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IL-1 Receptor-Associated Kinase 4 Is Essential for
IL-18-Mediated NK and Thl Cell Response$

Nobutaka Suzuki,* Nien-Jung Chen,* Douglas G. Millar," Shinobu Suzuki,* Thomas Horacek,*
Hiromitsu Hara, * Denis Bouchard,* Kenji Nakanishi,® Josef M. Penninger: Pamela S. Ohashf,
and Wen-Chen Yelt*

IL-18 is an important cytokine for both innate and adaptive immunity. NK T cells and Thl cells depend on IL-18 for their
divergent functions. The IL-18R, IL-1R, and mammalian Toll-like receptors (TLRs) share homologous intracellular domains
known as the TLR/IL-1R/plant R domain. Previously, we reported that IL-1R-associated kinase (IRAK)-4 plays a critical role in
IL-1R and TLR signaling cascades and is essential for the innate immune response. Because TLR/IL-1R/plant R-containing
receptors mediate signal transduction in a similar fashion, we investigated the role of IRAK-4 in IL-18R signaling. In this study,
we show that IL-18-induced responses such as NK cell activity, Th1l IFN-production, and Th1l cell proliferation are severely
impaired in IRAK-4-deficient mice. IRAK-4 ~~ Th1 cells also do not exhibit NF«xB activation or | kB degradation in response to
IL-18. Moreover, AP-1 activation which is triggered by c-Jun N-terminal kinase activation is also completely inhibited in IRAK-
4=/~ Th1 cells. These results suggest that IRAK-4 is an essential component of the IL-18 signaling cascadghe Journal of
Immunology, 2003, 170: 4031—-4035.

ates both IFNy production by Th1l cells and NK cell activity and p38 mitogen-activated protein kinase.
and acts synergistically with IL-12 to potentiate these re- Because of the TIR domain in the cytoplasmic tail, the IL-18R
sponses (1-3). IL-18 exerts its effects via the IL-18R, a het-signaling pathway may resemble that of IL-1R or TLRs. Indeed,
erodimeric complex consisting of a ligand-bindiagchain (IL- through gene targeting studies, MyD88 and IRAK-1 have been
18Ra/IL-1R-related protein) and an associatipghain (IL-18R3/ shown to play a role in IL-18 signaling (6, 9, 14). MyD88 has been
accessory protein-like) (2, 4). IL-18Rcontains an evolutionarily  shown to interact with the IL-18R complex and IRAK-1, and IL-
conserved domain called the Toll-like receptor (TER)-1R/ 18-induced IFNy production and NK cell activity are impaired in
plant R gene (TIR) domain, a cytoplasmic region homologousMyD88-deficient mice (6). Moreover, IL-18-activated NB- and
among the IL-1R and mammalian TLRs (4). JNK are completely blocked in MyD88-deficient cells. Interest-
The signal transduction pathways mediated by IL-1R and TLRdngly, IRAK-1-deficient mice exhibit only a partial impairment of
are very similar (5). Upon specific ligand binding, these receptordNF-«B activation and JNK induction, but decreased IFNxpres-
associate with the adaptor protein myeloid differentiation factor 88sion in IL-18-challenged Thl cells as compared with wild-type
(MyD88) (6—38), which recruits IL-1R-associated kinases (IRAKSs) controls (9). In vivo induction of NK cytotoxicity by IL-18 is also
(5, 9-11) to the receptor complex. IRAKs then associate withimpaired in IRAK-1"/~ mice (9).
TNFR-associated factor 6 (12, 13) to trigger downstream signaling Because IL-18 signaling is not completely abolished in cells
pathways, which ultimately lead to the activation of MB-and lacking IRAK-1, some other molecules similar to IRAK-1 may
also be involved in the signaling cascade. Recently, our group
*Advanced Medical Discovery Institute, University Health Network and Department g_enerated IRAK-4-deficient mice ar_]d Observed that in vivo and in
of Medical Biophysics;Ontario Cancer Institute and Departments of Medical Bio- Vitro responses to IL-1, LPS, and various TLR ligands are profoundly
ph)I/SéQS é;nd,lmmuzollr%gy, aﬁ;wniVPIJrii_ty Hetalthf'\#etwozk agd Dcetpar(tjm?nts O(f:Medc; _impaired in IRAK-4 = mice and cells (5). These mice exhibit no
o Bophysis e Immunology, LSty of Jerert. Toront, Ontar, G210 residual cytokine production or NIB activation i response o 1L,
Institute for Advanced Medical Sciences, Hyogo College of Medicine, Nishinomiya, nor any residual cytokine production upon LPS or TLR ligand stim-
Hyogo, Japan ulation (5). Because these results suggest that IRAK-4 may occupy an
Received for publication December 18, 2002. Accepted for publication Februawimportant position in TIR-containing receptor signaling, we analyzed
10, 2003. the role of IRAK-4 in IL-18 signaling using IRAK-4-deficient Thl
The costs of publication of this article were defrayed in part by the payment of Pageynd NK cells in this study. Our results showed that IRAK-4 is the

