IL-33 promotes ST2-dependent lung fibrosis by the
induction of alternatively activated macrophages and

innate lymphoid cells in mice
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Background: The initiation and regulation of pulmonary
fibrosis are not well understood. IL-33, an important cytokine
for respiratory diseases, is overexpressed in the lungs of patients
with idiopathic pulmonary fibrosis.

Objectives: We aimed to determine the effects and mechanism
of IL-33 on the development and severity of pulmonary fibrosis
in murine bleomycin-induced fibrosis.

Methods: Lung fibrosis was induced by bleomycin in wild-type or
1133r (S£2) ™~ C57BL/6 mice treated with the recombinant
mature form of IL-33 or anti-IL-33 antibody or transferred with
type 2 innate lymphoid cells (ILC2s). The development and
severity of fibrosis was evaluated based on lung histology, collagen
levels, and lavage cytology. Cytokine and chemokine levels were
quantified by using quantitative PCR, ELISA, and cytometry.
Results: IL-33 is constitutively expressed in lung epithelial cells
but is induced in macrophages by bleomycin. Bleomycin
enhanced the production of the mature but reduced full-length
form of IL-33 in lung tissue. ST2 deficiency, anti—-IL-33 antibody
treatment, or alveolar macrophage depletion attenuated and
exogenous IL-33 or adoptive transfer of ILC2s enhanced
bleomycin-induced lung inflammation and fibrosis. These
pathologic changes were accompanied, respectively, by reduced
or increased IL-33, IL-13, TGF-1, and inflammatory chemokine
production in the lung. Furthermore, IL-33 polarized M2
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macrophages to produce IL-13 and TGF-$1 and induced the
expansion of ILC2s to produce IL-13 in vitro and in vivo.
Conclusions: IL-33 is a novel profibrogenic cytokine that signals
through ST2 to promote the initiation and progression of
pulmonary fibrosis by recruiting and directing inflammatory
cell function and enhancing profibrogenic cytokine production
in an ST2- and macrophage-dependent manner. (J Allergy Clin
Immunol 2014;EEN:EEN-EEN,)

Key words: IL-33, lung fibrosis, alternatively activated macro-
phages, type 2 innate lymphoid cells

Bleomycin is an important cancer chemotherapeutic agent.
However, its cytotoxic activity associated with DNA strand
cissation and reactive oxygen species induction can cause
severe side effects, including pulmonary fibrosis. This can be
recapitulated in experimental models designed to investigate the
pathogenesis of pulmonary fibrosis and some aspects of idiopathic
pulmonary fibrosis (IPF),'” a devastating treatment-refractory
interstitial lung disease of unknown origin.*” A better understand-
ing of the fibrotic process might lead to novel therapeutic
approaches for this unmet clinical need. Bleomycin-induced
fibrosis in susceptible C57BL/6 mice provides a reliable model
to study the underlying mechanisms of fibrosis.’

Although the pathogenic mechanisms of bleomycin-induced
fibrosis and IPF are not fully understood, both conditions are
characterized by alveolar epithelial injury, accumulation of
fibroblasts and myofibroblasts, and deposition of collagenous
extracellular matrix in the lung, which together compromise
functional gas exchange.'”*” Lung histology and bronchoalveolar
lavage (BAL) show inflammatory cytology, including neutrophils,
lymphocytes, and macrophages, which are thought to contribute
to fibrogenesis." " Macrophages can be polarized into 2 pheno-
types: classically activated macrophages (M1 macrophages),
which are activated by IFN-y and LPS, or alternatively activated
macrophages (M2 macrophages), which are activated by IL-4
and IL-13.%7 M1 macrophages express inducible nitric oxide syn-
thase and proinflammatory cytokines and protect against infection,
whereas M2 macrophages express arginase 1 and TGF-1 and are
critically involved in tissue repair and fibrosis.®’

The profibrogenic cytokines TGF-1 and IL-13 are essential
for the development of lung fibrosis by promoting myofibroblast
differentiation and stimulating production of extracellular matrix
proteins, primarily collagen,4‘5 and thus are important potential
therapeutic targets in fibrosis. Similar strategies can be applied
to other mediators, including cytokines of the IL-1 family, among
which IL-1 and IL-18 have a role in clinical and experimental
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Abbreviations used
APC: Allophycocyanin
Argl: Arginase 1
BAL: Bronchoalveolar lavage
BMDM: Bone marrow—derived macrophage
CT: Computed tomography
FITC: Fluorescein isothiocyanate
flIL-33: Full-length IL-33
ICOS: Inducible costimulator
ILC2: Type 2 innate lymphoid cell
IPF: Idiopathic pulmonary fibrosis
M1 macrophage: Classically activated macrophage
M2 macrophage: Alternatively activated macrophage
mlL-33: Mature IL-33
Nos2: Inducible nitric oxide synthase 2 gene
PE: Phycoerythrin
qPCR: Quantitative PCR
WT: Wild-type

lung fibrosis.” IL-33 is a new member of the IL-1 family and is
overexpressed in the lungs of patients with IPF.?

