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IL-33 plays an important role in inflammatory diseases including hypersensitive diseases like asthma,
autoimmune diseases like rheumatoid arthritis, cardiovascular diseases like heart failure and neurode-
generative diseases like Alzheimer’s disease. Here we reported the generation of an IL-33 transgenic
mouse, in which mouse IL-33 full-length cDNA was controlled under the CMV promoter. The transgenic
IL-33 was released as a cleaved form with molecular weight of 18 kDa in pulmonary, nephritic, cardiac
and pancreatic tissues in transgenic mice and the pI of 18 kDa peptide was about pH 3-5 on the 2D

ﬁe_};v;ords" PAGE which was similar with the activated peptide of IL-33. Histological analysis showed massive air-
$ST2 way inflammation with infiltration of eosinophils around bronchi and small blood vessels, hyperplasia of
Transgenic mice goblet cells and accumulation of mucus-like material in pulmonary tissue of transgenic mice. An increase
Cleavage of IL-5, IL-8, IL-13 and IgE was detected in bronchoalveolar lavage fluid (BALF) of transgenic mice, which

Pulmonary inflammation are inflammatory factors. These findings suggest transgenic IL-33 could be cleaved and secreted in an

activated form and play an important role in the pathogenesis of pulmonary inflammation.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

IL-33 was initially described as ‘nuclear factor from high
endothelial venules’ (NF-HEV) because of its nuclear localization
[1]. Over-expression study suggested its role in transcriptional
repression in vitro [2], but the exact function of endogenous IL-33
in the nucleus has not been established. More importantly, IL-33
was identified as an extra cellular ligand for the orphan receptor
ST2 [3].IL-33 binding to the ST2 receptor on targeted cells can trig-
ger the secretion of inflammatory cytokines [4]. More and more
evidences show that IL-33 plays an important role in inflammatory
diseases: hypersensitive diseases like asthma [5,6], autoimmune
diseases like rheumatoid arthritis [7], cardiovascular diseases like
heart failure [8] and neurodegenerative diseases like Alzheimer’s
disease [9]. Genetic analysis has located some SNP sites around
human IL-33 and ST2 genes and correlated these sites with inflam-
matory diseases [10-12]. These findings paved the way to unravel
the role of IL-33 in inflammatory diseases.

IL-33 contains an IL-1-like cytokine fold in its carboxyl-terminus
and chromatin binding domain in amino-terminus. Without a sig-
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nal peptide for secretion, Schmitz assumed the cleavage of IL-33
by caspase-1 between the two domains, and the truncated pep-
tide (amino acid 112-270 in human IL-33 and amino acid 109-266
in mouse IL-33) was the mature cytokine [3]. But this hypothesis
now meets challenges from a series of recent researches. Firstly,
caspase-1 was not necessary for the release and cleavage of IL-33
[13,14]. Secondly, IL-33 may be cleaved at Asp 178 by caspase-3,
and this cleavage suppressed IL-33 cytokine activity in apoptotic
cells [15,16]. Finally, the full-length IL-33 can directly bind to its
ST2 receptor, and the cleavage at Ser 111 was not necessary for
its activity [15,16]. For better understanding of this contravention,
endogenous study is needed.

The exogenous administration of recombinant IL33 (rIL-33)
induced severe airway inflammation in mice [3,17,18]. In these
reports, the mice were daily treated with 0.4-4 g rIL-33 intraperi-
toneally. While the physiological and pathological concentration
of IL-33 is between 30 and 100 pg/mg in mouse pulmonary tis-
sue [19]. The differences at concentration and distribution of IL-33
between physiological or pathological condition and exogenous
models may affect the evaluation of the IL-33 in inflammation. In
this study, an IL-33 transgenic mouse model was created. Up regu-
lation of cleaved peptide of IL-33 at molecular weight (MW) 18 kDa
can be detected in pulmonary, nephritic, cardiac and pancreatic
tissues. The increase of inflammatory cytokines, the infiltration of
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inflammatory cells can be seen in pulmonary tissue of transgenic
mice. Here, we show that release of cleaved IL-33 promotes airway
inflammation in transgenic mice.

