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ABSTRACT

Asthma is a chronic inlammatory disease associated with airway remodeling, which is regulated by 

interaction between the epithelium, mesenchymal cells and extracellular matrix (ECM) within the 

epithelial mesenchymal trophic unit (EMTU). Our previous work has shown that airway epithelial 

cells, through the production of IL-1α, regulate the phenotype of ibroblasts within the lung EMTU. 

The objective of this study was to assess the role of epithelial-derived IL-1 in ibroblast inlammatory 

and remodeling responses in asthma. 

Primary airway epithelial cells (PAECs) and primary airway ibroblasts (PAFs) were obtained from 

asthmatic and non-asthmatic donor lungs deemed not suitable for transplantation (n=10). PAECs at 

passage 2 were cultured in an air-liquid interface (ALI) and the expression and release of IL-1α and 

other IL-1 family members were determined by PCR and ELISA respectively. PAFs were stimulated 

with 1ng/mL IL-1α, IL-1β and IL-33. The release of pro-inlammatory mediators was measured using 

ELISA and contraction of collagen I gels over time was quantiied. Collagen I iber formation was 

assessed using second harmonic generation-non linear optical microscopy (SHG-NLOM). 

We found higher mRNA and protein expression of IL-1α, IL-1β and IL-33 in PAECs derived from 

asthma patients compared to control-derived PAECs. Exogenous stimulation of ibroblasts with IL-

1α and IL-1β but not IL-33 signiicantly increased the release of pro-inlammatory cytokines IL-6, 

IL-8, TSLP and GM-CSF and inhibited collagen I, ibronectin, and periostin expression in asthma and 

control PAFs. Additionally, we found that ibroblasts stimulated with IL-1α and IL-1β were inhibited in 

their ability to contract collagen I gels. This efect was due to downregulation of lysyl oxidase, which 

afected microtubule formation, as was conirmed by inhibition of LOX with β-aminoproprionitrile. 

IL-1 production is increased in asthmatic-derived PAECs, and IL-1α and -β regulate the remodeling 

and pro-inlammatory phenotype of PAFs. This has important implications for IL-1 release during 

epithelial damage in asthma, and may help in understanding abnormal collagen deposition and 

remodeling in asthma, creating potential opportunities for therapeutic intervention.
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INTRODUCTION

Asthma is deined as a chronic inlammatory disease of the airways associated with airway 

hyperresponsiveness (AHR) and airway remodeling1. Longitudinal studies of children to adulthood 

have shown that current pharmacologic treatments only manage symptoms and do not change 

airlow obstruction caused by airway remodeling2-5. Thus, there is a need to understand the 

mechanisms of airway remodeling to identify new therapeutic targets. There is growing evidence 

that aberrant repair and remodeling within the asthmatic airway epithelial mesenchymal trophic 

unit (EMTU) plays an important role in airway remodeling6-8.  The airway epithelium is the irst 

chemical, structural, and immunological barrier to the inhaled environment. It removes inhaled-

foreign bodies from the lung via mucocilliary function and secretion of mucus9,10. When damaged, 

the airway epithelium becomes immunologically activated to alarm immune cells and eventually 

maintain tissue homeostasis11. Furthermore, the injured epithelium releases ibroproliferative and 

ibrogenic growth factors (e.g. FGF2, PDGF) that stimulate the underlying mesenchymal cells to 

proliferate and secrete ECM12. 

In asthma, repetitive insult by environmental triggers is thought to cause a chronic activation 

and aberrant regulation of the repair processes within the EMTU13. There is an impaired capacity of 

the airway epithelium to repair itself, which has been closely linked to disease progression14,15.  It 

has been shown in several studies that the airway epithelium in asthma is fragile with decreased 

expression of adherens and tight junctions16-24. The asthmatic epithelium has also been shown to 

express features of aberrant repair, with increased expansion of the basal cell population16,18 and 

increased expression of repair markers p21WAF, TGF-β and EGFR25,26. Cytokines released following 

damage to the airway epithelium due to allergen exposure include IL-1, IL-6, CXCL8/IL-8, thymic 

stromal lipoprotein (TSLP), CCL5, IL-5, CCL17, CCL22, granulocyte macrophage colony-stimulating 

factor (GM-CSF) and TGF-α, which contribute to eosinophilia, mesenchymal cell activation, T
H
2 cell 

chemotaxis and/or T
H
2 cell polarization27-30.

We recently demonstrated that airway epithelial cells through the release of IL-1α are able to 

stimulate the release of inlammatory mediators such as CXCL8/IL-8 and IL-6 as well as modulate 

extracellular matrix production by lung ibroblasts using a co-culture model31. IL-1α is a master 

regulatory cytokine involved in innate immune regulation in the lungs32. It has been shown that 

IL-1α and other family members, IL-1β, IL-33 and IL-18, are vital in driving various aspects of asthma 

pathogenesis including; eosinophil recruitment, T
H
2 activation and airway hyperresponsiveness33-38. 

