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Abstract 

Asthma is a chronic inflammatory disease of the airways. It is characterised 

by allergic airway inflammation, remodelling and hyperresponsiveness (AHR). 

Asthma patients, in particular those with chronic or severe asthma, have 

airway remodelling that is associated with the accumulation of extracellular 

matrix (ECM) proteins, such as collagens. Fibulin-1 (Fbln1) is an important 

ECM protein that stabilises collagen and other ECM proteins. Fbln1c, one of 

the four Fbln1 variants, which predominates in both humans and mice, is 

increased in the serum and airways fluids in asthma but its function is unclear. 

We show that Fbln1c protein was increased in the lungs of mice with house 

duct mite (HDM)-induced chronic allergic airway disease (AAD). Genetic 

deletion and therapeutic inhibition of Fbln1c in mice with chronic AAD reduced 

airway collagen deposition, and protected against AHR. Fbln1c deficient (–/–) 

mice had reduced mucin MUC5AC, but not MUC5B protein levels in the 

airways compared to wild-type (WT) mice. Fbln1c interacted with fibronectin 

and periostin that was linked to collagen deposition around the small airways. 

Fbln1c–/– mice with AAD also had reduced α-smooth muscle actin positive 

cells around the airways and reduced airway contractility compared to WT 

mice. These mice also had less airway inflammatory cells, as well as reduced 

levels of IL-5, IL-13, IL-33, TNF and CXCL1 levels in the lungs, and IL-5, IL-

33, and TNF protein in lung-draining lymph nodes after HDM challenge. 

Therapeutic targeting of Fbln1c reduced the numbers of GATA3+ Th2 cells in 

lymph nodes and lungs after chronic HDM challenge. Treatment also reduced 

the secretion of IL-5 and IL-13 protein from co-cultured dendritic cells and T 

cells re-stimulated with HDM. Human epithelial cells cultured with Fbln1c 



 4 

peptide produced more CXCL1 mRNA than medium-treated controls Our data 

show that Fbln1c may be a therapeutic target in chronic asthma.  
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Introduction 

 

Asthma is a chronic inflammatory respiratory disease predominantly of the 

airways. It is characterised by airway inflammation and remodelling that leads 

to airway hyperresponsiveness (AHR) and reversible airflow obstruction [1,2]. 

Clinical symptoms include shortness of breath, wheeze, chest tightness and 

dry cough [3]. There are more than 300 million people suffering from asthma 

worldwide [4]. Asthma exacerbations are a major problem causing increased 

symptoms and hospitalisations and are triggered by multiple allergic and 

exogenous stimuli, such as respiratory infections, house dust mites (HDM), 

pollen, and occupational chemicals [5,6]. The symptoms of disease can be 

controlled in mild to moderate allergic asthmatics using combination therapies 

with inhaled corticosteroids and long acting- agonists, while new biologics 

such as omalizumab (anti-IgE antibody), dupilumab (anti-IL-4R antibody) 

and mepolizumab (anti-IL-5) are also showing promise [1,2]. However, these 

medications only treat the symptoms, while the underlying disease features, in 

particular chronic airway remodelling, are not altered.  

Airway remodelling is an important feature of chronic asthma, which 

includes excessive extracellular matrix (ECM) production and collagen 

deposition leading to airway fibrosis, increased airway smooth muscle (ASM) 

cell mass, mucus hypersecretion and elevated numbers of 

fibroblasts/myofibroblasts [7-9]. Aberrant deposition of ECM proteins is a 

hallmark characteristic of chronic asthma that causes airway stiffening and 

narrowing, and differences in ECM protein expression may represent a 

specific asthma endotype(s) [10]. There are significant increases in type I and 
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III collagen gene expression and protein content in the airways in chronic 

asthma [11,12]. In contrast, type IV collagen deposition is decreased around 

the airways [13]. Other ECM components, including fibronectin (Fn), tenacin-c 

(Tnc) and periostin (Postn), have also been shown to occur at aberrant levels 

in the airways of asthma patients [14-16].  

Fibulin-1 (Fbln1) is a secreted glycoprotein found in the ECM in asthma 

[17]. It facilitates the stabilisation of other ECM proteins, including Fn, Postn 

and Tnc in the lung [18,19]. There are four variants of Fbln1 (Fbln1a, b, c and 

d) in humans, with each one expressing a different C-terminal sequence. 

Fbln1c and d are the predominant variants in adult humans and mice [20]. We 

have shown that the levels of total Fbln1 protein are increased in the serum 

and bronchoalveolar lavage fluid (BALF) of asthma patients compared to non-

asthmatic subjects [21]. Our in vitro studies have shown that stimulation of 

ASM cells from asthmatic patients with TGF-β increases the levels of 

secreted Fbln1 protein [21]. However, the protein levels specifically of Fbln1c 

in asthma patients are unknown. We also showed that antisense 

oligonucleotide silencing of Flbn1c reduces ASM cell proliferation [21], and 

that Fbln1c deficient (–/–) mice have less collagen around the small airways in 

a mouse model of chronic asthma [22]. However, the in vivo function of Fbln1 

in asthma, and in particular its role in airway remodelling and inflammation 

has not been assessed. 

In this study, we demonstrate that Fbln1c is essential for the 

development and progression of airway remodelling in chronic HDM-induced 

experimental asthma (allergic airway disease [AAD]). Deletion of Fbln1c in 

mice prevents the development of airway fibrosis and collagen deposition, as 
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well as inflammation. This suggests that Fbln1c may be a novel therapeutic 

target in the treatment of airway diseases such as asthma by suppressing 

chronic disease characteristics, such as airway remodelling and inflammation.  

 

Materials and Methods 

Additional details are provided in supplementary materials, Supplementary 

materials and methods. 

 

All mouse experiments were approved by the Animal Ethics Committee of The 

University of Newcastle. 

 

Mice and HDM-induced experimental chronic asthma 

Six to eight-week-old female WT or Fbln1c–/– C57BL/6J mice were housed in 

specific pathogen free conditions. Fbln1c–/– mice were generated as described 

previously [22]. Experimental chronic asthma was induced by intranasal 

administration of HDM extract (Geer Laboratories, Lenoir, NC, USA) at 25 μg 

in 30 μl sterile saline for five consecutive days per week for five weeks to 

induce the hallmark features of chronic asthma including airway remodelling 

as previously described [22,23] (Figure 1A). Control mice received sterile 

saline only. Some mice were treated intranasally with 40 g Fbln1c siRNA or 

scrambled siRNA (Dharmacon, Lafayette, CO, USA) [22]  or nuclease free 

water (vehicle) from day 21 to day 35 after the initiation of airway remodelling.  

 

Airway remodelling and AHR 
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Sections of formalin-fixed paraffin embedded mouse lung were deparaffinised 

and collagen was stained using a Sirius Red and Fast Green stain (Sigma-

Aldrich, Castle Hill, NSW, Australia). Airway remodelling in terms of collagen 

deposition around the small airways was analysed using ImageJ (version 

1.47, Media Cybernetics, Rockville, MD, USA) [22,24]. AHR was measured as 

described previously [25-27].  

 

Protein extraction, immunoblotting, hydroxyproline and soluble 

collagen assays 

Lung tissues were homogenised, proteins were detected using antibodies, 

hydroxyproline content and soluble collagen in whole mouse lungs were 

assessed as described previously [22,28-33] and in supplementary material, 

Supplementary materials and methods. 

 

Mucus secreting cells  

Mouse lung sections were stained with Periodic acid-Schiff (PAS) and the 

number of mucus secreting cells around the airways were enumerated 

[29,34].  

 

Immunostaining and immunofluorescence assays 

Mouse lung sections were incubated with antibodies described as previously 

described [22,28,29] and in supplementary material, Supplementary materials 

and methods. 

 

Airway contractility 
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Mouse lungs were inflated, sectioned and exposed to increasing 

concentrations of methacholine, and airway contractility was assessed as 

described previously [35,36]. 

 

BALF and ELISA 

BALF was collected, and differential leucocyte counts were determined. 

ELISA were assessed from mice as described previously [22,27,37,38]. 

 

Lymph node and lung assays   

Mouse lung draining lymph nodes and lungs were collected [39]. The cells 

were cultured with or without 5 μg/ml HDM for five days, and the levels of 

secreted IL-5 and IL-13 were measured by ELISA [27,38]. Some cells were 

stained with Th2 cell markers and enumerated by flow cytometry.  

 

Dendritic cell (DC) and T cell cytokine release 

DCs and T cells were isolated, co-cultured and the levels of secreted IL-5 and 

IL-13 were measured by ELISA [39,40]. 

