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IL-33 is associated with atopic and autoimmune diseases and, as reported here, it interacts
synergistically with Ag to markedly enhance production of inflammatory cytokines in
rodent mast cells even in the absence of degranulation. Investigation of the underlying
mechanisms revealed that synergy in signaling occurred at the level of TGF-p-activated
kinase 1, which was then transmitted downstream through JNK, p38 MAP kinase, and AP-1.
Stimulation of the Ga®*/calcineurin/NFAT pathway by Ag, which IL-33 did not, was critical
for the synergy between Ag and IL-33. For example, selective stimulation of the NFAT
pathway by thapsigargin also markedly enhanced responses to IL-33 in a calcineurin-
dependent manner. As indicated by luciferase-reporter assays, IL-33 failed to stimulate the
transcriptional activities of NFAT and AP-1 but augmented the activation of these tran-
scription factors by Ag or thapsigargin. Robust stimulation of NF-kB transcriptional activity
by IL-33 was also essential for the synergy. These and pharmacologic data suggested that
the enhanced production of cytokines resulted in part from amplification of the activation of
AP-1 and NFAT as well as co-operative interactions among transcription factors. IL-33 may
retune mast cell responses to Ag toward enhanced cytokine production and thus determine
the symptoms and severity of Ag-dependent allergic and autoimmune diseases.
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Introduction

known role is mediating IgE-dependent

Mast cells participate in innate and adaptive immune responses
as well as allergic and autoimmune diseases [1, 2]. Their best
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through their ability to respond to allergens with release
of inflammatory mediators via degranulation, production of
inflammatory lipids, and synthesis of cytokines. These responses
can be substantially enhanced by endogenous and exogenous
factors such as Kit ligand (stem cell factor), adenosine,
prostaglandin E,, and pathogenic TLR ligands [3, 4] and it is
now apparent that the responses of mast cells to allergens
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are regulated by a variety of endogenous and exogenous ligands
[1, 5, 6].

In cultured mast cells, Ag-induced aggregation of FezRI
through IgE results in the activation of tyrosine kinases such as
Lyn, Fyn, and Syk. The ensuing tyrosine phosphorylation of
adaptor proteins enables recruitment of other signaling molecules
[2, 7, 81. These molecules include PI3K, phospholipase (PL) Cy1/2,
and small GTPases including Ras and Rac. Further downstream,
PLC-mediated increases in intracellular levels of free Ca®*
[[Ca“]i] and activation of PKC provide necessary signals for
degranulation [9, 10], whereas the activation of MAPK via
GTPases is essential for engagement of transcription factors such
as Elk, c-Jun, c-Fos, ATF-2, and cMyc that promote cytokine gene
transcription [8]. Additional cytokine-related transcription factors,
NFAT and NF-kB, are activated through the Ca2+/‘ca11cir10L11'in and
PI3K/PKC-dependent pathways, respectively [4, 11]. The recruit-
ment and extent of Ag-induced activation of transcription factors is
enhanced on co-stimulation of mast cells with Kit ligand [12] or
TLR ligands [4]. As a consequence, the production of cytokines is
markedly augmented in a synergistic manner.

The recently described cytokine, IL-33, is also reported to
stimulate cytokine production, but not degranulation or eicosanoid
production in mast cells [13-16] and basophils [17-20], and may
enhance FeeRl and G protein-coupled receptor-mediated eytokine
production in mast cells and basophils [14, 21], although the
mechanism of this enhancement is unknown. [L-33 accumulates in

the affected tissues of patients with Crohn'’s disease, rheumatoid
arthritis, atopic dermatitis, psoriasis, and anaphylactic reactions
afflictions thought to be associated with activation of mast cells
[22-27]. In animal models, [1-33 is reported to exacerbate auto-
antibody-induced arthritis with enhanced autoantibody-mediated
mast cell degranulation in synovial tissues [28] and to be essential
for the late-phase inflammatory reaction during passive cutaneous
anaphylaxis [29]. The IL-33 receptor, 512, is a unique member of
the Toll/interleukin-1 receptor (TIR) family of receptors [30] but
operates in conjunction with the IL-1 receptor accessory protein
[31-33]. ST2, in common with [L-1/1L-18 receptors and TLR,
contains a TIR domain which enables recruitment of the TIR
domain-containing adaptor protein, MyD88, and in turn IL-1
receptor-associated kinase (IRAK) and TNF receptor-associated
factor 6 (TRAF6) [34, 35]. The engagement of TRAF6 leads to the
activation of two key transcription factors. These include the
dimeric AP-1 through the JNK pathway as well as NF-«B through
dissociation of the inhibitor of the NF-kB complex (IKK) from this
complex. However, some aspects of IL-33-mediated signaling
remain unresolved. p38 MAP kinase and ERK 1/2 are also acti-
vated in mast cells by IL-33 [14, 36] in a MyD88-dependent
manner [15], but the downstream consequences are unclear. Also,
it is not known if IL-33 operates through TGE--activated kinase 1
(TAK1), which plays a pivotal role in the activation of the NF-«kB,
p38 MAP kinase, and JNK pathways in some types of cells when
stimulated with agonists of other TIR family members including
IL-1, IL-18, or TLR ligands [37-39]. Nevertheless, ST2-mediated
signals appear to share the same general features as those medi-
ated by IL-1 receptors and TLRs.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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In investigating the mechanism of action of IL-33, and
its similarities to that of TLR ligands, we found that as little as
10pg/mL of IL-33 was capable of markedly amplifying produc-
tion of inflammatory cytokines and chemokines when cells were
stimulated with Ag along with [L-33. In contrast to Ag, IL-33
failed to induce a calcium signal for degranulation. Moreover, in
the presence of low concentrations of both Ag and IL-33 mast
cells exhibited no or minimal degranulation but produced
inflammatory cytokines in amounts exceeding those achieved
with optimal concentrations of either stimulant alone. The
present studies were undertaken to examine the mechanisms
underlying these phenomena with the expectation that the results
would broaden our understanding how responses to Ag can be
substantially retuned by other inflammatory factors.

