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IL-1 dampens collagen production of lung structural cells and balances pro-fibrotic actions of the
immune system. Blockade of IL-1 signalling in Fra-2 TG mice worsens lung function by increased Th2
inflammation and collagen production in the lung. http://bit.ly/2IVUGLX
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ABSTRACT The interleukin (IL)-1 family of cytokines is strongly associated with systemic sclerosis (SSc) and
pulmonary involvement, but the molecular mechanisms are poorly understood. The aim of this study was to
assess the role of IL-1α and IL-1β in pulmonary vascular and interstitial remodelling in a mouse model of SSc.

IL-1α and IL-1β were localised in lungs of SSc patients and in the fos-related antigen-2 (Fra-2)
transgenic (TG) mouse model of SSc. Lung function, haemodynamic parameters and pulmonary
inflammation were measured in Fra-2 TG mice with or without 8 weeks of treatment with the IL-1
receptor antagonist anakinra (25 mg·kg−1·day−1). Direct effects of IL-1 on pulmonary arterial smooth
muscle cells (PASMCs) and parenchymal fibroblasts were investigated in vitro.

Fra-2 TG mice exhibited increased collagen deposition in the lung, restrictive lung function and enhanced
muscularisation of the vasculature with concomitant pulmonary hypertension reminiscent of the changes in SSc
patients. Immunoreactivity of IL-1α and IL-1β was increased in Fra-2 TG mice and in patients with SSc. IL-1
stimulation reduced collagen expression in PASMCs and parenchymal fibroblasts via distinct signalling
pathways. Blocking IL-1 signalling in Fra-2 TG worsened pulmonary fibrosis and restriction, enhanced T-helper
cell type 2 (Th2) inflammation, and increased the number of pro-fibrotic, alternatively activated macrophages.

Our data suggest that blocking IL-1 signalling as currently investigated in several clinical studies might
aggravate pulmonary fibrosis in specific patient subsets due to Th2 skewing of immune responses and
formation of alternatively activated pro-fibrogenic macrophages.
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Introduction
Systemic sclerosis (SSc) is a rare progressive fibrotic disorder that affects the skin and internal organs [1].
Lung involvement occurs in ∼50% of patients, and can manifest in both the parenchymal and vascular
compartments as fibrosis and vascular remodelling, respectively. Vascular remodelling may result in the
development of pulmonary hypertension, which together with pulmonary fibrosis is strongly associated
with poor outcome [2]. Treatment options for SSc-associated pulmonary fibrosis are limited and disease
management is mostly confined to nonselective immunosuppressants [3]. A recent study of the EUSTAR
group highlights the necessity to further investigate and identify more effective treatment strategies [4].

Although autoimmunity plays an important role, the underlying molecular mechanisms of SSc-induced
lung damage are poorly understood. Various cytokines and inflammatory mediators have been implicated
in the development and progression of SSc [5]. The interleukin (IL)-1 family members IL-1α and IL-1β
are strongly increased in the serum of SSc patients [6, 7]. IL-1β levels are also increased in the
bronchoalveolar lavage fluid (BALF) of SSc patients and negatively correlate with lung function [6].
Furthermore, the IL-1 receptor (IL-1R) signalling pathway was associated with SSc susceptibility and
SSc-related fibrosing alveolitis [8]. Mice lacking IL-1R, or its downstream signalling, are protected against
pulmonary hypertension [9] and fibrosis [10]. This led to the hypothesis that IL-1 contributes to
pulmonary fibrosis and vascular remodelling. Accordingly, the recombinant IL-1R antagonist anakinra
ameliorated bleomycin-induced pulmonary fibrosis in mice [10] as well as hypoxia- or
monocrotaline-induced pulmonary hypertension [9, 11] and was considered a potential therapeutic option
for the treatment of SSc-related lung disease [12].

Mice overexpressing the activator protein (AP)-1 transcription factor family member fos-related antigen-2
(Fra-2) represent a murine model for SSc-related pulmonary fibrosis and hypertension [13, 14]. Fra-2
transgenic (TG) mice spontaneously develop pulmonary inflammation, as well as vascular and
parenchymal remodelling, closely resembling the clinical manifestations of SSc patients with pulmonary
involvement [13, 15]. However, the molecular pathomechanisms behind this phenotype remain unknown.
In this study, we used the Fra-2 TG mouse model to investigate the role of IL-1 for pulmonary fibrosis
and pulmonary hypertension, and to assess a possible therapeutic potential of targeting IL-1 for the
treatment of pulmonary manifestations in SSc.