 

In vitro experiments 

Human respiratory epithelial A549 cell line and minimally immortalised 

epithelium-derived basal (BCi-NS1.1) cells were cultured with Fbln1c peptide 

and scrambled peptide as previously described [41]; RNA extraction and 

qPCR were performed as described previously [42,43] in supplementary 

material, Supplementary materials and methods. 
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Statistics 

Data are presented as mean ± standard error of the mean (SEM) from 4–8 

mice, in duplicate or triplicate experiments. Statistical analyses are detailed in 

supplementary material, Supplementary materials and methods. 

 

Results 

Airway remodelling and AHR are associated with increased levels 

of Fbln1c in experimental chronic asthma 

Fbln1c mRNA levels were increased in airway smooth muscle cells derived 

from asthma patients [21]. In order to determine the role of Fbln1c in airway 

remodelling in chronic asthma, we employed an experimental model of HDM-

induced chronic asthma as described previously [22,23]. Airway remodelling 

was determined by assessing the levels of collagen deposition around the 

airways. A substantial (two-fold) increase in collagen deposition around the 

small airways was observed in mice exposed to HDM for 21 days, and after 

35 days compared to saline-challenged controls (Figure 1B). The levels of 

type I collagen-1 (Col1a1), the most abundant collagen in the lungs, were 

increased from 28 to 35 days HDM challenge (Figure 1C). These mice also 

developed AHR, characterised by increased airway resistance and decreased 

dynamic compliance in response to increasing concentrations of 

methacholine, compared to controls after 35 days HDM challenge (Figure 

1D). Fbln1 and Fbln1c protein levels were significantly increased in the lung 

tissue from 28 to 35 days of HDM-exposed mice compared to controls, 

assessed using immunoblotting (Figure 1, E,F). Thus, these data show that 
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airway remodelling and AHR are associated with increased levels of Fbln1c in 

the lungs in HDM-induced experimental chronic asthma. 

 

Genetic deletion of Fbln1c protects against airway and lung 

remodelling and AHR in experimental chronic asthma 

In order to assess the role of Fbln1c in airway remodelling and AHR in 

asthma, Fbln1c deficient (–/–) mice were created as we have previously 

described [22], and chronically exposed to HDM. The absence of Fbln1c 

completely inhibited the deposition of collagen around the small airways 

compared to WT mice after chronic HDM challenge (Figure 2A), and our 

previous study showed similar data [22]. Increases in total and soluble 

collagen in lung tissue (Figure 2B), as well as levels of Col1a1 were 

completely inhibited (Figure 2C) in Fbln1c–/– mice. Indeed, levels of collagen 

deposition, total and soluble collagen and Col1a1 in Fbln1c–/– mice exposed 

to HDM were equivalent to baseline levels in saline-challenged control WT 

and Fbln1c–/– mice, which were equivalent to each other.  

Goblet cell hyperplasia/metaplasia and mucus hypersecretion is also a 

chronic feature of asthma. Thus, we assessed the impact of the absence of 

Fbln1c on this feature. Lung sections were stained with PAS, and mucus 

hypersecretion was assessed by quantifying the number of PAS-positive cells 

to a depth of 100 μm beneath the epithelial basement membrane. Chronic 

HDM challenge induced significant increases in the numbers of PAS-positive 

cells in the airways in both WT and Fbln1c–/– mice compared to their controls. 

However, there was no difference between the number of PAS-positive cells 

in the airways of HDM-challenged WT or Fbln1c–/– mice (see supplementary 
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material, Figure S1A,B). We also assessed the levels of mucin MUC5AC and 

MUC5B in the airways using immunofluorescence. Fbln1c–/– mice had 

significantly reduced MUC5AC but not MUC5B protein levels in the airways 

after HDM challenge (supplementary material, Figure S2). 

AHR and wheezing are major disease symptoms of chronic asthma. In 

order to determine whether pathological changes identified in Fbln1c–/– mice 

affected these functional changes, AHR was assessed in terms of increased 

airway resistance and decreased dynamic compliance in response to 

increasing concentrations of methacholine. Increased airway resistance 

(Figure 2D) and decreased dynamic compliance (Figure 2E) were induced in 

response to chronic HDM exposure in WT mice but did not develop in Fbln1c–

/– mice.  

We then assessed whether siRNA to suppress levels of Fbln1c could 

be used therapeutically. Since airway remodelling occurred after 21 days of 

HDM challenge (Figure 1B), Fbln1c-targeted or scrambled siRNA or vehicle 

were administered every two days from day 21 to day 35 of HDM challenge. 

Fbln1c siRNA treatment after the establishment of remodelling reduced the 

levels of collagen deposition around the small airways (Figure 2F) and Col1a1 

protein (Figure 2G) in the lungs. The use of immunoblotting identifies Col1a1 

(125 kDa) from Col1a2 (110 kDa). Treatment also protected against chronic 

HDM-induced AHR (Figure 2H,I). 

These data demonstrate that Fbln1c is necessary for the development 

of airway remodelling and AHR in HDM-induced experimental chronic 

asthma. 
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Fbln1c has varied roles in the accumulation of Fn, Tnc, and Postn 

around the airways and in the lung in experimental chronic asthma 

The increased deposition of ECM proteins underpins airway remodelling, and 

we showed previously that Fbln1 is critical for ECM stabilisation [22]. Thus, 

the role of Fbln1c in the deposition of ECM associated proteins in HDM-

induced chronic asthma was examined. HDM challenge of WT mice resulted 

in substantial (two-fold) increases in the protein levels of Fn, Postn and Tnc 

around the small airways compared to saline-challenged controls (Figure 3A–

C). However, HDM-challenged Fbln1c–/– mice had only a partial increase in 

Fn and were completely protected against increases in Postn. The increase in 

Tnc occurred to the same levels in HDM-exposed Fbln1c–/– and WT mice. 

Next, we assessed the levels of these proteins in the whole lung using 

immunoblots. HDM challenge of WT mice resulted in increased levels of Fn 

and Postn in whole mouse lungs, while Tnc levels were reduced (Figure 3D). 

It should be noted that different isoforms of Tnc can be detected by 

immunoblot but not IHC in which all forms are detected simultaneously. HDM 

challenged Fbln1c–/– mice were completely protected against the increases in 

Fn and Postn that occur in WT mice. The levels of Tnc were reduced in HDM-

challenged WT mice compared to saline-challenged controls. However, there 

was no statistically significant reduction in HDM-challenged Fbln1c–/– mice 

compared to their controls (P=0.165 for isoform 1, P=0.1097 isoform 2). 

These data demonstrate that Fbln1c is necessary for the increased 

levels of Fn and Postn but not Tnc around the airways and in lung tissue in 

HDM-induced experimental chronic asthma. 
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Fbln1c is required for increases in the levels of α-smooth muscle 

actin (α-SMA) positive cells around the airways and contractility of 

the airways in experimental chronic asthma  

Increased numbers of α-SMA positive cells is a major feature of airway 

remodelling in asthma [8,9]. Thus, to further clarify the role of Fbln1c in airway 

remodelling in asthma, we next assessed the number of α-SMA positive cells 

around the airways in Fbln1c–/– and WT mice using immunofluorescence. 

Following chronic HDM challenge of WT mice there was a doubling of α-SMA 

positive cells around the medium (Figure 4A) and small (Figure 4B) airways 

compared to saline-challenged controls. HDM-challenged Fbln1c–/– mice were 

completely protected against these increases in α-SMA positive cells. Indeed, 

the number of α-SMA positive cells in Fbln1c–/– mice challenged with HDM 

was the same as the baseline numbers in saline-challenged control WT and 

Fbln1c–/– mice.  

Increased ASM results in abnormal airway contractility in asthma. 

Thus, we then assessed the role of Fbln1c in airway contraction by measuring 

airway lumen area in response to methacholine in precision cut lung slices 

[35,36]. Chronic HDM challenge of WT mice resulted in a greater reduction in 

airway lumen area compared to saline-challenged controls (Figure 4C). HDM-

challenged Fbln1c–/– mice were protected against this increased contractility, 

which was equivalent to baseline levels in saline-challenged WT and Fbln1c–/– 

mice (Figure 4D). 

These data show that Fbln1c is necessary for the increased levels of α-

SMA positive cells around the airways and increased airway contractility in 

HDM-induced experimental chronic asthma. 
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Fbln1c contributes to pulmonary inflammation in experimental 

chronic asthma 

Chronic airway inflammation is an important feature and driver of 

pathogenesis in asthma. Thus, we next assessed if Fbln1c had any role in 

inflammation in chronic experimental asthma. Total leukocyte numbers as well 

as macrophages, neutrophils, eosinophils and lymphocytes, were significantly 

increased in the BALF of WT mice after chronic HDM challenge (Figure 5A). 

