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The discovery of IL-33 as the ligand for the orphan Th2
associated receptor ST2 has uncovered a whole range of
different avenues for this pathway. Although the extracellular
functions of ST2 as a marker for Th2 cell and mast cell activity
were well defined, the complexities of IL-33 regulation, nuclear
function and secretion are only just being realised. The well
documented expression pattern of ST2 has identified a role for
the IL-33/ST2 axis in the classical Th2 cell and mast cell driven
pathogenesis of asthma and anaphylaxis. However, the
induction of IL-33 expression by environmental or endogenous
triggers now suggests a wider role for the pathway during
infection, inflammation and tissue damage.
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Introduction

I1.-33 and its receptor are part of the IL-1 family, and
their interactions promote a variety of actions from a
number of different cell types. Unique within the IL.-1
family, IL.-33 is associated with the promotion of systemic
Th2 responses. The 11.-33/ST2 axis is thought to be
intimately involved in the promotion and maintenance
of allergic inflammation via a number of cell types that
include Th2 cells, mast cells and basophils, and structural
cells such as airway epithelium and smooth muscle cells.
Although first identified as a protein expressed by lymph
node-associated endothelial cells bioinformatic analysis
identified I1.-33 as the ligand for the former orphan
receptor ST2 [1]. IL.-33 binds a heterodimeric receptor
complex consisting of ST2 and the ubiquitously
expressed IL-1R accessory protein (IL-1R-AP) which
promotes signalling via the TIR domain of IL-1RAP
and activates several signalling proteins including, NFkB
and mitogen activated protein (MAP) kinases such as p38

and JNK [2,3] (Figure 1). This signalling cascade dis-
tinguishes 11.-33 from the classical Th2 type cytokines
which signal through JAK-STAT pathways. ST2 (also
known as IL1RL1, T1, DER-4, Fit-1 or IL1R4) is a
member of the TLR/IL-1R (TIR) family, and has 38%
amino acid homology to the IL-1R. Due to differential
splicing the ST2 gene encodes at least three isoforms of
protein, a soluble form (sST2), a membrane bound form
(ST2L) and a variant ST2 [4]. ST2 gene expression is
widespread but the membrane bound form is most highly
expressed on mast cells and T helper (Th2) cells [5,6].
This led to the association between the ST2/11.-33 axis
and Th2 type pathologies such as asthma. More recent
analysis has determined that I1.-33 interacting with ST2
on a range of different leukocytes promotes a number of
key inflammatory pathways that have the potential to
initiate and propagate allergic inflammation [3].

IL-33 signalling

IL.-33 localises to the nucleus of resting cells and binds
chromatin via H2ZA-H2B histone complex, exerting a
potential transcriptional repressor effect [7]. How it
migrates from this nuclear localization for interaction with
its extracellular receptor, ST2, is less clear. I1.-33 lacks a
specific signal peptide to enable it to be processed for
secretion via the ER-Golgi pathway. Caspase-1 cleavage
of pro-IL.-33 has been reported iz vitro, although 11.-33
lacks a classical caspase-1 cleavage site. Also, in compari-
son to cleavage of IL.-1B, caspase-1 cleavage of 11.-33 is
inefficient and requires non-physiologic concentrations of
caspase-1. In the absence of other caspases, caspase-1 is
unable to cleave I1.-33, suggesting that caspase-1 acti-
vates other proteases to mediate cleavage, and likely
candidates include caspase 7 and 3, as well as calpain.
Cleavage products are biologically inactive, and since
protease cleavage of IL-33 occurs during apoptosis,
release of biologically active full length 11.-33 is thus
limited [8°,9]. By contrast during necrotic processes
uncleaved but biologically active I1.-33 was released
[10]. Although a substantial proportion of secreted IL-
33 is actually full-length pro-IL33, its biologic potency
remains questionable. The fact that IL-33 may be
released by damaged cells undergoing necrotic cell death
during infection or trauma, suggests it may function as an
endogenous danger signal or ‘alarmin’ [11]. This function
has also been attributed to IL-laa and HMGBI1, two
proteins that have dual functions as nuclear proteins
and extracellular cytokines. All three proteins lack clas-
sical secretion signals and display cytokine activity inde-
pendent of processing, as well as being released by
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IL-33 signalling pathways. IL-33 mediates its function by binding to a receptor complex comprising ST2 and IL-1 receptor accessory protein (IL-1RAP)
leading to the recruitment of the myeloid differentiation primary-response protein 88 (MYD88) complex. Although the mechanism is unclear, the
complex is thought to activate at least two independent pathways involving the mitogen activated protein kinase (MAPK) pathway as well as the
phospholipase D (PLD)-sphingosine kinase (SPHK) pathway, ultimately leading to activation of MAP kinases and NFkB. SIGIRR acts as a negative
regulator for signalling, and soluble ST can bind directly to IL-33 thus acting as a decoy receptor. Although biologically active IL-33 is generated
passively by necrotic cells, caspase cleavage during apoptosis leads to inactivation.

