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Since interleukin (IL)-18 is a proinflammatory cytokine, mice
lacking IL-18 or its ligand-binding receptor (IL-18R) should
exhibit decreased cytokine and chemokine production. Indeed,
production of IL-1�, IL-6, and MIP-1� was reduced in IL-18
knock-out (ko) mouse embryonic fibroblast (MEF)-like cells.
Unexpectedly, we observed a paradoxical 10-fold increase in
IL-1�-induced IL-6 production in MEF cells from mice defi-
cient in the IL-18R �-chain (IL-18R�) compared with wild type
MEF. Similar increases were observed for IL-1�, MIP-1�, and
prostaglandin E2. Likewise, coincubation with a specific
IL-18R�-blocking antibody augmented IL-1�-induced cyto-
kines in wild type and IL-18 ko MEF. Stable lines of IL-18R�-
depletedhumanA549 cellswere generatedusing shRNA, result-
ing in an increase of IL-1�-induced IL-1�, IL-6, and IL-8
compared to scrambled small hairpin RNA. In addition, we
silenced IL-18R�with small interfering RNA in primary human
blood cells and observed up to 4-fold increases in the secretion
of lipopolysaccharide- and IL-12/IL-18-induced IL-1�, IL-6,
interferon-�, and CD40L. Mechanistically, despite increases in
Stat1 and IL-6, induction of SOCS1 and -3 (suppressor of cyto-
kine signaling 1 and 3) was markedly reduced in the absence of
IL-18R�. Consistent with these observations, activation of the
p38�/� and ERK1/2 MAPKs and of protein kinase B/Akt
increased in IL-18R� ko MEF, whereas the negative feedback
kinaseMSK2wasmore active in IL-18 ko cells. These data reveal
a role for SOCS1 and -3 in the seemingly paradoxical hyperre-
sponsive state in cells deficient in IL-18R�, supporting the con-
cept that IL-18R� participates in both pro- and anti-inflamma-
tory responses and that an endogenous ligand engages IL-18R�
to deliver an inhibitory signal.

Often shown to function as a proinflammatory cytokine,
structurally related to IL-1�,3 and requiring caspase-1 for proc-

essing of its inactive precursor into an active cytokine (1–3),
IL-18 is a uniquemember of the IL-1 family. For example, IL-18
and IL-18 receptor �-chain (IL-18R�) knock-out (ko) mice
unexpectedly overeat and spontaneously become obese, devel-
oping insulin resistance and atherosclerosis (4, 5). This pheno-
type does not occur in mice deficient in other members of the
IL-1 family. In the absence of IL-12 and similar co-stimulatory
cytokines, IL-18 can act as a typical Th2 cytokine in murine
models (6, 7). The affinity of the naturally occurring IL-18-
binding protein (IL-18BP) for IL-18 is higher than that of IL-18
for its cognate receptor; thus, low levels of this naturally occur-
ring antagonist effectively neutralize the activity of IL-18
(8–11). In some studies, IL-18 opposes the proinflammatory
properties of IL-1� (12). In dextran sodium sulfate-induced
colitis, neutralizing antibodies to IL-18 or IL-18BP ameliorate
the disease (13, 14), whereas in other studies, mice deficient in
IL-18R� exhibit worsening of the disease (15).
IL-18 Induces Several Proinflammatory Cytokines, Such as

IL-1� and TNF�, as well as chemokines, nitric oxide, and vas-
cular adhesionmolecules (reviewed inRef. 16). Usingmice defi-
cient in IL-18 or neutralization of IL-18, the cytokine appears to
play an important role in models of rheumatoid arthritis (17),
lupus-like autoimmune disease (18),metastaticmelanoma (19),
graft versus host disease (20), and myocardial suppression (21,
22). Unlike IL-1, IL-18 also induces Fas ligand and has been
proposed as a keymediator ofmacrophage activation syndrome
(23).
We have previously reported that whereas deficiency in

IL-18 attenuated inflammatory responses to various exogenous
stimuli, these responses paradoxically were exaggerated in
IL-18R� ko mice (24). In addition to rejecting insulin-produc-
ing islet allografts, splenocytes and peritoneal macrophages
from IL-18R� ko mice produced significantly greater amounts
of several proinflammatory cytokines upon stimulation with
concanavalin A, TLR2 agonist heat-killed Staphylococcus epi-
dermidis, or anti-CD3 antibodies (24).
In the present study, we set out to investigate the fundamen-

tal differences in cytokine production between IL-18 ko and
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IL-18R� ko mice using mouse embryonic fibroblasts (MEF),
which are highly responsive to IL-1 and TNF� stimulation.We
also studied the role of IL-18R� in human cells. IL-18R� was
silenced in human A549 epithelial cells using small hairpin
RNA (shRNA) to the IL-18R (shIL-18R) as well as in freshly
obtained human peripheral blood mononuclear cells (PBMC).
Furthermore, using inhibitors as well as kinase activation stud-
ies, real time PCR, and Western blotting, we shed light on the
IL-18R� ko-mediated differences in expression and activation
of signaling mediators, such as the suppressors of cytokine sig-
naling (SOCS), MAPKs, protein kinase B/Akt, NF-�B, MSK2/
RSK�, and p70 S6 kinase. The mechanisms underlying the dis-
inhibition of inflammatory responses in IL-18R�-deficient cells
appear to be due to a yet unidentified anti-inflammatory ligand
of the IL-18 receptor.

EXPERIMENTAL PROCEDURES

Reagents—S. epidermidis was obtained from the American
Tissue Culture Collection (strain 49134), grown overnight in
suspension cultures in LB medium (Difco), centrifuged, and
washed in pyrogen-free saline, and a small sample was removed
for determination of number of organisms by pour plate cul-
tures. The suspension was boiled for 30min and then remained
at room temperature for 24 h. The boiled suspension was
diluted in pyrogen-free saline to 10 million organisms/ml and
frozen in small aliquots at �70 °C.
Antibodies for the mouse cytokine assays MIP-1�, MIP-2,

