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IL-33/IL-1F11 is a new member of the IL-1 family ligand and
provokesThelper-type immune responses. IL-33 is the ligandof
ST2 and IL-1 receptor accessory protein (IL-1RAcP) that trig-
gers nuclear factor-� light chain enhancer of activated B cells
(NF-�B) and MAPK signaling. We discovered a novel short
splice variant of IL-33 thatwas termed spIL-33. The new spIL-33
lacks exon 3 containing a proposed caspase-1 cleavage site. We
isolated spIL-33 cDNA from theHuh7 human hepatocarcinoma
cell line and expressed the recombinant spIL-33 protein inEsch-
erichia coli. The recombinant spIL-33 and pro-IL-33 were not
cleaved by caspase-1, unlike IL-18 (IL-1F4). The recombinant
spIL-33 was constitutively active, and spIL-33-induced inflam-
matory cytokine production was caspase-1-independent in
HMC-1 and Raw 264.7 cells. The recombinant spIL-33 induced
the phosphorylation of IL-1 receptor-associated kinase
(IRAK1), NF-�B, p38MAPK, p44/42MAPK, and JNK in a time-
and dose-dependent manner. Anti-ST2 monoclonal antibody
specifically blocked the spIL-33-induced cytokine production.
In this study, we identified and characterized a new IL-33 splice
variant, which was a constitutively active IL-33 isoform. The
existence of constitutively active spIL-33 suggests that the bio-
logical activity of IL-33 could be triggered by diverse stimula-
tions during immune responses. Further investigation of the
spIL-33 expression pattern may contribute to understanding
the involvement of IL-33 in inflammatory disorders.

IL-33 is a new member of the IL-1 family ligand that was
originally discovered as nuclear factor from high endothelial
venules (1). IL-33 is considered to be critical in inducing T
helper (Th)3 2-type immune responses like immunity against
nematodes and allergic diseaseswith IL-3, IL-4, and/or IL-13 by

Th2 cells (2–6), mast cells (4, 7), basophils (8), and eosinophils
(5, 9, 10). IL-33 also induces non-Th2 inflammatory cytokines
such as TNF�, IL-1�, or IL-6 (11–13). It has also been reported
that IL-33 may act as a cytokine and nuclear transcription fac-
tor like IL-1� and highmobility group protein B1 (HMGB1) (4,
5, 14–23).
IL-33 is the ligand for ST2 (also known as IL-1RL1, DER4,

Fit-1, or T1), which was originally discovered as an orphan
receptor (6, 24–28). Thus, the IL-33 receptor complex for sig-
naling is composed of ST2 and IL-1 receptor accessory protein
(IL-1RAcP) (2, 29). This receptor complex activates down-
stream signaling molecules such as nuclear factor-� light chain
enhancer of activated B cells (NF-�B) and activation protein 1
(AP-1) through IL-1 receptor-associated kinase, TNF receptor-
associated factor 6 (TRAF6), and/or MAPKs (6). It has been
established for several years that ST2 is a selective marker of
Th2 cells in mouse and human (30) and is expressed on mast
cells (7), eosinophils (9, 10), and even basophils (22) without a
known ligand. These cells produce inflammatory cytokines and
chemokines, including IL-4, IL-5, IL-6, IL-13, and IL-8 under
stimulation of IL-33 (5, 7, 9, 31). Recently, it has been reported
that circulating CD34� hematopoietic progenitors expressed
ST2 and responded to IL-33 by releasing high levels of Th2-
associated cytokines (32). Such observations suggest potential
roles of IL-33 in Th2-associated immune responses, and IL-33
seems to be closely related to allergic inflammatory diseases,
including asthma and atopic dermatitis.
IL-1 family members play a variety of pathological roles in

autoimmune and inflammatory disorders (33). A blockade of
IL-1�with IL-1R antagonist in patientswith rheumatoid arthri-
tis (34), ankylosing spondylitis (35), and mutations in the
NACHT, LRR, and PYDdomain-containing protein 3 (NALP3)
gene (36, 37) relieves the symptoms of these diseases. There-
fore, IL-1� is used for the immunological marker of inflamma-
tory diseases.
IL-33, similarly to IL-1� and IL-18, is considered to be

formed intracellularly as pro-IL-33. This pro-form does not
have a signal peptide to be secreted; it is released extracellularly
as a mature protein after cleavage (6). It has been known that
inflammatory caspases are necessary for the cleavage of IL-1�
and IL-18 (38, 39). Although it has been suggested that pro-
IL-33 is processed by caspase-1 (6), the exact role of caspases in
IL-33 biology still remains controversial (40, 41).
Alternative splicing, which induces several mature mRNAs