Results

IL-33 interacts synergistically with Ag to enhance
cytokine production in a MyD88-dependent manner

In contrast to Ag, IL-33 failed to stimulate degranulation in RBL-
2H3 cells (rat basophilic leukemia mast cells) or BMMC (bone
marrow-derived mast cells) (Fig. 1A and B) and enhanced
degranulation to only a minimal or modest extent when added in
combination with Ag (Fig. 1C). The most pronounced effect of
IL-33 was its ability to synergistically augment production of
cytokines by Ag in RBL-2H3 cells and BMMC. For example,
production of TNF-2 was markedly enhanced when cells were
simultaneously stimulated with various concentrations of Ag and
1ng/mlL IL-33 (Fig. 2A and B). Synergy was apparent over a wide
range of concentrations of IL-33 and a fixed concentration of Ag
(3ng/mL) and was evident with as little as 10 pg/mL [L-33
(Fig. 2C and D). IL-33 alone did not stimulate production of
TNF-2 in RBL-2H3 cells (Fig. 2C) and did so to a limited extent in
BMMC (Fig. 2D). Therefore, IL-33 was capable of significantly
amplifying production of TNF-= at concentrations (i.e. 10 pg/mL)
below those required for stimulation of TNF-z production by
IL-33 alone (i.e. 100 pg/mL in Fig. 2D). Such synergy was not due
to priming of cells by IL-33 as synergy was not observed when
cells were incubated with IL-33 for 16h before stimulation with
Ag in the absence of IL-33 as compared to simultaneous addition
of [L-33 and Ag (compare “Before” columns with “Simultaneous”
columns in Fig. 2E).

We next examined the effects of relatively low concentrations
of IL-33 (70pg/mL) and Ag (3ng/mL) on production of a broad
array of cytokines and chemokines in BMMC by the use of a
multiplex assay system. These assays indicated that [L-33 alone
induced production of TNE-+, [L-6, IL-13, MCP-1, MCP-3, MIP-12
either to the same extent or, in the case of IL-6 and IL-13, to a
greater extent than Ag However, both stimulants together
interacted synergistically in stimulating production of (Fig. 3A-F)
but they failed to stimulate production of IL-2 and RANTES
when administered individually or in combination (data not

shown). MyD88 was also examined, because of its known role in
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Figure 1. IL-33 fails to stimulate mast cell degranulation but modestly
enhances Ag-induced degranulation. (A and C) RBL-2H3 cells and
(B) BMMC, sensitized with Ag-specific IgE, were stimulated for 15min
with the indicated concentrations of either {A and B) IL-33 or Ag o1 (C)
both simultaneously. The data show percentage release of cellular
fi-hexosaminidase into medium. Data show mean+SEM (triplicate
cultures) and are representative of at least two independent experi-
ments. Statistical differences ( pp0.05) were determined by ANOVA by
use of the Prism software.

IL-33-mediated signaling events, to verify that MyD88 was also
essential for the synergy between [L-33 and Ag (Fig. 3G-I). In
BMMC derived from WT mice, the stimulated production of
TNF-7, IL-6, and IL-13 by optimal concentrations of IL-33 and Ag
(10 and 20ng/mL, respectively) was substantially enhanced on
simultaneous addition of both stimulants. However, the respon-
ses to IL-33 and the synergy between [L-33 and Ag were no longer
apparent in MyD88-deficient BMMC (Fig. 3G-I). The responses to
Ag alone were not affected by the absence of MyD8S.

The studies with BMMC indicated that synergistic production of
cytokines was apparent at either low (3ng/mlL Ag and 70 pg/mL
[L-33 in Fig. 3A-F) or high (20ng/mL Ag and 10ng/mL IL-33 in
Fig. 3G-I) concentrations of Ag and IL-33. Subsequent experi-
ments were conducted with the lower concentrations of stimulants
because 70 pg/mL of [L-33 falls within the range concentrations
normally found in synovial fluid from patients with rheumatoid
arthritis [40] and less than optimal coneentration of Ag (3 ng/mL)
was the more likely situation in patients with atopie disease.

Synergistic interactions among signaling pathways

Others have reported that ST2 receptors are expressed in mouse
BMMC [15, 16, 41] and we have verified by immunoblotting that
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Figure 2. Ag and IL-33 interact synergistically in the production of
TNF-z. Sensitized RBL-2H3 cells and BMMC were incubated for 3h with
{A and B) the indicated concentrations of Ag in the absence or
presence of IL-33, or (C and D) the indicated concentrations of IL-33, in
the absence or presence of Ag before measurement of TNF-2 in the
medium. (E) Cells were exposed to IL-33 for 16h and then washed
before stimulation with 3ng/mL Ag (Before); altematively cells were
incubated for 16h without IL-33, washed, and then stimulated
simultaneously with IL-33 and Ag for 3h (Simultaneous). Data show
mean+SEM (triplicate cultures) and are representative of at least two
independent experiments. All differences were highly significant,
m0.001 as determined by ANOVA by use of the Prism software.

