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Summary:  

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.   

mailto:Grazyna.Kwapiszewska@lvr.lbg.ac.at


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 localized in lungs of SSc patients’ and in the Fra-2 transgenic (TG) 

mouse model of SSc. Lung function, hemodynamic parameters and pulmonary inflammation 

were measured in Fra-2 TG mice with or without eight weeks of treatment with the IL-1 

receptor antagonist anakinra (25mg/kg/day). Direct effects of IL-1 on pulmonary arterial 

smooth muscle cells (PASMC) and parenchymal fibroblasts (PF) 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. IL-1α and IL-1β immunoreactivity was increased 

in Fra-2 TG mice and in patients with SSc. IL-1 stimulation reduced collagen expression in 

PASMC and PF via distinct signalling pathways. Blocking IL-1 signalling in Fra-2 TG 

worsened pulmonary fibrosis and restriction, enhanced Th2 inflammation and increased the 

number of pro-fibrotic, alternatively activated macrophages. 

Our data suggest that blocking IL-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. 

 

 

INTRODUCTION 

Systemic sclerosis (SSc) is a rare progressive fibrotic disorder, which affects the skin and 

internal organs [1]. Lung involvement occurs in about 50% of patients and can manifest in 

both the parenchymal or vascular compartments as fibrosis and vascular remodelling, 



respectively. Vascular remodelling may result in the development of pulmonary hypertension 

(PH), 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 non-selective 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 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]. Further, the IL-1 receptor signalling pathway 

was associated with SSc susceptibility and SSc-related fibrosing alveolitis [8]. Mice lacking 

the IL-1 receptor, or its downstream signalling, are protected against PH [9] and fibrosis [10]. 

This led to the hypothesis that IL-1 contributes to pulmonary fibrosis and vascular 

remodelling. Accordingly, the recombinant IL-1 receptor antagonist anakinra ameliorated 

bleomycin-induced pulmonary fibrosis in mice [10] as well as hypoxia or monocrotaline-

induced PH [9, 11] and was considered a potential therapeutic option for the treatment of 

SSc-related lung disease [12].  

Mice overexpressing the activator protein 1 (AP-1) transcription factor family member 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 PH, 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 methods is provided in the online data supplement. 

Study population 

Samples of SSc lungs were obtained from archival, anonymised lung tissue samples 

removed as part of patient’s medical care or post-mortem examination (Department of 

Pathology, University of Pittsburgh) or from SSc patients undergoing lung transplantation 

(Division of Thoracic Surgery, Medical University of Vienna). Downsized non-transplanted 

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 systemic sclerosis [16, 17]. Patients’ characteristics are listed in 

table S1.  

Animal experiments 

Female Fra-2 TG mice and WT littermates were maintained under specific pathogen free 

conditions in isolated ventilated cages with 12 hour light/dark cycles. All animal experiments 

met EU guidelines 2010/63/EU and were approved by the local authorities (Austrian Ministry 

of Education, Science and Culture). The characterisation of hemodynamic and lung function 

was performed in Fra-2 TG and WT mice at 20 weeks of age.  25 mg/kg anakinra (Kineret, 

Swedish Orphan Biovitrum) was given via daily intraperitoneal injection for a total of eight 

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 five to seven mice per group.  

Statistics 

Statistical analysis was performed in GraphPad Prism 5 software (Graph Pad Software Inc., 

USA). Data are expressed as single data points with median, if not stated otherwise. 

Comparisons between two groups with equal variances were done with unpaired student’s 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 2-way 

ANOVA with Bonferroni’s post-test. Multi-group comparisons of cell culture protein 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 data set are indicated in the Figure 

Legends. p-values below 0.05 were considered as 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 ([13, 

15] and Figure 1A). Assessment of pulmonary vascular remodelling revealed increased 

muscularisation of pulmonary vessels (10-100 µm diameter; Figure 1B and 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 (IC) and compliance (Crs; 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 Figure S1B). Accordingly, 

there was an increase in collagen but not Acta2/α-SMA expression on both mRNA and 

protein level (Figure 1F-G). Furthermore, the pro-fibrotic factor Igf1 was highly upregulated 

(Figure 1F). In Fra-2 TG mice, COLI 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.  

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 IPAH [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 the BAL fluid, 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 (grey 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 IL1A and IL1B gene loci revealed potential AP-1 binding sites in the 

promoter regions of human and mouse IL1A genes (Figure 2D), but not in the IL1B genes. 