from a pre-mRNA, is a frequent process in eukaryotes. This is
an efficient method for an organism to form various proteins
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from a single gene (42). Numerous transcripts are formed by
cis-regulatory elements such as the promoter, enhancer, and
repressor control. Alternative splicing induces structural dif-
ferences of the translated proteins, which leads to functional
changes of produced proteins (43). Alternatively processed
mRNAs can even lead to the induction of several diseases,
including cancers (44). This process is tightly regulated by var-
ious stress conditions, including endoplasmic reticulum stress
(45). Furthermore, there are many reports suggesting alterna-
tive splicing is efficiently regulated to accomplish specialized
tasks (46). Thus, characterizing the biological role of splice vari-
ants can help with the understanding of their functional appli-
cation in human diseases.
In this study, we characterized a newly discovered IL-33

splice variant (spIL-33), which lacks the exon 3 in its coding
region. Interestingly, the deleted exon 3 region of spIL-33 con-
tains the proposed caspase-1 cleavage site (6). The existence of
a novel spIL-33 and further study on constitutively active
spIL-33 in patients with different autoimmune diseases will
reveal the precise role of spIL-33 in immune responses.

EXPERIMENTAL PROCEDURES

RT-PCR andMolecular Cloning for E. coli Expression Vectors—
Total RNA was isolated with TRI Reagent� (Sigma) from the
human A549, HACAT, U937, Huh7, HUVEC, Jurkat, NK,
and mouse Raw 264.7 cells. A pair of human IL-33 sense
primers, 5�-ACAGAATACTGAAAAATGAAGCC-3�, and
reverse primer, 5�-CTTCTCCAGTGGTAGCATTTG-3�;
human IL-8 sense primers, 5�-GTGATGACCTGGCCGTC-
AGG-3�, and reverse primer, 5�-GTGATGACCTGGCCGT-
CAGG-3�; mouse TNF� sense primer, 5�-CATCTTGGAA-
ATAGCTCCCAG-3�, and reverse primer, 5�-CTGAGCCA-
TAATCCCCTTTCT-3�; mouse macrophage inflammatory
protein (MIP-2) sense primer, 5�-ACACTTCAGCCTAGC-
GCCAT-3�, and reverse primer, 5�-CAGGTCAGTTAGCC-
TTGCCT-3�; mouse IL-6 sense primer, 5�-GAAACCGCTA-
TGAAGTTCCTC-3�, and reverse primer, 5�-CTTAGGCAT-
AACGCACTAGGT-3�; and �-actin sense primer, 5�-ACC-
AACTGGGACGACATGGA-3�, and reverse primer, 5�-GTG-
ATGACCTGGCCGTCAGG-3�, was used for the RT-PCR.
MMLV-RT (Beams Bio, Korea) was used for converting 2 �g of
total RNA to first strand cDNA, and the PCR was performed at
94 °C for 45 s, 70 °C for 2 min, and 59 °C for 1 min for 30 cycles.
The PCR product of spIL-33 and pro-IL-33 was ligated into

T&A cloning vector (RBC, Taiwan) for DNA sequencing. The
cDNA of pro-IL-33, spIL-33, and mature IL-33 was amplified
by PCR with the same reverse primer (5�-GGTTGGTACCTC-
AGTGTTCTTTAGGCC-3�) and sense primers for pro-IL-33
and spIL-33 (5�-TCCCGAATTCGATTGTGATATTGAA-3�)
or mature IL-33 (Ser112– Thr270, 5�-TAAAGAATTCAGTAT-
CACAGGAATTTC-3�). Inserts were digested with EcoRI and
KpnI and then transferred into pProEX/HTa (Invitrogen) for
recombinant protein expression in Escherichia coli.
Generation of Recombinant Protein—Recombinant pro-IL-

33, spIL-33, andmature IL-33 proteins were expressed in E. coli
and Rosetta cells (Novagen, Madison, WI) and purified by
TALONaffinity columns (Invitrogen) by usingHis6 tag at theN
terminus of recombinant proteins. The TALON affinity-puri-

fied proteins were subjected to high performance liquid chro-
matography (GE Healthcare) with a C4 column (Grace Vydac,
Hesperia, CA). The two step-purified recombinant proteins
were tested for endotoxin levels (below 0.3 enzyme units per�g
of recombinant protein) by using the LAL method (Cape Cod,
East Falmouth, MA) according to the manufacturer’s instruc-
tions and then used for experiments.
Caspase-1 Cleavage Test—Recombinant caspase-1 (10 units)

from Millipore (Temecula, CA) and recombinant IL-33 (500
ng) protein were incubated in 20 �l of a reaction buffer (25 mM

