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Autophagy is a critical cellular homeostatic process that controls the turnover of damaged organelles and proteins.
Impaired autophagic activity is involved in a number of diseases, including idiopathic pulmonary fibrosis suggesting
that altered autophagy may contribute to fibrogenesis. However, the specific role of autophagy in lung fibrosis is still
undefined. In this study, we show for the first time, how autophagy disruption contributes to bleomycin-induced lung
fibrosis in vivo using an Atg4b-deficient mouse as a model. Atg4b-deficient mice displayed a significantly higher
inflammatory response at 7 d after bleomycin treatment associated with increased neutrophilic infiltration and
significant alterations in proinflammatory cytokines. Likewise, we found that Atg4b disruption resulted in augmented
apoptosis affecting predominantly alveolar and bronchiolar epithelial cells. At 28 d post-bleomycin instillation Atg4b-
deficient mice exhibited more extensive and severe fibrosis with increased collagen accumulation and deregulated
extracellular matrix-related gene expression. Together, our findings indicate that the ATG4B protease and autophagy
play a crucial role protecting epithelial cells against bleomycin-induced stress and apoptosis, and in the regulation of
the inflammatory and fibrotic responses.

Introduction

Lung fibrosis is the final result of a large and heterogeneous
group of lung disorders, known as interstitial lung diseases.1 One
of the most common and the most aggressive interstitial lung dis-
ease is idiopathic pulmonary fibrosis (IPF), a chronic, progres-
sive, irreversible, and usually lethal lung disease of unknown
etiology.2 Evidence suggests that IPF is the result of an aberrant
wound healing process, characterized by epithelial cell injury and
activation followed by the expansion of fibroblasts/myofibro-
blasts population and an aberrant deposit of extracellular matrix
in lung parenchyma.3,4

IPF is an aging-associated disease, and actually most patients
are older than 60 y at the time of diagnosis.5 However, the

mechanisms that link IPF with aging are uncertain. Aging is char-
acterized by the time-dependent accumulation of cellular dam-
age. There is evidence that autophagy and the proteasome
proteolytic systems decline with aging, resulting in accumulation
of damaged proteins and organelles.6 Interestingly, decreased
autophagic activity in lung tissue from IPF compared with
chronic obstructive pulmonary disease and healthy controls has
been reported.7 Additionally, studies in vitro have provided evi-
dence that autophagy inhibition accelerates epithelial cell senes-
cence and induces fibroblast to myofibroblast differentiation, 2
key processes in the pathogenesis of lung fibrosis.8 Collectively,
these findings suggest that impaired autophagy may contribute to
pulmonary fibrosis. However the specific role of autophagy in
IPF is still undefined.
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Autophagy is a major intracellular proteolytic system in which
portions of cytoplasm are engulfed within double-membrane
vesicles called autophagosomes that are delivered to and degraded
in the lysosome.9 This degradative process is executed by a com-
plex molecular machinery that includes more than 30 proteins,
encoded by the evolutionarily conserved ATG genes.10 Among
the autophagic proteins required for autophagosome formation
is ATG4, a cysteine proteinase that proteolytically activates the
uncleaved and unlipidated yeast Atg8 (also known as pro-Atg8)
or its 6 currently identified mammalian orthologs and paralogs.
A process that is strictly required for the subsequent conjugation
of yeast Atg8 (or its mammalian orthologs and paralogs) with
membrane-bound phosphatidylethanolamine (PE), essential for
autophagosome completion. ATG4 is also required for deconju-
gating PE from the C-terminal Gly of Atg8–PE.11 There is one
single member in yeast, and deletion of ATG4 arrests the autoph-
agy process. Four mammalian orthologs of the yeast proteinase
gene ATG4, named Atg4a/autophagin-2, Atg4b/autophagin-1,
Atg4c/autophagin-3, and Atg4d/autophagin-4 have been identi-
fied in mice.12 Recent kinetics analysis of all 4 ATG4 orthologs
has indicated that ATG4B had the broadest substrate spectrum
with similar affinity and catalytic efficiency toward each of the 6
mammalian orthologs and paralogs of yeast Atg8 (of which, the
most widely characterized group is the MAP1LC3/LC3 family),
suggesting that ATG4B is the main ATG4 protease for autoph-
agy in mammalian cells.13 Recently, we have generated mutant
mice deficient in Atg4b and demonstrated that these animals
exhibit a clear reduction of basal- and starvation-induced auto-
phagic flux in all tissues, and that the 3 other Atg4 isoforms
(Atg4a/c/d) do not compensate for the lack of Atg4b.14 Atg4b-
deficient mice reach adulthood and are fertile, enabling to study
in vivo the effect of autophagy impairment in lung fibrosis.