2. Materials and methods
2.1. Animals

The proposals using animals were approved by the Institutional
Animal Care and Use Committee of the Chinese Institute of Labo-
ratory Animal Science (GC-08-2018) and the mice were hosted in
AAALAC accredited facility. The transgenic founders (FO) mice were
mated with wild-type C57BL/6] mice to produce F1 generation and
IL-33 expression was detected in F1 transgenic mice. The F1 trans-
genic lines were mated with wild-type C57BL/6] mice to produce
F2 mice, which were used for phenotypic analysis.

2.2. Plasmid construction and preparation of transgenic mice

The full-length mouse IL-33 (mlIL-33) cDNA was cloned
from neonate C57BL/6] mouse tissue by reverse transcription
PCR (RT-PCR) using a kit from Invitrogen and confirmed by
sequencing analysis. The primers were: sense 5'-GCAAGCTTC
ATGAGACCTAGAATGAAGTAT-3’, antisense 5-CGGGATCCTTTA
CTGCATTAGATTTTCGAG-3'. The PCR was conducted using 35
cycles under the following conditions: denaturation at 94°C for
30s, annealing at 63 °C for 30s and extension at 72 °C for 70s, to
amplify the desired 829 bp fragment of the mouse IL-33 gene. The
mlIL-33 ¢cDNA was inserted downstream of the CMV promoter in
the vector pCDNA3.1(+) between BamHI and Xhol cloning sites.
The completed plasmid was linearized by Endonuclease Bglll
digestion. The entire transgenic expression cassette, comprised of
the CMV promoter, mouse IL-33 full-length cDNA and BGH polyA
signal was not disrupted. The DNA fragments were gel-purified,
dissolved in Tris—-HCI-EDTA at a final concentration of 5 ng/ul, and
were injected into the pronucleus of fertilized zygotes harvested
from C57BL/6] mice, using conventional methods for generation of
transgenic mice [20].

2.3. Genomic PCR for genotyping identification

Mouse genomic DNA was extracted from tail biopsies [21].
Genomic PCR was performed in a 20 pl reaction system containing
1 g genomic DNA by the same primers and conditions previ-
ously employed for IL-33 gene cloning. The primers can amplify the
829 bp of the IL-33 ORF, which was spliced from 9 kb of IL-33 gene.
The endogenous IL-33 gene did not affect the genotyping of the
transgenic mice. PCR products were examined by electrophoresis
on 1% agarose gel.

2.4. Determination of copy number of transgene

The copy number of the transgene was detected in the method
reported by Randy and Tom [22]. Briefly, standard curves were gen-
erated with IL-33 transgenic construct in a concentration gradient
0f0.0001-0.1 ng/wl. Mouse genomic DNA from F1, F2 and F3 gener-
ation was diluted to 50 ng/.l. Real-time PCR was performed under
the same condition used for standard curves with the Roche Light
Cycler Instrument following the instructions for the SYBR Green
Real Time PCR Master Mix (Qiagen). The reactions were cycled 40
times with denaturation at 94°C for 55, annealing at 57°C for 5s
and extension at 72°C for 20s per cycle. The fatty acid binding
protein of the intestine (Fabpi) was used as the internal controls
with primers of 5'-TGGACAGGACTGGACCTCTGCTTTCCTAGA-3’ and
5-TAGAGCTTTGCCACATCACAGGTCATTCAG-3’ [23].

2.5. Western blot

Protein samples of lung, kidney, heart, pancreas, brain, liver,
intestine and spleen had been extracted from 2-month-old mice
in RIPA buffer containing NP-40 by homogenitor at 20,000 rpm for
2min, and then centrifuged at 12,000 rpm at 4 °C for 30 min. The
supernatant was incubated with loading buffer in boiling water for
5 min, and subsequently separated on SDS-PAGE. The proteins were
transferred to a nitrocellulose (NC) membrane (Millipore) and were
probed with polyclonal goat anti-mouse IL-33 antibody (R&D Sys-
tems). The primary antibody was detected with HRP-conjugated
polyclonal rabbit anti-goat IgG antibody (Pierce). HRP-conjugated
anti-B-actin (Boster, China) was used as normalization. The NC
membrane was visualized using ECL (Santa Cruz) and exposed to
X-ray film (Kodak).