Thus, in the present study we hypothesized that IL-1 is essential for driving inlammation and 

remodelling in the asthmatic EMTU. We assessed the expression and release of IL-1 and its family 

members in the airway epithelium of asthmatics and non-asthmatics using submerged and 

air-liquid interface (ALI) cultures. Further, we examined the efects of the IL-1 family on airway 

ibroblast-derived inlammation, and on the ability of ibroblasts to remodel collagen I using 

collagen contraction assays. 

METHODS

Sample collection

Primary Airway epithelial cells (PAECs) were obtained via endobronchial airway brushings from 

asthmatic and healthy control subjects as previously described39. Primary airway ibroblasts 
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(PAFs) were isolated via outgrowth technique40 from human lungs not suitable for transplantation 

from asthmatic and healthy control donors who donated their lungs for medical research to the 

International Institute for the Advancement of Medicine (Edison, NJ). A lung was identiied as 

healthy if the donor had no history of respiratory disease or other co-morbidities, while asthmatic 

individuals had a history of physician diagnosed asthma. The donor demographics are provided in 

Table 1. 

Table 1 Characteristics of asthmatics and non-asthmatics from whom primary airway epithelial cell and primary 
airway ibroblasts were derived

Epithelial Donors

  Non-Asthma Asthma

Subjects 5 10

Age, mean (range) 31 (22-58) 30 (21-44)

Female/Male 3/2 7/3

Fibroblast Donors

  Non-Asthma Asthma

Subjects 9 9

Age, mean (range) 17 (5-42) 21 (21-44)

Female/Male 3/6 5/4

 

Cell culture conditions

PAECs were cultured in bronchial epithelial growth medium (BEGM, Lonza, Walkersville, MD) 

containing 100 U/mL penicillin and 100 ug/mL streptomycin. Fibroblasts were grown in Dulbecco’s 

Modiied Eagle’s medium (DMEM; Invitrogen, Burlington, ON, Canada) supplemented with 10% fetal 

calf serum, 2 mM L-glutamine, and 1% antibiotic/antimycotic solution in standard conditions (37˚C 

in humidiied 5% CO
2 
atmosphere).  

Air-liquid interface cultures: At passage 2 or 3, PAECs were grown in an air-liquid interface (ALI) on 

0.4μm polyester transwell inserts (Corning, New York). Cells were exposed to air when conluent 

and cultured for 20 subsequent days based on the methods of Fulcher et al.41 in a 1:1 mix of BEBM 

and DMEM with added bovine pituitary extract (52 μg/ml), transferrin (10 μg/ml), epidermal growth 

factor (EGF) (0.5 ng/ml), hydrocortisone (0.5 μg/ml), epinephrine (0.5 ng/ml) (all Cambrex), 100 μg/

ml streptomycin, 0.1 μM All-trans retinoic acid, insulin (5.0 μg/ml), 100 U/ml penicillin and (all from 

Sigma, St. Louis, MO) RNA and cell culture supernatant was harvested at day 0, 5, 11 and 20 of ALI.

Recombinant protein stimulations: Six well tissue culture plates were coated overnight with 50μg/mL 

of rat tail collagen I (Corning, New York) in DMEM. Following washing with PBS, PAFs at passage 3-5 

were seeded at a density of 50,000 cells per well onto the plates and allowed to grow to conluence. 

Cells were then serum-deprived overnight and stimulated with either control media or 1 ng/

mL recombinant IL-1α, IL-1β or IL-33 for 24 hours. Cell culture supernatant, protein and RNA was 

harvested for subsequent analysis.
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Collagen I gel contraction assay

Collagen I gels were made according to a previously described method42. Briely, 12 well tissue-

culture plates were coated with 1% BSA (Sigma) in DMEM (Lonza) for 2 h. The medium was then 

removed and 1 ml of 0.4 mg/ml type I Rat tail collagen (Corning) in DMEM was added and allowed to 

polymerize for 16 h at 37°C.  Collagen gels were carefully detached from the sides of the plate before 

PAFs were trypsinized and seeded at a density of 40,000 cells per well. Immediately after seeding, 

PAFs were treated with either control media, recombinant human 1 ng/ml IL-1α, IL-1β or IL-33 (R&D 

systems). Fibroblast contraction of collagen I gels after 24 hours was quantiied by imaging gels 

before and after the experiment and extent of gel contraction was analyzed using Image J software, 

and measuring semi-dry weight of gels after the experiment. Lastly, to understand the remodeling of 

collagen ibers during gel contraction, gels were then ixed in 4% paraformaldehyde for 20 minutes 

then stained with 4’,6-diamidino-2-phenylindole (DAPI) to identify nuclei and Phalloidin (Thermo 

Fisher Scientiic, Waltham, USA) to stain for F-actin. To assess the efects of lysyl oxidase (LOX) activity 

on collagen I gel contraction, seeded gels were stimulated with 10 mg/ml of β-aminopropionitrile 

(BAPN) fumarate salt (Sigma) which is a broad inhibitor of LOX activity.