both RBL-2H3 cells and BMMC express ST2 receptors (data not
shown). Examination of early ST2-mediated signaling events in
RBL-2H3 cells indicated that both IRAK1 and TAK1 were
phosphorylated following stimulation with 70pg/mL [L-33 but
this was not so with 3ng/mL Ag (Fig. 4A). Although the extent of
IRAK1 phosphorylation under these conditions was modest,
substantial phosphorylation was apparent at higher econcentrations
of IL-33 (data not shown). Of note though, the phosphorylation of
[RAK1 was not enhanced by the combination of stimulants
whereas the phosphorylation of TAK1 was enhanced several fold
on co-stimulation (Fig. 4A). Although 3 ng/mL Ag did not induce
detectable phosphorylation of TAK1, such phosphorylation was
detectable at higher concentrations of Ag (e.g. 50 ng/mL as shown
in Supporting Information Fig. S1). Collectively, the data in Figs. 3
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Figure 3. Ag and IL-33 interact synergistically in the production of several cytokines in WT but not in MyD88-deficient BMMC. (A-F) BMMC were
sensitized with Ag-specific IgE before stimulation or not (ns) with 3ng/mL Ag or 70 pg/mL IL-33, individually or in combination, for 3h. The
indicated cytokines or chemokines were assayed by use of the Procarta assay kitas described in the Materials and methods section. Data show mean
+SEM (triplicate cultures) and are representative of at least two independent experiments. (G-I) BMMC derived from WT or MyD88 ' mice were
sensitized with Ag-specific IgE before stimulation with 20 ng/mL Ag, 10ng/mL IL-33, or both in combination. Note that these concentrations were
higher than those used in panels A-F Media were assayed for TNF-», [L-6, and IL-13 by ELISA 24h later. Data show mean+SEM from three
independent experiments, except for panel I, which shows mean values from one experiment. In all panels, the differences between the sum of
responses to individual stimulants and the response to the combination of stimulants were statistically significant at the pp 0.05 (B and C) or g 0.01

{A and D-H) level as determined by ANOVA by use of the Prism software.

and 4, and Supporting Information Fig. S1 are consistent with the
notion that IL-33 operates via ST2 through MyD88, the IRAKs, and
TAK] and that TAK1 is a possible point of convergence of signals
from ST2 and FeeRIL

As expected for FegRI-mediated signaling events, Ag stimula-
tion resulted in phosphorylation of Sre kinase, Bruton's tyrosine
kinase (Btk), protein kinase B (Akt), and PLCy, (Fig. 4B). [L-33
also stimulated, although to a lower extent than Ag, phosphor-
ylation of Sre kinase and Akt, which is an indicator of PI3K
activation, but not Btk or PLCy,. None of these phosphorylation
events were significantly enhanced on co-stimulation of cells.

Several downstream signaling events were also enhanced on
co-stimulation of cells with low concentrations of IL-33 and Ag
(Fig. 4C and D). Low concentrations of Ag (3ng/mL) stimulated
activating phosphorylations of ERK and p38 MAP kinase (Fig. 4C)
and minimally stimulated phosphorylation of JNK (detectable

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

after longer exposure than shown in Fig. 4C). [L-33 (70 pg/mL)
induced modest phosphorylation of all three kinases. However,
phosphorylation of JNK and p38 MAP kinase, but not ERK, was
markedly augmented on stimulation with both Ag and IL-33.
Phosphorylation of the downstream targets of JNK and p38 MAP
kinase, the transeription factors c-Jun and ATF-2, as well as the
increase in levels of c-Jun that normally occurs after Ag stimu-
lation [42] were either synergistically or additively enhanced by
eo-stimulation with [L-33 and Ag (Fig. 4C). Some enhancement
of phosphorylation was observed throughout the NE-xB pathway
to include IKKe/f, [kBz, and NF-xB even though Ag barely
stimulated this pathway at low concentrations (Fig. 4D). The
levels of IKKy and NF-xB protein remained unchanged but
degradation of IkBx by the polyubiquitination pathway [43, 44]
was apparent following stimulation by IL-33 alone or in combi-
nation with Ag (Fig. 4D).
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Figure 4. Pattern of phosphorylation of signaling proteins in REL-2H3 cells in response to Ag and [L-33 individually or in combination. REL-2H3
cells sensitized with Ag-specific IgE were stimulated or not (ns) with 3ng/mL Ag, 70 pg/mL IL-33, or both for 30 min. {A and B) Western blots were
prepared from cell lysates for detection of phosphorylated rat IRAK1 (Thr 209), TAK1 (Thr 187), pan Src (Tyr 416), Btk (Ser 180), Akt (Ser 473), and
PLCy2 (Tyr 1217) as well as TAK1 protein. (C and D) Western blots were prepared from cell lysates to detect downstream phosphorylations, which
included phosphorylated rat ERK1/2 (Thr 202/ Tyr 204), JNK (Thr 183/Tyr 185), p38 MAP kinase (Thr 180/Tyr 182), c-Jun (Ser 63), ATF-2 (Thr 63/71}, and
c-Jun protein. Blots were also probed for phosphorylated IKKx/[} (Ser 176/180), IxBx {Ser 32), and NF-xB (Ser 536) and their protein counterparts.
Data are representative of at least three independent experiments. The numeric values indicate average density of bands from these experiments
after correction for their protein counterparts. The f-actin band is shown as an additional loading control. In this figure, images were cropped to
allow direct visual comparison of bands from non-stimulated and stimulated cells from the same gel.

