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ABSTRACT 
 
Background: Despite intense research efforts, the aetiology and pathogenesis of 
idiopathic pulmonary fibrosis remain poorly understood. Gelsolin, an actin-binding 
protein that modulates cytoskeletal dynamics, was recently highlighted as a likely 
disease modifier through comparative expression profiling and target prioritization.  
Methods: To decipher a possible role of gelsolin in pulmonary inflammation and 
fibrosis, immunocytochemistry on tissue microarrays of human patient samples was 
performed, followed by computerized image analysis. Results were validated in the 
bleomycin-induced animal model of pulmonary inflammation and fibrosis, utilizing 
genetically modified mice lacking gelsolin expression. Moreover, to gain mechanistic 
insights into the mode of gelsolin activity, a series of biochemical analysis was 
performed ex vivo in mouse embryonic fibroblasts. 
Results: Increased GSN expression was detected in lung samples of human idiopathic 
interstitial pneumonia patients, as well as in modelled pulmonary inflammation and 
fibrosis. GSN genetic ablation protected mice from the development of modelled 
pulmonary inflammation and fibrosis attributed to attenuated epithelial apoptosis.  
Conclusions: Gelsolin expression is necessary for the development of modelled 
pulmonary inflammation and fibrosis, while the caspase-3-mediated gelsolin 
fragmentation was shown to be an apoptotic effector mechanism in disease 
pathogenesis and a marker of lung injury. 
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INTRODUCTION 
 
Epithelial damage or apoptosis is a common feature of pulmonary pathophysiology, 
including infection,  acute lung injury, as well as interstitial diseases1. With specific 
regard to Idiopathic Pulmonary Fibrosis (IPF), the most common idiopathic interstitial 
fibrotic pulmonary disease2, recent studies strongly suggest a role for epithelial 
apoptosis as a key profibrotic event3. Apoptosis of Alveolar Epithelial Cells (AECs) is 
found both in the lungs of IPF patients, as well as in animal models of the disease, 
correlating with the increased expression of “death inducing” TNF/TNF receptor 
family members and various apoptotic markers1, 3-9. Furthermore, induction of 
epithelial apoptosis is sufficient to initiate a fibrotic response in animal models10, 
whereas genetic or pharmacological blocking of apoptotic signals can prevent a 
Bleomycin (BLM) induced fibrotic response11. These observations have contributed 
significantly to the prevailing hypothesis that the mechanisms driving IPF reflect 
abnormal, deregulated wound healing in response to multiple sites of ongoing alveolar 
epithelial injury3. 

Remodelling the actin cytoskeleton in response to stress, such as apoptotic stimuli, 
is a fundamental process in many eukaryotic cells that regulates cell morphology, 
polarity, motility and division12. The assembly and disassembly of actin filaments, as 
well as their organization into functional high order networks, are regulated by several 
actin-binding proteins13. Among them, gelsolin (GSN) is an actin filament 
capping/severing protein that has been implicated, among others, in the transduction 
of signals into dynamic rearrangements of the cytoskeletal architecture14. Moreover, 
caspase-3 mediated GSN fragmentation15 has been shown to contribute to actin 
cytoskeletal collapse and apoptosis through the amino-terminal GSN cleavage 
product16.  

Gsn expression has been found deregulated in various types of cancer and 
oncogenic transformations14, and was selected as a likely disease modifier in IPF 
through comparative expression profiling and target prioritization6. To explore a 
possible role of GSN in the development of pulmonary inflammation and fibrosis we 
first examined its expression in tissue microarrays of lung samples of idiopathic 
interstitial pneumonia (IIP) patients. Increased Gsn expression was noted in the 
pulmonary epithelium as well as in BLM-induced pulmonary inflammation and 
fibrosis, where it was shown to be necessary for disease development. Disease 
protection was attributed to defective neutrophil infiltration and decreased epithelial 
apoptosis, where a series of bone marrow transfers indicated attenuated epithelial 
apoptosis in the absence of GSN as the primary cause of disease protection. 
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METHODS 

Human patients 

Lung tissue samples from 65 treatment naive patients were isolated with open lung 
biopsy or by video assisted thoracoscopic surgery for diagnostic purposes, according 
to the ATS/ERS criteria17. All patients, following protocol approval by the local ethics 
committee (#1669), signed an informed consent form where they agreed to the 
anonymous usage of their lung samples for research purposes. 70% of the patients 
have been also included in a previous study 6. Lung samples were utilized for the 
construction of tissue microarrays (TMAs). TMAs18 construction, immunostaining, 
computerized image analysis and statistical analysis has been described previously6. 

Animals 

The generation of gsn-/- mice by homologous recombination in ES cells has been 
described previously19. All mice strains mice were bred and maintained in the 
129xC57/Bl6 background for over 10 generations at the animal facilities of the 
Biomedical Sciences Research Institute “Alexander Fleming” under specific pathogen 
free conditions, in compliance with the Declaration of Helsinki principles. All 
experimentation was approved by an internal Institutional Review Board, as well as 
by the Veterinary service and Fishery Department of the local governmental 
prefecture. The isolation of mouse embryonic fibroblasts from gsn-/- and wt littermate 
mice is described in an on-line supplement. 

