokine formerly known as interferon-y- (IFN-y-) inducing factor, has pleiotropic immunoregulatory
functions, including augmentation of IFN-y production, Fas-mediated cytotoxicity and developmental regulation of T-lymphocyte
helper type I. We determined the solution structure of 1L-18 as a first step toward understanding its receptor activation
mechanism. It folds into a B-trefoil structure that resembles that of IL-1. Extensive mutagenesis revealed the presence of three
sites that are important for receptor activation: two serve as binding sites for [L-18 receptor « (IL-18Ra), located at positions
similar to those of IL-1 for IL-1 receptor type 1 (IL-1RY), whereas the third site may be invalved in 1L-18 receptor B (IL-18R[)
binding. The structure and mutagenesis data provide a basis for understanding the 1L-18-induced heterodimerization of receptor

subunits, which is necessary for receptor activation.

IL-18, which is functionally similar to IL-12 in terms of IFN-y produc-
tion, is associated with severe inflammatory diseases. The aberrant
expression of IL-18 has been inferred to be associated with severe
inflammatory conditions, such as autoimmune diseases, allergies or
neurclogical disorders'™. Successful therapeutic approaches such as
tumor suppression in mice using IL-18 have been reported®. The in vivo
functions of IL-18 are closely related to those of IL-12; thus, IL-18-
deficient mice exhibit a phenotype similar to that of those deficient in
IL-12. However, I1-18 and its receptors show no structural similarity
with IL-12 and its receptors, respectively?>, In contrast, despite the
absence of apparent functional resemblance in terms of IFN-¥ produc-
tion, [L-1P and IL-18 show a moderate sequence similarity (17% iden-
tity). In addition, the polypeptide processing schemes for IL-18 and
IL-1 share a common feature; that is, caspase-1 cleavage of both precur-
sors is essential for maturation??. Receptors for both 1L-1B and IL-18
belong to the IL-I receptor family; thus, the intracellular signaling
pathways for responding 1o these cytokines share the same downstream
mediatoss, such as TRAF6 and NF-xB*. For activation of these recep-
tors, heterodimerization of two structurally related but distinct
immunoglobulin {Ig)-like chains are required: IL-18Rct (formerly
called IL-1Rrp) and IL-18R (formerly called IL-1AcPL) for the initia-
tion of the 1L-18 pathway, and IL-1RI and IL-1 accessory protein
(IL-1AcP) for the initiation of the IL-1 pathway®-. The interaction
between [L-1 and iL.-1RI has been revealed by crystal structures of their
complex®’. However, the recognition of IL-1AcP by IL-1 and hence the
activation mechanism of the IL-1 pathway remain unclear?>.

As a first step toward understanding the receptor activation by
IL-18, we have determined the solution structure of human [1-18

using NMR spectroscopy. The structure shows that the B-trefoil fold of
IL-18 is similar to those of [L-1 family members, such as IL-1f3, but the
surface residues are totally dissimilar, We also constructed point
mutants for the 50 surface-exposed residues of IL-18. Receptor bind-
ing and cellular response analyses using these mutants revealed the
presence of three sites: two of these are important for [L-18Ra bind-
ing, and the third site is involved in the cellular response but not in IL-
18R binding, Comparing the structure and receptor binding sites of
IL-18 to those of IL-1 family members, we propose a model for the
interaction between [L-18 and IL-18Ra.

RESULTS
Structure of 1118

The overall structure of IL-18 is well defined except the segment
between residues 34 and 43. IL-18 consists of 12 strands ($1-512),
which form three twisted four-stranded B-sheets, with one short o
helix (H1) and one 3;5-helix (H2). The thres B-sheets are packed
against each other to adopt a B-trefoil fold (Fig. 1). The loop, residues
34-42, spreads out from the body of the protein and seems to be flexi-
ble, as characterized by small heteronuclear NOE values (0.49 +0.025)
and by the lack of long-range NOE values.

Despite the moderate sequence identity {17%), the overall architec-
ture of IL-18 shows marked similarity with that of such IL-1 family
memnbers as [L-1P (Fig. 2a), as previously predicted on the basis of the
conservation of hydrophobic residues®. The r.m.s. deviation of 1.60 A
between IL-18 and IL-16 for 70 Cot atoms in secondary structure ele-
ments indicates that they are related proteins belonging to the same
structure class. However, IL-18 and [L-1 differ substantially in the
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Figure 1 Solution structure of humaea IL-18. {a) Stereo view of the best-fit backbone superpositian of the 20 final structures. The backbone atomns of
residues 1-157 are superimposed. (b} Schematic ribbon drawing of the NMR structure of I1L-18, drawn with MolMol0,

length and conformation of several segments between the strands,
§3-84, 54-55, 57-88 and 511-S12.

Contact sites for IL-18Re

To identify residues important for the IL-18 function, we generated a
series of mutants and analyzed their abilities to induce IFN-y produc-
tion and to bind to IL-18Rex (Table 1). We chose 50 residues that cov-
ered most of the surface-exposed residues of IL-18. For each mutation
that caused a decreased activity, we checked the effect of the overall
native fold and protein stability by 1H- N HSQC and circular dichro-
ism spectra (see Methods). Of the 50 mutant proteins, 14 showed a
substantially decreased ability to induce IFN-y production without
any apparent disruption of the native fold and stability {data not
shown). Of the 14 mutants that showed decreased ability to induce
IFN-¥ production, 11 also showed a marked reduction in receptor
binding activity (Table 1}. These residues form two distinct surface
patches, designated as sites I and II (Fig. 2b,c). Site I, formed by five
residues (Argl3, Aspl7, Met33, Asp35 and Asp132), is located on one
side of the core barrel of the B-trefoil fold, whereas site I1, formed by
six residues (Lys4, LeuS, Lys8, Arg58, Met60 and Argl04), is located at
the top of the B-barrel. It has recently been shown that the charge-
reversal mutation of Glué or Lys53 alters the biological activity of [L-
18 (ref, 9). These two residues are located on the same surface as site I1,
suggesting the importance of the site H-forming residues for receptor
binding.

