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IL-33 exacerbates antigen-induced arthritis

by activating mast cells
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IL-33, a cytokine of the IL-1 family, is closely associated with type
II T cell responses. Here, we report an unexpected proinflammatory
role of IL-33 in inflammatory arthritis. IL-33 was expressed in
synovial fibroblasts from patients with rheumatoid arthritis (RA).
Expression was markedly elevated in vitro by inflammatory cyto-
kines. Mice lacking ST2, the IL-33 receptor a-chain, developed
attenuated collagen-induced arthritis (CIA) and reduced ex vivo
collagen-specific induction of proinflammatory cytokines (IL-17,
TNFea, and IFN+y), and antibody production. Conversely, treatment
of wild-type (WT) but not ST2~/~ mice with IL-33 exacerbated CIA
and elevated production of both proinflammatory cytokines and
anti-collagen antibodies. Mast cells expressed high levels of ST2
and responded directly to IL-33 to produce a spectrum of inflam-
matory cytokines and chemokines in vitro. In vivo, IL-33 treatment
exacerbated CIA in ST2~/~ mice engrafted with mast cells from WT
but not from ST2~/~ mice. Disease exacerbation was accompanied
by elevated expression levels of proinflammatory cytokines. Our
results demonstrate that IL-33 is a critical proinflammatory cyto-
kine for inflammatory joint disease that integrates fibroblast
activation with downstream immune activation mainly via an
IL-33-driven, mast-cell-dependent pathway. Thus, this IL-1 super-
family member represents a therapeutic target for RA.

Rheumatoid arthritis | ST2

L-33 is a newly described cytokine of the IL-1 family (1) that

also includes IL-1«, IL-18, and IL-18 (2). Like IL-1 and IL-18,
IL-33 is produced as a pro-IL-33 molecule that is putatively
cleaved by caspase-1 to form a mature 18-kDa protein. Both
human and mouse IL-33 are 55% identical at the amino acid
level (1). IL-33 mRNA is broadly expressed in many tissues but
is restricted in cellular distribution to smooth muscle cells,
epithelial cells, fibroblasts, keratinocytes, dendritic cells, and
activated macrophages. The receptor for IL-33 is a heterodimer
consisting of ST2 and IL-1RAcP (3, 4). ST2, a member of the
IL-1 receptor family, is selectively expressed on Th2 but not Th1
cells and has been implicated in type II but not type I functions
(5-7). Thus, IL-33 is closely associated with the activation and
production of type II cytokines from in vitro polarized Th2 cells
(1). In vivo, IL-33 injection elicits type II cytokine production
and eosinophilia in naive mice (1, 8). However, studies in ST27/~
mice demonstrate that ST2 is not required for IL-4-induced Th2
cell development or function (9-11), suggesting that ST2/IL-33
may drive type II responses via an alternative pathway or that the
function of IL-33/ST2 could extend beyond type II responses.
Mast cells express a high density of ST2 and produce a variety
of proinflammatory cytokines in vitro in response to I1L-33 (1,
12-14). Here, we explored directly the role of IL-33 and mast
cells in inflammatory arthritis.

Rheumatoid arthritis (RA) is characterized by chronic inflam-
matory infiltration of the synovium, leading to eventual cartilage
and bone destruction (15-17). Elevated levels of proinflamma-
tory cytokine production are a key feature of synovial inflam-
mation (18). Moreover, successful therapeutic targeting of cy-
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tokines in RA, particularly TNFa and IL-6, has demonstrated
their critical pathogenic importance. Thl responses were con-
sidered to predominate within RA synovial T cell subsets and
thereby contribute significantly to dysregulated cytokine pro-
duction (19, 20). However, recent studies demonstrate that
IL-17-producing CD4* T cells (Th17) play a key pathogenic role
in RA (21, 22). B cells are also critically involved in disease
pathogenesis by cytokine production, antigen presentation, and
autoantibody synthesis that subsequently triggers joint damage
either by directly targeting self-tissues or forming immune
complexes with autoantigens (23-25). Recently, a critical role for
mast cells in RA biology was proposed (26-29). Mast cells are
abundantly present in synovial tissue (26). Their degranulation
and proinflammatory cytokine production correlates with dis-
ease severity (27). Mice lacking mast cells are resistant to
antibody-induced arthritis (28, 29). However, factors that drive
mast cell activation are not well defined. Here, we describe the
previously unrecognized expression of IL-33 in RA synovial
tissues and provide further direct evidence that IL-33 promotes
articular inflammation acting, at least in part, via mast cell
activation.

