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Highlight Summary Sentence: 

IL-13 potentiates collagen production in a TGF-β1-dependent manner providing insight into the mechanism 
involved in airway remodeling in asthma. 

ABSTRACT 
Background: Airway remodeling is a feature of asthma that contributes to loss of lung function. One of the 
central components of airway remodeling is subepithelial fibrosis. Interleukin-13 (IL-13) is a key TH2 cytokine 
and is believed to be the central mediator of allergic asthma including remodeling, but the mechanism driving 
the latter has not been elucidated in human asthma. 
Objective: We hypothesized that IL-13 stimulates collagen type-1 production by the airway fibroblast in a 
MMP- and TGF-β1-dependent manner in human asthma as compared to healthy controls. 
Methods: Fibroblasts were cultured from endobronchial biopsies in 14 subjects with mild asthma and 13 
normal controls that underwent bronchoscopy.  Airway fibroblasts were treated with various mediators 
including IL-13 and specific MMP-inhibitors.    
Results: IL-13 significantly stimulated collagen type-1 production in asthma as compared to normal controls.  
Inhibitors of MMP-2 significantly attenuated collagen production in asthma but had no effect in normal 
controls.  IL-13 significantly increased total and active forms of TGF-β1, and this activation was blocked using 
an MMP-2 inhibitor.  IL-13 activated endogenous MMP-2 in asthma patients as compared to normal controls.    
Conclusion: In an ex-vivo model, IL-13 potentiates airway remodeling through a mechanism involving TGF-β1 
and MMP-2.  These effects provide insights into the mechanism involved in IL-13-directed airway remodeling 
in asthma.      
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Abbreviations:  
α-SMA: Alpha-Smooth Muscle Actin  
COL1A1: Collagen type 1 α-1  
COL1A2: Collagen type 1 α-2 
COL3A1: Collagen type 3 α-1 
DMEM: Dulbecco’s Modified Eagle’s Medium 
FBS: fetal bovine serum 
FEV1: forced expiratory volume in one second 
GAPDH: glyceraldehyde-3-phosphate dehydrogenase 
IL-13: Interleukin-13 
IL-4: Interleukin-4 
MMPs: Matrix Metalloproteinases 
MMPi: Matrix Metalloproteinase inhibitor 
MMP2: Matrix Metalloproteinase-2 
MMP2i: Matrix Metalloproteinase-2 inhibitor 
RLU: relative luciferase unit 
RT-PCR: reverse transcriptase polymerase chain reaction 
PC20FEV1: provocative concentration that causes the FEV1 to fall by 20% 
TH2: T-helper 2  
TIMP: Tissue Inhibitor of Metalloproteinase 
TGF-β1: Transforming Growth Factor-β1 
TGF-βRII: TGF-β Receptor II 
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Introduction 
  

Asthma is a chronic inflammatory disease of the airways, where specific inflammatory phenotypes are 

dominated by T-helper 2 (TH2) cytokines.  Interleukin-13 (IL-13), which is primarily produced by T 

lymphocytes, is considered to be the central mediator of allergic asthma [1]. This chronic TH2-driven 

inflammation causes tissue injury that is believed to cause structural changes and airway remodeling in asthma 

[2].  Airway remodeling contributes significantly to airway dysfunction and persistent clinical symptoms in 

patients with asthma [3].  Furthermore, a significant proportion of patients with severe asthma develop 

progressive and persistent airflow limitation over time, providing further evidence that remodeling plays a role 

in impairment of lung function [4].  However, the direct effects of TH2 cytokines on the remodeling process 

have not been extensively studied in human disease.  

One of the key characteristics of airway remodeling is subepithelial fibrosis caused by deposition of 

extracellular collagen and other matrix components [5].  The primary collagen within the airway extracellular 

matrix is type-I collagen; however, type-III and type-V are also major constituents of the subepithelial basement 

membrane [6]. This collagen is produced by fibroblasts and myofibroblasts, and the degree of fibrosis correlates 

with increased numbers of these cells in asthma [7].   