Material and methods
A detailed description of the methods is provided in the supplementary material.

Study population
Samples of SSc lungs were obtained from archival, anonymised lung tissue samples removed as part of
patients’ medical care or post-mortem examination (Dept of Pathology, University of Pittsburgh Medical
Center, Pittsburgh, PA, USA) or from SSc patients undergoing lung transplantation (Division of Thoracic
Surgery, Medical University of Vienna, Vienna, Austria). Downsized nontransplanted donor lungs served
as controls. The protocol and tissue usage was approved by the local authorities (Vienna: Institutional
Ethics Committee (976/2010); Pittsburgh: Institutional Review Board (PRO1110204)). Patient consent was
obtained before lung transplantation. Scleroderma patients met American College of Rheumatology
diagnostic criteria or LeRoy and Medsger criteria for SSc [16, 17]. Patient characteristics are listed in
supplementary table S1.

Animal experiments
Female Fra-2 TG mice and wild-type (WT) littermates were maintained under specific pathogen-free
conditions in isolated ventilated cages with 12 h light/dark cycles. All animal experiments met European
Union guidelines (2010/63/EU) and were approved by the local authorities (Austrian Ministry of
Education, Science and Culture, Vienna, Austria). The characterisation of haemodynamic and lung
function was performed in Fra-2 TG and WT mice at 20 weeks of age. 25 mg·kg−1 anakinra (Kineret;
Swedish Orphan Biovitrum, Stockholm, Sweden) was given via daily intraperitoneal injection for a total of
8 weeks as previously described [18]. Control groups received injections with an equal volume of sterile
saline solution. Mice were sacrificed at 18–19 weeks of age. Anakinra treatment was performed in two
independent experiments with n=5–7 mice per group.

Statistics
Statistical analysis was performed in Prism version 5 (GraphPad, La Jolla, CA, USA). Data in figures are
expressed as single data points with median, if not stated otherwise. Comparisons between two groups
with equal variances were done with the unpaired t-test. Two groups with significantly different variances
were compared using the Mann–Whitney test. Treatment effects of anakinra on WT and TG mice were
analysed by two-way ANOVA with Bonferroni’s post-test. Multigroup comparisons of cell culture protein
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and expression data were done using a Kruskal–Wallis test with Dunn’s post-test for multiple
comparisons. All statistical tests used for a specific dataset are indicated in the figure legends. p-values
<0.05 were considered statistically significant.

Results
The Fra-2 TG mouse model is characterised by pulmonary hypertension and restrictive lung
function
Overexpression of Fra-2 in mice leads to age-dependent remodelling in skin and lung (figure 1a) [13, 15].
Assessment of pulmonary vascular remodelling revealed increased muscularisation of pulmonary vessels
(10–100 µm diameter; figure 1b and supplementary figure S1a) and elevated right ventricular systolic
pressure (RVSP), indicating pulmonary arterial hypertension (figure 1c) in Fra-2 TG mice. Lung function
of TG mice was impaired, with decreased inspiratory capacity and compliance (figure 1d). Collagen
deposition in the lungs was significantly increased as determined by morphometric collagen quantification
using Sirius red-stained sections of the left lung (figure 1e and supplementary figure S1b). Accordingly,
there was an increase in collagen but not α-smooth muscle actin (α-SMA (Acta2)) expression at both the
mRNA and protein level (figure 1f and g). Furthermore, the pro-fibrotic factor insulin-like growth factor 1
(Igf1) was highly upregulated (figure 1f). In Fra-2 TG mice, collagen 1 was detected around and in the
wall of smaller distal vessels and in the parenchyma (figure 1h). α-SMA immunoreactivity was mostly seen
in remodelled vessels, with further staining in fibrotic parenchymal regions (arrows), indicating the
presence of myofibroblasts (figure 1h).