Results

Expression and Induction of IL-33 in RA Synovium. We first investi-
gated the expression of IL-33 and ST2 in the synovia of RA
patients. Synovial membranes were obtained from RA patients
and stained with anti-IL-33 and anti-ST2 antibodies. Positive
staining was evident in all RA tissues examined in lining layer
and in the interstitial sub lining layer areas (Fig. 1 4 and B). We
next obtained primary synovial fibroblasts (passage 3-6) from
RA patients and examined IL-33 expression. Resting fibroblasts
expressed little or no IL-33, whereas expression was markedly
enhanced by the addition of TNFa and IL-1p, recapitulating the
in vivo cytokine milieu (Fig. 1C). The effect of TNFa and IL-1
on IL-33 expression was confirmed at the mRNA level by
RT-PCR. Whereas resting fibroblasts did not express detectable
IL-33 mRNA, TNF« induced the up-regulation of IL-33 expres-
sion, particularly in combination with IL-18 (Fig. 1D).

ST2~/~ Mice Develop Impaired Collagen-Induced Arthritis. To inves-
tigate the potential functional role of IL-33 in inflammatory
arthritis, we used the murine model of collagen-induced arthritis
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Fig. 1.
membranes from RA patients were stained with anti-IL-33 (A) and anti-ST2 (B)
antibodies or isotype-matched control IgG. (C) Fibroblasts were stained for
IL-33 as in A. Primary fibroblasts were purified from the synovial membrane
and cultured with the cytokines indicated. (D) Fibroblasts were cultured for
16 h and IL-33 mRNA detected by RT-PCR. Pictures are representative of tissue
samples from five RA patients.

Expression and regulation of IL-33 in RA synovium. (A and B) Synovial

(CIA). We generated ST27/~ DBA/1 mice by back-crossing
ST27/"BALB/c mice with DBA/1 mice for 10 generations.
Groups of male ST27/"DBA/1 and WT mice were immunized
intradermally with bovine type II collagen (CII) in complete
Freund’s adjuvant (CFA) without further antigenic challenge
and disease development was monitored thereafter. ST2~/~ mice
developed significantly attenuated disease compared with WT
mice (Fig. 24). This observation was manifest in reduced disease
severity in involved animals. Furthermore, the reduction in
clinical disease score was accompanied by significantly de-
creased IL-17, IFN+y, and TNFa production to recall collagen by
draining lymph node (DLN) cultures from ST2™/~ mice com-
pared with WT mice (Fig. 2B). ST27/~ mice also expressed
significantly reduced concentrations of serum anti-CII IgG2a
compared with WT mice (Fig. 2C). Collagen-specific IgG1 levels
were similar between groups. Histological examination revealed
marked reduction of infiltration of mononuclear and polymor-
phonuclear cells and of synovial hyperplasia in the joints of
ST2/~ mice compared with WT mice (Fig. 2D). These results
indicate that ST2 signaling contributes to the pathogenesis of
CIA and that this process is associated with proinflammatory
cytokine synthesis and collagen-specific type I and Th17 T cell
responses.

IL-33 Exacerbates CIA. We next examined the effect of recombi-
nant IL-33 on the development of CIA. DBA/1 mice were
immunized with CII/CFA and challenged with CII in PBS on day
21. The mice were injected i.p. daily with IL-33 (1 pg per mouse)
or PBS for 5 days from day 21. Mice treated with IL-33 developed
significantly more severe disease as assessed by clinical score and
footpad thickness compared with the PBS control (Fig. 34).
There was no difference in arthritic incidence, suggesting that
IL-33 acts primarily as a disease severity modulator in this
experimental protocol. Similar results were obtained in mice
immunized with CII/CFA but without antigen challenge on day
21 (data not shown). DLN cultures stimulated with CII from
IL-33-treated mice produced significantly more IL-17, IFNy,
TNFeq, IL-5, and IL-12 (Fig. 3B) than PBS control mice. IL-4 was
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Fig. 2. ST27/~ mice developed impaired CIA. (A) Groups of WT and ST2~/~

DBA/1 mice were immunized with Cll and the disease development (clinical
score, footpad thickness, and incidence) was monitored. (B) DLNs of the mice
in A were collected on day 27 and stimulated with Cll for 3 days and the
cytokine concentrationsin the culture supernatant were determined by ELISA.
(C) Serum anti-Cll antibodies of individual samples were determined by ELISA.
(D) On day 27, mice were killed and arthritic paws removed and stained with
hematoxylin and eosin. Original magnification was X50. Data are means +
SEM (*, P<0.01 WT vs. ST2/~ mice by Mann-Whitney U test, n = 10). Data are
representative of three experiments. Similar results were obtained when mice
were immunized and boosted on day 21 with CII.