Collagen deposition in tissues is believed to be controlled by matrix metalloproteinases (MMPs) and 

their corresponding tissue inhibitors of metalloproteinases (TIMPs).  MMPs are a family of enzymes 

characterized by a common zinc ion at their active site.  In general, MMPs and TIMPs are thought to be 

involved in the normal maintenance of extracellular matrix; however, they have also been shown to be involved 

in inflammation and cell-cell signaling [8].  Various cells are involved in producing the different MMPs.  For 

example, macrophages, but not fibroblasts, produce MMP-9, whereas MMP-2 is produced by variety of cells, 

including fibroblasts.[9]   Zheng, et al. reported that, MMP-2 and MMP-9 were elevated in the BAL fluids of 

IL-13 transgenic mice [10]. 
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Transforming growth factor-beta1 (TGF-β1) is produced by many cells within the lung, including 

fibroblasts, and is a well-characterized mediator of tissue fibrosis [11].  TGF-β1 mRNA has been shown to be 

increased in moderate-to-severe asthmatics, and its expression was shown to be directly related to subepithelial 

fibrosis [12].  Previous reports have shown that IL-13 functions through TGF-β1 to induce a pro-fibrotic 

response [13-18].  Mechanisms involved in stimulating TGF-β1 have included both an increase in latent 

production and/or increased activation through an MMP-dependent mechanism.  In IL-13 transgenic mice, 

MMP-9 was shown to play an important role in activating TGF-β1, demonstrating that MMPs may be an 

important link between IL-13 and TGF-β1 [14].  In addition, IL-13-induced fibrosis was significantly reduced 

in MMP-9-deficient mice.  

Despite the evidence that IL-13 is involved in airway remodeling in murine models of asthma, its effects 

have yet to be demonstrated in human subjects. For the present study, we chose an ex vivo method of analyzing 

airway fibroblasts isolated directly from well-characterized patients with asthma to test our hypothesis that IL-

13 modulates collagen production by airway fibroblasts in asthma and that MMPs and TGF-β1 are critical 

mediators in this process.  Our findings have therapeutic implications given that IL-13 antagonists for humans 

are now under study for treatment of asthma. 
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METHODS 

Subject Recruitment 

Twenty-seven research participants were recruited from the general Research Triangle, North Carolina 

community. The asthmatics fulfilled criteria for asthma by exhibiting a provocative concentration of 

methacholine resulting in a 20% fall in the forced expiratory volume in one second (PC20 FEV1) of < 8 mg/ml 

and reversibility, as demonstrated by at least a 12% and 200 ml increase in the FEV1 or the forced vital capacity 

(FVC) with inhaled albuterol [19].  All participants provided informed consent in this Duke Institutional 

Review Board-approved protocol.  Additional details are available in the online supplement. 

Bronchoscopy 

Subjects underwent bronchoscopy with endobronchial biopsy as previously described [20].   

Airway Fibroblast Culture 

Endobronchial tissue sections were placed on collagen-coated plates and fibroblasts were cultured as 

previously described [21].   As numerous passages can induce cellular metaplasia and senescence, only cells 

from the first three passages were used for experimentation [22].    

Mediator Exposure 

When the cells were at confluence for seven days, media was changed, and cells were incubated in 

serum-free media for 24 hours. Cells were subsequently treated with and without IL-13 (ProSpec, Rehovot, 

Israel; 50ng/ml) for 48 hours, respectively.  In addition, cells were treated with various MMP-inhibitors 

(MMPIs) and TGF-βRII neutralizing antibody.  For detailed description see online supplement.  

Quantitative Real-time RT-PCR  
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Total RNA from airway fibroblasts was extracted using Trizol after exposure to mediators. Relative 

mRNA expression was calculated by normalization of all expression levels to glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) and then compared to untreated control cells by the CT method.[23].  See online 

supplement for additional details.  