IL-33 is a dual-function cytokine: the full-length IL-33
(flIL-33) form serves as an intracellular gene regulator in the
nucleus, and the mature IL-33 (mIL-33) form serves as an
extracellular cytokine after release when cells sense inflammatory
signals or undergo necrosis.'”'” Once released, fIIL-33 can be
processed by neutrophil-derived proteases into mlIL-33."
Although both flIL-33 and mIL-33 are able to bind to and signal
through their receptor, ST2, mIL-33 has a 10-fold higher affinity
and bioactivity than flIL-33."* ST2 is expressed on most innate
cells, including macrophages and the newly identified type 2
innate lymphoid cells (ILC2s), and IL-33 plays a direct role in
the function of these cells.'®'? mIL-33 mainly elicits a type 2
immune response and is closely associated with allergic and
parasitic diseases.'"'®?* It has recently been reported
that nuclear flIL-33 potentiates bleomycin-induced lung
injury in an undefined but ST2-independent manner.” The
expression of IL-33 mRNA is increased in IPF lung tissue’;
however, the role of mIL-33 as a cytokine in the fibrotic process
is unknown.

We have investigated the effect and mechanism of mIL-33 in
the initiation and exacerbation of bleomycin-induced fibrosis in
mice. We report here that mIL-33, through ST2, strongly
enhances bleomycin-induced pulmonary fibrosis, mainly by
promoting inflammatory cell infiltration and function, including
polarization of M2 macrophages and ILC2s, and enhancing their
IL-13 and TGF-1 production.

METHODS

Experimental details are provided in the Methods section in this article’s
Online Repository at www.jacionline.org.

RESULTS
Bleomycin-induced fibrosis is impaired in
St2™’~ mice

Groups of wild-type (WT) and S127/~ C57BL/6 mice were
given bleomycin or PBS intranasally on day 0. The mice were
killed on day 7 or 14 to investigate the role of the cytokine
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IL-33 in the development of bleomycin-induced fibrosis. WT
mice that received bleomycin had progressive lung inflammation
(Fig 1, A) and fibrosis (Fig 1, B) from day 7 compared with PBS
control mice. This bleomycin-induced inflammatory and fibrotic
response was demonstrated by enhanced inflammatory cell
infiltration and collagen deposition in the lung and quantified by
using histologic inflammatory and fibrosis scores (Fig 1, C).
The pathologic changes observed in WT mice given bleomycin
were significantly reduced in Sf27/" mice given bleomycin
(Fig 1, A-C).

Compared with bleomycin-treated WT mice, bleomycin-
treated Sr2~/ mice also had significantly reduced infiltration
of neutrophils on day 7 and total leukocytes, including
macrophages, neutrophils, and lymphocytes, on day 14 in BAL
fluid (Fig 1, D). Furthermore, bleomycin-enhanced concentra-
tions of soluble collagen and the expression of collagen 3,
which is associated with early-repair fibrosis, were reduced in
St27/~ compared with WT mice (Fig I, E and F), whereas
the expression of collagen 1 remained unchanged (data not
shown). Moreover, bleomycin-treated St27/7 mice have
reduced concentrations of IL-33, IL-1, and chemokines
(CXCL1, CXCL2 and CCL2) in lung tissue extracts
compared with concentrations seen in bleomycin-treated WT
mice (see Fig El, A, in this article’s Online Repository at www.
jacionline.org).

Neutralizing anti-IL-33 antibody attenuates
bleomycin-induced fibrosis

We next assessed the role of endogenous IL-33 in the
development of bleomycin-induced fibrosis by treating WT
mice with anti-IL-33 antibody. C57BL/6 mice were injected
intraperitoneally with anti—IL-33 every fifth day from day O of
bleomycin administration and killed on day 14. Anti-IL-33
antibody reduced IL-33 and IL-1 levels in the lung tissue of
bleomycin-treated mice compared with that seen in control
IgG-treated mice (see Fig E1, B). The antibody treatment also
markedly reduced bleomycin-induced airway inflammation
and lung fibrosis (Fig 2, A-C) and the number of macrophages,
neutrophils, and lymphocytes in BAL fluid on day 14 compared
with IgG control values (Fig 2, D). Furthermore, the antibody
treatment significantly reduced lung tissue soluble collagen
(Fig 2, E) and collagen 3 mRNA expression (Fig 2, F).

Recombinant miL-33 exacerbates bleomycin-
induced fibrosis in mice

Mice were administered intranasal mlL-33 together with
bleomycin on day 0 and lung tissues were analyzed on day 7 to
directly assess the role of the cytokine IL-33. Control mice
were given either PBS, mlL-33, or bleomycin alone. One
administration of exogenous mlL-33 significantly enhanced
bleomycin-induced lung inflammation (Fig 3, A), collagen
deposition (Fig 3, B), and pathology score (Fig 3, C), compared
with controls. The IL-33—-enhanced histologic changes were
accompanied by significantly increased total numbers of cells in
BAL fluid, mainly neutrophils and lymphocytes, compared with
control values (Fig 3, D). The coadministration of IL-33 did not
change the macrophage numbers in BAL fluid at this time point
(7 days) compared with bleomycin alone. IL-33 further increased
the levels of bleomycin-induced collagen production (Fig 3, E)
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