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Abstract
Background—IL-33, a recently discovered IL-1 family cytokine, is implicated in the development
of Th2-type responses in vivo. However, the cellular target(s) for IL-33 are poorly understood.

Objective—We tested the hypotheses that dendritic cells (DCs) respond to IL-33 and that IL-33-
activated DCs prime naïve CD4+ T cells to produce Th2-type cytokines.

Methods—DCs were derived from mouse bone marrow, and their expression of the IL-33 receptor,
ST2, was examined by FACS and real-time RT-PCR. The DCs’ responses to IL-33 were examined
by FACS (MHC II and CD86 expression) and by ELISA (IL-6 and IL-12 production). The ability
of IL-33-activated DCs to prime naïve T cells was assessed by coculture with isolated CD4+ T cells
and by measuring cytokines in the supernatants.

Results—ST2 mRNA was detectable in highly purified DCs. ST2 protein was abundant within
DCs, but was barely detectable on their cell surface. Incubation of DCs with IL-33 increased their
expression of MHC II and CD86 and production of IL-6, but IL-12 was not produced. Anti-ST2
antibody inhibited IL-6 production from IL-33-activated DCs by approximately 60%; anti-ST2 did
not affect IL-6 production from LPS-activated DCs. When incubated with naïve CD4+ T cells alone,
IL-33 failed to stimulate cytokine production. In contrast, naïve CD4+ T cells incubated with IL-33-
activated DCs showed robust production of IL-5 and IL-13, but IL-4 and IFN-γ were undetectable.

Conclusions—DCs respond directly to IL-33 through ST2. The IL-33 and DC interaction may
represent a new pathway to initiate Th2-type immune responses.
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Key Messages

• Dendritic cells respond directly to IL-33 through the receptor ST2.

• IL-33-activated DCs trigger an atypical Th2-type response of IL-5 and IL-13, but
not IL-4, from naïve T cells.
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• The IL-33 and DC interaction may represent a new pathway to initiate Th2-type
immune responses.

Introduction
IL-33 is a new member of IL-1-family cytokines 1,2. In general, IL-1 family cytokines are
expressed in hematopoietic cells 3. The expression pattern of human IL-33 appears restricted
to epithelial cells from bronchus and small airways, fibroblasts, and smooth muscle cells 1,
suggesting its potential involvement in mucosal immunity. Intraperitoneal administration of
IL-33 to naive mice led to increased expression of Th2 cytokines, marked eosinophilia in
various mucosal organs, increased serum levels of IgE and IgA, and pathological changes in
the lungs and gastrointestinal tracts, such as mucus production and epithelial hyperplasia 1.
Administration of IL-33 during a primary infection with the nematode, Trichuis muris, skewed
the host’s immune response toward a Th2-type and enhanced expulsion of the parasites 4;
however, in chronically infected animals, IL-33 failed to redirect the established Th1 immune
response. Using a monoclonal (mAb) against the receptor for IL-33, ST2, or lack of the ST2
gene also attenuated production of Th2 cytokines and enhanced the Th1 response in several
mouse models, including Th2 cell adoptive transfer 5, parasite infection 6,7, and OVA-induced
allergic airway inflammation 8,9. Thus, IL-33 and ST2 likely play critical roles in inducing
the Th2 response and suppressing the Th1 response, particularly during the early stages.

In spite of such profound and compelling biological activities for IL-33 in vivo, little is known
regarding the mechanisms for IL-33 to induce Th2 responses. The IL-33 receptor, ST2, is
expressed on mast cells, eosinophils, and differentiated Th2 cells; it is not expressed on naïve
T cells or Th1 cells 5,8,10-12. Accumulating evidence suggests that IL-33 activates mast cells,
basophils, and eosinophils11-16. However, previous studies on the effects of IL-33 on T cells
were somewhat conflicting. For example, the absence of ST2 (i.e., ST2-deficient mice) did not
affect Th2 cell development 6,17. IL-33 did not induce Th2 cytokine production from non-
polarized naïve CD4+ T cells 18. In contrast, IL-33 or crosslinking of ST2 by mAb did enhance
cytokine production by polarized Th2 cells; these cells were derived after several rounds of
culture in Th2-driving conditions 18-20. Recently, IL-33 through the MAPK and NF-κB
pathway enhanced Th2-like differentiation of naive CD4+ T cells stimulated with anti-CD3
Ab or antigen 21. Thus, major questions still remain. Does IL-33 directly induce Th2
differentiation of naïve CD4+ T cells? Does IL-33 expand committed Th2 cells? What are the
roles for antigen presenting cells (APCs)?

