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Idiopathic	pulmonary	fibrosis	(IPF)	is	a	chronic	fibroproliferative	pulmonary	disorder	for	which	there	are	
currently	no	treatments.	Although	the	etiology	of	IPF	is	unknown,	dysregulated	TGF-β	signaling	has	been	
implicated	in	its	pathogenesis.	Recent	studies	also	suggest	a	central	role	for	abnormal	epithelial	repair.	In	
this	study,	we	sought	to	elucidate	the	function	of	epithelial	TGF-β	signaling	via	TGF-β	receptor	II	(TβRII)	
and	its	contribution	to	fibrosis	by	generating	mice	in	which	TβRII	was	specifically	inactivated	in	mouse	lung	
epithelium.	These	mice,	which	are	referred	to	herein	as	TβRIINkx2.1-cre	mice,	were	used	to	determine	the	impact	
of	TβRII	inactivation	on	(a)	embryonic	lung	morphogenesis	in	vivo;	and	(b)	the	epithelial	cell	response	to	
TGF-β	signaling	in	vitro	and	in	a	bleomycin-induced,	TGF-β–mediated	mouse	model	of	pulmonary	fibrosis.	
Although	postnatally	viable	with	no	discernible	abnormalities	in	lung	morphogenesis	and	epithelial	cell	dif-
ferentiation,	TβRIINkx2.1-cre	mice	developed	emphysema,	suggesting	a	requirement	for	epithelial	TβRII	in	alveo-
lar	homeostasis.	Absence	of	TβRII	increased	phosphorylation	of	Smad2	and	decreased,	but	did	not	entirely	
block,	phosphorylation	of	Smad3	in	response	to	endogenous/physiologic	TGF-β.	However,	TβRIINkx2.1-cre	mice	
exhibited	increased	survival	and	resistance	to	bleomycin-induced	pulmonary	fibrosis.	To	our	knowledge,	these	
findings	are	the	first	to	demonstrate	a	specific	role	for	TGF-β	signaling	in	the	lung	epithelium	in	the	patho-
genesis	of	pulmonary	fibrosis.

Introduction
Excess or dysregulated TGF-β signaling is implicated in the patho-
genesis of many diseases, including those of the lung. These range 
from adult pulmonary fibrosis to the neonatal chronic lung dis-
ease bronchopulmonary dysplasia (1). Idiopathic pulmonary fibro-
sis/usual interstitial pneumonia (IPF/UIP) is a fibroproliferative 
disorder of unknown etiology characterized by progressive ECM 
deposition and remodeling by α-SMA–expressing myofibroblasts. 
Fibroblast accumulation progressively results in excessive scarring 
and changes in lung architecture leading to loss of lung function 
and death. Short of lung transplantation, there are currently no 
effective treatments for IPF. Although initially thought to result 
from mesodermal defects in repair following injury or viral infec-
tion, a new perspective on the pathogenesis of IPF includes a role 
for the lung epithelium (2–4). In this paradigm, epithelial injury, 
through release of profibrotic mediators, is believed to set up a 
cascade of aberrant epithelial-fibroblast crosstalk reminiscent of 
abnormal wound healing (5). Embedded in the notion of a role 
for epithelium in the pathogenesis of IPF is the possibility that, 
in addition to arising from resident lung fibroblasts, fibroblasts 
within fibrotic foci in IPF lungs could be derived from epithelial 
cells via the process of epithelial-mesenchymal transition, known 
as EMT (6, 7). The mechanism and the extent to which this path-
way contributes to IPF remain unknown, as are the inciting factors 

that lead to epithelial injury. One incontrovertible aspect of IPF 
pathogenesis is the involvement of dysregulated TGF-β signaling.

TGF-β ligands comprise a large family of structurally related 
growth and differentiation signaling factors (8). Given both the 
specificity and versatility of its functions, the core of the TGF-β 
signal transduction pathway appears surprisingly simple. TGF-β 
functions by interacting with a heteromeric complex of trans-
membrane serine/threonine kinase receptors, the type I (TβRI) 
and the type II (TβRII) receptors. Stimulation by either activin 
or  TGF-β  leads  to  phosphorylation  of  transcription  factors 
Smad2 and/or Smad3, which in turn associate and form a com-
plex with Smad4 (8, 9). This heteromeric complex translocates 
to the nucleus, where transcription of target genes is modulated 
via direct DNA binding or through interaction with promoter-
specific transcription factors (10).

Critical roles for TGF-β signaling have been found in both nor-
mal development and disease. For example, Tgfb2-null mice die peri-
natally, with developmental abnormalities in many organs includ-
ing limbs, heart, and lungs (11). Tgfb3 mutants also die perinatally 
due to lung dysplasia and cleft palate (12). Conventional deletion 
of Smad2 causes embryonic lethality, whereas Smad3–/– mice are 
born alive. The latter mice develop a pulmonary phenotype consis-
tent with progressive emphysema (13). Targeted deletion of Smad4 
also causes a wide range of developmental abnormalities includ-
ing defective prechordal plate, node, and notochord (14). Finally, 
conventional deletion of both TβRI (Alk5) and TβRII causes early 
embryonic lethality, indicating their critical role in early embryo-
genesis, but precluding further investigation of their functions in 
later development and in adults (15).
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In animal models that are thought to mimic the process of 
human IPF, genetic approaches have identified specific com-
ponents of the TGF-β pathway that may participate in lung 
fibrosis. For example, Smad3–/– mice exhibit relative resistance 
to bleomycin-induced pulmonary fibrosis (13). However, TGF-β 
signaling within the lung is confounded by the complexity of 
the highly specialized cell types and their specific responses to 
TGF-β. Components of the TGF-β pathway including Smads 
and the transmembrane receptors are expressed in both endo-
dermal and mesodermal cell derivatives, or “compartments,” 
of the lung. The extent to which TGF-β receptors within each 
compartment contribute to the specificity and versatility of sig-
naling during embryonic and postnatal development remains 
unknown.  Similarly,  respective  mesodermal  or  endodermal 
contribution of signaling through each of the TGF-β receptors 
to pulmonary fibrosis remains entirely unknown. In the cur-
rent study, we used the endoderm-specific Nkx2.1-cre approach 
to inactivate TβRII specifically within the lung epithelial com-
partment. Surprisingly, epithelium-specific deletion of TβRII 
caused no discernible abnormalities during embryonic lung 
development. However, absence of epithelial TβRII activity in 
postnatal life was associated with nonprogressive emphysema. 
As inactivation of TβRII did not cause lethality, we were also 
presented with an opportunity to examine the role of endoder-
mal TβRII in lung injury using a murine model of bleomycin-
induced pulmonary fibrosis. Importantly, endodermal loss of 
TβRII conferred partial protection against bleomycin-induced 
fibrosis,  implying  a  central  role  for  alveolar  epithelium  in  

development of  fibrosis. To our knowledge,  this  is  the first 
direct  demonstration  of  a  specific  role  for  the  lung  endo-
derm–specific TGF-β signaling pathway in the pathogenesis of  
pulmonary fibrosis.