2.6. 2D PAGE

Protein samples for 2D PAGE analysis were harvested from
mouse pulmonary tissues in a protein extraction solution (10 mM
Tris-HCI, pH 8.0, 1 mM EDTA, 2% NP-40). The tissue samples were
homogenized on ice with homogenitor at 20,000 rpm for 2 min,
and then kept for 30 min on ice. The homogenates were cen-
trifuged at 12,000 rpm at 4 °C for 30 min, 60 g samples were mixed
with the same volume of IEF loading buffer (9.5M urea, 2% NP-
40, 10% 2-mercaptoethanol, 2% ampholyte) for each assay. Each
sample was loaded onto a strip (pH 3-10). Isoelectric focusing
was carried out on a Bio-Rad protean IEF cell using the follow-
ing program: 200V, linear ramp for 30 min; 300V, linear ramp
for 30 min; 450V, linear ramp for 30 min; 600V, linear ramp for
30min; 800V, linear ramp for 16 h. The strips were equilibrated
with equilibration buffer (60 mM Tris—HCl, pH 6.8, 5% SDS, 10% glyc-
erol, 5% 2-mercaptoethanol) for 30 min at room temperature. The
strips were run in second dimension on 12% SDS-PAGE. The pro-
teins were transferred to the same NC membrane. Western blot
analysis was also carried out on 2D PAGE.

2.7. Histological analysis

Lung, brain, heart, spleen, liver, intestine, kidney and pancreas
from 2-month-old animals were fixed in neutral buffered formalin.
The tissues were dehydrated in alcohol gradient then embedded
in paraffin and sliced at 4 pm of thickness. Hematoxylin and eosin
(HE) staining and Periodic acid-Schiff (PAS) staining (for pulmonary
tissue only) were performed on these slices.

2.8. Bronchoalveolar lavage

The mice were sacrificed and the bronchoalveolar lavage fluid
was collected through three rinses with 0.6 ml PBS/rinse (NaCl
137 mM, KC1 2.7 mM, Na,HPO, 4.3 mM, KH, PO, 1.4 mM, pH 7.4). All
of the bronchoalveolar lavage fluid was collected together and cen-
trifuged at 4°C, 400 x g for 5 min. The supernatant (BALF) was used
for ELISA analysis. The precipitated cells of the fluid were counted
by Wright's staining.

2.9. ELISA

The concentration of IL-33, soluble ST2, total IgE in BALF were
analyzed by direct ELISA. The BALF was diluted to 1:5 with coating
buffer (Na,CO3 28.6 mM, NaHCO3 71.4 mM, pH 9.6) and distributed
(100 pl/well) in 96-well EIA/RIA plates. The plates were then kept
at4°Covernight. PBS was used as systematic control for BALF. After
washing three times with PBST (Tween-20 0.05% in PBS), the wells
were blocked with blocking solution (BSA 3% in PBS, 200 .1/well)
at room temperature for 45min, and then washed three times
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Fig. 1. IL-33 expression vector and genotyping of transgenic mice. The ORF of mIL-
33 was linked into vector pCDNA3.1(+) by BamHI/Xhol to generate the transgenic
construct (A); The transgenic mice were genotyped by PCR (B). Lines 1, 2,4, 5 and 8
were 5 transgenic founders of #14, #50, #55, #63 and #79. Lines 3, 6 and 7 were non-
transgenic littermates. Lines H and N were blank control and negative control. Line
P was the transgenic construct as positive control. Line M is DNA marker DL2000.

with PBST. Primary antibodies against IL-33 (0.1 g/ml), against
ST2 (AnaSpec, rabbit polyclonal antibody, 1 pg/ml) and against
mouse IgE (Biolegend, biotin conjugated Rat monoclonal anti-
body, 0.2 pg/ml), each diluted with blocking solution, were then