charges. This article must therefore be hereby masd@rtisement in accordance - X X R
with 18 U.S.C. Section 1734 solely to indicate this fact. critical factor for IL-18-induced signaling pathways.

I nterleukin-18, a member of the IL-1 cytokine family, medi- various stress kinases, including c-Jun N-terminal kinase (JNK)
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protocol. The purity of CD4™ T cellsin different preparations was ~95%.
Enriched CD4* T cells were activated with immobilized anti-CD3 mAb
(145-2C11; BD PharMingen), which was coated overnight onto 24-well
plates at 3 wg/ml. Thl differentiation was induced by addition of 10 ng/ml
IL-2 (R&D Systems, Minneapolis, MN), 5 ng/ml IL-12 (R&D Systems),
and 5 pg/ml anti-1L-4 Ab (BD PharMingen) in RPMI medium with 10%
FCS. For Th2 cell differentiation, supplementing culture medium with 10
ng/ml 1L-2, 5 ng/ml IL-4 (R&D Systems), and 5 ug/ml anti-IFN-y Ab plus
anti-1L-12 Ab (BD PharMingen) was added to CD4" T cells. After 6 days, the
cytokine profile of Thl or Th2 cells was determined by plating the cellsat 2 X
10° cells/well in 96-well plateswith 5 ug/ml PMA and ionomycin, and culture
supernatants were collected after 24 h for cytokine detection by ELISA.

Cytokine detection

IFN-y and IL-4 in serum samples and culture supernatants were deter-
mined by using commercially available ELISA kits (Genzyme, Cambridge,
MA), and recombinant cytokines provided by the manufacturer were used
as standards.

Cell proliferation assay

Thi cells were plated in 96-well plates at 10° cells/'well and treated with
different cytokines for 24 h. [*H]Thymidine (1 wCi/well) was then added
for 8 h, and radioactivity incorporated in dividing cells was measured using
a Topcount Microplate scintillation counter (Packard, Meriden, CT).

Generation of activated splenocytes and their in vitro response
to IL-18

Spleens were harvested from IRAK-4-deficient mice and heterozygous lit-
termates and transferred to medium (RPMI 1640 supplemented with 10%
FBS, 50 uM 2-ME, 2 mM L-glutamine, 0.1 mM nonessential amino acids,
50 U/ml penicillin, and 50 pg/ml streptomycin). Spleen cells were dis-
persed by grinding the spleen between two frosted glass slides. After fil-
tration of the ground spleen through a cell strainer, RBCs were removed by
hypotonic lysis. Spleen cells (4 X 10° cells/ml) were washed with medium
and stimulated with immobilized anti-CD3 mAb (1 ug/ml) for 3 days.

THE ROLE OF IRAK-4 IN [L-18 SIGNALING

Cells were washed with medium, transferred to a 24-well plate (1 X 10°
cells/well), and incubated with varying concentrations of murine IL-18 in
the absence or the presence of 10 ng/ml murine IL-12 for 24 h. Culture
supernatants were collected and assayed for IFN-y production by ELISA.