TNF�, and IL-1�were obtained fromR&D Systems (Minneap-
olis, MN). Recombinant human IL-1� was as previously
described (25), and murine TNF� was obtained from Pepro-
Tech (RockyHill, NJ). Anti-mouse IL-18R�was a kind gift from
Dirk Smith (Amgen, Seattle, WA). Anti-mouse IL-18R� was
also obtained from R&D Systems. The murine IL-6 ELISA and
goat biotinylated IgGwere fromR&D Systems. Alexa Fluor 488
wheat germ agglutinin was purchased from Invitrogen. Bisben-
zimide was from Sigma, and ibuprofen was provided by The
Upjohn Co. Cell culture media were obtained from Cellgro
(Herndon, VA). For extracting total RNA, the RNeasyPlusMini
Kit was used (Qiagen, Hilden, Germany). GeneAmp� RNA
PCR kit, core kit, and GeneAmp� Fast PCR Master Mix were
purchased from Applied Biosystems (Foster City, CA).
Animals—IL-18 ko and IL-18R� ko mice (both C57BL/6

background) andwild typeC57BL/6micewere purchased from
The Jackson Laboratory (Bar Harbor, ME), housed five per
cage, and kept on a 12-h light-dark cycle. All experiments were
approved by the University of Colorado Institutional Animal
Care and Use Committee.
Preparation of MEF—Mice of each strain were anesthetized

with isoflurane on days 13–16 of pregnancy and sacrificed by
rapid cervical dislocation. Embryos were removed, separated
from the uterine horns, and washed three times with 10 ml of
PBS without calcium/magnesium. After removal of the head
and organs, the embryos were washed three times with 10ml of
PBS without calcium or magnesium. The embryos were then
minced, and 2 ml of trypsin/EDTA with 100 Kunitz units of
DNase I per embryo was added (Sigma). Themixture was incu-
bated, gently shaking at room temperature for 15 min together
with 5-mm glass beads to create a single cell suspension.

The trypsin digestion was stopped by adding 20 ml of MEF
medium (Dulbecco’s modified Eagle’s medium, 10% fetal calf
serum, 100 units/ml penicillin, 100 �g/ml streptomycin, 1%
non-essential amino acids). The undigested tissue pieces set-
tled to the bottom, and the supernatant was removed and sub-
jected to low speed centrifugation for 5 min at 300 � g. The
resulting pellet was resuspended in 20 ml of MEF medium and
plated in a culture flask. The medium was changed the follow-
ing day. Examination on day 3 revealed a homogenous layer of
fibroblast-like cells. For the experiments in this study, MEF
passages 1–5 were used.
MEF—Cells were detached with trypsin/EDTA (Sigma) and

plated in flat-bottomwells. After 24–48 h of growth inDulbec-
co’s modified Eagle’s medium containing 2% fetal calf serum,
penicillin/streptomycin, 1% non-essential amino acids, cells
were stimulated with the cytokines or inhibitors for the indi-
cated time periods. After 24 h, the supernatant was removed for
measuring secreted cytokines. The cells in the wells were then
washed and lysed as described previously (26). After 20 min,
the wells were scraped with a rubber policeman. The homo-
genate was centrifuged for 10 min at 14,000 � g, and the
supernatant was removed for protein determination and
IL-1� determination by the ECL assay.
Generation of Stable A549 Clones with Reduced Levels of

IL-18R� by shRNA—Human lung carcinoma A549 cells (3 �
105 cells/well) were seeded in a 6-well plate a day before trans-
fection. Cells were washed with 2 ml of TOM medium (Wel-
gene, Dae-gu, Korea) and incubated for 30 min in 1 ml of the
samemediumprior to transfection. In themeantime, the trans-
fection mixture for each well was prepared as follows. 5 �l of
Lipofectamine (Invitrogen) was suspended in 100 �l of TOM
medium. After a 15-min incubation at room temperature, 1 �g
of plasmid DNA comprising equal parts of four sequences of
pGeneClip-IL-18R� shRNA (SABiosciences, Frederick, MD)
was added, followed by another 15-min incubation. The trans-
fection mixture was then added to the wells, and the plate was
incubated for 5 h at 5% CO2 and 37 °C. Thereafter, 1 ml of cell
culture medium containing 20% fetal bovine serum was added.
On the next day, cells were trypsinized and transferred into a
9-cm2 plate. When the cells had adhered to the plate, the cul-
ture medium was replaced with fresh medium containing 1
�g/ml of puromycin dihydrochloride (Cellgro, Manassas, VA).
The selection medium was exchanged every 3 days with fresh
selection medium until individual colonies appeared, which
took place between 10 and 14 days. Small pieces of circular 3
MM papers were sterilized, wet with trypsin, and then used for
picking individual colonies. Colonies were transferred into
24-well plates containing 1ml of selectionmedium in eachwell.
An individual clone was grown until the cells reached a popu-
lation of 106, and each clone was screened by Western blot
analysis.
Culture and Transfection of Human PBMC—PBMC were

isolated from freshly obtained blood fromhealthy volunteers by
density gradient centrifugation. Transfection with the Amaxa
(Cologne, Germany) Nucleofector device was performed as
described previously (27). A pool of four OnTargetplus anti-
sense RNA sequences from Thermo Fisher Scientific (Lafay-
ette, CO) at 62.5 nM each (250 nM total) was used for silencing of
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IL-18R�. For control, PBMC were transfected with identical
concentrations of OnTargetplus non-targeting pools. After
overnight recovery, 106 PBMC were transferred into 48-well
plates containing 400�l of RPMIwith 1% pooled human serum
and primocin (1:500, Amaxa) and then stimulated for 4 or 20 h.
Supernatants from these cultures were assayed for cytokines;
lysates were subjected to Western blot or real time PCR
analysis.
Western Blot—To analyze A549 lysates, 5 � 105 cells were

harvested and lysed in 100 �l of sample buffer containing
�-mercaptoethanol and then subjected to 10% SDS-PAGE. The
samples were transferred to nitrocellulose membranes, which
were then blocked in 5% skim milk. The membranes were
probed with mouse anti-IL-18R� (R&D Systems) and normal-
ized with goat anti-actin (Zymed Laboratories Inc., San Fran-
cisco, CA). For SOCS1 and SOCS3 analysis in PBMC andMEF,
lysateswere subjected to 12%SDS-PAGE, blotting, and staining
with rabbit anti-mouse SOCS1 or rabbit anti-human/mouse
SOCS3.
Cytokine and Chemokine Measurements—Murine MIP-1�,