BLM-induced pulmonary inflammation and fibrosis 

Pulmonary fibrosis was induced by a single tail vein injection of Bleomycin hydrogen 
chloride (100 mg/kg body weight; 1/3 LD50; Nippon Kayaku Co. Ltd., Tokyo) to 6- 
to 8-wk-old mice as previously reported in detail4. Lung histology and 
immunocytochemistry, Broncheoalveolar Lavage Fluid (BALF) collection and 
analyses, inflammatory cell count and collagen measurements as well as bone marrow 
transfers were performed as previously described 4.  

LPS-induced acute lung injury 

10 mg of bacterial LPS (from Pseudomonas aeruginosa, Sigma, St Louis, MO, CA, 
USA) was dissolved in normal saline, at a final volume of 3 ml. The solution was 
administered by a custom made nebulizer flowing at 4 L/min of O2 for 20-25 min into 
an airtight chamber containing 5-7 mice. All analyses were performed 24 h later.  

Assays 

KC, ELISA and TUNEL assays were performed as previously described 4. 
Myeloperoxidase (MPO), caspace-3 activity, plasmid degradation, a-GSN western 
blots,  immunocytochemistry assays and Real Time RT-PCR analysis are described in 
an on-line supplement. 
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RESULTS 

Increased GSN expression in human fibrotic lungs 

To explore a possible role of GSN in the pathogenesis of pulmonary inflammation and 
fibrosis, its expression was examined in lung samples of diagnosed and classified 
idiopathic interstitial pneumonias (IIP) patients (Table 1) according to the ATS/ERS 
criteria17.  
 

Table 1. Demographic and spirometric characteristics of IIP patients (IPF/usual interstitial 
pneumonia, IPF/UIP; cryptogenic organizing pneumonia/organizing pneumonia, COP/OP; 
fibrotic non specific interstitial pneumonia, fNSIP; cellular NSIP, cNSIP) and control subjects. 
Values are expressed as mean + SD, and age as median (range).  

 

Characteristics IPF/UIP COP/OP NSIP Control 

Number  25 20 20 20 

Sex: Male/Female 18/7 12/8 11/9 10/10 

Age, median (yr) 65 (43-72) 50 (38-62) 60 (41-68) 36 (29-60) 

Smokers/non smokers 21/4 7/13 12/8 13/7 

FVC, % pred 66 + 3 * 78 + 4 * 71 + 3 * 101 + 12 

TLC, % pred 58 + 4 * 77 + 3 * 69 + 4 * 99 + 11 

DLCO % pred 48 + 6 * 68 + 5 * 61 + 4 * 88 + 6 
 

FVC: Forced Vital Capacity; DLco: Diffusion Lung capacity of carbon monoxide; TLC: Total 
Lung Capacity; * denotes statistical significance between disease groups and control group as 
assessed with t-test (p<0.001).  
 
To expedite and standardize experimental procedures two tissue microarrays 
(TMAs)18 were created consisted of 25 IPF/UIP, 12 fNSIP, 8 cNSIP and 20 COP/OP 
patient lung samples. 2-3 tissue cores per patient paraffin sample were embedded in 
recipient paraffin blocks together with 20 control samples derived from normal areas 
of lungs removed for benign lesions. TMA sections were immunostained for GSN and 
signal intensities were analyzed qualitatively by blind microscopy (Figure 1A and 
Figure E1) and quantitatively/statistically by computerized image analysis (Figure 
1B).  

Significant expression of GSN was observed in IPF/UIP and f-NSIP samples, 
almost missing from normal lung control samples (Figure 1A and B). Similar results 
were also obtained  by Real Time RT-PCR analysis (on a different set of IIP samples 
processed independently; Figure 1C). GSN exhibited strong positive staining within 
areas of the epithelium (bronchial and alveolar) and to a lesser extent in adjacent 
fibroblastic foci, within the IPF lung. GSN was localized in areas of active fibrosis 
and the surrounding alveolar epithelium in fNSIP. GSN was also present within the 
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alveolar epithelium overlying areas of active fibrosis called Masson bodies, whereas 
showed weak positive staining in the fibrotic interstitium of the COP lung compared 
to IPF and fNSIP samples (Figure 1A and Figure E1). Quantification and statistical 
analysis of signal intensities of all 85 samples revealed an overall increase in GSN 
expression in IPF/UIP and fNSIP samples as opposed to cNSIP, COP/OP and normal 
samples (Figure 1B), suggesting a role for GSN in disease pathogenesis. 

 
 
 

Gsn expression is necessary for the development of modelled pulmonary 
inflammation and fibrosis  