necrotic cells, but not apoptotic cells. Pathogens or aller-
gens as well as other environmental agents (such as
pollution) may trigger tissue damage which results in
IL.-33 secretion following necrotic cell death. This ‘alar-
min’ function of IL.-33 may thus propagate the exacer-
bations of asthma that complicate severe disease.

Regulation of IL-33 activity

The secretion capabilities of 11.-33 have the potential to
drive harmful inflammation, thus mechanisms have
evolved to regulate 11.-33 functions iz vive. A soluble
form of the ILL.-33R, termed sS'T'2, is able to sequester and
neutralise 11.-33. This sST2 develops as an alternatively

spliced mRNA induced by serum as well as anti-inflam-
matory signals such as vitamin D. sST2 shares a common
extracellular domain with ST2 but lacks the transmem-
brane and intracellular Toll-interleukin-1R domains [12].
Soluble ST2 acts as a decoy receptor to bind and func-
tionally inhibit I1.-33 activity 7z vitro and in vive [13]. Pre-
treatment of mice with sST2 reduced ThZ cytokine
production in a murine model of asthma [14]. Another
IL-1R family member termed single Ig 11.-1 Receptor-
related molecule/Toll ILL-1R8 (SIGIRR, also referred to
as TIRS) is also a negative regulator for I1L.-33 (as well as
IL-1R1, TLR4 and TLR9) [15°]. SIGIRR forms a com-
plex with ST2 upon I1.-33 stimulation and specifically
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inhibits I1.-33/ST?2 signalling iz vitro and in vive. 11.-33
induced Th2 responses are enhanced in SIGIRR
deficient mice and stronger allergen specific Th2 path-
ology develop in the absence of SIGIRR during an asthma
model [15°].

Expression of ST2 on leukocytes involved in
the asthmatic response

ST2 is expressed on ThZ cells and IL-33 is able to
influence Th2 function iz vitro and in viveo (Figure 2).
IL.-33 promotes secretion of the Th2 cytokines I1.-5 and
IL-13 from Th2 cells derived from allergic donors after
TCR-dependent or independent stimulation [16]. Inter-
estingly, substantial amounts of IFN+vy were also pro-
duced. In the presence of allergen, I1.-33 is able to
polarise mouse or human naive CD4" T cells into a
population of T cells that produce mainly IL-5 but not
IL.-4 [17°]. This polarisation is dependent upon MyD88
and SIGIRR, together with phosphorylation of MAPKs
and NF-kB. However, neither IL-4 nor STAT-6 was
involved, and the Th2/Th1 lineage transcription factors
GATA-3 and T-bet were not induced [17°]. In addition,
I1.-33 is able to recruit and activate both mouse and
human Th2 cells via an undefined mechanism [18].

