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T

he recently discovered cytokine IL-33 is the natural ligand of ST2L, a long known orphan member of the
IL-1 receptor superfamily (1). The gene encoding the
IL-33 receptor also encodes a soluble molecule (sST2)3 by alternative splicing as well as a variant form expressed in humans,
ST2v, the functional significance of which is unclear (2, 3). In
addition to being selectively expressed on Th2 but not Th1
lymphocytes (4), ST2L is also expressed on mature mouse mast
cells (MCs) and on their very early precursors at the initial stage
of MC lineage commitment (5, 6). T cell-associated ST2L augments Th2 immune responses in vivo and in vitro, whereas
macrophage-associated ST2L as well as sST2 have been reported to display anti-inflammatory activity (7). Disruption of
ST2L activity through the use an ST2 Ab or soluble ST2 protein markedly attenuates Th2-dominated immune responses
and disease activity without affecting the development of naive
T cells into Th2 effectors (8, 9). In line with these earlier ob-
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servations on ST2L, IL-33 augments the in vitro production of
IL-5 and IL-13 by activated mouse Th2 cells. In vivo, treatment
of mice with IL-33 selectively induces the expression of high
levels of IL-4, IL-5, and IL-13 in various tissues, together with
eosinophilia and elevated serum levels of IgE and IgA. IL-33treated mice display severe inflammatory lesions of the lungs
and the digestive tract with eosinophilic infiltrates, epithelial
cell hyperplasia, and increased production of mucus (1). A role
for ST2/IL-33 in human allergic diseases is supported by the
recent finding that a single nucleotide mutation in the ST2 promoter results in enhanced ST2 expression and is associated with
an increased risk of developing atopic dermatitis (10). The cellular origin of IL-33 and the mechanisms regulating its secretion remain to be determined; however, human IL-33 mRNA is
constitutively expressed in airway epithelial cells, bronchial
smooth muscles, and he smooth muscles of the coronary and
pulmonary arteries (1). Like other members of the IL-1 superfamily such as IL-1␤, IL1-␣, and IL-18, IL-33 is produced as a
precursor protein that is cleaved by caspase-1 into mature IL-33
(1). Recent data further indicate that IL-33 is a dual function
protein that may play the role of either a proinflammatory cytokine or an intracellular NF with transcriptional regulatory
properties (11). Although IL-33 has been demonstrated to act
on T cells in vitro, the biological effects of IL-33 on MCs has
not been described, although this cytokine was reported to induce the activation of NF-B and MAPKs in mouse MCs (1).
Our data provides the first evidence that IL-33 alone or together
with thymic stromal lymphopoietin TSLP may play a significant role in MC-mediated inflammation by directly acting
upon mature as well as precursor human MCs.

Materials and Methods
MC cultures
Human peripheral blood- or cord blood-derived CD34⫹ progenitor cells were
isolated and cultured in stem cell factor-supplemented medium as reported
(12). After 10 –12 wk of culture, ⬎98% of the cells were stained for c-Kit (BD),
FcRI (eBioscience), and tryptase (Chemicon). MCs were cultured at 1 ⫻ 105
cells/ml in 0.2 ml in 96-well flat-bottom plates for 24 h in the presence of exogenous cytokine (⫹/⫺)-neutralizing Abs as indicated. Abs and recombinant
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IL-33, the natural ligand of the IL-1 receptor family
member ST2L, is known to enhance experimental allergic-type inflammatory responses by costimulating the production of cytokines from activated Th2 lymphocytes. Although ST2L has long been known to be expressed by mast
cells, its role in their biology has not been explored. In this
study we report that IL-33 directly stimulates primary human mast cells (MCs) to produce several proinflammatory
cytokines and chemokines and also exerts a permissive effect on the MCs response to thymic stromal lymphopoietin,
a recently described potent MCs activator. IL-33 also acts
both alone and in concert with thymic stromal lymphopoietin to accelerate the in vitro maturation of CD34ⴙ
MC precursors and induce the secretion of Th2 cytokines
and Th2-attracting chemokines. Taken together, these results suggest that IL-33 may play an important role in
mast cell-mediated inflammation and further emphasize
the role of innate immunity in allergic diseases. The
Journal of Immunology, 2007, 179: 2051–2054.
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cytokines used included anti-ST2-PE (MBL), anti-MC tryptase (Chemicon),
rIL-33 (Amgen), and recombinant TSLP (Amgen).