Table 1 Biologicai activity and disscciation constant of the mutants

Biological activity (% wild type}  Dissociation constant (\M)®

Witd type 100.0+£17.3 3403
K4A 7.0£22 111405
LSA 1.0+0.3 345+3.5
Kg8A 9.523.6 104121
R13A 8.0%£53 74x12
D17A 20.1+7.5 8.5+1.7
M33A 0.6£0.2 142.9+49.0
0354 0.5+0.2 4188+ 181.6
REBA 1919 60826
MS&CA 2.1+£90.0 200.0£55.0
K794 96x1.4 3.3+03
KB84A 25.7+£138 3.6+0.3
Doga 167%1.7 45+03
R104A 7513 80105
D132A 142+65 80+06

*Mean values of triplicated intarferon-y induction assays are shown with standard deviation.
PCissociation constants for the inieraction of IL-18 and tL.-18Ra determined from Scatchard
anajyses of the equilibrium bound values are shown with standard error.
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The structure of the complex of IL-1B and IL-1RI and mutational
data have shown that IL-1( has two interfacial sites, sites A and B, for
the IL-1RI (Fig. 2d,e). Site A makes contacts with the two N-terminal
Ig domains of the extracellular portion of the receptor, and site B with
the third Ig domain (Fig. 3a). Comparison of the tertiary and primary
structures of IL-18 and IL-1p revealed that sites I and [T of [L-18 corre-
spond to sites A and B of IL-1§, respectively, because these sites are
positioned equivalently in terms of sequences and tertiary structures.

These observations allowed us to construct a model for the complex
of [L-18 and IL-18Ra (Fig. 3b), using the coordinates of the IL-13-
IL-1RI complex (PDB entry 1ITB) and of IL-18. The sequence identity
(22%) and conservation of characteristic amine acids, such as cys-
teine, between the extracellular domains of IL-1RI and IL-18R0t, made
the modeling of the tertiary structure of IL-18Re relatively straight-
forward. The model obtained for the [L-18-I1L-18Ra complex resem-
bles closely the crystal structure of IL-1f-IL-1R1 and is consistent
with the present mutational data for IL-18.

Electrostatic complementarity may account for the specificity of
receptor binding of IL-18 and IL-18. The molecular surface at and
around site I of IL-18 is negatively charged, whereas the molecular sur-
face of IL-18Ra that makes contact with this site in the model is highly
positively charged (Fig. 2b,c). Mutational study has shown that the
charges on IL-18 are important for receptor binding: alanine substitu-
tion of Aspl7, Asp35 or Aspl32 of IL-18 markedly abolished the
receptor binding. In contrast, site A of JL-1B is positively charged
(Fig. 2¢), and the interface of IL-1RI is negatively charged. The electro-
static status of the receptor-binding site of the cytokines may con-
tribute to receptor discrimination.

Possible binding site for IL-18R8
The mutagenesis studies also revealed that the residues Lys79, Lys84
and Asp98 are functionally important but not relevant to binding to
IL-18Ree. Mutants of each of these residues are capable of binding to
IL-18Rax but have lost the capacity for IFN-y induction (Table 1).
These residues are clustered at the bottom of the barrel, located oppo-
site to site II, and are designated as site III (Fig. 2b,c). In the model of
the IL-18-1L- 18Rat complex, site [1l of IL-18 is exposed to the solvent,
facing opposite to IL-18R (Fig. 3b). Thus, the observation that ala-
nine substitutions of the site Ill-forming residues exert little effect on
IL-18Ra binding is consistent with the model (Fig. 3b and Table 1}.
What, then, is the function of the site III-forming residues? We
assume that these residues are important for binding to IL-18Rp,
whose association with IL-18Rat is essential for initiation of IL-18
receptor signaling?3. It is thought that IL-18 induces the association of
the extracellular domains of IL-18Ra and IL-18RB and facilitates the
homotypic interaction of their cytoplasmic domains to initiate the
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Figure 2 Mutational analysis of IL-18, (a) Sequence alignment of human !L-18 and IL-1B. IL-18 and IL-1p residues, the mutations of which resulted in 2
substantial reduction in biological activities, are indicated by asterisks. The secondary structure elements of IL-18 and IL-18 (PDB entry 211B) are indicated
at the top and bottom, respectively. Conserved residues are boxed in yellow. (b) Surface representation of IL-18 residues, the mutations of which resulted

in 2 substantial reduction in the activity. Residues in sites |, 11 and 111 are red, orange and blue, respectively (see text), {¢) Distribution of the electrostatic
potential on the solvent-accessible surface. Blue corresponds to positive potential and red to negative potential. In b and ¢, the molecute is shown in the
same orientation as for Figure 1 (left) and rotated by 180° about the vertical axis (right). (d) Structure of IL-1B. Surface representation of IL-1p residues, the
mutations of which resulted in 2 substantial reduction in the activity. Residues in sites A and B are red and crange, respectively {see text). {e) Distribution

of the electrostatic potential on the solvent-accessible surface. In d and e, the molecule is shown in the same crientation as for 1L-18 (left) and rotated by

180° about the vertical axis (right).

signal transduction process®, A truncated form of IL-18Rp lacking the
cytoplasmic domain inhibits IL-18 signaling!®,

To determine whether site IIl is important for the association
between IL-18Rat and IL-18Rp, we conducted surface plasmon reso-
nance measurements. IL-18RB cannot bind on its own to either IL-18
or IL-18Ra (Fig. 3¢,d). However, in the presence of IL-18, IL-18R§ is
capable of binding to IL-18Ra irnmobilized on the sensor chip, show-
ing that IL-18Rp associates with the IL-18-IL-18Ra complex to form a
ternary complex (Fig. 3d). We then examined the effects of mutations
of the site [II-forming residues on the formation of the ternary com-
plex of IL-18, IL-18Rc and IL-18RB. The mutation of Lys79, Lys84 or
Asp98 causes a large reduction in the degree of association between
IL-18Rp and the IL-18-IL-18Ra complex, suggesting that the residues
at site I1] are important for the ternary complex formation (Fig. 3d).
These IL-18 residues have charged side chains that form characteristic
positively and negatively charged surface patches (Fig. 2b,c).