As in RBL-2H3 cells, the phosphorylation of TAK1 in BMMC
was enhanced by simultaneous stimulation with 3ng/mL
Ag and 70pg/mlL 1L-33 (Fig. 5). In contrast to Ag, IL-33 neither
stimulated phosphorylation of Syk, which lies upstream of PLCy,
nor enhanced Syk phosphorylation by Ag (Fig. 5). The signaling
pathways that lead to degranulation were not investigated in
further detail because of the relatively modest effects of [L-33 on
degranulation. With respect to pathways that regulate cytokine
production, the phosphorylations of JNK, e-Jun, and ATF-2 were
enhanced on costimulation with [L-33 and Ag but to a lesser
extent than that observed in RBL-2H3 cells. There was no
remarkable synergy in the phosphorylation of NF-kB but these
and other experiments suggested that NF-«cB was already opti-
mally phosphorylated by IL-33. As deseribed in a later section, the
activation of NF-xB was further examined by luciferase-reporter
assays.

@ 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Role of the Ca?"/calcineurin/NFAT pathway in cytokine
production

Even at high concentrations, [L-33 (10 ng/mL) failed to elicit an
increase in [Ca®*]; or alter the Caz+-response to Ag in RBL-2H3
cells or BMMC (Fig. 6A and B). The lack of a calcium response
was consistent with the failure of IL-33 to induce phosphorylation
of Syk (Fig. 5) and PLCy (Fig. 4B) or degranulation (Fig. 1J. An
increase in [Ca®*]; is a necessary signal not only for degranula-
tion [10] but also for the activation of the caleineurin/NFAT
pathway and eytokine production in Ag-stimulated mast cells [4].
Therefore, experiments were performed to determine whether or
not activation of the Ca®*/calcineurin/NFAT pathway acts in
synergy with [L-33-activated Ca?*-independent signaling path-
ways to enhance production of cytokines. Thapsigargin was
tested as a potential selective activator of the caleineurin/NFAT

www.eji-journal.eu
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Figure 5. Pattern of phosphorylation of signaling proteins in BMMC following stimulation with Ag and IL-33 individually or in combination.
Experiments were performed with sensitized BMMC as described for RBL-2H3 cells in Fig 4, except that cells were stimulated for 10 min. Data are
representative of at least two independent experiments and, as for Fig. 4, the numeric values indicate average density of bands from these
experiments after correction for their protein counterparts. The f-actin band is shown as an additional loading control.

pathway because of its unique ability to increase [Ca®']; by
blocking uptake into intracellular Ca®* stores [10]. A concentra-
tion of 30nM thapsigargin was chosen as this causes little or no
stimulation of phospholipid hydrolysis by PLC or PLD, phospho-
rylation of Akt and MAP linases, or degranulation ([45] and our
unpublished data). At this concentration, thapsigargin induced a
substantial increase in [Ca?*]; that was unaffected by the
presence of IL-33 (Fig. 6C). Also, 30nM thapsigargin stimulated
production of TNF-% to the same extent as 3ng/mL Ag and this
production was enhanced by more than 20-fold upon costimula-
tion with 70 pg/mL IL-33 (Fig. 6D). The production of TNF-z in
response to Ag or thapsigargin, individually or in combination
with IL-33, was inhibited by more than 95% by the calcineurin
inhibitor, cyclosporin A (Fig. 6D). Therefore, both thapsigargin
and Ag interact synergistically with IL-33 in a calcineurin-
dependent manner. The presumed downstream activation of
NFAT via Ca®*/calcineurin [46] was verified by luciferase
reporter assays as demonstrated in the next section.

Enhancement of transcriptional activities by IL-33

Luciferase reporter assays were used to investigate interactions of
low concentrations of IL-33 (70 pg/mL), thapsigargin (30nM),
and Ag (3ng/mL) at the level of gene transcription (Fig. 7). The
action of thapsigargin was selective in that it stimulated NFAT
activity (Fig. 7A) but minimally so NF-xB (Fig. 7B) and it failed to
stimulate AP-1 (data not shown). In contrast, Ag stimulated
all three transcription factors (Fig. 7C-E) as well as NFAT and
AP-1 in combination (Fig. 7F). IL-33 stimulated NF-xB activity

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(Fig. 7B and D) but failed to stimulate NFAT transcriptional
activity (Fig. 7A and C), as would be expected from the inability
of 11-33 to generate a calcium signal. IL-33 also failed to
stimulate AP-1 and NFAT/AP-1 activities (Fig. 7E and F).
Nevertheless, [1-33 enhanced the activation of NFAT by
thapsigargin (Fig. 7A) and Ag (Fig. 7C) and of AP-1 and
NFAT/AP-1 by Ag (Fig. 7E and F). Additional studies with the
calcineurin inhibitor, cyclosporin A, reaffirmed that [L-33
potentiated the coactivation of NFAT/AP-1 by Ag or thapsigargin
and, moreover, this activation was completely blocked by
cyclosporin A whatever the mode of stimulation (Fig. 7G-J).

These results demonstrated that NFAT and AP-1 interacted co-
operatively and that activation of both these factors was further
enhanced by IL-33 even though IL-33 itself activates neither
transcription factor at low concentrations. These co-operative
interactions likely occur at the level of gene transcription because
regulatory signaling events upstream of NFAT, namely phos-
phorylation of PLCy and calcium signal, are neither activated nor
enhanced by [L-33. In contrast to NFAT and AP-1, synergy was
not observed in the activation of NF-kB. The relatively robust
activation of NF-xB by IL-33 was not further enhanced by either
thapsigargin or Ag (Fig. 7B and D).

