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The IL-33:5T2 axis is unlikely to play a central B

fibrogenic role in idiopathic pulmonary fibrosis
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Abstract

Background Idiopathic pulmonary fibrosis (IPF) is a devastating interstitial lung disease (ILD) with limited treatment
options. Interleukin-33 (IL-33) is proposed to play a role in the development of IPF however the exclusive use of pro-
phylactic dosing regimens means that the therapeutic benefit of targeting this cytokine in IPF is unclear.

Methods IL-33 expression was assessed in ILD lung sections and human lung fibroblasts (HLFs) by immunohisto-
chemistry and gene/protein expression and responses of HLFs to IL-33 stimulation measured by gPCR. In vivo, the
fibrotic potential of IL-33:ST2 signalling was assessed using a murine model of bleomycin (BLM)-induced pulmonary
fibrosis and therapeutic dosing with an ST2-Fc fusion protein. Lung and bronchoalveolar lavage fluid were collected
for measurement of inflammatory and fibrotic endpoints. Human precision-cut lung slices (PCLS) were stimulated
with transforming growth factor-f3 (TGFB) or IL-33 and fibrotic readouts assessed.

Results 11-33 was expressed by fibrotic fibroblasts in situ and was increased by TGF(3 treatment in vitro. IL-33 treat-
ment of HLFs did not induce /L6, CXCL8, ACTA2 and COLTAT mRNA expression with these cells found to lack the IL-33
receptor ST2. Similarly, IL-33 stimulation had no effect on ACTA2, COLTAT, FNT and fibronectin expression by PCLS.
Despite having effects on inflammation suggestive of target engagement, therapeutic dosing with the ST2-Fc fusion
protein failed to reduce BLM-induced fibrosis measured by hydroxyproline content or Ashcroft score.

Conclusions Together these findings suggest the IL-33:5T2 axis does not play a central fibrogenic role in the lungs
with therapeutic blockade of this pathway unlikely to surpass the current standard of care for IPF.
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Background

Idiopathic pulmonary fibrosis (IPF) is a debilitating
interstitial lung disease (ILD) characterised by the
excessive deposition of extracellular matrix by fibro-
blasts and an irreversible loss of lung function [1].
With a median survival of approximately 3 years from
diagnosis, the prognosis for patients with IPF is worse
than many types of cancer [2]. Despite its incidence
continuing to increase, the aetiology and underlying
pathophysiology of IPF remains unclear [1]. Although
two drugs are currently licensed to treat IPF, their
failure to halt disease progression and use-limiting
side effects [3] demonstrate an urgent need to better
understand the pathogenesis of IPF and identify new
therapeutic targets.

The IL-1 family cytokine interleukin-33 (IL-33)
is stored in the nucleus of multiple cell types and is
released following cell damage or death [4-7]. Upon
its release, IL-33 can interact with its transmembrane
receptor ST2L (also known as serum stimulated-2
(ST2) or Interleukin-1 Receptor Like 1 (ILIRL1I)) or be
neutralised by its decoy receptor soluble ST2 (sST2)
[8]. ST2-dependent signalling can initiate inflamma-
tion and promote wound healing following tissue dam-
age [9]. Despite playing an important homeostatic role,
dysregulation of the IL-33:ST2 axis has been impli-
cated in the pathogenesis of several diseases includ-
ing IPF [9, 10]. Indeed, high levels of IL-33 have been
observed in the bronchoalveolar lavage fluid (BALF)
[11], exhaled breath condensate [12] and lung tissue
[13, 14] of IPF patients, with elevated concentrations
of sST2 measured in IPF serum during exacerbations
[15]. Additionally, IL-33 has been implicated in the
bleomycin (BLM) mouse model of pulmonary fibrosis
with germline ST2 deletion, IL-33 neutralising anti-
bodies and sST2 all leading to reduced lung fibrosis
in vivo [16—-19]. Since IL-33 overexpression and treat-
ment potentiates BLM-induced fibrosis [14, 16], IL-33
has been proposed to act as a key pro-fibrotic mediator
during the development of IPF. However, since IL-33
signalling has only ever been modulated during the
inflammatory phase of the BLM mouse model [14, 16—
18], it is possible that these results reflect the impor-
tance of IL-33 during inflammation and repair rather
than in fibrosis. Consequently, the therapeutic benefit
of targeting the IL-33:ST2 axis in IPF is unclear.

Transforming growth factor-p (TGEFp) is a key pro-
fibrotic cytokine that induces the production of extra-
cellular matrix by primary human lung fibroblasts
(HLFs) in vitro [20, 21]. In vivo, TGEp plays an impor-
tant role in pulmonary fibrosis with therapies target-
ing TGFP activation and signalling shown to reduce
fibrosis in multiple model systems [22—24]. Moreover,
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TGEP can induce fibrotic changes in human precision-
cut lung slices (PCLS) [25] and explanted lung paren-
chymal tissue samples [26].

To understand the role of IL-33 in established pul-
monary fibrosis, we assessed the localisation of IL-33
in fibrotic lung tissue and determined whether IL-33
expression by HLFs could be regulated by TGFp. Fur-
thermore, the effects of blocking IL-33 signalling dur-
ing the fibrotic phase of the BLM mouse model were
established and the ability of IL-33 to induce fibrotic
changes in human PCLS investigated.

Methods

IL-33 Immunohistochemistry (IHC)

Formalin fixed, paraffin embedded tissue samples
from 43 ILD patients (patient characteristics previ-
ously reported in Saini et al. [27]) and 4 non-ILD con-
trols (normal adjacent tissue from patients undergoing
lung cancer resections) were obtained from the Uni-
versity of Edinburgh and the Nottingham Respiratory
Research Unit following informed consent and local
ethics approval by South East Scotland SAHSC Biore-
source and the MRC Nottingham Molecular Pathology
Node respectively. IHC was performed as previously
described [27] using a mouse anti-IL-33 monoclonal
antibody (Nessy-1, Abcam, Cambridge, UK).

Cell culture and treatment

Non-IPF and IPF patient-derived primary human lung
fibroblasts (HLFs) were obtained from the Notting-
ham Respiratory Research Unit and cultured as previ-
ously described [28]. Following 24 h serum-starvation,
passage 6 HLFs were stimulated with 2 ng/ml TGFp
or 10 ng/ml IL-33 (R&D Systems, Abingdon, UK) with
supernatants, RNA and protein collected as previously
described [29].