Non-Linear Optical Microscopy and Texture analysis of Collagen I gels

Second Harmonic Generation Non-linear optical microscopy (SHG-NLOM) was carried out on ixed 

collagen I gels using a multi-photon microscope as described previously43. The peak intensity 

of ibrillar collagen was expressed as arbitrary unit (au). Texture analysis using a gray level co-

occurrence matrix (GLCM) was used to calculate the probability of pixels within the image occurring 

with a particular gray-tone, in a predetermined direction and separated by a pre-deined distance 

as described by Haralick and colleagues44. This enables us to calculate the Entropy ( ) of 

ibriliar collagen to determine the organization of collagen ibrils. Textural features were extracted 

by using a Matlab custom-built texture analysis toolkit. Some functions were based on the Matlab 

image processing toolbox43 as well as ImageJ’s histogram analysis toolbox.

Optical Magnetic Twisting Cytometry (OTMC)

To assess the efect of IL-1 on cell stress, cell stifness was measured using OTMC as previously 

described45,46. Briely, primary airway ibroblasts at passage 3 were seeded on a 96 well plate with 

surface bound magnetic beads and grown to conluency. Cells were then serum starved and treated 

with control media or recombinant IL-1α for 24 hours. The 96 well plate was then placed on the stage 

on an inverted microscope (DM-IRB, Leica Microsystems) equipped with an electo-magnetic twisting 

device and a charge-coupled device camera (1,280 × 1,024 pixels, 12-bit gray scale, SensiCam, The 

Cooke, Auburn Hills, MI). The Beads were twisted with a speciic torque of 56 Pa at 0.5 Hz, and the 

camera imaged the beads continuously (~200 beads at a time) at 16 frames per twisting cycle. Using 

an intensity centroid algorithm, the bead positions in each recorded image were automatically 

determined45 and then Fourier transformation was used to extract the displacement of each bead 

in response to the applied torque45-47. Beads with erratic, irreproducible motions were not analyzed. 

Thus, for a given speciic torque (T̃) applied to a bead and the resultant bead displacement (D̃), as 

described above, a complex stifness (G ̃) of the cell was deined as the ratio of the torque to the 

displacement, i.e., G̃ = (T ̃/D̃) = G′ +  iG”, where G′ is the in-p+hase component or elastic stifness, 
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which we hereafter refer to as cell stifness (in Pascal/nm)

ELISA

Concentrations of IL-1α, IL-1β, IL-33, released from PAECs and concentrations of IL-8, IL-6, thymic 

stromal lipoprotein (TSLP) and granulocyte-monocyte colony stimulating factor (GM-CSF) released 

from PAFs were measured by ELISA (R&D Systems, Minneapolis, USA) according to the manufacturer’s 

instructions. 

Gene expression analysis

Total RNA was harvested from PAECs and PAFs using the miRNEasy and RNEasy (Qiagen) respectively. 

For targeted RNA sequencing of PAECs, the Illumina HiSeq 2000 (Illumina, San Diego, USA) was used. 

TopHat2 (v2.0.6) was used to align the RNA reads of IL-1α, IL-1β and IL-33 to the human genome 

(build hg19)48. The BEDTools’ coverage utility was then used to specify the number of RNA reads that 

aligned to every metagen locus after a BED ile of Ensembl Gene (ENSG) loci was constructed from 

the Ensembl build 6949. RNA from PAFs was converted to cDNA with the High Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems, Foster City, CA) as per the instructions of the manufacturer. qRT-

PCR was then performed for speciic gene expression assays (all from Life Technologies) including 

collagen Iα1 (Hs00264051_m1), ibronectin (Hs00365052_m1), periostin (Hs01566734_m1), glioma-

associated oncogene homolog 1 (GLI-1) (Hs00942480_m1) and Lysyl oxidase (Hs00942480_m1) on 

the VIIA7 with Protein phosphatase 1 catalytic subnit, alpha isoenzyme (PP1A) (Hs00267568_m1), β-2 

microglobulin (B2M) (Hs00984230_m1) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

(Hs02786624_g1)  as the housekeeping genes according to the manufacturer’s instructions.

Statistics

Statistics were done with the Graphpad Prism software version 6. Diferences between disease 

groups and conditions were assessed using a 2-way ANOVA and Bonferroni post-hoc correction 

while diferences between multiple stimulations were assessed with the non parametric Friedman’s 

test and the post hoc Dunn’s test. Further, direct comparison between diseased and control groups 

were assessed with the Mann-Whitney U test and paired observations were analyzed with the 

Wilcoxon signed rank test as well as t tests. P<0.05 was considered statistically signiicant.

RESULTS

Asthmatic-derived undiferentiated basal cells release increased levels of IL-1

We assessed the expression of the IL-1 family members during epithelial diferentiation using the 

ALI model to mimic the process of epithelial re-diferentiation in vivo. As shown in igure 1, we found 

that PAECs from asthmatics express higher mRNA levels of IL-1α (igure 1a), IL-1β (igure 1b) and 

IL-33 (igure 1c) than those from controls on day 0 of the ALI culture, of the conluent monolayer. 