Fra-2 overexpression leads to increased IL-1 levels through enhanced promoter binding
Inflammatory cytokines such as IL-1α and IL-1β are known to be associated with SSc [19] and idiopathic
pulmonary arterial hypertension [9, 20], and might represent a common pathogenic link between
parenchymal and vascular remodelling in SSc. In lung homogenates of Fra-2 TG mice, protein levels of
both IL-1α and IL-1β were significantly elevated (figure 2a). In BALF, IL-1α levels were also increased,
whereas IL-1β levels were unchanged (figure 2b). Accordingly, immunohistochemical staining against
IL-1α was strongly increased in Fra-2 TG mice and located in the bronchial epithelium (black arrows),
structural and inflammatory cells (white arrows) around vessels and in the parenchyma (figure 1c, left
panel). IL-1β staining was not detectable in WT mice or in structural cells of Fra-2 TG mice and was only
observed in inflammatory infiltrates (white arrows) (figure 2c, right panel).

Promoter analysis of IL-1α and IL-1β gene loci revealed potential AP-1-binding sites in the promoter
regions of human and mouse IL-1α genes (figure 2d), but not in the IL-1β genes. To further substantiate
the direct effect of Fra-2 on the IL-1α promoter, we performed an electrophoretic mobility shift assay on
nuclear extracts from primary human parenchymal fibroblasts overexpressing Fra-2 (figure 2e) and from
lung homogenates of Fra-2 TG and WT mice (figure 2f). Equal loading of nuclear extracts was confirmed
by Western blotting (supplementary figure S2). In both experimental setups, overexpression of Fra-2 led to
increased binding to the AP-1 promoter region of IL-1α (figure 2e and f). Therefore, increased IL-1α
levels might be a direct consequence of aberrant Fra-2 expression.

Cellular localisation of Fra-2 and IL-1 expression is altered in human SSc lungs
Analysis of Fra-2 localisation in donor and SSc lungs revealed that in donor lungs Fra-2-positive staining
was mainly observed in alveolar macrophages (asterisks), whereas in SSc lungs it was also localised in
remodelled vessels (white arrow) including endothelial cells, inflammatory cells (asterisks) and
parenchymal cells (black arrows) (figure 3a). Furthermore, the staining intensity of Fra-2 was increased in
SSc lungs, as already reported by others [13, 21]. A similar pattern of IL-1α staining was observed, with
IL-1α localised to alveolar macrophages in donor lungs (asterisk), whereas in SSc lungs, IL-1α staining was
also detected in remodelled vessels (white arrow), endothelial cells and generally in remodelled
parenchymal regions (black arrows) (figure 3b). IL-1β was expressed in single inflammatory cells
(asterisks), but not in other cell types of SSc lungs; no IL-1β staining could be detected in donor lungs
(figure 3c).

Blocking of IL-1 signalling in Fra-2 TG mice worsens lung function
To assess the role of IL-1 signalling in pulmonary remodelling in the Fra-2 TG mouse model, mice were
treated for 8 weeks with the recombinant IL-1R antagonist anakinra to block IL-1R signalling (figure 4a).
Treatment with anakinra did not alter the RVSP, Fulton index (figure 4b) or muscularisation of small
pulmonary vessels (figure 4c), but further worsened the restrictive lung function in Fra-2 TG mice (figure
4d). Although collagen quantification on Sirius red-stained lung sections did not show detectable
differences (figure 4e), the expression levels of Col1a2 and Col3a1 were increased upon anakinra treatment
(figure 4f). The levels of the pro-fibrotic factor Igf1 [22] further increased upon anakinra treatment (figure 4g).
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FIGURE 1 fos-related antigen-2 (Fra-2)-overexpressing (transgenic (TG)) mice develop vascular remodelling and parenchymal fibrosis. WT:
wild-type; RVSP: right ventricular systolic pressure; RV: right ventricle; LV: left ventricle; S: septum; IC: inspiratory capacity; Crs: compliance of
the respiratory system; SR: Sirius red; Ct: cycle threshold; COL1: collagen 1; α-SMA: α-smooth muscle actin; α-TUB: α-tubulin. a) Representative
images of whole lung slides stained with Masson’s trichrome and magnifications of remodelled vessels in 20-week-old WT and Fra-2 TG mice.
Scale bar: 20 µm. Collagen is stained in blue. b) Percentage of nonmuscularised (NM), partially muscularised (PM) and fully muscularised (FM)
vessels <100 µm in diameter. n=10; mean±SD. c) RVSP as determined by right heart catheterisation and the Fulton index (RV/(LV+S)) in WT and
Fra-2 TG mice. d) Lung function measurements (IC and Crs) of WT and Fra-2 TG mice. e) Morphometric quantification of collagen on Sirius
red-stained WT and Fra-2 TG lung slides. f ) Quantitative real-time PCR analysis of Col1a1, Col1a2, Col3a1, Acta2 and Igf1 expression in WT and
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Collagen protein levels in lung homogenates of anakinra-treated Fra-2 TG mice were slightly increased
(p=0.059) compared with the untreated control group (figure 4h). Localisation of collagen deposition and
α-SMA immunoreactivity was consistent with untreated control Fra-2 TG mice (figure 4i). Furthermore,
anakinra led to more inflammatory cell infiltrates in the lungs of Fra-2 TG mice, evident by increased
staining with the inflammatory cell marker CD45 (figure 4i).