Bleomycin (BLM) mouse model

Animal studies using male C57BL/6 mice were
approved by the University of Nottingham Animal Wel-
fare and Ethical Review Board, carried out in accord-
ance with Animals (Scientific Procedures) Act 1986 and
planned and reported in compliance with the ARRIVE
(Animal Research: Reporting of In Vivo Experiments)
guidelines [30]. Pulmonary fibrosis was induced with
60 IU BLM sulphate (Kyowa Kirrin, Slough, UK) as
previously described [24] and mice dosed every 72 h
from day 14—28 with 10 mg/kg of ST2-Fc fusion protein
(AstraZeneca, Cambridge, UK) via intraperitoneal (i.p.)
injection. Upon completion of the study, mice were
randomly allocated into groups for either biochemical
or histological analysis.
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For mice in the biochemical analysis group, bron-
choalveolar lavage (BAL) was collected and lung tissue
snap frozen as previously described [24]. Total BAL cell
counts were performed using a hemacytometer. For dif-
ferential cell counts, 200 pl of BAL was cytospun onto
glass slides and stained using a Diff-Quick staining kit
(Siemens Healthineers, Camberley, UK) according to
the manufacturer’s instructions. Differential cell counts
were performed as previously described [24] with the
remaining BAL fluid (BALF) collected for analysis by
ELISA. Lung tissue was ground into a powder using liq-
uid nitrogen. Lung hydroxyproline content per lung set
was measured as described previously [29]. RNA and
protein were extracted as previously described [24, 29].

For mice assigned to the histological analysis group, the
tracheas of these animals were cannulated and the pul-
monary vasculature perfused with 40 U/ml of heparin-
ised PBS (Sigma-Aldrich, St. Louis, MO, USA). Lungs
were inflated with 10% formalin (VWR, Lutterworth,
UK) under constant gravitational pressure (20 cm H,O)
prior to removal and fixation in 10% formalin. All tissue
was wax embedded and 5 pm thick sections cut for histo-
logical analysis. Tissue was dewaxed in xylene and rehy-
drated in graded ethanol. Sections were subsequently
stained with Mayer’s haematoxylin and eosin or Weigert’s
haematoxylin and Sirius red. Masson’s trichome stain-
ing was performed as previously described [29]. Stained
sections were visualised using CaseViewer software
(3DHISTECH, Budapest, Hungary) and the severity of
lung fibrosis quantified by Ashcroft Scoring [31].

ELISA analysis

Human (DY3625B) and mouse (DY3626) IL-33 and
mouse ST2 (DY1004) ELISAs (R&D systems) were per-
formed according to the manufacturer’s instructions.

Precision-cut lung slices (PCLS)

Normal adjacent lung tissue (NAT) and IPF lung tissue
was obtained from the Royal Papworth Hospital Research
Tissue Bank with written consent and study approval

Table 1 Patient characteristics for PCLS lung samples

Non-IPF (n=4) IPF(n=2)
Age, years 73 (67-76) (n=3) 61 (56-66)
Gender, male/female 1/2 (n=3) 2/0
Smoking status, ever/ 3/0(n=3) 11
never-smokers
FVC % predicted, % 117.6(109.8-121.0) (n=3) 46.5 (37.0-56.0)

Data presented as median (IQR) unless specified. Clinical data for one non-IPF
donor not available. IPF idiopathic pulmonary fibrosis, IQR interquartile range,
FVC forced vital capacity, n number of available data
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from the NRES Committee East of England. Patient char-
acteristics for lung samples used in PCLS experiments
are summarised in Table 1.

PCLS were generated as previously described [32].
Once generated, PCLS were rested for 4 days in Small
Airway Epithelial Cell Media supplemented with 2.5 mg/
ml Bovine Serum Albumin, 0.004 ml/ml Bovine Pituitary
Extract, 10 ng/ml EGE, 5 pg/ml Insulin, 0.5 pg/ml Hydro-
cortisone, 0.5 pg/ml Epinephrine, 6.7 ng/ml Triiodo-L-
thyronine, 10 pg/ml Transferrin and 0.1 ng/ml Retinoic
Acid (PromoCell, Heidelberg, Germany). Daily media
changes were performed prior to stimulation every 24 h
with 2 ng/ml TGFB (R&D Systems) or 30 ng/ml IL-33
(Viva Biotech, Shanghai, China). PCLS (3—-4/treatment)
were pooled and processed for RNA or protein on day 7.

For RNA samples, PCLS were submerged in RNAlater
(Sigma-Aldrich) for 24 h at 4 °C then stored at -80 °C
prior to RNA isolation. To extract RNA from PCLS,
600 pl of TRI Reagent (Zymo Research, Irvine, CA, USA)
was added to each thawed sample. Using a Retsch Tissue-
Lyser II and 5 mm stainless steel beads (Qiagen, German-
town, MD, USA), samples were homogenized at 20 Hz
for 2 x 2 min. After centrifugation at 16,000 x g for 30 s
to remove debris, RNA was isolated using the Direct-
zol™" RNA Miniprep kit according to the manufacturer’s
instructions.

For protein samples, 150 pl of Cell Lysis Buffer (Cell
Signalling Technology, Danvers, MA, USA) supple-
mented with Halt™ Protease and Phosphatase Inhibitor
Cocktail (Thermo Fisher Scientific, Loughborough, UK)
was added and samples stored at -80 °C. Thawed samples
were homogenized using an OMNI Tissue Homogenizer
with protein lysates clarified and quantified as previously
described [24].