Dendritic cells (DCs) integrate signals from tissue microenvironments and instruct naïve T
cells 22. DCs also play important roles in determining the outcome of T cell differentiation,
such as Th1, Th2, Th17 and regulatory T cells 23,24. Therefore, we hypothesized that IL-33
may influence DCs and that these IL-33-activated DCs may lead to Th2-type cytokine
production from naïve T cells. Previously, DCs showed no detectable surface expression of
ST2 5, and no studies have been reported that examined the effects of IL-33 on the functions
of DCs. Herein, we found that IL-33 potently activates the expression of cell surface molecules
on DCs and IL-6 production by DCs. More importantly, IL-33-activated DCs induced robust
production of IL-5 and IL-13 from naïve CD4+ T cells; IL-4 and IFN-γ were undetectable.
Thus, interaction between IL-33 and DC may represent a new pathway to initiate Th2-type
immune responses.

Rank et al. Page 2

J Allergy Clin Immunol. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Methods
Mice

BALB/cJ, C57BL/6J (B6), and C57BL/6-Tg(TcraTcrb)425Cbn/J (OT-II) mice were from
Jackson Laboratory (Bar Harbor, ME) and housed in the Mayo Clinic animal house facility as
per institutional guidelines. These studies were approved by the Mayo Clinic Institutional
Animal Care and Use Committee.

Generation of mouse bone marrow (BM)-derived DCs
DCs were generated from mouse BM using an established protocol 25 with minor
modifications 26. Briefly, mouse BM was obtained from the long bones of the hind legs. After
erythrocyte lysis, BM cells were suspended at 1×106/ml in RPMI 1640 with 10% FBS, 10 ng/
ml GM-CSF and 1 ng/ml IL-4. Cells were incubated at 37 °C for 2 days; the medium was
changed and cells were incubated 4 days longer. The purity of CD11c+ DCs after a 6-day
culture was >70%. In some experiments (e.g. real-time RT-PCR and cytokine production, vida
infra), DCs were further purified by a magnetic cell separation system (MACS®; Miltenyi
Biotech, Auburn, CA) and anti-CD11c immunomagnetic beads (Miltenyi Biotec); the purity
of these purified DCs were >93%. Experiments used 6-day culture DCs unless stated otherwise.

Real-time RT-PCR
The expression of ST2 mRNA in purified DCs was detected by RT-PCR. Total RNA was
isolated from MACS®-purified DCs with TRIzol and Invitrogen Pure Link Micro-to-Midi
columns (Invitrogen, Carlsbad, CA). As a control, total RNA was also isolated from the cells
in the flow-through population during the MACS® purification process; on average, 23% of
these flow-through cells were CD11c+. RNA samples were treated with DNase I (Invitrogen),
and cDNA was reverse-transcribed by using Bio-Rad iScript (Bio-Rad Laboratories, Hercules,
CA). Mouse ST2 (IL1RL1) mRNA transcripts were quantified by real-time PCR with Taqman
Gene Expression Array primer-probe sets (Applied Biosystems, Foster City, CA) and iCycler
with iq5 Real-Time PCR Detection System (Bio-Rad Laboratories). Transcription was
normalized to the 18S rRNA transcription in each sample. Amplified PCR products were
observed by gel electrophoresis using 2% agarose.