However, by day 5 of ALI culture, as the cells polarize and increase barrier function to diferentiate 

into a pseudostratiied epithelium, the expression of these IL-1 family members in asthmatic-derived 

cells was downregulated to the levels of control-derived cells (igure 1a-c), and remained low for at 

least 20 days. The expression of other IL-1 family members (IL-18 and IL-1 receptor antagonist) that 

may be involved in the pathogenesis of asthma did not change during epithelial diferentiation 

(data not shown). Importantly, at the protein level, asthmatic-derived undiferentiated epithelial 



103

Interleukin-1 afects inlammatory mediator release and collagen I contraction by airway ibroblasts from asthmatic 

and non-asthmatic donors

5

cultures also secreted signiicantly higher levels of IL-1α compared to non-asthmatic samples, as 

measured in the basolateral compartment (igure 1d). This further supports a potential role of 

secreted IL-1 in epithelial repair and these levels again decreased upon epithelial diferentiation. 

IL-1β secretion by asthmatic-derived PAEC also tended to be higher at day 0 compared to healthy-

derived cultures (igure 1e), but this failed to reach statistical signiicance. IL-33 levels were below 

the detection limit of the assay.

IL-1 stimulates an innate inlammatory response in airway ibroblasts

To ensure the responses observed in ibroblasts cultures were speciic to each IL-1 family member, 

we used commercially available recombinant proteins in our experiments. We chose to study the 

efects of both IL-1α, IL-1β and IL-33 using recombinant proteins to ensure we were capturing the 

response of airway ibroblasts to speciic IL-1 family members. As shown in igure 2, stimulation with 

IL-1α and IL-1β, but not IL-33, induce a signiicant increase in IL-6 (igure 2a), CXCL8/IL-8 (igure 2b), 

GM-CSF (igure 2c) and TSLP (igure 2d) release from PAFs compared to basal conditions (P<0.01). 

Of interest, there was no diference in the response of PAFs derived from non-asthmatic and 

asthmatic donors. As our in vitro experiments demonstrated that airway epithelial cells release ~30 

Figure 1 Production of IL-1 & IL-33 in diferentiated air-liquid interface (ALI) cultures of primary airway epithelial cells. 

Primary airway epithelial cells (PAECs) from non-asthmatic (n=5) and asthmatics (n=10) were cultured at an air-liquid interface, RNA 

and supernatants were collected at Days (D) 0, 5, 11 and 20. a) IL-1α b) IL-1β and c) IL-33 expression from PAECs are expressed as 

normalized to base pair reads. The concentration of d) IL-1α & e) IL-1β released from PAECs was measured by ELISA. Medians ± IQR are 

shown,*=P<0.05 and **=P<0.01 between the indicated values.
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pg/ml of IL-1 during diferentiation, we performed dose response experiments with IL-1 ranging 

from 0.001 to 1 ng/ml, and all doses demonstrated signiicant efects on CXCL8/IL-8 release from 

airway ibroblasts (supplemental igure S1). We also assessed the viability of PAFs after cytokine 

stimulations and found no efect on cell death (supplemental igure S2). 

IL-1 induces down-regulation of extracellular matrix proteins in airway ibroblasts

Next, we assessed the efects of cytokine stimulation on the expression of ECM proteins in the 

ibroblasts and found that both IL-1α and IL-1β, but not IL-33, caused signiicant down-regulation 

of the mRNA expression of collagen Iα1 (igures 3a, b and c), periostin (Figures 3e, f and g) and 

ibronectin (igure 3h, i and j).  There were no diferences in the mRNA expression of collagen Iα1, 

periostin or ibronectin comparing asthmatics and non-asthmatics with or without IL-1 stimulation. 

When we assessed the protein expression of collagen Iα1, unlike the mRNA, we found no changes 

in protein levels following 24 hours exposure to IL-1α and IL-1β (supplementary igure S3). However, 

Figure 2 IL-1 but not IL-33 stimulates the release of inlammatory mediators from primary airway ibroblasts (PAFs). Primary 

airway ibroblasts from non-asthmatics and asthmatics were grown to conluence on collagen I coated plates and stimulated with or 

without 1ng/ml recombinant human IL-1α, IL-1β or IL-33 for 24hours. Concentration of a) IL-6, b) CXCL8/IL-8, c) granulocyte-monocyte 

colony stimulating factor (GM-CSF) & d) thymic stromal lipoprotein (TSLP) released from primary airway ibroblasts after 24 hours. 

****=P<0.0001 between the indicated values.
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Figure 3 IL-1α and IL-1β induce decreased extracellular matrix protein expression in airway ibroblasts. Primary airway 

ibroblasts from non-asthmatics and asthmatics were grown to conluence on collagen I coated plates and stimulated with or without 

1ng/ml recombinant human IL-1α, IL-1β or IL-33 for 24hours. The mRNA expression of Collagen Iα1 (a-c), Perioston (d-f) Fibronectin (g-

i) and glioma-associated oncogene homolog 1 (GLI-1) (j-l) was assessed at 24 hours. *=P<0.05, **=P<0.01 and ***=p<0.001 between 

the indicated values.
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changes in collagen I protein expression have been shown to take up to 48 hours to stimuli such as 

TGF-β and therefore at the 24 hour time point used in this study we may not capture the subsequent 

change in protein expression40. As previous work has shown that IL-1 can down-regulate collagen 

expression via down-regulation of the sonic Hedgehog (SHH) transcription factor glioma-associated 

oncogene homolog 1 (GLI-1)50, we assessed the expression of GLI-1 in our ibroblast cultures. We 

found that IL-1α (igure 3l) and IL-1β (igure 3m), but not IL-33 (igure 3n), stimulation caused a 

down-regulation of GLI-1 in ibroblasts independent of disease.