Results
Epithelial inactivation of TβRII by Nkx2.1-cre–driven recombination. 
Previous studies have shown that conventional deletion of TβRII 
leads to early embryonic lethality (11), while mesenchymal dele-
tion of TβRII results in gross abnormalities of trachea and lung 
(16). To study the role of TβRII specifically in lung epithelial cells, 
we crossed TβRIIfl/fl females with Nkx2.1-cre male mice and back-
crossed the heterozygotes to generate TβRIIfl/fl;Nkx2.1-cre (simply, 
TβRIINkx2.1-cre) progeny. Nkx2.1 encodes a key transcriptional regula-
tor of lung morphogenesis whose onset of expression in the mouse 
occurs on day E9.5. The Nkx2.1-cre mouse line carries a BAC gene 
in which the sequences encoding the cre recombinase are inserted 
within the first 15 bp of Nkx2.1 exon 2 (17). In Nkx2.1-cre;ROSA26-
LacZ double-transgenic embryos, LacZ staining can be detected in 
the primordium of the lung in E11 mouse embryos (Figure 1, B 
and C). This staining is limited to the endodermally derived epi-
thelial progenitor cells forming the primitive airways and the first 
branched structures of the embryonic lung (Figure 1). Thereaf-
ter, LacZ can be found in all endodermally derived epithelial cells 
throughout lung development (18). In postnatal lung samples, 
LacZ staining is found in the epithelium of the bronchoalveolar 
duct junction (arrowheads in Figure 1K) as well as alveolar epithe-
lial type II cells (arrows in Figure 1K).

TβRII Nkx2.1-cre mice were postnatally viable and fertile. Regular 
mating consistently produced progeny at expected Mendelian 
ratios.  Nkx2.1-cre–induced  lung deletion of  TβRII  exon 2 was 
validated by PCR analysis of genomic DNA from lung and other 
organs (control) of transgenic mice. A PCR product that indi-
cated deletion of exon 2 was amplified from DNA extracted from 
TβRIINkx2.1-cre lungs, but not from DNA obtained from other tissues, 
including the heart, where Nkx2.1 is not expressed (Figure 2B).

TβRII protein was examined by immunohistochemistry in TβRIIfl/fl  
and TβRIINkx2.1-cre lungs. Immunostaining was found primarily in 
cells that appeared to have characteristics of alveolar type II cells 
in the lungs of control TβRIIfl/fl mice (Figure 2C). In contrast, lit-
tle to no detectable immunoreactivity for TβRII was present in 
TβRIINkx2.1-cre lungs (Figure 2D). Western blot analysis was used to 
measure steady-state levels of TβRII protein and those of down-
stream targets of TGF-β signaling in mutant and control lungs. 
In total lung, the level of TβRII was reduced by approximately 70% 
compared with controls (Figure 2, E and F). Levels of total and 
phosphorylated Smad2 (p-Smad2) and p-Smad3, as well as p-ERK 

Figure 1
Epithelial specificity of recombination induced by Nkx2.1-cre in organs 
of double-transgenic Nkx2.1-cre;Rosa26R mice. LacZ staining was 
observed in the brain (arrowheads) and thyroid primordium (arrows) 
in E9.5 embryos (A). Nkx2.1-cre–mediated recombination in the lung 
was first visible in E11 lungs (arrow in B and outlined in C). In E13, 
E15, and E17 embryonic lungs, LacZ staining was restricted to epi-
thelial cells in the lung (D, F, G, I, and J), but was also expressed in 
the tracheal epithelium (E and H). In Pn7 neonates (K), LacZ staining 
was localized to the bronchoalveolar duct junction (arrowheads) and 
alveolar type II cell progenitors (arrows). Scale bar: 2 mm (B and G); 
800 μm (A and D); 400 μm (H and J); 200 μm (E); 100 μm (F, I, and 
K); and 40 μm (C).
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were also measured. Compared with controls, total Smad2 protein 
remained unchanged in the mutant lungs (Figure 2, G and H). How-
ever, Smad3 and its activated form (p-Smad3) were both decreased, 
whereas p-Smad2 was increased in TβRIINkx2.1-cre lungs (Figure 2). In 
addition, there was increased activation of ERK in the TβRIINkx2.1-cre 
lungs compared with TβRIIfl/fl controls (Figure 2, I and J).

We also examined the TGF-β pathway and its response to 
recombinant TGF-β treatment in isolated type II cells (Figure 3).  
Western blot analysis of total proteins from TβRIINkx2.1-cre type II  
cells showed more than 70% reduction in the abundance of 
TβRII protein, when compared with TβRIIfl/fl type II cells (Fig-
ure 3, A and B). In contrast to total lung (as shown in Figure 2),  

the abundance of Smad2 or Smad3 proteins was not discern-
ibly  changed, with or without  treatment with  recombinant  
TGF-β (Figure 3, C and D). However, phosphorylated Smad2 
was reduced  in untreated TβRIINkx2.1-cre alveolar type II cells, 
whereas phosphorylated Smad3 was only  faintly detectable 
on the Western blot in either mutant or control type II cells. 
Treatment with TGF-β increased both phosphorylated Smad2 
and Smad3 in the mutant type II cells, but compared with the 
controls, the response, particularly for p-Smad3, was blunted 
(Figure 3, C and D). Overall, the basal level of p-ERK and its 
response to TGF-β appeared to be equal in TβRIINkx2.1-cre and 
TβRIIfl/fl type II cells (Figure 3, E and F).