To confirm the possible role of GSN in the development of pulmonary inflammation 
and fibrosis, we utilized the animal model of BLM-induced pulmonary inflammation 
and fibrosis. As previously shown in detail4, BLM administration in WT mice resulted 
in progressive subpleural/peribronchial pulmonary inflammation, which subsequently 
diffused into the parenchyma (Figure 2A). Accordingly, inflammatory cells in 
bronchoalveolar lavage fluid (BALF) increased gradually after BLM injection (Figure 
2B). Inflammation was followed by the development of mainly subpleural and 
peribronchial fibrotic patches, characterized by alveolar septa thickening and focal 
dilation of respiratory bronchioles and alveolar ducts (Figure 2A). Concomitantly, 
collagen production was elevated as measured in lung protein extracts with a soluble 
collagen assay (Figure 2C). BLM administration resulted to a moderate increase of 
GSN levels in the lung interstitium, as examined with immunocytochemistry, mainly 
in epithelial (and endothelial) cells (Figure 2D). Unlike the human samples no 
staining was detected in fibroblasts, possibly reflecting (patho)physiological and 
technical differences (as mouse fibroblasts are hardly visible with H/E staining and 
hardly react to specific immunostaining) between mouse and human lungs. The 
increased epithelial GSN expression was confirmed through co-localization with 
epithelial specific markers (T1A for type I and SPC for type II; Figure E2). Increased 
GSN levels were also detected in the airspaces upon BLM administration, as detected 
with an ELISA assay in the corresponding BALFs (Figure 2E). 

To dissect the role of GSN in the development of pulmonary inflammation and 
fibrosis, we next administered BLM to genetically modified mice lacking GSN 19. 
Gsn-/- mice were protected from the development of the disease, exhibiting normal 
lung architecture, no inflammation and lack of collagen accumulation (Figure 2, A-C).  

Impaired pulmonary neutrophil infiltration in Gsn-/- mice 

As GSN was shown to be necessary for the development of pulmonary inflammation 
and fibrosis, its role in different cell compartments was further dissected. To assess 
neutrophil infiltration in the lungs of Gsn-/- mice, we quantified myloperoxidase 
(MPO) levels in lung extracts at early time points post BLM administration using the 
MPO assay. As shown in Figure 3A, MPO levels in the lungs of WT mice were 
significantly elevated both at 3 and 7 days post BLM administration in sharp contrast 
with Gsn-/- mice. To verify the defective recruitment of Gsn-/- neutrophils into the lung 
upon injury, we administrated aerosolised LPS, a potent inducer of acute lung injury 
and neutrophil chemotaxis, to WT and Gsn-/- mice. Histological examination of lung 
sections from WT mice 24 h after LPS administration revealed thickening of the 
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alveolar septa and infiltration of inflammatory cells, consisting mainly by neutrophils 
(Figure 3B). In contrast, Gsn-/- lungs presented with less features of acute lung injury 
and with fewer infiltrating neutrophils. In agreement, both the absolute numbers of 
cells in BALF (>90% neutrophils) and the MPO levels were significantly reduced in 
the lungs of Gsn-/- mice (Figure 3 C and D respectively).  

As the attenuated neutrophil recruitment could be directed from aberrant 
chemotactic signals, the levels of KC (CXCL1; the equivalent of human IL-8), a 
potent and essential neutrophil chemoattractant 20, were also examined. KC 
expression post BLM administration was found significantly reduced in Gsn-/- mice, 
both at the mRNA (data not shown) and protein level (Fig 3E). No difference in KC 
levels was observed upon LPS administration (Fig 3F).   

Attenuated pulmonary epithelial apoptosis in Gsn-/- mice 

As GSN has been implicated in Caspase-3 mediated apoptotic mechanisms 15, 21, the 
degree of apoptosis in the lungs of BLM-challenged mice was assessed. TUNEL 
assays, which detect primarily apoptotic cells 22, performed on lung sections 7 days 
post BLM injection, revealed alveolar epithelial cell apoptosis, which was 
significantly lower in Gsn-/- mice (Figure 4, A and B). Reduced epithelial TUNEL+ 
cells in Gsn-/- mice were also observed when lung injury was induced with inhaled 
LPS (Figure 4, C and D) that has been known to induce epithelial apoptosis 23.   

To investigate if the observed reduced apoptosis in Gsn-/- mice could be attributed 
to defective caspase-3 activation upon injury, lung extracts isolated 7 days post BLM 
administration were assayed for caspase-3 activity with an enzymatic assay (Fig 4E). 
WT and Gsn-/- mice had equal levels of caspase-3 activity post BLM, confirming the 
pro-apoptotic role of BLM and suggesting that the observed differences in apoptosis 
upon GSN ablation lied downstream. 

To examine if caspase-3 GSN fragmentation, a suggested apoptotic effector 
mechanism 15, is involved in BLM induced lung injury and pulmonary inflammation 
and fibrosis, lung extracts isolated 7 days post BLM administration were 
immunoblotted for GSN. As shown in Figure 4F, BLM administration provoked GSN 
fragmentation, an effect also observed upon LPS administration.  

Moreover, a series of biochemical analyses in WT and Gsn-/- littermate mouse 
embryonic fibroblasts (MEFs; presented in an on line supplement and Figs. E3 and 
E4), confirmed that GSN ablation results in reduced apoptosis and correlated it with 
delayed disassembly of the actin cytoskeleton, as well as with reduced nucleolytic 
activity. 