Assessment of mediator, ␤-hexosaminidase, cytokine, and
chemokine release
MCs were incubated for 90 min with IL-33 (10 ng/ml) or PMA/ionomycin as
a positive control, and ELISA for 5(S)-hydroxy-6(R)-S-glutathionyl-7,9-trans11,14-cis-eicosatetraenoic acid (LTC4) and PGD2 was performed (Cayman
Chemical) according to manufacturer’s instructions. ␤-Hexosaminidase release
was analyzed as previously described (13). IL-4, IL-5, IL-6, IL-10, IL-13, GMCSF, CCL1, CCL2, CCL17, CCL22, and CXCL8 were examined via commercial kits in supernatants harvested after 24 h of MC activation or 1 wk of
stimulation of CD34⫹ MC progenitors. All assays were conducted in triplicate.

Quantitative real-time PCR
RNA was isolated using the RNeasy mini kit (Qiagen). cDNA synthesis was
performed using the ABI first-strand cDNA synthesis kit (Applied Biosystems).
Quantitative real-time PCR was performed via TaqMan using ABI gene expression assays. Hypoxanthine phosphoribosyltransferase was used as a control for
cDNA input.

FIGURE 2. Effect of IL-33 on mature MCs. A, Cytokines
and chemokines secretion (pg/ml) by MCs (105 cells/ml)
stimulated for 24 h with IL-33 (10 ng/ml). Mean ⫾ SEM of
5–14 experiments is shown. B, MCs were stimulated by IL-33
(10 ng/ml) or PMA/ionomycin (as a positive control); ␤-hexosaminidase release was measured after 30 min and LTC4 or
PGD2 (pg/ml) after 90 min of stimulation. C, MC activation
and release of IL-5 or IL-13 (pg/ml) in the presence or absence
of IL-33 and/or TSLP. *p ⬍ 0.05; **p ⬍ 0.01. Mean ⫾ SEM
of eight experiments is shown.

Results and Discussion
We first sought to demonstrate that primary human MCs express the functional IL-33 receptor. As illustrated in Fig. 1, A
and B, CD34⫹ progenitor-derived MCs express membrane
ST2L mRNA and protein as revealed by quantitative real-time
PCR and flow cytometry. The ST2 receptor is functional in
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FIGURE 1. Human MCs express a functional receptor for IL-33. A and B,
Membrane ST2L expression was determined at mRNA (mean ⫾ SEM of eight
experiments on different MC lines) and protein levels (one representative experiment of five) on MCs and peripheral blood T cells. C, MCs were stimulated
with varying concentrations of IL-33, and IL-13 production was measured in
the supernatants after 24 h of culture. One representative experiment of three is
shown; mean ⫾ SD of triplicates. D, MCs were stimulated in the presence of
IL-33 (10 ng/ml) and neutralizing ST2 Fc or control Fc protein (each at 10
g/ml). One representative experiment of three is shown; mean ⫾ SD of triplicates. Ctr, Control.
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FIGURE 3. Effect of IL-33 on CD34⫹ MCs precursors. A, mRNA for membrane ST2L, TSLP-R, and IL7R␣-chains of the TSLP receptor were determined on
3-day-old CD34⫹ MC precursors by quantitative realtime PCR. B, Intracytoplasmic tryptase staining of 1- and
3-wk-old CD34⫹ MCs precursors cultured in the presence
of SCF (100 ng/ml) with or without IL-33. Isotype control
mAb is depicted as a gray histogram and unstimulated and
IL-33-stimulated cultures are represented as thin and bold
lines, respectively. One representative experiment of three
is shown. C, Cytokines and chemokines secretion by
CD34⫹ MCs precursors stimulated for 1 wk with or without IL-33 and/or TSLP (10 ng/ml each). Results are expressed in pg/ml; mean ⫾ SEM of four experiments.