 

ELISA 

Supernatants from cultured airway fibroblasts were collected at 48 hours after mediator treatment in 

asthma and normal subjects.  Measurement of collagen type-1 protein was performed by using a commercial 

ELISA kit according to manufacturer’s protocol (MD Bioproducts, St. Paul, MN).    Results are reported as a 

ratio of IL-13-treated cells to untreated fibroblasts.  Measurement of TGF-β1 protein was performed using a 

commercial ELISA kit according to manufacturer’s protocol (R&D, Minneapolis, MN).  

 

MMP-2 Activation Assay 

Supernatants from cultured airway fibroblasts were collected at 48 hours after IL-13 (50 ng/ml) 

treatment in asthma and normal subjects and compared to untreated fibroblasts (baseline).  Measurement of 

MMP-2 activity was performed by using a commercial activity assay system according to manufacturer’s 

protocol (GE Healthcare, Buckinghamshire, UK).  Results are reported as a ratio of IL-13-treated cells to 

untreated fibroblasts.  For additional details, see online supplement.     

 

Luciferase Activity 

Supernatants from cultured airway fibroblasts were collected at 48 hours after IL-13 (50 ng/ml) 

treatment in asthma and normal subjects.  Measurement of active TGF-β1 was performed using a CCL64 mink 

lung epithelial cell line (generous gift from Dr. S. Mukherjee, Duke University) with a PAI1 luciferase reporter 

system This assay has been previously used and is sensitive and specific for TGF-β [24, 25].   Luciferase 
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activity was developed according to protocol instructions (Perkin Elmer, Waltham, MA) and measured using a 

luminometer (BMG Labtech, Ortenberg, Germany).  Results are expressed as relative luciferase units (RLU). 

 

Western Blot Analysis  

Cell lysates from cultured airway fibroblasts were collected at 48 hours after IL-13 (50 ng/ml) treatment 

and probed for α-Smooth Muscle Actin (α-SMA), Desmin and GAPDH.  The blot was developed by enhanced 

chemiluminescence, documented with the Kodak Image Station 4000 MM PRO and quantified using 

Carestream Molecular Image software (version 5.0).  The western blot analysis was performed in 6 asthma and 

4 normal control subjects demonstrating consistent bands at the correct molecular weights to confirm 

reproducibility.  Densitometry analysis of Western blots was performed with the use of PDI Imageware System.  

Results are reported as ratio IL-13 treated cells to untreated fibroblasts.   For additional details, see online 

supplement. 

Statistical Analysis 

Statistical evaluation was performed using JMP statistical software (SAS, Cary, NC). The mean values 

from each condition were determined as each condition was performed in triplicates.  Data are expressed as 

means ± SEM.  All data were compared using a 2-tailed Wilcoxon rank sum test.  Significance is denoted by P 

< 0.05. 
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Results 
 
Subjects 

 

Subject characteristics are shown in Table 1. Asthmatic subjects were mild as defined by the NAEPP 

criteria [26]. 

Collagen gene expression by airway fibroblasts 

We evaluated COL1A1, COL1A2 and COL3A1 gene expression by airway fibroblasts in subjects with 

asthma and healthy controls in response to various mediators.  We observed similar levels of mRNA expression 

in airway fibroblasts derived from subjects with asthma and from normal subjects at baseline, with no treatment, 

for collagen I and III (data not shown).  IL-13 exposure significantly increased expression of COL1A2  (Fold 

change between IL-13-treated compared to untreated fibroblasts:  1.56 ± 0.1 in asthma compared to 0.808 ± 

0.23 in normal subjects, p<0.05 asthma versus normal subjects and within the asthma group) (Figure 1). 

However, there was no significant change in expression for COL1A1 or COL3A1 when comparing asthmatic 

subjects to normal subjects or within the asthma group (Figure 1). 