In this work, we provide evidence that autophagic activity and
ATG4B expression increase during experimental bleomycin-
induced lung fibrosis, and importantly, that Atg4b deficiency
causes more severe inflammatory and fibrotic responses indicat-
ing that ATG4B plays a protective role in lung fibrosis.

Results

Autophagy is activated after bleomycin-induced pulmonary
fibrosis

Autophagic activity is constitutively active at low basal levels
and is enhanced in response to a wide variety of intracellular and
extracellular stress conditions, including nutrient or growth fac-
tor deprivation, hypoxia, reactive oxygen species, DNA damage,
protein aggregates, damaged organelles, or intracellular patho-
gens.15 To investigate whether autophagy is induced during pul-
monary fibrosis in vivo, GFP-LC3 transgenic mice were treated
with bleomycin and autophagosome formation was monitored
by fluorescence microscopy analysis in lung tissue cryosections as
previously described.16 In lungs from saline-treated control mice,
the GFP-LC3 signal was detected diffusely in the cytoplasm with
no or few punctate dots. The number of GFP-LC3-positive dots
per tissue area was significantly increased in lungs at 7

(inflammatory phase) and 28 (fibrotic phase) d post-bleomycin
treatment, compared to uninjured saline control lung (Fig. 1A
and B). Next, we followed the autophagic flux through conver-
sion of cytosolic LC3B-I to lipidated membrane-bound LC3B-II
in lung tissue extracts. Time course analysis of LC3B demon-
strated that LC3B-II levels were remarkably increased at 7 and
28 d post-bleomycin compared to saline controls. Consistent
with these results, a decrease in SQSTM1/p62 level was also
revealed (Fig. 1C and D).

Additionally, we evaluated in vitro the autophagic activity in
mouse alveolar epithelial (MLE 12) cells after bleomycin injury.
Very few autophagosomes were observed in MLE 12 cells in basal
conditions. However, after 24 h of bleomycin treatment the
number of autophagosomes per cell increased significantly (Fig.
2A). To further analyze the autophagic flux in MLE 12 cells, the
turnover of the autophagosomal markers LC3B-II and SQSTM1
was measured after bleomycin challenge in presence of lysosomal
inhibitors. Bleomycin treatment induced autophagy activation,
as indicated by increased LC3B-II and decreased SQSTM1 pro-
tein level (Fig. 2B). Chloroquine and leupeptin treatment led to
accumulation of LC3B-II in both control and bleomycin-treated
cells, however, LC3B-II accumulation was significantly higher in
bleomycin-treated cells compared to control cells (Fig. 2B and
C). Both inhibitors also led to greater accumulation of SQSTM1
in bleomycin-treated compared to control cells (Fig. 2B and C).
These results reinforce the notion that autophagic activity is
induced after alveolar epithelial cell injury.

To evaluate the molecular mechanism underlying the
increased autophagic activity during bleomycin-induced pulmo-
nary fibrosis, we performed a mouse autophagy RT-PCR array to
analyze the expression level of 84 key genes involved in autoph-
agy, including genes that encode proteases and components of
the autophagosomal machinery, signaling, and apoptosis. Bleo-
mycin-induced lung injury resulted in the upregulation of Ulk1,
Bax, Atg5, Atg4b, Fadd, Atg9b, Hsp90aa1, and Ifna2 gene expres-
sion (Fig. 3A; Table S1). Conversely, Eva1, Gabarapl2, and
Dram2 were downregulated (Fig. 3A; Table S2). Additionally,
protein levels of ATG3, ATG4B, ATG5, and ATG7 were deter-
mined by immunoblot in lung tissue extracts from bleomycin-
treated and saline control mice. Consistent with gene expression
results, we found that ATG4B and ATG5 significantly increased
at 7 and 28 d of bleomycin instillation compared to saline con-
trols (Fig. 3B and C), suggesting that these autophagic proteins
could play a functional role in the pathogenic process of pulmo-
nary fibrosis.