Pharmacologic evaluation of the roles of signaling
pathways in cytokine production
The possibility that TAK1 (Fig. 4A) participates in the synergistic

interacton of Ag and IL-33 was examined by knock down
of TAK1 and by use of the irreversible fungal TAK1 inhibitor,

www.eji-journal.eu



Marcus V. Andrade et al.

>
w

6 4
RBL-2H3 BMMC

5| Ag(3ngmi)
% +IL-33 (10 ngfmi) ~, gu 1t ~ha @ ngimi)
x 4 g, o
8 Hagegm) | B
o 3t =
3 & 2

IL-33 (10 ngimi) —

“ L33 (10 ngim)
O i
0 250 500 750 1000 1250

0 250 500 750 1000 1250

Time (s) Time (s)
RBL-2H3 igg
L : RBL-2H3
81 T 800 F 1
2 (30 nM)/ / = CsA
ol /i = . 30 pgiml
- P 4Tg (30 M) 2 0 Lﬂm
] '/ +1L-33 (70 pg/mi) =
S / w400 |
& 4 =
200
o
P S S ple—mlmll NN

0 250 500 750 1000 1250

ns Ag TgIl-33 Ag Tg
Time (s) t 4

IL-33 IL-33
Figure 6. IL-33 fails to mobilize Ca®' but mobilization of Ca*' upon
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2H3 cells or BMMC, sensitized with Ag-specific IgE, were stimulated
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three separate cultures and are representative or two or more
experiments.

5Z-7-oxozeaenol [47], in RBL-2H3 cells, The enhanced production
0f TNF-o was indeed much reduced in cells transfected with siRNA
against TAK1 (Fig. 8A) or when cells were exposed to 100nM 52-
7-oxozeaenol (Fig. 8B). 5Z-7-Oxozeaenol also blocked Ag-induced
TNF-= production (Fig. 8B) to indicate possible involvement of
TAK1 in the responses to Ag as well as I1-33 and was
equally effective in suppressing production of TNF-x and IL-6,
although some decrease in degranulation was noted with high
concentrations of 5Z-7-oxozeaenol (Supporting Information
Fig. 52). In this series of experiments, expression of TAK1 was
reduced by 62-69% in siRNA-transfected cells and the phospho-
rylation of TAK1 (Thr 187) by =60% in 100nM 5Z-7-oxozeaenol-
treated cells (data not shown). However, we were unable
to obtain satisfactory blots with available antibodies against
phosphorylated TAK] (Thr 184) leaving the question unresolved
as to why suppression of TAK] activity by 5Z-7-oxozeaenol was
more effective than knockdown with siBNA in suppressing TNF-»
production in Ag-stimulated cells (Fig. 8A and B).

Studies with 5Z-7-oxozeaenol and other pharmacological
inhibitors (identified in parentheses) of IkBx (Bay 11-7082,
10uM), JNK (SB 202190, 10uM), p38 MAP kinase (SP 600125,
20uM), and calcineurin (cyclosporin A, 2 pg/mL) suggested that
all of these signaling proteins as well as TAK1 regulated
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production of TNF-x to some degree in BMMC (Fig. 8C and D).
However, the extent of regulation varied according to mode of
stimulation. In Ag-stimulated BMMC, production of TNF-2 was
partially suppressed by inhibitors of TAK1, [kBz, and JNK and
totally blocked by inhibitors of p38 MAP kinase and calcineurin
(Fig. 8C). In IL-33-stimulated BMMC, TNF-2 production was
totally blocked by inhibition of TAK1, [xkBx, and JNK and partially
repressed by inhibition of p38 MAP kinase, and was unaffected by
inhibition of calcineurin (Fig. 8D). These results suggested that
p38 MAP kinase and calcinerin were the preeminent regulators in
Ag-stimulated cells and TAK1, [xBx, and JNK were predominant
in [L-33-stimulated BMMC. In co-stimulated BMMC, the results
were a hybrid of those observed with the individual stimulants.
Even though the inhibitors may have unintended and unknown
consequences, it would appear that all five signaling molecules
play substantial roles in regulating TNF-2 production on costi-
mulation with Ag and IL-33 (Fig. 8E).

Discussion

We find that low, clinically relevant concentrations of IL-33
substantially amplify Ag-induced production of chemokines and
inflammatory cytokines in mast cells. In addition, Ag in
combination with IL-33 elicits greater production of cytokines
than is achieved with optimally effective concentrations of either
stimulant alone (Figs. 2 and 3G-1). However, [L-33 failed to
induce a calcium signal (Fig. 6) and degranulation (Fig. 1).
Although the synergy in cytokine production was apparent over a
wide range of concentrations of IL-33 and Ag, the underlying
mechanisms were investigated at low concentrations of stimu-
lants to reflect as far as possible conditions that might oceur in
allergic/inflammatory diseases.