All these cell types were also increased in HDM-challenged Fbln1c–/– mice, 

however the levels of neutrophils, eosinophils and lymphocytes were 

significantly less than in HDM-challenged WT mice. HDM challenge of WT 

mice resulted in significant increases in the levels of the proinflammatory 

cytokines, IL-5, IL-13, IL-33, TNF and the chemokine CXCL1 in the lung 

tissue compared to saline-challenged controls (Figure 5 B–F). However, 

Fbln1c–/– mice were completely protected against HDM-induced increases in 

these factors, with levels no different to those in saline-challenged WT and 

Fbln1c–/– mice, which were equivalent. We also enumerated GATA3+ Th2 

cells in lymph nodes between naive WT and Fbln1c–/– mice by flow cytometry, 

and the found that there were no differences (supplementary material, Figure 

S3). 

Since genetic deletion in Fbln1c–/– mice reduced chronic HDM-induced 

inflammation, the therapeutic effects of Fbln1c-targeted siRNA treatment were 

assessed. Treatment reduced the levels of total leukocytes and neutrophils, 

eosinophils, and lymphocytes (Figure 5G) in BALF, and IL-5, IL-13, IL-33, 

TNF, and CXCL1 proteins (Figure 5 H–L) in the lungs compared to scrambled 
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siRNA treatment or vehicle after chronic HDM challenge. There were also 

fewer GATA3+ Th2 cells in lymph nodes (Figure 5M and supplementary 

material, Figure S3) and lungs (Figure 5N and supplementary material, Figure 

S4) from mice treated with Fbln1c siRNA. 

 

Fbln1c regulates lymph node T-cell cytokine secretion in 

experimental chronic asthma 

In order to further assess the role of Fbln1c in regulating inflammation in 

asthma, the lymph nodes of WT and Fbln1c–/– mice challenged with HDM or 

saline were collected. The secretion of IL-5, IL-13 and TNF were all 

substantially increased from lymph node T-cells from HDM-challenged WT 

mice compared to saline-challenged controls (Figure 6,A-C). T-cells from 

HDM-challenged Fbln1c–/– mice secreted significantly lower levels of IL-5 and 

IL-13, which were no different to baseline levels in saline-challenged WT and 

Fbln1c–/– mice, which were equivalent. T-cells from HDM-challenged Fbln1c–/– 

mice also had lower levels of TNF secretion compared to similarly challenged 

WT mice, although levels were still elevated compared to saline-challenged 

Fbln1c–/– controls. 

We next determined if Fbln1c affected DC and/or Th2 cell activity 

and/or DC-induced Th2 responses by measuring the levels of secreted IL-5 

and IL-13 protein from co-cultured DC and T cells re-stimulated with HDM. 

Fbln1c-targeted siRNA treatment affected both DC and Th2 cells and reduced 

IL-5 (Figure 6D) and IL-13 (Figure 6E) production compared to cells from mice 

treated with scrambled siRNA. This occurred when either Fbln1c siRNA 

treated DCs or T cells were cultured with scrambled siRNA treated T cells or 
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DCs, respectively. The greatest effect was when DCs and T cells were 

isolated from Fbln1c siRNA treated mice and co-cultured. Thus, Fbln1c 

affects DCs and T cells and promotes DC-induced Th2 responses. 

 

Fbln1c induces chemokine mRNA expression from a human 

airway epithelial cell line  

We then undertook studies with human cells to validate some of our findings. 

Fbln1c recombinant protein is not available, and so human Fbln1c and 

scrambled peptides were obtained as described previously [42].  Human 

bronchoepithelial A549 cells and minimally immortalised epithelium-derived 

basal (BCi-NS1.1) cells were cultured on plates coated with Fbln1c, 

scrambled peptides, or were uncoated and contained media only, and RNA 

was extracted after 24 and 48 h. CXCL1 RNA levels were significantly 

increased in cells exposed to Fbln1c peptide compared to culture medium and 

there were non-statistically significant trends towards increases compared to 

scrambled peptide treatment (P<0.06 and P<0.08, respectively, Figure 6F,G). 

 

Discussion  

Increased production and deposition of ECM proteins, resultant airway 

remodelling and hyperresponsiveness, and pulmonary inflammation are key 

pathological features of asthma. Our previous studies have shown that Fbln1 

is increased in BALF and ASM cells from asthma patients compared to 

healthy controls [21]. In this study, we have demonstrated important roles for 

Fbln1c in regulating the chronic features of airway remodelling and 

inflammation in experimental chronic asthma. We found that Fbln1, Fbln1c 
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and collagen proteins are increased in a HDM-induced mouse model of 

experimental chronic asthma. Genetic and therapeutic depletion of Fbln1c 

prevented the increases in chronic HDM-induced collagen around the small 

airways and in the lungs. It also prevented the development of HDM-induced 

AHR. Fbln1c–/– mice had fewer α-SMA positive cells around the airways and 

less airway contractility that likely also contributed to the protection against 

AHR. We also showed that Fbln1c is involved in allergic airway inflammation, 

because depletion of Fbln1c in mice resulted in fewer leukocytes, including 

neutrophils, eosinophils and lymphocytes, which had influxed into the airways 

compared to controls. The levels of proinflammatory cytokines and 

chemokines associated with allergic airway inflammation and the influx of 

neutrophils, eosinophils and Th2 lymphocytes into the lungs were also 

reduced. Fbln1c–/– mice also had reduced levels of IL-5, IL-13 and TNF 

secretion by Th2 cells from lung draining lymph nodes compared to WT mice. 

Depletion of Fbln1c also reduced IL-5 and IL-13 secretion from co-cultured 

DC and T cells after HDM stimulation. In support of the increase in 

inflammatory responses induced by Fbln1c, human epithelial cells exposed to 

a Fbln1c peptide had increased CXCL1 mRNA levels compared to medium-

exposed controls and a trend towards an increase compared to scrambled 

peptide-treated controls. Collectively, these results provide strong evidence 

that Fbln1c plays a key role in airway remodelling, impaired lung function and 

inflammation in experimental chronic asthma. 

We performed a time course study of the development of HDM-induced 

experimental asthma, and measured the levels of collagen deposition around 

the small airways and Col1a1, Fbln1 and Fbln1c proteins in whole lungs. 
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Collagen deposition around the small airways started to occur after 21 days, 

and Col1a1 proteins were increased after 28 days of HDM challenge. Fbln1 

and Fbln1c proteins were also increased after 28 days. However, intranasal 

treatment with Fbln1c-targeted siRNA from day 21 to day 35 reduced collagen 

deposition around the airways and in whole lungs after HDM challenge.  

These data suggest that the role of Fbln1c is to stabilise the formation of 

collagen in lungs after HDM challenge. 

The increased collagen deposition around the small airways of WT 

mice following 35 days of chronic HDM challenge was not observed in 

Fbln1c–/– mice. Fbln1c is important in stabilising ECM protein deposition by 

binding to multiple ECM targets to maintain the structure of the airways and 

lungs [22]. We show that increases in Fn and Postn in the airways and lung 

tissue in experimental chronic asthma are dependent on Fbln1c. This 

suggests that Fbln1c may directly or indirectly bind to multiple ECM targets, 

and organises collagen deposition in chronic asthma. Fbln1 is known to 

directly interact with some ECM proteins, such as Fn [44,45]. Fbln1 binds to 

the heparin II domain in Fn [46], and promotes cell adhesion and has motility-

suppressive effects on Fn-coated substrates [47]. Increased levels of Fn 

proteins have been found around the airways of asthmatic patients [12], and 

this is reflected in our HDM-induced chronic asthma model. A recent study 

demonstrated increased levels of Postn protein in the lungs of asthma 

patients [48]. Furthermore, both Fn and Postn bind to collagen and Fbln1, and 

Postn and Tnc co-localise in skin keratinocytes [19,49,50]. The reduction of 

Fn in whole lungs of Fbln1c–/– mice after HDM challenge likely reflects the 

importance of Fbln1c in stabilising Fn fibres in the ECM matrix. Peribronchial 
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Fn was reduced after HDM challenge in Fbln1c–/– mice, and the amount of Fn 

was reduced in the whole lungs even compared to saline-challenged controls. 