not detectable (data not shown). Consistent with these results,
IL-33 administration also significantly increased serum CII-
specific antibodies, IgG1, and IgG2a (Fig. 3C). T cell prolifer-
ation was similar between the two groups (data not shown).
Histological examination revealed that IL-33 treatment mark-
edly exacerbated mononuclear and polymorphonuclear cell in-
filtration into the joint and synovial hyperplasia, accompanied by
marked cartilage and bone erosion (Fig. 3D). As a specificity
control, we also demonstrated that I1.-33 treatment did not affect
the incidence or severity of CIA in ST2™/~ mice [supporting
information (SI) Fig. S1] nor their inflammatory cytokine
production (data not shown), confirming that IL-33 acted via a
ST2-dependent pathway. Moreover, IL-33 treatment alone
(without CII immunization) did not induce any articular disease
(datanot shown). Together, these data clearly indicate that IL-33
potently enhances the development of CIA and attendant artic-
ular pathology.
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Fig. 3. IL-33 exacerbated CIA. (A) Collagen-immunized and -challenged
DBA/1 mice (n = 10) were injected i.p. with IL-33 (1 wg/ml) or PBS daily from
days 21-25. Mice were monitored for disease progression as in Fig. 2. (B) DLN
cells (2 X 108 per milliliter) were stimulated with or without Cll for up to 3 days
and the levels of cytokines in the supernatants were determined by ELISA. (C)
Serum anti-Cll antibody of individual samples was determined by ELISA. (D) On
day 35, mice were killed and arthritic paws removed and stained with hema-
toxylin/eosin or toluidine blue as in Fig. 2D. Data are mean = SEM (*, P < 0.05;
**, P < 0.01 compared with PBS controls). Data are representative of three
experiments.

IL-33 Induces Inflammatory Cytokine Production by Mast Cells. We
next investigated putative target cells mediating the arthritis-
relevant activities of IL-33. Spleen and LN cells from WT DBA/1
mice with CIA were collected and separated into adherent and
nonadherent fractions, and then were cultured with either IL-33
or LPS. Both populations of cells responded to LPS to produce
high levels of both IL-6 and IL-5. However, whereas nonadher-
ent cells responded to IL-33 to produce significant amounts of
IL-5 and IL-6, adherent cells did not (Fig. 44). These results
indicated that it was unlikely that IL-33 manifests direct effects
on macrophages and fibroblasts. With respect to likely responder
populations in the nonadherent fraction, we considered it un-
likely that either Th1 or Th17 cells were targets because 1L-33
had no direct effect on the induction on Th17 cells in vitro (Fig.
S2) and Th1 cells do not express ST2 (5, 6). Moreover, the high
levels of IFNvy detected during IL-33-induced exacerbation of
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Fig. 4. Induction of inflammatory cytokine production by IL-33 in vitro. (A)
Spleen and LN cells (4 X 10° per milliliter) from CIA mice were incubated in
24-well plates at 37°C for 3 h before removing nonadherent cells. Adherent
and nonadherent cells (2 X 10 per milliliter) were treated with IL-33 or LPS (1
png/ml) or medium alone for 48 h. IL-6 and IL-5 concentrations in the culture
supernatant were measured by ELISA. (B) BMMCs from WT or ST2~/~ DBA/1
mice were cultured with IL-33 for 48 h and the cytokine and chemokine
concentrations in the supernatant analyzed by Luminex as above. Data are
mean = SD and are representative of three experiments.

CIA mitigated against Th2 cells playing a major role in arthritic
pathology. Mast cells express high density of cell-surface ST2
(12) and are reported to respond directly to IL-33 to produce
inflammatory cytokines and chemokines in vitro (1, 13, 14). We
therefore investigated the potential role of mast cells in this
system by using WT and ST2™/~ DBA/1 mice. Bone marrow-
derived mast cells (BMMCs) were generated from either WT or
ST27/"DBA/1 mice as described previously (12, 14). The
c-kit*ST2*FceRI"™ BMMCs were activated with or without
graded doses of 1L-33 for 2 days and cytokines secreted in the
culture supernatants were determined by ELISA and Luminex.
IL-33 induced the production of a range of proinflammatory
cytokines (IL-1B, IL-6, IL-13, and GM-CSF) and chemokines
(MCP-1 and MIP-1a) by BMMCs from WT but not ST27/~
DBA/1 mice (Fig. 4B). In agreement with an earlier report using
C57B/6 mice (14), IL-33 did not induce IL-5 production by mast
cells from DBA/1 mice but rather enhanced IL-13 production
(Fig. 4B). Other members of the IL-1 family, IL-18 and IL-18,
did not modulate cytokine production by IL-33-activated mast
cells, suggesting that this effect is relatively specific within the
IL-1 superfamily to IL-33 (Fig. S3). These data are consistent
with the notion that mast cells could represent a pathway through
which IL-33 mediates enhanced articular inflammation.