ST2 is a lineage marker for mast cells as well as for Th2
cells, and is expressed during multiple stages of devel-
opment, including the earliest detectable committed
precursors in the mouse [19]. Human CD34+ progenitor
cells express ST2 in vivo and in vitro, and respond to 1L~
33 stimulation by producing large amounts of Th2 cyto-
kines and chemokines, such as IL-5, ILL-13, IL-6 and
CXCLS8, CCL1 and CCIL.17 — all of which can escalate
allergic inflammatory reactions [20]. Addition of IL.-33 to

Figure 2
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Leukocyte expression of ST2 and effect of interaction with IL-33. ST2 is
expressed on a number of leukocytes involved in the asthmatic
response and binding of IL-33 results in a wide variety of effects that
influence the course of allergic reactions.

in vitro cultures of CD34+ cells rapidly accelerates their
maturation into tryptase-containing mast cells [21]. IL-
33 synergises with IgE receptor cross linking to enhance
production of CXCLS8 in mast cells [22]. Moreover, 11.-33
enhanced IgE-mediated degranulation and leukotriene
synthesis in primary human mast cells. Since 11.-33
augments mast cell survival and adhesion to fibronectin,
ST?2/ILL-33 interactions on mast cells may serve not only
to promote maturation and activation, but also to main-
tain their localisation within the tissue [23]. IL.-33 also
exerts distinct effects on basophils. 1L-33/ST2 inter-
actions enhanced degranulation in response to IgE cross-
linking stimuli and enhanced basophil migration to
eotaxin without effect on surface expression of CCR3
[22,24]. Moreover, IL.-33 synergises with IL-3 to
promote IL.-4 production and CD11b expression by
basophils.

Human ecosinophils, but not neutrophils express ST2
mRNA. Although protein was undetectable on freshly
isolated ecosinophils, an 7z wvitro culture in medium
induced expression of ST?2 protein, which increased with
addition of GM-CSF [25]. Consequently I.-33 induced
eosinophil superoxide anion production and degranula-
tion as potently as I1.-5. Moreover these responses were
blocked after incubation with anti-ST2. IL-33 also
potently induces eosinophil adhesion via up-regulation
of CD11b expression and enhances eosinophil survival

[26].

Macrophages express ST2 and receptor expression is
enhanced by IL.-13 [27]. IL.-33 has a profound effect
on the phenotype of alveolar macrophages, driving them
towards an alternatively activated (AAM) phenotype that
express the mannose receptor, I.-4Ra and produce high
levels of CCL24 and CCL17, both of which are critical
during allergic inflammation. Similarly I1.-33 amplified
the IL-13 induced polarisation of alveolar and bone
marrow derived macrophages 7z vitro by increasing
expression of arginase-I, Ym1 and CCL24 and CCL17.
IL-33 sequesters in the nucleus of monocytes undergoing
apoptosis, but is released into the extracellular milieu by
LPS-stimulated cells in which necrosis had been induced
by ‘freeze—thawing’ [28].

The I1.-33 repertoire was recently expanded to include
effects on DC function [29]. I1.-33 is able to promote the
generation of myeloid DC (CD11¢"CD11b"CD205%) in
cultures of murine BM via a process involving GM-CSF
production from other cells, which the authors propose to
be basophils. Although they showed normal dendritic
morphology, these 11.-33 generated DCs were function-
ally immature. Specifically, they expressed only low
levels of MHC Class I1, did not respond to TLR ligands
and failed to activate naive T cells. These DCs are
likened to maturation-resistant ‘tolerogenic’ DC such
as those generated with I1.-10 or pharmacologic agents
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[30]. Although this finding has yet to be confirmed i vivo,
itis interesting to speculate whether the 11.-33/ST?2 axis is
able to regulate professional APC function during
immune responses.

Purified iNK'T cells express STZ and respond to 11.-33,
although on TCR engagement IFN-vy rather than IL-4 is
induced [16,31]. A combination of IL.-33 and IL-12
enhanced [FN-vy from both NKT and iNK'T cells. More-
over IL.-33 together with a-galactosylceramide induced
both ILL4 and IFN-y. These data show that ILL.-33 can
enhance both Thl-type and Th-2-type responses, which
is likely to be of importance in development of severe
asthma [32].