Figure 2
Generation and validation of TβRII conditional knockout alleles. (A) Schematic map of the mouse TβRII floxed locus. Arrowheads designate loxP 
sequences. Primers a, b and c, used in genotyping the mice, are also shown. (B) PCR genotyping using the 3 primers in A. Heart (lanes 1, 3, 
and 5) and lung tissue (lanes 2, 4, and 6) from floxed alleles and wild-type alleles can be distinguished by their size using primers a and b. Prim-
ers for Cre detection are provided in Methods. Deleted TβRII allele is detected using primers a and b. (C and D) Immunohistochemical analysis 
for TβRII protein in TβRIIfl/fl and TβRIINkx2.1-cre lungs, respectively. Arrows show alveolar type II–appearing cells in TβRIIfl/fl and TβRIINkx2.1-cre adult 
lungs. (E and F) Western blot analysis and densitometric quantification of total protein homogenates from TβRIIfl/fl (control) and TβRIINkx2.1-cre 
(mutant) lungs, respectively. Values were normalized against α-tubulin. (G) p-Smad2 and p-Smad3, normalized against total Smad2 and Smad3, 
respectively. (H) Densitometric quantification of the Western blot in G. (I and J) p-ERK normalized against total ERK and densitometric quanti-
fication. **P < 0.01; *P < 0.05. n = 3. Scale bar: 40 μm.
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Morphology and epithelial cell differentiation in TβRIINkx2.1-cre lungs. 
TβRIINkx2.1-cre mice survive and reproduce normally. When com-
pared with either TβRIIfl/fl or wild type age-matched mice, gross 
morphology of the TβRIINkx2.1-cre lungs at 3 weeks of age appeared 
normal. Remarkably, after 8 weeks of life, distinct signs of alveolar 
enlargement, a phenotype consistent with emerging emphysema, 
was discerned in the lungs of TβRIINkx2.1-cre mice (Figure 4, A–D). 
Quantification of alveolar diameter by several methods including 
mean liner intercept and direct distal alveolar counts supported 
the occurrence of emphysema in 8-week-old TβRIINkx2.1-cre mice 
(Figure 4, E–G). However, later examination of the mutant lungs 
in 11-month-old mice revealed no sign of progression of this phe-
notype (data not shown).

Lung epithelial cell differentiation was examined by immuno-
fluorescence using antibodies to cell-specific markers. Distribu-
tion of Nkx2.1 and surfactant protein B (Sp-B), a marker of both 
airway and alveolar epithelial cells, was comparable in mutant and 
control lungs (Supplemental Figure 1, C–F; supplemental mate-
rial available online with this article; doi:10.1172/JCI42090DS1). 
Immunostaining with an anti–CC-10 antibody showed normal dif-
ferentiation and spatial distribution of Clara cells in both mutant 
and control lungs (Supplemental Figure 1, C and D). α-Tubulin, a 
marker of ciliated cells, was also found to be normally expressed 
on the apical side of the proximal epithelial cells in mutant and 
control mice (Figure 1, A and B). The magnitude and distribution 
of Sp-C and T1-α, markers respectively of type II and type I cells, 
were also unchanged, indicating preservation of number and dis-
tribution of specialized alveolar epithelial cell types in TβRIINkx2.1-cre 
lungs. Thus, lung epithelial cell differentiation does not appear to 
be dependent on epithelial TβRII signaling.

As we observed in vivo changes in the components of 
the TGF-β signal transduction pathway, particularly in 
Smad2 and Smad3, described above, it became logical to 
examine the impact of epithelium-specific TβRII deletion 
on select known targets of TGF-β. Surprisingly, real-time 
PCR analysis revealed a complex and mixed response of 
TGF-β target genes, which encode components of the 
ECM. Thus, fibronectin 1 and collagen 3a1 were signifi-
cantly increased in mutant lungs. In contrast, collagen 
1a1 (Col1a1), Col4a1, and α-SMA remained unchanged 
(Figure 4H). Potential alterations in expression of metallo-
proteinases and their tissue inhibitors were also interro-
gated. Although expression of connective tissue growth 
factor (Ctgf), plasminogen activator inhibitor–1 (Pai1), 
Mmp2, Mmp9, and tissue inhibitor of metalloproteinase 2  
(Timp2) was unchanged, transcripts for Mmp12 and Timp1 
were increased several fold (Figure 4I).

TβRIINkx2.1-cre mice exhibit relative resistance to bleomycin-
induced lung injury. Adenoviral overexpression of TGF-β 
induces pulmonary fibrosis (19). Additionally, TGF-β is 

a key mediator of EMT, a process by which epithelial cells may con-
tribute to pulmonary fibrosis (20). Epithelium-specific deletion of 
TβRII and the postnatal viability of mutant mice presented a unique 
opportunity to examine what role, if any, TGF-β signaling, specifi-
cally via epithelial TβRII, may have in a murine model of pulmonary 
fibrosis. Bleomycin was administered at 2 U/kg intratracheally (i.t.) 
to a group of 2-month-old TβRIINkx2.1-cre and TβRIIfl/fl control mice. 
Intratracheal administration of bleomycin caused lethality in 75% 
of control mice by day 16. Remarkably, all mutant mice survived 
the treatment (Figure 5A). Because of this differential survival rate, 
we next examined the impact of intranasal (i.n.) administration 
of bleomycin. This mode of delivery caused less severe injury and 
allowed survival of control mice and hence their analysis. Following 
i.n. administration of bleomycin, weight loss, a normal occurrence 
following bleomycin exposure, was monitored at regular intervals. 
Initially, weight loss was similar in the 2 groups. Within the first 
5 days, however, while TβRIINkx2.1-cre mice began to recover, TβRIIfl/fl 
control mice continued to lose weight. Between day 2 and day 13 of 
the study, there was a significant difference between the 2 groups of 
mice, with more rapid stabilization of weight for TβRIINkx2.1-cre mice. 
By day 13, the TβRIIfl/fl mice in the control group had recovered to 
the level of the mutant mice (Figure 5B).

On day 14 following i.t. bleomycin administration (1.3 U/kg), we 
obtained total lung lavage and measured protein concentration 
to determine the extent of injury and epithelial permeability. We 
found significantly lower permeability in the TβRIINkx2.1-cre lungs 
when compared with TβRIIfl/fl lungs (Figure 5D). Consistent with 
the latter results, measurement of lung compliance after 14 days of 
exposure to bleomycin also showed significant differences between 
TβRIINkx2.1-cre and TβRIIfl/fl control mice (Figure 5C).