Gsn ablation in the stromal compartment is sufficient to inhibit disease 
development 

Disease protection in Gsn-/- mice was correlated with both attenuated neutrophil 
infiltration and reduced epithelial apoptosis. To examine their relative contribution in 
disease development, reciprocal bone marrow transfer experiments were performed as 
previously described in detail 4. Properly reconstituted recipient mice (data not 
shown), bearing hematopoietic cells with the genetic background of the donor mouse 
and radioresistant/stromal cells with the genetic background of the host mouse, were 
then injected with BLM to assess disease development. Mice that lacked Gsn 
expression in the hematopoietic compartment and therefore neutrophils (Gsn-/- to WT) 
developed both inflammation and fibrosis, as it can be seen in histology, 
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inflammatory cell count and collagen levels (Figure 5, A-C respectively). On the 
contrary, abolishing Gsn expression from the radio-resistant stromal cells (WT to Gsn-

/-) resulted in complete disease protection (Fig. 5).  
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DISCUSSION 

In this report, GSN expression was found increased in the fibrotic lungs of IIP 
patients suggesting a role in the pathogenesis of pulmonary inflammation and fibrosis. 
GSN expression was shown to be necessary for modelled disease development, as 
Gsn-/- mice were found protected from the modelled disease attributed to attenuated 
neutrophil infiltration, reduced chemotaxis, as well as to reduced epithelial apoptosis. 
BLM induced apoptosis in vivo was shown to provoke Caspase-3-mediated GSN 
fragmentation, a finding also confirmed ex vivo. A series of bone marrow transfers 
indicated GSN deficiency in stromal cells as the primary cause of the observed 
disease protection.  

IIPs is a heterogeneous group of diseases consisting of seven distinct clinical and 
pathological entities24. IPF is the most common IIP, having the same worse prognosis 
with fibrotic NSIP both being unresponsive to corticosteroids. On the other hand, 
cellular NSIP and COP have a more favourable course and treatment 
responsiveness25. GSN was found to be overexpressed in patients with IPF and 
fibrotic NSIP in comparison with control subjects, cellular NSIP and COP (Figs. 1 
and E1) suggesting a role for GSN in disease pathogenesis. Furthermore the distinct 
GSN expression profiles in various types of IIPs may explain differences in disease 
progressiveness and treatment responsiveness. 

 To dissect the possible role of GSN in pulmonary inflammation and fibrosis, we 
have utilized the animal model of BLM, an experimental approximation of the human 
disease.  Gsn-/- mice were found protected from disease development (Fig.2); disease 
protection was correlated with both attenuated neutrophil infiltration (Fig. 3), as well 
as reduced epithelial apoptosis (Fig. 4). 

Neutrophil infiltration represents the first line of defence of the immune system 
against infection or injury and although such an acute inflammatory event can not be 
assessed in human IPF patients, neutrophil infiltration in the course of BLM-induced 
pulmonary inflammation and fibrosis is well documented26. GSN ablation resulted to 
attenuated neutrophil infiltration in the lung post BLM (or LPS) treatment (Figs. 2,3), 
in accordance with previous studies showing a delayed response to intraperitoneal 
thioglycollate19. The blunted neutrophil response in the absence of GSN is not  
dependent on the levels of chemoattractic signals such as KC (whose secretion was 
found decreased in the absence of GSN; Fig. 3), as Gsn-/- neutrophils fail to migrate 
efficiently towards the very potent neutrophil  chemotactic peptide n-formyl-nle-leu-
phe (nFMLP) either in vitro19, or in vivo when administrated intratrachealy and in 
parallel with BLM administration (data not shown). Likewise, LPS-induced 
neutrophil infiltration in Gsn-/- mice was reduced despite the equal levels of KC 
secretion (Fig. 3).  Interventions that inhibit neutrophil migration and/or activation in 
BLM-induced pulmonary inflammation and fibrosis have resulted in amelioration of 
disease severity, but proved inadequate for complete protection27, 28. Likewise, GSN 
deficiency in hematopoietic cells leading to impaired neutrophil infiltration did not 
protect mice from BLM-induced disease development (Fig. 5). As GSN has been 
implicated in the transduction of signals into dynamic rearrangements of the 
cytoskeletal architecture14, it seems very likely that in the absence of the 
nucleating/severing activity of GSN, a less dynamic cytoskeleton in neutrophils 
would be unable to respond effectively to chemotactic cues. 

GSN, besides its important role in mediating actin cytoskeletal rearrangements, 
is a substrate of caspase-315, whose inhibition has been shown to attenuate BLM-
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induced pneumonopathy11. As shown here, BLM treatment induced caspase-3 
activation both in vivo (Fig. 4) and ex vivo (Fig. E3), leading to PARP 29 and GSN 
cleavage  and epithelial apoptosis (Fig. 4). GSN genetic ablation attenuated epithelial 
apoptosis despite equal caspase-3 activation and PARP cleavage (Fig. 4). Moreover, 
GSN ablation only in radioresistant stromal cells resulted in complete disease 
protection (Fig. 5). Although the absence of GSN could conceivably have diversely 
affected other pulmonary cell types with important implications for the development 
of pulmonary inflammation and fibrosis, such as endothelial cells30 and fibroblasts19, 

31, neither of these cells can be primarily affected from BLM as they both possess 
BLM hydrolase that catabolises BLM, as opposed to epithelial cells32. Therefore 
disease protection upon GSN deficiency in stromal cells can only be attributed to 
reduced epithelial apoptosis in the absence of GSN, suggesting an apoptotic effector 
role for GSN fragmentation in BLM-induced lung injury in vivo. GSN fragmentation 
was also observed upon LPS challenge suggesting GSN fragmentation as a common 
caspase-3 apoptotic mechanism in lung injury.  