In WT mice we found decreased levels of Tnc protein in whole lungs, but 

increases around airways after HDM challenge. Our previous study also 

demonstrated that the levels of ECM protein were different between airways 

and parenchyma in Fbln1c–/– mice with experimental chronic obstructive 

pulmonary disease (COPD) [22]. The observation of different changes in the 

airways compared to whole lungs suggest that the amount of ECM proteins 

may be produced differently in different regions, such as airways and 

parenchyma. Indeed, fibroblasts/myofibroblasts, ASM cells, and epithelial 

cells are major sources of Fn around airways [21,42], however, fibroblasts 

and alveolar epithelial cells are the primary sources in the parenchyma [51]. 

We previously showed that fibroblasts [42], bronchoepithelial [22] and 

ASM cells [21] all produce Fbln1 in the airways and lungs. In this study, we 

show that Fbln1c regulates the proliferation of ASM cells and 

fibroblasts/myofibroblasts around the airways and lungs. α-SMA is a marker 

for both ASM cells and differentiated fibroblasts (myofibroblasts) [52,53], and 

lower numbers of α-SMA positive cells in Fbln1c–/– mice suggests that the 

numbers of either or both of these cell types were reduced. In this study, we 

also show that Fbln1c regulates ASM contractile activity. As well as 

contraction, ASM cells play important roles in inflammatory responses (e.g., 

by releasing mast cell mediators [54]). The numbers of ASM cells are also 

increased in asthma patients, which possibly results from their increased 

proliferative properties [55,56]. ASM cells also produce and have altered 

responses to ECM proteins in asthma [13], and the proliferation of these cells 
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from asthma patients is reduced after targeting of Fbln1c mRNA [21]. 

Fibroblasts/myofibroblasts are major cellular sources of ECM proteins [57], 

and are increased in the lung tissues of asthmatic children compared to 

healthy controls [58]. Myofibroblasts in particular are a major producer of type 

I and III collagen [59]. Thus, a potential decrease in ASM and/or 

myofibroblasts in our study may be the cause of the reduced collagen 

deposition in Fbln1c–/– mice.  

Mucins play critical roles in mucus secretion and AHR in asthma, and 

previous studies have shown that genetic deletion of MUC5AC prevented 

AAD-induced AHR in mice [60]. We show that Fbln1c–/– mice had reduced 

MUC5AC but not MUC5B proteins in airways compared to WT controls. While 

increased mucus secretion in the lungs occurs in asthma [61], we found that 

the numbers of mucus secreting cells were not different in Fbln1c–/– compared 

to WT mice with chronic experimental asthma. The mechanism behind this 

remains unclear. 

Alterations in individual ECM proteins, such as Fbln1c, Tnc, and Postn, 

change the overall physical properties of the matrix affecting inflammatory cell 

attachment and migration, as well as the ability of the matrix to bind cytokines 

that contribute to inflammation. TNF and IL-33 are profibrotic cytokines, 

involved in airway remodelling [62,63], while the chemokine CXCL1 

contributes to the inflammatory process in asthma [64]. WT mice challenged 

with HDM exhibited significant increases in asthma related cytokines (IL-5, IL-

13, IL-33, and TNF) in their lungs and lung draining lymph nodes. However, 

depletion of Fbln1c in mice protected against increases in these factors in 

chronic experimental asthma. We demonstrate that there were fewer GATA3+ 
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T cells in the lymph nodes and lungs of mice treated with Fbln1c siRNA 

compared to scrambled siRNA. We also showed treatment reduced DC-

induced Th2 responses. This indicates that Fbln1c modifies DC and T cell 

function to promote DC-induced Th2 responses. However, the mechanism 

remains unclear. The decreased inflammation in mice after inhibition of 

Fbln1c may be the result of direct effects on the cellular expression of these 

cytokines and chemokines, or may occur indirectly through reductions in other 

immunomodulatory factors, such as Tnc and Postn. Recent studies 

demonstrate that Tnc–/– and Postn–/– mice have reduced lung inflammation in 

mouse models of asthma [65,66]. Previous studies showed that Fbln1 is 

associated with heparin-binding epidermal growth factor (EGF)-like growth 

factor, indicating that it may induce the EGF receptor signalling pathway to 

promote inflammation [67]. Fbln1 may also bind to integrin 1 suggesting a 

role for the integrin signalling pathway [67]. However, Fbln1c has not yet 

formally been shown to bind to these proteins. To further assess how Fbln1c 

might be controlling inflammation, we attempted an immunoprecipitation to 

identify its binding partners on inflammatory cell surfaces (data not shown). 

However, this failed due to the lack of a suitable Fbln1c antibody.  

CXCL1 is an important chemokine that is released from epithelial cells 

[68], and is involved in regulating inflammatory cells and ASM migration in 

asthma [69,70]. Fbln1c–/– mice had significantly lower levels of CXCL1 protein 

in lung tissue compared to WT mice. Although the exact mechanism remains 

unclear, we show that Fbln1c peptide increased CXCL1 mRNA levels in two 

human epithelial cell lines compared to vehicle but only showed non-

statistically significant trends to increases compared to scrambled peptide-
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treated controls. We interpret these data to indicate that Fbln1c causes 

epithelial cells to secrete chemokines to induce inflammatory responses. 

Collectively, our data suggest that Fbln1c plays a key role in regulating 

airway remodelling and inflammation in chronic asthma. Fbln1c stabilises 

ECM protein deposition, including Fn and Postn, and regulates collagen levels 

around the airways and in lungs that results in airway remodelling and AHR in 

HDM-induced chronic experimental asthma. Fbln1c is required for increases 

in α-SMA positive cells around airways that regulate ASM contraction. Fbln1c 

also regulates airway inflammation associated with the influx of neutrophils, 

eosinophils and lymphocytes, and their related cytokines and chemokines 

with HDM challenge. Fbln1c plays a central role in the process of ECM 

deposition and inflammatory responses, and may be a novel therapeutic 

target for the inhibition of airway remodelling and inflammation in chronic 

asthma. 

 

 

Acknowledgements 

We thank the staff of the animal facilities of the University of Newcastle and 

Hunter Medical Research Institute. P.M.H is supported by a National Health 

and Medical Research Council (NHMRC) Principal Research Fellowship, and 

a Brawn Fellowship from the Faculty of Health and Medicine, The University 

of Newcastle. This work was supported by NHMRC grants to P.M.H. J.K.B. is 

supported by a Rosalind Franklin Fellowship co-funded by the University of 

Groningen and the European Union.  

 



 24 

Author contributions statement 

G.L, A.G.J, J.K.B and P.M.H participated in design of the study. G.L 

performed all in vivo and most of in vitro experiments. M.A.C and W.S.A 

generated Fbln1c–/– mice. P.M.N and T.J.H assisted with mouse experiments. 

C.D, J.E.B and C.L.G helped perform mouse airway contractility studies. 

A.C.H and P.A.W assisted in experiments using human minimally 

immortalised epithelium-derived basal (BCi-NS1.1) cells. A.C.B, H.T and 

P.S.F assisted in T cell isolation and flow cytometry. G.L, M.A.C, Q.G, N.G.H, 

J.C.H, B.G.O, D.A.K, J.K.B and P.M.H contributed to preparing and editing 

the manuscript and for intellectual input. All authors read and approved the 

final manuscript (with the exception of W.S.A, who passed away before the 

final version was completed).  



 25 

References 

1. Hansbro PM, Scott GV, Essilfie AT, et al. Th2 cytokine antagonists: 
potential treatments for severe asthma. Expert Opin Investig Drugs 2013; 
22: 49-69. 

2. Hansbro PM, Kaiko GE, Foster PS. Cytokine/anti-cytokine therapy - novel 
treatments for asthma? Br J Pharmacol 2011; 163: 81-95. 

3. Woolcock AJ, Peat JK, Salome CM, et al. Prevalence of bronchial 
hyperresponsiveness and asthma in a rural adult population. Thorax 
1987; 42: 361-368. 

4. Fanta CH. Asthma. N Engl J Med 2009; 360: 1002-1014. 
5. Passalacqua G, Ciprandi G. Allergy and the lung. Clin Exp Immunol 2008; 

153 Suppl 1: 12-16. 
6. Starkey MR, Jarnicki AG, Essilfie AT, et al. Murine models of infectious 

exacerbations of airway inflammation. Curr Opin Pharmacol 2013; 13: 
337-344. 

7. Singer M, Martin LD, Vargaftig BB, et al. A MARCKS-related peptide blocks 
mucus hypersecretion in a mouse model of asthma. Nat Med 2004; 10: 
193-196. 

8. Peng Q, Lai D, Nguyen TT, et al. Multiple beta 1 integrins mediate 
enhancement of human airway smooth muscle cytokine secretion by 
fibronectin and type I collagen. J Immunol 2005; 174: 2258-2264. 