Detection of ST2 by FACS
BM-derived DCs were pre-incubated with Fc-receptor blockers (anti-CD16/32, BD
Pharmingen, San Diego, CA) for 30 minutes at 4 °C. To detect cell surface ST2, DCs were
stained with PE-conjugated anti-CD11c (clone HL3, BD Pharmingen) and FITC-conjugated
rat anti-mouse T1/ST2 (clone DJ8, MD Biosciences, St. Paul, MN) or FITC-conjugated rat
IgG1 isotype control (MD Biosciences). To detect intracellular ST2, the cells, which had been
stained with PE-conjugated anti-CD11c, were fixed and permeabilized by Cytofix/Cytoperm
reagents (BD Pharmingen) and then stained with FITC-conjugated anti-mouse T1/ST2 or rat
IgG1 isotype control. The cells were washed and suspended in PBS containing 1% BSA and
0.1% NaN3 and fixed in 1% paraformaldehyde. The cells were analyzed by a FACScan flow
cytometer (BD Immunocytometry Systems, Mountain View, CA) by gating on a CD11c-
positive forward scatter-high cell population.

Stimulation of DCs and detection of cell surface molecule expression and cytokine
production

To examine the effects of IL-33 on DCs, BM-derived DCs were suspended at 1×106/ml in
RPMI 1640 with 10% FBS, and stimulated with medium alone, recombinant murine IL-33
(final concentration 0.1-100 ng/ml, R&D Systems, Minneapolis, MN), or E. coli (O127:B8)
LPS (1 μg/ml, Sigma-Aldrich, St. Louis, MO) for 24 h at 37 °C. In some experiments, ST2
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blocking Ab (goat anti-mouse IL-1 R4, 3-30 μg/ml) or goat IgG control (both R&D Systems)
was added to the culture.

The functional responses of DCs to IL-33 and LPS were assessed by expression of cell surface
molecules and cytokine production by FACS and ELISA, respectively. For FACS analysis,
DCs were preincubated with Fc-receptor blockers (anti-CD16/CD32) for 30 min at 4 °C and
stained with PE-conjugated anti-CD11c (clone HL3) and FITC-conjugated anti-MHC Class II
I-Ad (AMS-32.1), or anti-CD86 (GL1) for 30 min at 4 °C; FITC-conjugated mouse IgG2b and
rat IgG2a were used as isotype controls (all from BD Pharmingen). After washing, DCs were
resuspended, fixed, and analyzed by a FACScan flow cytometer as described above. For
cytokine analysis, cell-free supernatants were collected after 24 h incubation. Concentrations
of IL-6 and IL-12p70 were analyzed by ELISA kits (R&D Systems); sensitivities for IL-6 and
IL-12p70 were 16 and 62 pg/ml, respectively.

DC/CD4+ T cell coculture
The effects of IL-33-activated DCs on T cell cytokine production were examined by culturing
BM-derived DCs with CD4+ T cells isolated from naïve B6 mice, naïve TCR-transgenic OT-
II mice (B6 background), or naïve BALB/c mice. OT-II mice express a transgenic TCR that
recognizes an OVA peptide presented by MHC class II. CD4+ T cells were isolated from mouse
spleens by using a mouse CD4+ T cell enrichment kit (EasySep®, Stem Cell Technologies,
Vancouver, BC, CA). BM-derived DCs from the same strain of animal were seeded at
0.1×106 cells/ml in round-bottom 96-well tissue culture plates and cultured with isolated CD4
+ T cells at a 1:10 DC: T cell ratio in the presence of medium alone, IL-33 (0.1, 1 or 10 ng/ml)
or IL-1β (1 ng/ml) (both from R&D Systems) for 6 or 10 days. Wells with DCs alone or CD4
+ T cells alone served as controls. In some experiments, DCs were cultured with CD4+ T cells
isolated from OT-II mice in the presence of medium alone, IL-33 or IL-1β with or without
endotoxin-free OVA (100 μg/ml). Endotoxin-free OVA was prepared from SPF chicken eggs
(Charles River Laboratories, Wilmington, MA) under sterile conditions as previously
described27. Culture supernatants were collected, and concentrations of IL-4, IL-13, and IFN-
γ (all day 6) and IL-5 (day 10) were measured by ELISA (R&D Systems). Sensitivities for
IL-4, IL-5, IL-13 and IFN-γ were 8, 16, 8, and 9 pg/ml, respectively. After 10 days in culture,
the supernatants were also analyzed by a Bio-Plex mouse 23-cytokine assay kit and the Bio-
Plex suspension array system (Bio-Rad Laboratories).