Intracellular GSN and GSN-mediated responses were shown to be an important 
player in the pathogenesis of pulmonary inflammation and fibrosis. A structurally 
distinct, soluble form of GSN is secreted in the plasma (pGSN), shown to dissociate 
DNase I from extracellular actin and to bind and inactivate LPS 33. More importantly, 
pGSN binds and presents lysophosphatidic acid (LPA) to cells 34, whose receptor 
(LPAR1) activation in lung fibroblasts was recently shown to be a pre-requisite for 
the development of BLM-induced disease 35. Increased levels of GSN were detected 
in BALFs of mice post BLM treatment although its origin remains unclear, as it could 
have been released from damaged cells upon injury, secreted from epithelial cells or 
extravasated from the blood.  

Concluding, increased GSN expression was detected in IPF and fNSIP patients 
possibly predicting treatment responsiveness. Intracellular GSN was shown to be 
necessary for efficient neutrophil infiltration, while its fragmentation was shown to be 
an apoptotic effector mechanism in epithelial apoptosis, shown to be a prerequisite for 
BLM induced lung injury. Controlling epithelial cytoskeletal dynamics with actin-
modifying drugs, or targeting N-GSN, could prove useful in controlling pulmonary 
inflammation and fibrosis. 
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FIGURE LEGENDS 

 

Figure 1. Increased GSN expression within the fibrotic lung. (A) Representative 
immunocytochemistry with an a-GSN antibody on tissue microarrays containing 25 
IPF, 20 COP, 20 NSIP and 20 normal lung samples as described in Table 1. (B) 
Computerized image analysis of immunostained sections. Data are presented as bar 
charts of mean values ± SD depicted by error bars. * denotes statistical significance 
(p<0.05) between the indicated groups as assessed with unpaired t-test. (C) Real-Time 
PCR on total RNA isolated from frozen lung samples of (different groups of) IIP 
patients also revealed an increase in GSN expression. Values were normalized to the 
corresponding values of the reference gene b2m and presented as expression index. 
Actual data are presented with lines indicating mean values. * denotes statistical 
significance (p<0.05) between the indicated groups as assessed with t-test.  
 
Figure 2. Gsn deficiency protects mice from BLM-induced Pulmonary Fibrosis.  WT 
and Gsn-/- mice were injected intravenously with saline or BLM and sacrificed at the 
indicated time points post injection. (A) Representative H/E (4x) staining of WT and 
Gsn-/- lung sections. Inflammatory infiltrates (open arrows) and fibrosis development 
(closed arrows) are evident in WT lungs at subpleural and peribronchial areas, 
whereas Gsn-/- mice show minimal signs of the disease. (B) Total inflammatory cell 
counts in BALF. (C) Soluble collagen determination in lung extracts. (D) 
Immunodetection of GSN in paraffin sections, revealed increased expression upon 
BLM injection, mainly in epithelial cells (see also Figure E2). (E) GSN levels were 
significantly increased in BALF samples from BLM-injected WT mice, as determined 
with an ELISA assay. Data are presented as bar charts of mean values ± SD depicted 
by error bars (B and C) or as actual data with lines indicating mean values (E). * 
denotes statistical significance (p<0.05) between the values of the indicated groups as 
assessed with t-test. (n=3-5).   

 
Figure 3. Impaired neutrophil migration in the lungs of Gsn-/- mice. (A) BLM 
administration resulted in increased neutrophil infiltration in the lungs of WT mice 
when compared with Gsn-/- mice, as revealed with MPO assays. (B) Representative 
H/E staining of lung sections of WT and Gsn-/- mice 24 h after aerosolized LPS 
administration revealed increased sequestration of inflammatory cells (mainly 
neutrophils) in WT lungs, an effect markedly impaired in Gsn-/- lungs. (C, D) Reduced 
neutrophil infiltration in Gsn-/- lungs after exposure to LPS was also detected with cell 
counts in cytospins (C) and MPO assays (D). (E, F) Significantly reduced KC BAL 
levels were noted in Gsn-/- lungs 7 days post BLM injection (E), while no differences 
were found between the two mouse strains after LPS administration (F), as 
determined with an ELISA assay. Data are presented as bar charts of mean values ± 
SD depicted by error bars. * denotes statistical significance (p<0.05) between the 
values of the indicated groups as assessed with t-test. (n=3-6).   
 
Figure 4. Gsn deficiency results in reduced epithelial apoptosis upon lung injury. (A) 
BLM induced an increase in TUNEL+ cells in the lungs of WT mice, a response 
abrogated in Gsn-/- lungs. (B)  Results were expressed as the number of TUNEL+ cells 
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per optical field in 8 different areas per animal. (C) TUNEL assays performed on lung 
sections 24 h after aerosolized LPS administration revealed less apoptotic cells in the 
lungs of Gsn-/- mice when compared with WT mice. (D) Results were expressed as the 
number of TUNEL+ cells per optical field in 8 different areas per animal. (E) WT and 
Gsn-/- lungs exhibit equal activation of Caspase-3 after exposure to BLM, as judged 
with a corresponding activity assay. Values were expressed normalized to the 
corresponding saline controls. (F) Both BLM and LPS administration resulted in the 
Caspase-3 mediated cleavage of full length GSN (FL-GSN) and the generation of the 
41 kD COOH-terminal (C-GSN) and the 39 kD NH2-terminal (N-GSN) fragments. 
Actin was used as a loading control. Data are presented as bar charts of mean values ± 
SD depicted by error bars (B and D) or as actual data with lines indicating mean 
values (E). * denotes statistical significance (p<0.05) between the values of the 
indicated groups as assessed with t-test. (n=3-7).   
 