IL-1α and IL-1β suppress collagen 1 and α-SMA expression through distinct cell type-specific
signalling pathways
To determine which mechanisms could lead to the deterioration of lung function in vivo, we addressed the
potential effects of IL-1 in vitro, and investigated how IL-1α and IL-1β influence important resident lung
cells regarding proliferation, α-SMA expression and collagen production. IL-1α and IL-1β stimulation of
pulmonary arterial smooth muscle cells (PASMCs) and parenchymal fibroblasts led to decreased Col1a1
and Acta2 mRNA (figure 5a and b). Accordingly, collagen 1 and α-SMA protein levels were diminished

Fra-2 TG mice. ΔCt values were normalised to the mean of the WT group (ΔΔCt). B2m (β2-microglobulin) and Hmbs (hydroxymethylbilane synthase)
were used as reference genes. g) Western blot analysis of COL1 and α-SMA levels in WT and Fra-2 TG mice lung homogenates. α-TUB served as
a loading control. h) Immunohistochemical staining of COL1 (brown) and α-SMA (red/pink). B: bronchi; V: vessel. Scale bar: 50 µm. *: p<0.05;
**: p<0.01; ***: p<0.001.
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(figure 5c and d), suggesting direct anti-fibrotic actions of IL-1α and IL-1β on resident lung cells.
Stimulation with IL-1α or IL-1β did not alter cell proliferation after 24 h, but only after 48 h (figure 5e
and f), pointing towards indirect effects of IL-1 on cell proliferation. Interestingly, PASMCs and
parenchymal fibroblasts showed regulation of distinct and cell type-specific pathways upon IL-1α and
IL-1β stimulation (supplementary figure S3).
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Anakinra treatment exacerbates T-helper cell type 2 inflammation in Fra-2 TG mice
Since we observed increased inflammatory infiltrates in Fra-2 TG mice treated with anakinra (figure 4i), a
detailed analysis of inflammatory cell populations and mediators was performed. First, histological scoring
revealed significantly more inflammatory infiltrates in the interstitium and around the bronchi, with
eosinophils and lymphocytes as the most abundant cell populations (supplementary table S6). In the next
step, inflammatory cells in the BALF of mice were quantified and analysed by flow cytometry. As
previously described, Fra-2 TG have increased numbers of inflammatory cells in the BALF, predominately
consisting of eosinophils, T-lymphocytes and B-lymphocytes (figure 6a) [23]. While anakinra treatment
did not lead to changes in inflammatory cell numbers in WT mice, increased amounts of T-cells, B-cells
and eosinophils in Fra-2 TG mice treated with anakinra were observed (figure 6a). Two-way ANOVA
indicated an interaction of genotype and treatment for B-cells (p=0.0329) and eosinophils (p<0.0001). The
number of total inflammatory cells as well as the number of eosinophils in the BALF negatively correlated
with pulmonary compliance in Fra-2 TG mice (figure 6b), indicating that worsened lung function upon
anakinra treatment is not only due to increased collagen production, but also increased inflammation in
the lungs of Fra-2 TG mice.