MIP-2, and IL-1� as well as human IL-1�, IL-6, and IL-8 were
measured by an ECL assay as described previously (28) using
the Origen Analyzer (BioVeris, Gaithersburg, MD). Murine
IL-6 and humanTGF-�1 were determined by ELISA (R&D Sys-
tems). Supernatants from the PBMC experiments were sub-
jected tomultiplex analysis usingmicrotiter plates spotted with
antibodies to eight cytokines from R&D Systems (MosaicTM
ELISA human cytokine panel 1) and then analyzed in the
Q-ViewTM Imager from Quansys Biosciences (Logan, UT)
according the manufacturer’s protocols. In addition, the
samples were diluted and measured by specific ELISA (R&D
Systems).
Confocal Microscopy—Isolated MEF were grown in culture

slides, washed with PBS, and fixed with a 70%/30% mixture of
acetone/methanol. After fixation for 15 min at room tempera-
ture, the cells were blocked for 1 h in PBS, 1% bovine serum
albumin (Sigma) containing 10% donkey serum (Sigma) at
room temperature. Staining was performed overnight at 4 °C
using a biotinylated goat anti-mouse IL-18R� antibody (2.5
�g/ml; R&D Systems) in PBS containing 1% BSA. The corre-
sponding concentration of nonimmune goat IgG was used as a
negative control. Streptavidin conjugated to Cy3 (dilution
1:1000) was used for detections. All membranes were stained
with Alexa Fluor 488� conjugate of wheat germ agglutinin;
nuclei were stained with bisbenzimide (Sigma) in a concentra-
tion of 1 �g/100 ml. Digital confocal imaging was performed
using a Leica DM RXA microscope equipped with SlideBook
software for MacIntosh (Intelligent Imaging Innovations, Den-
ver, CO).
Real Time Quantitative PCR—First strand cDNA was syn-

thesized from random hexamer-primed RNA, isolated from
MEF samples, using TaqMan� reverse transcription reagents
(Applied Biosystems). The first strand cDNA template synthe-
sized from eachMEF RNA sample was then used for the ampli-
fication of target genes in a quantitative PCR assay using Taq-
Man� Universal PCR Master Mix (Applied Biosystems) and
SourceMolecularDiagnostics (Boulder, CO) primer-probe sets
(29). Each target gene assay wasmultiplexed with an 18 S rRNA

endogenous control and performed in triplicate on the ABI
Prism� 7900HT Sequence Detection System (Applied Biosys-
tems). Normalized gene expression values, termed �CT values,
for each amplified genewere calculated by taking the difference
between the PCR cycle threshold (CT) value of the target gene
and its own endogenous 18 S rRNA or glyceraldehyde-3-phos-
phate dehydrogenase control. The difference in normalized
gene expression values between samples (��CT value) was cal-
culated to determine the relative difference in transcript levels
between sample types. For example, a��CT value of 2 is equiv-
alent to 4-fold change in the amount of the transcript between
sample types.

FIGURE 1. IL-18R� in the three MEF strains. MEF cells grown for 2 days were
stained against mouse IL-18R� chain and visualized using confocal digital
microscopy. Red dye, anti-IL-18R�; blue dye, nuclei; green dye, cell membranes
(the last only shown in insets). A, WT; B, IL-18 ko; C, IL-18R� ko. The insets show
each strain stained with an IgG control instead of the anti-IL-18R� antibody.
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Statistical Analyses—Paired and unpaired t tests were used
for statistical analysis. Treatments that differed from controls
by more than 2 S.D. values were considered as significant. Indi-
vidual p values are reported.

RESULTS

Characterization of MEF Cell Lines—To investigate the dif-
ferences in cytokine production between wild type (WT), IL-18
ko, and IL-18R� ko mice in a single cell type, embryonic fibro-
blasts of each mouse strain were generated. As shown in Fig. 1,

immunofluorescence was used to detect expression of IL-18R�;
IL-18R� was absent in IL-18R� koMEF cells (C). An IgG control
antibody was used as the control staining in the Cy3 channel
(insets). In addition,MEF cells derived from IL-18 komice appear
slender and to have at least two pseudopods. By comparison,WT
cells appeared as normal spindle-shaped fibroblasts, whereas
IL-18R� koMEF cells have a prominent cytosol and are round.
During the course of these studies, we generated severalMEF

lines of WT, IL-18 ko, and IL-18R� ko, each from a different
mother. InTable 1, examples of fourMEF lines fromeach strain
are presented. The differences between the three MEF cell
types were remarkably consistent, despite each being derived
from a different mother. In some experiments, more than six
lines were studied and exhibited similar results. Replicate
experiments, therefore, do not represent MEF cells derived
from a single mother but rather data from MEF cells derived
from at least four different mothers.
MIP-1a Production inMEF Cells Lacking the IL-18R� Chain—

Fig. 2A shows that compared with WTMEF, IL-18R� ko MEF
cells stimulated with different concentrations of IL-1� secreted
considerably more MIP-1� per mg of total protein, whereas
MEF cells deficient in IL-18 secreted less of the chemokine.
These differences in the production of MIP-1� between the
three cell types were apparent using concentrations of IL-1� as
low as 100 pg/ml (Fig. 2A, left). When the concentration of
IL-1� was increased to 25 ng/ml, there was a marked decrease

in the amount of MIP-1� released
from the WT as well as the IL-18-
deficient MEF cells. In contrast to
WT and IL-18-deficient cells
exposed to higher concentrations of
IL-1�, IL-18R� ko MEF cells pro-
ducedmore than 10-fold higher lev-
els of MIP-1�.

The threeMEF cell lineswere then
studied for their responses to TNF�.
As shown in Fig. 2B, the differences
were similar to those observed in
response to IL-1�. In IL-18R� ko
MEF cells stimulated with TNF�,
2-fold higher levels of MIP-1� were
observed compared with WT, but
MIP-1� was 10-fold lower in cells
deficient in IL-18. These differences
were observed at either 1 or 10 ng/ml
of TNF�. Fig. 2D illustrates that 1
ng/ml IL-1� is more effective at
inducing MIP-1� in each MEF strain
than 10 ng/ml TNF�.
We next compared the responses

in MEF cells after 6 h of stimulation
with IL-1�. Under these conditions,
cells deficient in IL-18R� produced
10-fold more MIP-1� (Fig. 2C).
Effect of IL-18R� Deficiency on

IL-1�, IL-6, and PGE2—Whereas
chemokines, such as MIP-1�, are
readily secreted, IL-1� is primarily

FIGURE 2. Production of MIP-1� in IL-1�- and TNF�-stimulated MEF cells. WT, IL-18 ko, and IL-18R� ko MEF
cells were stimulated with the indicated concentrations of either IL-1� or TNF�, and after 20 h (A, B, and D) or
6 h (C; 25 ng/ml IL-1�), the levels of MIP-1� were measured in the supernatants. Results represent MIP-1� in
pg/mg total protein in IL-1�-exposed (A, C, and D) or TNF�-exposed (B and D) cells. The data are means � S.E.
of four independent experiments, each experiment performed on a separate cell line derived from a different
mother (see Table 1). A–C, *, p � 0.05; ***, p � 0.001 compared with the values in WT cells. D, comparison of
IL-1� (1 ng/ml) with TNF� (10 ng/ml) as stimuli of MEF cells. Data are means � S.E. (n � 4); *, p � 0.05; ***, p �
0.001 for IL-1�- compared with TNF�-stimulated MEF.