Collagen I iber formation and contraction by airway ibroblasts is inhibited by IL-1 

It is well established that airway ibroblasts are important for the production, repair and contraction 

of ibrillar collagens during wound healing11,51,52. Figure 4a, shows representative images of collagen 

I gels seeded with PAFs and incubated with medium control, IL-1α, IL-1β or IL-33 for 24 hours. We 

irst compared the basal rates of contraction, and found asthmatic PAFs were less able to contract 

collagen gels compared to non-asthma-derived PAFs (igure 4b). In comparison to the basal rate of 

contraction of collagen I gels by PAFs after 24 hours, treatment with IL-1α and IL-1β but not IL-33, 

inhibited the contraction of collagen I gels (igure 4c). Due to the fact that collagen gel contraction 

in this model is due to matrix compaction and extrusion of water from the gel, gel weight can also 

be used to determine gel contraction53. As shown in igure 4d, our data were further validated by 

IL-1α and IL-1β treated collagen gels having a signiicantly greater weight compared to control and 

IL-33 conditions. 

Figure 4 IL-1 but not IL-33 efects ibroblast collagen 1 gel contraction and ibrillar formation. Primary airway ibroblasts (PAFs) 

from non-asthmatics and asthmatics were grown to conluence and seeded in collagen I gels in the presence or absence of 1ng/ml 

IL-1α, IL-1β or IL-33 and allowed to contract for 24 hours. a) Representative gel contraction images, b) Percentage gel contraction 

comparing basal rates of non-asthma and asthma derived PAFs c) Percentage gel contraction after stimulation with IL-1α, IL-1β and 

IL-33 d) semi-dry weight of contracted gels after stimulation with IL-1α, IL-1β and IL-33. e) Representative images of ibrillar collagen I 

taken with second harmonic generation (SHG) assessing non-linear optical microscopy (NLOM) in gels, f ) SHG peak intensity of ibrillar 

collagen I g) Entropy score for collagen I ibre orientation derived using textural analysis of SHG-NLOM images.  *=P<0.05, **=P<0.01 

and ****=p<0.0001 between the indicated values.
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Free loating 3-dimentionional collagen gels confer a mechanically compliant environment 

which enables ibroblasts to compact the collagen matrix and transmit mechanical force into the 

surrounding matrix inducing local and global matrix remodeling54. In the collagen I gelatin gel 

this leads to ibrillar collagen formation and arrangement54,55. When we analyzed the expression of 

ibrillar collagen I using SHG-NLOM (igure 4e) we found that IL-1α and IL-1β but not IL-33, inhibited 

the ability of airway ibroblasts to remodel gelatin collagen I into ibrillar collagen I compared to 

control conditions shown by a decreased peak intensity of ibrillar collagen (igure 4f ). Using texture 

analysis, we assessed the orientation of ibrillar collagen within the collagen I gels. We found that 

in collagen I gels treated with IL-1α and IL-1β, the ibrillar collagen had a higher measure of entropy 

indicating more disorganization of collagen ibers compared to control and IL-33-treated samples 

(Figure 4g). We found no diference in the response of non-asthmatic and asthmatic-derived PAFs to 

the stimulation of IL-1α, IL-1β and IL-33. 

IL-1 alters the interaction of airway ibroblasts with collagen I but not cell stifness

To assess if IL-1 inluenced the interaction of PAFs with collagen ibers, the collagen I gels were 

stained with DAPI to localize cell nuclei and with phalloidin to stain F-actin in the cytoskeleton. 

As shown by the representative images in igure 5a, treatment with IL-1α and IL-1β but not IL-33 

inhibited the formation of dendritic extensions by airway ibroblasts compared to basal conditions, 

where ibroblasts clearly formed dendritic extensions. We quantiied this by assessment of cell 

Figure 5 Interleukin-1 alters ibroblast interaction with collagen I. Primary airway ibroblasts from non-asthmatics and 

asthmatics were grown to conluence and seeded in collagen I gels in the presence or absence of 1ng/ml IL-1α, IL-1β or IL-33 and 

allowed to contract for 24 hours. Collagen I gels were then stained with DAPI and Phalloidin 594 for F-actin in the seeded ibroblasts 

a) Representative of composite images of ibroblasts and ibrillar collagen I taken with the confocal microscope and second harmonic 

generation (SHG) assessing non-linear optical microscopy (NLOM) in gels, b) Cell area measured as pixels2 of ibroblasts seeded in 

collagen I gels after contraction. c) Fibroblasts were seeded on 96 well plates in the presence of 1ng/ml IL-1α. Optical magnetic twisting 

was then used to measure cell stifness presented as G1 (Pa/nm).  *=P<0.05 between the indicated values.
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morphology and found that IL-1α and IL-1β exposure, but not IL-33, reduced the total cell area 

of airway ibroblasts (igure 5b) indicating a lack of dendritic extensions. These efects were not 

diferent between asthmatic and control-derived ibroblasts. To further investigate if IL-1α afects 

ibrillar collagen formation through efects on cell stifness, we assessed the efect of IL-1 cytokines 

on the rheology of airway ibroblasts using Optical Magnetic Twisting Cytometry, enabling the 

measurement of cell stifness in live cells45,46. As shown in igure 5c, treatment with IL-1α did not 

afect the cell stifness of airway ibroblasts (P=0.31). 

