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ulated non-adherent mouse spleen cells, and human
Interleukin-18 (IL-18) was identified as an inducer enriched T cells (3, 4). IL-18 is considered to participate

of interferon-g (IFN-g) production by stimulated T in T cell regulation, however, the IL-18 signaling path-
cells. In this study, we used an ovalbumin-responsive ways in these cells are unknown.
murine Th1 clone (OVA#4), in which DNA synthesis Signaling in T cells generally involves a protein tyro-was reportedly enhanced after IL-18 treatment in the sine kinase (PTK) cascade induced by engagement ofpresence of a non-mitogenic TCR/CD3 stimulus, to ex-

the T cell receptor (TCR), T cell accessory moleculesamine signal transduction pathways. In the presence
and certain cytokine receptors (5). In the T cell PTKof the stimulus, IL-18 induced the appearance of tyro-
cascade, members of the Src kinase family, especiallysine-phosphorylated proteins and herbimycin A inhib-
p56lck(LCK) and p59fyn (FYN), are activated and physio-ited DNA synthesis. It is suggested that protein tyro-
logically associate with the CD4/CD8 and TCR/CD3sine kinase (PTK) mediated signaling is induced by
complexes, as well as select cytokine receptors (6). Acti-IL-18. Specifically, IL-18 induced phosphorylation of
vation of the Src kinase family has been reported tophosphorylates p56lck(LCK) and mitogen-activated
be involved in several signaling pathways includingprotein kinase (MAPK). IL-18 alone induced the kinase
mitogen-activated protein kinase (MAPK) pathways,activities of both LCK and MAPK, and the activities

were increased by the TCR/CD3 stimulus. Simultane- through which proliferation, differentiation and cyto-
ously, IL-18 induced the association of LCK with kine production are promoted (7, 8).
MAPK and this was also increased by the TCR/CD3 To elucidate the possible signaling cascades induced
stimulus. The activation of the LCK-MAPK pathway by IL-18 in T cells, we used a representative normal
correlated with enhanced DNA synthesis in OVA#4 murine OVA-responsive Th1 clone (OVA#4), in which
cells. These results suggest that the LCK-MAPK path- DNA synthesis and the productions of IFN-g and IL-2
way is involved in IL-18 signaling and that IL-18 may are enhanced by IL-18 in the presence of anti-CD3A e
play an important role in modification of TCR/CD3- monoclonal antibody (mAb), which does not stimulate
mediated response. q 1997 Academic Press DNA synthesis (1, 3). Here, we show that PTK, espe-

cially LCK of the Src kinase family, are involved in
signaling by IL-18. IL-18 also activated MAPK, and
MAPK was observed to associate with the activatedInterleukin-18 (IL-18) was identified as an inter-
LCK. The activations and association of these kinasesferon-gamma (IFN-g)-inducing factor (IGIF) in mice
were increased by the TCR/CD3 stimulus. We concludewith endotoxin shock (1). IL-18 cDNA was cloned from
that activation of the LCK/MAPK pathway is a signal-murine (1) and human (2) liver tissues and the recombi-
ing event induced by IL-18 in Th1 cells and this path-nant cytokine induced the production of T helper type
way is possibly involved in the regulation of Th1 func-1 (Th1) but not T helper type 2 (Th2) cytokines in stim-
tion by IL-18.

1 To whom correspondence should be addressed. Fax: 81-86-276-
MATERIALS AND METHODS6885. E-mail:fujih@po.harenet.or.jp.

Abbreviations: IL-18, interleukin-18; PTK, protein tyrosine kinase;
MAPK, mitogen-activated protein kinase; PAGE, polyacrylamide gel Materials. Murine IL-18 is a product of Hayashibara Biochemical

Labs. (Okayama, Japan) and was produced as previously reportedelectrophoresis; MBP, myelin basic protein; Th1, T helper type 1;
OVA, ovalbumin; SH2, Src homology 2; mAb, monoclonal antibody; (1). The purity was ú99% as determined by Coomassie brilliant blue