Statistical analysis
Results show the mean±SEM based on the number of experiments. The paired t-test was used
to compare differences between groups with p<0.05 considered statistically significant. A
statistical software package (Instat 3.0, GraphPad Sofware, La Jolla, CA) was used.

Results
Expression of the IL-33 receptor, ST2, in DCs

Previously, ST2 was not detected on the surface of DCs 5. Therefore, we first examined whether
DCs express ST2 mRNA. By using the MACS® purification system, we obtained highly
purified CD11c+ DCs (>93% CD11c+ cells) from BM-derived DCs to examine ST2 mRNA
expression by real-time RT-PCR (n=3). As a control, we also examined the flow-through
population from the CD11c+ DC MACS® purification step; this population contained on
average 23% CD11c+ DCs (n=3). By using real-time RT-PCR and gel electrophoresis, we
detected ST2 mRNA in the purified CD11c+ DCs (Figure 1A, 1B). By increasing the number
of PCR cycles, ST2 mRNA was also detectable in the flow-through cell population. Using
arbitrary units normalized to 18S, ST2 mRNA levels in the purified DC populations were about
6-fold higher than the levels in the flow-through populations (4.6±0.9 vs 0.7±0.2 units, Mean
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±SEM, n=3, p<0.05), suggesting that the amounts of ST2 mRNA roughly correlate with the
purity of the CD11c+ DC. Second, by gating electronically on the CD11c+ forward scatter-
high DC population, we used FACS to study both surface and intracellular ST2 protein
expression. Consistent with a previous report 5, we found that DCs express no or minimal ST2
protein on their surface (Figure 1C). In contrast, intracellular staining showed that ST2 protein
was expressed abundantly within DCs. Thus, ST2 is present in CD11c+ DCs at both the
transcriptional and protein levels.

IL-6, but not IL-12, is produced by IL-33-activated DCs
Previously, DCs were reported to produce IL-6 and IL-12, and these cytokines play important
roles in regulating CD4+ T cell differentiation 11,23,28. Because ST2 protein was barely
detectable on the DCs’ surface by FACS, we investigated whether IL-33 could induce any
functional responses from DCs. After DCs were incubated with IL-33 or E. coli LPS (as a
control) for 24 hours, the concentrations of released cytokines were measured in the cell-free
supernatants. IL-33 induced robust IL-6 production from DCs in a concentration-dependent
manner; significant effects were observed with IL-33 as low as 1 ng/ml (p<0.05) (Figure 2A).
In contrast, ≤ 100 ng/ml IL-33 did not induce IL-12 from DCs; a positive control, 1 μg/ml LPS,
induced abundant IL-12 from DCs, 13.4 × 103±3.4 × 103 pg/ml (mean±SEM, n=3). To verify
that DCs are the major source of IL-6 in the IL-33-stimulated BM-derived DC populations, we
used MACS® to purify further (>93%) the CD11c+ DCs. After stimulation with IL-33, these
purified DCs showed a similar concentration-response curve (Figure 2B) to that from the non-
purified DC populations (Figure 2A). Furthermore, IL-6 levels were roughly comparable
between the purified DCs and non-purified DCs (i.e., ~1.6 × 103 pg/ml with 100 ng/ml IL-33).
We also analyzed the IL-33-activated DC production of 23 mouse cytokines, including
IL-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-17,
eotaxin, G-CSF. GM-CSF, IFN-γ, KC, MCP-1, MIP-1α, MIP-1β, RANTES and TNF-α, by a
Bio-Plex assay; IL-6 was the only cytokine produced in response to IL-33 (data not shown).