To further substantiate the direct effect of Fra-2 on the IL-1α promoter, we performed EMSA 

on nuclear extracts from primary human parenchymal fibroblasts (PF) 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 (Figure S2). In both experimental set-

ups, overexpression of Fra-2 led to increased binding to the AP-1 promoter region of IL-1α 

(Figure 2E-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 (asterisks) and parenchymal cells (grey 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; Figure 3B), whereas in SSc lungs, IL-1α staining was 

also detected in remodelled vessels (white arrow), endothelial cells and generally in 

remodelled parenchymal regions (grey arrows; Figure 3B). IL-1β was expressed in single 

inflammatory cells (asterisk), but not in other cell types of SSc lungs. In donor lungs, no IL-1β 

staining could be detected (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 eight weeks with the recombinant IL-1 receptor antagonist anakinra to 

block IL-1 receptor signalling (Figure 4A). Treatment with anakinra did not alter 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 pro-fibrotic factor Igf-1 [22] further increased  upon anakinra 

treatment (Figure 4G). Collagen protein levels in lung homogenates of anakinra treated Fra-2 

TG mice were slightly increased (p=0.059) compared to 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-smooth muscle actin 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 lung resident 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 (PFs) led to decreased Col1a1 and Acta2 mRNA (Figure 5A-B). 

Accordingly, COL1 and αSMA protein levels were diminished (Figure 5C-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 hours, but only after 48 hours, (Figure 5E-F) 

pointing towards indirect effects of IL-1 on cell proliferation. Interestingly, PASMCs and PFs 



showed regulation of distinct and cell-specific pathways upon IL-1α and IL-1β stimulation 

(Figure S3).  

Anakinra treatment exacerbates Th2 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 (table S6). In the next step, inflammatory cells in the BAL of mice were 

quantified and analysed by flow cytometry. As previously described Fra-2 TG have increased 

numbers of inflammatory cells in the BAL, predominately consisting of eosinophils and T- 

and B-lymphocytes (Figure 6A and [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 

analyses 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 BAL 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 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 gamma (IFNγ) 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 which 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 alpha (Retnla/Relmα) were significantly overexpressed in 

Fra-2 TG mice after treatment with anakinra compared to 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 Col1 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 PH. 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 ECM deposition with fibrosis, and inflammation [13, 

15, 25]. These structural changes manifest in severe functional impairment, characterized 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.  

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 interleukin (IL)-1[5]. Both IL-1α and IL-1β levels are significantly increased in the 

serum of SSc [6, 7] and IPAH patients [20]. 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 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-1 receptor 

antagonist anakinra protects from pulmonary hypertension and fibrosis [9-11]. Further, 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 this study in vivo application of 

anakinra further deteriorated pulmonary function of Fra-2 TG mice 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. We here show 

that the detrimental effects of blocking IL-1 signalling may have two explanations: First, a 

loss of direct anti-fibrotic effects of IL-1 on resident structural cells and second 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]. Further, 

both IL-1α and IL-1β were reported to inhibit TGFβ-induced collagen production [30, 33]. We 

show that in pulmonary structural cells, such as PASMCs or PFs, 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. On the other hand, 

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 PF proliferation has been observed 

after prolonged treatment with IL-1α and IL-1β. However, the lack of proliferation after 24 

hours speaks against a direct proliferative effect of IL-1 and in combination with the 



suppression of collagen and 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) and while 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]. Also the number of eosinophils is 

significantly increased in the BAL fluid 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].  

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 cell subset differentiation are 

complex [42]; even though Th1 cells do not express the IL-1 receptor, both Th2 and Th17 

cells can respond to IL-1 [43]. For example, unrestrained IL-1 signalling (in IL-1Ra 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 TSLP (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 cell subsets in the context of systemic sclerosis 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, 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 neutralization. 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 the 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-1TRAP 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 biologic therapies such as IL-6R or TNFα 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 systemic sclerosis.  
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Figure Legends: 

Figure 1: Fra-2 overexpressing (TG) mice develop vascular remodelling and 

parenchymal fibrosis.  

(A) Representative images of whole lung slides stained with Masson’s trichrome and 

magnifications of remodelled vessels  in 20-week-old wild-type (WT) and Fra-2 TG mice 

(scalebar: 20 µm). Collagen is stained in blue. (B) Percentage of non-muscularised, partially 

muscularised and fully muscularised vessels smaller than 100 µm in diameter. n=10, mean 

with SD, *p<0.05 (C) Right ventricular systolic pressure (RVSP) as determined by right heart 

catheterization and Fulton index (RV/(LV+S) in WT and Fra2 TG mice. (RV: right ventricle, 

LV: left ventricle, S: septum)  **p<0.01 (D) Lung function measurements of WT and Fra-2 TG 

mice; IC: inspiratory capacity; Crs: compliance of the respiratory system. *p<0.05 (E) 

Morphometric quantification of Collagen on Sirius red stained WT and Fra-2 TG lung slides. 