(AkDa Cl  C2 14 50

added to the wells (100 pl/well). After incubation at room tem-
perature for 2 h, the primary antibodies were aspirated off and the
wells were washed three times with PBST. Secondary antibodies
(Pierce, HRP-conjugated rabbit anti-goat IgG polyclonal antibody,
1:10,000; HRP-conjugated goat anti-rabbit IgG polyclonal antibody
1:10,000; HRP-conjugated avidin, 2 pg/ml) dissolved in blocking
solution were then added (100 wl/well) and incubated at room
temperature for 1h. After washing in the same manner, TMB
(3,3',5,5-tetramethylbenzidine) One Solution (Promega) was dis-
tributed (100 wl/well) and the plates were incubated at 37 °C for
10 min. The enzyme reaction was terminated by the addition of2 M
H,S04 (100 p.l/well), and absorbance at 450 nm was measured. The
results were optimized by elimination of systematic background.
IL-5, IL-8, IL-10, IL-13 were analyzed by ELISA kit from R&D Sys-
tems and Invitrogen company. These experiments were performed
according to the Kkits instructions. Every sample was analyzed in
triplicate.

2.10. Statistical analysis

Data are expressed as means =+ SD. The differences were ana-
lyzed by Student’s t-test using SPSS 13.0 for windows and p <0.05
was considered significant.

3. Results
3.1. Transgenic construction and genotype of transgenic mice

The ORF of mIL-33 was amplified from neonate C57BL/6] mouse
tissue and the sequence was consistent with GenBank record of
mouse [L-33 mRNA (NM_133775). The mIL-33 ORF was linked
into the plasmid pCDNA3.1(+) (Fig. 1A). The transgenic mice were
created by microinjection of the linearized construct into the
pronucleus of fertilized zygotes from C57BL/6] mice. Five transgenic
founders (number #14, #50, #55, #63 and #79) were genotyped
by PCR (Fig. 1B). The transgene copy number of founder #50 was
detected in mice from F1, F2 and F3 generations separately as
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Fig. 2. IL-33 expression in different tissues. Five transgenic mice from different founders (#14, #50, #55, #63, #79) and 2 non-transgenic littermates (C1 and C2) were used
in target protein expression screen by Western blot (A). The occurrence of IL-33 in unwashed and washed pulmonary tissue from transgenic mice of line #50 were compared
by Western blot and evaluated by density analysis (B, n=3, p<0.05). The expression of transgenic IL-33 was also detected in heart, pancreas and kidney (C, n=3, p<0.05).
The 18 kDa IL-33 peptides in non-transgenic control and transgenic mice were separated on 2D PAGE and their isoelectric point ranges were detected by western bolt (D).
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Fig. 3. Histological changes in pulmonary tissue. The pulmonary tissues from the two transgenic lines and non-transgenic littermates were stained with methods of HE (A-D
and G) and PAS (E, Fand H). A and E were the non-transgenic control. B-D and F were the line #50. G and H were the line #55. The pulmonary inflammations around the blood
vessel and small bronchus were marked with white arrow. The eosinophili’s infiltration was marked with yellow arrow. The hyperplasia of goblet cells and accumulation of
mucus-like material were marked with black arrow. Original magnifications of A-C and E-H were 100x and D was 400x.

16.5+2.5,17.24+3.1and 17.9 £+ 3.7 (n=4) suggesting that the trans-
gene was stable during the passage of the transgenic mice.

3.2. The expression of transgenic mIL-33 in mouse

The expression of mIL-33 in pulmonary tissues from mice of
F1 generation was detected by Western Blot analysis to screen
the over-expression lines. The obvious expression of the mIL-33
at MW 18 kDa was detected in mice from founders of #50, #55 and
#79 compared with that of wild-type littermates (Fig. 2A) and the
founders of #50 and #55 were selected for this study. The expres-
sion of predicated protein at MW 30 kDa can also be detected, but

there were no significant difference between transgenic and con-
trol mice. The most of the over-expressed IL-33 peptide was 18 kDa
of molecular weight, which could be washed off by rinsing the
pulmonary tissues (Fig. 2B, n=3, p<0.05). This result suggested
that 18 kDa peptide was presented in extracellular space. Two-
month-old mice of F2 generation from founder #50 were used for
subsequent expression pattern analysis of the transgenic gene in
different tissues and the over-expression of 18 kDa mIL-33 were
detected in the tissues of lung, heart, pancreas, and kidney (Fig. 2C,
n=3, p<0.05), but not in the tissues of brain, liver, intestine, and
spleen. The similar expression pattern was also detected in founder
#55 (data not shown). To verify the isoelectric point character of IL-
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Fig. 4. Cell counts in BAL. Cells populations in BAL of non-transgenic control group
and the two transgenic groups (#50 and #55) were counted by Wright's staining
(n=6,"p<0.01).