We next used a blocking Ab to examine whether ST2 mediates these DCs’ cytokine responses
to IL-33. Anti-ST2 Ab inhibited IL-33-induced IL-6 production in a concentration-dependent
manner; anti-ST2 Ab (30 μg/ml) reduced IL-6 production by ~60% (p<0.05, n=5) (Figure 2C).
LPS-induced IL-6 production was unaffected by anti-ST2 (data not shown), and control goat
IgG showed no effects on IL-33-induced IL-6 production from DCs. Altogether, IL-33
stimulates IL-6 production in vitro from DCs through ST2 without inducing IL-12 production.

IL-33-stimulated DCs show increased expression of cell surface molecules
The MHC class II and co-stimulatory molecules expressed by APCs play important roles in
the proliferation and differentiation of CD4+ T cells 23. Therefore, we examined the expression
of MHC class II and CD86 by DCs after a 24 h incubation with IL-33. The FACS histograms
show that IL-33-activated DCs express MHC class II and CD86 (Figure 3A). Expression of
both MHC class II and CD86 increased in a concentration-dependent manner and reached a
plateau with 1 ng/ml IL-33 (Figure 3B). The CD86 expression levels induced by 100 ng/ml
IL-33 were considerably lower than levels induced by 1 μg/ml LPS (i.e., 65.5±5.0 vs. 183.7
±21.5 MFI, respectively). IL-33 did not increase DC expression of CD40 or CD80 (data not
shown). Thus, although IL-33 is likely less potent than LPS, IL-33 increases the DCs’
expression of MHC class II and certain co-stimulatory molecule(s).

Coculture of DCs/CD4+ T cells with IL-33 induces IL-5 and IL-13 production
Previous studies showed that IL-33 enhances Th2-type cytokine production from Th2-
polarized CD4+ T cells 18,19; however, IL-33 by itself or even with IL-2 failed to induce non-
polarized naïve CD4+ T cells to produce Th2-type cytokines 18. Because IL-33 did enhance
IL-6 production and increased expression of co-stimulatory molecule(s) by DCs, we
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hypothesized that IL-33-activated DCs might induce Th2-type cytokine production from naïve
CD4+ T cells. We isolated CD4+ T cells from spleens of naïve B6 mice or naïve OT-II mice
(B6 background) and incubated them with DCs in the presence of IL-33 without antigen.
Because the responses of the CD4+ T cells from B6 mice and OT-II mice were identical, we
pooled these data. When naïve CD4+ T cells alone were incubated with IL-33, no IL-4, IL-5,
IL-13 or IFN-γ was detected (Figure 4), consistent with previous observations 18. Furthermore,
when naïve CD4+ T cells were incubated with DCs in the absence of IL-33, none of these
cytokines were produced. In contrast, when IL-33 (0.1 or 1 ng/ml) was added to the DC/CD4
+ T cell coculture, robust production of IL-5 and IL-13 was observed (p<0.01, n=6). In contrast,
no IL-4 or IFN-γ was detected in these coculture supernatants.

These DC/CD4+ T cell coculture experiments did not use specific antigen. Thus, we next
examined whether IL-33 can enhance antigen-specific responses by naïve CD4+ T cells, and
we compared the enhancement effects of IL-33 to those of an authentic IL-1 family cytokine,
IL-1β. CD4+ T cells from naïve OT-II mice, which recognize an OVA peptide presented by
MHC class II, were cocultured with DCs in the presence or absence of 100 μg/ml OVA antigen,
with or without 1 ng/ml IL-33 or IL-1β. Without any cytokines, OVA weakly induced IL-13
production from naïve OT-II CD4+ cells (Figure 5A). When cocultured with IL-33-activated
DCs even in the absence of OVA, these OT-II CD4+ cells produced marked levels of IL-13;
incubation in the presence of OVA also produced marked levels of IL-13. In addition,
incubation with IL-1β did not significantly increase (compared to medium alone) IL-13
production by naive OT-II CD4+ cells with or without OVA. We also examined whether these
observations are reproducible in mice with a different background. DCs and naive CD4+ T
cells from BALB/cJ mice were incubated with or without IL-33 in the absence of antigens; the
supernatants with IL-33-activated DCs contained abundant quantities of IL-5 and IL-13, but
negligible quantities of IL-4 or IFN-γ (Figure 5B). Altogether, IL-33-activated DCs can induce
production of IL-5 and IL-13, but not IL-4 or IFN-γ, from naïve CD4+ T cells in vitro. Antigen
presentation is probably unnecessary for naïve T cells to produce cytokines in the presence of
IL-33-activated DCs.