As there was no effect of anakinra on the inflammatory profile in WT mice, we further investigated the
expression levels of cytokines for T-helper cell type 1, 2 or 17 (Th1, Th2 or Th17) immune responses in
Fra-2 TG mice after anakinra treatment (figure 6c–e). Expression of the Th1-inducing cytokine IL-12 was
strongly decreased, whereas interferon-γ was unchanged (figure 6c). The Th17 cytokines, IL-17 and IL-22,
were decreased or unaltered (figure 6d). Although IL-13 expression was unaffected by anakinra treatment,
IL-4, a key mediator of Th2 immunity, was strongly increased (figure 6e). Taken together, these results
indicate a shift towards a Th2-driven immune response after blockade of IL-1 signalling. Since IL-4 is a
potent inducer of alternatively activated macrophages that are involved in wound healing and were shown
to induce fibrogenic responses in fibroblasts [24], we analysed expression levels of alternatively activated
macrophage markers. Arginase 1 (Arg1), chitinase-like 3 (Chil3) and resistin-like molecule-α (RELMα
(Retnla)) were significantly overexpressed in Fra-2 TG mice after treatment with anakinra compared with
vehicle-treated TG mice (figure 6f). Immunoreactivity of the pro-fibrotic macrophage marker CD206 was
strongly increased in lung sections of Fra-2 TG mice upon treatment with anakinra (figure 6g). Triple
immunofluorescence for CD68, RELMα and collagen 1 highlighted the accumulation of CD68+/RELMα+

double-positive macrophages around collagen-positive fibrotic areas (figure 6f). These data indicate that
blocking of IL-1 signalling leads to increased numbers of pro-fibrotic macrophages in Fra-2 TG mice.

Discussion
Pulmonary complications are the leading cause of mortality in patients with SSc [2]. In the lung
parenchyma these can manifest as pulmonary fibrosis and in the vasculature as pulmonary hypertension.
We and others have shown that ectopic overexpression of the AP-1 transcription factor family member
Fra-2 in the mouse leads to fibrotic changes of the skin and to pulmonary structural changes similar to
those observed in SSc patients, such as vascular remodelling to the point of pulmonary arterial occlusion,
aberrant extracellular matrix (ECM) deposition with fibrosis and inflammation [13, 15, 25]. These
structural changes manifest in severe functional impairment, characterised by restrictive lung function and
elevated pulmonary pressure, as can be seen in SSc patients, making Fra-2 TG mice a valuable tool to
investigate pathophysiological aspects of lung involvement in SSc and to perform pre-clinical
proof-of-concept studies.