Gene expression analysis

RNA from cells, murine tissue and human PCLS was
converted into ¢cDNA using Moloney murine leuke-
mia virus reverse transcriptase (Promega, Madison, W1,
USA), SuperScript® IV reverse transcriptase (Invitrogen,
Carlsbad, CA, USA) and High-Capacity RNA-to-cDNA™
(Applied Biosystems, Vilnius, Lithuania) kits respec-
tively. All reverse transcription reactions were performed
according to the appropriate manufacturer’s instructions.
c¢DNA from cells and murine lung tissue was analysed
by qPCR using oligonucleotide primers (Eurofins, Lux-
emburg), KAPA SYBR® FAST qPCR master mix (Roche,
Basel, Switzerland) and a MxPro3005 QPCR system (Agi-
lent Technologies, Manchester, UK). All reactions were
performed using the following program: initial denatura-
tion at 95 °C for 30 s followed by 40 cycles of 95 °C for 5 s,
60 °C for 30 s and 72 °C for 15 s. Amplification of a single
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DNA product was confirmed by melting curve analysis.
The following primer sequences were used for human
(h) and mouse (m): hACTA2 forward 5-TGTGCTGGA
CTCTGGAGATG-3, reverse 5-GACAATCTCACG
CTCAGCAG-3’; hp2M forward 5-AATCCAAATGCG
GCATCT-3; reverse 5-GAGTATGCCTGCCGTGTG
-3’5 hCOL1A1 forward 5-CCAGCAAATGTTCCTTTT
TG-3, reverse 5-AAAATTCACAAGTCCCCATC-3;
hCXCL8 forward 5-ATGACTTCCAAGCTGGCCGTG
GCT-3, reverse 5-TCTCAGCCCTCTTCAAAAACT
TCTC-3’; hiL6 forward 5-CAATAACCACCCCTGACC
CA-3] reverse 5-GCGCAGAATGAGATGAGTTGTC-
3; hIL33 forward 5-CCTGTCAACAGCAGTCTA
CT-3, reverse 5-TTGGCATGCAACCAGAAGTC-3;
mHPRT forward 5-CCAGCAGGTCAGCAAAGAACT-
3, reverse 5-TGAAAGACTTGCTCGAGATGTCA-3
and m/L33 forward 5-CACATTGAGCATCCAAGG
AA-3; reverse 5-AACAGATTGGTCATTGTATGTACT
CAG-3. cDNA from PCLS was analysed by qPCR using
TagMan"" Assays, TagMan'" Fast Advanced Master Mix
and a 7900HT Fast Real-Time PCR System (Applied
Biosystems). The following TagMan'" Assays were pur-
chased from Applied Biosystems: ACTA2 (Hs00426835_
gl), B2M (Hs00187842_m1), COLIAI (Hs00164004_m1)
and FNI (Hs01549976_m1) with all reactions performed
as follows: initial denaturation at 95 °C for 20 s followed
by 40 cycles of 95 °C for 1 s and 60 °C for 20 s. Using
MxPro qPCR software (Agilent Technologies) or SDS 2.4
software (Applied Biosystems), cycle threshold (Ct) val-
ues for both the target and housekeeping genes (human
B2-microglobulin (52M) and murine HPRT) were deter-
mined. All data was analysed using the AACT method
with the expression of each gene of interest, relative to a
housekeeper, calculated and presented as a fold change
versus the stated control condition/group.

Western blotting

Cell lysates were loaded into 12.5% bis/acrylamide (w/v)
gels as previously described [29]. PCLS protein lysates
were loaded into Bolt™" 4-12% gels (Invitrogen). West-
ern blotting was performed and analysed as previously
described [29, 33]. Primary antibodies used for west-
ern blotting included goat anti-IL-33 (AF3625; R&D
systems), goat anti-ST2 (AF523; R&D systems), mouse
anti-a-Tubulin (TU-02; Santa Cruz Biotechnology,
Santa Cruz, CA, USA), rabbit anti-Fibronectin (ab2413;
Abcam) and rabbit anti-GAPDH (ab181603; Abcam).
Anti-goat HRP-conjugated secondary antibody (HAF109;
R&D systems) and anti-rabbit (P0448) and anti-mouse
(P0447) HRP-conjugated secondary antibodies (Dako,
Glostrup, Denmark).
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Statistical analysis

Statistical analysis was performed using GraphPad
Prism 8 with P values <0.05 considered statistically sig-
nificant. The distribution of all data was determined
by Shapiro—Wilk normality test. Data are reported as
either mean (parametric) or median (non-parametric)
with all individual data points shown where appropri-
ate. For parametric data, unpaired and paired t-tests
were used to determine statistical significance between
two unmatched and matched groups whilst One- and
Two-way (ordinary and repeated measures) ANOVAs
were used to compare multiple (unpaired and paired)
groups and variables. For non-parametric unpaired data,
statistical significance between two or more groups was
assessed by Mann—Whitney U test and Kruskal-Wal-
lis test respectively. For non-parametric paired data,
statistical significance between two or more groups was
assessed by Wilcoxon signed-rank test and Friedman test
respectively.

Results

IL-33 is expressed by fibroblasts in IPF

To identify the cellular expression of IL-33, lung tissue
from IPF patients and a small subset of nonspecific inter-
stitial pneumonitis (NSIP) patients (collectively referred
to as ILD tissue) was assessed by immunohistochemistry.
Compared with staining in non-ILD controls (Fig. 1A),
IL-33 positive cells appeared to be present in greater
abundance in ILD lung sections (Fig. 1B), with the major-
ity of staining localised to cell nuclei (Fig. 1C, D). Mor-
phological analysis of the ILD tissue sections suggested
that a number of the IL-33 positive cells were fibroblasts
(Fig. 1C, D). To confirm that IPF fibroblasts express IL-33,
we analysed IL-33 levels in fibroblasts from IPF and non-
diseased controls (Fig. 1E-G). Both non-IPF and IPF
primary human lung fibroblasts (HLFs) were found to
express IL-33 mRNA (Fig. 1E) and protein (Fig. 1F, G)
in vitro, although levels were variable with no significant
difference observed between non-IPF and IPF cells.

TGFg increases IL-33 gene and protein expression

by fibroblasts

To understand the effect of the pro-fibrotic environment
on IL-33 expression by fibroblasts, diseased and con-
trol HLFs were stimulated with TGFp. Stimulation with
TGEP increased IL33 gene expression in both non-IPF
and IPF HLFs after 4 h relative to unstimulated control
cells. IL33 expression peaked at 8 h before returning to
baseline by 24 h (Fig. 2A). Similar changes were observed
at the protein level for both non-IPF (Fig. 2B, D) and
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Fig. 1 IL-33 expression in ILD lung tissue and non-IPF and IPF lung fibroblasts. IL-33 expressing cells in ILD (n=43) and non-ILD (n=4) lung tissue
were identified via IHC. Representative images of IL-33 staining in non-ILD controls at x 10 magnification (A) and ILD samples at x 10 magnification
(B) and x 20 magnification (C, D) are shown. Basal /L33 gene expression in IPF (n=5) and non-IPF (n=5) human lung fibroblasts (HLFs) was
measured by gPCR and normalised to the average ACt value calculated for non-IPF cells. Bars indicate median values and each data point
represents a single donor. Statistical analysis was performed by Mann-Whitney U test (E). 20 ug protein/lane was separated by SDS-PAGE and basal
IL-33 protein expression by non-IPF (n=3) and IPF (n=4) HLFs assessed by western blot (F) and quantified relative to a-Tubulin via densitometry
(G). A representative cropped western blot is shown with the whole IL-33 blot viewable in Additional file 1: Fig. S1. Bars indicate mean values and
each data point represents a single donor with statistical analysis performed by Unpaired t-test

IPF (Fig. 2C, D) cells. Interestingly, despite detection
of the recombinant IL-33 control (Fig. 2E), no secreted
IL-33 could be measured in supernatants collected from
TGEp-treated HLFs at any time point tested (Fig. 2F).
Furthermore, there were no clear differences in TGFB-
induced IL-33 levels between fibrotic or non-fibrotic
HLFs (Fig. 2A, D).