IL-13, GM-CSF, CXCL8, CCL17, CCL22, and CCL2. TSLP
significantly enhances the stimulatory activity of IL-33 on
CD34⫹ cells (Fig. 3C). It is of note that unlike mature MCs,
CD34⫹ precursors do not release TNF or IL-10. The data indicate that IL-33 alone or together with TSLP is a potent activator of CD34⫹ precursor cells.
Although the role of IL-33/ST2L-mediated T cell stimulation has been well documented in Th2-mediated immune responses and diseases, this study is the first to document the ability of IL-33 to directly stimulate MCs and to exert a permissive
effect, similar to that of IL-1␤, on the response of these cells to
TSLP. The two cytokines directly stimulate mature MCs and
their locally recruited precursors to produce high levels of cytokines and chemokines that are reportedly sufficient to induce
and maintain an allergic phenotype by a direct effect on tissueresident cells and the local recruitment and activation of inflammatory cells (17).
The clinical relevance of these observations is underlined by
the pivotal role of MCs in the exacerbation, maintenance, and
initiation of allergic diseases (18). Given that like TSLP IL-33 is
presumably produced by cells other than lymphocytes and that
MCs are integral members of the innate immune system, our
data suggest that allergic inflammation may be induced or aggravated by the innate immune system. It will be important to
determine which natural triggers induce the expression, processing, and release of IL-33 in local MC-containing tissues.
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that IL-33 dose-dependently stimulates MC production of IL13, and this response is IL-33 specific because it is suppressed by
recombinant sST2-Fc (Fig. 1, C and D). It is unlikely that the
MC response to IL-33 is inhibited by endogenously released
sST2, which is known to contain the ST2L exodomain (2, 3).
Indeed, sST2 is not detectable in the culture supernatants of
MCs stimulated with IL-33 or IL-1/TNF or by FcR1 crosslinkage (⬍ 20 pg/ml), whereas low levels (100 –200 pg/ml) are
released in response to PMA stimulation (data not shown). In
addition to IL-13, IL-33-stimulated MCs release IL-5, IL-6, IL10, TNF, GM-CSF, CXCL8, and CCL1 (Fig. 2A) but produce
very little or no IL-1␤ (⬍100pg/ml in only two of eight cultures, data not shown). Finally, IL-33 does not trigger MC degranulation or the production of PGD2 and LTC4 (Fig. 2B).
These effects of IL-33 are similar to those recently reported for
TSLP with the noticeable exception that TSLP requires the
presence of IL-1 to exert its activity (12). Given that IL-33 is an
IL-1-like cytokine, we next examined the possible cooperation
between IL-33 and TSLP. We found that similar to IL-1␤,
IL-33 confers a permissive effect on MC response to TSLP (Fig.
2C). ST2L is expressed at several stages during development of
the MC lineage, including on the earliest detectable committed
precursors in the mouse (5). The population of human CD34⫹
progenitor cells is heterogeneous and may differentiate into several lineages including MCs, dendritic cells (14), and polynuclear leukocytes such as eosinophils/basophils (15, 16). We first
show that ST2L mRNA is expressed in the population of
CD34⫹ precursor cells isolated from human umbilical cord
blood, which also expresses mRNA encoding the two chains of
the TSLP receptor (Fig. 3A). The addition of IL-33 to cultures
of CD34⫹ progenitors accelerates their maturation into
tryptase-containing cells (Fig. 3B). The culture supernatants of
these IL-33-stimulated progenitor cells contain high levels of
proinflammatory cytokines and chemokines, including IL-5,
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