ATG4B immunolocalization in bleomycin-induced
pulmonary fibrosis and IPF lungs

The cellular source of the protease ATG4B was examined by
immunohistochemistry in both the bleomycin mouse model as
well as IPF lung tissues. In the mouse model, lung staining for
ATG4B was negative in saline controls (Fig. 4A). At 7 d post-
bleomycin instillation, ATG4B was strongly expressed in alveolar
macrophages and bronchiolar epithelial cells, with moderate
staining of type 2 alveolar epithelial cells and neutrophils, as illus-
trated in Figure 4A and C. At 28 d post-treatment, ATG4B was
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also expressed in alveolar macrophages and neutrophils however,
the percentage of positive stained inflammatory cells was signifi-
cantly decreased compared to 7 d (Fig. 4A and C). Also, while at
7 d about all bronchiolar epithelium was strongly positive for
ATG4B, at 28 d post-treatment only a few bronchiolar epithelial
cells were positive stained. Moderate staining was observed in
type 2 alveolar epithelial cells and putative nuclear staining in
scarce interstitial cells in fibrotic areas (Fig. 4A and C). Regard-
ing human tissues, ATG4B was undetectable in all the healthy
lungs examined (Fig. 4B). Interestingly, in IPF lungs ATG4B
was mainly localized in hyperplastic and hypertrophic type 2
alveolar epithelial cells usually overlying the fibroblastic foci, and
in hyperplastic epithelial cells with metaplasia, nonciliated
columnar cells, bronchiolar epithelial cells, and few interstitial
inflammatory cells while it was negative in fibroblasts (Fig. 4B
and D).

Atg4b deficiency results in autophagic activity disruption in
lung

In order to evaluate the role of the protease ATG4B and
autophagy in lung homeostasis, Atg4b-deficient mice were used
as an experimental model. ATG4B proteolytically activates pro-
LC3B to render possible its lipidation and subsequent incorpo-
ration into phagophore membranes. We and others have previ-
ously demonstrated, through the generation and characterization
of atg4b¡/¡ mice, that the absence of ATG4B results in deficient

proteolytic processing of LC3B and other murine orthologs of
yeast Atg8, leading to decreased autophagic activity in most
atg4b¡/¡ mice tissues.14 Here, we first tested whether Atg4b dis-
ruption leads to a reduced autophagic activity specifically in the
lungs, examining LC3BI/II and SQSTM1 in lung tissue extracts
from untreated mice. As shown in Figure 5A, immunoblot anal-
ysis confirmed that ATG4B was absent in the lungs from atg4b¡/¡

mice. The LC3B-I form accumulated while the LC3B-II form was
absent in the lungs from atg4b¡/¡ mice as compared with their
corresponding wild-type (WT) controls. We also observed
SQSTM1 accumulation in lungs from untreated atg4b¡/¡ mice as
compared with their corresponding controls (Fig. 5A). These
results demonstrated a dramatic impairment of autophagic activity
in the lungs from atg4b¡/¡ mice, under basal conditions. Compar-
ative morphological analysis of lung tissue between atg4b¡/¡ and
WT mice under basal conditions did not reveal any abnormalities.
Thus, at least at 8 to 10 wk old, Atg4b deletion did not appear to
impact lung architecture (Fig. 5D). Then, we analyzed the auto-
phagic flux in the lungs from atg4b¡/¡ mice after bleomycin-
induced inflammation and fibrosis. As shown in Figure 5B and C,
an accumulation of LC3B-I, impaired conversion to LC3B-II and
a marked accumulationof SQSTM1 were found in lung tissue
from atg4b¡/¡ at 7 and 28 d after bleomycin treatment compared
to WT mice. These results indicate that autophagic activity is
impaired in the lungs of atg4b¡/¡ mice, even under stress condi-
tions, such as bleomycin treatment, and suggest that the protease