TABLE 1
MIP-1� protein in supernatants from individual MEF isolations
Each value indicates aMIP-1�measurement (given in pg/mg of total protein) in the
supernatant of MEF isolated from embryos of one individual mother exposed for
20 h to IL-1� (1 ng/ml).

Number Mouse strain MIP-1�

pg/mg
1 Wild type 74
2 Wild type 67
3 Wild type 60
4 Wild type 62
1 IL-18 ko 20
2 IL-18 ko 8
3 IL-18 ko 74
4 IL-18 ko 46
1 IL-18R� ko 168
2 IL-18R� ko 157
3 IL-18R� ko 200
4 IL-18R� ko 154
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an intracellular cytokine. Therefore, we measured the intracel-
lular levels of IL-1� in the three MEF cell lines from the same
cultures depicted in Fig. 2. When stimulated with IL-1�,
IL-18R� ko MEF cells contained 20-fold higher levels of IL-1�
compared with wild type cells and 40-fold more IL-1� than
IL-18-deficientMEF cells. Using a lower concentration of IL-1�
(100 pg/ml), nearly the same differences were observed (Fig.
3A). Using 25 ng/ml IL-1�, the levels of IL-1� inWTand IL-18-
deficient cells were below detection (�20 pg/mg total protein),
whereas in IL-18R� ko MEF (Fig. 3A), the levels were impres-
sively greater. Upon TNF� stimulation, similar differences
were obtained (Fig. 3B). The comparison of IL-1� and TNF� as
inducers of IL-1� in the differentMEF strains (Fig. 3C) revealed
similar regulation of MIP-1�, in that 1 ng/ml IL-1� stimulated
more IL-1� release than 10 ng/ml TNF�.
We next examined IL-1�-induced IL-6 in the three different

MEF strains. As shown in Fig. 3D, IL-1� at 100 pg/ml induced
more than 6,000 pg of IL-6/mg of total protein in IL-18R� ko
cells, whereas one-tenth this amount was present in the super-
natants of WT or IL-18 ko cells. Unlike production of IL-1�,
IL-6, andMIP-1�, we observednodifferences in the production
of PGE2 between WT and IL-18 ko MEF. However, IL-18R�-
deficient cells secreted 2–3-fold more PGE2 than the other two
strains under unstimulated conditions as well as after stimula-
tion with IL-1� or TNF� (Fig. 3E).

Blocking the IL-18R� Chain Increases Spontaneous and
IL-1�-inducedCytokines—In order to examine decreased func-
tion of IL-18R� in WT MEF cells, we used an anti-murine
IL-18R�-blocking antibody. After 20 h of incubation with the
antibody, there was a dose-dependent increase in spontaneous
IL-6 production in WT (2.5-fold at 100 ng/ml antibody and
6.5-fold at 500 ng/ml) compared with the level of IL-6 in WT
MEF cells incubated without the antibody (Fig. 4A). We next
stimulated WT MEF cells with IL-1� in the presence of the
blocking antibody. IL-1�-stimulated IL-6 production was set at
1.0 in WT MEF cells incubated without the antibody; in the
presence of the antibody, IL-6 increased (1.4-fold at 100 ng/ml
and 1.75-fold at 500 ng/ml). As shown in Fig. 4C, the spontane-
ous production ofMIP-1�was also increased in the presence of
the antibody. At a 100 ng/ml concentration of the blocking
antibody, spontaneous MIP-1� increased 8-fold. In WT cells
stimulated with IL-1�, the increase was 2.5-fold (Fig. 4D).
The effect of blocking IL-18R� inMEF cells deficient in IL-18

itself was also studied. The rationale for this experiment was to
evaluate blocking IL-18R� in the complete absence of IL-18 in
these cells. As such, there is no endogenous IL-18 to compete
with a putative other ligand utilizing IL-18R�. As shown in Fig.
4A, spontaneous IL-6 was markedly increased in IL-18 ko cells
in the presence of the blocking antibody (12- and 18-fold at
antibody concentrations of 100 and 500 ng/ml, respectively).

FIGURE 3. Differential induction of IL-1�, IL-6, and PGE2 in the MEF cell strains. WT, IL-18 ko, and IL-18R� ko were stimulated with IL-1� or TNF�. After 20 h,
supernatants were removed and used to generate D and E and the data shown in Fig. 2. The cells were lysed, and levels of IL-1� were measured. The graphs
show means of normalized cytokine or prostaglandin concentrations � S.E. (n � 4). A, B, D, and E, *, p � 0.05; **, p � 0.01; ***, p � 0.001 comparing the ko strains
with WT cells. u and v, values in wild type (u) and/or IL-18 ko MEF (v) were below the detection levels of the ECL. A and D, note the breaks in IL-18R� bars. E, #,
p � 0.05; ##, p � 0.01 for IL-18 ko versus IL-18R� ko. C, 1 ng/ml IL-1� versus 10 ng/ml TNF�. The data are mean � S.E. of the same four independent experiments
as in Fig. 2D. *, p � 0.05 for IL-1�-stimulated compared with TNF�-stimulated cells.
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These increases are significantly greater than the increases in
WT MEF cells under the same conditions. In IL-18 ko MEF
cells stimulated with IL-1�, the increases were again greater
compared with the increases in WT cells. Fig. 4, C and D,
depicts the data onMIP-1� production in the same cultures. In
MEF cells deficient in IL-18 and stimulated with IL-1�, the
increases in MIP-1� are 2-fold greater when the IL-18R� is
blocked compared with the WT cells.
In these experiments, we also examined an antibody to

murine IL-18R� obtained from another source (R&D Systems)
and observed similar data (not shown). For each antibody
tested, an appropriate isotype control antibody was used.
Applied at the same concentrations, there were no significant
increases in IL-6 or MIP-1� production. Each antibody was
tested for contaminations with LPS, and levels were less than 1
enzyme unit/mg.
Silencing the IL-18 Receptor in Human Epithelial A549 Cells—