K�HEPES, 1mMDTT, 1mMEDTA, 0.1%CHAPS, 10% sucrose,
pH 7.5) at 37 °C for 30 min. After the reaction, the sample was
subjected to 10% SDS-PAGE for silver staining.
Western Blots—For the detection of His6-tagged recombi-

nant IL-33, HPLC-purified fractions of the protein were loaded
on 10% SDS-PAGE. Anti-polyhistidine monoclonal antibody
(R&D Systems, Minneapolis, MN) was used for detection. Per-
oxidase-conjugated secondary antibody (Jackson Immuno-
Research, West Grove, PA) was used to develop the blots by
using Supex (Neuronex, Korea) and LAS-4000 imaging device
(Fujifilm, Japan).
For detecting the phosphorylation of signaling molecules

(IRAK1, NF-�B, p38MAPK, p44/42MAPK, and JNK), HMC-1
and Raw 264.7 cells were stimulated with recombinant spIL-33
at various timepoints orwith several concentrations for 15min.
Cells were lysed with kinase lysis buffer (47) and then subjected
to 10% SDS-PAGE. The samples were transferred to nitrocel-
lulose membranes. The membranes were blocked in 3% BSA/
TBST (Santa Cruz Biotechnology, Santa Cruz, CA). The mem-
branes were probed first with rabbit anti-phospho-IRAK1,
mouse anti-phospho-NF-�B, rabbit anti-phospho-p38 MAPK,
mouse anti-phospho-p44/42 MAPK, or rabbit anti-phospho-
JNK (Cell Signaling Technology, Beverly, MA). The mem-
branes were reprobed with rabbit anti-NF-�B, p38 MAPK
(Santa Cruz Biotechnology), p44/42 MAPK, JNK or IRAK1
(Cell Signaling Technology) for normalization of each protein,
and then normalized finally with goat anti-actin (Santa Cruz
Biotechnology).
Cell Culture and Bioassay—Human NK cell line was

obtained fromDr. Hans Klingerman (48) and cultured in RPMI
1640 medium containing 10% FBS, IL-2 (50 pg/ml), and IL-15
(200 pg/ml) (PeproTech, Rocky Hill, NJ). A549-IL-18R� cells
were cultured as described previously (49). HUVEC vascular
endothelial, A549 lung carcinoma, monocytic U937, Jurkat T
cell leukemia, andmousemacrophage Raw 264.7 cell lines were
obtained fromAmerican Type Culture Collection (ATCC) and
maintained according to the instructions. HMC-1 cells were
cultured in Iscove’s modified Dulbecco’s medium enriched
with 10% FBS. Huh7 cells were maintained in DMEMwith 10%
FBS. Bioassays were performed in 96-well plates. Raw cells (5�
105/ml) and A549-IL-18R� cells (2 � 105/ml) were seeded in a
96-well plate and cultured until cells adhered to the plate, and
HMC-1 cells (10 � 106/ml) were seeded before assay. For a
blockade of ST2, freshmedium (0.2ml) containing various con-
centrations of recombinant IL-33 and 0.5 �g of anti-ST2 (R&D
Systems) were used. For A549-IL-18R� cells assays, the
medium was removed and then stimulated with fresh medium
(0.2 ml) containing 100 ng/ml IL-18. The plates were placed in
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a cell culture incubator for 16 h, and cytokines in the superna-
tant were measured.
Measurement of Cytokine Level—Human IL-8, mouse TNF�,

mouse MIP-2, and mouse IL-6 ELISA kits were obtained from
R&D Systems. Cytokine levels were measured in culture super-
natants by sandwich ELISA according to the manufacturer’s
instructions.
Statistical Analysis—The data are expressed as means � S.E.

Statistical significance of differences was analyzed by unpaired,
two-tailed Student’s t test. Values of p � 0.05 were considered
statistically significant.

RESULTS

Discovery of a Splice Variant of IL-33mRNA—Weperformed
RT-PCR of IL-33 from several human cell lines; these were
A549 lung epithelial, HACAT keratinocyte, U937 monocyte,
Huh7 hepatocyte, HUVEC vascular endothelial, Jurkat T, and
NK cell lines. A549, Huh7, and NK cells expressed relatively
high levels of IL-33 mRNA compared with U937 or Jurkat cells
but were not expressed in HACAT and HUVEC cells. Interest-
ingly, the IL-33RT-PCRproduct fromHuh7 cells seemed�100
bp smaller than that of other cell lines (Fig. 1A). We performed
TAcloningwith the PCRproduct fromHuh7, and the sequence
was analyzed. The sequencing result revealed that the IL-33
cDNA of Huh7 possesses 126 nucleotides shorter than previ-
ously known pro-IL-33. The spIL-33 lacks exon 3 due to alter-

native splicing of the known pro-IL-33 (Fig. 1B; GenBankTM

accession number HQ641439).
The amino acid sequence of pro-IL-33 and spIL-33 was

aligned, and the translated amino acid sequence of spIL-33 pos-
sesses 42 amino acids less than pro-IL-33. The proposed
caspase-1 cleavage site (Ala-Lys-His-Asp) is deleted in spIL-33
(6); however, the other proposed caspase-1, -3, or -7 cleavage
site (Asp-Gly-Val-Asp) (40, 41) remains in this splice variant
(Fig. 2).
Generation of Recombinant IL-33—We produced recombi-