Figure 5. GSN ablation from the stromal compartment confers resistance to BLM-
induced pulmonary inflammation and fibrosis. Reciprocal bone marrow transfer 
experiments show that absence of GSN from the radio-resistant, stromal cellular 
compartment suffices to protect mice from BLM-induced pulmonary inflammation 
and fibrosis. (A) Representative H/E staining (4x), (B) Total inflammatory cell counts 
in BALF, and (C) Soluble collagen determination in lung extracts. Data are presented 
as bar charts of mean values ± SD depicted by error bars * denotes statistical 
significance (p<0.05) between the values of the indicated groups as assessed with t-
test. (n=6-8).   
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SUPPLEMENTARY METHODS 

Real-Time RT-PCR 

Total RNA was extracted from frozen biopsy samples of IIP patients (a different set 
than the one embedded in tissue microarrays) using TRIzol reagent (Life 
Technologies, Rockville, Maryland, United States) in accordance with the 
manufacturer’s instructions. Samples were further purified (from all small RNAs less 
than 300 nucleotides) by a single passage from a QIAGEN RNeasy column according 
to manufacturer’s instructions. RNA yield and purity were determined 
spectrophotometrically at 260/280 nm. First-strand cDNA synthesis was performed 
using the MMLV reverse transcriptase and oligo-dT15 (Promega, Madison, 
Wisconsin, USA). 

Real-Time RT-PCR was performed using a Peltier Thermal Cycler (PTC) 200 
with a Chromo 4 continuous Fluorescence detector (MJ Research Inc, Waltham, MA, 
USA) and the Platinum® SYBR® Green qPCR SuperMix-UDG (Invitrogen, 
Carlsbad, CA, USA), according to the manufacturer's instructions. The program used 
included: 2min at 50°C, 5 min at 95°C, 43 cycles of denaturation\ annealing\extension 
(30s at 95°C; 45s at 56°C; 30s at 72°C) and a final extension of 5min at 72°C. Primers 
were chosen from exons separated by large introns (spanning exon-exon junctions), 
and the PCR quality and specificity was verified by melting curve analysis and gel 
electrophoresis. Primer sequences (sense, s; antisense, as) and product lengths were as 
follows: b2M, (s: 5΄CTG AAA AAG ATG AGT ATG CC3΄, as: 5΄ACC CTA CAT 
TTT GTG CAT AA; 202bp) and GSN (s: 5΄GGT GTG GCA TCA GGA TTC 
AAG3΄, as: 5΄TTT CAT ACC GAT TGC TGT TGGA3΄; 199bp). Cycle threshold 
(Ct; the first cycle that amplification can be detected) values were obtained from the 
Opticon monitor 3 software for GSN and the control reference gene b2m, together 
with their amplification efficiencies (85-115%). Ct values were converted to 
concentration values (ng/ml) utilizing the standard curve made by serial dilutions (in 
duplicates) of an arbitrary control reference sample. Values were normalized to the 
corresponding values of the reference gene b2m and presented as expression index 
following software’s instructions. 

Myeloperoxidase (MPO) assay 

Pulmonary neutrophil sequestration was quantitated using a myeloperoxidase (MPO) 
assay. Briefly, at the time of sacrifice, lungs were perfused free of blood with 10 ml of 
0.9 % saline via the spontaneously beating right ventricle. The lungs were lavaged as 
above excised and placed in a 50 mM potassium phosphate buffer solution (pH 6.0) 
with 0,5 % hexadecyltrimethylammonium bromide (Sigma-Aldrich, St.Louis, 
Missouri, USA) and 5 mM EDTA. The lung tissue was homogenized, sonicated, and 
centrifuged at 12,000 g for 15 minutes at 4°C. The supernatant was then assayed for 
MPO activity using a spectrophotometric reaction with o-dianisidine hydrochloride 
(Sigma-Aldrich) at 460 nm. 

Gelsolin ELISA 

Plates were coated with samples, controls and standards O/N at 4ºC, in a coating 
buffer containing 0.012M Na2CO3 and 0.028M NaHCO3. Plates were then washed 
once with 0.05% PBST and non specific sites where blocked with 100µl PBST 
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containing 0.1% BSA for 1h at RT. Plates were then incubated with an anti-gelsolin 
antibody  (custom made, rabbit polyclonal; 1/10000) for 1 hour at RT. Following a 
wash with 0.05% PBST, bound antibodies were detected through incubation with an 
HRP-labeled secondary antibody (Goat anti-rabbit HRP; Shouthern Biotech, 
Birmingham, AL, USA; 1/4000) for 1 hour at RT.  The plates where washed 
thoroughly with 0.05% PBST and the color was developed using 0.1mg/ml 
Tetramethybenzidine (TMB; Sigma-Aldrich, St. Louis, MO, USA). The reaction was 
stopped with 2M H2SO4 and absorbance was measured at 450nm. 