Extracellular IL-33:ST2 interactions do not promote
pro-fibrotic activity in fibroblasts

To determine whether IL-33 had pro-fibrotic effects
independent of TGEFP in vitro, pro-fibrotic and pro-
inflammatory mediators were measured in response to
TGEp and IL-33 stimulation. As expected, TGFp induced
ACTA2 and COL1A1I expression in both non-IPF and IPF
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Fig. 2 The effect of TGFB on IL-33 expression by fibroblasts over time. Non-IPF (n=5) and IPF (n=5) HLFs were stimulated with 2 ng/ml of TGF(3

for 4,8 and 24 h and /L33 gene expression measured by qPCR. For each donor, all data was normalised to the unstimulated media alone control

at4 h (A). Non-IPF (n=5) and IPF (n=4) HLFs were stimulated with 2 ng/ml of TGF3 for 8 and 24 h, total protein isolated and 20 ug protein/lane
separated by SDS-PAGE. IL-33 protein expression by non-IPF (B) and IPF (C) HLFs was assessed by western blot and quantified relative to a-Tubulin
via densitometry (D). Representative cropped western blots from non-IPF and IPF donors are shown. Whole IL-33 blots for the representative
non-IPF and IPF donors are viewable in Additional file 1: Figs. S2 and Fig. S3 respectively. IL-33 release from non-IPF (n=3) and IPF (n = 3) HLFs
treated with 2 ng /mI TGF for 4, 8 or 24 h was measured by ELISA. Recombinant IL-33 was titrated as a positive control (E) and analysed alongside
neat HLF supernatants (F) Non-IPF and IPF donors shown in black and grey respectively. Bars indicate median values and each data point represents
a single donor with statistical analysis performed by Wilcoxon signed-rank test
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Fig. 3 The effect of IL-33 on the pro-fibrotic activity of fibroblasts. Non-IPF (n=2) and IPF (n=2) HLFs were stimulated with 2 ng/ml of TGF(3 or

10 ng/ml of IL-33 for 4, 8 and 24 h and ACTA2 (A), COL1AT (B), IL6 (C) and CXCL8 (D) gene expression measured by gPCR. For each donor, all data

was normalised to the unstimulated media alone control at 4 h. Non-IPF and IPF donors are shown in black and grey respectively. Bars indicate
median values and each data point represents a single donor with statistical analysis performed by Wilcoxon signed-rank test. Whole cell lysates
from resting (rest.) M1 and M2 MDMs, activated (act.) M1 (IFNy stimulated) and M2 (IL-4 stimulated) MDMs, HPAECs stimulated with 5 ng/ml of TNFa,
5ng/ml of TGFB and 0.1 ng/ml of IL-1B (TTI) and a single non-IPF HLF donor were separated by SDS-PAGE (20 ug protein/lane) and expression of
ST2 and GAPDH measured by western blot (E). Whole cell lysates from HUVECs, non-IPF (n=3) and IPF (n =4) HLFs were separated by SDS-PAGE
(20 pg protein/lane) and the expression of ST2 and GAPDH determined by western blot (F). Representative cropped western blots are shown

HLFs over time (Fig. 3A, B) with significant increases
observed at 24 h versus time-matched unstimulated con-
trols. In contrast, IL-33 had no effect on the expression
of these genes at any time point (Fig. 3A, B). TGFp also
increased IL6 and CXCLS8 expression by non-IPF and IPF
HLFs whereas IL-33 had no effect on the expression of
these genes (Fig. 3C, D).

To understand why HLFs were unable to respond
to IL-33, expression of the IL-33 receptor, ST2, was
assessed by western blotting. Although ST2 was
detected in M1 and M2 monocyte-derived macrophages

(MDMs), human pulmonary artery endothelial cells
(HPAECs) and human umbilical vein endothelial cells
(HUVEC:), cell types known to respond to IL-33, no
ST2 was detectable in HLFs (Fig. 3E, F).

Therapeutic inhibition of IL-33 signalling does not reduce
established bleomycin (BLM)-induced pulmonary fibrosis
To investigate whether extracellular IL-33 has pro-
fibrotic effects in a complex biological system, an inhibi-
tor of IL-33 signalling, ST2-Fc fusion protein [33, 34],
was delivered during the fibrotic phase of the BLM
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Fig. 4 The effect of the ST2-Fc fusion protein on established BLM-induced pulmonary fibrosis. Saline or bleomycin (BLM) treated mice were dosed
intraperitonially (i.p) with 10 mg/kg of either isotype control or ST2-Fc fusion protein every 72 h from day 14-28 (A). Hydroxyproline (Hyp.) content
was measured in lung homogenates (B). Bars indicate mean values and each data point represents a single mouse. n =6-8 per treatment group
and statistical analysis was performed by Two-way ANOVA with Tukey’s multiple comparisons test. Immunohistochemical staining of lung sections
with H&E, Sirius red and Masson's trichrome were performed with representative, low magnification (x 10) images of stained lung tissue sections
shown (C). The severity of BLM-induced fibrosis was quantified by Ashcroft scoring with the scores for H&E, Trichrome and Sirius Red stained
sections shown in black, grey and white respectively (D). Bars indicate median values and each mouse is represented by 3 data points (one for each
stain). n=2-4 per treatment group. Statistical analysis was performed by Mann-Whitney U test

model of pulmonary fibrosis (Fig. 4A). Therapeutic dos-
ing with the ST2-Fc fusion protein had no effect on BLM-
induced fibrosis as assessed by lung hydroxyproline levels
(Fig. 4B), lung morphology and collagen deposition in the
lungs (Fig. 4C & 4D). Taken together, these data suggest
that the IL-33:ST2 axis does not represent a central pro-
fibrotic pathway in the BLM mouse model of pulmonary
fibrosis.

To ensure the ST2-Fc fusion protein was engaging its
target and modulating IL-33 signalling, the effect of the
fusion protein on IL-33 expression, ST2 levels and BLM-
induced inflammation were assessed. BLM treated con-
trol mice that received isotype from day 14 to day 28
showed no detectable increase in IL-33 either at the pro-
tein level in the BALF nor at the gene level in lung tissue
homogenates (Fig. 5A, B). In contrast, exposure to the
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ST2-Fc fusion protein significantly increased /L33 gene
expression in the lungs of BLM treated mice relative to
those receiving isotype control (Fig. 5B).

As IL-33 can complex with soluble ST2 and pre-
vent detection via the IL-33 ELISA, it was possible that
changes in IL-33 could not be detected in the BALF
due to the presence of high levels of sST2. To address
this possibility, ST2 levels were measured in the BALF
and lung tissue lysates on day 28 post BLM exposure.
ST2 levels detected in BALF were increased in ST2-Fc
treated mice compared with their respective isotype con-
trol groups, with a significant increase detected in BLM
treated animals (Fig. 5C). As with the BALF samples,
ST2 levels in lung homogenates were also highest in mice
treated with ST2-Fc (Fig. 5D). Analysis of ST2 (ILIRLI)
gene expression detected similar levels across all treat-
ment groups and suggested that receptor expression was
not modulated by treatment with ST2-Fc fusion protein
or exposure to BLM (Fig. 5E). Since the ST2-Fc fusion
protein could be directly detected by the ST2 ELISA kit
(Fig. 5F), these results collectively suggest that the ST2-
Fc fusion protein had reached the site of action in the
lungs following i.p. delivery.