DISCUSSION
Initially, the structural basis of the receptor activation by cytokine was
addressed for the growth hormone (GH} system!l. The crystal
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structure of the GH-receptor complex revealed that monomeric GH
binds to the boundary region between two fibronectin domains of the
receptor 1 in a phenomenon known as elbow recognition, then simul-
taneously facilitates the formation of a ternary complex inciuding
another receptor, receptor 2, through interactions between GH and
receptor 2, and between receptor 1 and receptor 2. It has been sug-
gested that formation of this ternary complex allows cross-phosphery-
lation of the cytoplasmic domains of receptors 1 and 2, a reaction that
is essential for GH-induced receptor activation. Such an activation
mechanism involving monomeric ligand and receptor homo- or
heterodimers having fibronectin domains seems to be widely
employed in many of the signaling systems that include hematopoietic
helical cytokines!-14.

In contrast to hematopoietic helical cytokines, those adopting
pB-trefoil folds, such as fibroblast growth factors (EGFs) and IL-1
(refs. 6,7,15), activate their receptors in different ways. The structure of
the signaling complex of FGF revealed thart the two Ig domains of each
receptor molecule interact mainly with the top of the p-barrel of the
cytokine, similarly to elbow recognition, forming a dimeric 2:2:2
FGF-FGFR-heparin ternary complex!®. In contrast, IL-1B exists as a
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Figure 3 Models for the complex of IL-18 and IL-18Ra, and interactions among iL-18, IL-18Ra and IL-18Rp. {a) Crystal structure of the complex of IL-1p
and IL-1R1 (PDB entry 1ITB). IL-1B residues in sites A and B are red and orange, respectively. (b) Modeled structure of the complex of IL-18 and IL-18Re.

IL-18 residues in sites |, Il and It are red, orange and blue, respectively. In a and b, the malecule on the right is viewed as rotated by 90" about the verticat
axis relative to the image on the left. (¢) Dose-response curves of surface plasmon resonance for wild-type IL-18 to imrnobilized IL-18Ra or to immobilized

{L-18RB. Concentration of wild-type IL-18 is also indicated. (d) Response curves of surface plasmen resonance for IL-18RB for to the complex of

immobilized IL-18Re with wild-type IL-18 or the site 1l mutant proteins.

monomer in solution, and the ligand-receptor stoichiometry for the
active IL-1f signaling complex is unclear. Thus, although the mecha-
nism of receptor activation by this cytokine remains to be characterized,
the structure of the IL-15-IL- 1R binary complex shows that the three
Ig domains of {L-1Rat embrace the ligand monomer interacting with the
top, the side and the bottom of the B-barrel of IL-1[ (refs. 7,16).

Our structural determination and mutagenesis of IL-18 suggest that
the mode of interaction between 1L-18 and IL-18R¢ is similar to that
seen in the IL-1B-IL-1Ret binary complex, and that residues Lys79,
Lys84 and Asp98 of IL-18 are important for binding of IL-18RB to the
binary complex. Although we cannot completely exclude the possibil-
ity, it seems improbable that these residues are directly involved in
homodimerization of 1L-18 to form the 2:1:1 complex of IL-18,
IL-18Rex and IL-18RB, because we did not observe any indications of
homodimerization of IL-18 by itself (such as significant line broaden-
ing and intermolecular NOEs) in the NMR spectra of IL-18 at a high
concentration {1-2 mM). Therefore, we assume that these residues are
involved in direct binding to IL-18Rf and thus that the active ternary
complex consists of a single IL-18 molecile. Future study needs to be
directed at establishing the role of site Ill-forming residues in the for-
mation of the active complex.
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The molecular architecture of IL-18 and its receptors shows marked
similarities to other IL-1 molecules and their receptors!”, The
residues of IL-1B (Lys77, Leu82 and Glu96), which correspond to the
site III-forming residues of IL-18, may analogously form an interfacial
surface with IL-1AcP and thus mediate its association with the
IL-1B-TE-1RI complex. This raises the possibility that mutation of
these residues of IL-18 or IL-1B might lead to the generation of 2 func-
tional antagonist for these signaling systems, because the mutant can
block one of the receptor molecules without activating it. Therefore,
the determination of IL-18 residues important for receptor activation
not only provides a molecular basis of receptor activations by the
members of the IL-1 cytokine family!#29, but also furnishes informa-
tion that can contribute to therapeutic approaches for IL-1
family-related diseases®2.,

METHODS

Sample preparation. The *N-labeled and *N-"*C-labeled wild-type IL-18
proteins were expressed as a glutathione S-transferase (GST) fusion protein.
After purification by affinity chromatography, the GST tag was removed by
digestion with Factor Xa. Sampies for NMR measurements typically consisted
of 1-2 mM protein in 50 mM Tris-HCl buffer (pH 6.0), 150 mM KCI and
10 mM DTT in H,0/D,0 (90%:10%) or D,0.
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Table 2 Summary of restraints and structural statistics

NOE distance restraints

Total 2,289
l1=A=0 646
Ji=j=1 603
22~ 4<5 239
li-pz5 801
Dihedral angle restratnts
¢ 111
") B9
x1 10
Hydrogen bonds? 50
Energies {kcal moi-1)®
Eroral 93.9£0.85
E -590+ 17
Maximum viclation
Distance {A) 0.24
Angle {°) 0.94
R.m.s. deviation trom ideal geometry
Bonds (A} 0.0011 % 0.00006
Angles (°) 0.2831 + 0.0023

Improper (°) 0.1193 +0.0054

Coordinate precision (residues 1-157)

Backbone (A) 0.940

Heavy (A) 1.442
Coordinate precision (residues 2-33, 43-157)

Backbone (A) 0.570

Heavy (A) 1.147
Ramachandran statistics {residues 1-157}

Most favored (%) 78.5

Additionally (%) 18.9

Generously (%) 1.9
Disallowed (%) 0.7

Statistics are calculated for 20 of the lowest-energy structures of 100
calculated.