Western Blot Analysis 

Equal amount of tissue was homogenized in 2x Laemmli buffer supplemented with 
10% β-mercaptoethanol. Equal amount of lysate was loaded on 8% SDS PAGE and 
blotted on nitrocellulose membrane; transfer and equal loading were confirmed by 
ponceau-S staining. The membrane was stained O/N either with rabbit anti-gelsolin 
polyclonal antibody (custom made, rabbit polyclonal; 1/10000) or with goat anti-actin 
polyclonal antibody (Santa Cruz sc-1615, CA, USA) at 1/1000 in 5% dry milk in 1x 
TBST followed by 1 hour incubation at RT with goat anti-rabbit HRP (Southern 
Biotech 4010-05, Birmingham, AL, USA) or horse anti-goat HRP (Vector PI-9500) 
respectively. Both secondary antibodies were used in a dilution 1/2000 in 5% dry milk 
in 1x TBST. Visualization of bands was done using the luminol method. 

GSN Immunocytochemistry 

Deparaffinized and rehydrated 4 µm-thick sections of paraffin embedded lung tissue 
samples were incubated with rabbit polyclonal antibody against gelsolin for 1 h at RT. 
Sections were then incubated with 0.03% H2O2 followed by anti-rabbit IgG–HRP 
(Goat anti-rabbit HRP; Shouthern Biotech, Birmingham, AL, USA). Bound 
peroxidase activity was detected by staining with diaminobenzidine (DAB, Sigma, St 
Louis, MO, USA).  

Caspase-3 activity assay 

Caspase-3 activity was quantified with the colorimetric CaspAce assay system 
(Promega, Madison, WI, USA) and values were expressed normalized to the 
corresponding saline controls according to manufacturer’s instructions.  

Preparation of protein extracts from MEF’s under nondenaturing conditions 

At the indicated time points after STS or BLM stimulation, cells were washed with 
ice-cold PBS and then incubated on ice for 5 min with 600 µl (per 175 cm2 plate) of 
1x ice-cold lysis buffer (20 mM Tris-HCl, ph 7,5, 150 mM NaCl, 1mM EGTA, 1mM 
EDTA, 1% Triton-X, containing 1 µg/ml leupeptin and 1 mM PMSF,). Then cells 
were scraped off the plates, transferred to microcentrifuge tubes and sonicated on ice 
four times for 5 sec each. Finally, lysates were centrifuged (10 min, at 40C) and the 
supernatants were stored at -800C until analysed. Protein concentration was 
determined with the Bradford method. 
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Mouse Embryonic Fibroblasts (MEFs) 

Littermate embryos were isolated from the uterus of 13.5 days pregnant mice and 
genotyped from the corresponding yolk sacs. After removal of the head and the liver, 
embryos were enzymatically dissociated and centrifuged. MEFs isolated from the 
supernatants of cell debris were cultured for 3-5 passages in DMEM supplemented 
with 10% FBS and the appropriate antibiotics. FACS-TUNEL analysis of apoptosis 
was performed in a FACSCantoII instrument (BD Bioscienses, San Jose, CA, USA), 
using a cell death detection kit (Fluorescein, AP; Roche Applied Science, Manheim, 
Germany) according to manufacturer’s instructions.  

Plasmid Degradation Assay 

The presence of endonucleolytic activity in STS treated and control WT and gsn-/- 
MEF’s was verified by measuring the time-dependent degradation of the circular 
plasmid pBluescript II KS(+). The reaction mixture (30 µl total volume) contained 0.5 
µg plasmid in 20 mM Tris-acetate, pH 7.4, 2 mM CaCl2, and 2 mM MgCl2 and was 
supplemented with either 20 mM EDTA, 20 mM EGTA, or 5 mM ZnCl2. Protein 
extracts from MEF’s containing 5 µg of total protein prepared under nondenaturing 
conditions, were added to start the reaction. After 90 min, the reaction was stopped by 
adding sample buffer for agarose gel electrophoresis (0.25% bromophenol blue, 
0.25% xylene cyanol, 30% glycerol, 50% formamide, 1 mM EDTA, and 20 mM 
MOPS). Samples were electrophorized in 1% agarose gels and bands were visualized 
with ethidium bromide staining (1.2 µg/ml in the gel and 0.15 µg/ml in the running 
buffer). 
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SUPPLEMENTARY RESULTS 

Apoptosis, actin dynamics and caspase-3-mediated GSN fragmentation 

To verify that GSN ablation leads to decreased apoptosis in a cell model ex vivo, WT 
and Gsn-/- littermate mouse embryonic fibroblasts (MEFs) were isolated  from the 
corresponding embryos (E13,5) and treated with BLM, as well as with staurosporin 
(STS), a well known pan-kinase inhibitor and inducer of apoptosis1. Both compounds 
were able to induce apoptosis in WT MEFs, as accessed with FACS-TUNEL (Figure 
E3 A and B), as well as with cytotoxicity or DNA-content assays (Figure E4 A and B 
respectively). GSN ablation in MEFs resulted to significantly reduced apoptosis in all 
assays thus confirming the in vivo results.  