IL-33 Exacerbates CIA in ST2~/~ Mice Engrafted with WT Mast Cells. To
directly demonstrate a role for mast cells in IL-33-exacerbated
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Fig. 5. IL-33 exacerbated CIA in ST2~/~ mice engrafted with mast cells from
WT but not ST27/~ mice. Groups of ST2~/~ mice were injected i.v. with ST27/~
or WT BMMC s (1 X 107). CIA was induced 4 weeks later as in Fig. 2A. A group
of WT mice was also included as positive control and immunized as engrafted
ST27/~ mice. The mice were injected i.p. with IL-33 (1 ug per mouse) daily from
21 days after immunization for five days. (A) Mice were monitored for clinical
score, footpad thickness, and disease incidence. (B) DLN cells were collected
and cultured in vitro with collagen for 3 days, and cytokine production was
determined by ELISA. (C) Serum anti-Cll antibody concentration from individ-
ual mice was measured by ELISA. Data are mean = SEM, n = 6 and are
representative of two experiments.

arthritis, ST2™/~ DBA/I mice were adoptively transferred with
BMMCs from either WT or ST27/"DBA/1 mice. Four weeks
later, CIA was induced as in Fig. 2 and IL-33 was administered
i.p. daily 21-25 days after CIA induction. Age-matched WT
DBA/1 mice were included as positive controls. ST2™/~ mice
engrafted with ST27/~ BMMCs developed minimal disease
compared with WT mice. ST27/~ mice engrafted with WT
BMMCs developed significantly more severe CIA than those
engrafted with ST2~/~ BMMCs, although this did not reach the
levels of severity observed in WT mice (Fig. 54). The disease
severity paralleled the cytokine and antibody profiles observed
in these mice. DLN cells from ST2™/~ mice reconstituted with
WT BMMCs produced significantly more IL-17, IFNvy, and
TNFa compared with ST27/~ mice engrafted with ST27/~
BMMCs (Fig. 5B). The WT cell-reconstituted mice also pro-
duced more serum IgG2a compared with ST2~/~ mice engrafted
with ST27/~ cells (Fig. 5C). Histological examination revealed
that IL-33 administration increased leukocyte infiltration into
the joints in WT BMMC-engrafted ST2™/~ mice compared with
ST2~/~ BMMC-reconstituted ST2™/~ mice (data not shown). In
these experiments, the only cells capable of responding to IL-33
in the ST27/~ host were the engrafted WT BMMCs. These data
therefore confirm that mast cells play a pivotal role in the
proinflammatory effect of IL-33 in CIA.

Discussion

Data reported here demonstrate a previously unrecognized
propathogenic role of IL-33 in inflammatory arthritis. IL-33 was
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Fig.6. Schematicrepresentation of the pathogenicrole of IL-33in CIA. Tissue
stroma cells including fibroblasts produce IL-33 which could be further en-
hanced by proinflammatory cytokines such as IL-18 and TNFa. IL-33 can
promote inflammatory responses by at least three pathways. (i) IL-33 can
directly activate mast cells to secrete proinflammatory cytokines which in turn
cause joint inflammation. (ii) IL-18 and IL-6 secreted by IL-33-activated mast
cells can promote collagen-specific Th17 cell development and function. (iii)
IL-33 can also stimulate collagen-primed CD4* T cells to produce IL-5 and IL-13
that enhance B cell activation, leading to increased IgG production. The
antibodies further exacerbate joint inflammation by triggering mast cell
degranulation and the formation of immune complexes with collagen.

detected in RA synovial tissues. In animal model studies, IL-33
enhanced collagen-initiated inflammatory responses by a puta-
tive mechanism schematically depicted in Fig. 6. A major
pathway by which IL-33 contributes to the inflammatory process
is likely to be via the activation of mast cells that express a high
density of ST2, the IL-33R a-chain.