Western blot analysis

Western blots of cell extracts were prepared and incubated with anti-1xB
Abs (New England Biolabs, Beverly, MA) or anti-p-actin Ab (Fisher Sci-
entific, Pittsburgh, PA). Protein bands were visualized using secondary
HRP-conjugated Abs and the ECL detection system (Amersham Pharma-
cia, Piscataway, NJ).

Gel mobility shift assay

Cell extracts were prepared from Thl cells following treatment with either
10 ng/ml mouse IL-18 (R&D Systems) or 10 ng/ml mouse TNF-a (R&D
Systems). Nuclear extracts were harvested from IL-18-treated and control
Thl cells according to previously described protocols (5). The Bio-Rad
(Hercules, CA) protein assay was used to adjust for equal amounts of nu-
clear or cytoplasmic proteinsin each sample. Nuclear extracts were assayed by
gel mobility shift assay, as previoudy described (5). Nuclear extracts were
incubated with an end-labeled, double-stranded NF-«B- and A P-1-specific oli-
gonucleotide probe, and the reaction and gel fractionation were performed
according to previously described protocols.

NK cytotoxic assay

Mice were injected i.p. daily with PBS alone as controls or PBS containing
1 pg of 1L-18 for two consecutive days. Spleen cells prepared from these
mice were incubated with >'Cr-labeled YAC-1 target cells for 4 h at 37°C
at different E:T ratios. After 4 h of incubation, >*Cr released from target
cells was counted using a gamma counter (Packard). Specific lysis was
calculated as follows: ((measured >*Cr release — spontaneous >*Cr re-
lease)/(maximum 5'Cr release — spontaneous >*Cr release)) X 100. Max-
imum release was determined based on acid-lysed target cells. Spontaneous
release was determined by incubating target cells in the absence of effector
cells.
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FACS analysis for 1L-18R expression

For determination of IL-18R expression on CD4* or CD8" T cells, after
FcR blocking, splenocytes were incubated with anti-murine IL-18R mAb
followed by FITC-conjugated anti-rat IgG1 mAb, together with PE-con-
jugated anti-CD4, or -CD8 (BD PharMingen). Stained cells were analyzed
using adual laser FACSCalibur (BD Biosciences). Ten thousand cells were
analyzed, and data were processed with CellQuest (BD Biosciences).

Results

Normal differentiation of Thl and Th2 cells in IRAK-4-deficient
mice

First, we examined Th cell development in IRAK-4-deficient mice.
The development of T cells in the thymus and distribution of ma-
ture CD4" and CD8" T cellsin the primary and secondary lym-
phoid organs of IRAK-4-deficient mice appeared to be normal
(data not shown). In addition, there were no apparent morphol og-
ica abnormalities in the spleen of the knockout mice (data not
shown). To examine differentiation of Thl and Th2 cells, CD4™ T
cells purified from spleen and lymph nodes of IRAK-4-deficient
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FIGURE 2. Defective IL-18-induced IFN-y production by and prolif-
eration of IRAK-4-deficient splenocytes. A, IFN-y production of spleno-
cytes in response to IL-18 stimulation. Splenocytes were harvested and
activated with immobilized anti-CD3 mAb (1 ug/ml) at 10° cells/well for
3 days. Activated splenocytes were then washed with medium, transferred
to a 96-well plate (10° cells'well), and stimulated with the indicated con-
centrations of murine IL-18 in the absence or the presence of 1 or 5 ng/ml
murine IL-12 for 24 h. Culture supernatants were collected and assayed for
IFN-vy production by ELISA. B, Praliferation of splenocytes in response to
IL-18 stimulation. Activated splenocytes (10° cells/well) were washed and
then plated on a 96-well plate and stimulated with the indicated concen-
trations of 1L-18 alone, or I1L-18 plus IL-12 for 24 h. Cell proliferation was
measured by [*H]thymidine incorporation.
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and wild-type mice were stimulated in anti-CD3-coated plates in
the presence of IL-2, IL-12, and anti-IL-4 Ab for Thl differenti-
ation, or IL-2, IL-4, anti-IFN-y Ab, and anti-IL-12 Ab for Th2
differentiation. Abs specific for CD25 and CD44 were used to stain
enriched CD4™ T cells before and after 6 days in differentiation
cultures, and flow cytometric analysis revealed that both CD25 and
CD44 expression are induced in all cell types (Fig. 1A).

