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We previously reported the strong immunostimulatory effects of a CpG oligodeoxynucleotide (ODN), des-
ignated MsST, from the lacZ gene of Streptococcus (S.) thermophilus ATCC19258. Here we show that 24 h of
stimulation with MsST in mouse splenocytes and peritoneal macrophages strongly induces expression of
interleukin (IL)-33, a cytokine in the IL-1 superfamily. Other IL-1 superfamily members, including IL-1a,
IL-1b and IL-18, are down-regulated after 24 h of stimulation of MsST. We also found that MsST-induced
IL-33 mRNA expression is inhibited by the suppressive ODN A151, which can inhibit Toll-like receptor 9
(TLR9)-mediated responses. This is the first report to show that IL-33 can be induced by CpG ODNs. The
strong induction of IL-33 by MsST suggests that it may be a potential therapeutic ODN for the treatment
of inflammatory disease. The presence of a strong CpG ODN in S. thermophilus also suggests that the bac-
terium may be a good candidate as a starter culture for the development of new physiologically func-
tional foods.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

One or more cellular component of Streptococcus thermophilus
can lead to increased intestinal barrier capacity and T helper type 1
(Th1) immune responses in host cells, highlighting the role of lactic
acid bacteria (LAB)-derived components in inducing host defense
[1]. Previously, we identified an immunostimulatory sequence of
oligodeoxynucleotides (ISS-ODNs) present in the S. thermophilus
lacZ gene that can induce a strong response. The ODN consists of a
CpG sequence motif and was designated MsST [2]. We observed sig-
nificant up-regulation of interleukin (IL)-10 expression in mouse
splenocytes after stimulation with MsST [2]. Related to this, the re-
sults of studies in mice indicate that IL-10 can suppress the develop-
ment of eosinophilic inflammation in airways [3].

Recently, IL-33, a new anti-inflammatory cytokine, was identi-
fied as a functional ligand for the mouse ST2 receptor [4,5]. IL-33
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binds to the ST2 receptor present on mast cells [6] and Th2 cells
[7]. ST2 is thought to mediate the biological activity of IL-33,
resulting in a Th2-biased allergic inflammation. Both in vivo and
in vitro, IL-33 can enhance production of Th2-associated cytokines
such as IL-4, IL-5, and IL-13 via polarization of Th2 cells [4,8,9].
Thus, IL-33 is currently recognized as a potentially important cyto-
kine that enhances Th2-balanced immune regulation. Similar to IL-
1 and IL-18, IL-33 is translated in a precursor form that requires
caspase-1 cleavage to generate the mature, active form. However,
IL-33 is unique in that caspase-1 cleavage can also inactivate IL-
33 [10].

The nuclear targets of IL-33 are still unknown. However, sev-
eral lines of evidence, such as expression of IL-33 in inflamed
tissues, nuclear repressor activity of IL-33 and the antagonistic
properties of IL-33 against ST2, suggest that IL-33 may lead to
decreased inflammation, opposing the activity of factors like IL-
1. IL-33 has potential as a novel therapeutic target for the treat-
ment of autoimmune and inflammatory diseases [11]. Moreover,
in the context of cross-talk between danger-associated molecular
pattern protein (DAMP) receptors and pathogen recognition
receptors, IL-33 might not only drive Th2 responses via ST2,
but also antagonize Toll-like receptor (TLR)-driven proinflamma-
tory responses. Brint et al. [12] demonstrated that cross-linking
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of ST2 sequesters the adaptor proteins Mal and MyD88 from
TLR4, inhibiting the activation of NF-jB and the subsequent
expression of proinflammatory cytokine genes. As described in
a previous report, we observed a significant up-regulation of
IL-10 expression after stimulation with MsST [2]. IL-10 exerted
both anti-inflammatory and immunoregulatory activities [13].
However, there is no evidence of an anti-inflammatory response
after IL-33 increase following treatment with CpG ODNs, which
act via TLR9. Therefore, in this study, we focused on induction
of IL-33 by CpG ODNs and examined the effects of MsST stimu-
lation on mouse splenocytes and peritoneal macrophages.