Mast cells are abundantly expressed in synovial tissues and
have been proposed to exert proinflammatory effects primarily
based on antibody transfer-induced disease models (28, 29). The
mode of mast cell activation and the mechanism by which
activated-mast cells mediate antigen-induced arthritis are largely
unknown and likely complex. We now provide direct in vivo
evidence that IL-33 plays a major role in mast cell activation in
the context of antigen-induced arthritis. Thus, IL-33 enhanced
CIA when ST2/~ mice were reconstituted with BMMCs from
WT but not from ST27/~ mice (Fig. 5). Our data also provide
mechanisms by which mast cells could promote inflammatory
synovitis (Fig. 6). IL-33 induces mast cell production of IL-1,
IL-6, IL-13, and a range of chemokines (13, 14, 30) (Fig. 4).
Because both IL-1 and IL-6 play crucial roles in the induction of
Th17 cells (31-33), a key pathogenic cell type in arthritis (21, 22),
our studies indicate a relationship between ST2/IL-33 function
and collagen-specific IL-17 production in CIA (Figs. 2B and 3B).
Because we are unable to show a direct effect of IL-33 on Th17
maturation in vitro (Fig. S2), we propose that the effect is
manifested indirectly via IL-1 and IL-6 release. This notion
provides a mechanism whereby synovial fibroblasts could influ-
ence the local activation of mast cells and polarization of local
autoreactive T cell responses. Finally, the chemokines produced
by IL-33-activated mast cells are also likely to play an important
role in the recruitment of inflammatory cells into diseased joints.

Interestingly, IL-33 was still capable of inducing some type 11
cytokine production (IL-5 and IL-13 but not IL-4) in the context
of a Th1/Th17-dominant environment. IL-5 and IL-13 expres-
sion has been reported in established RA tissues (34, 35). These
cytokines could play a role in the promotion of specific IgG and
IgE synthesis and antibody isotype switching in CIA. Such
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autoantibodies could bind to both low- and high-affinity Fc
receptors on mast cells and subsequently trigger mast cell
degranulation (Fig. 6) (28, 29) or form immune-complexes with
antigens (23, 24). Our data are compatible with the cytokine
milieu described in RA synovial fluid obtained in early disease
in which type II cytokines predominate (34, 35). By this mech-
anism, the target tissue environment including fibroblast acti-
vation and consequent IL-33 release could operate to promote
the transition from acute to chronic disease via mast cell-
dependent pathways. Additional mechanisms, which do not
involve mast cell activation, but which could entail transient Th2
activation, may also explain why WT mast cell engraftment in
ST2~/~ mice did not fully restore the CIA-enhancing effect of
IL-33 to the level of WT mice (Fig. 5).

Synovial fibroblasts may be the main source of IL-33 (36). We
found that resting synovial fibroblasts expressed little or no IL-33
whereas expression was markedly enhanced by the presence of
proinflammatory cytokines, such as TNFa« and IL-18, which are
abundantly produced during CIA and RA (15). Thus, IL-33-mast
cell interactions that lead to the enhanced production of IL-13
and TNFa may represent a self-amplification circuit in the
proinflammatory response during the development and perpet-
uation of arthritis. Such a model is compatible with the notion
that the synovial microenvironment is critical to the maintenance
and amplification of local inflammatory responses.

The identification of a proinflammatory role of IL-33 in
inflammatory arthritis extends our understanding of the func-
tional diversity of members of the IL-1 family in RA. IL-1
promotes the inflammatory process mainly by amplifying mac-
rophage and Th17 cell functions whereas IL-18 promotes arthri-
tis by enhancing Th1 responses (20, 31, 37). In contrast, IL-33
predominantly triggers mast cell activation and downstream
autoantibody production. Thus, IL-33 may synergize with IL-1
and IL-18 by further amplifying Th1/Th17 responses in acute and
chronic phases of the disease. The demonstration here that IL-33
is expressed in the synovial membrane of RA patients and that
mast cells are directly associated with IL-33-mediated arthritic
disease suggests that IL-33 may offer a tractable target to
modulate mast cell-dependent pathology therein and beyond in
a range of inflammatory diseases.

Materials and Methods

Mice. Male DBA/1 mice were obtained from Harlan Olac. ST2~/~ BALB/c mice
were generated as described previously (38). ST2~/~ mice of the DBA/1 back-
ground were generated by backcrossing ST2~/~ mice with DBA/1 mice for 10
generations. All mice were used at 8—10 week old and maintained at the Joint
Animal Facilities, University of Glasgow. All animal experiments conducted in
this study were performed in accordance to the Home Office, United King-
dom, animal guidelines.