Secondly, we treated these airway fibroblasts with a pan-MMP inhibitor in combination with IL-13 for 

48 hours to evaluate whether MMPs are necessary for IL-13-induced COL1A2 expression.  This pan-MMP 

inhibitor blocks MMP-1,-2,-8, and-9.  Our results demonstrate that the pan-MMP inhibitor significantly 

attenuated the IL-13-induced COL1A2 expression (Fold change from IL-13 + pan-MMP inhibitor to IL-13 

treated fibroblasts: 0.48 ± 0.13 within asthma compared to 0.93 ± 0.13 in normal subjects, p<0.05 comparing 

asthma vs. normal controls and within the asthma group) (Figure 2).  

Since MMP-2 is produced by fibroblasts and is presumably inhibited by the pan-MMP inhibitor, we next 

evaluated whether MMP-2 may be involved in our observed IL-13-induced COL1A2 expression in airway 

fibroblasts. Therefore, we co-treated airway fibroblasts with IL-13 and an inhibitor specific for MMP-2 for 48 

hours. Once again, we found that COL1A2 expression was significantly attenuated after co-incubating the 
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fibroblasts with both IL-13 and a specific MMP-2 inhibitor (Fold change from fibroblasts treated with IL-13 + 

MMP-2 inhibitor to IL-13 alone: 0.38 ± 0.11 in asthma compared to 1.10 ± 0.13 in normal subjects, p<0.01 

between asthma and normal subjects and within the asthma group) (Figure 2).  There was no significant effect 

on COL1A2 expression following exposure of the cells to specific MMP-1 or MMP-3 inhibitors (data not 

shown).  Although MMP-9 was shown to be involved in murine models of airway remodeling, we did not 

evaluate its effects in this model since we were unable to detect any measurable MMP-9 expression in the 

airway fibroblasts in this study (data not shown). 

To determine whether TGF-β1 was involved in COL1A2 expression, we incubated airway fibroblasts 

with a TGF-βRII neutralizing antibody (20 μg/ml) in combination with IL-13 (50 ng/ml) for 48 hours.  Using 

real time RT-PCR, our results show that COL1A2 mRNA expression was significantly attenuated when TGF-

βRII neutralizing antibody was added to the airway fibroblast cultures in the presence of IL-13 (Fold change 

from IL-13 + TGF-βRII antibody to IL-13-treated fibroblasts: 0.47 ± 0.17 in asthma compared to 1.22 ± 0.11 in 

normal subjects, p<0.05 between asthma and normal subjects and within asthma) (Figure 2).  This effect was 

not seen using a goat IgG control antibody (data not shown). 

Collagen protein expression by airway fibroblasts 

 In order to evaluate whether gene expression correlated with increased collagen I protein expression, we 

used a commercial ELISA kit to quantify the amount of collagen protein in airway fibroblast cell culture 

supernatants.  We incubated the fibroblasts with IL-13 for 48 hours and compared the ratio of collagen protein 

expression to untreated fibroblasts for both asthma and normal subjects.  Although group means at baseline 

were not statistically different, there was individual variability within each group (Online Supplement, Figure 

7). Therefore, the data are presented as a ratio to untreated fibroblasts.  The ratio of collagen in the IL-13-treated 

fibroblasts as compared to the untreated fibroblasts was significantly elevated in asthma patients as compared to 

normal subjects (Ratio of collagen protein in IL-13-treated to untreated fibroblasts: 1.29 ± 0.14 in asthma 



Firszt, 12 
 

compared to 0.88 ± 0.12 in controls, p<0.05 between asthma and normal subjects and within the asthma group) 

(Figure 3).   

Next, we evaluated whether an MMP-2 inhibitor would have similar effects in attenuating the amount of 

collagen protein expression in airway fibroblast cell culture supernatants using the same ELISA.  We found that 

treating airway fibroblasts with an MMP-2 inhibitor and IL-13 together resulted in a significant reduction in the 

amount of collagen protein as compared to those fibroblasts treated with IL-13 alone, particularly in asthma 

subjects as compared to normal subjects (Ratio of collagen expression after exposure to IL-13 + MMP-2 

inhibitor relative to IL-13 alone for collagen protein: 0.39± 0.11 in asthma compared to 0.97 ± 0.04 in controls, 

p<0.05 between asthma and normal subjects and within the asthma group) (Figure 3).   