Figure 1. Autophagic activity increases after lung inflammation and fibrosis. Bleomycin (Bleo) or saline were administered to GFP-LC3 transgenic mice by
endotracheal instillation and lungs were harvested after indicated time points. (A) Representative fluorescent microphotographs of lung tissue from
saline control and bleomycin-treated GFP-LC3 transgenic mice. (B) Quantification of LC3B dots per mm2 of lung tissue from GFP-LC3 transgenic mice. (C)
Representative immunoblots of endogenous LC3B-I/II and SQSTM1 in lung tissue. TUBB4 was used as a loading control. (D) Densitometry. Protein levels
were normalized to saline control. Results represent mean § SD. Statistical significance was determined by one-way ANOVA (*P < 0.05).
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ATG4B is required for induction of autophagy after lung stress
and injury.

Increased inflammation after bleomycin treatment in
atg4b¡/¡ mice is linked to alterations in proinflammatory
cytokine profiles

To determine the role of ATG4B in pulmonary fibrosis,
atg4b¡/¡ mice were treated with bleomycin, and the inflamma-
tory and fibrotic responses were analyzed. Mice from both

genotypes experienced progressive weight loss during the first
week after bleomycin instillation. However, atg4b¡/¡ mice
showed a more pronounced weight loss and never recovered the
initial weight (Fig. 5E). Consistently, Atg4b deficiency resulted
in reduced survival rate after bleomycin instillation compared to
WT (Fig. 5F). Histopathological analysis of lungs from mice sac-
rificed at 7 d post-bleomycin revealed multifocal interstitial and
intra-alveolar inflammation in both atg4b¡/¡ and WT mice.
However, increased inflammatory response was observed in

Figure 2. Autophagic activity in MLE 12 cells increases after bleomycin challenge. (A) Representative fluorescent microphotographs of endogenous LC3B
dots in MLE 12 cells under basal or bleomycin-treated condition, and LC3B dots per cell area (mm2 £ 100). (B) Representative immunoblots of endoge-
nous LC3B-I/-II and SQSTM1 in MLE 12 cells after 0 or 100 mU/ml of bleomycin alone, or combined with 10 mM chloroquine or 10 mM leupeptin for 24 h
(left), and densitometry normalized to the basal control condition (right). TUBB4 was used as loading control. (C) LC3B-II and SQSTM1 ratio (protein level
in the presence of inhibitor vs protein level in the absence of inhibitor) in bleomycin-treated compared to control cells. Results represent mean § SD.
Statistical significance was determined by one-way ANOVA (*P < 0.05, ** P < 0.01).
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atg4b¡/¡ mice, mainly characterized by enhanced neutrophilic
infiltration (Fig. 6A). We also found an increased RELA/NFkB
p65 immunostaining in type 2 alveolar epithelial cells and mac-
rophages in lungs from atg4b¡/¡ compared to WT bleomycin-
treated mice (Fig. 6B). Lung histology correlated with BALF cell
profile, where a significant increase of total inflammatory cells
and in the percentage of neutrophils at 7 d after bleomycin instil-
lation was observed in atg4b¡/¡ compared with WT mice
(Fig. 6C and D). To address mechanisms that may contribute to
the increased neutrophil accumulation in atg4b¡/¡ mice, we per-
formed a multiplex immunoassay to evaluate the pattern of cyto-
kine expression in BALF. We found a significant increase of
CXCL1/KC (chemokine [C-X-C motif] ligand 1 [melanoma
growth stimulating activity, a]), a strong chemotactic mediator
for neutrophils,17 and of IL12B levels in BALF from atg4b¡/¡

compared with WT mice at 7 d post-bleomycin (Fig. 6E). These
results suggest that impaired autophagy and deregulated CXCL1
expression could contribute to the exacerbated neutrophilic
inflammation observed in the lungs of atg4b¡/¡ bleomycin-
treated mice. Regarding IL12B, recent evidence suggested that
this cytokine can act as a profibrotic and proinflammatory cyto-
kine, since il12b¡/¡ mice were protected against silica-induced
fibrosis.18