***p<0.001 (F) Quantitative real-time PCR analysis of Col1a1, Col1a2, Col3a1, Acta2 and 

Igf1 expression in WT and Fra-2 TG mice. ΔCt values were normalised to the mean of the 

WT group (ΔΔCt). B2m and Hmbs (Pbgd) were used as reference genes. *p<0.05, **p<0.01 

(G) Western blot analysis of COL1 and α-SMA levels in WT and Fra-2 TG mice lung 

homogenates. α-Tubulin (α-TUB) served as a loading control. (H) Immunohistochemical 

staining of COL1 (brown) and α-SMA (red/pink). B: bronchi, V: vessel; scalebar: 50 µm.   

Figure 2: Increased IL-1α and IL-1β levels in the Fra-2 TG mouse.  

(A,B) IL-1α and IL-1β protein levels in lung homogenates (A) and bronchoalveolar lavage 

fluid (B) of 20-week-old WT and Fra-2 TG mice. (C) Immunohistochemical staining of IL-1α 

and IL-1β on lung sections of Fra-2 TG and WT mice. B: bronchi, V: vessel; asterisks: 

inflammatory cells/alveolar macrophages; black arrows: parenchymal cells; white arrows: 

endothelial cells.  scalebar: 20µm. (D) Schematic representation of the human IL1A and 

mouse Il1a promoter sequences including AP1-binding sites. (E,F) EMSA analysis performed 

on nuclear extracts (NE) of Fra-2 overexpressing (Fra2) primary human parenchymal 

fibroblasts (PF) or cells transfected with empty control plasmid (-) (E) and of lung 



homogenates from WT or Fra-2 TG mice. –NE: negative control of the binding reaction 

without nuclear extract. (Loading and overexpression controls: Figure S1). 

Figure 3: Localisation of Fra-2, IL-1α and IL-1β in healthy donor and systemic 

sclerosis (SSc) lungs.  

Immunohistochemical staining (brown) of Fra-2 (A), IL-1α (B) and IL-1β (C). Left panel: 

overview; magnification of the insets are depicted on the right. Asterisks: inflammatory 

cells/alveolar macrophages; black arrows: parenchymal cells; white arrows: endothelial cells; 

scalebars: 100 µm (overview, left panel)/ 20 µm (insets) n= 3-4; representative images of are 

shown.  

Figure 4: Blocking of IL-1 signalling worsens lung function and increases ECM 

production in Fra-2 overexpressing (TG) mice.  

(A) Overview of anakinra treatment: Fra-2 TG mice received 25 mg/kg anakinra per day as 

intraperitoneal (i.p.) injections for eight weeks and were sacrificed at the age of 18 to 19 

weeks. (B) Right ventricular systolic pressure (RVSP) as determined by right heart 

catheterization and Fulton index of Fra2 TG and WT mice with anakinra treatment or vehicle 

control (saline). (RV: right ventricle, LV: left ventricle, S: septum). (C) Percentage of non-

muscularised, partially muscularised and fully muscularised vessels smaller than 100 µm in 

diameter. n=3 for WT and n=9 for TG, mean with SD. (D) Lung function measurements of 

Fra2 TG and WT mice with anakinra treatment or vehicle control (saline); IC: inspiratory 

capacity; Crs: compliance of the respiratory system. #p<0.05 significance of genotype effect 

determined by two-way ANOVA, $p<0.05 significance of the difference between Fra2 TG with 

and without anakinra treatment determined by two-way ANOVA with Bonferroni post-test. (E) 

Morphometric quantification of Collagen on Sirius red stained lung slides from Fra2 TG and 

WT mice with (TG+A) and without (TG) anakinra treatment a. (F,G) Quantitative real-time 

PCR analysis of Col1a1, Cola1a2, Col3a1, Acta2 (F) and Igf1 (G) expression in Fra-2 TG 

mice. ΔCt values were normalised to the mean of the untreated Fra-2 TG group (ΔΔCt). B2m 

and Hmbs (Pbgd) were used as reference genes.  *p<0.05 using 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-Tubulin (α-TUB) served as a loading control. (I) Collagen staining with sirius 

red  (collagen in red), immunohistochemical double staining of vessels against α-smooth 

muscle actin (α-sma, violet) and endothelium marker von Willebrand Factor (vWF, light 

brown) and immunohistochemical staining against inflammatory cell marker CD45. scalebar: 

100 µm (scalebar inset: 20 µm); B: bronchi.  

Figure 5: IL-1 downregulates collagen and α-smooth muscle actin expression in 

pulmonary arterial smooth muscle cells (PASMC) and parenchymal fibroblasts (PF).    