MMP-2 Activation  

 MMP-2 is an enzyme that is secreted as a pro-enzyme requiring activation in order to function.  Using 

an MMP-2 activity assay, we evaluated whether IL-13 treatment resulted in increased MMP-2 activation.  Our 

results show that IL-13 significantly activated MMP-2 in airway fibroblast cell culture supernatants from 

asthma subjects compared to normal subjects after treating airway fibroblasts with IL-13 for 48 hours (Ratio of 

MMP-2 activity in IL-13-treated fibroblasts as compared to untreated fibroblasts: 1.20 ± 0.08 in asthma subjects 

compared to 0.76 ± 0.09 in normal subjects; p<0.05 between asthma and normal subjects and within the asthma 

group) (Figure 4).  Therefore, our results indicate that IL-13 is likely involved in activating MMP-2 in airway 

fibroblasts in asthma.    

TGF-β1 Expression and Activation 

 To determine whether IL-13 (50 ng/ml) influenced both the total amount of TGF-β1, as well as the 

endogenously active form of TGF-β1, we incubated airway fibroblasts with IL-13 at 50 ng/ml for 48 hours.  

Using a TGF-β1 ELISA, we demonstrated that IL-13 significantly increased both total amount and the 

endogenously active form of TGF-β1 versus untreated fibroblasts in asthma subjects as compared to normal 
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subjects at 48 hours (Ratio of total TGFß1 from IL-13-treated fibroblasts to untreated fibroblasts: 1.49 ± 0.13 in 

asthma compared to 0.67 ± 0.26 in normal subjects; Ratio of active TGF-β1 from IL-13-treated to untreated 

fibroblasts: 1.30 ± 0.15 in asthma compared to 0.88 ± 0.05 in normal subjects, p<0.05 between asthma and 

normal controls and within the asthma group) (Figure 5A).   

To further confirm the potential of airway fibroblasts to produce bioactive TGFβ1 in response to IL-13, 

we utilized MLEC cells stably transfected with PAI-1-luciferase reporter to assay cell supernatants from 

cultures of airway fibroblasts from subjects with asthma or normal control subjects. Confluent airway 

fibroblasts were incubated with IL-13 (50 ng/ml) or serum-free media for control for 48 hours, and the cell 

supernatants were assayed for luciferase production. IL-13 stimulated significantly increased levels of bioactive 

TGFβ1, as represented by relative luciferase units (RLU), in airway fibroblasts in asthma as compared to 

untreated control fibroblasts (124.88 ± 26.6 RLU for IL-13-treated fibroblasts compared to 105.94 ± 16.7 RLU 

for untreated control fibroblasts, p=0.04 within the asthma group). No effect of IL-13 was observed in airway 

fibroblasts isolated from normal control subjects (103.14 ± 8.0 RLU for IL-13-treated fibroblasts compared to 

106.71 ± 6.0 RLU for untreated control cells) (Figure 5B).   

Furthermore, to determine whether MMP-2 may be responsible for activating TGF-β1, we incubated 

airway fibroblasts with a specific MMP-2 inhibitor in combination with IL-13 and found that MMP-2 inhibition 

attenuated the activation of TGF-β1 in asthma subjects as compared to normal subjects at 48 hours (Ratio of 

active TGFß1 from IL-13 treated to untreated fibroblasts: 0.69 ± 0.07 in asthma subjects compared to 0.99 ± 

0.08 in normal subjects, p<0.05 between asthma and normal subjects and within the asthma group) (Figure 5A). 