Recombinant IL-33. Mouse IL-33 was expressed in Escherichia coli and IL-33
proteins were purified by Ni-NTA affinity chromatography as described pre-
viously (39). Endotoxin was removed by purification with polymyxin B chro-
matography. The purity of IL-33 was >97% by silver staining. Endotoxin levels
were <0.1 unit/png of protein by the Limulus Amebocyte Lysate QCL-1000
pyrogen test (Cambrex).

Generation of Bone Marrow-Derived Mast Cells (BMMCs). BMMCs were derived
from cells of either ST2~/"DBA/1 or WT mice and maintained as described
previously (12, 14). Briefly, bone marrow cells from femurs of mice were
cultured with IL-3 (5 ng/ml) and SCF (50 ng/ml) in complete RPMI medium 1640
(supplemented with 10% FCS, 2 mM L-glutamine, and 100 units/ml penicillin—
streptomycin) in a 5% CO, atmosphere. After 6 weeks, BMMCs were collected
and tested for c-kit, FceRl, and ST2 expression by flow cytometry with fluo-

1. Schmitz JA, et al. (2005) IL-33, an interleukin-1-like cytokine that signals via the IL-1
receptor-related protein ST2 and induces T helper type 2-associated cytokines. Immu-
nity 23:479-490.

2. Dinarello CA (2002) The IL-1 family and inflammatory diseases. Clin Exp Rheumatol
20:51-13.
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rescent-labeled anti-c-kit (BD Biosciences), anti-FceRI (eBioscience), and anti-
ST2 (MD Bioscience) antibodies. For in vitro activation, BMMCs (2 X 108 per
milliliter) were stimulated with IL-33 for 48 h. The levels of TNFq, IL-18, IL-3,
IL-4, IL-5, IL-6, IL-10, IL-12, IL-13, IFNy, MCP1a, MCP18, MCP3, and MIP1« in the
supernatant were determined by multiplex ELISA (Luminex cytokine 20-Plex;
Biosource) according to the manufacturer’s instructions. For in vivo engraft-
ment, ST27/~ mice were injected intravenously with in vitro-generated
BMMCs from either DBA1 WT or ST2~/~ mice (1 X 107 per mouse). Four weeks
later, the mice were immunized with ClI to induce CIA and treated with IL-33
as detailed below.

Induction of CIA and Assessment of Arthritis. CIA was induced in mice as
previously described (20). Briefly, male DBA/1 or ST2~/~DBA/1 mice, 6-8 weeks
old (10 mice per group), were immunized by intradermal injection of 50 ug of
acidified bovine type Il collagen (Cll; Chondrex) that was emulsified in Com-
plete Freund’s Adjuvant (CFA; MD Biosciences). In some experiments, the mice
were challengedi.p.onday 21 with 50 g of Cll in PBS. To investigate the effect
of IL-33 in CIA, mice were injected i.p. daily with IL-33 (1 ug per mouse) from
days 2-25 after the initial immunization. Control mice received the same
volume of PBS. All mice were monitored for signs of arthritis as previously
described (20). Clinical scores were assigned based on erythema, swelling, or
loss of function present in each paw on a scale of 0 to 3, giving a maximum
score of 12 per mouse. Paw thickness was measured with a dial-calliper
(Kroeplin).

Histological Examination. For histological assessment, mice were killed and the
hind limbs removed, fixed in 10% neutral-buffered formalin, and 5-um sec-
tions were stained with hematoxylin/eosin (Sigma).

Collagen-Specific in Vitro Culture. DLNs were removed on day 42 after primary
immunization. Single-cell suspensions (2 X 108 cells per milliliter) were pre-
pared and cultured in triplicates in complete RPMI medium 1640 at 37°Cin 5%
CO;. Cells were cultured with graded concentrations of Cll (50 and 100 ug/ml)
in 96-well plates (Nunc). Supernatants were collected after 72 h for analysis of
cytokine concentration.

Measurement of Cytokines and Anti-Collagen Antibody. All cytokine concen-
trations were determined by ELISA with paired antibodies (BD PharMingen) or
a 20-plex mouse cytokine assay according to the manufacturer’s instructions
(Luminex; Biosource, Invitrogen). The serum anti-type Il collagen Ab titers of
individual mice were detected as previously described (20).