To demonstrate that the hyperinflammatory responses associ-
ated with the absence of IL-18R� are not limited to murine
fibroblast-like cells, we generated several stable cell lines
derived fromhuman lung epithelial A549 cells in which expres-
sion of IL-18R� was reduced by specific shRNA. Stable clones
of scrambled shRNA were also generated. As shown in Fig. 5B,
shIL-18R� reduced steady-state IL-18R� mRNA up to 23-fold
comparedwith scrambled-transfected control cells. The reduc-
tion inmRNA resulted in amarked but not complete inhibition

of IL-18R� protein levels (Fig. 5A).
Nevertheless, upon stimulation
with IL-1�, this reduction of
IL-18R� was accompanied by an
increase in the levels of IL-6 (Fig.
5C). However, in unstimulated cells,
there was no difference in cytokine
production.We also determined the
levels of IL-1�, IL-8, and TGF-�1 in
these cultures. Consistent with the
MEF cells, the knockdown of
IL-18R� in A549 cells resulted in
2-fold increases in IL-1� and IL-8.
Role of Cyclooxygenase and Endo-

genous IL-1 in IL-6 Production—We
consistently observed that constitu-
tive IL-6 production was elevated in
each of the three MEF lines without
exogenous cytokine stimulation
(Fig. 6B). However, even in the
absence of an exogenous stimulant,
MEF cells deficient in IL-18 pro-
duced 66% less IL-6 compared with
wild type cells (p � 0.04) and 77%
less compared with MEF deficient
in IL-18R� (p � 0.04). Also shown
in Fig. 6B is the marked decrease in
spontaneous IL-6 production
induced by inhibition of cyclooxy-
genase with ibuprofen. A reduction
of 93% was observed in MEF defi-
cient in the IL-18R�, although the

other MEF lines also exhibited statistically significant ibupro-
fen-induced reductions in spontaneous IL-6 production. Stim-
ulating each of the MEF lines with IL-1� (1 ng/ml) in the
absence or presence of ibuprofen showed nearly the same
reductions in IL-6 levels (Fig. 6C). These data are consistent
with the observation that IL-1�-induced IL-6 is cyclooxygen-
ase-sensitive (30).
In fibroblasts derived from the dermis or the kidney, endog-

enous IL-1� mediates proliferation, PGE2, and IL-6 synthesis
(30–33). As shown in Fig. 3, A–C, IL-1� levels are increased in
IL-18R� ko MEF compared with WT, whereas IL-18 ko MEF
cells have lower IL-1� levels. To examine the role of IL-1� in
spontaneous as well as IL-1�-induced IL-6 production, we used
the IL-1 receptor antagonist (IL-1Ra) to block the IL-1 receptor.
In the presence of IL-1Ra, background IL-6 production was
decreased in IL-18R� ko (92.5%; Fig. 6A). We also observed a
similar reduction in spontaneous IL-6 production inWT (90%)
and IL-18 ko (90.5%) MEF cells. Thus, elevated constitutive
levels of cytokines in IL-18R�-deficient MEF cells are due to
endogenous IL-1.
Kinase Profiles of the Three MEF Strains—To further inves-

tigate the mechanisms underlying the hyperresponsiveness of
cells lacking the IL-18R�, we subjected lysates from IL-1�-
stimulatedMEF to a phosphokinase array analysis. As shown in
Table 2, we observed differential regulation of several kinases.
For example, activity of protein kinase B/Akt was increased in

FIGURE 4. Effect of an anti-IL-18R� blocking antibody on cytokine production. Increasing concentrations
of an anti-IL-18R� monoclonal blocking antibody (shown below the horizontal axis in ng/ml) were added to WT
or IL-18 ko MEF cells. After 20 h of incubation, the levels of spontaneous IL-6 were measured in the supernatant.
A, the level of IL-6 in the absence of anti-IL-18R� was set at 1.0 for each of three independent experiments, and
the -fold increase was calculated. The data are mean � S.E. -fold increase. *, p � 0.05; **, p � 0.01; ***, p � 0.001
compared with in the absence of the antibody. B, an experiment similar to A, except IL-1� (1 ng/ml) was added
to the cells 20 min after the anti-IL-18R� antibody. The data in C and D are from the same cultures as shown in
A and B. In C and D, MIP-1� was measured in the supernatants. **, p � 0.01; ***, p � 0.001 compared with no
antibody.

Dysregulation of SOCS in IL-18R� Deficiency

SEPTEMBER 18, 2009 • VOLUME 284 • NUMBER 38 JOURNAL OF BIOLOGICAL CHEMISTRY 25905



IL-18R� ko comparedwithWTMEF, whereas in IL-18 ko cells,
the activity of this kinase was reduced (� and � isoforms) or
unchanged (�). ERK1 and -2, p38� and -�, GSK-3� and -�, and
p70 S6 kinase exhibited a similar pattern (Table 2, top). HSP27
and RSK1 and -2 were largely unaffected by the knockouts
(Table 2, bottom). Table 2 (middle) shows that in the case of
p38� and RSK�, the pattern was reversed (i.e. activity of these
kinases was increased in IL-18 ko MEF and unchanged or
slightly reduced in IL-18R� ko cells). Regulation of the JNK
groupwas unique in that both knockouts consistently increased
activation of these kinases.
Regulation of SOCS1, SOCS3, and Other Genes in the MEF

Strains—Total RNA was obtained from the MEF cells 4 h after
stimulationwith IL-1�, IFN�, or vehicle and subjected to quan-
titative PCR as described previously (29). The results are shown
in Fig. 7 and Table 3. SOCS are important negative feedback
inhibitors of cytokine signaling; therefore, we hypothesized
that a dysregulation of their expression may play a role in the
hyperinflammation in IL-18R�-deficient cells. Indeed, real
time PCR analysis revealed that whereas Stat1 (the target of the
negative-feedback inhibition of SOCS1) was increased almost
20-fold by IFN� in IL-18R� ko MEF, SOCS1 expression was
only 8-fold higher (Fig. 7B). In contrast, the increases in Stat1
and SOCS1 were almost equal in WT and IL-18 ko MEF.
Although under constitutive conditions there was a trend
toward lower Stat1 expression, especially in IL-18 ko cells, none

of the differences between the three strains in Stat1 and SOCS1
were significant in unstimulated cells (Fig. 7A). As shown in Fig.
7E, the same is valid for constitutive levels of SOCS3. Upon

FIGURE 5. Silencing of the IL-18R in A549 lung epithelial cells. Using
shRNA, stable A549 cell lines depleted of the IL-18R �-chain were created. For
control, A549 cells were transfected with scrambled shRNA. The knockdown
of the IL-18R� chain was assessed by Western blotting (A) and real time PCR
(B). A, the arrows indicate the clones used in the experiments. C, the three
scrambled-transfected and two shIL-18R�-transfected cell lines shown in A
and B were stimulated with 10 ng/ml IL-1� or were left untreated for 20 h.
Thereafter, IL-6 levels were determined. The panel depicts means of normal-
ized cytokine concentrations � S.E.; n � 6 clones times 4 independent exper-
iments; ***, p � 0.001 for shIL-18R versus small hairpin scrambled
(shscrambled).