FIGURE 4 Blocking of interleukin (IL)-1 signalling worsens lung function and increases extracellular matrix production in fos-related antigen-2
(Fra-2)-overexpressing (transgenic (TG)) mice. RSVP: right ventricular systolic pressure; RV: right ventricle, LV: left ventricle; S: septum;
NS: nonsignificant; IC: inspiratory capacity; Crs: compliance of the respiratory system; SR: Sirius red; Ct: cycle threshold; COL1: collagen 1; α-SMA:
α-smooth muscle actin; α-TUB: α-tubulin; AU: arbitrary units; vWF: von Willebrand Factor. a) Overview of anakinra treatment: Fra-2 TG mice
received 25 mg·kg−1 anakinra per day as intraperitoneal injections for 8 weeks and were sacrificed at the age of 18–19 weeks. b) RVSP as
determined by right heart catheterisation and the Fulton index (RV/(LV+S)) of Fra-2 TG and WT mice with anakinra treatment or vehicle control
(saline). #: p<0.05, significance of genotype effect determined by two-way ANOVA. c) Percentage of nonmuscularised, partially muscularised and
fully muscularised vessels <100 µm in diameter. n=3 for WT and n=9 for TG; mean±SD. *: p<0.05, unpaired t-test. d) Lung function measurements
(IC and Crs) of Fra-2 TG and WT mice with anakinra treatment or vehicle control (saline). #: p<0.05, significance of genotype effect determined by
two-way ANOVA; ¶: p<0.05, significance of the difference between Fra-2 TG with and without anakinra treatment determined by two-way ANOVA
with Bonferroni’s post-test. e) Morphometric quantification of collagen on SR-stained lung slides from Fra-2 TG and WT mice with (TG+A) and
without (TG) anakinra treatment. f, g) Quantitative real-time PCR analysis of f ) Col1a1, Cola1a2, Col3a1 and Acta2 and g) Igf1 expression in Fra-2 TG
mice. ΔCt values were normalised to the mean of the untreated Fra-2 TG group (ΔΔCt). B2m (β2-microglobulin) and Hmbs (hydroxymethylbilane
synthase) were used as reference genes. *: p<0.05, unpaired t-test. h) Western blot analysis and quantification of COL1 and α-SMA levels in Fra-2
TG and TG+A mice lung homogenates. α-TUB served as a loading control. i) Collagen staining with SR (collagen in red), immunohistochemical
double staining of vessels against α-SMA (violet) and endothelium marker vWF (light brown), and immunohistochemical staining against
inflammatory cell marker CD45. B: bronchi. Scale bar: 100 µm (main)/20 µm (insets).
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To date it is uncertain which factors are responsible for pulmonary remodelling in SSc patients. Several
studies showed an association of SSc with pro-inflammatory cytokines, such as IL-1 [5]. Both IL-1α and
IL-1β levels are significantly increased in the serum of SSc [6, 7] and idiopathic pulmonary arterial
hypertension [20] patients. IL-1α gene polymorphisms raising IL-1α protein expression were associated
with increased susceptibility to SSc [26], while IL-1β polymorphisms have been associated with lung
involvement in patients with SSc [27]. In this study, we describe a novel mechanism leading to increased
IL-1α in SSc through direct Fra-2 promoter binding. In SSc patients, Fra-2 is overexpressed and
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FIGURE 5 Interleukin (IL)-1 downregulates collagen 1 (COL1) and α-smooth muscle actin (α-SMA) expression
in pulmonary arterial smooth muscle cells (PASMCs) and parenchymal fibroblasts. IL: interleukin; Ct: cycle
threshold; α-TUB: α-tubulin; PDGF: platelet-derived growth factor; NC: negative control. a, b) Relative
expression levels of Col1a1 and Acta2 after 4, 8 and 24 h of IL-1α (1 ng·mL−1) and IL-1β (10 ng·mL−1)
stimulation in a) PASMCs and b) parenchymal fibroblasts (extracellular matrix production). Data from six
independent experiments with cells isolated from different donor lungs are depicted. B2m (β2-microglobulin)
and Hmbs (hydroxymethylbilane synthase) were used as reference genes. c, d) Representative Western blots
of COL1 and α-SMA in c) PASMCs and d) parenchymal fibroblasts treated with IL-1α and IL-1β for 4, 8 or
24 h. e, f ) Proliferation of e) PASMCs and f) parenchymal fibroblasts assessed by 3H-thymidine incorporation
over 24 h upon stimulation with IL-1α, IL-1β and PDGF-BB. Data from 10 independent experiments on cells
from five different donors; mean±SD. *: p<0.05, Kruskal–Wallis test with Dunn’s post-test for multiple
comparisons.
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accumulates in the nucleus [21], where it could bind to activate the IL1A promoter and lead to increased
IL-1α expression. Accordingly, IL-1α immunoreactivity was increased in the parenchymal and vascular
compartments of the lungs of SSc patients and Fra-2 TG mice, whereas IL-1β was mainly observed in
inflammatory cells. Increased IL-1β might therefore be a secondary effect due to increased inflammation
(in contrast to IL-1α, which is directly regulated by Fra-2).

Previously, it was shown that IL-1R signalling deficiency or blockade with the IL-1R antagonist anakinra
protects from pulmonary hypertension and fibrosis [9–11]. Furthermore, a case study of a silicosis-induced
pulmonary fibrosis patient treated with anakinra reported an improvement of respiratory symptoms and
normalisation of inflammatory parameters [28]. We therefore hypothesised that increased IL-1 levels due
to aberrant Fra-2 activity may be a driving factor for the pulmonary phenotype and that anakinra
treatment ameliorates pulmonary hypertension and fibrosis. Unexpectedly, in vivo application of anakinra
further deteriorated pulmonary function of Fra-2 TG mice in this study, and led to increased activation of
the Th2/pro-fibrotic macrophage axis and thus collagen synthesis. As a transcription factor, Fra-2
orchestrates an array of inflammatory mediators and other target genes, beyond IL-1. The phenotype of
Fra-2 TG mice is therefore not due to the upregulation of one single factor, but to dysregulation of several
counteracting pathways. Here, we show that the detrimental effects of blocking IL-1 signalling may have
two explanations: 1) a loss of direct anti-fibrotic effects of IL-1 on resident structural cells and 2) a further
shift of inflammation towards a Th2-predominant inflammatory response.