Following BLM administration, total BAL cell numbers
were significantly higher than in saline treated lungs in
the isotype control animals. Treatment with ST2-Fc did

not result in a substantial reduction in the total number
of cells in the BAL of BLM treated mice (Fig. 6A). How-
ever, BLM mice exposed to ST2-Fc showed a signifi-
cant reduction in the percentage (Fig. 6B) and number
(Fig. 6C) of lymphocytes in the BAL and a trend towards
a reduction in the number of neutrophils compared with
isotype control, suggesting the ST2-Fc fusion protein
penetrated the lung and engaged its target mechanism.

IL-33 does not induce pro-fibrotic changes in human PCLS
Finally, to investigate the pro-fibrotic potential of extra-
cellular IL-33 in IPF, PCLS from normal adjacent tis-
sue (NAT) and IPF lung were stimulated with IL-33 or
TGEp and changes in gene expression and protein levels
of fibrotic markers assessed. IL-33 had no effect on the
expression of FNI, ACTA2 and COL1A1 gene expression
(Fig. 7A) with a similar trend observed for fibronectin at
the protein level (Fig. 7B, C). In contrast, non-significant
increases in COLIAI mRNA (Fig. 7A) and fibronectin
protein levels (Fig. 7C) were apparent with TGFp treat-
ment suggesting that the PCLS were capable of respond-
ing to fibrotic stimuli. As stimulation with exogenous
IL-33 failed to induce fibrotic changes in our PCLS, we
suspect the effects of TGFp on COLIA1 mRNA and
fibronectin protein are IL-33-independent.
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Discussion

IPF is a debilitating interstitial lung disease with a poor
prognosis and limited treatment options. Despite recent
work suggesting that IL-33 may play an important fibro-
genic role in IPF [11-19], the use of prophylactic dosing
regimens in all previous studies means that the thera-
peutic benefit of targeting IL-33:ST2 signalling in IPF
is poorly understood. Here we show that despite being
expressed in fibroblasts and upregulated by treatment
with the potent pro-fibrotic cytokine TGFp, extracellu-
lar IL-33 has no direct effect on the pro-fibrotic activity
of these cells. In addition, using the BLM mouse model
of lung fibrosis, we demonstrate that therapeutic dosing
with an ST2-Fc fusion protein has no effect on the sever-
ity of established BLM-induced fibrosis. Furthermore,
stimulation with IL-33 does not induce pro-fibrotic
changes in human PCLS. Considered together, these
findings suggest that the IL-33:ST2 axis is unlikely to play
a central fibrogenic role in IPFE.

Due to their role as one of the key effector cell types
during the development of IPF [1], the expression of
IL-33 by fibroblasts in ILD lung sections was assessed by
IHC. Although we cannot make definitive conclusions in
the absence of cell-type specific markers, the spindle-like
morphology of some IL-33 positive cells, our IL-33 gene
and protein data in IPF HLFs and the reported expres-
sion of IL-33 by freshly isolated [35] and cultured [14]
IPF fibroblasts, collectively suggest that a proportion of
the IL-33 positive cells in our ILD lung sections were
fibroblasts.

In agreement with our IHC data, IPF HLFs were
found to express IL-33 although in contrast with a
previous report we detected no difference in expres-
sion between non-IPF and IPF cells maintained in cul-
ture [14]. These data are supported by single-cell RNA
sequencing data from the IPF cell atlas [35] which indi-
cates that IL-33 is not overexpressed in interstitial lung
fibroblasts from IPF patients. Although there is no clear
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explanation for the different patterns of IL-33 expres-
sion in non-IPF and IPF fibroblasts in our study and
that of Luzina and colleagues, it may reflect differences
in culture conditions and their inclusion of data from
scleroderma patients [14].

To determine if IL-33 expression by fibroblasts could be
regulated by the pro-fibrotic microenvironment reported
in the lungs of IPF patients, HLFs were stimulated with
TGEB. Interestingly, TGF increased IL-33 expression by
HLFs in our study. As TGFP has been previously shown
to decrease IL-33 expression by smooth muscle cells
[36] and alveolar epithelial cells [37], our results suggest
that TGFP-induced IL-33 expression is cell type specific.
Moreover, given the increased numbers of fibroblasts in
IPF tissue [1], the elevated levels of TGEp [38], and the
ability of this cytokine to drive epithelial to mesenchy-
mal transition [39], these findings may explain the higher

expression of IL-33 reported in the lung tissue of IPF
patients [13, 14].

Although cell-associated IL-33 protein levels returned
to baseline 24 h after stimulation, no secreted IL-33
could be measured in supernatants collected from TGEp
stimulated HLFs. As cell death by necrosis [5], mechani-
cal injury [4], or viral infection [6] is required for IL-33
release from other cell types, it is possible that excess
TGFpB-induced IL-33 is degraded in the proteasome [40]
of HLFs rather than being released. However, as IL-33
release in the absence of cell death has also been reported
[41, 42], it is also possible that IL-33 is released from
TGEp treated HLFs but at a level below the lower limit of
detection of the assay used [43].

In the majority of our western blots assessing IL-33
expression by HLFs, a band at 22/23 kDa was detected
in addition to the expected band at 31 kDa. As the
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full-length 31 kDa protein can be processed by cell-
derived proteases [44], it is possible that this band rep-
resents a cleaved form of IL-33. Based on reports from
Scott et al. [43] using a similar protein extraction method,
we suspect the 22/23 kDa band is likely an artefact of
mechanical cell lysis. As we are uncertain of the biologi-
cal relevance of this band in our experiments, only bands
at 31 kDa have been labelled and quantified as IL-33.

To assess whether IL-33 secreted either from fibro-
blasts themselves or from other cell types within the lung
could mediate pro-fibrotic effects on fibroblasts, we stim-
ulated non-IPF and IPF HLFs with exogenous IL-33 and
found no evidence of increased expression of pro-inflam-
matory or pro-fibrotic genes suggesting that this cytokine
does not promote fibrogenesis. Although studies assess-
ing human [45] and murine cells [46] have demonstrated
fibroblast responsiveness to IL-33, our results are consist-
ent with those of Yagami and colleagues [47] and suggest
that extracellular IL-33 cannot directly increase the pro-
fibrotic activity of fibroblasts during the development of
IPF as they lack the IL-33 receptor ST2.