(A,B) Relative expression levels of Col1a1 and Acta2 after 4, 8 and 24 hours of IL-1α (1 

ng/ml) and IL-1β (10 ng/ml) stimulation in PASMCs (A) and PFs (B). Data from 6 

independent experiments with cells isolated from different donor lungs are depicted; B2M 

and HMBS (PBGD) were used as reference genes.*p<0.05 Kruskal-Wallis test with Dunn’s 

post-test for multiple comparisons. (C,D) Representative Western blots of COL1 and α-SMA 

in PASMCs (C) and PFs (D) treated with IL-1α, IL-1β and PDGF-BB (PDGF) for 4, 8, 24 

hours. (C) Proliferation of PASMC and PF assessed by [3H]-thymidine incorporation over 24 

hours upon stimulation with IL-1α and IL-1β. Data from 10 independent experiments on cells 

from 5 different donors are depicted as mean with SD. *p<0.05 Kruskal-Wallis test with 

Dunn’s post-test for multiple comparisons. 

Figure 6: Blocking of IL-1 signalling increases inflammation in Fra-2 overexpressing 

(TG) mice.  

(A) Flow cytometric analysis of inflammatory cell populations in the bronchoalveolar lavage 

(BAL) of Fra2 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 the difference between Fra2 TG with and without anakinra treatment 

determined by two-way ANOVA with Bonferroni post-test; *p<0.05 unpaired t-test. (B) 

Correlation plots of quasi-static lung compliance (Cst) with BAL total cell count or BAL 

eosinophils. (C-E) Relative expression levels determined by quantitative real-time PCR 



(qPCR) 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. B2m 

and Hmbs (Pbgd) were used as reference genes. *p<0.05 using unpaired t-test. (F)  qPCR 

analysis of markers of alternative macrophage polarisation. ΔCt values were normalised to 

the mean of the untreated control group (ΔΔCt). *p<0.05 using unpaired t-test. (G) 

Immunhistochemical staining of CD206 (brown) on lung sections from Fra-2 TG mice with 

(TG+A) and without anakinra treatment; scalebar: 100 µm; scalebar inset: 20 µm; V: vessel. 

F) Immunofluorescence staining of resistin-like molecule alpha (RELMα, red), CD68 (green), 

collagen 1 (white) and DAPI (blue); white arrows indicate CD68-RELMα double positive cells. 

scalebar: 25 µm.  

  



 

 



 

 



 
 



 



 



 



SUPPLEMENTARY MATERIAL AND METHODS 

Study population 

Human tissue samples of SSc lungs were obtained from archival and anonymised lung 

tissue samples removed as part of the patient’s medical care or post-mortem examination 

(Department of Pathology of the University of Pittsburgh) or from SSc patients undergoing 

lung transplantation (Department of Surgery, Division of Thoracic Surgery, Medical University 

of Vienna, Austria). Downsized non-transplanted donor lungs (Division of Thoracic Surgery, 

Medical University of Vienna) served as healthy controls. The protocol and tissue usage was 

approved by the local authorities (Vienna: institutional ethics committee [976/2010]; 

Pittsburgh: institutional review board [PRO1110204]) and patient consent was obtained 

before lung transplantation. Scleroderma patients met American College of Rheumatology 

diagnostic criteria for systemic sclerosis or LeRoy and Medsger criteria for early systemic 

sclerosis [1, 2]. The patients’ characteristics are listed in table S1.  

Animal experiments 

Female Fra-2 transgenic (TG) mice and wild-type (WT) littermates were maintained under 

specific pathogen free conditions in isolated ventilated cages with 12 hour light/dark cycles. 

All animal experiments met EU guidelines 2010/63/EU and were approved by the local 

authorities (Austrian Ministry of Education, Science and Culture). The characterisation of 

hemodynamic and lung function was performed in Fra-2 TG and WT mice at 20 weeks of 

age.  25 mg/kg anakinra (Kineret, Swedish Orphan Biovitrum, Stockhholm, Sweden) was 

given via daily intraperitoneal injection for a total of eight weeks as previously described [3]. 

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 2 independent 

experiments with five to seven mice per group.  

Bronchoalveolar lavage fluid (BALF)  

After sacrifice animals were lavaged with 1 ml PBS containing protease inhibitor cocktail 

(Roche) and 1mM EDTA and total cell counts were made. 



Single cell lung tissue homogenates  

Single cell lung tissue homogenates were performed as previously described [4]. In short, the 

lower right lobe was digested with 0.7 mg/ml Collagenase and 30 µg/ml DNAse for 40 

minutes at 37°C. The tissue was passed through 100 µm cell strainer to obtain a single cell 

suspension.  