33 of 18 kDa, two-dimensional gel electrophoresis was carried out
(Fig. 2D). The positive IL-33 points located at the isoelectric point
range pH 3-5.

3.3. The histological changes in the pulmonary tissue of IL-33
transgenic mice

The birth-rates, body weights, and sex ratios of line #50 and line
#55 were recorded (n=60). Both of the two lines showed no dif-
ference compared with that of C57BL/6 wild-type mice. The gross
anatomic and histological analysis were performed on the tissues of
heart, liver, spleen, kidney, pancreas, intestine and brain from mice
of line #50 and line #55 at 2-month-old. No obvious changes were
observed compared with that of non-transgenic littermates. The
histological changes of lung tissue were analyzed with HE staining
and PAS staining from transgenic and non-transgenic littermates
at 2-month-old. The inflammatory foci were observed around the
blood vessels and the bronchi and the infiltration of mononucleated
and multinucleated inflammatory cells were mainly assembled
around airways and blood vessels in transgenic mice but no in con-
trol group (Fig. 3B, Cand G). The multinucleated inflammatory cells
were mainly eosinophils in inflammatory foci (Fig. 3D). The goblet
cell hyperplasia and mucus accumulation were also observed in the
transgenic mice with PAS staining, but no in control group (Fig. 3F
and H).

3.4. The increase of inflammatory cells in BAL of IL-33 transgenic
mouse

The cell population in BAL was isolated from the mice of F2
generation at 2-month-old and counted under a light microscope
(Fig. 4). Two transgenic lines (#50 and #55) were used. Compared
with non-transgenic littermates, the neutrophils were increased
about 4.6-fold (n=6, p<0.01), the eosinophils were increased by
7.2-fold (n=6, p<0.01), the lymphocytes were increased about
2.7-fold (n=6, p<0.01) and the monocytes were increased about
6.2-fold (n=6, p<0.01) in both of the two transgenic lines. The
results indicated that over-expression of IL-33 results in the accu-
mulation of inflammatory cells in the airway of IL-33 transgenic
mice.

3.5. The increased levels of inflammatory factors in BALF of IL-33
transgenic mouse

In BALF, the levels of IL-33, soluble ST2, total IgE and inflamma-
tory factors including IL-5, IL-13, IL-8 and IL-10 were detected with
ELISA (Fig. 5). Compared with non-transgenic littermates, the lev-
els of IL-33 was increased about 5-fold (n=6, p<0.01), the level of
soluble ST2 was increased about 2.6-fold (n=6, p<0.01) and total
IgE was increased about 2-fold (n=6, p<0.01) in the two transgenic

lines. The levels of IL-5, IL-13 and IL-8 were increased about 38-fold,
21-fold and 20-fold (n=6, p<0.01) in the two transgenic lines com-
pared with that of non-transgenic littermates. The IL-10 was also
increased about 4.3-fold (n=6, p<0.05), which is an inflammation
inhibitory factor.

4. Discussion

IL-33 plays an important role in inflammatory diseases includ-
ing hypersensitive diseases like asthma[5,6], autoimmune diseases
like rheumatoid arthritis [ 7], cardiovascular diseases like heart fail-
ure [8] and neurodegenerative diseases like Alzheimer’s disease [9].
In this paper, we generated the mIL-33 transgenic mice to detect
the effect of over-expressed IL-33 on inflammation and the endoge-
nous cleavage of IL-33 in mice. In IL-33 mice, the over-expression
of transgenic mIL-33 can be detected in lung, heart, pancreas and
kidney at molecular weight of 18 kDa (Fig. 2A and C). The over-
expressed 18 kDa peptide in pulmonary tissues could be washed
off (Fig. 2B) and its pI was in pH 3-5 (Fig. 2D). The full-length
IL-33 can be cleaved at Leu108 by caspase-1 to form the mature
cytokine that is the peptide of 109-266 amino acid residues with
MW 18kDa in mice [3]. Some other proteases like calpain may
participate the maturation of IL-33 [24], and the size of the pep-
tide could be between 18 and 22 kDa [13,24]. IL-33 also can be
cleaved at asp175 by caspase-3 to form an inactivated peptide
of 1-175 amino acid residues also with MW 18 kDa [15,16]. The
isoelectric point characters of the two kinds of peptide with MW
18 kDa were calculated by the composition of the amino acids with
software Editseq 5.00 (DNASTAR Inc.). The pI of the activated pep-
tide of 109-266 amino acid residues was pH 4.36, while pI of the
inactivated peptide of 1-175 amino acid residues was pH 9.21.
Therefore, the over-expressed 18 kDa IL-33 peptide in the IL-33
mice was the activated IL-33 and could be released into extracel-
lular space.