At low concentrations, IL-33 by itself stimulated phosphor-
ylation of TAK1, JNK, p38 MAP lkinase, c-Jun, ATF-2, and
robustly so components of the NF-«xB pathway (Figs. 4 and 5) as
would be expected of ST2-mediated responses. [L-33 also induced
phosphorylation of Src kinase and Akt in common with Ag
(Fig. 4B). In contrast to Ag, [L-33 failed to induce phosphoryla-
tion of LAT (data not shown), Syk (Fig. 5), Btk, and PLCy
(Fig. 4B), which is consistent with the lack of a calcium signal
and degranulation. When IL-33 was used in combination with Ag,
synergy in signaling was evident at the level of TAK1 (Fig. 4A).
The enhanced signaling was then transmitted downstream
through the JNK, p38 MAP kinase, c-Jun, and ATF-2 in RBL-2H3
cells (Fig. 4B), although this was less evident in BMMC (Fig. 5).
The involvement of TAK1 and these downstream molecules in
evtokine production was verified by the inhibitory effeets of
pharmacological inhibitors (Fig. 8). A pathway that is indepen-
dent of the canonical IRAK/TRAF6/TAK] signaling pathway has
been detected in [L-33-stimulated basophils [18] but our phar-
macological studies suggest that this is not the case in mast cells.
In addition, TAKI is critical for the activation of cells through
IL-1R and TLRs [39, 48] but this has not been formally estab-
lished in the case of ST2. Our studies with anti-TAK1 siRNA and
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Figure 7. Stimulation of NFAT, NF-«B, and AP-1 transcriptional activity by thapsigargin, Ag and IL-33 and the effects of cyclosporin A
(A-F) Sensitized RBL-2H3 cells were stimulated or not {ns) with 30 nM thapsigargin (Tg), 3ng/mL Ag, 70 pg/mL I1-33, or combinations thereof. In an
additional set of experiments, {(G-J) run in parallel, cyclosporin A (CsA, 2pg/ml) was added or not 10min before addition of stimulants.
Transcriptional activities were measured 90min later by the dual luciferase reporter assay. Data show mean+SEM from three to five separate

experiments and are expressed as the ratio of firefly/Renilla luminescence activities. Statistical differences ( p0.05,

m0.01, p0.001), as

determined by ANOVA by use of the Prism software, between non-stimulated (ns) and stimulated samples and between the indicated stimulant

and combination of stimulants are shown.

5Z-7-oxozeaenol (Fig. 8) suggest that TAKI1 is indispensable for
IL-33 activation of mast cells and for the synergy between [L-33
and Ag. Also, the studies with MyD88-deficient cells (Fig. 3G-I)
and visualized phosphorylated proteins (Figs. 4 and 5) suggest
that the MyD88/IRAK/TAK1 pathway is engaged in I[L-33-
stimulated mast cells as depicted in Fig. 9.

Nothing is known about the role of TAK] in FeeRl-activated
mast cells, although our data suggest engagement of TAKL by
FesRL Low concentrations of Ag failed to stimulate detectable
phosphorylation of TAK1 (Fig. 4A), vet the same concentration of
Ag substantially enhanced phosphorylation of TAK1 by IL-33 (Fig.
4A). Also, high concentrations of Ag alone can stimulate TAK1
phosphorylation (Supporting Information Fig. 1), indicating that
strength of the Ag stimulus may be an important determinant.
FeeRl-mediated activation of NF-kB is reported to be dependent
on PI3K, phosphoinositide-dependent kinase, protein kinase B,

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

and PKC upstream [11] and the Bel10 (B-cell lymphoma 10) and
Maltl downstream [49]. However, Bell0 and Maltl regulate
activation of TAK1 and the NF-xB pathway in T-cell receptor
signaling [50] and TAK1 is essential for engagement of the p38
MAP kinase pathway but not for activation of NF-kB during B-cell
receptor signaling [48]. Therefore, TAK] appears to be engaged in
T-cell and B-cell receptor signaling although the downstream
consequences may differ. Further studies are necessary to define
the signaling links between FesRI and TAK1, if any, as well as the
pathways activated through TAKI.

Synergy also appears to be highly dependent on co-operative
interactions among transcription factors particularly between
NEAT and AP-1. An essential role for NFAT in the activation of
AP-1 (Fig. 7G-J) and production of TNF-2 (Fig. 8) is indicated by
the inhibitory actions of cyclosporin A. IL-33 activates neither of
these transcription factors but it does enhance their activation by
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independent experiments. Statistical differences ( p0.05,

= 0.01) between controls {no inhibitor) and inhibitor-treated samples were

determined by ANCVA by use of the Prism software. ND indicates not detectable. Key for inhibitors in {(G-E): Ox, 100nM 5Z-7-oxozeaenol; Bay,
10 pM Bay 11-7082; 10pM SB 202190; 20 uM SP 600125; CsA, 2 pg/ml cyclosporin A.

mechanisms that need to be clarified. For example, the NFAT
pathway [4] is selectively activated by low concentrations of
thapsigargin but this activation is augmented by [L-33 (Fig. 7).
IL-33 also enhanced the Ag-induced activation of NFAT, AP-1, or
NFAT/AP-1 in combination (Fig. 7). As a result, production of
TNF-z is substantially enhanced whether cells are stimulated by
thapsigargin or Ag in the presence of IL-33 (Fig. 6D). The rela-
tively robust stimulation of NF-«B transcriptional activity by
IL-33, however, was not further augmented by Ag. Examination
of the genomic sequences by the rVISTA [51] and Mulan [52]
programs indicated highly conserved putative binding sites for
NFAT, AP-1, and NF-xB in the promoter regions of TNF-u
and [L-13 genes and for AP-1 and NF-«B in the [L-6 gene. The
AP-1- and NFAT-binding sites are located in close proximity at
several sites in the TNF-z gene and synergistic cooperative
interaction between AP-1 and NFAT is well documented [53]. In
addition, NFAT and NF-«xB show considerable functional overlap
in eo-ordinating induction of many cytokines [54]. Therefore, it
seems possible that the combination of Ag and 1L-33 brings into
play a much more effective combination of transeription factors
for production of least a subset of eytokines than do the indi-
vidual stimulants.