"Two distance restraints per hydrogen bond were used, providing a total of 100 restraints,
dThe defautt parameters and force constants of protein-ailhdg.param and anneat.inp in

CNS 1.1 were used lor calculation. “The Lennard-Jones van der Waals energy was not used in
the structure calculation.

A total of 50 mutant IL-18 proteins were prepared in the same manner as
that of wild-type protein, in which each amino acid was replaced by alanine or
glycine. Residues to be mutated were selected considering sequence alignments
with JL-1 and IL-18 family members, comparison of the structures of IL-18,
IL-1B (PDB entry 211B) and the IL-1B-IL-1RI complex (PDB entry !ITB),
and previously reported mutagenesis data for IL-1 molecules?2,

NMR spectroscopy. All NMR spectra were acquired at 303 K on a Bruker
DMX500, DRX500 or DRX800 NMR spectrometer. For assignment of the 'H,
13C and 3N resonances of the backbone and the side chains, a series of three-
dimensional experiments were conducted?®. The stereospecific assignment of
methyl groups of the valine and leucine residues was carried out as described??.
Distanee restraints were cbtained from *N-15N-, YN-13C- or 1*C-*3C-resolved
4D NOESY experiments with a mixing time of 100 ms (ref. 23).

Structure calcutation. The obtained main chain resonance assignment indi-
cated the presence of a minor conformation at or around the segrment between
strands 53 and 54, possibly as a result of cis-trans isomerization of the
Ala42-Pro43 peptide bond. Differences of 'H and 3N chemical shifts between
the major and minor conformations are relatively small. We obtained structure
restraints for only the major conformation. Initially, structure calculation and
NOE peak assignment were done in an iterative and manual manner using
DYANA (version 1.5)%5, Backbone 1orsion angle restraints were derived from
Y@ of HNHA?® and TALOS?, The torsion angles %1 of Phe30, Phed?,
Phe52, Phe3, Phel0l, Phel02, Phell5, Phel2d4, Phel5l1, Tyr52 and His109
were estimated from 3] - and ¥y coupling constanis?’. After determining the
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global fold manually, the CANDID algorithnt was used to assign the remaining
NOE peaks?, vielding 2,289 meaningful NOE upper distance restraints, With
these restraints, final structures were calculated using CNS (version 1.1)%, At
this stage, hydrogen bond restraints from the slowly exchanging backbone
amides were added as distance restraints 0f2.8—3.4 A for N~O and 1.8-2.4 A for
HN-0 atom pairs, respectively. Non-stereospecifically assigned protons were
treated as floating chirality and T (##)7" sum. A total of 100 structures were
refined, and the 20 lowest-energy structures were analyzed using MOLMOL*®,
AQUA and PROCHECK-NMR software® (Table 2).

IEN-y induction and receptor binding assay. We prepared the following
mutants of IL-18: Y1G, F2A, K4A, L5A, E6A, K8A, R13A, L15G, N16A, D174,
D23A, R274A, E31A, M334, D35A, R39A, D40A, MS1G, K33A, D54A, R58A,
MB60A, K67A, E69A, K704, E77A, K79A, K84A, EB5A, DI0A, K93A, DA,
K964, D9BA, R104A, D110A, K112A, E121A, E128A, E130A, D132A, F134G,
K135A, K139A, K140A, E141A, E143A, R147A, V153G and D157A. The wild-
type and mutant IL-18 proteins were examined for their ability to induce IFN-
¥ production at 37 °C as described®. For each of the mutants that showed
substantial reduction in activity, N-labeled proteins were prepared and the
'H.15N-¢correlation spectrum at 30 °C was cornpared with that of the wild-type
IL-18, All these mutants showed no evidence of mutation-induced disruptions
of the native fold. The stability of the wild-type and mutant proteins, F2A,
M334, D354, M60A, K79A and D98A, was further examined by measuring
their circular dichroism spectra at 37 °C. Results suggest that the structural sta-
bility of these mutant proteins, except that of F24, is similar to that of the wild-
type protein at this temperature. Mutant F2A was omitted from the additional
studies because of the possible destabilization of the structure,

It vitro affinities of the wild-type and mutant IL-18 for IL-18 receptors were
measured at 25 °C by surface plasmon resonance experiments using BIA-
CORE3000 (Pharmacia Biosensor AB). A specific binding surface was prepared
by coupling the anti-human 1gG Fc antibody (Rockland) to a CMS sensor chip
by the amine coupling method. Then, the recombinant IL-18Ro-Fe or
IL-18RP-Fc chimera proteins (R&D Systems) were immobilized on chips. The
coupling density was limited to 200 resonance units (RU). Samples of IL-18
were diluted in HBS-EP (10 mM HEPES, pH 7.4, 150 mM NaCl, 3.0 mM
EDTA, 0.005% (v/v) surfactant P-20). For the dissociation constant analysis of
the wild-rype and mutant [L-18 proteins to IL-18Ra, different amounts of the
samples were injected over the sensor ¢hip at 2 pl min™! until the equilibrium
phases were obtained. The sensor surface was regenerated by two 60-s pulses of
0.2 M glycine-HCl, pH 1.5. Dissociation constants were determined by
Scatchard plot analysis. For evaluation of the trimeric complex—forming abili-
ties, the IL-18 proteins were first passed over the sensor chips until the IL-18Ro
binding sites were saturated, and then the sarne amount of the IL-18 proteins
mixed with the IL- 18R} protein (3.12-100 nM} was injected.