Clinical Materials and Cell Preparation. Synovial tissue samples from patients
meeting the ACR criteria for rheumatoid arthritis were obtained from the
tissue bank of The Centre of Rheumatic Diseases, Royal Infirmary, Glasgow,
derived by arthoscopy or arthroplasty. The study was approved by the East
Glasgow Ethical Committee and informed consent was obtained from each
patient. For immunohistochemistry, synovial membrane tissues were fixed in
formalin for 24 h and then embedded in paraffin. Serial sections (5 um) were
stained with anti-IL-33 antibody (5 ng/ml; Axxora) or anti-ST2 antibody (15
pg/ml; R&D Systems) and then counterstained with hematoxylin (Sigma).
Negative controls were stained with isotype-matched normal IgG at the same
concentration. The sections were scanned with a Duoscan T2000XL micro-
scope and pictures taken with a Fuji X digital camera (HC-300Z) at magnifi-
cation of X40. Synovial fibroblasts were grown from primary synovial tissue
cell suspensions in 25-cm? flasks and used after three to five passages (fibro-
blast purity was >99%, analyzed by FACS with anti-CD45 antibody to detect
contaminating inflammatory cells). For RT-PCR, ¢cDNA was prepared from
synovial fibroblasts by using TRIzol extraction (Life Technologies). mRNA was
detected by using specific primers for IL-33 (39) and B-actin (R&D Systems).

Statistical Analysis. Clinical scores were analyzed with the nonparametric
Mann-Whitney U test. Cytokine and collagen-specific IgG levels were com-
pared with a Student'’s t test.

ACKNOWLEDGMENTS. We thank Mr. James Reilly for assistance in histology
preparation. This work was supported by the Medical Research Council, the
Wellcome Trust, the Chief Scientist’'s Office of Scotland, and the European
Union.

3. Chackerian AA, etal. (2007) IL-1 receptor accessory protein and ST2 comprise the IL-33
receptor complex. J Immunol 179:2551-2555.

4. Ali S, et al. (2007) IL-1 receptor accessory protein is essential for IL-33-induced
activation of T lymphocytes and mast cells. Proc Nat/ Acad Sci USA 104:18660—
18665.

PNAS | August5,2008 | vol. 105 | no.31 | 10917

MEDICAL SCIENCES



SINPAS

5

o

~

=<

[

20.

21.

10918 |

. Xu D, et al. (1998) Selective expression and functions of interleukin 18 receptor on T

helper (Th) type 1 but not Th2 cells. J Exp Med 188:1485-1492.

. Lohning MA, et al. (1998) T1/ST2 is preferentially expressed on murine Th2 cells,

independent of interleukin 4, interleukin 5, and interleukin 10, and important for Th2
effector function. Proc Nat/ Acad Sci USA 95:6930-6935.

. Walzl G, et al. (2001) Inhibition of T1/ST2 during respiratory syncytial virus infection

prevents T helper cell type 2 (Th2)- but not Th1-driven immunopathology. J Exp Med
193:785-792.

. Humphreys NE, Xu D, Hepworth MR, Liew FY, Grencis RK (2008) IL-33, a Potent Inducer

of Adaptive Immunity to Intestinal Nematodes. J Immunol 180:2443-2449.

. Hoshino KS, etal. (1999) The absence of interleukin 1 receptor-related T1/5T2 does not

affect T helper cell type 2 development and its effector function. J Exp Med 190:1541-
1548.

. Senn KA, et al.(2000) T1-deficient and T1-Fc-transgenic mice develop a normal pro-

tective Th2-type immune response following infection with Nippostrongylus brasil-
iensis. Eur J Immunol 30:1929-1938.

. Townsend MJ, Fallon PG, Matthews DJ, Jolin HE, McKenzie AN (2000) T1/ST2-deficient

mice demonstrate the importance of T1/5T2 in developing primary T helper cell type 2
responses. J Exp Med 191:1069-1076.

. Moritz DR, Rodewald HR, Gheyselinck J, Klemenz R (1998) The IL-1 receptor-related T1

antigen is expressed on immature and mature mast cells and on fetal blood mast cell
progenitors. J Immunol 161:4866—4874.

. Allakhverdiz, Smith DE, Comeau MR, Delespesse G (2007) Cutting edge: The ST2 ligand

IL-33 potently activates and drives maturation of human mast cells. J Immunol
179:2051-2054.

. Ho LH, et al. (2007) IL-33 induces IL-13 production by mouse mast cells independently

of IgE-FcepsilonRI signals. J Leukoc Biol 82:1481-1490.

. McInnes IB, Schett G (2007) Cytokines in the pathogenesis of rheumatoid arthritis. Nat

Rev Immunol 7:429-442.