Figure 3
Characterization of the TGF-β pathway in isolated alveolar 
epithelial type II cells. (A) TβRII levels determined by West-
ern blot analysis in TβRIIfl/fl and TβRIINkx2.1-cre type II cells. 
(C) Western blot analysis of Smads and p-Smads in control 
and TGF-β–treated type II cells. (E) Western blot analysis 
of ERK and p-ERK in control and TGF-β–treated type II 
cells. Quantification of A, C, and E is shown in B, D, and F, 
respectively. **P < 0.01; *P < 0.05.
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Histology of the TβRIIfl/fl lungs on day 21 following bleomycin 
administration showed extensive, focalized, and heterogeneous 
dense interstitial fibrosis in paraseptal regions (Figure 6A). In 
contrast, only a few small and isolated fibrotic foci were observed 
in the TβRIINkx2.1-cre lungs (Figure 6B). Deposition of collagen, a 
key feature in bleomycin-induced pulmonary fibrosis, was assessed 
by two different methods. First the amount of collagen deposited 
was examined by trichrome staining after 21 days of injury (Fig-

ures 6, C and D). Second, soluble collagen content was measured 
in total lung homogenates at 14 days after injury (1.3 U/kg). As 
shown in Figure 6E, compared with saline controls, the mutant 
lungs showed less collagen deposition in response to bleomycin by 
Sircol assay when compared with TβRIIfl/fl controls.

In  addition,  analysis  of  apoptosis  within  the  fibrotic  foci 
by TUNEL staining  revealed a  significant difference between 
TβRIINkx2.1-cre and TβRIIfl/fl lungs. There was nearly a 3-fold increase 

Figure 4
Morphological and real-time PCR analysis of TGF-β targets in TβRIIfl/fl and TβRIINkx2.1-cre lungs. (A–D) Morphological analysis by H&E staining on 
sections of 8-week-old lungs showing the presence of alveolar enlargement. (E) Distal airway counts in multiple sections of control and mutant 
lungs at both 3 weeks and 8 weeks of age. (F) Quantification of average size in pixels of airways using Image J. (G) Mean linear intercept mea-
surements (1.0 = 200 μm). n = 3 per group; 5–10 slides from each group. (H) Real-time PCR analysis of ECM components. (I) Real-time PCR 
analysis of TGF-β targets. n = 3 per group; **P < 0.01; *P < 0.05. Scale bar: 200 μm.

Figure 5
Physiological impact of bleomycin injury in TβRIIfl/fl and TβRIINkx2.1-cre mice. (A) Survival profile of mice receiving i.t. injection of bleomycin or saline 
(control). (B) Weight loss in mice receiving i.n. instillation of bleomycin or saline (control). Animals were monitored up to 21 days. (C) Compli-
ance (kPa/ml) in control and mutant lungs on day 14 of bleomycin treatment. (D) Epithelial permeability on day 14 after bleomycin exposure as 
measured by protein content of BAL. **P < 0.01; *P < 0.05. n = 5 per group.
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in TUNEL-positive cells in the mutant fibrotic foci compared with 
those in the control lungs (Figure 6, F–J). Further studies showed 
that the apoptotic cells were nearly exclusively positive for vimen-
tin (data not shown). Whether EMT contributes to this cell popu-
lation remains unknown, as such information awaits development 
of additional mouse lines with cell lineage–tracing capabilities.

Attenuated response to bleomycin in TβRIINkx2.1-cre lungs. Fibro-
blast-specific protein 1 (FSP1) and α-SMA are increased in both 
IPF and bleomycin-induced pulmonary fibrosis (21, 22). Using 
immunohistochemistry and Western blot analysis, protein lev-
els for α-SMA and FSP1 were examined in mutant and control 
lungs (Figure 7, A–F). Based on Western blot results normalized 
to lamin A/C, both FSP1 and α-SMA were significantly reduced 
by nearly one-half in the mutant lungs, compared with TβRIIfl/fl 
controls. To assess the impact of bleomycin treatment, we also 
measured by real-time PCR the mRNA level for α-SMA and a 
number of profibrotic mediators that included fibronectin and 
collagens.  Compared  with  controls,  fibronectin  and α-SMA 
mRNA levels were markedly reduced in the mutant lungs (Figure 
7G). Real-time PCR quantification of mRNA measurement was 
also applied for Mmps and their tissue inhibitors (Timps) and the 
TGF-β targets Pai1 and Ctgf, as they are known to contribute to 
development of pulmonary fibrosis (23, 24). Relative expression 
of mRNA for each gene in the injured lungs, normalized to the 
value found in uninjured lungs, for mutant and control mice are 
plotted and shown in Figure 7H. Whereas changes in Ctgf and 

Pai1 were negligible, Mmp2, Mmp12, and Timp1 were significantly 
lower and Timp2 was higher in the mutant mouse lungs versus 
the controls. In addition, a similar pattern of Mmp12 response 
was observed in lung macrophages (data not shown).

While the bleomycin injury model allowed an indirect approach 
to examine the impact of epithelium-specific TβRII deletion on the 
response of the lung tissue to TGF-β–mediated injury, we also exam-
ined the response of isolated alveolar type II cells to direct stimu-
lation by recombinant TGF-β. Consistent with the observation in 
total lungs, Ctgf, Pai1, Mmp12, and Timp1 values, compared with 
controls were greater in the TβRIINkx2.1-cre alveolar type II cells, with 
the latter two reaching statistical significance (Figure 8A, asterisks). 
With TGF-β treatment, Ctgf and Pai1 mRNAs increased more than 
2-fold in TβRIIfl/fl type II cells. In contrast, Ctgf and Pai1 mRNAs in 
TβRIINkx2.1-cre cells were unresponsive to TGF-β treatment. After 1 
hour of TGF-β treatment, Mmps and Timps slightly increased in the 
control cells (values above unity). Remarkably, similar treatment 
with TGF-β resulted in decreased mRNA for Mmp12 and Timp1 in 
isolated TβRIINkx2.1-cre alveolar type II cells (Figure 8B).

Discussion
The goal of the present study was to define the precise role of 
epithelial TβRII signaling in lung development and disease. In 
the lung, the role of specific receptors is complicated by the het-
erogeneity of cell types thought to exceed 40 varieties derived 
from both the embryonic endoderm and mesoderm. Using the 