2. Materials and methods

2.1. Mice

Pathogen-free male C57BL6 mice (5 weeks of age) were
purchased from Japan SLC (Shizuoka, Japan) and kept under
temperature and light controlled conditions. Mice were given a
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Fig. 1. Analysis of IL-33, IL-1a, IL-1b, IL-18 mRNA expression in mouse splenocytes. Tota
were measured by real-time quantitative PCR. (A) MsST was used to determine the optim
2 h prior to exposure to 3 lM MsST and 1612 for 3, 6, 12, 24, 48 or 96 h. Expression of I
Results are shown as the ratio of IL-33 mRNA levels (first normalized to a b-actin; see Ma
means and error bars indicate standard deviations. The results represent means ± SD of
identically treated cells cultured in the presence of ODN1612.
standard diet of Labo MR Breeder (Nihon Nosan Co., Kanagawa,
Japan) and sterile water ad libitum. Mice were used for study
at 8 weeks of age. All experimental procedures were carried
out in accordance with the Regulations for Animal Experimenta-
tion of Shinshu University and the animal protocol was approved
by the Committee for Animal Experiments of Shinshu University.
Based on the national regulations and guidelines, all experimen-
tal procedures were reviewed by the Committee for Animal
Experiments and finally approved by the president of Shinshu
University.

2.2. Reagents

Endotoxin-free phosphorothioate ODNs were synthesized by
OPERON (Tokyo, Japan). The ODNs were reconstituted in endo-
toxin-free water and passed through a 0.22 lm-pore microfilter
(Nihon Millipore K.K., Tokyo, Japan). Cells were treated with an
equimolar mixture of CpG ODN 1555 (50-GCTAGACGTTAGCGT-30)
[14], control ODN 1612 (50-GCTAGAGCTTAGGCT-30) [14], MsST
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l RNA was extracted and the relative levels of mRNAs that encode various cytokines
al concentration of ODNs. (B–E) Mouse splenocytes were pre-incubated in media for
L-33 (B), IL-1a (C), IL-1b (D), or IL-18 (E) mRNAs was determined by real-time PCR.
terials and methods) for stimulated versus ODN1612-treated cells. Values represent
three or four independent experiments. **P < 0.01, or ##P < 0.01 as compared with
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Fig. 2. Analysis of IL-33 mRNA expression in mouse splenocytes (A) and peritoneal
macrophages (B) by lactic acid bacterial ODNs, ID35, MsST and OLLB7. Positive
control, ODN1555, and negative control, 1612. Mouse splenocytes were pre-
incubated in media for 2 h before exposure to 3 lM ODNs for 48 h. Items indicated
with different letters (i.e. a, b, c) were significantly different (P < 0.01) (A). The
mouse peritoneal macrophages were pre-incubated and adhered to dishes in media
for 24 h before exposure to ODNs for 3, 6, 12, 24, 48 or 96 h. **P < 0.01 vs. identically
treated cells cultured in the presence of 1612 (B).
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from S. thermophilus (50-CAGGACGTTGTATCACTGAA-30) [2], ID35
from Lactobacillus (L.) rhamnosus GG (50-ACTTTCGTTTTCTGCGTC
AA-30) [15], OLLB7 from L. bulgaricus NIAI B6 (50-CGGCACGCTCACG
ATTCTTG-30) [16], or the suppressive ODN A151 (50-TTAGGGTTAG
GGTTAGGGTTAGGG-30) [17]. A151 is found in mammalian
telomeres and acts by disrupting colocalization of CpG ODNs with
TLR9 in endosomal vesicles without affecting cellular binding and
uptake [18]. Pam3CSK4, Polyinosine-polycytidylic acid (poly(I:C)),
Gram-negative lipopolysaccharide (LPS) from Escherichia coli
O111:B4, and imiquimod were purchased from InvivoGen (CA,
USA).

2.3. Cells and cell culture

Mouse splenocytes were prepared using standard methods
[19]]. Mouse peritoneal macrophages were collected from anesthe-
tized mice by peritoneal lavage with 5 mL of phosphate-buffered
saline, centrifuged at 200 g for 5 min, resuspended in RPMI com-
plete 1640 medium (Sigma, MO, USA) supplemented with 10% fetal
calf serum (FCS; Sigma), 100 U/ml penicillin, 100 lg/ml streptomy-
cin, 25 mM HEPES, 1.0 mM sodium pyruvate, nonessential amino
acids, and 0.0035% 2-mercaptoethanol. More than 98% of the
adherent cells were considered to be macrophages based on four
criteria described previously [20]. Mouse peritoneal macrophages
were pre-incubated and adhered to dishes in media for 24 h before
exposure to ODNs. Cells were cultured in medium at a final con-
centration of 1 � 106 cells per well (total volume, 1 mL per well).