nant spIL-33 inE. coli to characterize the newly identified IL-33
variant. The molecular size of His6-tagged recombinant
spIL-33 was �35 kDa. It was 5 kDa smaller than that of His6-
tagged recombinant pro-IL-33 when the molecular size was
analyzed usingWestern blotting with His6 (Fig. 3A). Following
the production of recombinant protein, recombinant spIL-33
was first purified by TALON metal affinity chromatography.
The purified protein was visualized by 10% SDS-PAGE and
Coomassie Brilliant Blue staining (Fig. 3B). Primarily puri-
fied 35-kDa recombinant spIL-33 protein was additionally
purified using high performance liquid chromatography and
visualized by silver staining and Western blotting (Fig. 3, C
and D). Recombinant pro-IL-33 (Met1–Thr270) and mature
IL-33 proteins (Ser112–Thr270) were also expressed and puri-
fied like spIL-33 (data not shown).

FIGURE 1. Identification of a new splice variant of IL-33 from Huh7 hepatic carcinoma cells. A, RT-PCR of IL-33 was performed with several human cell lines.
IL-33 mRNA was detected in A549, U937, Huh7, Jurkat, and NK cells but not in HACAT and HUVEC cells. Interestingly, the PCR product of IL-33 from Huh7 cells
was �100 bp smaller than that of other cell lines. The data represent one of two independent experiments. B, PCR product was sequenced, and the DNA
sequencing result revealed the deletion of 126 bp in previously known pro-IL-33. The mRNA of spIL-33 was alternatively spliced and lacked the exon 3 where
the proposed caspase-1 cleavage site exists as indicated (GenBankTM accession No. HQ641439).
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Caspase-1 Does Not Affect Pro-IL-33 or SpIL-33—Recombi-
nant pro-IL-33, spIL-33, or pro-IL-18 was digested with
caspase-1 to determine whether the caspase-1 cleavage site

exists in IL-33. Following treatment of caspase-1 protein to pro-
IL-33 and spIL-33, both recombinant proteins were not
cleaved, unlike caspase-1-digested pro-IL-18, and produced a

FIGURE 2. Alignment between pro-IL-33 and translated amino acid sequence of spIL-33. Amino acid sequence of pro-IL-33 and spIL-33 was aligned. The
translated spIL-33 has 228 amino acids, which has 42 amino acids less than pro-IL-33. “ALHD” was originally proposed as a caspase-1 cleavage site, which is
deleted in spIL-33; however, the other predicted caspase-1, -3, or -7 cleavage site “DGVD” remains in this splice variant.

FIGURE 3. Expression of recombinant pro-IL-33 and spIL-33. Recombinant spIL-33 was expressed in E. coli. A, molecular size of recombinant spIL-33 was �5
kDa smaller than that of pro-IL-33. B, recombinant spIL-33 was first purified by a TALON metal affinity chromatography. The purified protein was visualized by
10% SDS-PAGE and Coomassie Brilliant Blue staining. The purified (35 kDa) recombinant spIL-33 protein was further purified by HPLC and visualized by silver
staining (C) and Western blotting (D). The data represent one of four independent experiments.
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mature 18-kDa protein band as described previously (Fig. 4A).
In order to confirm the activity of IL-18, pro-IL-18 was cleaved
with 10 IU/ml caspase-1. The caspase-1-cleaved pro-IL-18 or
intact pro-IL-18 was treated to A549-IL-18R� cells overnight.
Caspase-1-treated pro-IL-18 induced IL-8 production, but the
intact one did not (Fig. 4B). Interestingly, spIL-33 was consti-
tutively active, producing IL-8 in HMC-1 and TNF� in Raw
264.7 cells, but pro-IL-33 was not active in these cell lines (Fig.
4, C and D). The spIL-33 sufficiently induced inflammatory
cytokines, although the level was lower than that of mature
IL-33. The biological activity of pro-IL-33 and spIL-33 was not
changed by caspase-1.
SpIL-33 Stimulates IRAK1, NF-�B, p38 MAPK, p44/42

MAPK, and JNK Signal Pathways—Signal transduction of
spIL-33 was also studied. The phosphorylation of IRAK1,
NF-�B, p38MAPK, ERK, and JNKwas examined with spIL-33-
treated HMC-1 and Raw 264.7 cells because IL-33 is known to
activate these inflammatory signal pathways. As shown in Fig.
5, spIL-33 stimulation promptly phosphorylated IRAK1 in a
time-dependent manner, reached the maximal level at 15
min after exposure, and decreased dramatically at 60 min.
The phosphorylation of NF-�B was similar; however, its
phosphorylation in HMC-1 cells was sustained longer than
that of other signaling molecules (Fig. 5A, 2nd lane). The
phosphorylation pattern of p38 MAPK, p42/44 MAPK, and
JNK was similar to IRAK1, although there was a difference in
the density of activation. This result confirms that spIL-33