IL-1 controls ibroblast remodelling via lysyl oxidase regulation of microtubule formation

It has been suggested the IL-1 afects collagen remodeling by ibroblasts through the  regulation 

of the collagen cross-linking enzyme lysyl oxidase (LOX)50. Fibroblasts in free-loating collagen gels 

have been shown to make little new ECM, while LOX has recently been shown to be an important 

microtubule formation56. Hence, we proposed that IL-1 via LOX may play a role collagen I remodeling 

through modulation of microtubule formation. When we examined the expression of LOX in airway 

ibroblasts, we found that IL-1α and IL-1β, but not IL-33, induce down-regulation of LOX (igures 6a, 

b and c). To test if LOX was important for collagen I compaction by airway ibroblasts, we treated 

cells with the LOX inhibitor β-aminopropionitrile (BAPN). With BAPN inhibition we observed loss of 

dendritic extensions and rounding of airway ibroblasts (igure 7a), leading to a decreased cell area 

(igure 7b). This was similar to the rounding phenotype observed with IL-1α and β treatment, and 

accompanied by an almost complete inhibition of collagen I gel contraction by airway ibroblasts 

(igure 7c & d) compared to basal conditions. Cell death analysis indicated BAPN stimulation did not 

afect cell viability (igure 7e). 

Figure 6 IL-1 down-regulates the expression of lysyl oxidase (LOX) in airway ibroblasts. Primary airway ibroblasts (PAFs) from 

non-asthmatics and asthmatics were grown to conluence on collagen I coated plates. mRNA expression of LOX after stimulating with 

or without 1ng/ml recombinant a) IL-1α, b) IL-1β & c) IL-33 for 24hours., ***=P<0.001 between indicated values.
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Figure 7 Lysyl oxidase activity is essential for ibroblast contraction of collagen I gels Primary airway ibroblasts from non-

asthmatics and asthmatics were grown to conluence and seeded in collagen I gels and allowed to contract for 24 hours in the presence 

or absence of 10mg/ml β-aminopropionitrile which inhibits lysyl oxidase activity. Collagen I gels were then stained with DAPI and 

Phalloidin 594 for F-actin in the seeded ibroblasts a) Representative of composite images of ibroblasts and ibrillar collagen I taken 

with the confocal microscope and second harmonic generation (SHG) assessing non-linear optical microscopy (NLOM) in gels, b) Cell 

area measured as pixels2 of ibroblasts seeded in collagen I gels after contraction. c) Percentage gel contraction of collagen I gels d) 

semi-dry weight of contracted gels. e) Primary airway ibroblasts (PAFs) were grown to conluence on collagen I coated plates and 

stimulated with or without 10mg/ml BAPN. Percentage lactate dehydrogenase (LDH) released from cells after 24 hours. **=P<0.01 and 

***=P<0.001 between indicated values. 
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DISCUSSION

We report that the production of IL-1α is elevated in undiferentiated asthmatic airway epithelium 

compared to that of healthy controls. Furthermore, we show that IL-1 is important for regulating 

ibroblast pro-inlammatory responses (IL-8, IL-6, TSLP, GM-CSF), ECM production (collagen, 

ibronectin, periostin) and ibroblast interactions with ibrillar collagen I via LOX activity. These data 

support a role for IL-1 in the asthmatic EMTU and a potential role in disease pathogenesis. 

In the lung, IL-1 plays an essential role in the normal immune defense against inhaled particles 

and infections57. The airway epithelium is a constitutive source of IL-1, storing it primarily as a plasma 

membrane-associated pro-form32. After damage to the airway epithelium by inhaled allergens, as 

seen in asthma, IL-1 can be released as an alarmin to help initiate immune responses58,59. In this 

study we used air-liquid interface cultures to model the process of epithelial re-diferentiation. We 

found higher IL-1α mRNA and protein expression in undiferentiated cells forming a simple cuboidal 

epithelial monolayer, compared to diferentiated, pseudostratiied cells. Importantly, we also found 

that asthmatic-derived epithelial cells express signiicantly higher mRNA and protein levels of IL-1α 

than control-derived epithelial cells.  While there is strong evidence to support a role for IL-1 release 

by airway epithelial cells following infection or damage by inhaled particles or stimuli35-38, this is the 

irst report to demonstrate IL-1 release in undiferentiated, leaky airway epithelium, especially in 

asthmatic-derived cultures. This undiferentiated airway epithelial phase parallels the irst stages of 

epithelial wound repair/re-epithalization models, where epithelial cells display a similar phenotype 

during the initial “inlammatory phase”60. In line with this, acute exposure of a mouse model to silica 

induced an early release of IL-1α, which peaked between the irst 12 to 24 hours of exposure and 

was then switched of61. In the present study, we also found IL-1 was switched of following 5 days 

of epithelial polarization and diferentiation. In the human airways, the epithelium is exposed daily 

to inhaled allergens16,62 causing epithelial barrier dysfunction and an inlammatory environment in 

asthma. We propose this could lead to an environment of persistent and exaggerated IL-1α release 

from the asthmatic airway epithelium.