2.4. Real-time quantitative PCR analysis

Total RNA was isolated from ODN-stimulated mouse spleno-
cytes, treated with RNAse-free DNAse I (Roche, Lewes, UK) for
10 min at 37 �C, and then heat inactivated at 70 �C for 15 min
[19,21]. The cDNAs were prepared by reverse transcription from
1 lg of total RNA using a PrimeScript

�
RT reagent kit (Takara Bio

Inc., Tokyo, Japan). An equivalent volume of the cDNA solution
was used for quantification of various cytokine cDNAs by real-time
quantitative PCR using a Thermal Cycler Dice

�
Real Time System

(TaKaRa Bio Inc.). Fluorescent real-time quantitative PCR reactions
were performed on SYBR Premix Ex Taq (Takara Bio Inc.) using spe-
cific primers, with each reaction containing 5 ng of cDNA in 25 lL.
The b-actin and IL-1a, IL-1b, IL-18 and IL-33 primers were pur-
chased from Takara Bio Inc. The PCR cycling conditions were 10 s
at 95 �C, followed by 40 cycles of 5 s at 95 �C, and 30 s at 60 �C.
As a control, poly (A)+RNA samples were used as templates to
check for the presence of contaminating genomic DNA. The sensi-
tivity of the reaction and amplification of contaminant products
such as the extension of self-annealed primers were evaluated by
amplifying serial dilutions of the cDNA. For cross-sample compar-
ison of results obtained following various treatments, cytokine
mRNA levels were first normalized to mRNA levels obtained for
b-actin. The results represent the means ± SD of three or four inde-
pendent experiments.

2.5. Cytokine ELISAs

IL-33 levels in cell culture supernatant 48 h after various treat-
ments were measured using an enzyme-linked immunosorbent as-
say (ELISA). IL-33 was quantified by using a commercially available
ELISA kit (Quantikine mouse IL-33; R&D Systems) according to the
manufacturer’s instructions.

2.6. TLR9 blocking assay

Mouse splenocytes were cultured in triplicate in a 24-well plate
(Nalge Nunc International K.K. Tokyo, Japan) with A151 plus 1555
or 1612. Cells were incubated with 3 lM ODNs at 37 �C for 24 h,
and expression or secretion of cytokines was detected by real-time
quantitative PCR or ELISA as previously described [2].

2.7. Injection of ODN into Mice

Mice were housed in sterile microisolator cages in a barrier
environment and treated with an intraperitoneal injection of
400 lg ODN of MsST, 1612, A151, or MsST + A151. Mouse spleno-
cytes were harvested 48 h later and monitored for IL-33 gene
expression by real-time quantitative PCR.

2.8. Statistical analysis

The significance of differences between mean and control val-
ues was assessed by analysis of variance (ANOVA).