The studies with pharmacologic inhibitors, in general, support
the notion that the hybridization of the different signaling
mechanisms for Ag and IL-33 results in robust augmentation of

@ 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

cytokine production (Fig. 8C-D). The studies indicate that the
production of TNF-z by Ag is absolutely dependent p38 MAP
ldnase and the calcineurin/NFAT pathways and only partially
dependent on the NF-xB, JNK, and TAK] pathways, whereas the
effects of IL-33 are absolutely dependent on the latter pathways.
In contrast, the enhanced production of TNF-z by the combina-
tion of Ag and IL-33 becomes almost totally dependent on all
pathways.

There are discrepancies in the literature with regard to 1L-33
and degranulation. Our finding that I1-33 is unable to stimulate
degranulation is consistent with the findings of other workers
[13-16] with the exception of Melendez and co-workers who
reported that IL-33 induces an increase in [ﬂaﬂl-l and degranu-
lation in mast cells [23]. We find, however, that in addition to
RBL-2H3 cells and BMMC, cultured human mast cells exhibit no
such responses to IL-33 under the exact conditions described by
these workers (our unpublished data, Shoko Iwaki, Alasdair M.
Gilfillan, and Michael A. Beaven). Therefore, we conclude that in
the presence of low concentrations of Ag and IL-33, mast cells
might undergo minimal degranulation but produce an abundance
of inflammatory eytokines. As noted for basophils [17, 201, [L-33
may modestly enhance FesRI-mediated degranulation in mast
cells even though it is inactive by itself (Fig. 1). The reason for
this enhancement is unclear. IL-33 had no palpable effect on
FezRI-mediated phosphorylation of PLCy or calcium signal
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and, in turn, phosphorylation of ATF-2 and c-Jun (Fig. 4). Enhancement of phosphorylation events throughout the NF-xB pathway were also
observed (Fig. 4) but this did not result in detectable augmentation of NF-«B transcriptional activity as determined by luciferase assays (Fig. 7).
Synergy was not apparent in the phosphorylation of PLCy (Fig. 4B) and calcium mobilization, whether initiated by Ag or thapsigargin (Tg) (Fig.
6A-C), but amplification of NFAT activation was noted (Fig. 7). Studies with cyclosporin A, an inhibitor of calcineurin which dephosphorylates and
hence activates NFAT, indicate that the Ca®'/calcineurin/NFAT pathway is necessary for TNF-u-gene transcription (Fig. 6D) and the activation of
NFAT/AP-1 (Fig. 7G-J) to suggest essential co-operative interactions between NFAT and AP-1. In total, the data suggest that Ag and IL-33 together
recruit a more effective combination of transcription factors and an essential role for NFAT.

(Figs. 4B and 6A and B) and presumably the enhancement of
degranulation was dependent on other pathways.

IL-33
inflammatory cytokines by Ag, and vice versa, by mechanisms that

In conclusion, strongly potentiates production of
involve synergistic interactions at the level of TAK1 and gene
transeription (as depicted in Fig. 9). The synergistic pulse appears
to propagate from TAK1 through the JNK/c-Jun and p38 MAP
kinase/ATF-2 pathways. IL-33 is unable to initiate signals that are
essential for mobilizing Ca®
NFAT. However, the activation of NFAT by Ag or thapsigargin
provides a strong signal for enhancing cytokine production possi-
bly by acting in combination with other transcription factors such
as AP-1. [L-33 may thus markedly amplify production of cytokines
when mast cells are stimulated with low concentrations of Ag with
possible implications in severity of mast cell-related diseases.

'Materials and methods

Reagents

Reagents were obtained from the following sources: materials
for culture medium from GIBCO/Invitrogen (Carlsbad, CA, USA)

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

., degranulation, and activation of

and MediaTech (Manassas,
from HyClone/Thermo Scientific (Logan, VT,

VA, USA) and fetal calf serum
USA); the DNP
human serum albumin (Ag) and Ag-specific IgE from Sigma-
Aldrich (St. Louis, MO, USA); murine recombinant [L-33 from
R&D Systems (Minneapolis, MN, USA); thapsigargin from
Calbiochem (Gibbstown, NJ, USA); anti-TAK1 siRNA (ON-
TARGETplus SMARTpool, Rat Map3k7) from Dharmacon/
Scientific CO, UsA); all
antibodies from Cell Signaling Technology (Danvers, MA, USA),

Thermo (Layfayette, primary
except for antibodies against IRAK] and ST2 from AnaSpec (San
Jose, CA, USA) and R&D Systems, respectively;
antibodies from Sigma-Aldrich or GE Healthcare/Amersham
(Piscataway, NJ, USA);
except Bay 11-7082 and cyclosporin A from Biomol (Plymouth
Meeting, PA, USA) and Sigma-Aldrich, respectively; Fura-2 AM
ester from Molecular Probes/Invitogen (Eugene, OR, USAJ;
ELISA kits from Invitrogen, except IL-33 from R&D systems;
p-nitrophenyl M-acetyl-B-glucosaminide from Sigma-Aldrich;

secondary

enzyme inhibitors from Calbiochem

Procarta Cytokine Assay Kits from Panomies/Affymetrix (Santa
Clara, CA, USA); and Dual-Luciferase Reporter Assay Systems for
NFAT, AP-1, and NF-xB from Promega (Madison, WI, USA). The
plasmid (NFAT/AP-1 - 3 luciferase) was obtained from
Addgene (Addgene plasmid 11783) as provided by Anjana Rao
and described in [55].
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Isolation of BMMC from WT and MyD88 /" mice

Mouse BMMC were generated from bone marrow of WT (C57BL/
6) and MyD88 knockout mice by culture for 4-8wk in
RPMI 1640 medium supplemented with 10% fetal calf serum,
30ng/mL of murine [L-3 (PeproTech, Rocky Hill, NJ, USA),
4mM of glutamine, 25mM HEPES, 1
acids, 50uM of 2-mercaptoethanol, and 100mM of sodium
pyruvate, 100U/mL penicllin, and 100pg/mL streptomycin,

non-essential amino

All the procedures were done under guidelines of the
Institutional Animal Care and Use Committee from the National
Institutes of Health, USA, and the approval of the Animal Care
committee of the Federal University of Minas Gerais, Brazil. Cells
were cultured at 37°C in 5% CO, incubator and medium was
changed twice a wk. After 4wk, the cell culture consisted
of =90% mature BMMC, and thereafter (4-8wk) used for
experiments.