Finally, we used the Bio-Plex cytokine assay to screen among 23 possible cytokines to identify
cytokines produced when CD4+ T cells are cocultured with DCs and IL-33. DCs and CD4+ T
cells from naïve B6 mice were cultured for 10 days with or without 10 ng/ml IL-33 in the
absence of antigen; cocultured cells incubated with IL-33 produced robust quantities of IL-5
and IL-13, but IL-4 and IFN-γ were minimal (Figure 6). Cocultured cells produced a large
quantity of MCP-1/CCL2 and smaller quantities of IL-10 and IL-17. Interestingly, CD4+ T
cells incubated with IL-33 produced IL-1β and MIP-1β/CCL4, but the production was inhibited
when DCs were added to CD4+ T cells. Cocultured cells without IL-33 produced no or little
(<50 pg/ml) cytokine, except for the following: IL-12p40 (150 pg/ml), MCP-1/CCL2 (662 pg/
ml), and RANTES/CCL5 (545 pg/ml) (mean, n=4).

Discussion
The in vivo biological activities of IL-33 and its receptor, ST2, are profound. In mucosal organs,
administration of IL-33 increases expression of Th2 cytokines and induces marked eosinophilia
and pathological changes1. Blockade of or deficiency in the ST2 gene attenuates Th2 cytokine
production and enhances Th1 cytokine production in several mouse models 5-9. However,
little is known regarding the mechanisms for how IL-33 induces Th2 responses and suppresses
Th1 responses. Our study suggests that DCs constitutively express ST2 and are activated by
IL-33 through ST2 (Figures 1, 2, and 3). In addition, in the presence of IL-33-activated DCs,
naïve CD4+ T cells robustly produce Th2-type cytokines, IL-5 and IL-13 (Figures 4 and 6). A
Th2-related chemokine, MCP-1/CCL2 29, was also produced (Figure 6). In contrast, naïve
CD4+ T cells did not respond to IL-33 alone without DCs, suggesting that interactions among
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DCs, T cells, and IL-33 are required for robust Th2-type cytokine production by naïve CD4+
T cells. IL-33 appears to be expressed by epithelial cells from bronchus and small airways,
fibroblasts, and smooth muscle cells 1. Thymic stromal lymphopoietin (TSLP) is also
expressed by keratinocytes and airway epithelial cells 30,31, and TSLP-activated DCs prime
naïve CD4+ T cells to differentiate into Th2 cells 32. Therefore, similarly to TSLP, IL-33 may
be another tissue-derived factor that activates DCs and profoundly affects production of Th2-
type cytokines or differentiation of CD4+ T cells.