Flow cytometry 

BAL and single cell lung tissue homogenates were analysed using a LSRII flow cytometer 

and analysed with the FACSDiva software (BD Biosciences) as previously described [4]. 

Cells were initially gated on CD45 positivity and were identified as follows: neutrophils 

(CD11b+, CD11c-, Gr-1+), macrophages (CD11b low, CD11c+, Siglec-F+), dendritic cells 

(CD11b+, CD11c+, MHC-II high), T helper cells (CD3+, CD4+), cytotoxic T cells (CD3+, 

CD8+), B cells (CD19+), and eosinophils (CD11b+, CD11c-, Siglec F+). Antibody details are 

provided in table S2. 

Immunohistochemistry and tissue staining 

Human and murine lung samples were formalin-fixed, paraffin embedded and cut into 2.5 µm 

sections. Sections were deparaffinised in xylene followed by rehydration in decreasing 

concentrations of ethanol. Tissue was stained with Masson’s trichrome or Sirius red for 

histological collagen analysis. For immunohistochemical analyses the antigen retrieval was 

done in sodium citrate pH6 or EDTA-Tris pH9. Stainings were performed using ZytoChem 

Plus AP-Fast Red Kit (Zymed Laboratories, USA) or ImmPressTM Kit with NovaRed 

Substrate, (Vector Laboratories, USA) or Vector Vip Peroxidase (HRP) Substrate Kit (Vector 

Laboratories, Burlingame, CA) according to the manufacturer’s instructions. Negative 

controls were performed by omission of the first antibody. Antibodies used are listed in table 

S3. Images were digitalised using a VS120 slide scanning microscope (Olympus, Germany).  

Quantification of vascular remodelling and histological scoring 

Tissue sections were analysed using Visiopharm integrated software VIS (Visiopharm, 

Denmark). The degree of muscularisation was quantified on mouse lung tissue sections 



stained by double immunohistochemistry with endothelial marker von Willebrand factor 

(vWF) and α-smooth muscle actin (α-Sma) as described previously [5]. Per mouse, 145±80 

(minimum: 36, maximum 373) vessels, ranging from 10 to 100 µm in size, were analysed. 

Deposition of collagen was analysed on one Sirius red stained lung section per mouse. To 

obtain values reflecting collagen deposition in the parenchyma only, bronchi and vessels with 

a diameter larger than 200 µm, including 50 µm surrounding, were excluded from the 

analysis.  

Histological scoring was performed on hematoxylin-eosin and trichrome stained lung 

sections by a pathologist in a blinded manner. Vascular and parenchymal remodelling was 

determined giving scores from 0 (no remodelling) to 3 (severe remodelling). Further, 

inflammation in the perivascular, peribronchial and interstitial lung compartments was 

assessed with scores representing no (0), mild (1), moderate (2) and severe (3) 

inflammation.  

Cell isolation and cell culture 

Human primary pulmonary arterial smooth muscle cells (PASMCs) and parenchymal 

fibroblasts (PFs) were obtained from downsizing donor lungs. Experiments were performed 

with cells between passages 2-6. Cells were grown in full medium (DMEM-F12, 10% FCS, 

1% glutamine and antibiotic/antimycotics, Gibco for PFs; VascuLife SMC Complete Kit; 

LifeLine Technology for PASMCs). Cells were starved for a minimum of 12 hours in basal 

medium without FCS prior to stimulation with 1 ng/mL of recombinant IL-1α (Peprotech, 

USA) or 10 ng/mL of recombinant IL-1β (Peprotech, USA). In inhibitor experiments, cells 

were pretreated with 50 μM U0126 (Sigma-Aldrich, Austria), or PS1145 (Tocris Bioscience, 

UK) for 1 hour before addition of IL-1 stimulus. Fra-2 was overexpressed by transfecting PFs 

with a CMV-hu-Fra-2 (pCDNA3.1) vector construct using Lipofectamine 3000 Reagent 

(Thermo Scientific, Austria) for 24 hours. The construct (CMV-hu-Fra-2 [pcDNA3]) was a kind 

gift from Latifa Bakiri, PhD (Spanish National Cancer Research Center Genes, Spain). 



Proliferation 

Proliferation of PASMCs and PFs was determined by [3H] thymidine incorporation assay 

(BIOTREND Chemikalien, Germany). 5000 cells per well were seeded in a 96 well plate. The 

cells were starved in basal medium without FCS overnight prior to stimulation with IL-1α (1 

ng/ml) or IL-1β (10 ng/ml). PDGF-BB (10 ng/mL, Sigma Aldrich) stimulated cells served as 

positive control. [3H] thymidine incorporation was measured after 24 or 48 hours. Results are 

expressed as the relative proliferation compared to untreated cells in basal media.  