FIGURE 5. spIL-33 induced the phosphorylation of IRAK1, NF-�B, p38
MAPK, p44/42 MAPK, and JNK. Human mast HMC-1 cells (A) and mouse
macrophage Raw 264.7 cells (B) were treated with 50 ng/ml human spIL-33 as
indicated time points. The phosphorylation of IRAK1, NF-�B, p38 MAPK,
p44/42 MAPK, and JNK was significantly increased at 15 min and then drasti-
cally decreased at 60 min. However, phospho-NF-�B remained until 240 min
in HMC-1 cell. The bottom of each panel exhibits the expression level of non-
phosphorylated signaling molecule in cell lysates to show an equal amount of
protein sample was loaded in each lane. The data represent one of three
independent experiments.

FIGURE 4. Caspase-1 does not cleave recombinant IL-33 and affects the function of IL-33. A, recombinant pro-IL-33, spIL-33, or pro-IL-18 was
digested with caspase (casp)-1. Caspase-1 protein cleaved neither pro-IL-33 nor spIL-33 clearly, unlike the enzyme-digested IL-18. B, caspase-1 cleaves
and activates pro-IL-18 properly. A549-IL-18R� cells were treated with the caspase-1-cleaved or intact IL-18 overnight. IL-8 induction in A549-IL-18R�
cells was caspase-1-dependent. C and D, biological activity of recombinant pro-IL-33 and spIL-33 was not affected by caspase-1. Unlike pro-IL-33, spIL-33
and mature IL-33 (Ser112–Thr270) were constitutively active and induced inflammatory cytokines. The data represent one of two independent experi-
ments. Cont, control.
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induces inflammatory cytokines through stimulation of
IRAK1, NF-�B, p38 MAPK, p42/44 MAPK, and JNK signal
pathways.
Examination of Chemokines and Inflammatory Cytokine

Transcripts—HMC-1 cells and Raw 264.7 cells were stimulated
with spIL-33 or mature IL-33, and then the induction of
chemokines and inflammatory cytokine transcript was assessed
by RT-PCR. Both spIL-33 and mature IL-33 induced the tran-
scriptions of chemokines (IL-8 and MIP-2) and inflammatory
cytokines (TNF� and IL-6) compared with the untreated con-
trol cells (Fig. 6). SpIL-33 and mature IL-33 sufficiently
increased mRNA level of the chemokines and cytokines,
although the induction of transcripts varied. Chemokines (IL-8
andMIP-2) exhibited the basal level of transcripts in untreated
control cells (Fig. 6A).
Dose-dependent Phosphorylation of spIL-33-induced Signal-

ing Molecules—In addition, we determined whether spIL-33
phosphorylates signaling molecules in a dose-dependent man-
ner. HMC-1 and Raw 264.7 cells were stimulated with various
concentrations of spIL-33 for 15 min because the phosphory-
lation of signaling molecules exhibited the highest activation
(Fig. 5). The phosphorylation of IRAK1, NF-�B, p38 MAPK,
p44/42 MAPK, and JNK was augmented along with the
increased concentrations of spIL-33 (Fig. 7). The activation of
p38 MAPK and p44/42 MAPK in HMC-1 was initiated at 10
ng/ml concentration of spIL-33, whereas the other signaling
molecules were phosphorylated at 30 or 50 ng/ml concentra-
tion of spIL-33 (Fig. 7, A and B).
Dose-dependent Induction of Inflammatory Cytokines by

spIL-33—We decided to assess whether spIL-33 induces
inflammatory cytokines by a dose-dependent manner. HMC-1
and Raw 264.7 cells were stimulated with several concentra-
tions of spIL-33. spIL-33 induced chemokine (IL-8 andMIP-2)
productions in a dose-dependent manner from HMC-1 and
Raw 264.7 cells, respectively (Fig. 8, A and C). In addition, the
induction of inflammatory cytokines (TNF� and IL-6) was sim-
ilar to chemokine production (Fig. 8, B and D). This phenome-
non was also repeated in the study with mature IL-33 proteins
(data not shown).
IL-33 Induces InflammatoryCytokines through ST2Receptors—

We examined whether spIL-33 induces chemokines and
inflammatory cytokines via ST2 on the cell surface of HMC-1
and Raw 264.7 cells. These cells were pretreated with an anti-

ST2-neutralizing antibody, and then pro-IL-33, spIL-33, or
mature IL-33 was used to stimulate HMC-1 and Raw 264.7
cells. The culture supernatant was harvested after 16 h, and
secreted IL-8, TNF�, andMIP-2 weremeasured by ELISA. The
anti-ST2 antibody-pretreatedHMC-1 cells (gray bar) produced
less IL-8 comparedwith nontreated cells (open bar) and control
antibody (black bar) in Fig. 9. Although spIL-33 or mature
IL-33-induced IL-8 productionwas decreased, statistical signif-
icance was observed only in mature IL-33 (Fig. 9A). In mouse
Raw264.7 cells, TNF� andMIP-2 productionswere sufficiently
reduced by the anti-ST2 antibody, and the results exhibited
were statistically significant in both spIL-33 and mature IL-33
(Fig. 9, B and C).