Airway epithelial damage in asthmatics has been suggested to have direct efects on the 

underlying ibroblasts in the EMTU, leading to structural changes8,13. By the use of co-cultures 

and conditioned medium exposure studies, we and others have previously shown that epithelial-

derived IL-1α is important for the regulation of lung ibroblast-mediated inlammation and ECM 

production31,63-65. When IL-1 is released into the airway EMTU, it has been shown to have a strong 

efect on ibroblast pro- inlammatory and repair responses31,63,66. We demonstrated that IL-1α is the 

most prominent IL-1 family member released from undiferentiated epithelium and that this release 

is exaggerated in asthmatic epithelium, while IL-1β levels were lower and IL-33 was undetectable. 

For all of the read-outs in the current study, only IL-1α and IL-1β, but not IL-33, afected ibroblast 

function. This could be due the fact that IL-1α and IL-1β both bind and signal through the same IL-1 

receptor (IL-1R) 1 with the activation of a similar down-stream pathway, while IL-33 signals through 

a diferent receptor, ST2. This receptor is also expressed on mesenchymal cells, but IL-33 has been 

shown to primarily afect immune cell types such as mast cells, basophils, T and B cells instead of 

airway ibroblasts in asthma67,68.

In this study, we demonstrate that in response to exogenous recombinant IL-1α and IL-1β, 

airway ibroblasts release the pro-inlammatory cytokines IL-6, CXCL8/IL-8, TSLP and GM-CSF, which 
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are vital for eosinophilia, mast cell activation and T
H
2 driven inlammation in asthma30. Increased 

levels of these cytokines has been linked to release of IL-4 and IL-5, all of which has been shown 

to be involved in allergic sensitization, hypercontractility of smooth muscle cells and airway 

hyperresponsiveness in asthma7,30. In addition to the efect on inlammatory mediator release, IL-1 

stimulation caused a down-regulation of airway ibroblast expression of ECM proteins collagen Iα1, 

periostin and ibronectin. This supports the role of IL-1 in counteracting an increased ECM expression 

by ibroblasts that we and others have previously demonstrated31,69,70. There was no diference in 

the ECM response of airway ibroblasts from asthmatics and non-asthmatics to exogenous IL-1 

stimulation in the present study. This notwithstanding, Reeves et al demonstrated with epithelial-

ibroblast co-cultures that an aberrant ECM response by asthma-derived airway ibroblasts is due 

to a defective ability of the asthma-derived airway epithelium to downregulate ibroblast ECM 

expression71. This was the result of increased production of TGF-β2 by asthma-derived epithelial 

cells compared to controls71. IL-1 and TGF-β have been shown to inluence each other’s biological 

activity in lung ibroblasts50,72. IL-1 can inhibit TGF-β-dependent myoibroblast transformation50, 

while TGF-β enhances myoibroblast survival by suppressing IL-1-induced apoptosis72. Hence a 

dysregulated balance between the production of these regulatory cytokines may cause ibroblasts 

to be more pro-ibrotic in later stages of disease. This defect may add to the pro-ibrotic phenotype 

of ibroblasts in asthmatic airways that may lead to airway remodeling71. Therefore, it will be of 

interest to study the combined efect of TGF-β and IL-1 in future studies. Although IL-1 is a classical 

inlammatory mediator, it has been suggested to have regulatory efects on ibroblast activation 

and ECM molecule expression via the downregulation of the SHH pathway73. In agreement with this, 

we demonstrate in the present study that IL-1 down-regulates the SHH transcription factor GLI1, 

which has been shown to be involved in ibroblast activation and the expression of ECM molecules, 

including collagen I73.  

In addition to ibroblast ECM expression, we also examined the potential efect of epithelial-

derived IL-1 release on the functional repair phenotype of airway ibroblasts in the asthmatic EMTU. 

It is well known that cell morphology is highly dependent on the surrounding matrix environment74. 

Fibroblasts in connective tissues under resting conditions are normally organized in to a dendritic 

network75. It has previously been shown that in relaxed collagen gels, ibroblasts form dendritic 

extensions which have a neuronal-like appearance, with microtubule cores and actin-rich tips, that 

are reminiscent of ibroblasts under resting conditions in vivo76. These dendritic extensions enable 

the cell to spread and become entangled with collagen ibrils, resulting in integrin-dependent 

mechanical interactions76. Further, it has been shown in low-density ibroblast seeded collagen 

gels, that microtubule formation is essential for the irst 24 hours of collagen I compaction by lung 

ibroblasts. However, after 48 hours ibroblasts in compacted collagen gels can develop stress 

ibers and lamellipodia, which resemble ibroblasts during wound repair77. In our experiments, we 

found asthmatic airway ibroblasts have a basal abnormal ibrillar collagen remodeling phenotype. 