FIGURE 6. Effects of ibuprofen and IL-1Ra on the production of IL-6 in MEF
cells. A, constitutive secretion of IL-6 was measured in the absence or pres-
ence of the IL-1Ra. IL-1Ra was added to the cultures of IL-18R� ko cells at 10
�g/ml, and after 20 h, levels of IL-6 were measured. In cultures without IL-1Ra
(�), the level of IL-6 was set at 100%, and the mean percentage change of
parallel cultures with IL-1Ra was calculated. Data are mean � S.E. percentage
change from three independent experiments. ***, p � 0.001 compared with
cultures without IL-1Ra. B, constitutive production of IL-6 in WT, IL-18 ko, and
IL-18R� ko MEF cells in the absence and presence of ibuprofen (10 �M) after
20 h of incubation. C, each of the MEF strains were stimulated with IL-1� (1
ng/ml) in the absence or presence of ibuprofen (ibu; 10 �M). After 20 h, levels of
IL-6 were measured in the supernatants. Note the break in the IL-18R� bar. B and
C, the data are mean � S.E. of three independent experiments. *, p � 0.05; **, p �
0.01; ***, p � 0.001 comparing cultures with ibuprofen with those without.
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stimulationwith IFN�, however,mRNA levels of SOCS3 exhib-
ited large increases in IL-18 ko cells (10.5-fold) (Fig. 7G) and
WTMEF (6-fold). In IL-18R� ko cells, SOCS3was only 2.9-fold
higher than without IFN� stimulation. This regulatory pattern
contrasted with release of IL-6, which is a major inducer of
Stat3 and SOCS3 activation; as shown in Fig. 7F, IL-18R� ko
MEF produced about 2-fold more IL-6 than WT and IL-18 ko
cells following incubation with IFN�. Western blot analysis
revealed that the regulation of mRNA was translated at the
protein level. Induction of both SOCS1 (Fig. 7C) and SOCS3
(Fig. 7D) by IFN� was markedly reduced in IL-18R� ko MEF.
Background production of SOCS3 was low in each of the MEF
strains (not shown).
Furthermore, we examined IL-1�-induced mRNA levels of

caspase-3, IL-18, IL-1Ra, IL-1 receptor accessory protein,
ICAM-1, NF-�B p50, TGF-�1, and vascular endothelial growth
factor inWT and IL-18R� koMEF. Control cultures incubated
without IL-1� were set at 1.0, and the -fold change in the num-
ber of transcripts due to IL-1� stimulation was calculated
(Table 3). The largest changes in transcript numbers were
observed for ICAM-1. In WT MEF cells, IL-1� induced a 2.5-
fold increase, whereas in IL-18R� ko MEF cells, the mean
increase was 11-fold. Transcripts for NF-�B p50 in IL-1b-stim-
ulated IL-18R� koMEF cells were approximately doubled com-
pared with levels in WT cells stimulated with IL-1�. 2-fold
increases were also observed for vascular endothelial growth
factor and IL-1 receptor accessory protein in IL-18R� ko MEF
cells when compared with WT controls. There were no differ-
ences between IL-1�-induced TGF-�1, caspase-3, IL-1Ra, or

IL-18 in IL-18R� ko MEF cells compared with IL-1�-stimu-
lated WTMEF cells.
Knockdown of IL-18R� in Human PBMC—Next, we sought

to confirm the observations in MEF and A549 in human pri-
mary cells. Transfection with specific siRNA reduced IL-18R�
mRNA up to 3.5-fold (Fig. 8B) compared with scrambled
siRNA-transfected controls. In 7 of 10 volunteers, this reduc-
tion in IL-18R� expression was accompanied by up to 4-fold
increases in constitutive as well as LPS- and IL-12/IL-18-in-
duced IL-1� and IL-6 production (Fig. 8A). After stimulation
with LPS, IFN� and CD40L also increased up to 2.9-fold. Inves-
tigation of SOCS3 byWestern blotting revealed that, similar to
IL-18R� koMEF cells, silencing of IL-18R�was associatedwith
a decrease in SOCS3 protein levels (Fig. 8C).

DISCUSSION

In the initial study of IL-18R� deficiency,murineT-cells cells
lacking IL-18R� exhibited impaired anti-CD3-inducedproduc-
tion of IFN� (34). Later, animal studies indicated a role for
IL-18 in host responses to infection and inflammation (16); e.g.
mice deficient in IL-18R� showed an attenuated response to
cigarette smoke (35). However, using the same IL-18R�-defi-
cient mice, dextran sodium sulfate colitis was worse (15). Injec-
tion of kainate into the brain of mice induces both IL-1� and
IL-18, resulting in cerebellar ataxia (12). In mice deficient in
IL-1 receptor type I or MyD88, an accelerated recovery from
the ataxia was reported, consistent with proepileptic properties
of kainate-induced IL-1 (12). Unexpectedly, mice deficient in
IL-18R� showed a significant delay in recovering from the self-
limiting effects of kainate on locomotion. Although complete
recovery was observed after 90 min inWTmice, in IL-18R� ko
mice, a return to base-line performance did not take place for
6 h. Therefore, deficiency of IL-18R� worsened the course of
disease.
TheMRL/lprmouse develops an autoimmune lupus-like dis-

ease in which a destructive nephritic process can be lethal. In
MRL/lpr mice cross-bred with mice deficient in IL-18R�, a
reduction in autoantibodies, nephritis, and death was reported
(36). However, Lin and Peng (37) noted that the IL-18R� ko
strain used in backcrossing with the MLR/lpr strain was itself
only backcrossed three generations and probably contained
genes of the 129 genetic background. Loci in the 129 strain,
particularly on chromosome 1, where the IL-18R� is located,
are thought to be a source of genes protective in models of
autoimmune disease. Using over eight generations of back-
crossing, these investigators created a strain of mice that were
homozygous for 24 disease-associated loci on chromosome 1.
When crossed with the IL-18R� ko mouse, MLR/lpr mice
homozygous for the IL-18R� deficiency state developed full-
blown lupus. In fact, these mice deficient in IL-18R� developed
disease manifestations more severe than MLR/lpr mice with
intact IL-18R�. The authors concluded that IL-18 is not needed
for lupus in the MLR/lpr model (37). However, this interpreta-
tion is inconsistent with the large body of evidence on neutral-
ization of IL-18 and on increases in the expression of the
IL-18R� (18). The alternative explanation for this observation
is that IL-18R� delivers an anti-inflammatory signal triggered
by an unknown ligand. The concept of another ligand for

TABLE 2
Phosphokinase profile of the three MEF strains
MEF were stimulated with 1 ng/ml IL-1� for 30 min, and then the lysates were
subjected to protein array analysis and densitometry. The table shows mean � S.E.
-fold changes in kinase activity in the two knockout strains compared with WT
MEF, which is set at 1; n � 2. The top comprises kinases that exhibit increased
activation in IL-18R� ko and/or decreased activation in IL-18 ko compared with
WT. The middle shows kinases the activity of which is increased in IL-18 ko MEF,
and the bottom shows pathways with little change. Underlining, kinase activity
decreased by more than �33%; normal type, change between �33 and �33%; italic
type, increase between 33 and 67%; boldface type, increase of �67%.