Given the predominantly nuclear pattern of IL-33
expression in IPF lung tissue, it is possible that TGFj-
induced IL-33 has intracellular rather than extracellular
pro-fibrotic effects on HLFs. However, a recent report
by Luzina et al. determined that although overexpres-
sion of nuclear IL-33 in fibroblasts resulted in phos-
phorylation of SMAD3, it did not induce collagen gene
transcription and actually attenuated TGF-B-induced
levels of collagen I and III mRNAs [48]. Additionally,
using human fibroblasts and an in vivo model of unilat-
eral ureteral obstruction, Gatti et al. recently suggested
a novel role for nuclear IL-33 as a repressor of inter-
stitial cell extracellular matrix deposition rather than
as a mediator of fibrosis [49]. As comprehensive IL-33
knockdown failed to regulate the expression of any pro-
teins other than IL-33 by endothelial cells [50] and dele-
tion of the nuclear localisation signal of IL-33 resulted
in a fatal hyperinflammatory response in vivo [51], it
is possible that the nuclear pattern of IL-33 expression
observed in fibrotic lung tissue may reflect the impor-
tance of nuclear storage in controlling the extracellular
effects of IL-33 instead of an intracellular, fibrogenic
role in transcription.

Consistent with previous studies using ST2 knockout
mice [16, 18], IL-33 neutralising antibodies [16], and
soluble ST2 [17], treatment with the ST2-Fc fusion pro-
tein reduced the number of lymphocytes and neutrophils
in the BAL of BLM treated mice. As adenoviral overex-
pression [13, 14] and intranasal delivery of recombinant
IL-33 [16] has been reported to increase lymphocyte and
neutrophil numbers, our results, in combination with
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previously published data, suggest that IL-33 signalling
promotes inflammation in the early injury phase of the
BLM model of lung fibrosis.

In contrast with previous studies targeting IL-33:ST2
signalling [16-19], the ST2-Fc fusion protein failed to
reduce BLM-induced fibrosis. Considering IL-33 is a
potent pro-inflammatory cytokine [9], the reduced fibro-
genesis reported in all previous studies likely reflects a
reduction in the inflammatory response required for the
development of BLM-induced fibrosis, rather than a true
anti-fibrotic effect. Indeed, as all previous studies in the
BLM mouse model have blocked IL-33 signalling prior to
or during the inflammatory phase [16—19] we believe that
our therapeutic dosing approach, intervening only during
the fibrotic phase, explains why our findings differ from
other reported studies. Furthermore, since IL-33 had no
direct effect on HLFs and failed to induce pro-fibrotic
changes in human PCLS, we propose that the IL-33:ST2
axis in isolation is unlikely to play a key pro-fibrotic role
in IPE.

Conclusions

In conclusion, IL-33 has no ST2-dependent effects
on human lung fibroblasts in vitro nor does it act as a
major fibrotic mediator in either the BLM mouse model
of pulmonary fibrosis or human PCLS. Although our
data do not support a role for inhibiting the IL-33:ST2
axis as a treatment for established pulmonary fibrosis,
therapeutic targeting of this pathway in patients with
inflammatory complications of IPF, such as acute exac-
erbations following viral infection, may prove beneficial
and therefore remains an attractive possibility warrant-
ing further investigation.
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ARRIVE Animal Research: Reporting of In Vivo Experiments
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PCLS Precision-cut lung slices
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ST2 Serum stimulated-2

TGFB Transforming growth factor-3
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and IL-33 expression assessed by western blot. a-Tubulin was used as a
loading control

Acknowledgements

We thank Dr Lee Borthwick for technical advice regarding the generation and
culture of human PCLS and Dr Andrew Jackson and Dr Alice Pasini for provid-
ing MDM, HPAEC and HUVEC protein lysates.

Author contributions

KES performed all studies, analysed data and wrote the manuscript; AEJ con-
tributed to the writing of the manuscript, overall study design, data analysis
and interpretation and supervised in vitro and in vivo studies; JP contributed
to IHC studies and data interpretation, AK contributed to PCLS studies and
data interpretation, WW provided human ILD lung tissue sections and con-
tributed to data interpretation, CEH generated and validated the ST2-Fc fusion
protein used in vivo. CLO, ESC, RGJ, contributed to study design, interpreta-
tion of data and writing of the manuscript and supervised in vitro studies. All
authors read and approved the final manuscript.

Funding

Research supported by Medical Research Council (MRC) CASE award MR/
N019253/1 and AstraZeneca. AstraZeneca were involved in study design, data
collection, data analysis, data interpretation and manuscript preparation.

Availability of data and materials
The datasets generated during and/or analysed during the current study are
available from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

For ILD and non-ILD tissue sections analysed by IHC, informed consent

and local ethics approval was obtained from South East Scotland SAHSC
Bioresource and the MRC Nottingham Molecular Pathology Node respectively.
For non-IPF and IPF HLFs, cells were isolated from patient lung tissue follow-
ing informed consent and local ethics approval from the MRC Nottingham
Molecular Pathology Node. For normal adjacent lung tissue (NAT) and IPF lung
tissue used for PCLS, informed consent and local ethics approval was obtained
from the NRES Committee East of England. All animal studies were approved
by the University of Nottingham Animal Welfare and Ethical Review Board,
carried out in accordance with the Animals (Scientific Procedures) Act 1986
and planned and reported in compliance with the ARRIVE (Animal Research:
Reporting of In Vivo Experiments) guidelines.

Consent for publication
Not applicable.

Competing interests

AstraZeneca partially funded this study and participated in the study design,
data collection, data analysis and data interpretation. KE.S, AK, CEH, CLO
and ES.C, are employees of AstraZeneca and hold stock or stock options. R.G.J
has received grants, contracts or consultancy fees from AstraZeneca, Biogen,
Galecto, GlaxoSmithKline, RedX, Pliant, Genetech, Bristol Myers Squibb,
Daewoong, Veracyte, Resolution Therapeutics, Boehringer Ingelheim, Chiesi,

Page 13 of 14

Roche, patientMpower, Galapagos and Vicore and has non-financial advisory
and leadership roles for NuMedii and Action for Pulmonary Fibrosis respec-
tively. The remaining authors declare no competing interests.

Received: 14 October 2022 Accepted: 18 January 2023
Published online: 23 March 2023

References

1.

2.

20.

21.

Martinez FJ, Collard HR, Pardo A, Raghu G, Richeldi L, Selman M, et al. Idi-
opathic pulmonary fibrosis. Nat Rev Dis Primers. 2017;3(1):17074.
Vancheri C, Failla M, Crimi N, Raghu G. Idiopathic pulmonary fibrosis:

a disease with similarities and links to cancer biology. Eur Respir J.
2010;35(3):496-504.