Western blotting 

Proteins were isolated from mouse lung homogenate samples using RIPA buffer (Sigma). To 

obtain nuclear or cytoplasmic fractions, the NE-PER Nuclear and Cytoplasmic Extraction Kit 

(Thermo Scientific, Austria) was used. Protein samples were separated by SDS-PAGE and 

transferred to PVDF membranes (GE Healthcare, UK). Membranes were incubated with the 

primary antibody overnight at 4°C and one hour at room temperature with the HRP-

conjugated secondary antibody. Primary and secondary antibodies used in this study are 

listed in table S3. Membranes were incubated with ECL prime developing solution (GE 

Healthcare, UK) and signal detection was done using a ChemiDoc Touch Imaging System 

(Bio-Rad, USA).  

RNA isolation and real-time RT-PCR 

Total RNA, isolated from lung homogenates or cells using the peqGOLD Total RNA Kit 

(Peqlab, Germany), was reverse transcribed using the iScript cDNA Synthesis kit (Bio-Rad, 

USA). The real-time RT-PCR reaction was run on a LightCycler 480 System (Roche Applied 

Science, Austria) using a QuantiFast SYBR Green PCR kit (Qiagen, Germany). Melting 

curve analysis and gel electrophoresis was performed to confirm the specific amplification of 

the expected PCR products. Hydroxymethylbilane synthase (HMBS) and beta-2-

microglobulin (B2M) served as reference genes. The difference in threshold cycle (Ct) values 

was calculated as follows: ΔCt = meanCt reference genes – Ct target gene. ΔΔCt = ΔCt – 

ΔCt(untreated control). Primer sequences are provided in table S4. 



Electrophoretic Mobility Shift Assay (EMSA) 

EMSA was performed using nuclear extracts (NE-PER Nuclear and Cytoplasmic Extraction 

Kit, Thermo Scientific) from Fra-2-overexpressing human PFs and from lung homogenates of 

Fra-2 TG mice and WT littermate controls. 3´biotin-labelled probes, corresponding to 

predicted AP-1 binding sites in the promoter regions of human or mouse IL-1α gene, were 

used and are depicted in table S5. DNA binding was assessed using the LightShift 

Chemiluminescent EMSA Kit (Thermo Scientific, Austria), following manufacturer’s protocol. 

Equal loading of nuclear extract was confirmed by Western blotting.   

Enzyme-linked immunosorbent assay (ELISA) 

Protein concentrations of IL-1α and IL-1β in plasma and bronchoalveolar lavage (BAL) fluid 

of Fra-2 TG mice and WT littermate controls were measured by ELISA according to the 

manufacturer’s instruction (IL-1alpha/IL-1beta Mouse Uncoated ELISA Kit, 

Invitrogen/ThermoFisher Scientific, Austria).  

Statistics 

Statistical analysis was performed in GraphPad Prism 5 software (Graph Pad Software Inc., 

USA). Data are expressed as single data points with median, if not stated otherwise. 

Comparisons between two groups with equal variances were done with unpaired student’s 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 2-way 

ANOVA with Bonferroni’s post-test. Multi-group comparisons of cell culture protein 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 data set are indicated in the Figure 

Legends.  p-values below 0.05 were considered as statistically significant. 

  



SUPPLEMENTARY RESULTS 

In the next step, we analysed which major inflammatory signalling pathways, such as 

mitogen-activated protein (MAP) kinases and inflammation-associated transcription factors, 

were affected by IL-1α and IL-1β in PASMCs and PFs. IL-1α and IL-1β induced a time-

dependent phosphorylation of JNK, p38, Fra-2 and cJun in both PASMC and PF (Figure 

S3A). Fra-2 phosphorylation was evident by the appearance of higher molecular weight 

bands in the nuclear fraction. No activation of c-fos and AKT was observed (data not shown). 

Interestingly, PASMCs and PFs showed differential pathway regulation upon IL-1 stimulation: 

IL-1α and IL-1β induced phosphorylation of ERK in PASMC but not in PF, whereas treatment 

with IL-1α and IL-1β induced translocation of the p65 NF-κB subunit into the nucleus in PF 

but not in PASMC (Figure S2A). Using pharmacological inhibitors of JNK, ERK, p38 and NF-

κB, it became evident that IL-1α- and IL-1β-induced COL1 downregulation in PASMCs and 

PFs was mediated by ERK and NF-κB, respectively (Figure S3B).  