Modeling. Modeling of the IL-18 and IL-18Rex complex is based on the struc-
ture of JL-18 and the crystal structure of the IL-1B-IL-1RI complex (PDB entry
LITB). The MOE (hrtp://www.chemcomp.com) was used for model construc-
tion and structure verification. The coordinates of the NMR structure of IL-18
and the modeled structure of IL-18Rat were superimposed on the IL-1B-IL-1RI
cornplex. The IL-18-IL-18Rct complex model was refined by the molecular
dynamics calculation of 70 ps at 300 K with the AMBER 5.0 package
{http://www.amber.ucsf.edu) using the all-atom force field. The final structure
was additionally energy minimized.

Coordinates. Coordinates have been deposited in the Protein Data Bank (acces-
sion code 17053,
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@7 Interleukin-18 is associated with the severity of atopic
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ABSTRACT

Background: Interleukin (IL)-18 acls as both a Thil
and Th2 cytokine, but its association with allergic dis-
eases remains unclear. The aim of the present study
was to measured plasma IL-18 and serum IgE levels in
atopic children to evoluate how IL-18 is associated
with allergic diseases.

Methods: The plasma IL-18 and serum IgE levels in
51 atopic children, 28 healthy control children and 14
healthy control adults were measured by enzyme-
linked immunosorbent assay (ELISA). The 5’ end of the
IL-18 gene of 48 atopic children and 20 healthy
contro] children was sequenced.

Results: The plasma IL-18 level was significantly ele-
vated in children with bronchial asthma and/or atopic
dermatitis. Plasma [L-18 levels in the mederate or
severe otopic dermatitis group were significantly
higher than those in either the control group or the
mild atopic dermatitis group. There waos a positive cor-
relation between plasma IL-18 and serum IgE levels.
Three allelic combinations of polymorphisms in the
IL-18 gene promoter region were observed. There was
no significant difference in the plasma IL-18 levels
between groups carrying these genotypes. However,
bronchial asthma patients had significantly higher fre-
quencies of the =137 G/G genotype than did control
children.

Conclusions: The plasma IL-18 level was elevated,
porticularly in potients with otopic dermatitis. As the
clinical severity of atopic dermatitis increased, the
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plasma IL-18 level also tended to increase. These find-
ings suggest that IL-18 may be associated with the
severity of atopic dermatitis.

Key words: atopic dermatitis, bronchial asthma, IgE,
interferon-y, interleukin-18, interleukin-18 promoter.

INTRODUCTION

Interlevkin {IL}-18, originally known os an intedferon
(IFN)-y-inducing factor (IGIF), is a recently cloned
cytokine secreted by Kupffer cells of the liver and activated
macrophages.! interleukin-18 strongly enhonces FN-y
preduction by T cells, natural killer cell cyfotoxicity and
T cell proliferation. Moreover, recent studies have dem-
onstrated that HL-12, which is also known as an IFN-y-
inducing factor, and IL-18 exert a synergistic effect on
IFN-y production by T cells.23

Interleukin-18 is a proinflammatory cytokine. Its
increased production was observed in the acute phase of
experimental autoimmune encephalomyelitis (EAE}* and
antibodies to IL-18 could prevent EAE in Lewis rats.’
In humans, IL-18 expression has been observed in Th1-
mediated chronic inflammatory diseases, such as Crohn’s
disease,® rheumatoid arthritis” and acute infectious
mononucleosis.? Incrensed serum or plasma IL-18 levels
have been observed in severe melioidosis,? hemo-
phagocytic lymphohistiocytosis'® and multiple sclerosis.'!
Increased IL-18 levels in cerebral spinal fluid have
been observed in bacterial meningitis'? and multiple
sclerosis.!!

However, how IL-18 is associated with allergic dis-
eases remains unclear. We have reported previously thot
the serum IgE level was negatively correlated with IFN-y
production by phytohemagglutinin  (PHA)-stimulated
peripheral blood mononuclear cells (PBMC)."? The IFN-y

28
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production by IL-12-stimulated PBMC in the atopic group
was lower than that in the control group and the serum
IgE level was negatively correlated with iFN-y production
by IL-12-stimulated PBMC.' One of the reasons for this
was that reduced IFN-y production following iL-12 stimu-
lation was associated with heterozygous IL-12RB2 muta-
tions in atopic patients.’® The presence of abnormalities
not only in the IL-12, but also in the IL-18, signal trans-
duction pathway could be assumed in atopic patients.
However, recently there have been some reports that
IL-18 is also associated with Th2 reactions.¢'? Nakan-
ishi et ol. reviewed the dual regulatory roles of IL-18 in the
immune system; that is, IL-18 regulates not only the Th]
pathway, but also the Th2 pathway.2°

In the present study, we found a correlation between
the plasma IL-18 level and the severity of atopic derma-
titis in children.

METHODS
Patients and control subjects

All patients and healthy volunteers were recruited from
the Department of Pediatrics, Gifu University School of
Medicine, and informed consent was obtained from all
subjects or their parents. Fifty-one children with allergic
diseases, particularly atopic dermatitis and bronchial
asthma, 28 heclthy control children and 14 healthy
control adulis were studied. Seventeen patients had
bronchial asthma only (eight patients were in the no
asthmo attack phase, nine patients were in the asthmao
attack phase), 18 patients had atopic dermatitis only
and 16 patienis had both bronchial asthma and atopic
dermatitis. The diagnosis of atopic dermatitis was made
according to the criteria of Henifin,2' whereas that of
bronchial asthma was mode cccording to the criteria
of the American Thorocic Society.?? The severity of
atopic dermatitis was evaluated based on the criteria
of Rajka and Langelond.” The serum IgE levels, age
and sex of the study subjects are listed in Table 1. The

healthy controls did not have a history of atopic diseases
and their serum IgE levels were within normal limits for
their oge. They were healthy and free of acute infection
at the time of testing.

Ploesma and cell preparation

Plasma ond leukocytes were seporated from the
heparinized blood of control donors and patients. All
plasma samples were stored at ~30°C until assay.