. Janossy G, et al. (1981) Rheumatoid arthritis: A disease of T-lymphocyte/macrophage

immunoregulation. Lancet 2:839-842.

. Feldmann M, Brennan FM, Maini RN (1996) Role of cytokines in rheumatoid arthritis.

Annu Rev Immunol 14:397-440.

. Ulfgren AK, Lindblad S, Klareskog L, Andersson J, Andersson U (1995) Detection of

cytokine producing cells in the synovial membrane from patients with rheumatoid
arthritis. Ann Rheum Dis 54:654-661.

. Kageyama'Y, et al. (1998) Reduced susceptibility to collagen-induced arthritis in mice

deficient in IFN-gamma receptor. J Immunol 161:1542-1548.

Leung BP, McInnes IB, Esfandiari E, Wei XQ, Liew FY (2000) Combined effects of IL-12
and IL-18 on the induction of collagen-induced arthritis. J/ Immunol 164:6495-6502.
Chabaud M, et al. (1999) Human interleukin-17: A T cell-derived proinflammatory
cytokine produced by the rheumatoid synovium. Arthritis Rheum 42:963-970.

www.pnas.org/cgi/doi/10.1073/pnas.0801898105

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Nakae S, Nambu A, Sudo K, and lwakura Y (2003) Suppression of immune induction of
collagen-induced arthritis in IL-17-deficient mice. J Immunol 171:6173-6177.

Stuart JM, Dixon FJ (1983) Serum transfer of collagen-induced arthritis in mice. J Exp
Med 158:378-392.

Edwards JC, Cambridge G (2006) B-cell targeting in rheumatoid arthritis and other
autoimmune diseases. Nat Rev Immunol 6:394-403.

Edwards JC, et al. (2004) Efficacy of B-cell-targeted therapy with rituximab in patients
with rheumatoid arthritis. N Engl J Med 350:2572-2581.

Bromley M, Fisher WD, Woolley DE (1984) Mast cells at sites of cartilage erosion in the
rheumatoid joint. Ann Rheum Dis 43:76-79.

Tetlow LC, Woolley DE (1995) Distribution, activation and tryptase/chymase phenotype
of mast cells in the rheumatoid lesion. Ann Rheum Dis 54:549-555.

Lee DM, et al. (2002) Mast cells: a cellular link between autoantibodies and inflam-
matory arthritis. Science 297:1689-1692.

Corr M, Crain B (2002) The role of FcgammaR signaling in the K/B x N serum transfer
model of arthritis. J Immunol 169:6604-6609.

Moulin D, et al. (2007) Interleukin (IL)-33 induces the release of pro-inflammatory
mediators by mast cells. Cytokine 40:216-225.

Sutton C, Brereton C, Keogh B, Mills KH, Lavelle EC (2006) A crucial role for interleukin
(IL)-1 in the induction of IL-17-producing T cells that mediate autoimmune encepha-
lomyelitis. J Exp Med 203:1685-1691.

Bettelli EY, et al. (2006) Reciprocal developmental pathways for the generation of
pathogenic effector TH17 and regulatory T cells. Nature 441:235-238.
Acosta-Rodriguez EV, Napolitani G, Lanzavecchia A, Sallusto F (2007) Interleukins
1beta and 6 but not transforming growth factor-beta are essential for the differ-
entiation of interleukin 17-producing human T helper cells. Nat Immunol 8:942—
949.

Hitchon CA, et al. (2004) A distinct multicytokine profile is associated with anti-cyclical
citrullinated peptide antibodies in patients with early untreated inflammatory arthri-
tis. / Rheumatol 31:2336-2346.

Hitchon CA, El-Gabalawy HS (2002) Immune features of seronegative and seropositive
arthritis in early synovitis studies. Curr Opin Rheumatol 14:348-353.

Sanada S, et al. (2007) IL-33 and ST2 comprise a critical biomechanically induced and
cardioprotective signaling system. J Clin Invest 117:1538-1549.

Gracie JA, et al. (1999) A proinflammatory role for IL-18 in rheumatoid arthritis. J Clin
Invest 104:1393-1401.

Brint, EK, et al. 2004. ST2 is an inhibitor of interleukin 1 receptor and Toll-like receptor
4 signaling and maintains endotoxin tolerance. Nat Immunol 5:373-379.
Komai-Koma M, et al. (2007) IL-33 is a chemoattractant for human Th2 cells. Eur
J Immunol 37:2779-2786.

Xu et al.