DISCUSSION

In this study,we first demonstrated a novel isoformof human
IL-33 splice variant (spIL-33), and spIL-33 has been character-
ized as a constitutively active IL-33 isoform. The discovery of
spIL-33 was carried out while we attempted to isolate cDNA of
IL-33 from various human cell lines.We found spIL-33 inHuh7
cells and revealed the lack of exon 3 at the predicted caspase-1
cleavage site (Figs. 1B and 2) (6).
Themolecular structure, signal transduction, and the biolog-

ical activity of spIL-33 were studied and compared with that of
pro-IL-33 and mature IL-33. The previously known IL-33 was
reported as a Th2-associated inflammatory cytokine (6).
Although spIL-33 lacks the 42 amino acids (Arg74–Gly115) of
the known pro-IL-33 (Fig. 2), its ability to activate the typical
inflammatory signal pathways resulted in the induction of
inflammatory cytokines such as human IL-8 in HMC and
mouse TNF�, IL-6, and MIP-2 in mouse Raw 264.7 cells (Figs.
4–8).
The role of caspase-1 in the activation of IL-33 was contro-

versial in several previous studies. The first study of IL-33 sug-

FIGURE 6. Recombinant spIL-33 induces the transcription of inflamma-
tory cytokines. HMC-1 cells (A) and Raw 264.7 cells (B) were treated with
spIL-33 or mature IL-33, and the transcription level of inflammatory cytokine
was assessed by RT-PCR. Both spIL-33 and mature IL-33 induced chemokines
(IL-8 and MIP-2) and inflammatory cytokines (TNF� and IL-6) compared with
nontreated control cells. The data represent one of three independent exper-
iments. cont, control.

FIGURE 7. spIL-33 induces signal transduction in a dose-dependent man-
ner. HMC-1 (A) and Raw 264.7 (B) cells were stimulated with various concen-
trations of recombinant spIL-33 for 15 min as indicated at the top. The phos-
phorylated or total signaling protein was detected with anti-phosphoprotein
or total signaling protein as indicated at the right of each panel. The data
represent one of three independent experiments.
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gested that caspase-1 cleaves the amino acid residue (Asp110–
Ser111) on human pro-IL-33, which was predicted by the
incubation of in vitro translated IL-33 rather than recombinant
pro-IL-33 protein (6). Interestingly, our results in Fig. 4A
showed that recombinant pro-IL-33 and spIL-33 proteins were
not cleaved by caspase-1, but recombinant pro-IL-18 protein
was specifically processed by caspase-1 and became an active
mature 18-kDa IL-18 (Fig. 4, A and B). Moreover, the recombi-
nant spIL-33 and mature IL-33 stimulated HMC-1 and Raw
264.7 cells and induced inflammatory cytokines, which were
independent of caspase-1 cleavage on spIL-33. The recombi-
nant pro-IL-33 was not cleaved by caspase-1 (Fig. 4A) and was
also not active in inducing inflammatory cytokines (Fig. 4, C
and D).
Contrary to the initial report (6), it has been reported that

full-length pro-IL-33 is active, and the processing by caspase-1
results in IL-33 inactivation (40). Further study on IL-33 pro-
cessing by Luthi et al. (41) reported that apoptotic caspases
process pro-IL-33 in apoptotic cells resulting in inactivation of

pro-IL-33, whereas pro-IL-33 released from necrotic cell is
spontaneously active. They suggested that the cleavage site of
caspase-1 does not occur at the site initially proposed (Asp110–
Ser111) but rather at the amino acid residues Asp178–Gly179,
which is the consensus site of cleavage by caspase-3 (40, 41, 50).
Apoptotic caspase-3 and -7 destroy the biological activity of
pro-IL-33 by cleavage of amino acid residues Asp178–Gly179.
Nevertheless, these studies have performed in vitro; the biolog-
ical activity of the pro-IL-33 was shown by only NF�-B lucifer-
ase assay (41). Unlike this study, our experiments were per-
formed with HPLC-purified recombinant IL-33 proteins
(endotoxin level below 0.3 enzyme units per 1 �g).
Another study suggested calpain-dependent processing of

pro-IL-33 like IL-1�, which was shown by treatment with cal-
cium ionophore. Calpain processes pro-IL-33, which produces
mature IL-33 in human epithelial and endothelial cells without
proving biological activity of the calpain-cleaved IL-33 (51).
Contrary to this result, Ohno et al. (52) reported that caspase-
1/8 and calpain are dispensable for IL-33 release from macro-