Atg4b deficiency exacerbates bleomycin-induced lung
fibrosis

Mice from both genotypes developed fibrosis at 28 d after
bleomycin instillation. However, Atg4b-deficient mice exhibited
more extensive and severe fibrosis (Fig. 7A). As illustrated in Fig-
ure 7B, lungs from atg4b¡/¡ mice had large areas of peribron-
chiolar and parenchymal fibrosis than their corresponding WT
littermates, and increased collagen deposition assessed by Masson
trichrome staining. Consequently, both semiquantitative fibrosis
scoring and hydroxyproline lung content were significantly
higher in atg4b¡/¡ mice relative to WT mice (Fig. 7C and D).
Additionally, the myofibroblast population and the protein levels
of the myofibroblast biomarker ACTA2/a-SMA were markedly
increased in the lungs from atg4b¡/¡ mice, consistent with more
severe lung fibrosis phenotype (Fig. 8A and B). To better under-
stand the molecular mechanisms associated with the phenotype
observed in atg4b¡/¡ mice, we performed a mouse fibrosis RT-
PCR array to analyze the gene expression level of key growth and
transcription factors that regulate extracellular matrix synthesis
and remodeling, extracellular matrix components, such as colla-
gens, matrix metalloproteinases, and their specific inhibitors.
This analysis revealed the upregulation of Il13ra2, Col1a2,
Timp3, Col3a1, Cxcr4, Smad3, Mmp13, Tgfbr2, and Tgfb3 in

Figure 3. Gene expression changes after bleomycin-induced lung fibrosis. (A) Gene expression infogram for differentially expressed genes at 28 d after
bleomycin exposure performed by qPCR. Every row represents a gene and every column a mouse lung sample (control vs fibrosis, n D 3 for each group).
(B) Representative immunoblots of ATG3, ATG4B, ATG5, and ATG7 in lung tissue extracts from control and bleomycin-treated mice. TUBB4 was used as
loading control. (C) Densitometry. Protein levels were normalized to saline control. Results represent mean § SD. Statistical significance was determined
by one-way ANOVA (*P < 0.05).
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Atg4b¡/¡compared to WT mice at 28 d post-bleomycin injury
(Fig. 8C; Table S3). Among downregulated genes we found
Cav1, Il4, Smad7, Hgf, and Ccl11 (Fig. 8C; Table S4). Taken
together, these results indicate that the absence of ATG4B exacer-
bates the lung fibrotic reaction to bleomycin, suggesting a protec-
tive role for this protease and autophagy in lung fibrosis.

Atg4b deficiency increases lung apoptosis following
bleomycin injury

Alveolar epithelial cell death is probably an initiating mecha-
nism in IPF and experimental lung fibrosis. Bleomycin produces
DNA damage, senescence, oxidative stress and apoptosis of the
alveolar epithelium.19,20 Since atg4b¡/¡ mice are highly suscepti-
ble to bleomycin-induced pulmonary fibrosis we explored lung
apoptosis by TUNEL assay and anti-active CASP3 immunohis-
tochemistry in WT and atg4b¡/¡ lungs. The number of
TUNEL-positive cells was significantly increased in atg4b¡/¡

mice compared with WT mice as early as 7 d after bleomycin
exposure (Fig. 9A and D). Moreover, we observed that in lungs
from both WT and atg4b¡/¡ mice, bleomycin exposure was

associated with active CASP3 positive staining at 7 d post-treat-
ment. However, the percentage of positive stained cells and stain-
ing intensity in lungs from atg4b¡/¡ was significantly higher
compared to WT mice. Thus, WT mice exhibited a moderate
staining of alveolar macrophages and bronchiolar and type 2 alve-
olar epithelial cells. While, atg4b¡/¡ lungs showed strong active
CASP3 immunostaining primarily observed in alveolar macro-
phages and in bronchiolar and type 2 alveolar epithelial cells
located in areas of high inflammatory cell infiltration (Fig. 9C
and E). Western blot analysis of lung tissue homogenates corrob-
orated the marked increase of cleaved CASP3 levels in atg4b¡/¡

compared with WT mice at 7 d after bleomycin (Fig. 9B and
D). These data indicate that ATG4B deficiency resulted in
increased cell death after bleomycin challenge.