We then examined PMA/ionomycin-induced |FN-vy production
by wild-type and IRAK-47/~ Th1 cells, aswell as |L-4 production
by wild-type and IRAK-47/~ Th2 cells. As the results in Fig. 1B
indicate, there is no observable difference in cytokine production
between wild-type and IRAK-4-deficient cells. Thus, Thl and Th2
cdls from IRAK-4 deficient mice differentiate as well as wild-type
cells do.
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FIGURE 3. Impaired IL-18 signaling of IRAK-4-deficient Thl cells. A,
Impaired IFN-y production in response to IL-18 of IRAK-4-deficient Thl
cells. IRAK-4 deficient and wild-type Thl cells were stimulated with various
amounts of IL-18 and/or IL-12 as indicated. After 24 h, supernatants were
collected and assayed for IFN-y production by ELISA. Each data point on the
graph represents the average |FN-y concentration of supernatants from Thil
cells derived from three mice of each genotype in two separate experiments. B,
Impaired proliferation in responseto IL-18 of IRAK-4-deficient Thl cells. Thl
cells (10° cells/well) were plated on a 96-well plate and cultured in RPMI
medium with the indicated concentrations of 1L-18 for 24 h. Cell proliferation
was determined by an 8-h pulse with [*H]thymidine. C, Defective IL-18-me-
diated | kB degradation in IRAK-4-deficient Thl cells. Thl cells were stimu-
lated with I1L-18 (50 ng/ml) for different time points as indicated. 1B was
detected by Western blot analysis. Amounts of protein loading were deter-
mined by probing the samefilter with anti-actin Ab. D, Impaired DNA binding
activity of NF-«B and AP-1 induced in response to IL-18 in IRAK-4-deficient
Thl cels. Wild-type and knockout Thl cells were left untreated (Con) or
treated with IL-18 (50 ng/ml) or TNF (10 ng/ml) for 30 min, and gel mobility
shift assays were performed on nuclear extracts.
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Requirement of IRAK-4 for 1L-18-induced IFN-y production and
splenocyte proliferation

IFN-vy production by Th cells can be induced by IL-18 alone or
synergistically by the combination of IL-18 and IL-12 (3, 15). To
determine the role of IRAK-4 in IL-18-induced production of
IFN-vy, total splenocytes from IRAK-4-deficient and wild-type
mice were stimulated with different concentrations of 1L-18 or
IL-18 in combination with IL-12, and the production of IFN-y was
measured by ELISA. In wild-type cells, there was significant in-
duction of IFN-vy by IL-18 alone and IL-18 plus IL-12, but in cells
lacking IRAK-4, thisinduction was severely diminished (Fig. 2A).
IL-12 alone induced minimal IFN-vy production in both wild-type
and IRAK-4-deficient cells. These results indicate that IRAK-4 is
essentia for the induction of IFN-vy by IL-18 stimulations.

We next investigated the effect of 1L-18, and its synergism with
IL-12 on stimulating proliferation of IRAK-4-deficient spleno-
cytes. Total splenocytes from wild-type and IRAK-deficient mice
were stimulated with different concentrations of 1L-18, or IL-18
plus IL-12. Proliferation of splenocytes after 24 h of stimulation
was determined by [3H]thymidine uptake. As shown in Fig. 2B,
proliferation of wild-type splenocytes was significantly enhanced
by I1L-18 in a dose-dependent manner. However, the effect of IL-18
on proliferation of IRAK-4-deficient cells was minimal. Although
IL-12 induced proliferation of both wild-type and IRAK-4-defi-
cient cells to the same extent, the combination of I1L-18 and IL-12
resulted in a synergistic proliferative response in wild-type spleno-
cytes but not in IRAK-4-deficient cells.