IL-18 ko IL-18R� ko

Activation of IL-18R� ko > IL-18 ko
Akt1/PKB� �36.5 � 3.3 122.6 � 28.4
Akt2/PKB� 2.1 � 13.7 52.6 � 5.3
Akt pan �23.7 � 6.7 89.7 � 21.7
ERK1-p44 �0.9 � 15.4 68.7 � 17.7
ERK2-p42 �5.8 � 18.1 60.1 � 1.7
p38� 15.5 � 17.3 76.3 � 20.4
p38� 1.2 � 28.1 88.1 � 19.3
p38� �12 � 3 31.1 � 17.1
GSK3� and -� �31.5 � 12.3 19.9 � 4.3
GSK3� �46.3 � 9.4 6.2 � 5.8
p70 S6 kinase �9.2 � 2.1 36.3 � 10.5

Activation of IL-18R� ko < IL-18 ko
p38� 56.0 � 15.4 �5.4 � 3.8
MSK2/RSK� 40.6 � 10.3 �10.6 � 9

Little change in activation
Akt3/PKB� �11.7 � 20.5 31 � 23.4
JNK1 11.6 � 4 13.3 � 13.2
JNK2 0.5 � 3.7 32.6 � 4.4
JNK3 16.3 � 6 38.0 � 14.4
JNK pan 12.3 � 9.9 29.7 � 22
HSP27 �3.1 � 3.6 6.1 � 1.3
RSK1 �6.3 � 12.4 28.2 � 0.4
RSK2 4.2 � 21.5 �0.6 � 16.5
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IL-18R� is consistent with the report comparing IL-18R� ko
mice with IL-18 ko in a model of experimental allergic enceph-
alomyelitis (38). Moreover, antibodies to IL-18R� are more
effective in reducing IL-18 activity than antibodies to the
IL-18R� (39).

Nonetheless, the observation that pancreatic islet allografts
derived from mice deficient in the IL-18R� exhibited a more
rapid rejection compared with allografts from WT mice was
unexpected (24). In contrast, allografts from mice deficient in
IL-18 exhibited a statistically significant delay in rejection;
moreover, islets in transgenic mice overexpressing IL-18BP

were protected from toxic damage.
Cultured spleen cells from IL-18R�-
deficient mice stimulated with con-
canavalin A produced significantly
more IFN�, TNF�, MIP-1�, and
MIP-2 compared with splenocytes
from IL-18 ko or WT mice (24).
To investigate these seemingly

paradoxical findings, we generated
fibroblast-like MEF cells from the
three mouse strains in order to
avoid interactions betweenmultiple
cell types (splenocytes contain mac-
rophages and B andT cells as well as
fibroblasts and other bystander
cells). In vitro stimulation of these
MEF cells with IL-1� and TNF�
resulted in a pattern similar to
splenocytes with a high level of pro-
duction of IL-6, IL-1�, MIP-1�, and
PGE2 in IL-18R� ko compared with
WT and IL-18 ko cells. This pattern
was not only consistent in several
MEF lines derived from different
mothers but was also reproducible
by blockade of IL-18R� with spe-
cific antibodies or specific siRNA.
To extend these paradoxical find-

ings beyond fibroblasts and the
murine system, we created several
cell lines derived from human lung
epithelial A549 cells in which the
IL-18R� was stably silenced by
shRNA. Moreover, we silenced
IL-18R� in primary human blood
cells. A high degree of knockdown
was confirmed by real time PCR and
Western blotting. Consistent with
MEF cells, silencing of the IL-18R�
in human A549 cell lines resulted in
increased IL-1�-induced IL-6,
IL-1�, and IL-8. In primary human
PBMC, reduction of IL-18R�
increased the levels of LPS- and
IL-12/IL-18-induced IL-1�, IL-6,
IFN�, and CD40L. Together with
the other reports (12, 15, 37, 38),

these data support the hypothesis that both pro- and anti-in-
flammatory signals converge on the IL-18R�. In this regard, it is
noteworthy that the proinflammatory effect of the anti-IL-
18R� antibodies wasmore pronounced in the absence of IL-18.
Onemay speculate that this could be due to the role of IL-18 as
a competitor of a putative anti-inflammatory ligand, the effect
of which is more pronounced in the absence of its competitor
IL-18 (hence also the reduced cytokine levels in IL-18 koMEF).
Inhibition of cytokine signaling by the SOCS family consti-

tutes amajor negative feedbackmechanism to prevent runaway
inflammation (reviewed in Refs. 40 and 41). The transcription

FIGURE 7. Expression of SOCS1, Stat1, and SOCS3 in the three MEF strains. mRNA and protein levels of
SOCS1, Stat1 (A–C), and SOCS3 (D, E, and G) in WT, IL-18 ko, and IL-18R� ko MEF were assayed by real time PCR
(A, B, E, and G; differences in gene expression were calculated using the ��CT method) or Western blotting (C
and D). A, B, E, and G, the panels comprise three independent experiments, which are shown as mean
changes � S.E. 4 h past stimulation. *, p � 0.05; **, p � 0.01; ***, p � 0.001 for both ko strains versus WT. ##, p �
0.01; ###, p � 0.001 for IL-18 ko versus IL-18R� ko. A and E, constitutive levels of the target genes. mRNA
quantity in WT MEF is defined as 1; the bars show the changes conferred by the knockouts in percentage, none
of which are significant. B and G, the graphs represent induction in SOCS1, Stat1, and SOCS3 mRNA by 25 ng/ml
IFN� as -fold increase over base lines. F, normalized IL-6 levels in the supernatants from the same IFN�-stimulated
MEF cultures � S.E. are depicted. C and D, MEF cells from the three strains were stimulated with the indicated
concentrations of IFN� (C) or 25 ng/ml IFN� (D) for 20 h. Lysates were then analyzed by Western blotting with
staining for SOCS1, SOCS3, or �-actin. One blot representative of four others with similar results is shown.
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of SOCS proteins is rapidly up-regulated in cells stimulated
with cytokines; the SOCS then reduce the impact of cytokines
by interacting with Jaks and by other mechanisms (42). In the
present report, SOCS1 and SOCS3mRNA expression and pro-
tein production were greatly reduced in MEF lacking IL-18R�
compared with IL-18 ko and WT cells (8-fold versus up to
18-fold and 3-fold versus up to 11-fold, respectively). Impor-
tantly, this was also the case in primary PBMC in which
IL-18R�was reduced by siRNA. InMEF, the targets or inducers
of these SOCS, Stat1 (target of SOCS1) and IL-6 (inducer of
SOCS3), were regulated in the opposite way (i.e. exhibited
higher levels) in the same cultures. We conclude that this dys-
regulation of SOCS1 and -3 probably contributes to the events
leading to hyperinflammation in cells deficient in IL-18R�.
The role of SOCS1 and -3 is underscored by higher levels of