In addition to this, IL-1α and IL-1β further inhibited collagen I contraction, iber formation and 

formation of dendritic extensions in treated ibroblasts while causing a disordered ibrillar collagen 

matrix (Chapter 6). Disorganization of ibrillar collagen may potentially be vital to chronic airway 

remodeling in asthma, since disorganization and fragmentation of collagen may serve as a signal 

for enhanced ECM production by ibroblasts78. In addition, small modiications in the structure and 
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organization of ECM has been shown to modify its bioactive regulation on various cells through 

processes including increased oxidative stress, which may be implicated in structural changes in the 

asthmatic EMTU78,79.

As to the mechanism of how IL-1 can afect microtubule formation and subsequent contraction 

of collagen I, it has been shown that LOX is recruited to mitotic spindles during mitosis and that it 

can regulate the G2/M checkpoints in cancer cells56. Further, LOX is important for the cross-linking 

collagen by ibroblasts during repair80,81, however, it has been previously shown that in relaxed 

collagen gels ibroblasts initiate little ECM production. We demonstrated that inhibition of LOX 

resulted in inhibition of collagen contraction and loss of dendritic cell extensions. Interestingly, we 

further found that IL-1 stimulation caused a down-regulation of LOX expression in airway ibroblasts 

compared to basal conditions and IL-33 stimulation. This indicates that IL-1 regulates the ibroblast 

repair phenotype by targeting the expression of LOX, which is line with work by Mia and colleagues, 

who demonstrated that IL-1 inhibits TGF-β induced myoibroblast diferentiation in lung ibroblasts 

by down-regulating LOX expression50.

In conclusion, this study demonstrates that the excess production of IL-1α and IL-1β from 

undiferentiated asthmatic airway epithelium may contribute to increased inlammation as well 

as abnormal remodeling of airway ibroblasts in the asthmatic EMTU. This study ofers important 

new insights into epithelial regulation of ibroblast responses in the asthmatic EMTU, whereby 

IL-1 released in the early stages of epithelial diferentiation acts in the initial phase of injury to 

promote ibroblast-mediated inlammation for cell recruitment while counteracting proibrotic 

actions of lung ibroblasts through the down-regulation of ECM expression. Furthermore, this early 

efect of IL-1 on ibroblast ECM production promotes a phenotype that leads to ibrillar collagen 

disorganization. The IL-1R1 and IL-1 pathway have been suggested as possible therapeutic targets 

in asthma. Hence our indings may create potential opportunities for therapies that do not only 

target airway inlammation but also provide ways of modulating ibrillar collagen I remodeling in 

asthma. 
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5

SUPPLEMENTARY INFORMATION AND DATA

Western blot

Cell lysates were prepared by harvesting with protein extraction bufer (PEB) containing phosphatase 

and protease inhibitor cocktails (Sigma) as previously described82. Samples harvested with PEB were 

then subjected to SDS-PAGE with standard molecular weight ladder as a control after which they 

were blotted on a nitrocellulose membrane. Expression of collagen Iα1 was analyzed using a rabbit 

anti-human collagen I antibody (Abcam, ab34710) with a goat anti-rabbit IRDye 800 CW (LICOR®, 

Lincoln, NE) as the secondary antibody after which visualization was done with the ODYSSEY® 

infrared imaging system (LICOR®). Signal from detected bands were normalized to total protein 

using the REVERT™ total protein stain (LI-COR®, Lincoln, NE, USA) according the manufacturer’s 

instruction.

Figure S1 Recombinant human IL-1α stimulates the release of CXCL8/IL-8 release from primary lung ibroblasts. Primary 

lung ibroblasts from control individuals were seeded on culture plates, grown to conluence and serum deprived overnight. CXCL8/

IL-8 concentration released after ibroblasts after stimulation with IL-1α at concentrations 0.001, 0.01, 0.5 and 1ng/ml for 24 hours. 

**=<p=0.01 and **** = p<0.0001 between the indicated values.
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Figure S2 Assessment of cell death of primary airway ibroblasts after cytokine stimulation. Primary airway ibroblasts from 

non-asthmatics and asthmatics were grown to conluence on collagen I coated plates and stimulated with or without 1ng/ml 

recombinant human IL-1α, IL-1β or IL-33 for 24hours. Percentage lactate dehydrogenase (LDH) released from cells after 24 hours was 

then assessed. 

Figure S3 Efect of Interleukin-1 stimulation collagen Iα1 protein expression in primary airway ibroblasts (PAFs). Primary 

airway ibroblasts from non-asthmatics and asthmatics were grown to conluence on collagen I coated plates. Relative protein 

expression of collagen I normalized to total protein stimulating with or without 1ng/ml recombinant a) IL-1α, b) IL-1β & c) IL-33 for 

24hours.
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