Maher TM, Strek ME. Antifibrotic therapy for idiopathic pulmonary fibro-
sis: time to treat. Respir Res. 2019;20(1):205.

Cayrol C, Girard J-P. The IL-1-like cytokine IL-33 is inactivated after matura-
tion by caspase-1. Proc Natl Acad Sci U S A. 2009;106(22):9021-6.

Lathi AU, Cullen SP, McNeela EA, Duriez PJ, Afonina IS, Sheridan C, et al.
Suppression of interleukin-33 bioactivity through proteolysis by apop-
totic caspases. Immunity. 2009;31(1):84-98.

Le Goffic R, Arshad MI, Rauch M, 'Helgoualc’h A, Delmas B, Piquet-Pel-
lorce C, et al. Infection with influenza virus induces IL-33 in murine lungs.
Am J Respir Cell Mol Biol. 2011;45(6):1125-32.

Rickard James A, O'Donnell Joanne A, Evans Joseph M, Lalaoui N, Poh
Ashleigh R, Rogers T, et al. RIPK1 regulates RIPK3-MLKL-driven systemic
inflammation and emergency hematopoiesis. Cell. 2014;157(5):1175-88.
Hayakawa H, Hayakawa M, Kume A, Tominaga S-I. Soluble ST2 blocks
interleukin-33 signaling in allergic airway inflammation. J Biol Chem.
2007,282(36):26369-80.

Liew FY, Girard JP, Turnquist HR. Interleukin-33 in health and disease. Nat
Rev Immunol. 2016;16(11):676-89.

. Kotsiou OS, Gourgoulianis Kl, Zarogiannis SG. IL-33/ST2 axis in organ

fibrosis. Front Immunol. 2018;9:2432.

. Lee J-U, Chang HS, Lee HJ, Jung CA, Bae DJ, Song HJ, et al. Upregulation

of interleukin-33 and thymic stromal lymphopoietin levels in the lungs of
idiopathic pulmonary fibrosis. BMC Pulm Med. 2017;17(1):39.

. Majewski S, Tworek D, Szewczyk K, Kurmanowska Z, Antczak A, Gorski

P, et al. Epithelial alarmin levels in exhaled breath condensate in

patients with idiopathic pulmonary fibrosis: a pilot study. Clin Respir J.
2019;13(10):652-6.

Luzina IG, Pickering EM, Kopach P, Kang PH, Lockatell V, Todd NW, et al.
Full-length IL-33 promotes inflammation but not Th2 response in vivo in
an ST2-independent fashion. J Immunol. 2012;189(1):403-10.

Luzina IG, Kopach P, Lockatell V, Kang PH, Nagarsekar A, Burke AP, et al.
Interleukin-33 potentiates bleomycin-induced lung injury. Am J Respir
Cell Mol Biol. 2013;49(6):999-1008.

Tajima S, Oshikawa K, Tominaga S-I, Sugiyama Y. The increase in serum
soluble ST2 protein upon acute exacerbation of idiopathic pulmonary
fibrosis. Chest. 2003;124(4):1206-14.

Li D, Guabiraba R, Besnard A-G, Komai-Koma M, Jabir MS, Zhang L, et al.
IL-33 promotes ST2-dependent lung fibrosis by the induction of alterna-
tively activated macrophages and innate lymphoid cells in mice. J Allergy
Clin Immunol. 2014;134(6):1422-32.e11.

Gao Q, LiY, Pan X, Yuan X, Peng X, Li M. Lentivirus expressing soluble ST2
alleviates bleomycin-induced pulmonary fibrosis in mice. Int Immunop-
harmacol. 2016,30:188-93.

Fanny M, Nascimento M, Baron L, Schricke C, Maillet I, Akbal M, et al. The
IL-33 receptor ST2 regulates pulmonary inflammation and fibrosis to
bleomycin. Front Immunol. 2018;9:1476.

Zhao'Y, De Los Santos FG, Wu Z, Liu T, Phan SH. An ST2-dependent role
of bone marrow-derived group 2 innate lymphoid cells in pulmonary
fibrosis. J Pathol. 2018;245(4):399-409.

Eickelberg O, Kohler E, Reichenberger F, Bertschin S, Woodtli T, Erne P,

et al. Extracellular matrix deposition by primary human lung fibroblasts in
response to TGF-betal and TGF-beta3. Am J Physiol. 1999;276(5):L814-24.
Conte E, Gili E, Fagone E, Fruciano M, lemmolo M, Vancheri C. Effect of
pirfenidone on proliferation, TGF-R-induced myofibroblast differentiation


https://doi.org/10.1186/s12931-023-02334-4
https://doi.org/10.1186/s12931-023-02334-4

Stephenson et al. Respiratory Research

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

(2023) 24:89

and fibrogenic activity of primary human lung fibroblasts. Eur J Pharm
Sci. 2014,58:13-9.

Horan GS, Wood S, Ona V, Li DJ, Lukashev ME, Weinreb PH, et al. Partial
inhibition of integrin av36 prevents pulmonary fibrosis without exacer-
bating inflammation. Am J Respir Crit Care Med. 2008;177(1):56-65.

Li M, Krishnaveni MS, Li C, Zhou B, Xing Y, Banfalvi A, et al. Epithelium-
specific deletion of TGF-B receptor type Il protects mice from bleomycin-
induced pulmonary fibrosis. J Clin Investig. 2011;121(1):277-87.

John AE, Graves RH, Pun KT, Vitulli G, Forty EJ, Mercer PF, et al. Transla-
tional pharmacology of an inhaled small molecule av36 integrin inhibitor
for idiopathic pulmonary fibrosis. Nat Commun. 2020;11(1):4659.

Khan MM, Poeckel D, Halavatyi A, Zukowska-Kasprzyk J, Stein F, Vappiani
J, etal. An integrated multiomic and quantitative label-free microscopy-
based approach to study pro-fibrotic signalling in ex vivo human
precision-cut lung slices. Eur Respir J. 2021;58(1):2000221.

Roach KM, Sutcliffe A, Matthews L, Elliott G, Newby C, Amrani Y, et al. A
model of human lung fibrogenesis for the assessment of anti-fibrotic
strategies in idiopathic pulmonary fibrosis. Sci Rep. 2018;8(1):342.

Saini G, Porte J, Weinreb PH, Violette SM, Wallace WA, McKeever TM, et al.
av36 integrin may be a potential prognostic biomarker in interstitial lung
disease. Eur Respir J. 2015;46(2):486-94.

Coward WR, Feghali-Bostwick CA, Jenkins G, Knox AJ, Pang L. A central
role for G9a and EZH2 in the epigenetic silencing of cyclooxygenase-2 in
idiopathic pulmonary fibrosis. FASEB J. 2014;28(7):3183-96.