3. Results

We first sought to determine the effects on mouse splenocytes
of expression of IL-1 family cytokines, which occurs in response to
MsST stimulation. To do this, we monitored the expression of four
IL-1 family cytokines, IL-1a, IL-1b, IL-18 and IL-33 in MsST-stimu-
lated mouse splenocytes by real-time quantitative PCR (Fig. 1).
MsST was capable of inducing IL-33 at a concentration of 3 lM
(Fig. 1A). MsST from S. thermophilus strongly induces IL-33 after
24 to 48 h of stimulation (Fig. 1B), whereas IL-1a, -1b and IL-18
were down-regulated after the same treatment (Fig. 1C–E). Cells
treated with ODN ID35 from L. rhamnosus GG had similar levels
of IL-33 mRNA (141.04 ± 10.93) as those treated with MsST
(148.57 ± 13.28) (Fig. 2A). Levels of IL-33 mRNA in cells treated
with ID35 and MsST were higher than for those treated with
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compound 1555 (85.63 ± 8.68) (Fig. 2A). TLR9 recognizes unme-
thylated bacterial CpG-DNA and initiates a signaling cascade,
leading to the production of proinflammatory cytokines [22]. To
further characterize the IL-33 induction mediated by TLR9, we then
analyzed IL-33 mRNA expression in mouse peritoneal macro-
phages, which express TLR9 at high levels. MsST results in robust
up-regulation of IL-33 mRNA levels in mouse peritoneal macro-
phages as well as in mouse splenocytes (Fig. 2B). Next, we sought
to determine if IL-33 mRNA expression could be induced by signal-
ing via other TLRs, such as TLR2, which responds to Pam3CKS4;
TLR3, which responds to Poly(I:C); TLR4, which responds to LPS;
and TLR7/8, which responds to imiquimod (imidazoquinoline com-
pound) (Fig. 3A–D). Treatment with either Pam3CSK4 (1 lg/mL) or
imiquimod (1 lg/mL) significantly induces IL-33 mRNA expression
in mouse splenocytes (Fig. 3A and D). The levels of IL-33 mRNA
(normalized to b-actin; see Materials and methods) after
Pam3CSK4 or imiquimod stimulation in mouse splenocytes was
6.99 ± 2.78 and 76.64 ± 12.18, respectively. Interestingly, treat-
ment with imiquimod induces strong up-regulation of IL-33 mRNA
expression (142.67 ± 16.03), i.e. to levels comparable with induc-
tion by MsST (Fig. 3E).

We then used A151, a TLR9 blocker, to examine the depen-
dence of the effects we observed on TLR9. We found that IL-33
mRNA (Fig. 4A) and protein (Fig. 4B) levels were responsive to
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Fig. 3. Analysis of IL-33 mRNA expression in mouse splenocytes. Mouse splenocytes we
10 lg/mL) (A), Poly (I:C) (0.01, 0.1, 1 or 10 lg/mL) (B), LPS (0.01, 0.1, 1 or 10 lg/mL) (C)
levels following MsST stimulation compared with those treated with an optimal concen
(1 lg/mL). Results are shown as the ratio of IL-33 mRNA levels (first normalized to b-actin
with letters (i.e. a, b, c, d) were significantly different (P < 0.05).
treatment with CpG irrespective of whether the mouse spleno-
cytes were also treated with A151. However, treatment with
A151 significantly inhibits IL-33 induction. Consistent with this,
48 h after injection, mice injected intraperitoneally with MsST
had significantly higher splenocyte levels of IL-33 mRNA than
mice treated with both A151 and MsST (Fig. 4C).

4. Discussion

IL-33 was originally detected in bronchial epithelial cells, cells
of the small airways, fibroblasts, and smooth muscle cells, which
is suggestive of a role for IL-33 in the regulation of mucosal organ
function [4]. IL-33 induces helper T cells, mast cells, eosinophils,
and basophils to produce type 2 cytokines. The presence of IL-33
appears to correlate with the inflammatory status of various tis-
sues. For example, Carriere et al. [23] reported elevated levels of
IL-33 in several tissues: high endothelial venules from tonsils,
lymph nodes, Peyer’s patches in vessels from inflamed human ton-
sils, intestines of patients with Crohn’s disease, and the synovium
of patients with rheumatoid arthritis.

To the best of our knowledge, there have been no previous re-
ports of induction of IL-33 by CpG ODNs. In this study, we report
that imiquimod and CpG ODN strongly induce IL-33 in mice
splenocytes via TLR7/8 and 9, respectively, an effect that is not ob-
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served for other TLR ligands such as TLR2, TLR3 and TLR4. TLR9 di-
rectly recognizes viral and bacterial CpG-DNA motifs as ligands,
whereas murine TLR7 and human TLR8 sense viral single-stranded
RNA motifs [22,24,25]. TLR7 and TLR8 share high sequence similar-
ity with CpG-DNA-binding TLR9 [26]. Moreover, TLR7 and TLR8 ap-
pear to be closely related to TLR9 at a functional level, and are
involved in recognizing virus-derived single-stranded RNAs or syn-
thetic antiviral compounds, such as imidazoquinoline derivatives.
Plasmacytoid dendritic cells (pDCs) express TLR7 and TLR9, which
can also be induced by specific ligands [27]. Both TLR7/8 and TLR9
are also localized to the endosomal compartment and signal via the
adaptor molecules MyD88, IRAK1, and TRAF6, leading to activation
of IRF7 and induction of type I interferons [28]. Our results
therefore indicate a hierarchy in TLR7/8 or TLR9 ligand-mediated
up-regulation of IL-33, wherein the selective activation of the sin-
gle-stranded nucleic acid-sensing receptors is contingent upon the
more promiscuous sensing of nucleic acids by TLR9 subfamily
members, such as TLR7.