9. Sabatini F, Luppi F, Petecchia L, et al. Bradykinin-induced asthmatic 
fibroblast/myofibroblast activities via bradykinin B2 receptor and 
different MAPK pathways. Eur J Pharmacol 2013; 710: 100-109. 

10. Agache I, Akdis C, Jutel M, et al. Untangling asthma phenotypes and 
endotypes. Allergy 2012; 67: 835-846. 

11. Chakir J, Shannon J, Molet S, et al. Airway remodeling-associated 
mediators in moderate to severe asthma: effect of steroids on TGF-beta, 
IL-11, IL-17, and type I and type III collagen expression. J Allergy Clin 
Immunol 2003; 111: 1293-1298. 

12. Dolhnikoff M, da Silva LF, de Araujo BB, et al. The outer wall of small 
airways is a major site of remodeling in fatal asthma. J Allergy Clin 
Immunol 2009; 123: 1090-1097, 1097 e1091. 

13. Johnson PR, Burgess JK, Underwood PA, et al. Extracellular matrix 
proteins modulate asthmatic airway smooth muscle cell proliferation via 
an autocrine mechanism. J Allergy Clin Immunol 2004; 113: 690-696. 

14. Howarth PH, Knox AJ, Amrani Y, et al. Synthetic responses in airway 
smooth muscle. J Allergy Clin Immunol 2004; 114: S32-50. 

15. Brellier F, Tucker RP, Chiquet-Ehrismann R. Tenascins and their 
implications in diseases and tissue mechanics. Scand J Med Sci Sports 
2009; 19: 511-519. 

16. Sidhu SS, Yuan S, Innes AL, et al. Roles of epithelial cell-derived periostin 
in TGF-beta activation, collagen production, and collagen gel elasticity in 
asthma. Proc Natl Acad Sci U S A 2010; 107: 14170-14175. 

17. Argraves WS, Tran H, Burgess WH, et al. Fibulin is an extracellular matrix 
and plasma glycoprotein with repeated domain structure. J Cell Biol 1990; 
111: 3155-3164. 



 26 

18. Tran H, VanDusen WJ, Argraves WS. The self-association and fibronectin-
binding sites of fibulin-1 map to calcium-binding epidermal growth 
factor-like domains. J Biol Chem 1997; 272: 22600-22606. 

19. Fujiwara H, Ferreira M, Donati G, et al. The basement membrane of hair 
follicle stem cells is a muscle cell niche. Cell 2011; 144: 577-589. 

20. Roark EF, Keene DR, Haudenschild CC, et al. The association of human 
fibulin-1 with elastic fibers: an immunohistological, ultrastructural, and 
RNA study. J Histochem Cytochem 1995; 43: 401-411. 

21. Lau JY, Oliver BG, Baraket M, et al. Fibulin-1 is increased in asthma--a 
novel mediator of airway remodeling? PLoS One 2010; 5: e13360. 

22. Liu G, Cooley MA, Jarnicki AG, et al. Fibulin-1 regulates the pathogenesis of 
tissue remodeling in respiratory diseases. JCI Insight 2016; 1. 

23. Fattouh R, Midence NG, Arias K, et al. Transforming growth factor-beta 
regulates house dust mite-induced allergic airway inflammation but not 
airway remodeling. Am J Respir Crit Care Med 2008; 177: 593-603. 

24. Hansbro PM, Hamilton MJ, Fricker M, et al. Importance of mast cell 
Prss31/transmembrane tryptase/tryptase-gamma in lung function and 
experimental chronic obstructive pulmonary disease and colitis. J Biol 
Chem 2014; 289: 18214-18227. 

25. Starkey MR, Kim RY, Beckett EL, et al. Chlamydia muridarum lung 
infection in infants alters hematopoietic cells to promote allergic airway 
disease in mice. PLoS One 2012; 7: e42588. 

26. Essilfie AT, Horvat JC, Kim RY, et al. Macrolide therapy suppresses key 
features of experimental steroid-sensitive and steroid-insensitive asthma. 
Thorax 2015; 70: 458-467. 

27. Thorburn AN, Foster PS, Gibson PG, et al. Components of Streptococcus 
pneumoniae suppress allergic airways disease and NKT cells by inducing 
regulatory T cells. J Immunol 2012; 188: 4611-4620. 

28. Starkey MR, Essilfie AT, Horvat JC, et al. Constitutive production of IL-13 
promotes early-life Chlamydia respiratory infection and allergic airway 
disease. Mucosal Immunol 2013; 6: 569-579. 

29. Starkey MR, Nguyen DH, Essilfie AT, et al. Tumor necrosis factor-related 
apoptosis-inducing ligand translates neonatal respiratory infection into 
chronic lung disease. Mucosal Immunol 2014; 7: 478-488. 

30. Kim RY, Horvat JC, Pinkerton JW, et al. MicroRNA-21 drives severe, 
steroid-insensitive experimental asthma by amplifying phosphoinositide 
3-kinase-mediated suppression of histone deacetylase 2. J Allergy Clin 
Immunol 2016. 

31. Haw TJ, Starkey MR, Nair PM, et al. A pathogenic role for tumor necrosis 
factor-related apoptosis-inducing ligand in chronic obstructive 
pulmonary disease. Mucosal Immunol 2016; 9: 859-872. 

32. Jarnicki AG, Schilter H, Liu G, et al. A novel SSAO inhibitor PXS-4728A 
suppresses inflammation and fibrosis and improves lung function in 
experimental chronic obstructive pulmonary disease. Br J Pharmacol 
2016. 

33. Hattori N, Degen JL, Sisson TH, et al. Bleomycin-induced pulmonary 
fibrosis in fibrinogen-null mice. J Clin Invest 2000; 106: 1341-1350. 



 27 

34. Horvat JC, Starkey MR, Kim RY, et al. Chlamydial respiratory infection 
during allergen sensitization drives neutrophilic allergic airways disease. 
J Immunol 2010; 184: 4159-4169. 

35. Donovan C, Seow HJ, Royce SG, et al. Alteration of Airway Reactivity and 
Reduction of Ryanodine Receptor Expression by Cigarette Smoke in Mice. 
Am J Respir Cell Mol Biol 2015; 53: 471-478. 

36. Bourke JE, Bai Y, Donovan C, et al. Novel small airway bronchodilator 
responses to rosiglitazone in mouse lung slices. Am J Respir Cell Mol Biol 
2014; 50: 748-756. 

37. Hsu AC, Starkey MR, Hanish I, et al. Targeting PI3K-p110alpha Suppresses 
Influenza Virus Infection in Chronic Obstructive Pulmonary Disease. Am J 
Respir Crit Care Med 2015; 191: 1012-1023. 

38. Essilfie AT, Simpson JL, Dunkley ML, et al. Combined Haemophilus 
influenzae respiratory infection and allergic airways disease drives 
chronic infection and features of neutrophilic asthma. Thorax 2012; 67: 
588-599. 

39. Thorburn AN, O'Sullivan BJ, Thomas R, et al. Pneumococcal conjugate 
vaccine-induced regulatory T cells suppress the development of allergic 
airways disease. Thorax 2010; 65: 1053-1060. 

40. Preston JA, Thorburn AN, Starkey MR, et al. Streptococcus pneumoniae 
infection suppresses allergic airways disease by inducing regulatory T-
cells. Eur Respir J 2011; 37: 53-64. 

41. Walters MS, Gomi K, Ashbridge B, et al. Generation of a human airway 
epithelium derived basal cell line with multipotent differentiation 
capacity. Respir Res 2013; 14: 135. 

42. Ge Q, Chen L, Jaffar J, et al. Fibulin1C peptide induces cell attachment and 
extracellular matrix deposition in lung fibroblasts. Sci Rep 2015; 5: 9496. 

43. Hsu AC, Parsons K, Barr I, et al. Critical role of constitutive type I 
interferon response in bronchial epithelial cell to influenza infection. PLoS 
One 2012; 7: e32947. 

44. Wu YJ, La Pierre DP, Wu J, et al. The interaction of versican with its 
binding partners. Cell Res 2005; 15: 483-494. 

45. Wang Q, Shen B, Chen L, et al. Extracellular calumenin suppresses ERK1/2 
signaling and cell migration by protecting fibulin-1 from MMP-13-
mediated proteolysis. Oncogene 2015; 34: 1006-1018. 

46. Balbona K, Tran H, Godyna S, et al. Fibulin binds to itself and to the 
carboxyl-terminal heparin-binding region of fibronectin. J Biol Chem 
1992; 267: 20120-20125. 

47. Twal WO, Czirok A, Hegedus B, et al. Fibulin-1 suppression of fibronectin-
regulated cell adhesion and motility. J Cell Sci 2001; 114: 4587-4598. 