The histological analysis of IL-33 mice revealed the pulmonary
inflammation with infiltration of inflammatory cells around air-
ways and blood vessels (Fig. 3A-D and G) and goblet cell
hyperplasia and mucus accumulation in the airway of IL-33 mice
(Fig. 3E, F and H). The pathologic changes in lung of the IL-33 mice
were similar to the changes induced by exogenous administra-
tion of rIL-33 in mice [3,17,18]. The splenomegaly and pathological
changes in digestive tract were not observed in IL-33 mice, which
occurred in mice administrated with exogenous rIL-33 in dose
of 0.4-4 g of rIL-33 daily for 3 days to a few weeks [3,17,18].
However, the IL-33 was about 30 pg/mg in pulmonary tissue in
physiological condition [19], and the IL-33 was increased about
5 folds in the mlIL-33 transgenic mice (Fig. 5). The differences
at concentration and distribution of IL-33 between the trans-
genic mice and exogenous administration could be the reason that
splenomegaly and pathological changes in digestive tract were not
observed in transgenic mice.

In IL-33 mice, eosinophils, neutrophils and monocytes were
presentin greater quantity and percentage in BAL (Fig. 4). Increased
expression levels of IL-5, IL-8 and IL-13 were detected in BALF
(Fig. 5). These findings corroborated other researches on effect
of IL-33 on allergic diseases [3,4,17]. The main cellular targets of
the IL-33/ST2 signal pathway are Th2 cells, mast cells, basophils
and eosinophils [25-29]. Some other cells like NKT cells may
also be the target of IL-33 [30]. Besides the participation of
Th2 cells, eosinophils play a central role in airway allergic dis-
eases. Eosinophillic infiltration is a symptom in asthma, especially
in severe asthma. Eosinophils play a key role in the initiation
and propagation of inflammatory responses and therefore are
major actors in the pathogenesis of inflammatory diseases. Recent
research indicated that signaling through the IL-33-ST2 pathway
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has an important role in eosinophil maturation, survival and acti-
vation [31], both by direct effects on eosinophils and indirectly
through recruitment and regulation by Th2 cells. The SNP sites
at IL-33 and ST2 had been associated with eosinophils count in
inflammatory diseases [12]. Although neutrophils are not regarded
as direct target cells of IL-33 because there is no ST2 receptor on its
surface, through the recruitment of IL-8, IL-33 can promote neu-
trophil’s accumulation.

As a pro-inflammatory cytokine, IL-33 promotes inflammatory
response. There are, however, ways to neutralize IL-33 in order
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to avoid or reduce severe inflammation. One way is through the
soluble ST2 receptor, which may bind the soluble IL-33 and pre-
vent it from interacting with the membrane-bound receptor on
target cells. sST2 had been used to treat OVA challenged mice, to
modulate IL-33’s biological activity[32]. In IL-33 mice, with the
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Fig. 5. ELISA of IL-33, sST2, IgE and Cytokines in BALF. The concentrations of IL-33, sST2, IgE, IL-5, 8, 10 and 13 in BALF were detected by ELISA. The IL-33, sST2, IgE were
shown in OD ratios and the concentrations IL-5, 8, 10, 13 were shown in the pg/ml (n=6, *p <0.05; **p<0.01).
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may work as another way to counterbalance the over-expression of
IL-33.

Collectively, our findings suggest transgenic IL-33 could be
cleaved and secreted in an active form and play an important role
in the pathogenesis of pulmonary inflammation.
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