Requirement of IRAK-4 in Thl cell signaling

To further determine the role of IRAK-4 specifically in Thl cells,
IRAK-4-deficient and wild-type Thl cells were prepared and stim-
ulated with different concentrations of 1L-18, or IL-18 in combi-
nation with IL-12, and the production of IFN-y was measured by
ELISA. In wild-type Thl cells, significant induction of IFN-vy by
IL-18 or IL-18 plus IL-12 was observed, but in cells lacking
IRAK-4, this induction was severely diminished (Fig. 3A). In ad-
dition, proliferation of wild-type Thl cells was enhanced by IL-18
in a dose-dependent manner, whereas |L-18-induced proliferation
of IRAK-4-deficient Thl cells was negligible (Fig. 3B). Taken
together, these results suggest that IRAK-4 plays a critical role in
IL-18-mediated cellular responses.

Toinvestigate whether IRAK-4 isrequired for specific signaling
cascades downstream of IL-18, we first examined the activation of
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with 1 g of 1L-18 for two consecutive days. Then spleen cells were assayed
for their NK cytotoxic activity against >'Cr-labeled YAC-1 target cells.
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NF-kB. The transcription factor NF-«B, which plays acritical role
in transducing cytokine signals (16), is normally sequestered in the
cytoplasm as an inactive complex associated with 1B, its inhib-
itory partner. Upon cell activation, the |kB kinases (IKKs) IKK«
and IKK B phosphorylate kB (e.g., IkBa at residues 32 and 36),
resulting in the degradation of I«B by proteosomes (17, 18). We
first examined degradation of the 1B protein in wild-type and
IRAK-4-deficient Thl cells upon IL-18 treatment. Although wild-
type cells showed a typical course of 1B degradation peaking at
15 min, amost no I«kB degradation was observable in IRAK-4-
deficient Thl cells following 1L-18 stimulation (Fig. 3C). How-
ever, stimulation with TNF induced 1«B degradation in both wild-
type and IRAK-4-deficient cells. Similarly, when NF-kB activity
was examined by DNA binding gel mobility shift assay, cellslack-
ing IRAK-4 were defective in IL-18-induced but not in TNF-in-
duced NF-«B activation (Fig. 3D). Another important |L-18 down-
stream signaling pathway is the activation of the stress kinase INK
that regulates the activation of the transcription factor AP-1. We
examined the activation of AP-1 by gel mobility shift assay and
found that 1L-18-induced AP-1 is completely abolished in IRAK-
4-deficient cells. Together, these results indicated that IRAK-4 is
indispensable in I1L-18-mediated NF-xB and AP-1 activation.

IL-18-induced NK cytotoxicity is impaired in IRAK-4-deficient mice

IL-18 has been shown to enhance NK cell cytotoxicity (3). To
determine whether IRAK-4 is important for 1L-18-induced NK
activity, mice were injected i.p. with I1L-18 daily for two consecutive
days, and the NK activity of splenocytes was assayed using *Cr-
labeled YAC-1 cdlls as targets. Basa NK cell activities in PBS-in-
jected wild-type and IRAK-4-deficient mice were comparable (data
not shown). In vivo challenge with IL-18 resulted in significant in-
crease in NK activity in wild-type animals, but its effect in IRAK-4-
deficient mice was minimal, suggesting that IRAK-4 is required for
IL-18-mediated induction of NK cytotoxic activity (Fig. 4).

Expression of IL-18R is not impaired in IRAK-4-deficient mice

The Stat4-deficient T cell is reported not to express any 1L-18R on
its surface (19). It is aso reported that up-regulation of the IL-18R
induced by I1L-12 is completely abrogated in Tyk2-deficient T cells
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(20). To investigate the mechanism of IL-18 unresponsiveness in
IRAK-4-deficient cells, we examined the cell surface IL-18R. The
proportion of 1L-18R-positive CD4™* and CD8" T cells (Fig. 5)
and the intensity of positive stains (data not shown) are compara-
ble between wild-type and IRAK-4-deficient mice, suggesting that
the IL-18R expression level is norma in the knockout mice. IL-18R
on T celsis aso up-regulated by the treatment of IL-12 in IRAK-4-
deficient mice as in wild-type mice (Fig. 5). Therefore, I1L-18R ex-
pression and its induction are intact in IRAK-4-deficient mice.