Expression of α-SMA 

 Using immunoblotting (Figure 6A) of cell culture lysates treated with IL-13 (50 ng/ml), we found that 

IL-13 increased protein production of both α-SMA and desmin, two markers of myofibroblast phenotype,  in 

asthmatic airway fibroblasts compared to untreated fibroblasts.  No increase in production of α-SMA or desmin 
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was observed in airway fibroblasts isolated from normal control subjects.  Densitometry analysis indicated a 

significant increase in IL-13-induced α-SMA production by airway fibroblasts in asthma as compared to normal 

controls (Ratio of α-SMA in IL-13-treated fibroblasts as compared to untreated fibroblasts: 1.96 ± 0.42  in 

asthma subjects compared to 0.91 ± 0.07 in normal subjects; p=0.03 between asthma and normal) (Figure 6B).    
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Discussion  

In this study, we present evidence that IL-13 induces COL1A2 gene expression by bronchial fibroblasts 

from subjects with mild asthma compared to healthy control subjects.  Interestingly, IL-13 had no effect on 

COL1A1 expression or COL3A1 expression.  In addition, we show that IL-13 increases the amount of secreted 

mature type-1 collagen protein in the cell culture supernatants from airway fibroblasts derived from asthma 

patients.  The assay used in our study does not discriminate between COL1A1 and COL1A2 and reflects total 

amount of collagen protein present.   

Normal collagen protein is composed of two α1 chains and one α2 chain [27].  These data suggest that 

enhanced collagen production may be controlled through expression of COL1A2 exclusively or that a different 

mediator is responsible for inducing COL1A1 expression.  Alternatively, COL1A1 may be constitutively 

expressed and control of collagen production may be through COL1A2.  However, in a study by Plante et al. 

[28], these authors demonstrated that IL-4, another major TH2 cytokine, significantly induced COL1A1 gene 

expression.  The authors did not analyze COL1A2 expression. 

The mechanism by which IL-13 may promote airway fibrosis is largely unknown, although work in 

murine models suggest that it likely functions through activating TGF-β1 in an MMP-dependent manner.[14, 

29].  To test this effect, we wanted to examine the primary MMPs that have been associated with asthma 

including MMP-1, MMP-2, MMP-3 and MMP-9 [30].  In our study, we were unable to detect gene expression 

of MMP-9 in airway fibroblasts (data not shown), and therefore, we did not study its effect using our 

experimental model.  In our results, only MMP-2 inhibition was found to have a significant effect on reducing 

IL-13 induced collagen type-1 production in airway fibroblasts.  Furthermore, we demonstrate that IL-13 

significantly increased MMP2 activation in asthmatic airway fibroblasts compared to normal controls.   The 

effects of IL-13 are mediated by its receptor subunits: IL-13Rα1, IL-13Rα2 and IL-4Rα. Previous work from 

our laboratory has shown that airway fibroblast cell surface expression of IL-13Rα2 in asthma is suppressed 

compared with expression on airway fibroblasts from normal control subjects, while IL-13Rα1 and IL-4Rα 
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were not significantly changed [31].  IL-13Rα2 is thought to act as a decoy receptor to negatively regulate IL-13 

signaling, and therefore, its relative deficiency may explain enhanced airway fibroblast responsiveness to IL-13 

[32].  TGF-β1 is one of the most studied pro-fibrotic cytokines [33].     The potent activity of TGF-β1 is 

regulated at the post-transcriptional level by a latency-associated protein (LAP), which keeps TGF-β1 in an 

inactive state.  Dissociation of TGF-β1 from LAP is required to release biologically active TGF-β1.  In our 

experiments, we demonstrate that IL-13 increases both the total amount as well as the activated form of TGF-β1 

in cell culture supernatants from airway fibroblasts in asthma patients at 48 hours using both ELISA and a 

functional bio-assay specific for active form of TGF-β1.   One of the potential roles for MMP-2 may be to 

trigger release of TGF-β1, a well-known mediator in fibrosis, from its latency associated protein (LAP) 

allowing it to stimulate fibrosis [33].  This mechanism has been previously shown to occur with MMP-9 as well 

as other agents such as plasmin [29, 34].  We show that activation of TGF-β1 was attenuated following 

treatment with a specific MMP-2 inhibitor. Once activated, TGF-β1 binds primarily to TGF-β RII, which then 

recruits the type-I receptor for downstream signaling [35].  TGF-β1 has also been shown to augment IL-13 

signaling by dampening expression of IL-13Rα2 [36].  This would potentially allow fibroblasts to overcome IL-