Figure 6
Relative resistance to bleomycin-
induced fibrosis in TβRIINkx2.1-cre 

mice. Representative lung his-
tology on day 21 after exposure 
to bleomycin in TβRIIfl/fl (A) and 
TβRIINkx2.1-cre (B) mice. Trichrome 
staining on sections of the same 
lungs are shown in C and D, 
respectively. Quantification of col-
lagen in the lungs by Sircol assay 
(E); **P < 0.005. TUNEL assays 
are shown in F and H for TβRIIfl/fl 
and G and I for TβRIINkx2.1-cre lungs. 
H and I are with DAPI. (J) Quan-
tification of positive (green) cells 
in the fibrotic foci of TβRIIfl/fl and 
TβRIINkx2.1-cre lungs. Scale bar: 2 
mm (A and B); 200 μm (C and D); 
50 μm (F–I). **P < 0.01; n = 3–6 
slides from each lung.
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endoderm-specific Nkx2.1-cre, we deleted exon 2 of TβRII specifi-
cally in lung epithelial progenitors. Surprisingly, epithelial inac-
tivation of TβRII exon 2 did not alter the course of embryonic 
lung development as TβRIINkx2.1-cre mutant pups were born alive 
and showed no signs of respiratory distress. Interestingly, how-
ever, after 8 weeks of life, TβRIINkx2.1-cre lungs exhibited distinct 
but mild signs of airspace enlargement associated with reduced 
phosphorylation of Smad3 (Figure 2). Mice carrying a null Smad3 
allele also develop alveolar  instability manifested as emphy-
sema/alveolar enlargement (13). In Smad3–/– mice, steady-state 
mRNA for the metalloproteinase Mmp12, known to be negatively 
regulated by TGF-β, was significantly increased (13). Similarly, 
Mmp12 mRNA was significantly increased in TβRIINkx2.1-cre mutant 
lungs in association with decreased p-Smad3 (Figure 4). Parallel 
changes in MMP-12 and p-Smad3 were also found in isolated 
TβRIINkx2.1-cre type II cells, suggesting that the observed pheno-
type was the direct result of alterations within the epithelium 
and downstream of TβRII. MMP-12 is considered an etiologic 
mediator of emphysema (25). Targeted deletion of Mmp12 alone 
protects from cigarette smoke–induced emphysema (26), while 
in a porcine model, an Mmp-9/12 inhibitor substantially amelio-
rates morphological emphysema (27). The results of the current 

study establish a functional link between TβRII, Smad3 activa-
tion, and regulation of Mmp-12 in the maintenance of alveolar 
stability, a finding with potential therapeutic implications.

Unexpectedly, epithelium-specific inactivation of TβRII caused 
hyperphosphorylation of Smad2 and ERK in total lung. How-
ever, hyperphosphorylation of neither Smad2 nor of ERK1/2 was 
observed in isolated TβRIINkx2.1-cre alveolar type II cells (Figure 3). 

Figure 7
Characterization of the fibro-
genic markers and TGF-β tar-
gets in TβRIIfl/fl and TβRIINkx2.1-cre  

lungs exposed to bleomycin. 
Immunofluorescence for α-SMA 
in TβRIIfl/fl (A) and TβRIINkx2.1-cre  
lungs (B) on day 21 after 
bleomycin injury. (C and D) 
Immunofluorescence analysis 
for FSP1 in control and mutant 
lungs. (E and F) Western blot 
analysis of α-SMA and FSP1 
normalized to lamin A/C in 
control and mutant lungs. Fold 
increase in mRNAs (injured/
uninjured ratio) for ECM com-
ponents (G) and Ctgf, Pai1, 
metalloproteinases, and their 
inhibitors (H) by qPCR. n = 3 
per group. **P < 0.05; *P < 0.01. 
Scale bar: 100 μm.

Figure 8
Quantitative analysis of mRNA expression of TGF-β targets in isolated 
TβRIIfl/fl and TβRIINkx2.1-cre alveolar type II (AT2) cells. (A) Real-time 
PCR analysis for Ctgf, Pai1, Mmps, and Timps. Values in the TβRIIfl/fl 
type II cells were adjusted to unity and compared with values obtained 
in TβRIINkx2.1-cre cells. (B) Response (fold induction) of the same genes 
as in A to TGF-β treatment of type II cells. **P < 0.05; *P < 0.01.
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Thus, increased activation of the Smad2 and ERK1/2 pathways, 
observed exclusively in total TβRIINkx2.1-cre lungs, is likely of meso-
dermal origin, a cell type that is not a target of Nkx2.1-cre and in 
which the TβRII locus remains intact. This possibility was further 
validated by double immunodetection of Nkx2.1 and p-Smad2 
in lung tissue, demonstrating an increase in p-Smad2 in cells not 
labeled by the Nkx2.1 antibody (Supplemental Figure 2). Implicit 
in this observation is the interesting possibility that epithelium-
specific inactivation of TβRII may, by an as-yet-unknown epithelial-
mesenchymal crosstalk, elicit a (hyper?)compensatory mesenchymal 
response. Although the latter possibility requires further investi-
gation, in a separate study, dermal fibroblast–specific deletion of 
TβRII interrupted mesenchymal-epithelial interactions and hence 
severely impeded re-epithelialization of skin wound repair (28).

In isolated TβRIINkx2.1-cre alveolar type II cells, TβRII protein was 
decreased by more than 70%, the residual potentially reflecting 
either incomplete Nkx2.1-cre–driven recombination or contami-
nating mesenchyme, the latter being unlikely, as cell purity nor-
mally exceeded 90%. In the mutant type II cells, steady-state levels 
of total Smad2 and Smad3 were unchanged (Figure 3). Whereas 
basal levels of p-Smad3 were nearly undetectable, Smad2 was clear-
ly phosphorylated in both control and TβRIINkx2.1-cre type II cells, 
albeit at lower levels in the mutant cells. TGF-β treatment elicited 
phosphorylation of Smad2 and Smad3 in both control and mutant 
type II cells, although the magnitude of response, particularly for 
Smad3, in mutant cells was blunted (Figure 3). Whether residual 
TβRII in the mutant cells, due to incomplete Nkx2.1-cre recombina-
tion activity, accounted entirely for activation of Smad2 and Smad3 
in response to TGF-β is unlikely but remains a possibility. In con-
trast to the present findings, Smad2 phosphorylation in response 
to TGF-β treatment was entirely absent in TβRII-deleted dermal 
fibroblast explants (28), raising the alternate possibility that the 
mechanisms of TGF-β signal transduction in the absence of TβRII 
may be different in cells of endodermal versus mesodermal origin.