 

  

http://www.sciencedirect.com/science/article/pii/S0002944013001909#fig4
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SUPPLEMENTARY FIGURE LEGENDS 

 

Figure S1: Parenchymal and vascular remodelling in Fra2 overexpressing (TG) 

(A) Representative images of Sirius red stained whole lung sections from 3 different 

Fra-2 TG mice and one littermate control; scalebars 1 mm.  (B)  Representative 

images of immunohistochemical double staining against α-smooth muscle actin (α-

sma, violet) and endothelium marker von Willebrand Factor (vWF, light brown) of 

wild-type (WT) or Fra-2 TG mice. Upper panel: small parenchymal vessels, lower 

panel: peribronchial arteries; scalebar: 20 µm; B: bronchi.  

Figure S2:  

Loading control for electrophoretic mobility shift assays (presented in Figure 2E-F) of 

parenchymal fibroblasts (PF) transfected with Fra-2 overexpression plasmid (+) or 

empty control plasmid (-) and of lung homogenates from Fra-2 overexpressing (TG) 

or wild-type control (WT) mice. CE: cytoplasmic extract; NE: nuclear extract.  

  



Figure S3: Signaling pathways regulated upon IL-1α and IL-1β stimulation.  

(A) Representative Western blot images for phosphorylated and total JNK, p38, ERK, 

cJun, Fra2 and p65 of cytoplasmic and nuclear extracts from pulmonary arterial 

smooth muscle cells (PASMC) and parenchymal fibroblasts (PF) after 5 and 15 

minutes stimulation with IL-1α (1 ng/ml) or IL-1β (10 ng/ml). Lamin and α-tubulin 

served as a nuclear and cytoplasmic loading control. (B,C) Col1a1 expression upon 

IL-1α (1 ng/ml) and IL-1β (10 ng/ml) and inhibition of ERK signalling in PASMCs (B) 

and NFkB signalling in PFs (C). U0: ERK inhibitor U0126; PS: IκB inhibitor PS1145. 

DMSO: Dimethysulfoxid – vehicle control. *p<0.05. 

 



 

Table S1: patients characteristics 

Patient 

case 

Gender Age 

(years) 

histologic description mPAP 

(mmHg) 

PAWP 

(mmHg) 

FVC (% 

predicted) 

FEV1 (% 

predicted) 

DLCO (% 

predicted) 

5 Male 59 UIP with non-necrotizing 

granulomas and 

arteriopathy 

NA NA 61 66 53 

12 Female 56 UIP with NSIP areas NA NA 62 74 NA 

13 Male 63 UIP with prominent 

NSIP areas associated 

with granulomas 

22 14 57 64 54 

28 Male 50 fibrointimal arterial 

thickening, 

desquamative interstitial 

pneumonia, generally 

preserved lung 

architecture 

57 13 87 79,5 51 

 

Table S2: Antibody details for flow cytometry 

Antigen Label  Company  Clone Isotype Dilution 
Factor 

CD3 FITC eBioscience 145-2C11 Hamster IgG 1:20 

CD4 APC Biolegend GK1.5 Rat IgG2b, κ 1:100 

CD8 PE Biolegend 53-6.7 Rat IgG2a, κ 1:200 

CD11b V500 BD 
Bioscience  

M1/70 Rat IgG2b, κ 1:50 

CD11c ef450 eBioscience N418 Hamster IgG 1:50 

CD19 AF700 Biolegend 6D5 Rat IgG2a, κ 1:100 

CD24 PerCP 
Cy5.5 

BD 
Bioscience  

M1/69 Rat IgG2b, κ 1:500 

CD25 APC-Cy7 Biolegend PC61 Rat IgG1, λ 1:50 



 

CD45 PerCP-
Cy5.5 

eBioscience 30-F11 Rat IgG2b, κ 1:200 

CD45 FITC Biolegend 30-F11 Rat IgG2b, κ 1:200 

CD64 AF647 BD 
Bioscience  

X54-5/7.1 Mouse IgG1, 
κ 

1:20 

gdTCR BV421 Biolegend GL3 Hamster IgG 1:50 

Gr-1 PE-Cy7 Biolegend RB6-8C5 Rat IgG2b, κ 1:800 

MHC-II APC-Cy7 Biolegend M5/114.15.2 Rat IgG2b, κ 1:400 

Siglec 
F 

PE BD 
Bioscience  

E50-2440 Rat IgG2a, κ 1:20 

 