13’s auto-regulatory pathway and remain in a state of persistent responsiveness to IL-13.   To further study the 

effects of TGF-β1 in this pathway, the addition of a TGF-β RII neutralizing antibody significantly decreased the 

IL-13-induced expression of COL1A2, also suggesting that TGF-β1 is involved in this pathway downstream of 

IL-13.  One of the mechanisms by which IL-13 may lead to increased collagen deposition is through changing 

the phenotype of normal airway fibroblasts to the more synthetic myofibroblast.  As we demonstrate 

qualitatively in our experiments, IL-13 induced expression of both α-SMA and desmin in our asthmatic airway 

fibroblasts, two known markers for myofibroblasts.  In our previous work, we have shown that IL-13 

potentiates airway fibroblast invasion in asthma subjects, a feature associated with myofibroblast 

differentiation, through a mechanism involving TGF-β1.  Other investigators have also implicated TGF-β1 as a 

critical mediator of myofibroblast differentiation and activation [37, 38].  The increased expression of α-SMA 
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and desmin suggests that the airway fibroblasts in asthma subjects in response to IL-13 change their phenotype 

to myofibroblasts, though this mechanism requires further investigation.     

Limitations of our study include evaluation of mediators only relevant to airway fibroblasts, and clearly 

other cells and their products are involved in airway remodeling.  In addition, all of our findings were based on 

mild asthmatic patients that may behave differently, or have reduced remodeling signal as compared to patients 

with more severe asthma.  Also, we studied fibroblasts isolated from proximal airways which may not behave in 

the same fashion as distal airway fibroblasts.      

Our study demonstrates that IL-13 induces collagen type -1 production in airway fibroblasts cultured 

directly from mild asthmatic patients compared to healthy controls.  We also show that IL-13 likely induces 

collagen production in an MMP-2-dependent manner which is a novel finding in human asthma.  We show that 

MMP-2 likely induces collagen production by activating latent TGF-β1, and this mechanism may be a major 

contributor to the pathogenesis of airway fibrosis seen in this disease. There have been recent advances in the 

development of therapeutic monoclonal antibodies directed against IL-13 in poorly controlled asthma.  Two 

recent studies found that using IL-13 monoclonal antibodies improved airway function in these patients [39, 

40].   While this is an exciting development in an area that desperately needs better therapies to treat severe 

asthma, our findings also provide some insight that interventions leading to a decrease in IL-13-induced TGF-

β1 activation could be beneficial in reducing airway remodeling in asthmatic patients. The use of such an IL-13 

inhibitor or a therapeutic MMP-2 inhibitor may achieve this goal and provide a starting point for further study.  

Thus, there may be therapeutic options available for a process that to date has had none, particularly in the 

patients with more severe asthma.  
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Table 1: Participant Characteristics  

 Asthma (14) Healthy Controls (13) p Value 
Gender (F/M) 8/6 8/5 p=NS 
Age 25 ± 2 29 ± 2 p=NS 
FEV1 (L) 3.87 ± 0.2 3.78 ± 0.1 p=NS 
FEV1 (% pred.) 98 ± 4 102 ± 3 p=NS 
FVC (L) 4.83  ± 0.2 4.5  ± 0.2  p=NS 
FVC (% pred.) 98  ± 3 101  ± 2 p=NS 
FEV1/FVC 0.80 ± 0.02 0.84 ± 0.01 p=0.03 
PC20 (mg/ml) † 0.5 ± 0.01  > 16 p=0.0001 
 
†The provocative concentration of methacholine resulting in a 20% fall in FEV1. 
NS= not significant  
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FIGURE LEGENDS 

Figure 1.  COL1A2 mRNA expression was significantly induced by IL-13 (50 ng/ml) in asthma. COL1A2, 

COL1A1 and COL3A1 mRNA expression was measured by quantitative real-time RT-PCR in airway fibroblasts 

isolated from asthmatic (n=15; closed bars) and normal controls (n= 15; open bars).  Results are expressed as 

fold change from untreated fibroblasts. *p< 0.01 between asthma and normal controls; #p< 0.01 within 

asthmatic subjects. 