Despite the clear association of IL-1 cytokines with SSc, it is still unknown if and how these cytokines
contribute to tissue remodelling and ECM production. The direct effects of IL-1α and IL-1β on structural
cells have been extensively studied, but revealed controversial results regarding their pro-fibrotic properties.
Following IL-1 stimulation of fibroblasts, downregulation as well as upregulation of collagen have been
observed [29–32]. Furthermore, both IL-1α and IL-1β were reported to inhibit transforming growth factor
(TGF)-β-induced collagen production [30, 33]. We show that in pulmonary structural cells, such as
PASMCs or parenchymal fibroblasts, both IL-1α and IL-1β dampen collagen expression without prior
application of any pro-fibrotic stimuli, and that this effect is mediated via distinct signalling pathways in
each cell type. Lack of IL-1 signalling could therefore be the cause of exaggerated collagen production by
resident lung cells and decreased lung function in Fra-2 TG mice following anakinra treatment. However,
IL-1 actions are very complex, and it cannot be excluded that IL-1 may play a role in the initial
development of pulmonary fibrosis by induction of secondary mediators and pro-survival factors, such as
IL-6. Increased PASMC and parenchymal fibroblast proliferation has been observed after prolonged
treatment with IL-1α and IL-1β. However, the lack of proliferation after 24 h speaks against a direct
proliferative effect of IL-1, and in combination with the suppression of collagen and α-SMA expression it
points towards a direct anti-fibrotic activity of IL-1 on mesenchymal cells.

An additional confounding factor is the effect of IL-1 on inflammation in this mouse model. We
previously reported that inflammation in Fra-2 TG mice is predominately Th2 driven with strong
eosinophilia [23]. Upon treatment with anakinra, Fra-2 TG mice developed even higher eosinophilia (Th2
response), whereas no effects were observed in WT mice, indicating that the complex immunomodulatory
actions of IL-1 strongly depend on the inflammatory microenvironment. The Th2 cytokine IL-4 was also
increased in anakinra-treated Fra-2 TG mice. IL-4 has potent pro-fibrotic roles [34, 35] and its levels are
significantly increased in the serum of SSc patients [36]. The number of eosinophils is also significantly
increased in the BALF of SSc patients, and some studies show correlation with interstitial lung disease and
skin fibrosis [37, 38]. In addition to the direct pro-fibrotic effects, IL-4 can lead to alternative activation of
macrophages, as seen in our study. Alternatively activated macrophages are involved in the development of
fibrosis [39] and increased numbers have been reported in the skin of patients with SSc [40] as well as in
the Fra-2 TG mouse [41]. Successful treatment of SSc pathology was associated with decreased numbers of
alternatively activated macrophages in Fra-2 TG mice [41].