Expression of IL-33 in the lung

Constitutive expression of 11.-33 has been determined in
a number of tissues, primarily stromal cells, including
fibroblasts, cardiomyocytes, keratinocytes, adipocytes
and epithelial cells at mucosal surfaces [33]. A recent
study used a combination of tissue microarrays and anti-
body staining and showed widespread expression of [1.-33
in the endothelial cells of large and small vessels in most
normal human tissues, as well as tumours [11]. Constitu-
tive nuclear expression of 11.-33 was also observed in
fibroblastic cells of lymphoid tissues, and epithelial cells
of certain tissues exposed to the environment, including
skin keratinocytes, epithelial cells in the gut, tonsillar
crypts and salivary glands. Considerable variation was
observed in staining patterns between tissue samples
and within each sample, suggesting that expression
maybe influenced by environmental cues, such as micro-
flora, allergens and certain pathogens. Interestingly the
authors did not comment on expression in the lung.
However, analysis of mouse and human cDNA libraries
and quantitative PCR has shown that I1.-33 is constitu-
tively expressed in epithelial cells of the bronchus and
small airways [1]. In addition, recent endobronchial
biopsy studies have revealed an association between
IL.-33 and severe asthma [34°,35]. 11.-33 expression was
determined in airway smooth muscle cells (ASMC) by a
number of methods including PCR, ELISA and Western
blotting to show higher expression of 11.-33 in subjects
with asthma compared to non-asthmatic controls, and a
particular association with severe asthma [35]. TNFa was
shown to increase I1.-33 expression in ASMC 7z vitro, and
dexamethasone failed to block this up-regulation. The
same group have also determined that epithelial cells in
bronchial asthma show increased expression of I1.-33
[34°]. Widespread staining of IL.-33 was observed
throughout the epithelium in sections from asthmatic
subjects. Quantitative assessment revealed that there
was an increase in staining intensity in severe asthmatics
compared with healthy controls. Moreover, significant
levels of IL.-33 were measured in bronchiolar lavage from
moderate, but not mild, asthmatics compared to normal
controls.

IL-33/ST2 interactions drive allergic pathology
in vivo

Evidence that I1.-33/ST?2 interactions are functionally
important in allergic inflammation comes from mouse
model studies which have manipulated ligand/receptor
interactions. Administration of blocking anti-ST2 anti-
bodies or ST2-Ig fusion protein to allergic mice abrogated
"Th2 cytokine production iz vive, eosinophilic pulmonary
inflammation and AHR but had no effect on Th1 driven
airway inflammation [5]. Similarly, anti-1L.-33 antibodies
ameliorated eosinophil recruitment, Th2 cytokine pro-
duction, serum IgE and mucus production [36]. Conver-
sely administration of IL.-33 directly into the lung induces
AHR and goblet cell hyperplasia, and lung IL.-4, IL-5 and
I1.-13 [27,37°]. Strikingly, intranasal 11.-33 also induced
this allergic pathology even in the absence of T and B
cells [37°]. Moreover, when instilled concurrent with
antigen sensitisation [1.-33 induces antigen-specific 1L-
57T cells and promotes allergic airway disease even in the
absence of IL.-4 [17°]. Genetic overexpression of 11.-33
also leads to spontaneous eosinophilic inflammation in a
mlL-33 transgenic mouse [38]. Blockage studies have
also determined that the 11.-33/ST2 pathway not only
promotes Th2 responses but also maintains AHR during
allergen challenge [39]. However, the role of the 11.-33/
ST axis in promoting allergic airway disease is not
straightforward, since ST2 knockout mice are not pro-
tected from OVA-induced inflammation and eosinophilia
[40,41]. The fact that ST?2 mice are protected in a short
term priming model of allergic inflammation might
indicate the contribution of mast cells since in the short
term model mast cells play a more dominant role. How-
ever it is clear that the 11.-33/ST2 pathway exerts distinct
effects in the lung although the precise role of 11.-33 and
sST?2 and membrane bound ST2 in different models of
asthma remains unclear.

The function of I1.-33 secretion from epithelium is likely
of critical importance. Several lines of evidence show that
administration of IL.-33 to the lung results in initiation of
Th2 type immunity via [1.-4 and I1.-13. Interestingly, this
can occur in the absence of T and B cells or IL.-4 [17°]. An
explanation for this may come from the recent finding
that treatment of mice with either IL.-33, or IL.-25, results
in a novel type of ‘innate lymphoid cell’ in the gut. These
cells have been termed nuocytes [42°], multi-potent
progenitor type-2 cells [43°] or natural helper cells
[44°] and express I1.-13 and IL.-4 and promote type 2
immune activity in the gut. It seems likely that these
innate lymphoid helper cells may provide immunity ear-
lier but less specifically than conventional type 2 cells. It
remains to be seen if they occur following immune
responses other than worm infection but since allergen
directly promotes release of 11.-33, and I1.-25 from the
pulmonary epithelium it seems likely that generation of
innate lymphoid cells will occur following allergen
exposure.
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IL-33 and heterogeneity of asthma
phenotypes