Discussion

In this study, we demonstrated that IRAK-4 is required for the
majority of IL-18-mediated functions both in vitro and in vivo.
IL-18, aso known as IFN-+y-inducing factor, is an important mol-
ecule in the stimulation of Thl and NK cell responses (21). Thl
cells lacking IRAK-4 failed to produce IFN-vy and undergo prolif-
eration in response to 1L-18. We have shown previously that lym-
phocytic choriomeningitis virus infection resulted in defective
IFN-vy production by IRAK-4-deficient NK cells, which was con-
sistent with apotential defect in IL-18 signaling in the mutant mice
(5). In this study, we showed that specific challenge by IL-18 in
IRAK-4-deficient mice failed to induce NK cytotoxic activity.

IL-18-mediated activation of IFN-y promoter activity depends
on the binding of AP-1 and NF-«B sites, whereas I1L-12 acts on
both Stat4 and AP-1 sites (22). Therefore, the combination of
IL-18 and IL-12 is anticipated to result in a synergistic effect on
IFN-y expression at the transcriptional level. In cells lacking
IRAK-4, 1L-18-induced NF-«B and AP-1 activations are severely
impaired, and therefore, the induction of IFN-y production by
IL-18 or IL-18 plus IL-12 is severely compromised. In contrast,
IRAK-1-deficient cells showed residua activities of NF-«B and
JINK (which leads to AP-1 activation), and IFN-+y induction was
still detectable upon 1L-18 stimulation.

Based on our study and published reports, it appears that IRAK-4
and MyD88 are required for IL-18 signaling, whereas IRAK-1 is not
absolutely required but necessary for the optimization of IL-18 sig-
nals. Similar conclusions can be drawn regarding the signaling cas-
cades triggered by IL-1 and at least some TLR ligands. Although all
IRAK family members can be recruited to MyD88 and the receptor
signaling complex, and mediate signals downstream to TNFR-asso-
ciated factor 6, it may be that IRAK-4 functions upstream of other
IRAK family members. For example, IRAK-1 can be phosphorylated
by IRAK-4 in vitro (23), which may lead to the activation and auto-
phosphorylation of IRAK-1, which would then trigger a downstream
signaling cascade. Further investigations into the interaction between
IRAK-1 and IRAK-4 will be required to elucidate the signaing mech-
anisms of 1L-18R and related receptors.

The relationship between IRAK-4 and two other IRAK family
members, IRAK-2 or IRAK-M, also remains unclear. Future stud-
ies may revea whether IRAK-2 or IRAK-M can also act as sub-
strates for IRAK-4, and how these two kinase-inactive IRAK fam-
ily members might contribute in a positive manner to signaling
cascades and partidly replace IRAK-1 function. Interestingly,
IRAK-M-deficient mice did not show a defect in signal transduc-
tion, but instead demonstrated enhanced responses when stimu-
lated by IL-1 or TLR ligands (10). This finding further illustrates
the potential for unique, nonredundant functions of individua
IRAK family members in signaling cascades. Future studies com-
paring mutant mice and cells lacking individual or combinations of
IRAK molecules will help clarify the molecular mechanisms of
signa transduction pathways involving IRAK molecules.

The study of 1L-18 and its signaling transduction stands to con-
tribute to the understanding and treatment of many severe disease
states. For example, certain autoimmune diseases are characterized
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by the production of 1L-18 and its enhancement of Thl cell de-
velopment in the lesion (24). Moreover, apotential role of IL-18in
tumor immune therapy (25) has aso generated considerable inter-
est, because IL-18 is critical for stimulating the cytotoxic activities
of T cellsand NK cells to clear tumor cells (26). Our finding that
IRAK-4 is critical for IL-18R-mediated signaling may provide an
additional target for therapeutic intervention in these areas.
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