FIGURE 8. Dose-dependent induction of inflammatory cytokines by spIL-33. Several concentrations of spIL-33 were treated to HMC-1 or Raw 264.7 cells
overnight. A, spIL-33 increased chemokine IL-8 in a dose-dependent manner from HMC-1 cells. B–D, inflammatory cytokines (TNF� and IL-6) and chemokines
(MIP-2) were also induced by spIL-33 in mouse Raw 264.7 cells in a dose-dependent manner. The data represent one of two independent experiments. Cont,
control; hu, human; mu, murine.

FIGURE 9. IL-33 activates inflammatory effects via ST2. HMC-1 cells (A) and Raw 264.7 cells (B) were pretreated with anti-ST2 antibody or control IgG and then
pro-IL-33 (Pro), spIL-33 (Sp), or mature (Mat) IL-33 was added to cells. The culture supernatant was harvested, and secreted IL-8 (A), TNF� (B), or MIP-2 (C) level
was measured. Mean � S.E. A, huIL-8; B, muTNF�; C, muMIP-2. *, p � 0.05; **, p � 0.01 (n � 3 per group). The data represent one of three independent
experiments. Cont, control; hu, human; mu, murine.
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phage and mast cells. Murine IL-33 was released spontane-
ously, and its secretion was increased by LPS or phorbol
12-myristate 13-acetate plus ionomycin from the peritoneal
macrophages of caspase-1-deficient BALB/c mice (52). The
discrepancy of these results may be explained by the fact that
the experiment of calpain-dependent IL-33 processingwas car-
ried out on human cell lines, whereas the conflicting report by
Ohno et al. (52) was performed with the peritoneal macro-
phages of caspase-1-deficient mice. Although there is signifi-
cant sequence homology between human and mouse IL-33,
they share only 55% identity at the amino acid level.
Splice variants are atypical in cytokine genes, yet splice vari-

ants exist in some cytokines such as IL-15, IL-1F7, IL-32, and
VEGF (49, 53–57). There are two isoforms of a well character-
ized IL-15, one has a long signal peptide (48 amino acids) and
the other one has a short signal peptide (21 amino acids) due to
an alternative splicing in exon 5 (58), which is similar to IL-33,
but the splicing region of IL-33 (in pro piece) is distinct from
IL-15 (signal peptide). Unlike IL-15, the splicing area of spIL-33
is located in a critical region containing the proposed caspase-1
cleavage site (Asp110–Ser111). As shown in Fig. 4, spIL-33 is
constitutively active and its activity is not dependent on
caspase-1 cleavage (Fig. 4, C and D). Our data showed that we
were not able to confirm the cleavage of recombinant spIL-33,
pro-IL-33 (Fig. 4A), andmature IL-33 (Ser112–Thr270) (data not
shown) from different sources; our recombinant mature IL-33
and mature IL-33 were from R & D Systems. The spIL-33 and
mature IL-33were highly active, but pro-IL-33was not active in
both human HMC-1 and mouse Raw 264.7 cells (Figs. 4–9).
This result implies that the mature form of IL-33 (Ser112–
Thr270) is processed by other cytokine-processing enzymes.
Although both IL-15 isoforms possess identical biological

properties, sharing the same receptors and biological functions,
each IL-15 isoformhas a distinct regulation and expression pat-
tern. The long signal peptide IL-15 isoform is more efficiently
secreted in supernatant (58), than thatwith the short one. Thus,
we chose to down-regulate the activity of spIL-33 with mouse
anti-ST2 in order to confirm whether spIL-33 activates inflam-
matory effects through ST2. The anti-ST2 monoclonal anti-
body effectively blocks the production of inflammatory cyto-
kines induced by recombinant spIL-33 and mature IL-33 (Fig.
9). This result confirms that both spIL-33 and mature IL-33
share ST2 as a receptor. Although we confirmed that spIL-33
utilizes the same receptor (ST2) and exhibits the same biologi-
cal functions, further investigation is necessary to characterize
the expression pattern and regulation of spIL-33 in human tis-
sues and different organs.
Neutrophil proteinase 3 (PR3), also known as Wegener

autoantigen, is a granule serine protease that is localized in
neutrophils andmonocytes, and it is capable of processingmul-
tiple biological substrates (59). PR3 processes several cytokines
such as IL-8 (60), TGF�1 (61), membrane-bound TNF� (62),
IL-1� (63), IL-18 (64), and IL-32 (65) and enhances the biolog-
ical activity of cytokines. Thus, PR3 could be a potential pro-
cessing enzyme for pro-IL-33, since PR3 processes the proform
of IL-1 family ligands such as IL-1� and IL-18 (63, 64).