Surprisingly, total collagen content under steady-state conditions 
was greater in mutant lungs compared with controls. Real-time 
PCR of mRNA for ECM proteins showed significantly increased 
Col3a1 and fibronectin in TβRIINkx2.1-cre lungs (Figure 4). Yet exami-
nation of TβRIINkx2.1-cre lungs in mice at 8 weeks of age revealed no 
signs of fibrosis, indicating that increased collagen in the mutant 
lungs does not cause progressive fibrosis and as discussed above is 
associated with airspace enlargement and emphysematous changes. 
Similarly, mice carrying epithelium-specific deletion of α3β1 integrin  
have increased baseline collagen IV but are protected against bleo-
mycin-induced fibrosis (6). Also, in contrast to Smad3–/– mice in 
which alveolar destruction is progressive (13), we found no evidence 
of progressive emphysema in TβRIINkx2.1-cre mice after 11 months of 
age (data not shown). This difference may relate to baseline devel-
opmental abnormalities of insufficient lung alveolization observed 
in Smad3–/– animals (29), which although mild, might presumably 
predispose to a more severe adult phenotype. A possible explanation 
for the increased basal collagen and ECM content in TβRIINkx2.1-cre 
lungs may be the increased activation of both the Smad (p-Smad2) 
and the non-Smad (p-ERK) TGF-β signal transduction pathways in 
the mesenchyme of the mutant lungs (Figure 2 and Supplemental 
Figure 2). Stimulation of collagen I synthesis by TGF-β has been 
found to require activation of ERK1/2 (30).

TβRIINkx2.1-cre mice exhibited a remarkable degree of resistance to 
TGF-β–mediated bleomycin lung injury relative to the TβRIIfl/fl and 
wild-type controls. First, i.t. administered bleomycin, which result-

ed in nearly 100% lethality in the control mice, was well tolerated 
without mortality in TβRIINkx2.1-cre mice (Figure 5). This is strong 
physiologic evidence that abrogation of epithelial TβRII function 
provides effective protection against bleomycin lung injury and 
the consequent pulmonary fibrosis. Second, a less injurious bleo-
mycin regimen (i.n. delivery) caused only minor fibrotic lesions in 
the TβRIINkx2.1-cre lungs, compared with TβRIIfl/fl controls (Figure 
6). From a physiological standpoint, lung function in the mutant 
mice was remarkably preserved, reflected in significantly lower 
epithelial permeability and better compliance measures compared 
with controls. These findings are consistent with the previous 
study by Pittet et al. (31) implicating TGF-β in bleomycin-induced 
increases in epithelial permeability and demonstrating that inhi-
bition of TGF-β signaling protected mice from pulmonary edema 
due to bleomycin. Our results confirm and extend the previous 
findings of Pittet et al. by identifying TβRII as the receptor media-
tor of the impact of TGF-β on epithelial permeability.

Although the precise mechanism underlying the protective 
effects of epithelium-specific deletion of TβRII remains to be 
determined, the following may provide a plausible explanation. 
First, the absence of Smad3 has been linked to protection against 
bleomycin. In TβRIINkx2.1-cre lungs, activation of this pathway is 
clearly blunted (Figure 2). TGF-β is a known mediator of cellular 
apoptosis (32) and EMT (7), both of which feature prominently in 
the epithelial abnormalities and defective repair that characterize 
bleomycin-induced pulmonary fibrosis (33). Reduced signaling 
via Smad3 in the epithelium may result in improved epithelial 
cell survival and/or inhibition of EMT. A possible role for the 
epithelium in pulmonary fibrosis was originally suggested by the 
observation that epithelial injury and blunted repair in mouse 
lung explants was sufficient to promote fibrosis in the absence 
of inflammation, and that the presence of an intact epithelium 
suppressed fibroblast proliferation and matrix deposition (2, 34). 
Epithelial injury of unknown cause is postulated to play a central 
role in disease pathogenesis through release of mediators that 
lead to fibroblast activation and matrix deposition analogous to 
abnormal wound healing. In addition, recent studies indicating 
that alveolar epithelial cells undergo EMT in response to TGF-β 
in vitro (7) and in vivo (6) and that colocalization of epithelial 
and mesenchymal markers in hyperplastic type II cells in IPF lung 
tissue suggest that alveolar epithelial cells may also contribute 
directly to fibroblast accumulation through EMT. Although the 
issue of EMT in vivo was not specifically addressed in the pres-
ent study, preliminary work indicates that isolated TβRIINkx2.1-cre 
type II cells are resistant to TGF-β–induced EMT in vitro (data 
not shown). Within the fibrotic foci, TUNEL assays indicated 
an increase in apoptosis in cells that were further found to have 
fibroblastic characteristics (data not shown). These findings sup-
port the notion that improved epithelial survival associated with 
epithelium-specific deletion of TβRII in mutant mice may limit 
fibrogenesis by opposing fibroblast proliferation/survival and 
increasing fibroblast apoptosis. Consistent with this possibility, 
Smad3–/– animals also showed increased resistance to radiation-
induced cell death (35). Increased p-Smad2 may also explain the 
observed relative resistance to bleomycin in TβRIINkx2.1-cre lungs, as 
it has been shown that deletion of Smad2 promotes fibrosis (36). 
The precise mechanism remains entirely unknown.

A third possible mechanism for the observed protection against 
bleomycin-induced fibrosis in TβRIINkx2.1-cre mice is based on the 
analysis of the ECM, metalloproteinases, and their inhibitors.  
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Metalloproteinases are thought to mediate tissue damage and 
matrix remodeling (37–39). The steady-state levels of both Mmp12 
and Timp1 were increased in TβRIINkx2.1-cre lungs (Figure 4). We 
propose a “homeostatic balance” model to explain the observed 
protection against bleomycin in the mutant lungs. This model 
is based on the principle that the key factor in the etiology of 
fibrosis may not necessarily be the absolute level of each com-
ponent, but rather the balance among ECM, metalloproteinases, 
and their inhibitors. In the mutant lungs, steady-state levels of 
ECM, metalloproteinases, and their inhibitors were all increased, 
therefore constituting a homeostatic balance. This balance also 
exists in the control lungs, albeit at lower levels. The key differ-
ence between the control and the mutant lungs is the manner 
in which each responded to bleomycin injury. In the control, we 
observed a robust increase, by several fold, in fibronectin, metal-
loproteinase, and Timp levels, creating a non-homeostatic envi-
ronment. In comparison, the response in the mutant lungs was 
minimal. Thus, the overall “balance” of ECM, metalloproteinases, 
and Timps in the mutant versus control animals may create an 
environment less likely to promote excessive matrix deposition 
and fibrosis. It should be noted that the function of Mmps is 
complex, as these molecules may have additional effects besides 
matrix degradation and remodeling, including a role in release of 
growth factors from cell membranes, cleavage of growth factor 
receptors from cell surface, and activation of other Mmps.