Asthma has classically been viewed as a Th2 mediated
disease with therapeutic efforts directed towards blocking
Th2 cytokines and preventing eosinophil recruitment
and survival. However, this view is rapidly changing with
the realisation that distinct clinical phenotypes of asthma
exist coupled with the fact that results from trials target-
ing the Th2 response have been underwhelming [45]. A
central role for the pulmonary epithelium in directing and
propagating allergic responses has been proposed
(Figure 3). The discovery that allergens can trigger pat-
tern recognition receptors such as Toll-like receptors on
the epithelium is central to this theory [46°]. Interest-
ingly, allergen activated TLR4 signalling results in the

Figure 3

generation of 1L.-33, as well as 1L.-25 and TSLP. This
group of innate pro-allergic cytokines are able to promote
allergen specific Th2 responses via dendritic cell recruit-
ment and activation, but since IL.-33 (and IL-25) is able to
promote allergic type inflammation even in the absence
of Th2 cytokines, this pathway represents an important
mechanism for development of allergic pathology. Impor-
tantly, these results were generated using an allergen
challenge protocol involving inhalation of the environ-
mental allergen house dust mite in naive animals, and in
the future it will be interesting to determine the effects of
manipulating the IL-33/ST2 axis during this type of
model, rather than the classical OVA Th2 driven model,
which uses peritoneal sensitisation with a Th2 skewing
adjuvant [45].
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IL-33 in asthma. Exposure to airborne allergens, pollution, respiratory viruses causes damage to the pulmonary epithelium and/or activation of pattern
recognition receptors such as TLRs leading to the release of IL-33 from lung structural cells such as epithelial cells. IL-33 likely drives allergen

sensitisation via effects on airway dendritic cells and development of Th2 mediated pathology via generation of IL-4, IL-5 and IL-13. IL-33 leads to the
generation of macrophages with an alternatively activated phenotype and to the recruitment, maturation and survival of eosinophils. Importantly, IL-33

is able to induce airway hyperresponsiveness via mast cells and IL-13.
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SNPS in asthma

Genetic evidence is accumulating to increase the associ-
ation between IL-33/ST2 and development of asthma.
IL.-33 levels have been shown to be increased in severe
asthma [35] as well as patients with allergic pollinosis [47]
and in atopic patients with anaphylaxis [48]. Genetic
analysis has linked polymorphisms in the IL.-33 and
ST2 genes with asthma and allergy-related traits [2].
Single nucleotide polymorphisms (SNPs) in the I1.-33
gene have been associated with asthma, eosinophils and
also allergic rhinitis [47,49] whereas SNPs in the ST2
locus have been associated with childhood asthma,
asthma and airway function [49-51]. In addition, a gen-
ome wide association study of over 10,000 asthmatics
revealed associations with I1.-33 [52]. Although further
analysis is required to ensure that these genetic associ-
ations have functional correlates these large scale analyses
provide further evidence for the involvement of the IL-
33/ST2 axis in development of human disease.

Conclusions

IL.-33 is a central player in the development of allergic
inflammation. Although the expression pattern of its re-
ceptor, STZ implicated an association in generating type 2
immune reactions some of the novel functions assigned to
this receptor/ligand axis indicate an expanding role. The
fact that I1.-33 is able to function as an ‘alarmin’ and will
be secreted following tissue damage is important in the
context of the lung. The pulmonary epithelium is prone
to damage from pathogens such as viruses, air pollution
and also protease activity of allergens. All of these mol-
ecules promote epithelial damage that results in I1.-33
production. I1.-33 can then exert profound effects on the
adaptive immune system to promote Th2 differentiation
and eosinophil and mast cell activation. However, the
exciting novel effects of IL.-33 on the innate immune
system to promote innate lymphoid cells outline a dual
role for I1.-33 to activate both arms of the immune
system.
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