FIGURE 6 Blocking of interleukin (IL)-1 signalling increases inflammation in fos-related antigen-2 (Fra-2)-overexpressing (transgenic (TG)) mice.
BALF: bronchoalveolar lavage fluid; WT: wild-type; Cst: quasi-static lung compliance; Ct: cycle threshold; RELMα: resistin-like molecule-α; COL1:
collagen 1; DAPI: 4′,6-diamidino-2-phenylindole; qRT: quantitative real-time. a) Flow cytometric analysis of inflammatory cell populations in the
BALF of Fra-2 TG and WT mice with anakinra or vehicle control (saline) treatment. ##: p<0.01; ###: p<0.001, significance of genotype effect
determined by two-way ANOVA; ¶: p<0.05, significance of difference between Fra-2 TG with and without anakinra treatment determined by
two-way ANOVA with Bonferroni’s post-test; *: p<0.05, unpaired t-test. b) Correlation plots of Cst with BALF total cell count or BALF eosinophils.
c–e) Relative expression levels determined by qRT-PCR of key inflammatory mediators in lung homogenates of Fra-2 TG mice upon anakinra
treatment. ΔCt values were normalised to the mean of the untreated Fra-2 TG group (ΔΔCt). B2m (β2-microglobulin) and Hmbs
(hydroxymethylbilane synthase) were used as reference genes. *: p<0.05, unpaired t-test. f ) qRT-PCR analysis of markers of alternative
macrophage polarisation. ΔCt values were normalised to the mean of the untreated control group (ΔΔCt). *: p<0.05, unpaired t-test.
g) Immunohistochemical staining of CD206 (brown) on lung sections from Fra-2 TG mice with (TG+A) and without (TG) anakinra treatment. V: vessel.
Scale bar: 100 µm (main)/20 µm (insets). f ) Immunofluorescence staining of RELMα (red), CD68 (green), COL1 (white) and DAPI (nuclei; blue).
Arrows: CD68+/RELMα+ double-positive cells. Scale bar: 25 µm.
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The question how IL-1 signalling blockade can induce the shift towards a Th2-mediated immunity is
difficult to answer. The effects of IL-1 on T-helper subset differentiation are complex [42]; even though
Th1 cells do not express IL-1R, both Th2 and Th17 cells can respond to IL-1 [43]. For example,
unrestrained IL-1 signalling (in IL-1R antagonist-deficient mice) leads to an increased Th17 response [44].
Regarding Th2 inflammatory responses, IL-1 was mostly reported to favour Th2 differentiation [45, 46].
However, it was also shown that increased IL-1β expression inhibits the production of thymic stromal
lymphopoietin, a key Th2 cytokine implicated in atopic dermatitis and asthma [47], and that activated
splenocytes isolated from IL-1R1-deficient mice, lacking IL-1 signalling, have increased production of
IL-4 [48]. Together with our data, this suggests that in some circumstances IL-1 may act as a negative
regulator of IL-4. Adding to this complexity, Th17 and Th2 responses are closely intertwined and can
counteract each other [49]. Therefore, further investigations on the effect of IL-1 on T-helper subsets in
the context of SSc are needed.

Of note, we cannot fully exclude that the observed effects are due to a blockade of IL-1R signalling.
Although there are no such studies regarding the lung or inflammation, a few studies report
IL-1R-independent effects of the IL-1R antagonist, e.g. in the hippocampus where it can act as an agonist
mimicking IL-1β effects [50] or in the liver where it contributes to insulin resistance [51]. Despite their
similarities, IL-1α and IL-1β have distinct expression patterns, functions and, as we show here,
downstream signalling pathways: while IL-1α is constitutively expressed by a variety of cells under
homeostasis, IL-1β is only induced during inflammation [52, 53]. General blockade of IL-1R1 might
therefore mask or override beneficial effects of specific IL-1β neutralisation. Furthermore, our study is
confined by the small human sample size and the fact that explanted end-stage lung specimens are used to
investigate SSc pathomechanisms in human tissue. Drawing conclusions about disease development and
progression might therefore be limited and one must rely on data collected from the animal model.
Nevertheless, our findings may have important clinical implications, since IL-1 blockade belongs to the
concepts that are addressed in clinical studies. For example, IL-1 blockade using rilonacept (IL-1-trap) was
tested in a phase I/II clinical trial; however, no changes of skin pathology or indicators of IL-1 activity
were observed [54]. Adverse effects as observed in this study indicate that the positive anti-inflammatory
effects of blocking IL-1R1 signalling may be overridden by an increase in fibrosis/Th2 inflammation in
patients treated with IL-1R1 antagonists/IL-1 blockers. For instance, in patients with rheumatoid arthritis,
treatment with newer biological therapies such as IL-6 receptor or tumour necrosis factor-α blockade
seems to worsen pre-existing interstitial lung disease [55]. The benefits of biological drugs must therefore
be carefully considered against their risks, especially in patients prone to inflammation or infection or in
patients with mixed Th1/Th2 inflammation, where a disturbed inflammatory balance might drive severe
adverse effects.

In summary, we have shown that IL-1 has a complex modulatory role in the development of pulmonary
fibrosis, acting on structural cells by dampening collagen production and furthermore balancing the
pro-fibrotic and pro-inflammatory actions of the immune system. Blockade of IL-1 signalling in Fra-2 TG
mice, characterised by pulmonary inflammation, vascular remodelling and fibrosis, worsens lung function
by increased Th2 inflammation and collagen production in the lung. These data have important
implications for the search of new intervention strategies targeting specific inflammatory pathways in SSc.
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