Interleukin-18 assay

Plasma IL-18 levels were measured with a human IL-18
enzyme-linked immunosorbent assay {ELISA) kit (Medical
& Biologicol Laboratories, Nagoya, Japan); the lower
detection limit was 12.5 pg/mL.

IgE assay

Plasma or serum IgE levels were determined by chemi-
luminescent enzyme immunoossay. Plasma IgE values
were regarded as serum IgE levels. Specific IgE anti-
bodies for house dust, Dermatophagoides, hen egg and
cows’ milk were measured with a fluoroenzyme immuno-
assay by means of a Uni-Cap ossay kit {Pharmacia,
Uppsala, Sweden). Scores of 3+ to 6+ were considered
positive.

Sequencing of the 5’ end of the IL-18 gene

Genomic DNA was extracted from leukocytes using a
SepaGene {Sanko Junyaku, Tokyo, Japan). A 1492 bp
fragment of the IL-18 gene was omplified by polymerase
choin reaction (PCR) using primers 5'-TTGATCCCACT-
TCGTGCTITCA-3' ond 5'-CCTTTCCTCTTCCCGAA-
GCTGT-3". Conditions for the PCR were 40 cycles of
24°C for 1 min, 44°C for 1 min and 72°C for 2 min.
DNA was purified using geneclean I (BIO 101,
Carlsbad, CA, USA) and used for big dye terminator
bidirectional sequencing (Applied Biosystems, Foster

Table 1 Subject characteristics
Control Bronchiol Alopic Atopic dermatitis +
Adults Children asthma dermatitis bronchial asthma
No. subjects 14 28 17 18 16
Age {years) 339294 4B=+44 8.1 x4 492446 5.1=38
Sex [males/females) 5/9 16/12 14/3 13/5 10/6
IgE-{tU/ml} 8-140 5-110 24-2400 11-11 000 18-5400




City, CA, USA). Primers 5'-CCCTTCCTAGCAAAG-
TAATAC-3', 3'-GAATAATCAGTCCTATIGGGG-S', 5'-
CCAATAGGACTGATTATTCCGCA-3' and 3'-AGGAG-
GGCAAAATGCACTGG-5 were used for sequencing on
approximate 700 bp fragment upstream of the known
IL-18 ¢DNA sequence. For the position —607 specific
PCR, a common reverse primer 5'-TAACCTCATTCAG-
GACTTCC-3' and two sequence-specific forward primers
5'-GTTGCAGAAAGTGTAAAAATTATTAC-3' and 5'-
GTTGCAGAAAGTGTAAAAATTATTAA-3' were used. For
the position =137 specific PCR, a common reverse
primer 5-AGGAGGGCAAAATGCACTGG-3' and two
sequence-specific forward primers 5-CCCCAACTTT-
TACGGAAGAAAAG-3' and 5'-CCCCAACTTTTACG-
GAAGAAAAC.3' were used. Each PCR was performed
with rTag {Takara Shuzo, Shiga, Japan) and the condi-
tions for PCR were 40 cycles of 94°C for 1 min, 64°C
for 1 min and 72°C for 1 min. Products separated by
2% agarose gel electrophoresis were visualized by stain-
ing with ethidium bromide.

Statistical analyses

The significance of differences between two groups was
onalyzed by the Mann-Whitney U-test. The significance
of differences between multiple groups was evaluated
by the Kruskal-Wallis test and further analysis was
performed by the Bonferroni/Dunn test. Spearman’s
correlation coefficient (R} was used to calculate the
correlation between two variables. The frequencies of
alleles were compared through the use of 2 statistics.
Statistical significance was assumed for P < 0.05.

RESULTS

Mean (£ SD) plasma IL-18 levels in patients with allergic
diseases (394 = 220 pg/ml), healthy control adults
{201 = 79 pg/ml) and control children (174 + 87 pg/
ml) are shown in Fig. 1a. We found significantly higher
levels of plasma IL-18 in patients with allergic diseases
(P < 0.0001) than in healthy control children. There was
no significant difference in plasma IL-18 levels between
healthy control adults ond healthy control children.

In the present study, we particularly investiaged bron-
chial asthma ond atopic dermatifis as representative
allergic diseases in children. Mean {+ SD) plasma IL-18
levels in patients with bronchial asthma {324 = 122 pg/
ml), atopic dermatitis (508 = 238 pg/ml) and atopic
dermatitis and bronchial asthma (338 + 236 pg/ml)
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Fig. 1 (o) Comparison of plasma interleukin {IL)-18 levels in

control adults, control children and children with allergic
disease. Plosma IL-18 levels in children with aollergic disease
wera significantly higher than those in healthy control children.
{b) Comparison of plasmo IL-18 levels in control children and
children with brenchial asthma, atopic dermatitis and atopic
dermuofitis plus bronchial osthma. Plasma IL-18 levels in chil-
dren with bronchiol esthma, otopic dermotitis and atopic
dermatitis plus bronchial asthma were significantly higher than
those of healthy control children,

are shown in Fig. 1b. We found significantly higher
tevels of plasma iL-18 in the bronchial asthma group
{P < 0.0001), the otopic dermatitis group (P < 0.0001)
and the atopic dermatitis and bronchial asthma group
{P = 0.0023} compared with healthy contrel children.
Furthermore, the plasma IL-18 level of the atopic derma-
titis group was particulorly high. The atopic dermatitis
group has significantly higher levels of plasma IL-18 than
the bronchial asthma group (P = 0.01). There was no
significant difference in plasma IL-18 levels between the
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acute phase (323 = 153 pg/ml) and non-acute phase of
osthma {325 =+ 85 pg/ml).