Previously, when IL-33 was added to the culture, Th2-polarized CD4+ T cells expressed ST2
and increased their production of Th2 cytokines 18. In contrast, naïve CD4+ T cells and Th1
polarized CD4+ T cells did not express ST2 nor did they respond to exogenous IL-33 18.
Recently, Kurowska-Stolarska et al reported that IL-33 polarizes naïve CD4+ T cells to produce
IL-5 and IL-13, when cells are stimulated with anti-CD3 or APC plus antigen 21. Similarly,
we found that naïve CD4+ T cells alone did not produce cytokines when incubated with IL-33
(Figure 4). In contrast, when cocultured with DCs and IL-33, naïve CD4+ T cells produced
abundant IL-5 and IL-13, but not IL-4 (Figures 4 and 6). We also found that the TCR and MHC
class II/peptide interaction is probably not involved or necessary in the robust production of
these cytokines by CD4+ T cells (Figure 5). These observations suggest mechanistic
possibilities for how IL-33-activated DCs stimulate naïve CD4+ T cells to produce Th2-type
cytokines. Several scenarios, which are not mutually exclusive, can be considered. First, IL-33-
activated DCs may produce known or unknown soluble factor(s) and cell surface molecule(s),
which are implicated in the production of Th2-type cytokines by naïve CD4+ T cells and/or in
the differentiation of naïve CD4+ T cells toward Th2 cells. Second, IL-33-activated DCs may
promote naïve CD4+ cells to express ST2, allowing them to respond directly and robustly to
IL-33. Indeed, we found that IL-33-activated DCs produce IL-6 without producing IL-12
(Figure 2). Previously, IL-6 produced by DCs has been implicated in T cell differentiation to
a Th2-type 11,28. Other studies suggested that Th2 responses likely result from the absence
of IL-12 33,34. The expression of OX40L by TSLP-activated DCs was implicated in their
ability to drive Th2 cell differentiation 32; however, we did not detect increased expression of
OX40L by IL-33-activated DCs (results not shown). Therefore, future studies, perhaps
including gene microarray analysis, will be needed to elucidate the known or novel soluble
factor(s) and cell surface molecule(s) produced by IL-33-activated DCs, which are involved
in naïve CD4+ T cells producing Th2-type cytokines. These studies may clarify the similarities
and differences between the effects of IL-33 and TSLP on DCs.

The unique pattern of Th2 cytokines produced by naïve CD4+ T cells cocultured with IL-33-
activated DCs, namely both IL-5 and IL-13 but not IL-4 (Figure 4), needs to be noted. Other
investigators have made similar observations. For example, in mice infected with helminths
or RSV, blockade of ST2 or lack of the ST2 gene did not affect IL-4 levels 17,35 although the
IL-5 levels decreased 35. In polarized Th2 cells or naïve CD4+ T cells, IL-33 also enhances
production of IL-5 and IL-13, but not IL-4 1,18,21. Thus, IL-33 appears to affect IL-5 and
IL-13 production in preference to IL-4 production. When injected with alum adjuvant, IL-4-
deficient mice produce IL-5 36. Recently, IL-4 and STAT-6 were shown to be unnecessary for
Th2 lymphocyte differentiation in vivo, suggesting several pathways leading to the production
of Th2-type cytokines 37. In mice epicutaneously sensitized to antigen, the Th2-type response
was IL-13-dependent, but not IL-4-dependent 38. In humans, subpopulations of Th2 cells
produce different cytokine patterns (28% IL-4, IL-5, and IL-13, 40% IL-5 and IL-13) 39.
Clinically, the tissue cytokine pattern of increased IL-5 and IL-13 (but not IL-4) has been noted
in patients with chronic rhinosinusitis 40-44 and eosinophilic esophagitis 45-48. Therefore,
future studies need to examine the different patterns of Th2-type cytokine expression in
diseased tissues and in Th2-like lymphocytes and to elucidate the potential roles for
conventional Th2-driving factors, such as IL-4, and for novel Th2-driving factors, such as
IL-33, in the pathophysiology of allergic diseases.
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The critical functions of IL-33 may involve the early stages, but not the late stages, in the
development of Th2 responses. IL-33 is produced early in nematode infection 4. IL-33
administration produced a shift to a Th2 pattern (from a Th1 pattern) only when given early in
the immune response during parasitic infection 4. We observed in vitro that naïve CD4+ T
cells produce IL-5 and IL-13 independently of antigen presentation and recognition (Figure
5). Interestingly, IL-33 induced IL-5 and IL-13 production in anti-CD3-activated naïve CD4+
T cells even without robust expression of a classical Th2 transcription factor, GATA3 21. We
found that naive CD4+ T cells cultured with DCs and IL-33 produce IL-10 and IL-17 although
much less than IL-5 or IL-13 (Figure 6), suggesting that these T cells may maintain their
capacity to differentiate into Th17 or regulatory T cells. Therefore, the IL-33/ST2 pathway
may be critically involved in the early differentiation of Th2 cells, connecting the bridge
between innate and adaptive immune responses. Importantly, ST2 inhibits TLR4 signaling by
sequestrating the adaptor proteins, MyD88 and Mal 49, and IL-33 downregulates the TLR4
response to a Th1 adjuvant, endotoxin 49,50. Furthermore, an immunosuppressant, rapamycin,
promotes ST2 expression by DCs and makes them tolerant to TLR agonists 51. We observed
that IL-33-activated DCs do not produce IL-12, while LPS-activated DCs produce abundant
IL-12 (Figure 2). Thus, the IL-33/ST2 pathway may counteract the LPS/TLR4 pathway and
may modulate or maintain a balance of downstream Th2- and Th1-type cytokine production.