staining after SDS-PAGE. Antibodies used in this study and theirpAb, polyclonal antibody.
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FIG. 1. DNA synthesis and tyrosine kinase activity induced by IL-18 in a Th1 clone (OVA #4). A, Cells at 1 1 104 cells/well resuspended
in fresh media were seeded in 96 micro-well plates. The cells were incubated for 24 h with the indicated treatments, pulse-labeled with
0.25 m Ci/well of 3H-thymidine for the last 6 h and 3H-thymidine incorporated was counted. h, control; l, IL-18 without anti-CD3 mAb; s,
IL-18 with anti-CD3 mAb. B, Cellular extract from 1 1 105 cells, which were stimulated or not with 10 ng/ml of IL-18 and 0.1 m g/ml of
anti-CD3 mAb, were electrophoresed and then immunoblotted with anti-phosphotyrosine mAb. C, The cells were pretreated with the
indicated concentrations of herbimycin A for 2 h. The DNA synthesis was determined as in A. h, 0.1 m g/ml of anti-CD3; l, 10 ng/ml of IL-
18; s, 10 ng/ml of IL-18 with 0.1 m g/ml of anti-CD3.
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suppliers are as follows. Anti-CD3A e mAb from Cederlane Labs.
(Ontario, Canada). Anti-LCK polyclonal antibody (pAb) (C-2102)
from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). Anti-phospho-
tyrosine mAb (PY20) from ICN Biomedicals Inc. (Aurora, OH). Anti-
phospho-MAPK pAb from New England Biolabs Inc. (Beverly, MA).
Horseradish peroxidase-conjugated rabbit anti-mouse immuno-
globlins antibody and swine anti-rabbit immunogloblins antibody
from DAKO (Glostrup, Denmark). Protein G-Sepharose was from
Pharmacia Biotech. (Uppsala, Sweden).

Cell Culture. A normal OVA-responsive murine T cell clone
(OVA#4) established from Balb/c mouse T cells was maintained as
reported (1, 3). The clone was used for experiments at least 2 weeks
after the last addition of OVA and antigen presenting cell (APC)
stimulation.

Determination of DNA synthesis. OVA#4 cells (1 1 104 cells/well)
were stimulated with various concentrations of IL-18 and/or anti-
CD3 mAb in 96 multi-well plates. The plates were incubated for 24
h and pulse-labeled with 0.25 m Ci/well of 3H-thymidine for the last
6 h. The 3H-thymidine incorporated was counted using a Packard
Direct Beta Counter, Matrix 96 (Packard Instrument Co., Meridian,
CT). For the experiment with tyrosine kinase inhibitor, the cells
were pretreated with the indicated concentrations of herbimycin A
(Seikagaku Kogyo, Tokyo, Japan) for 2 h.

LCK activity measurement. OVA#4 cells were treated with 10 ng/
ml of IL-18 for various times and lysed according to established
methods. LCK activity in the immune complexes with anti-LCK pAb
or mAb was measured using enolase as the exogenous substrate (9).
Briefly, the immune complexes were incubated with 100 m g/ml of
enolase, 2 mM MgCl2, 100 m M ATP (containing 20 m Ci/ml [g-32P]-
ATP) in 20 mM Hepes-NaOH (pH7.8). The samples were separated
by 10-20 % gradient-gel SDS-PAGE and then exposed to autoradiog-
raphy.

In gel kinase assay for MAPK activity. Kinase assay for MAPK-
like activity in SDS-PAGE gels was carried out using the procedure of
Kameshita et al. (10). Briefly, after IL-18 treatment for the indicated
periods, cells were lysed according to established methods. After sep-
aration of proteins on 10% gel SDS-PAGE containing 0.5 mg/ml of
myelin basic protein (MBP), the proteins were denatured by incuba- FIG. 2. Activation of LCK after IL-18 stimulation. The cells were
tion in 6 M hydroxy-guanidine and 50 mM Tris-HCl (pH 8.0) for 1 incubated with IL-18 (10 ng/ml) and/or 0.1 m g/ml of anti-CD3 for
h at 47C and subsequently renatured by incubation in 0.04% Tween various times and lysed. A, Cell extracts from 11105 cells were sepa-
20, 5 mM b-mercaptoethanol and 50 mM Tris-HCl (pH 8.0) for 16 h rated by SDS-PAGE and immunoblotted with anti-LCK mAb. B, LCK
at 47C. For kinase assays, gels were incubated for 1 h in a labeling activity in immune complexes with anti-LCK mAb was determined
mix of 25 m M of 1 m Ci/m M [g-32P]ATP, 2 mM DTT, 40 mM Hepes by incubating with enolase as substrate and [g-32P] ATP. The relative
(pH 7.5), 0.1 mM EGTA and 20 mM MgCl2 at room temperature. phosphorylation level of enolase was obtained by gel scanning (Image
After completion of the kinase reaction, the gel was extensively Master, Pharmacia Biotech). The activity shown is representative of
washed and dried for autoradiography. three independent experiments.

MAPK activity measurement. The OVA#4 cell lysates were pre-
pared as described above. MAPK activity in the lysates were mea-
sured using a p44erk-1/p42erk-2 specific peptide substrate according to Western blotting. Proteins were separated by 10 % gel SDS-PAGEthe supplier’s instructions (p42/p44 MAP kinase enzyme assay sys- and then transferred to membranes. The membranes were probedtem, Amersham International plc., Buckinghamshire, England). with antibodies specific for LCK, MAPK, phospho-MAPK or phospho-Briefly, the cell extracts were incubated with the substrate peptide tyrosine, and immunoblots were developed using enhanced chemilu-in the presence of [g-32P]-ATP. The 32P incorporated into the peptide minescence (ECL) detection reagents (Amersham International) ac-was measured as Cerenkov counts using a scintillation counter. The cording to the supplier’s instructions.specific MAPK activity was expressed as pmol ATP/min/105 cells.