Figure 2a,b shows the plasmo IL-18 and serum IgE
levels of each group classified according to the severity of
atopic dermatitis with or without bronchial asthma.?
Using the Kruskal-Wallis test, we found significant differ-
ences in levels of plasma IL-18 [P < 0.0001) and serum
IgE (P < 0.0001) between groups of patients classified
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occording to the severity of atopic dermatitis. Further
analysis using the Bonferroni/Dunn test was performed
for comparisons among groups. Plasma IL-18 levels in
the moderate or severe atopic dermatitis group were
significantly higher than those in either the control group
or the mild atopic dermatitis group. Serum IgE levels in
the severe ctopic dermatitis group were significantly
higher than those in the other groups and serum IgE
levels in the mild and moderate atopic dermatitis groups
were significantly higher than those in the control group.
Figure 2¢ shows the relafionship between plasmo IL-18
and serum IgE levels in healthy controls and patients.
It was reported that serum IL-18 levels in N¢/Nga mice
tended to be negotively correlated with serum IgE
levels?* but, in the present study, there was a positive cor-
relotion between plasma IL-18 and serum IgE levels
(R = 0.472; P < 0.0001). Three patients (P1, P2, P3)
had higher plasma IL-18 levels more than the control
group + 25D, but their serum IgE levels were within
normal limits for their age. These three patients were also
negative for specific IgE.

We analyzed the 5' end of the IL-18 gene sequence in
48 allergic patients and 20 healthy control children. Five
single-nucleotide polymorphisms were detected. Two are
located in the 5'-untransioted region of the IL-18 gene
and three are located in the promoter region. Three
allelic combinations of the polymorphisms observed in
the Japanese populations were the same as those found
in the Swedish population?® (Table 2). Figure 3 shows the

Fig. 2 (a) Relotionship between plasma interdevkin (IL}-18
levels ond severity of atopic dermatitis. Plosma IL-18 levels in the
moderate or severe otopic dermatitis group were significontly
higher than those in the control group or mild atopic dermatitis
group {mild (n = 14) 257 = 95.9 pg/ml; moderate {n = 12)
549 + 226 pg/ml; severe [n = 8) 595 = 302 pg/ml). {b) Rela-
tionship between serum IgE levels and the severity of atopic
dermatitis. Serum IgE levels in the severe atopic dermatitis group
were significantly higher than those in the other groups and
serum IgE levels in the mild ond moderate atopic dermatitis
groups were significantly higher than those in the conirol
group [mild {n = 14) 1320 = 3030 IU/mL; moderate h=12)

1250 2 1660 [U/ml; severe {n=8) 5020 + 3600 It/mL).

(c} Relationship between plasma IL-18 levels ond serum IgE
levels in healthy controls and patients. Plasma IL-18 levels were
significantly and positively correlated with serum IgE levels
{R = 0.472; P < 0.0001). Arrows indicate pafients with high
plasma IL-18 levels, but low serum total IgE levels; they were
also negative for specific IgE (patient 1, patient 2, patient 3).



Table 2 Ploymorphisms at the 5" end of the interdeukin-18
gene

Paosition
-656 607 137 +113  +127
Allele 1 G C G T C
Allele 2 T A C G T
Allele 3 T A G T C
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Fig. 3 Relationship between levels of plasma interleukin {IL}-
18 and genotypes of the 5" end of IL-18 gene polymorphisms in
atopic patients and healthy control children. There was no sig-
nificant difference (P = 0.3596) between these groups (1/1
{n = 14) 365 = 246 pg/mL; 1/2 (n = 8) 252 = 121 pg/ml;
1/3 (n =21) 408 = 282 pa/ml; 2/2 (n=0); 2/3 (n=7)
267 £ 143 pg/ml; 3/3 (n = 18) 336 = 217 pg/ml}.

Table 3 Genotype frequencies in 48 allergic patients and
20 healthy control children

Genotype Control Allergic patienis
N 2 12
1/2 4 4
1/3 7 14
2/2 0 0
2/3 3 4
3/3 4 14
P 0.355%
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plasma IL-18 levels of children with different combina-
tions of alleles. Children with the genotype 1/1 and 1/3
showed a relatively higher mean level of plasma IL-18
(1/1, 365 = 246 pg/mlL; 1/3, 408 = 282 pg/ml). How-
ever, there was no significant difference between these
groups (P = 0.3596). Table 3 shows genotype frequen-
cies of the IL-18 promoter region in allergic patients and
healthy control children. There were no significant differ-
ences. Further analysis was performed for comparisons
omong allergic patients and healthy control children at
position -137 of the IL-18 promoter region. Table 4
shows the frequencies of single nucleotide polymorphism
-137 G/C of the iL-18 promoter region in ollergic
patients and healthy control children. Bronchial asthma
patients had significantly higher frequencies of the —137
G/G genotype than did control children.

DiscussioN

Interleukin-18 was initially identified as a strong inducer
of a Th1-mediated cytokine, IFN-y, and this function is
synergistically performed with IL-12.2¢ Moreover, IgE
suppression had been thought as the result of IFN-y
induction by IL-18 because the serum IgE level was
negatively correlated with the amount of IFN-y secreted
by the PBMC of otopic patients.’* However, it was
reported that IL-18 levels in the sera of adult patients
and in atopic dermatitis model mice (Nc/Nga} were
elevated.? In the present study, we showed that the
plasma IL-18 levels increased significantly in children
with allergic diseases, porticulerly atopic dermatitis.
Tanaka et al. reported that the serum IL-18 level may
reflect asthma disease activity,?” but we found no signif-
icant difference in plasma IL-18 levels between the acute
and non-acute phases of asthma in the present study. In
contrast with patients with bronchial asthma, the plasma
IL-18 levels of patients with ctopic dermatitis tended to
increase as the severity of the disease increased.