CpG ODNs are known to stimulate macrophages and dendritic
cells (DCs) to secrete high-mobility group box 1 (HMGB1) protein,
a CpG binding protein [29]. Extracellular HMGB1 accelerates deliv-
ery of CpG ODNs to the receptor, leading to a TLR9-dependent
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Fig. 4. The suppressive ODN A151 down-regulates IL-33 mRNA and protein levels.
Supernatants from stimulated cells were collected, and IL-33 mRNA and protein
levels were measured by real-time quantitative PCR (A) or ELISA (B). Error bars
indicate standard error. **P < 0.01 and *P < 0.05 vs. identically treated cells cultured
in the presence of 1612. Response of IL-33 mRNA levels to various treatments (C).
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harvested 48 h later and monitored for IL-33 expression by real-time quantitative
PCR (C). Results are shown as the ratio of IL-33 mRNA levels (first normalized to b-
actin; see Materials and methods) in stimulated versus PBS-treated control cells.
*P < 0.05 vs. identically treated cells cultured in the presence of 1612.
increase in IL-6, IL-12, and TNFa secretion [29]. Interestingly,
HMBG1 may perform this function only in the context of infection,
linking the damage and pathogen detection pathways through
cross-talk between the HMBG1 receptor, the receptor for advanced
glycation end products (RAGE), and TLRs [30]. During the course of
an infection, HMGB1 released from nearby cells binds to bacterial
DNA. By then binding to RAGE on pDCs, HMGB1 presents bacterial
DNA to TLR9, a key receptor of pDCs that detects and responds to
bacterial DNA by stimulating the production of interferon (IFN).
RAGE bound to HMGB1 thus acts as co-receptor for TLR9 in this
context. This has important implications for autoimmunity, as
HMGB1 also acts as a co-receptor for TLR9 after binding to self-
DNA released from dead or dying cells [31]. These findings support
the classification of HMGB1 and IL-1a as DAMPs, which inform the
immune system of cell or tissue damage [32]. Based on the similar-
ities among HMGB1, IL-1a and IL-33, we consider that IL-33 may
also be a member of the DAMP protein family.

IL-33 differs from IL-1b and IL-18, which require caspase-1 to
generate the mature, biologically active forms of the proteins
[23]. It is also reported that IL-33 does not require maturation for
binding and activation of the IL-33 receptor ST2 [10], and that pro-
cessing by caspase-3 results in IL-33 inactivation [33]. Thus, IL-33
appears to be unique in the IL-1 family in terms of both processing
and which domains are biologically active [34]. In this study, we
found that secreted levels of mature IL-33 protein were responsive
to treatment with MsST by ELISA. MsST also led to a significant de-
crease in expression of the Th2 cytokine IL-4 (data not shown).
Full-length IL-33 can enhance production of Th2-associated cyto-
kines via binding to ST2 [4,10]. Taken together, our findings sug-
gest that the induction of IL-33 by CpG ODN results in an
inhibition of ST2/IL-33 activation, opposing the activity of various
factors, including IL-1 superfamily proteins. Further precise studies
are required to confirm the inhibition.

We speculate that up-regulation of IL-33 in response to exposure
to an external stimulus such as MsST may serve as an endogenous
danger signal that alerts cells in the innate immune system to tissue
damage during bacterial challenge, similar to the prototypical alar-
mins HMGB1 and IL-1b. Our findings suggest that IL-33 is an impor-
tant regulator that acts on macrophages via TLR9. Although our
understanding of IL-33 is currently limited, it seems reasonable to
suggest that IL-33 might counterbalance the activities of proinflam-
matory cytokines such as IL-1 and HMBG1. In conclusion, we found a
novel immunoregulatory mechanism mediated by CpG ODNs that
induces IL-33. Understanding how IL-33 mediates immunoregula-
tion via MsST activation should help in the development of therapeu-
tic ODNs for treatment of inflammatory disease by the strong
induction of IL-33. Exploiting this property may also prove useful
in the design and production of new physiologically functional foods.
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