Emphysema and fibrosis have been typically regarded as differ-
ent disorders, although both may represent context-dependent 
host responses to inflammation/injury. However, the mechanisms 
that mediate these differing host responses are poorly understood, 
particularly since matrix-associated genes and collagen expres-
sion may be altered in both disorders. Signaling through Smad3 
appears to be absolutely required for progression to fibrosis (13). 
As mentioned above, inactivation of signaling via Smad3 is protec-
tive against fibrosis but has been associated in a number of studies 
including the current one with the development of an emphysema 
phenotype (13). In the absence of Smad3, progression to fibrosis 
is prevented, and there is a smaller increase in protease inhibitors, 
suggesting that even if matrix were deposited, it would be readily 
digested (13). In the current study, although there was an increase 
in baseline Mmp12 and following injury, there was also a marked 
increase in baseline Timp1, suggesting a mechanism for increased 
collagen III at baseline. However, collagen deposition was not pro-
gressive, and animals developed emphysema, suggesting that in an 
environment where Smad3 activation is reduced, over time, the bal-
ance of MMPs versus TIMPs favors matrix degradation. This sug-
gests that while inhibition of Smad3 signaling may be protective 
against fibrosis, some level of Smad3 signaling may be necessary 
to prevent matrix degradation by Mmps in the course of normal 
cellular maintenance and repair. However, in response to injury, 
inhibition of Smad3 signaling appears to in fact prevent excess 
matrix accumulation, perhaps by limiting induction of TIMPs 
and creating an environment that on balance favors matrix deg-
radation. An interesting study by Niewoehner et al. demonstrated 
that the response to CdCl2 injury, i.e., fibrosis versus emphysema 
differed depending on whether the capacity to synthesize connec-
tive tissue was prevented (40). These findings suggest that while 
Smad3 is required for progression to fibrosis, the precise balance 
of matrix degrading versus protease inhibitory enzymes as well as 
levels of matrix-associated genes expressed may determine the ulti-
mate outcome and response to injury.

In summary, the results demonstrate for the first time to our 
knowledge that epithelial TGF-β signaling via TβRII contributes 
to pulmonary fibrosis and identify this receptor as a target for 
potential rational therapeutic strategies.

Methods
Animals. Nkx2.1-cre, Rosa26-lacZ, and TβRIIfl/fl mice have been previously 
described (17, 41–43) and were maintained on the C57BL/6 genetic back-
ground. To generate TβRIIfl/fl;Nkx2.1-cre (TβRIINkx2.1-cre) embryos, we crossed 
TβRIIfl/+;Nkx2.1-cre mice with TβRIIfl/fl mice. Nkx2.1-cre;Rosa26-lacZ mice 
were generated by breeding Nkx2.1-cre and Rosa26-lacZ mice.

Detection of β-galactosidase activity. β-Galactosidase (LacZ) activity in embry-
onic lungs was determined by whole mount X-gal staining as described previ-
ously (44), and lungs were then sectioned with a cryomicrotome. Lungs of 
postnatal day 7 (Pn7) mice were perfused and fixed in 4% PFA for 30 minutes 
at 4°C. Lungs were embedded in OCT and sectioned by cryomicrotome, and 
frozen sections were washed with PBS and stained for LacZ activity.

Bleomycin injury. Mice (6–8 weeks old) were anesthetized with ketamine 
and xylazine and administered i.t. (1.3–2 U/kg) or i.n. (6 U/kg) injections 
of bleomycin (bleomycin injectable, treatment grade) or sterile saline. 
Mice were sacrificed for analysis 14 and 21 days after administration of 
bleomycin. Animal usage and bleomycin protocols for these studies were 
approved by the Institutional Animal Care and Use Committee of the USC 
Keck School of Medicine.

Morphological analysis. Adult lungs were perfused and fixed in 4% PFA 
and processed into serial paraffin sections using routine procedures. H&E 
staining was performed on 5-μm sections. Quantitative morphological 
analyses were performed using 3 morphometric parameters: mean linear 
intercept, mean size, and mean number of alveolar spaces. From each lung 
specimen, mean linear intercept was measured on 5 representative slides 
of each sample as previously described (45). Mean size and mean number 
of alveolar spaces were calculated with the same slides by using ImageJ 
software provided by the NIH.

Immunohistochemistry. Samples were fixed in 4% PFA and processed into 
serial paraffin sections using routine procedures. Tissue sections (5 μm) 
were deparaffinized and rehydrated in xylene, heated in 10 mM citrate 
buffer (pH 6.0), treated with 1% H2O2 in methanol for 10 minutes, and 
blocked with 5% normal serum. For immunohistochemistry, sections were 
incubated with primary antibodies at 4°C overnight. After incubation with 
secondary antibody for 1 hour at room temperature, an avidin-biotin com-
plex method was used to detect bound antibodies (Invitrogen).

For immunofluorescence staining, FITC-conjugated horse anti-mouse, 
FITC-conjugated donkey anti-rabbit, FITC-conjugated goat anti-hamster, 
Cy3-conjugated goat anti-mouse, and Cy3-conjugated donkey anti-rab-
bit antibodies (Vector Laboratories) were applied to sections for 1 hour at 
room temperature. Sections were preserved in VECTASHELD mounting 
medium with DAPI to visualize nuclei. Primary antibodies used were: rab-
bit anti-Nkx2.1, rabbit anti–SP-C and rabbit anti–SP-B (Seven Hills Bio-
reagents), rabbit anti-TβRII (Abcam), mouse anti–α-tubulin (Invitrogen), 
goat anti-CC10 (Santa Cruz Biotechnology Inc.), and hamster anti–T1-α 
(obtained from the Developmental Studies Hybridoma Bank).

TUNEL assay. Apoptotic cells were detected by using TUNEL detection 
kit (In Situ Cell Death Detection Kit, Roche Applied Science). Briefly, tis-
sue sections were deparaffinized, rehydrated, and washed with distilled-
deionized water. After treatment with proteinase K, fragmented DNA was 
labeled with fluorescein-dUTP, using terminal transferase. Slides were 
mounted with DAPI containing Vectashield. Sections were analyzed using 
a fluorescence microscope (Carl Zeiss Meditec) and a fluorescence detec-
tion system (OPTI-QUIP). The apoptotic percentage was obtained by man-
ual counting of TUNEL+ cells in groups of 4,000 or more cells.
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Western blot analysis. Lungs were isolated and homogenized, followed by 
brief sonication for 30 seconds in 2% SDS lysis buffer containing protease 
and phosphatase inhibitors. Lysates were then centrifuged at 15,000 g for 
10 minutes, and supernatants were saved at –80°C. Equal amounts of pro-
tein lysate were resolved by SDS-PAGE and blotted onto Immuno-Blot 
polyvinylidene fluoride membranes (Bio-Rad). Membranes were incubated 
with primary antibodies for 1 hour after blocking with 5% nonfat milk in 
20 mM Tris (pH 7.5), 0.5 M NaCl, and 0.01% Tween 20 for 1 hour. Blots 
were then incubated with HRP-linked anti-IgG conjugates for 1 hour at 
room temperature. Proteins were visualized by enhanced chemilumines-
cence (Amersham Biosciences). Primary antibodies used were: α-tubulin 
(Invitrogen), Smad2, Smad3, p-Smad2, p-Smad3, ERK and p-ERK (Cell Sig-
naling Technology), FSP1 (Vector Laboratories), α-SMA (Sigma-Aldrich), 
and lamin A/C (Santa Cruz Biotechnology Inc.).