Consistent with the in vivo data, the STS induced apoptosis resulted in equal 
levels of caspase-3 activation in WT and Gsn-/- MEFs (Fig E3C), reenforcing the in 
vivo observations suggesting that differences in apoptosis in the absence of GSN lie 
downstream of caspase-3. Poly(ADP-ribose) polymerase (PARP) is a well known 
caspase substrate and its fragmentation a widely used marker of apoptosis2. We did 
not detect any differences in PARP cleavage between WT and Gsn-/- MEFs upon 
apoptosis induction by both BLM (Figure E3D) and STS (Figure E3E), confirming 
equal caspase-3 activation in the absence of GSN. To examine if  caspase-3 GSN 
fragmentation is involved in BLM/STS induced MEFs apoptosis as was shown for 
lung injury (Figure 4D), MEF extracts immunoblotted for PARP were also 
immunoblotted for GSN. Indeed, both treatments resulted in the cleavage of GSN and 
the generation of the N-fragment of GSN (Figure E3 D and E). 

It has been suggested that during apoptosis the generation of N-GSN dissociates 
DNase I from actin complexes, leading to an increase to its nucleolytic activity3, 4. In 
order to test this hypothesis in the MEF model, we used plasmid degradation assays 
for the quantification of nucleolytic activity present in cell extracts derived from WT 
and Gsn-/- MEFs treated with STS. As shown in Figure E3F, the nucleolytic activity 
of WT cell extracts increased after STS treatment in a time-dependent manner, despite 
equal levels of DNAse I expression (Figure E3G). The endonucleolytic activity could 
be inhibited by the addition of EDTA or the immunodepletion of DNAse I (data not 
shown).  
 
 
1 Ruegg UT, Burgess GM. Staurosporine, K-252 and UCN-01: potent but 

nonspecific inhibitors of protein kinases. Trends Pharmacol Sci 1989;10:218-20. 
2 Fischer U, Janicke RU, Schulze-Osthoff K. Many cuts to ruin: a comprehensive 

update of caspase substrates. Cell Death Differ 2003;10:76-100. 
3 Davoodian K., Ritchings B. W., Ramphal R., et al. Gelsolin activates DNase I in 

vitro and cystic fibrosis sputum. Biochemistry 1997;36:9637-41. 
4 Chhabra D., Nosworthy N. J., dos Remedios C. G. The N-terminal fragment of 

gelsolin inhibits the interaction of DNase I with isolated actin, but not with the 
cofilin-actin complex. Proteomics 2005;5:3131-6. 

5 Aidinis V, Carninci P, Armaka M, et al. Cytoskeletal rearrangements in synovial 
fibroblasts as a novel pathophysiological determinant of modeled rheumatoid 
arthritis. PLoS Genet 2005;1:e48. 

6 Witke W., Sharpe A.H., Hartwing J. H., et al. Hemostatic, Inflammatory, and 
Fibroblast Responses Are Blunted in Mice Lacking Gelsolin. Cell 1995;81:41-51. 

 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://thorax.bm

j.com
/

T
horax: first published as 10.1136/thx.2008.107946 on 12 F

ebruary 2009. D
ow

nloaded from
 

http://thorax.bmj.com/


 

 

 

 

 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://thorax.bm

j.com
/

T
horax: first published as 10.1136/thx.2008.107946 on 12 F

ebruary 2009. D
ow

nloaded from
 

http://thorax.bmj.com/


 

 

 

 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://thorax.bm

j.com
/

T
horax: first published as 10.1136/thx.2008.107946 on 12 F

ebruary 2009. D
ow

nloaded from
 

http://thorax.bmj.com/


 

 

 

 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://thorax.bm

j.com
/

T
horax: first published as 10.1136/thx.2008.107946 on 12 F

ebruary 2009. D
ow

nloaded from
 

http://thorax.bmj.com/


 

 

 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://thorax.bm

j.com
/

T
horax: first published as 10.1136/thx.2008.107946 on 12 F

ebruary 2009. D
ow

nloaded from
 

http://thorax.bmj.com/


 

 

 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://thorax.bm

j.com
/

T
horax: first published as 10.1136/thx.2008.107946 on 12 F

ebruary 2009. D
ow

nloaded from
 

http://thorax.bmj.com/


 

 

 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://thorax.bm

j.com
/

T
horax: first published as 10.1136/thx.2008.107946 on 12 F

ebruary 2009. D
ow

nloaded from
 

http://thorax.bmj.com/


 

 

 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://thorax.bm

j.com
/

T
horax: first published as 10.1136/thx.2008.107946 on 12 F

ebruary 2009. D
ow

nloaded from
 

http://thorax.bmj.com/


 

 

 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://thorax.bm

j.com
/

T
horax: first published as 10.1136/thx.2008.107946 on 12 F

ebruary 2009. D
ow

nloaded from
 

http://thorax.bmj.com/


 

 

 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://thorax.bm

j.com
/

T
horax: first published as 10.1136/thx.2008.107946 on 12 F

ebruary 2009. D
ow

nloaded from
 

http://thorax.bmj.com/


 

 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://thorax.bm

j.com
/

T
horax: first published as 10.1136/thx.2008.107946 on 12 F

ebruary 2009. D
ow

nloaded from
 

http://thorax.bmj.com/