Jolly L, Stavrou A, Vanderstoken G, Meliopoulos VA, Habgood A, Tatler
AL, et al. Influenza promotes collagen deposition via av36 integrin-
mediated transforming growth factor {3 activation. J Biol Chem.
2014;289(51):35246-63.

Kilkenny C, Browne WJ, Cuthill IC, Emerson M, Altman DG. Improving
bioscience research reporting: the ARRIVE guidelines for reporting animal
research. PLoS Biol. 2010;8(6): €1000412.

Ashcroft T, Simpson JM, Timbrell V. Simple method of estimating

severity of pulmonary fibrosis on a numerical scale. J Clin Pathol.
1988;41(4):467-70.

Marsh EK, Prestwich EC, Williams L, Hart AR, Muir CF, Parker LC, et al. Pel-
lino-1 Regulates the Responses of the Airway to Viral Infection. Front Cell
Infect Microbiol. 2020; https://doi.org/10.3389/fcimb.2020.00456/full
LuY, Basatemur G, Scott IC, Chiarugi D, Clement M, Harrison J, et al.
Interleukin-33 Signaling Controls the Development of Iron-Recycling
Macrophages. Immunity. 2020;52(5):782-93.e5.

Regan-Komito D, Swann JW, Demetriou P, Cohen ES, Horwood NJ,
Sansom SN, et al. GM-CSF drives dysregulated hematopoietic stem cell
activity and pathogenic extramedullary myelopoiesis in experimental
spondyloarthritis. Nat Commun. 2020;11(1):155.

Neumark N, Cosme C, Rose K-A, Kaminski N. The idiopathic pulmonary
fibrosis cell atlas. Am J Physiol Lung Cell Mol Physiol. 2020;319(6):L887-92.
Prefontaine D, Lajoie-Kadoch S, Foley S, Audusseau S, Olivenstein

R, Halayko AJ, et al. Increased expression of IL-33 in severe asthma:
evidence of expression by airway smooth muscle cells. J Immunol.
2009;183(8):5094-103.

John AE, Wilson MR, Habgood A, Porte J, Tatler AL, Stavrou A, et al. Loss
of epithelial Gg and G11 signaling inhibits TGFbeta production but
promotes IL-33-mediated macrophage polarization and emphysema. Sci
Signal. 2016;9(451):104.

Bergeron A, Soler P, Kambouchner M, Loiseau P, Milleron B, Valeyre D, et al.
Cytokine profiles in idiopathic pulmonary fibrosis suggest an important
role for TGF-3 and IL-10. Eur Respir J. 2003;22(1):69-76.

Willis BC, Liebler JM, Luby-Phelps K, Nicholson AG, Crandall ED, du Bois
RM, et al. Induction of epithelial-mesenchymal transition in alveolar
epithelial cells by transforming growth factor-beta1: potential role in
idiopathic pulmonary fibrosis. Am J Pathol. 2005;166(5):1321-32.
Clerman A, Noor Z, Fishelevich R, Lockatell V, Hampton BS, Shah NG,

et al. The full-length interleukin-33 (FLIL33)-importin-5 interaction does
not regulate nuclear localization of FLIL33 but controls its intracellular
degradation. J Biol Chem. 2017;292(52):21653-61.

Kouzaki H, lijima K, Kobayashi T, O'Grady SM, Kita H. The danger signal,
extracellular ATP, is a sensor for an airborne allergen and triggers IL-33
release and innate Th2-type responses. J Immunol. 2011;186(7):4375-87.
Kakkar R, Hei H, Dobner S, Lee RT. Interleukin 33 as a mechani-

cally responsive cytokine secreted by living cells. J Biol Chem.
2012;287(9):6941-8.

43.

44,

45.

46.

47.

48.

49.

50.

Page 14 of 14

Scott IC, Rees DG, Cohen ES. New perspectives on IL-33 and IL-1 fam-

ily cytokines as innate environmental sensors. Biochem Soc Trans.
2018;46(5):1345-53.

Cayrol C, Girard JP. Interleukin-33 (IL-33): a nuclear cytokine from the IL-1
family. Immunol Rev. 2018;281(1):154-68.

Zhu J, Carver W. Effects of interleukin-33 on cardiac fibroblast gene
expression and activity. Cytokine. 2012;58(3):368-79.

Kurokawa M, Matsukura S, Kawaguchi M, leki K, Suzuki S, Odaka M, et al.
Expression and effects of IL.-33 and ST2 in allergic bronchial asthma: IL-33
induces eotaxin production in lung fibroblasts. Int Arch Allergy Immunol.
2011;155(Suppl 1):12-20.

Yagami A, Orihara K, Morita H, Futamura K, Hashimoto N, Matsumoto K,
et al. IL-33 mediates inflammatory responses in human lung tissue cells. J
Immunol. 2010;185(10):5743-50.

Luzina IG, Clerman A, Fishelevich R, Todd NW, Lockatell V, Atamas SP.
Identification of the IL-33 protein segment that controls subcellular
localization, extracellular secretion, and functional maturation. Cytokine.
2019;119:1-6.

Gatti F, Mia S, Hammarstrom C, Frerker N, Fosby B, Wang J, et al. Nuclear
IL-33 restrains the early conversion of fibroblasts to an extracellular
matrix-secreting phenotype. Sci Rep. 2021;11(1):108.

GautierV, Cayrol C, Farache D, Roga S, Monsarrat B, Burlet-Schiltz O, et al.
Extracellular IL-33 cytokine, but not endogenous nuclear IL-33, regulates
protein expression in endothelial cells. Sci Rep. 2016;6(1):34255.

51. Bessa J, Meyer CA, de Vera Mudry MC, Schlicht S, Smith SH, Iglesias A,
et al. Altered subcellular localization of IL-33 leads to non-resolving lethal
inflammation. J Autoimmun. 2014;55:33-41.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.3389/fcimb.2020.00456/full

	The IL-33:ST2 axis is unlikely to play a central fibrogenic role in idiopathic pulmonary fibrosis
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	IL-33 Immunohistochemistry (IHC)
	Cell culture and treatment
	Bleomycin (BLM) mouse model
	ELISA analysis
	Precision-cut lung slices (PCLS)
	Gene expression analysis
	Western blotting
	Statistical analysis

	Results
	IL-33 is expressed by fibroblasts in IPF
	TGFβ increases IL-33 gene and protein expression by fibroblasts
	Extracellular IL-33:ST2 interactions do not promote pro-fibrotic activity in fibroblasts
	Therapeutic inhibition of IL-33 signalling does not reduce established bleomycin (BLM)-induced pulmonary fibrosis
	IL-33 does not induce pro-fibrotic changes in human PCLS

	Discussion
	Conclusions
	Anchor 25
	Acknowledgements
	References