the proinflammatory p38� and -� MAPKs in IL-18R� ko com-
pared with WT and IL-18 ko MEF. Since both SOCS1 (43–45)
and SOCS3 (46, 47) interfere with IL-1/TLR-MAPK/NF-�B
pathway signaling, the increase in activity of these kinases in
IL-18R� ko cells may be due to less inhibition resulting from
reduced levels of both SOCS. The kinase profiling experiments
furthermore revealed a similar pattern in the activation of ERK1
and -2, protein kinase B/Akt, and p70 S6 kinase. These changes
may also be partly caused by upstream differences in SOCS
expression, since ERK and/or protein kinase B/Akt are known
to be affected by SOCS1 (48) and SOCS3 (49). It is possible that
such regulation of ERK, protein kinase B, and p70 S6 kinase
plays a role in the hyperresponsiveness in IL-18R� ko cells by
stimulating the cellular protein synthesis machinery and by
promoting survival and growth (50).
Interestingly, p38� and MSK2/RSK� were regulated the

opposite way (i.e. increased in IL-18 ko and slightly reduced in
IL-18R� ko). Although there are hardly any published data on a
possible specific role of p38� in inflammation, MSK2 was
reported to act as a negative feedback inhibitor of TLR-trig-
gered inflammation (51) andmay thus contribute to the reduc-
tion of cytokine levels in IL-18 ko cells. Of note, the facts that
there was no change in the activation of HSP27 and RSK2 as
well as that the entire JNK group was moderately up-regulated
in both knock-out strains provide additional evidence for the
specificity of the regulation of kinases and cytokines conferred
by the knockouts.
We also assessed changes in IL-1�-induced gene expression

of eight additional mediators. We observed a 2-fold increase in
steady-state levels ofNF-�Bp50 in IL-18R�-deficientMEF cells
compared with WT cells 4 h following stimulation with IL-1�.
Given the substantial increases in NF-�B-dependent cytokines
(IL-1�, IL-6, andMIP-1�) in these cells, it seems surprising that
the difference in NF-�B expression is not larger. These data
thus suggest that knock-out of the IL-18R� either affects
expression of components NF-�B other than p50 (e.g. p65, as
this subunit is affected by SOCS3 (45)); that NF-�B activity is
regulated at another level (IKK, NIK, etc.); or, less likely, that
NF-�B plays a minor role in IL-18R� ko-induced hyperrespon-
siveness. Unlike NF-�B p50, ICAM-1 transcripts were over
16-fold higher than those inWTcells. ICAM-1 does participate
in signal transduction with LFA-1 on T-cells, but MEF cells do
not express LFA. Therefore, the elevated levels of ICAM-1

FIGURE 8. Reduction of IL-18R� in human PBMC. PBMC from 10 healthy
volunteers were transfected with concentration-matched pairs of 250 nM

siRNA to IL-18R� or scrambled siRNA. A, cells were stimulated with 1 �g/ml
LPS or 25 ng/ml IL-12 and 50 ng/ml IL-18. Supernatants were harvested after
20 h, and cytokine levels were determined by multiplex or regular ELISA.
Means � S.E. of absolute cytokine concentrations from 7 of the 10 donors are
shown. *, p � 0.05; **, p � 0.01; ***, p � 0.001 for siIL-18R� versus scrambled.
B, cells from four donors were lysed 2 and 20 h after stimulation. RNA was
isolated and subjected to reverse transcription and quantitative real time
PCR. Changes in mRNA expression were calculated using the ��CT method.
Scrambled controls were set at 100% for each condition; percentage changes
in IL-18R� mRNA levels normalized to �-actin and glyceraldehyde-3-phos-
phate dehydrogenase are shown. C, lysates from the same experiment were
subjected to Western blot analysis with staining for SOCS3. One representa-
tive of three blots giving similar results is shown. The bands depicted are from
one gel; between the pair, one lane containing a condition not pertaining to
this study was cut out.

TABLE 3
-Fold changes in mRNA transcripts due to IL-1� stimulation in
MEF cells
MEFwere stimulatedwith 1 ng/ml IL-1� for 4 h; thereafter, changes in gene expres-
sion were determined by quantitative real time PCR and calculated using the ��CT
method. Values are from individual experiments and represent the -fold change
over non-IL-1�-stimulated MEF cells, set at 1.0.

Gene Wild type IL-18R� KO

-fold -fold
NF-�B p50 2.18; 2.13 3.79; 3.84; 5.74
TGF-� 1.05; 1.34 1.11; 1.16; 0.31
Caspase-3 0.94; 1.05 0.91; 1.07; 0.86
IL-1RAcP 1.03; 1.26 2.03; 1.93; 3.09
ICAM-1 2.57; 2.68 9.31; 7.16; 17.58
IL-1Ra 0.46; 0.41 0.51; 0.40; 0.25
IL-18 0.66; 0.71 0.46; 0.93; 1.39
Vascular endothelial growth factor 1.30; 1.37 2.93; 2.17; 4.48
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mRNA may reflect the hyperresponsiveness to IL-1�. There
was little difference in the expression levels of IL-1Ra, TGF-�,
and caspase-3; it thus seems unlikely that these mediators are
involved in cytokine dysregulation in IL-18R� ko cells.

In summary, the present study illustrates the paradoxical
findings of exaggerated cytokine and prostaglandin responses
in murine and human single cell type cultures as well as in
primary human PBMC deficient in IL-18R� compared with
WTand IL-18-deficient cells.We speculate that another ligand,
most likely from the IL-1 family, uses the IL-18R� to deliver an
inhibitory signal in which SOCS1 and SOCS3 play a prominent
role. In the absence of the IL-18R�, this ligand is unable to
trigger its inhibitory mechanisms, such as SOCS1 and SOCS3;
the result is a hyperinflammatory state with possible effector
functions for the p38 and ERK MAP kinases and the protein
kinase B/Akt pathway.
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