48. Jia G, Erickson RW, Choy DF, et al. Periostin is a systemic biomarker of 
eosinophilic airway inflammation in asthmatic patients. J Allergy Clin 
Immunol 2012; 130: 647-654 e610. 

49. Engvall E, Ruoslahti E. Binding of soluble form of fibroblast surface 
protein, fibronectin, to collagen. Int J Cancer 1977; 20: 1-5. 

50. Norris RA, Damon B, Mironov V, et al. Periostin regulates collagen 
fibrillogenesis and the biomechanical properties of connective tissues. J 
Cell Biochem 2007; 101: 695-711. 



 28 

51. Crouch E. Pathobiology of pulmonary fibrosis. Am J Physiol 1990; 259: 
L159-184. 

52. Zhang HY, Gharaee-Kermani M, Zhang K, et al. Lung fibroblast alpha-
smooth muscle actin expression and contractile phenotype in bleomycin-
induced pulmonary fibrosis. Am J Pathol 1996; 148: 527-537. 

53. Willems IE, Havenith MG, De Mey JG, et al. The alpha-smooth muscle 
actin-positive cells in healing human myocardial scars. Am J Pathol 1994; 
145: 868-875. 

54. Brightling CE, Bradding P, Symon FA, et al. Mast-cell infiltration of airway 
smooth muscle in asthma. N Engl J Med 2002; 346: 1699-1705. 

55. Johnson PR, Roth M, Tamm M, et al. Airway smooth muscle cell 
proliferation is increased in asthma. Am J Respir Crit Care Med 2001; 164: 
474-477. 

56. Bentley JK, Hershenson MB. Airway smooth muscle growth in asthma: 
proliferation, hypertrophy, and migration. Proc Am Thorac Soc 2008; 5: 
89-96. 

57. Phan SH. The myofibroblast in pulmonary fibrosis. Chest 2002; 122: 
286S-289S. 

58. Reeves SR, Kolstad T, Lien TY, et al. Fibroblast-myofibroblast transition is 
differentially regulated by bronchial epithelial cells from asthmatic 
children. Respir Res 2015; 16: 21. 

59. Petrov VV, Fagard RH, Lijnen PJ. Stimulation of collagen production by 
transforming growth factor-beta1 during differentiation of cardiac 
fibroblasts to myofibroblasts. Hypertension 2002; 39: 258-263. 

60. Evans CM, Raclawska DS, Ttofali F, et al. The polymeric mucin Muc5ac is 
required for allergic airway hyperreactivity. Nat Commun 2015; 6: 6281. 

61. Cohn L. Mucus in chronic airway diseases: sorting out the sticky details. J 
Clin Invest 2006; 116: 306-308. 

62. Kurowska-Stolarska M, Stolarski B, Kewin P, et al. IL-33 amplifies the 
polarization of alternatively activated macrophages that contribute to 
airway inflammation. J Immunol 2009; 183: 6469-6477. 

63. Saglani S, Lui S, Ullmann N, et al. IL-33 promotes airway remodeling in 
pediatric patients with severe steroid-resistant asthma. J Allergy Clin 
Immunol 2013; 132: 676-685 e613. 

64. Cao J, Ren G, Gong Y, et al. Bronchial epithelial cells release IL-6, CXCL1 
and CXCL8 upon mast cell interaction. Cytokine 2011; 56: 823-831. 

65. Carey WA, Taylor GD, Dean WB, et al. Tenascin-C deficiency attenuates 
TGF-ss-mediated fibrosis following murine lung injury. Am J Physiol Lung 
Cell Mol Physiol 2010; 299: L785-793. 

66. Bentley JK, Chen Q, Hong JY, et al. Periostin is required for maximal 
airways inflammation and hyperresponsiveness in mice. J Allergy Clin 
Immunol 2014; 134: 1433-1442. 

67. Navab R, Strumpf D, To C, et al. Integrin alpha11beta1 regulates cancer 
stromal stiffness and promotes tumorigenicity and metastasis in non-
small cell lung cancer. Oncogene 2016; 35: 1899-1908. 

68. Hallstrand TS, Hackett TL, Altemeier WA, et al. Airway epithelial 
regulation of pulmonary immune homeostasis and inflammation. Clin 
Immunol 2014; 151: 1-15. 



 29 

69. Alkhouri H, Moir LM, Armour CL, et al. CXCL1 is a negative regulator of 
mast cell chemotaxis to airway smooth muscle cell products in vitro. Clin 
Exp Allergy 2014; 44: 381-392. 

70. Al-Alwan LA, Chang Y, Rousseau S, et al. CXCL1 inhibits airway smooth 
muscle cell migration through the decoy receptor Duffy antigen receptor 
for chemokines. J Immunol 2014; 193: 1416-1426. 

  



 30 

Figure legends 

Figure 1. Chronic house dust mite (HDM) challenge results in airway 

remodelling and airway hyperresponsiveness (AHR) in association with 

increased Fbln1 and Fbln1c protein levels in the lungs in experimental chronic 

asthma. (A) Mice were chronically exposed to HDM via the airways for 35 

days. Controls received saline. (B) A time course of lung sections was stained 

with Sirius Red and Fast Green (left, scale bar = 50 μm), and collagen area 

around the small airways was quantified and normalised to the perimeter of 

the basement membrane (Pbm). (C) Time course of type I collagen (Col1a1) 

in whole lungs by immunoblot. (D) Airway resistance (left) and dynamic 

compliance (right) were measured in response to increasing concentrations of 

methacholine after 35 days of HDM challenge. Time course of Fbln1 (E) and 

Fbln1c (F) protein levels assessed in whole lung homogenates by immunoblot 

(top), and fold change of densitometry normalised to β-actin (bottom). Results 

are mean ± SEM. n=6-8 mice per group. *P<0.05, **P<0.01, ***P<0.001 

compared to saline-challenged WT controls. 

 

Figure 2. Genetic deletion and therapeutic targeting of Fbln1c in mice 

protects against increased collagen deposition around the small airways and 

in whole lungs, and airway hyperresponsiveness (AHR) in house dust mite 

(HDM)-induced experimental chronic asthma. WT and Fbln1c–/– mice were 

administered HDM to the airways for 35 days. Controls received saline. (A) 

Lung sections were stained with Sirius Red and Fast Green (left, scale bar = 

500 μm; insets show expanded images of indicated regions; scale bar = 50 

μm). Collagen area around small airways was normalised to the perimeter of 
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basement membrane (Pbm, right). (B) Total collagen levels were assessed by 

measuring hydroxyproline (left), and soluble collagen (right) in whole lungs. 

(C) Type I collagen (Col1a1) protein was measured in whole lungs by 

immunoblot (left), and fold-change of type I collagen was normalised to β-

actin and compared to saline-challenged WT controls (right). (D) AHR in 

terms of airway resistance in response to increasing concentrations of 

methacholine challenge (left), and a representative plot of airway resistance at 

the maximal dose (50 mg/ml) of methacholine (right). (E) AHR in terms of 

dynamic compliance in response to increasing concentrations of methacholine 

challenge (left), and a representative plot of dynamic compliance at 50 mg/ml 

of methacholine (right). Mice were administered HDM to the airways for 35 

days to induce experimental asthma and were treated with Fbln1c-targeted or 

scrambled siRNA from day 21 to day 35. (F) Collagen was stained with Sirius 

Red and Fast Green (left, scale bar = 50 μm) and normalised to Pbm (right). 

(G) Col1a1 proteins in whole lungs (left), and fold change of Col1a1 were 

normalised to β-actin (right). Airway resistance (H) and dynamic compliance 

(I) in response to increasing concentrations of methacholine challenge. 

Results are mean ± SEM. n=6–8 mice per group. *P<0.05, **P<0.01, 

****P<0.0001 compared to saline-challenged WT or Fbln1c–/– controls. 

#P<0.05, ##P<0.01, ####P<0.0001 compared to HDM-challenged WT 

controls. $P<0.05, $$P<0.01 compared to HDM-challenged controls with 

scrambled siRNA. 

 

Figure 3. Fbln1c–/– mice are partially or completely protected against 

increased fibronectin (Fn) and periostin (Postn) but increased tenascin-c (Tnc) 
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deposition is unaffected around the small airways or in whole lungs in house 

dust mite (HDM)-induced experimental chronic asthma. (A) Fn, (B) Tnc, and 

(C) Postn deposition around small airways was assessed by 

immunohistochemistry (left) scale bars, 50 μm, and quantification of the areas 

was normalised to the perimeter of the basement membrane (Pbm) (right). (D) 

Protein levels in whole lungs was assessed by immunoblot (left), and fold 

change determined using densitometry normalised to β-actin and compared 

to saline-challenged WT controls (right). Results are mean ± SEM. n=6–8 

mice per group. *P<0.05, **P<0.01 ***P<0.001, ****P<0.0001 compared to 

saline-challenged WT or Fbln1c–/– controls. #P<0.05, ##P<0.01, ###P<0.001, 

####P<0.0001 compared to HDM-challenged WT controls. NS is non-

significant. 