Table S3: Antibodies details for immunohistochemistry and western blotting 

Antibody Catalogue # Company purpose Dilution 

vWF A0082 DAKO IHC - double 
staining 

1:900 

α-SMA EB06450 Everest 
Biotech 

IHC 1:100 

Western Blotting 1:1000 

Fra-2 (H103) sc-13017 Santa Cruz IHC 1:200 

Western Blotting 1:1000 

IL-1α (H-159) sc7929 Santa Cruz IHC 1:100 

IL-1β (H-153) sc7884 Santa Cruz IHC 1:50 

Collagen I  1310-01 Southern 
Biotech 

IHC 1:800 

Western Blotting 1:1000 

Relmα ab39626 Abcam IHC 1:200 

α-tubulin #2125S Cell signaling Western Blotting 1:5000 

p-JNK #4671S Cell signaling Western Blotting 1:1000 

p-p38 #9211S Cell signaling Western Blotting 1:1000 

p38 #9212S Cell signaling Western Blotting 1:1000 



 

p-ERK1/2 #9101S Cell signaling Western Blotting 1:1000 

ERK1/2 #9102S Cell signaling Western Blotting 1:1000 

p-cJun #3270S Cell signaling Western Blotting 1:1000 

cJun #9165S Cell signaling Western Blotting 1:1000 

p65 #3987S Cell signaling Western Blotting 1:1000 

Lamin #2032S Cell signaling Western Blotting 1:1000 

 

Table S4: Primers used in this study 

Name Species Forward (5'-3') Reverse (5'-3') 

Il1a Mouse  CGAAGACTACAGTTCTGCCATT GACGTTTCAGAGGTTCTCAGA

G 

Il1b Mouse  GCCACCTTTTGACAGTGATGAG   GACAGCCCAGGTCAAAGGTT   

Col1a1 Mouse  AATGGCACGGCTGTGTGCGA AACGGGTCCCCTTGGGCCTT 

Col1a2 Mouse TGTTGGCCCATCTGGTAAAGA CAGGGAATCCGATGTTGCC 

Col3a1 Mouse GCCCTCCCGGGAATAACGGC TGGCTCTCCCTTCGCACCGT 

Acta2 Mouse  CAGCCAGTCGCTGTCAGGAAC

C 

CCAGCGAAGCCGGCCTTACA 

Il4 Mouse ATGGATGTGCCAAACGTCCT TGCAGCTCCATGAGAACACT 

Il13 Mouse GCCAAGATCTGTGTCTCTCCC CCAGGTCCACACTCCATACC 

I17 Mouse AGGACGCGCAAACATGAGTC   GGACACGCTGAGCTTTGAGG   

Il12p35 Mouse GACCCTGTGCCTTGGTAGCATC TGCTTCTCCCACAGGAGGTTT

C 

Ifng Mouse CAGCAACAGCAAGGCGAAAAA

GG 

TTTCCGCTTCCTGAGGCTGGA

T 

Retnla Mouse TGGCTTTGCCTGTGGATCTT GCAGTGGTCCAGTCAACGAGT

A 

Chil3 Mouse CCAGAAGCAATCCTGAAGACAC GCACATCAGCTGGTAGGAAG 

Igf1 Mouse TCAGAAGTCCCCGTCCCTAT TGGGAGGCTCCTCCTACATT 



 

Hmbs Mouse  GCCAGAGAAAAGTGCCGTGGG TCCGGAGGCGGGTGTTGAGG 

β2m Mouse  CGGCCTGTATGCTATCCAGAAA

ACC 

TGTGAGGCGGGTGGAACTGT

G 

COL1A1 Human ACATGTTCAGCTTTGTGGACC TGTACGCAGGTGATTGGTGG 

ACTA2 Human GCCTTGGTGTGTGACAATGG ACCATCACCCCCTGATGTCT  

HMBS Human TCGGAGCCATCTGCAAGCGG GCCGGGTGTTGAGGTTTCCCC 

β2M Human CCTGGAGGCTATCCAGCGTAC

TCC 

TGTCGGATGGATGAAACCCAG

ACA 

 

 

 

Table S5: EMSA probes used in this study 

Gene sequence label  

huIL1A_sense GTTCTCTGTTGCAGAAGTCAAGATG 3'-biotinylated 

huIL1A_antisen

se 

CATCTTGACTTCTGCAACAGAGAAC   

muIl1a_sense CAGAGAAGCCTGACTCAGACTTAA

GTC 

3'-biotinylated 

muIl1a_antisen

se 

GACTTAAGTCTGAGTCAGGCTTCTC

TG 

  

 

 



 

Table S6: Histological scoring of Fra-2 TG mice with (TG+A) or without (TG) 

anakinra treatment.  

0: no remodelling/inflammation; 1: mild remodelling/inflammation; 2: moderate 

remodelling/inflammation; 3: severe remodelling/inflammation; A: arteries;V: veins; Alv: 

alveolar;Ly: lymphocytes; H: histiocytes; Eo: eosinophils; N: neutrophils; PC: plasma 

cells; M: macrophages, Mono: monocytes; OP: organizing pneumonia; IMT: 

inflammatory myofibrobastic tumor; ns: not significant. 
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