Table 4 Frequencies of single nucleotide polymorphism —137 G/C of the interleukin-18 promoter region in pafients and healthy

control children

Genotype Control Allergy Bronchial asthma Alopic dermatitis ~ Atopic dermatitis +
(n =20 (n = 48) (n=14) {h =18} bronchial asthma
(n = 18)
G/G i3 40 14 : 15 1
G/C 7 8 0 3 5
c/C 0 0 0 o 0
P 0.0967 0.0130 0.2000 0.8125
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Why is the IL-18 level elevated particularly in potients
with bronchial asthma and severe and modercte atopic
dermatitis? One of the possible reasons is the association
with lipopolysaccharide {LPS) or endotoxin. Jorgensen
etol. reported that, in leukocytes from patients with
atopic dermatitis, bacteria and endotoxin induce the
release of basophil histamine.? Recently, it was reported
that endotoxemia was associated with elevations in the
plasma IL-18 level in infections after acute lung injury.?
Seki et al. reported that IL-18 secrefion is mediated by
activation of endogencus caspase-1 without de nove
protein synthesis after stimulation with LPS.%° El-Mezzein
et ol. reported an increase in the secretion level of IL-18
by LPS-stimulated PBMC of patients with bronchial
asthrma or atopic dermatitis.?! Therefore, LPS and endo-
toxin could be associoted with caspase-1 activity and
IL-18 secretion in otopic dermatitis.

The second possible reason is differences in iL-18
promoter activity emong IL-18-producing cells in the
patients. Vilmantas et of. reported that olleles 1 and 3 of
IL-18 promoter region polymorphisms showed a higher
transcriptional activity thon allele 2, os determined by
luciferase assay using transfected human Hela 229 cells
that were stimulated with phorbol myristate acetote and
ionomicin.?® A change from C to A ot position -607
disrupts a potential cAMP-responsive element binding
protein binding site. A change from G to C at position
-137 changes the H4TF-1 nuclear foctor binding site to a
binding site for an unknown factor found in the granulo-
cyte-macrophage colony stimulating foctor promoter.?
In the present study, children with the genotype 1/1 and
1/3 showed a relatively higher average level of plasma
1L.18, but the association of plasma 1L-18 level with poly-
morphisms of IL-18 promoter clleles and their frequen-
cies was not significant. However, the -137 G/G
genotype had a significantly higher freguency in bron-
chial asthma patients than in control children. Therefore
although the number of subjects is too small to conclu-
sively determine the associotion between plasma IL-18
and these polymorphisms, we can speculate thot alleles 1
and 3, which had G at position =137 of the iL-18 pro-
moter region, may offect the allergy state through IL-18.

Another possibility is the existence of abnormalities in
the signal transduction pathway of IL-18. Matsui et al.
reported that IL-12RB2 mutations resulted in a decrease
of IFN-y production.'® Similarly, Shikano et of. reported
thot, in several atopic patients; IFN-y production was not
induced sufficiently by IL-18, but it was induced suffi-
ciently by phytohemagglutinin or IL-12.3? |n our recent

study on the IL-18 receptor, 950delCAG in the IL-18Ra
chain ¢DNA was found to be ossociated with reduced
IFN-y production and a high serum IgE level in atopic
patients.®* Mihl ef ol. reported that IFN-y upregulated the
expression of IL-18 binding protein, which is an inhibitor
of IL-18 activity, suggesting a-negative feedback mecha-
nism between 1L-18 and IFN-y.3 Therefore, obnormali-
ties of IL-18 signal transduction to IFN-y production and
the impairment of the negative feedback mechanism may
induce the increase in plasma IL-18 levels.

How is IL-18 asseciated with exacerbation of atopic
dermatitis? Atopic dermatitis is a chronic inflammatory
skin disease, with remissions and exacerbations. It is
generally known that serum IgE levels are elevated in
80% of patients with atopic dermatitis?®3¢ and the severity
of atopic dermatitis highly correlates with the levels of
serum IgE.* In the present study, as the clinical severity
of atopic dermatitis increased, the serum IgE and plasma
[L-18 levels tended to increase. Moreover, the plasma
IL-18 levels were significantly correloted with serum IgE
levels. Yoshimoto et al. showed that, in the presence of
IL-3, IL-18 induces basophils and mast cells to release
large amounts of Th2 cytokines both in vitro and in vivo.'®
Moreover, IL.-18 clone has the copacity to induce IgE
accumulation in vivo.'®? Therefore, IL-18 may be associ-
ated with allergic diseases, particularly atopic dermatitis
exacerbation through IgE production,

It is interesting that three patients (P1, P2, P3) had high
plasma IL-18 levels, but low serum total IgE levels; they
were also negative for specific IgE. In fact, many allergic
patients have low serum total IgE levels and specific IgE
levels. It has been reported that 20% of atopic dermatitis
potients with typical eczema have normal serum IgE
levels.?'%” Yoshimoto et al. reported that IL-18 could
directly stimulate histamine release by basophils.'®
Recently, Tsutsui et al. also reported that keratinocyte-
caspase-} transgenic/signal transducers and activators
of transcription (STAT} é-deficient mice developed atopic
dermatitis without IgE production ond their serum IL-18
levels were high.®® Moreover, Yagi et al. recently reported
that STAT6-deficient NC/Nga mice showed development
of otopic dermatitis, although these mice failed to
produce IgE and IL-18 had been highly expressed at the
skin lesions.® Interleukin-18 may participate in atopic
dermatitis exacerbation by histamine production from
basophils or mast cells without 1gE production.

In the present study, we found that the plasma IL-18
level wos elevated in children with bronchial asthma
and otopic dermatitis. The plasma IL-18 level showed a



positive correlation with serum IgE levels, Furthermore,
we showed thot the plasma IL-18 level correlated with the
clinical severity of atopic dermatitis. Interlevkin-18 has
dual roles in the Th1/Th2 system depending on condi-
tions, such os the existence of antigens or other cytakines,
including 1L-10.%° Further studies of cytokine profiles in
allergic diseases and analysis of gene polymorphisms of
IL-18 ond IL-18-related molecules (IL-18Ra, 1L-18RB,
MyD88, IL-1 receptor-gssociated kinase ([RAK), TNF
receptor-ossocioted factor (TRAF) &) are important in
order to clarify the asscciation of IL-18 with atopic
diseoses. 443
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