 

Figure 4. Fbln1c–/– mice are protected against increases in α-smooth muscle 

actin (α-SMA) positive cells around medium and small airways, and 

exaggerated airway contractility in house dust mite (HDM)-induced 

experimental chronic asthma. α-SMA (red) and nuclei (blue) staining around 

(A) medium and (B) small airways (left) scale bars = 200 μm, insets show 

expanded image of indicated regions; scale bars = 50 μm. Quantification of α-

SMA area was normalized to the perimeter of the basement membrane (Pbm, 

right). (C) Frame-by-frame analysis showing changes in airway lumen area 

with methacholine (MCh) exposure. (D) Average contraction over the last 

minute of perfusion of each concentration of MCh exposure. Results are 

mean ± SEM. n=6–8 airways from n=5-8 mice per group. *P<0.05 compared 
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to saline-challenged WT or Fbln1c–/– controls. #P<0.05 compared to HDM-

challenged WT controls. 

 

Figure 5. Genetic and therapeutic inhibition of Fbln1c in mice are protected 

against pulmonary inflammation in house dust mite (HDM)-induced 

experimental chronic asthma. WT and Fbln1c–/– mice were administered 

chronic HDM for 35 days. Controls received saline. (A) Differential 

inflammatory cell counts in bronchoalveolar lavage fluid (BALF). (B) IL-5, (C) 

IL-13, (D) IL-33, (E) TNF and (F) CXCL1 protein levels in whole lung 

homogenates measured by ELISA. Mice were administered HDM for 35 days 

to induce experimental asthma and were treated with Fbln1c-targeted or 

scrambled siRNA or vehicle. (G) Differential inflammatory cell counts in BALF. 

(H) IL-5, (I) IL-13, (J) IL-33, (K) TNF and (L) CXCL1 protein levels in whole 

lung homogenates. GATA3+ Th2 cells from lymph nodes (M) and lungs (N) 

were enumerated by flow cytometry. Results are mean ± SEM. n=6–8 mice 

per group. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 compared to saline- 

or dH20-treated WT or Fbln1c–/– controls. #P<0.05, ##P<0.01, ####P<0.0001 

compared to HDM-treated WT controls. $P<0.05, $$P<0.01 compared to 

HDM controls treated with scrambled siRNA. 

 

Figure 6 Genetic and therapeutic depletion of Fbln1c in mice protects against 

increased Th2 cytokine and chemokine production in lung-draining lymph 

nodes in house dust mite (HDM)-induced experimental chronic asthma, as 

well as Fbln1c peptide induced CXCL1 in a human epithelial cell line. Cells 

were isolated from the lymph nodes of WT and Fbln1c–/– mice, cultured with 
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HDM and (A) IL-5, (B) IL-13, and (C) TNF protein levels in supernatants 

measured by ELISA. Mice were sensitised and challenged with HDM for 35 

days to induce experimental asthma and were treated with Fbln1c–targeted or 

scrambled siRNA. Dendritic cells and T cells were isolated from lymph nodes, 

re-stimulated with HDM, and IL-5 (D) and IL-13 protein levels in supernatants 

were measured by ELISA. n=6–8 mice per group. Human epithelial (A549) 

cells (F) and human epithelium-derived basal (BCi-NS1.1) cells (G) were 

cultured with Fbln1c peptide or scrambled peptide or were uncoated and 

contained media only and CXCL1 mRNA levels were measured by Reverse 

Transcription-qPCR. n=6. Results are mean ± SEM. *P<0.05, ****P<0.0001 

compared to saline-challenged WT or Fbln1c–/– controls with HDM re-

stimulation. #P<0.05, ##P<0.01 compared to HDM-challenged WT mice with 

HDM re-stimulation. &P<0.05, &&P<0.01 compared to HDM-challenged mice 

with scrambled siRNA. ØP<0.05, ØØP<0.01, compared to culture medium 

control. 
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SUPPLEMENTARY MATERIAL ONLINE 
 
Supplementary materials and methods  YES 
 
Supplementary figure legends  YES 
 
 
Figure S1. Fbln1c deficiency does not change the numbers of mucus 

secreting cells around the airways in HDM-induced experimental chronic 

asthma 

 
Figure S2. The absence of Fbln1c reduced MUC5AC but not MUC5B area 

around the airways in HDM-induced experimental chronic asthma 

 
Figure S3. GATA3+ Th2 cell numbers were not different between naive WT 

and Fbln1c–/– mice 

 

Figure S4. Targeting of Fbln1c with siRNA reduced CD45+ CD4+ CD3+ 

GATA3+ Th2 cell number in lymph nodes in HDM-induced experimental 

chronic asthma 

 

Figure S5. Targeting of Fbln1c with siRNA reduced CD45+ CD4+ CD3+ 

GATA3+ Th2 cells in the lungs in HDM-induced experimental chronic asthma 
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Supplementary Method and Materials 

Reference numbers refer to the main text list 
 
 

Airway remodelling  

Isolated mouse lungs were perfused with 0.9% saline at fixed pressure, 

formalin-fixed, paraffin-embedded, sectioned and stained with Sirus Red and 

Fast Green. Photomicrographs were taken using an Aperio AT2 image 

scanner (Leica Biosystems, Wetzlar, Hesse, Germany). Images were 

evaluated and airway remodelling was analysed using ImageJ (version 1.47) 

as described previously [22,24]. Airways were divided into three categories 

according to the perimeter of their basement membrane (Pbm): Pbm ≤1 mm 

(small), Pbm >1 to ≤2 mm (medium) and Pbm > 2mm (large). At least 6 

airways per mouse were blind-selected from 4-6 mice in each experimental 

group. The widths of the perimeter of the basement membrane (Pbm), the 

inner collagen area (Ai), and the outer collagen area (Ao) were measured 

using ImageJ. Collagen area (Wct) was calculated (Wct = Ao-Ai) and 

normalised to the Pbm. 

 

AHR 

Mice were anesthetized with ketamine (40mg/kg, Ceva Animal Health Pty Ltd, 

Glenorie, NSW, Australia) and xylazine (10mg/kg, Troy Laboratories, 

Smithfield, NSW, Australia). Mice were cannulated and attached to a 

ventilator (Buxco Electronics, Sharon, CT, USA). Airway resistance (RL) and 

dynamic compliance (CDyn) were assessed by analysis of pressure and flow 

waveforms in response to increasing doses of methacholine.  
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Protein extraction 

Lung tissues were homogenised in radioimmunoprecipitation assay (RIPA) 

buffer (Sigma-Aldrich, Castle Hill, NSW, Australia) or PBS supplemented with 

PhosSTOP phosphatase inhibitor and complete protease inhibitor cocktails 

(Roche, Mannheim, Germany) as described previously [28,29,31]. Tissue 

debris was removed by centrifugation (8,000 x g, 10 min, 4 °C), and proteins 

were collected for analysis using immunoblot or ELISA. Protein 

concentrations were determined using a BCA protein assay kit (Pierce 

Biotechnology, Rockford, IL, USA). 

 

Immunoblotting  

Proteins were separated by SDS-PAGE electrophoresis using Mini-

PROTEAN TGX Stain-Free gels (Bio-Rad, USA), and transferred to 

polyvinylidene difluoride membranes (EMD Millipore, Billerica, MA, USA). 

Proteins were detected using antibodies, including Fbln1c obtained as 

described previously [17], Fbln1 (ab175204, Abcam, Milton, CB, UK), Col1a1 

(ab21286, Abcam), Fn (F3648, Sigma-Aldrich, St. Louis, MO, USA), Postn 

(ab14041, Abcam), Tnc (sc-20932, Santa Cruz Biotechnology, Santa Cruz, 

CA, USA), and β-actin (ab70165, Abcam). Images of immunoblots were 

captured with a ChemiDoc MP System (Bio-Rad Laboratories, Hercules, CA, 

USA). Blots were cut based on protein molecular weights, so that multiple 

proteins could be detected at the same time. The densitometric values of 

proteins of interest were measured and normalised according to the density of 

internal control proteins, such as β-actin, using ImageJ as described 
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previously [37]. Values are represented as fold-change of the experimental 

groups compared to control groups. 