RNA extraction and real-time PCR. Total RNA was extracted from lungs or 
cells using Trizol (Invitrogen). cDNA was synthesized from 2 μg total RNA 
using Superscript First-Strand Synthesis System kit (Invitrogen). Quantifica-
tion of the selected genes by quantitative PCR (qPCR) was performed using a 
LightCycler (Roche Diagnostics), as previously described (46). Sequences of 
the primers were as follows: mouse Ctgf: 5′-TGACCTGGAGGAAAACATTA-
AGA-3′ (forward), 5′-AGCCCTGTATGTCTTCACACTG-3′ (reverse); mouse 
Pai1: 5′-CTCCTCATCCTGCCTAAGTT-3′ (forward), 5′-GCCAGGGTTG-
CACTAAACAT-3′ (reverse); mouse Mmp2: 5′-TAACCTGGATGCCGTCGT-3′  
(forward), 5′-TTCAGGTAATAAGCACCCTTGAA-3′ (reverse); mouse Mmp9: 
5′-CTACATAGACGGCATCCAG-3′  (forward),  5′-CTGTCGGCTGTG-
GTTCAGT-3′ (reverse); mouse Mmp12: 5′-TTGTGGATAAACACTACTG-
GAGGT-3′ (forward), 5′-AAATCAGCTTGGGGTAAGCA-3′ (reverse); mouse 
Timp1: 5′-GCATTGAGCTTTCTCAAAGACC-3′ (forward), 5′-AGGGATAG-
ATAAACAGGGAAACACT-3′ (reverse); mouse Timp2: 5′-AGGTACCAGAT-
GGGCTGTGA-3′ (forward), 5′-GTCCATCCAGAGGCACTCAT-3′ (reverse); 
mouse β-actin: 5′-CCAACCGTGAAAAGATGACC-3′ (forward), 5′-CCAGAG-
GCATACAGGGACAG-3′  (reverse); mouse Col1a1: 5′-CTGCTGGCAAA-
GATGGAGA-3′ (forward), 5′-ACCAGGAAGACCCTGGAATC-3′ (reverse); 
mouse Col3a1: 5′-CAAATGGCATCCCAGGAG-3′ (forward), 5′-CATCTCG-
GCCAGGTTCTC-3′ (reverse); mouse Col4a1: 5′-AGCTGCTAAAGGTGA-
CATTCCT-3′ (forward), 5′-GGAGGCCCAGGTACTCCT-3′ (reverse); mouse 
Fn1: 5′-TGCACGATGATATGGAGAGC-3′ (forward), 5′-TGGGTGTCACCT-
GACTGAAC-3′ (reverse); mouse α-SMA: 5′-TGACGCTGAAGTATCCGATA-
GA-3′ (forward), 5′-CGAAGCTCGTTATAGAAAGAGTGG-3′ (reverse).

Mouse alveolar type II cell isolation and partial purification. Mouse alveo-
lar type II cells were isolated from either floxed or TβRIINkx2.1-cre mice 
as previously described (47). Briefly, the animals were anesthetized and 
the lungs perfused with PBS. Dispase, followed by 0.5 ml of 1% low-
melting-point agarose, was injected into the trachea. Lungs were excised 
and incubated for 45 minutes in dispase at room temperature. Lungs 
were dissected into wash medium and chopped. The resulting crude cell 
mixture was incubated for 10 minutes at room temperature, followed 
by passage through a series of Nitex filters and centrifugation at 300 g 
for 10 minutes. Macrophages and other cells were negatively selected by 
using biotin-conjugated antibodies and subsequent coupling with strep-
tavidin magnetic beads. Cells were plated onto IgG-coated plates, and 
the unattached alveolar epithelial cells (≥90% purity) were collected and 

plated (700,000 cells/cm2) onto polycarbonate filters (0.4-μm pore size, 
1.1 cm2; Corning Costar) coated with laminin-5 (1 μg/ml), with media 
containing cis-hydroxyproline (100 μg/ml) for further experiments.

Sircol assay. The Sircol collagen assay (Biocolor) was performed follow-
ing the manufacturer’s instructions. Briefly, 1 ml of Sirius red reagent was 
added to each lung homogenate (50 μl) and mixed for 30 minutes. The 
collagen-dye complex was precipitated by centrifugation at 10,000 g for 10 
minutes, and the pellet was dissolved in the alkali reagent supplied. Finally, 
absorbance of samples was measured at 540 nm. Collagen concentration 
in the bleomycin samples (expressed as μg/lung) was normalized against 
littermate control saline samples.

Compliance measurements. Lung function was assessed by invasive mea-
surement of airway compliance (Buxco FinePointe Systems, Buxco Elec-
tronics), in which anesthetized and tracheostomized mice were mechani-
cally ventilated using a modified version of a described method (48). 
Mice treated with either bleomycin or saline for 14 days were ventilated 
in volume-driven mode with a positive end-expiratory pressure (PEEP) of 
0 mmHg. Before measurement of lung compliance, chambers were cali-
brated. Respiration rate was set to 140/min, and ventilation pressure was 
recorded while inflating the lung at a tidal volume of 350 μl. We continu-
ously computed dynamic compliance by fitting flow, volume, and pressure 
to an equation of motion. Ventilator compliance is expressed as kPa/ml 
and corrected for the saline controls.

Lung permeability. Total protein concentration (mg/ml) from bronchoal-
veolar lavage (BAL) obtained from both saline- and bleomycin-treated mice 
was measured by DC protein assay (Bio-Rad) according to the manufac-
turer’s protocol.

Statistics. For qPCR and Western blot analysis, each experiment was 
repeated with the samples obtained from at least 2 different lungs or cell 
preparations. All results are expressed as mean ± SEM. The significance of 
differences between 2 sample means was determined by 2-tailed Student’s 
t tests. A P value less than 0.05 was considered significant.
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