 

Figure 2.  Significant attenuation in IL-13-induced COL1A2 mRNA expression was observed at 48 hours when 

an MMP inhibitor (MMPi, 10 μM), a specific MMP2i inhibitor (MMP2i, 40 μM) and a TGF-βRII neutralizing 

antibody (20 µg/ml), respectively, were added to IL-13-treated airway fibroblasts in asthma subjects (n=15; 

closed bars) compared to normal subjects (n=15; open bars) and within asthma patients alone as measured by 

real-time RT-PCR.  Results are expressed as fold change from fibroblasts from each group treated with IL-13 

alone. *p<0.05 between asthma and normal subjects; #p< 0.05 within the asthma group for each condition. 
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Figure 3.  Collagen type-1 protein was induced by IL-13 (50 ng/ml), depicted as the ratio of IL-13-treated 

airway fibroblasts to untreated fibroblasts, at 48 hours in asthma (n=18) as compared to normal controls (n=12) 

and within asthma alone. MMP-2 inhibition significantly attenuated IL-13-induced collagen type-1, depicted as 

the ratio of collagen type I production following treatment with IL-13 + MMP2-inhibitor fibroblasts as 

compared to treatment with IL-13 alone, in asthma subjects as compared to normal subjects and within the 

asthma group. *p< 0.05 between asthma and normal controls; #p< 0.05 within asthmatic subjects for each 

condition. 
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Figure 4.  MMP-2 activity in normal and asthmatic fibroblasts at baseline and after treatment with IL-13. 

MMP-2 activity is induced after treatment with IL-13 (50 ng/ml) for 48 hours in asthma (n=6) as compared to 

normal controls (n=4) and within asthma alone, as measured by an MMP-2 activation assay.*p< 0.05 between 

asthma and normal controls; #p< 0.05 within asthmatic subjects for  the IL-13 condition.  
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Figures 5A and 5B. IL-13 stimulates active TGF-β1 production by asthmatic airway fibroblasts. A: Total and 

endogenously active forms of TGF-β1 from airway fibroblast cell culture supernatants were increased from 

baseline following stimulation with IL-13 (50 ng/ml) at 48 hours in asthma subjects (n=9; closed bars) as 

compared to normal subjects (n=7; open bars) and within the asthma group, depicted as the ratio TGFß1 

production in fibroblasts treated with IL-13 as compared to untreated fibroblasts.  MMP-2 inhibition blocked 

TGF-β1 activation in fibroblasts treated with IL-13 in asthma subjects compared to normal subjects and within 

the asthma group, depicted as the ratio of TGFß1 activation after treatment with IL-13 + MMP2i as compared to 

treatment with IL-13 alone  (IL-13 + MMP2i/IL-13). B: Bioactive TGF-β1 levels, as represented by luciferase 

activity (relative luciferase units – RLU), in airway fibroblast cell culture supernatants were elevated following 
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exposure to IL-13 (50 ng/ml) at 48 hours in asthma subjects (n=9; closed bars) as compared to untreated 

control.  *p< 0.05 between asthma and normal subjects; #p< 0.05 within asthmatic subjects for each condition. 
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Figures 6A and 6B. Expression of α-SMA and desmin proteins in cell culture lysates from airway fibroblasts 

was increased in asthma patients following treatment with IL-13.  Cell lysates were prepared from airway 

fibroblasts from either asthma or normal subjects after exposure to IL-13 (50 ng/ml) or serum-free media 

(untreated control) for 48 hours. A: Representative western blot of myofibroblast markers in airway fibroblasts 

in asthma or normal subjects. Expression of GAPDH indicates loading control. B: Quantification of data shown 

in 6A: (mean of 6 asthma and 4 normal controls ± SEM). Data are expressed as the ratio of the intensity of 

bands following IL-13 to untreated control.  *p< 0.05 between asthma and normal subjects.  
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