 

Hydroxyproline assay 

Lung tissues were homogenised in 6N HCl at 130 C for 8 h. Samples were 

incubated with chloramine-T solution (1.4% chloramine-T, 10% N-propanol 

and 80% citrate-acetate buffer [110 mM sodium acetate trihydrate, 20 mM 

citric acid, 75 mM sodium hydroxide, pH 6.5]) at room temperature for 20 min, 

and incubated with Ehrlich’s solution at 65 C for 18 min. Absorbance was 

measured at 558 nm. The concentrations of hydroxyproline (Sigma-Aldrich) 

were determined against standard curves generated using known 

concentrations of pure hydroxyproline. 

 

Soluble collagen assay 

Soluble collagen was determined using Sircol Collagen Assay kits (Biocolor, 

Carrickfergus, BT, UK) according to the manufacturer’s instructions as 

described previously [22]. 

 

Mucus secreting cells 

Sections of mouse lung sections were deparaffinised and stained with 

Periodic acid-Schiff (PAS) using a commercially available kit (395B-1KT, 

Sigma-Aldrich) according to the manufacturer’s instructions; sections were 

immersed in periodic acid solution for 5 min at room temperature and 

following three rinses with distilled water incubated with Schiff's reagent for 15 
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min at room temperature, then counterstained with haematoxylin for 90 s. 

Mucus and goblet cells stain purple/magenta, whereas nuclear material stains 

blue. The number of PAS-positive cells per 100 μm length of airways was 

enumerated under high-power magnification (100x) as described previously 

[34].  

 

Immunostaining  

Longitudinal sections of mouse lungs were incubated with citrate buffer 

(10mM, pH6, 100 C, 35 min) for antigen retrieval. Non-specific binding was 

blocked with casein (5%, B6429,  Sigma-Aldrich, USA) at room temperature 

for 1 h. Slides were incubated with antibodies raised against Fbln1 (1:4,000, 

Abcam), Fn (1:2,000, Sigma-Aldrich, USA), Postn (1:2,000, Abcam) or Tnc 

(1:4,000, Santa Cruz Biotechnology) at 4 °C overnight, followed by anti-rabbit 

horseradish peroxidase-conjugated secondary antibody (HAF008, R&D 

Systems, Minneapolis, MN, USA) at 37 °C for 30 min. Diaminobenzidine 

(DAB, DAKO, Australia) was used as the chromogen and haematoxylin as a 

nuclear counterstain.  

 

Immunofluorescence 

Longitudinal sections of mouse lungs were deparaffinised and incubated with 

citrate buffer (10mM, pH6, 100 C, 35 min) for antigen retrieval. Non-specific 

binding was blocked with casein (5%, B6429, Sigma-Aldrich, USA) at room 

temperature for 1 h. Slides were incubated with anti-MUC5AC (1:100, 

ab3649, Abcam), or anti-MUC5B (1:200, sc-21768, Santa Cruz 

Biotechnology) antibodies at 4 °C overnight, followed by Cy3-conjugated anti-
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rabbit secondary antibody (R&D Systems) as described previously [60]. Some 

slides were incubated with an α-SMA antibody conjugated with Cy3 (c6198, 

Sigma-Aldrich) at 4°C overnight. Hoechst 33258 (1:200, 94403, Sigma-

Aldrich) was used to stain nuclei in the sections. The area of proteins was 

normalised to the length of basement membrane as described previously 

[22,60].  

 

Airway contractility 

Isolated mouse lungs were inflated with 2% agarose gel dissolved in Hank's 

balanced salt solution, sectioned at 150 μm using a vibratome (VT 1000S, 

Leica), and incubated overnight in DMEM supplemented with 1% penicillin-

streptomycin. Lung slices were mounted in a custom-built perfusion chamber 

and perfused with increasing concentrations of methacholine. Dilator 

responses were assessed in airways pre-contracted with methacholine as 

described previously [35,36]. 

 

Bronchoalveolar lavage fluid (BALF) 

BALF was collected as described previously [22]. In brief, the multi-lobed lung 

was tied off and BALF was collected from the single-lobed lung by washing 

twice with PBS (500 μl). Cells were pelleted (150xg, 10 min) and resuspended 

in red blood cell lysis buffer. Remaining cells were cytocentrifuged (300 x g, 5 

min, ThermoFisher Scientific, Australia) onto microscope slides. Cells were 

stained with May-Grünwald-Giemsa and enumerated according to 

morphological criteria using a light microscope as described previously [38].  
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ELISA 

Concentrations of IL-5, IL-13, IL-33, TNF and CXCL1 proteins in lung tissue 

homogenates were determined using duoset ELISA kits (R&D Systems, 

Gymea, Australia) according to the manufacturer’s instructions and as 

described previously [27,37]. 

 

Lymph node and lung assays 

Cells from mouse lungs and draining lymph nodes were collected and filtered 

as described previously [39]. The cells were cultured with or without 5 μg/ml 

HDM for five days, and the levels of secreted IL-5 and IL-13 were measured 

by ELISA [27,38]. Some cells were stained with Th2 cell markers and 

enumerated by flow cytometry.  

 

Flow cytometry  

Single cell suspensions were prepared from mouse lungs and lymph nodes as 

described previously [31]. Cells were incubated with Fc-blocking buffer in the 

dark at room temperature for 30 min to prevent non-specific binding, then 

stained with CD4 conjugated to PE (60029, Stemcell Technologies, 

Vancouver, BC, Canada), CD3 conjugated to APC (100312., Biolegend, San 

Diego, CA, USA), and CD45 conjugated to PerCpCy5.5 (109828., Biolegend) 

antibodies according to the manufacturer’s instructions. Cells were then 

permeabilised and stained intracellularly with anti-GATA3 conjugated to 

PEcy7 (560405, BD Biosciences, Franklin Lakes, NJ, USA). Flow cytometric 

analysis was performed using a BD LSRFortessa X-20 Cytometer with 
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FACSDiva software (BD Biosciences). Data was analysed using FlowJo 

software (Tree Star, Inc., Ashland, Oregon, USA) as described [40]. 

 

Dendritic cell (DC) and T cell cytokine release 

Mice in chronic HDM-induced experimental asthma and control groups were 

treated with Fbln1c-targeted siRNA or scrambled siRNA or vehicle. DCs and 

T cells were isolated from lung draining lymph nodes using EasySep kits 

(Stemcell Technologies, USA) according to the manufacturer’s instructions.  

DCs and T cells were co-cultured in DMEM medium with or without 5 μg/ml 

HDM for 5 days, and the levels of secreted IL-5 and IL-13 were measured by 

ELISA [39, 40]. 

 

In vitro experiments 

Cells of the human airway epithelial A549 line and epithelium derived from 

basal (BCi-NS1.1) cells [41] were cultured in Dulbecco's modified Eagle’s 

medium (DMEM, D5671, Sigma-Aldrich, USA) containing 5% fetal bovine 

serum (FBS, Bovogen, East Keilor, VIC, Australia), 25 mM 

hydroxyethylpiperazine-N'-2-ethanesulphonic acid buffer, 100 U/ml penicillin, 

and 100 μg/ml streptomycin at 37 °C in a 5% CO2 incubator. Fbln1c peptide 

(RCERLPCHENRECSKLPLRI) was obtained as described previously [43], 

and scrambled peptide (CCLECRRHRESNKPIRLLEP) was obtained from GL 

Biochem (Shanghai, China). Six-well plates were coated with human Fbln1c 

peptide (100 μg/ml) at room temperature, overnight. After three PBS washes, 

A549 or BCi-NS1.1 cells were seeded into wells with DMEM containing 0.1% 

FBS. Cells were lysed and RNA was extracted after 24 and 48 h. Total RNA 
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was reversed transcribed as described previously [41] and mRNA abundance 

determined by real-time quantitative PCR (qPCR) using human CXCL1 

primers (F:GCCAGTGCTTGCAGACCCT; R:GGCTATGACTTCGGTTTGGG), 

and expressed relative to the level of GAPDH mRNA (F: 

GTCGCTGTTGAAGTCAGAGG; R: GAAACTGTGGCGTGATGG). 

 

Statistics 

For mouse studies, results are presented as mean ± standard error of the 

mean (SEM) from 4–8 mice, in duplicate or triplicate experiments. Cell culture 

experiments were repeated at least three times for each time point. The 

statistical significance of differences between two group means was 

determined using two-tailed Student’s t-tests. Comparisons involving more 

than two groups used one-way or two-way analysis of variance (ANOVA) and 

Bonferroni post-test correction. GraphPad-Prism Software (version 6, 

GraphPad, La Jolla, CA, USA) was used to plot the data. 
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