Immunoprecipitation. After IL-18 treatment for the various
RESULTS AND DISCUSSIONtimes, cells were lysed using 1% Nonidet P-40 (NP-40) (Fig. 2) or 1%

digitonin (Fig. 4) as detergents. The lysates were then incubated
with the various antibodies overnight at 47C and the samples con- IL-18 has been reported to enhance DNA synthesis
taining the immune complexes were incubated with Protein G-Seph- in Th1 clones (including OVA#4) (3). Neither IL-18
arose beads for an additional 2 h at 47C. The incubate was centrifuged nor anti-CD3A e monoclonal antibody (anti-CD3 mAb)at 9,000 1 g for 50 sec and the beads were washed three times with

alone enhanced DNA synthesis. However, combinedthe same solution used for cell lysis and the immunoprecipitates
were used for Western blotting. stimulation with IL-18 and anti-CD3 mAb enhanced
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DNA synthesis (Fig. 1A). Only two bands with appar-
ent molecular masses of approximately 60 kDa and
40 kDa were detected by anti-phosphotyrosine mAb
in control cells. Combined stimulation with IL-18 and
anti-CD3 mAb induced the appearance of additional
tyrosine phosphorylated proteins, including proteins
with apparent molecular masses of approximately
100-140 kDa, 60 kDa and 40 kDa (Fig. 1B). Further-
more, a PTK inhibitor, herbimycin A, inhibited the

FIG. 4. LCK association with MAPK after IL-18 stimulation.enhancement of DNA synthesis (Fig. 1C). These re-
Cells were stimulated and lysed as described in the legend for Fig.sults suggested that while treatment with either IL-
2. Cell extracts were immunoprecipitated with anti-LCK mAb. The18 or anti-CD3 mAb alone is non-mitogenic, the
immunoprecipitants were electrophoresed and then immunoblottedcombined stimulation is mitogenic. These collective with anti-MAPK pAb. After detection, the membrane was reprobed

results suggested that PTK activation is involved in with anti-LCK pAb for the detection of that molecule.
mitogenic signaling.

One of the critical PTKs involved in the initiation of
T cell proliferation has been reported to be p56lck
(LCK) (5). In T cells, LCK associates with CD4 and
CD8, and has been considered to aid in TCR/CD3-medi-
ated signaling primarily through the interactions of
CD4 or CD8 with peptide-bearing MHCs on the surface
of antigen presentation cells (5). Since IL-18 signaling
for DNA synthesis also apparently complements the
non-mitogenic TCR/CD3 stimulus, we considered the
possibility that the PTK involved in IL-18 signaling is
LCK. LCK is well-known to be regulated by changes
in three-dimensional structure with a shift in electro-
phoretic mobility similar to other Src family PTKs,
which are reported to be regulated by autophosphoryla-
tion of their tyrosine residues (7). We performed West-
ern blotting for LCK in cell lysates after IL-18 treat-
ment. One band with an apparent molecular mass of
56 kDa was detected by anti-LCK pAb in untreated
cells and no change was observed after anti-CD3 mAb
treatment alone (Fig. 2A). From 10 to 20 minutes after
IL-18 treatment in the presence or absence of anti-
CD3 mAb, the higher LCK molecular band (60 kDa)
appeared. These results suggested that IL-18 activates
LCK regardless of the presence or absence of a TCR/
CD3 stimulus. To confirm the activation of LCK by IL-
18 treatment, the kinase activity in immune complexes
with anti-LCK mAb was investigated. Treatment with
either IL-18 or anti-CD3 mAb alone slightly enhanced
the LCK kinase activity and the combination enhanced
the activity more than did treatment with either of
them alone, as observed by in vitro phosphorylation of
enolase (Fig. 2B). It has been reported that cytokines,

FIG. 3. Activation of MAPK after IL-18 stimulation. Cells were such as IL-2 (9), IL-7 (11) and IL-12 (12), activate LCKstimulated and lysed as described in the legend for Fig. 2. A, Cell
and LCK associates with their receptors. Since IL-18extracts from 11105 cells were electrophoresed in SDS-PAGE gels
initiates LCK activation, it is possible that the receptorcontaining 0.5 mg/ml of myelin basic protein (MBP) as a substrate.

After in gel kinase reaction, 32P incorporating protein bands were for IL-18 is also associated with LCK. However, this
detected by autoradiography. B, MAPK activity was determined remains to be elucidated.
by incubating the lysate with substrate peptide and [g-32P] ATP. Activation of the Src kinase family has been reportedThe specific activity was calculated as pmol ATP/10 min/105 cells.

to be involved in the activation of MAPK (13). To deter-The activity shown is representative of three independent experi-
ments. mine whether MAPK is activated by IL-18, the specific
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