In conclusion, IL-33 activates DCs and these IL-33-activated DCs trigger an atypical Th2-type
response of IL-5 and IL-13 production. Identifying the triggers that lead to the production and
release of IL-33 and elucidating the molecular mechanisms leading to IL-33-induced Th2-type
cytokine production will offer important insights into the mechanism of allergic inflammation
and provide novel targets to disrupt these pathways.
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Figure 1.
DCs express ST2 mRNA and ST2 protein. A, Total RNA was purified from MACS® purified
DCs (>93% CD11c+ cells) (n=3) and from flow-through (23% CD11c+ cells) populations
(n=3). ST2 mRNA was quantified by real-time RT-PCR. B, Gel electrophoresis comparison
of amplified PCR products: CD11c+ denotes purified DCs, FT denotes flow-through DCs.
C, FACS analyses of purified DCs show surface and intracellular expression of ST2 protein;
control Ab is rat IgG1 isotype control (dashed line), no stain (shaded area), anti-ST2 (solid
line).
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Figure 2.
IL-33-activated DCs produce IL-6, but not IL-12. DCs (>70% CD11c+) (A) or MACS®
purified DCs (>93% CD11c+ cells) (B) were cultured with IL-33, and IL-6 and IL-12 levels
were measured in the supernatants. C, DCs were cultured with IL-33 (1.0 ng/ml) and anti-ST2
blocking Ab or control (goat) IgG. *p<0.05, **p<0.01, compared to medium alone, n=5.
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Figure 3.
IL-33-activated DCs show increased expression of MHC II and CD86. A, After 24 h culture
of DCs with medium (shaded area) or IL-33 (0.1 ng/ml (broken line) and 1.0 ng/ml (solid line)),
MHC II and CD86 expression levels were examined by flow cytometry. B, After 24 h culture
of DCs with IL-33 or LPS (1 μg/ml), MHC II and CD86 expression levels were examined.
*p<0.05, compared to medium alone, n=5.
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Figure 4.
Naïve CD4+ T cells cultured with IL-33-activated DCs produce IL-5 and IL-13. CD4+ T cells
isolated from naïve B6 or naïve OT-II mice were cultured with or without DCs and IL-33 for
6 or 10 days; no antigens were added. Supernatants were analyzed for cytokines on day 6 (IL-4,
IL-13, and IFN-γ) and on day 10 (IL-5). *p<0.05, compared to medium alone, n=6.
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Figure 5.
Cytokine production by naïve CD4+ T cells cultured with IL-33-activated DCs is independent
of antigen. A, CD4+ T cells from naïve OT-II mice were cultured with DCs with or without
OVA antigen and with or without 1 ng/ml IL-33 or IL-1β for 6 days. n=3-6 B, CD4+ T cells
and DCs from naïve BALB/cJ mice were cultured in the absence of antigen with or without
10 ng/ml IL-33 for 6 days. n=4.
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Figure 6.
IL-5 and IL-13 are produced by naïve CD4+ T cells cultured with IL-33-activated DCs. DCs
or CD4+ T cells from naïve B6 mice or their combination were cultured with 10 ng/ml IL-33
for 10 days. Cytokines levels in the supernatants were measured by a Bio-Plex mouse 23
cytokine assay kit. Note that expanded scales (underlined) are used for IL-1β, IL-5, IL-12p40,
IL-13, and MCP-1/CCL2. n=4.
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