Cell culture and experimental conditions

Cells were sensitized overnight with anti-DNP IgE (50ng/mL),
either in suspension (BMMC) or in multiwell plates (RBL-2H3
cells), in complete growth medium supplemented with fetal calf
serum (10% for BMMC, 15% for RBL-2H3 cells), glutamine,
antibiotic, and antimycotic agents. For each experiment, cells
were washed three times in the required medium. To measure
degranulation, cells were transferred to 24-well plates
(0.5 10° cells/0.5 mL/well) in a PIPES-buffered medium
(119mM NaCl, 5mM KCl, 5.6mM glucose, 0.4mM MgCls,
25.0mM PIPES, 40mM NaOH, 1M CaCl,, 10% w/v bovine
serum albumin). For assay of cytokines by ELISA, cells were also
transferred to 24-well plates at the same density but in complete
growth medium, For immunoblotting, cells were plated in
60-mm? dishes (2.5
10min at 371C before addition of inhibitors or stimulants.

10°cells/5ml). Cells were incubated for

Inhibitars were added 10 or 20 min as indicated before addition
of stimulants.

Measurement of degranulation, cytokines, and
chemokines

Degranulation was determined by a colorimetric assay of the
granule marker, fj-hexosaminidase, as previously described [9].
Following stimulation of cells, 10 uL of medium and cell lysates
(in 0.1% Triton X) were transferred to 96-well plates for assay of
f-hexosaminidase activity by measurement of release of
p-nitrophenol from p-nitrophenyl N-acetyl-f-p-glucosaminide.
Values were expressed as the percentage of intracellular
[i-hexosaminidase that was released into the medium. Statistical
differences for these and all other assays were determined by
ANOVA by use of the Prism software.

Individual cytokines were assayed by ELISA by use of
commercial kits. Multiple cytokines was assayed simultaneously

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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with the Procarta Protein Cytokine Assay Kit in individual
cultures (5 10° cells/0.5mL). This procedure involves
separation of tagged antibody-coated beads. The cytokines and
chemokines assayed included mouse [L-1x, -1(, -2, -3, -4, -5,
-6, -9, -12p40, -12p70, -13, -17, and -23, TNF-u, TGF-f, INF-y,
GM-CSF, vascular endothelial growth factor, MIP-1s, eotaxin,
MCP-1, MCP-3, keratinocyte-derived cytokine, RANTES, and
interferon-y-inducible protein 10. Media samples were collected
3h after addition of Ag. The samples were processed in the
NHLBI FACS Core facility.

Immunoblotting

Following stimulation, cells were washed twice with cold
phosphate buffered saline and lysed in lysis buffer (25 mM Tris-
HCl, pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 5mM sodium
pyrophosphate, 1mM sodium orthovanadate, 10mM sodium
fluoride, 10% glycerol, 1mM phenylmethylsulfonyl fluoride,
25pug/mL leupeptin, 25ug/mL aprotinin, 2pug/mlL pepstatin,
protease inhibitor cocktail (1 tablet/10mlL, Roche Applied
Science, Indianapolis, IN, USA)). Total protein content was
assaved by use of the BCA™ kit (Thermo Scientific) and
individual proteins were separated by SDS-PAGE. Blots were
probed with the indicated primary and peroxidase-labeled
secondary antibodies and visualized by chemiluminescence.
Densitometry was performed with the Kodak 2000 program.

Measurement of Ca? ;

Changes in [Ca®"]; were monitored by use of Fura-2 AM ester as
described [56]. RBL-2H3 cells and BMMC were sensitized with
IgE overnight as described above and then loaded with Fura-2 AM
for 30min at 371C in growth medium. Cells were placed in a
96-well black culture plates (10000 cells/well) (CulturPlate-96 F,
PerkinElmer Life Sciences, Waltham, MA, USA) in a PIPES-
buffered medium (see previous section) containing 0.3 mM
sulfinpyrazone after washing cells with the same medium.
Fluorescence was measured at two excitation wavelengths (340
and 380nm) and an emission wavelength of 510nm in a Wallac
Victor plate reader (PerkinElmer Life Sciences). The ratio of the
fluorescence readings was calculated following subtraction of the
autofluorescence of the cells.

Dual luciferase reporter assay

RBL-2H3 cells (2 106cullsj were transfected with 2 pg pGL4.10
luciferase vector with or without the designated constructs
along with 0.5pg pGL4.74TK Renilla luciferase as an internal
10° cells)
were incubated for 18h in 24-well plates before addition of

control (see the section Reagents). Cells (2

stimulants. Four hours later, cells were washed with PBS and

lysed in 1 passive lysis buffer (Promega) for assay of firefly
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and Renilla luciferase activities in the Wallac Victor multiplate
reader. Values were calculated as the ratio of firefly/Renilla
luminescence.
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