It is critical to study the effect of spIL-33 in vivo for investi-
gation of the physiological role of the molecule. However, we

have not discovered a similar splice variant in mouse IL-33,
although we tried RT-PCR with various mouse tissues and
organs (supplemental Fig. 1). There is variation in the number
of splice variants with the IL-18-binding protein (IL-18BP). For
example human IL-18BP exists in four isoforms, and mouse
IL-18BP exists in only two isoforms (66).
spIL-33 sufficiently activates inflammatory signal pathways

and induces inflammatory cytokines, although the biological
activity of spIL-33 is weaker than mature IL-33. It is necessary
to perform further studies on the precise structure of spIL-33 in
order to address the difference in biological activity of spIL-33
and pro-IL-33. However, spIL-33 has 42 less amino acids in the
pro-piece of IL-33, and the deleted region of spIL-33 seems to
influence the active site of IL-33. Although the predicted
caspase-1 cleavage site (Asp110–Ser111) is controversial, the
mature recombinant IL-33 (Ser112–Thr270) was highly active,
and the deletion of 42 amino acids in the pro-piece of spIL-33 is
structurally similar to mature IL-33 that contributes to the bio-
logical activity of spIL-33.
Collectively, we identified a constitutively active spIL-33,

which lacks the proposed caspase-1 cleavage site, and charac-
terized the molecular structure, signal transduction, and the
biological activity of spIL-33. Further study on the expression
pattern of spIL-33 could help us understand the inflammatory
disorders of epithelial tissues such as asthma and atopic
dermatitis.
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45. Schröder, M., and Kaufman, R. J. (2005)Mutat. Res. 569, 29–63
46. Ast, G. (2004) Nat. Rev. Genet. 5, 773–782
47. Han, S. Y., Kim, S. H., and Heasley, L. E. (2002) J. Biol. Chem. 277,

47167–47174
48. Kim, S. H., Eisenstein, M., Reznikov, L., Fantuzzi, G., Novick, D., Rubin-

stein, M., and Dinarello, C. A. (2000) Proc. Natl. Acad. Sci. U.S.A. 97,
1190–1195

49. Kim, S. H., Han, S. Y., Azam, T., Yoon, D. Y., and Dinarello, C. A. (2005)
Immunity 22, 131–142

50. Lamkanfi, M., and Dixit, V. M. (2009) Immunity 31, 5–7
51. Hayakawa,M.,Hayakawa,H.,Matsuyama, Y., Tamemoto,H.,Okazaki, H.,

and Tominaga, S. (2009) Biochem. Biophys. Res. Commun. 387, 218–222
52. Ohno, T., Oboki, K., Kajiwara, N., Morii, E., Aozasa, K., Flavell, R. A.,

Okumura, K., Saito, H., and Nakae, S. (2009) J. Immunol. 183, 7890–7897
53. Bufler, P., Azam, T., Gamboni-Robertson, F., Reznikov, L. L., Kumar, S.,

Dinarello, C. A., and Kim, S. H. (2002) Proc. Natl. Acad. Sci. U.S.A. 99,
13723–13728

54. Kumar, S., Hanning, C. R., Brigham-Burke, M. R., Rieman, D. J., Lehr, R.,
Khandekar, S., Kirkpatrick, R. B., Scott, G. F., Lee, J. C., Lynch, F. J., Gao,
W., Gambotto, A., and Lotze, M. T. (2002) Cytokine 18, 61–71

55. Meazza, R., Verdiani, S., Biassoni, R., Coppolecchia, M., Gaggero, A.,
Orengo, A. M., Colombo, M. P., Azzarone, B., and Ferrini, S. (1996) On-
cogene 12, 2187–2192

56. Nishimura, H., Washizu, J., Nakamura, N., Enomoto, A., and Yoshikai, Y.
(1998) J. Immunol. 160, 936–942

57. Pufe, T., Petersen, W., Tillmann, B., and Mentlein, R. (2001) Arthritis
Rheum. 44, 1082–1088

58. Tagaya, Y., Kurys, G., Thies, T. A., Losi, J. M., Azimi, N., Hanover, J. A.,
Bamford, R. N., and Waldmann, T. A. (1997) Proc. Natl. Acad. Sci. U.S.A.
94, 14444–14449

59. Baggiolini, M., Bretz, U., Dewald, B., and Feigenson, M. E. (1978) Agents
Actions 8, 3–10

60. Padrines,M.,Wolf,M.,Walz, A., and Baggiolini,M. (1994) FEBS Lett. 352,
231–235

61. Csernok, E., Szymkowiak, C. H., Mistry, N., Daha,M. R., Gross,W. L., and
Kekow, J. (1996) Clin. Exp. Immunol. 105, 104–111

62. Robache-Gallea, S., Morand, V., Bruneau, J. M., Schoot, B., Tagat, E.,
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