Discussion

Defects in autophagy have been implicated in a wide range of
human diseases, including lung disorders such as cystic fibrosis,

Figure 4. ATG4B immunolocalization in bleomycin-induced pulmonary fibrosis and IPF lung. (A) Representative photomicrographs of immunohisto-
chemical staining for ATG4B in saline control and bleomycin-treated mouse lung at 7 and 28 d. (B) Healthy and IPF human lung tissue sections. Positive
staining was observed in red. All sections were counterstained with hematoxylin. (C) Semiquantitative score of mouse and (D) human lung tissue sec-
tions. Results represent mean § SD. Statistical significance was determined by one-way ANOVA (*P < 0.05).
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chronic obstructive pulmonary disease, asthma, pulmonary
hypertension, lung cancer, and lung infectious diseases.21-24 The
first study to address the role of autophagy in IPF suggested that
this process is not induced in this disease despite the upregulation
of potent inducers of autophagy such as increased levels of ER
stress and oxidative stress.7 However, IPF is an age-related disease
and it is widely assumed that the autophagic activity decreases
with age and probably contributes to the accumulation of dam-
aged macromolecules and organelles in lung.6 Therefore, how
autophagy deficiency may contribute to lung fibrosis develop-
ment has not been explored in vivo.

We used the Atg4b-deficient mouse, which could pheno-
typically mimic the impairment of autophagic activity found
in IPF, to explore the involvement of insufficient autophagy
in experimental lung fibrosis. The present study has discov-
ered ATG4B as a novel protein that regulates lung homeosta-
sis and plays a crucial role in the control of the inflammatory
and fibrotic response occurring during bleomycin-induced
lung injury.

We first sought to determine if there were changes in the lung
autophagic flux after bleomycin lung injury and to investigate
this, we monitored autophagosome formation in the lungs from
GFP-LC3 transgenic mice. We found marked increase in auto-
phagic activity as revealed by the accumulation of GFP-LC3
puncta, a marked increase in LC3B-II, and a decrease in
SQSTM1 protein in lungs from bleomycin-treated mice com-
pared with saline control mice at 7 and 28 d post-treatment. Mi
et al.25 have found that instillation of bleomycin significantly
increases autophagy activation in fibrotic tissues, and demon-
strate that blocking IL17A with neutralizing antibodies further
enhances autophagy, leading to less lung fibrosis. Likewise, Yang
et al.26 have demonstrated that autophagic activity is increased in
the bleomycin-injured lung tissues and that TLR4 (toll-like
receptor 4) deficiency attenuates autophagy resulting in higher
collagen accumulation. This evidence suggests that both IL17A
and TLR4 regulate lung fibrosis at least partially by modulating
autophagy. These results and our findings are in apparent dis-
crepancy with the study by Patel et al.,7 which reports absence of

Figure 5. Reduced autophagic flux in lung tissue from atg4b¡/¡ mice. Representative immunoblots of ATG4B, LC3B and SQSTM1 in lung tissue extracts
from (A) control (B) 7 and (C) 28 d after bleomycin treatment from age-matched WT and mutant mice. Lung tissue extracts from 3 mice per genotype
are shown. TUBB4 was used as loading control. (D) Representative light microscopy images of H&E stained lung tissue sections from WT and atg4b¡/¡

control mice. (E) Percentage of body weight changes over a 28-day period for atg4b¡/¡ and WT mice after bleomycin instillation. (F) Percentage of sur-
vival were plotted for atg4b¡/¡ (n D 18) and WT (n D 18) mice for 28 d after challenge with bleomycin. Statistical significance was determined by log-
rank test or Student t test (*P < 0.05).

676 Volume 11 Issue 4Autophagy



autophagic activity based on the phosphorylation status of RPS6/
S6 protein in bleomycin-induced experimental lung fibrosis.
However, in this study the autophagic flux was not directly evalu-
ated. Although MTORC1 is a key regulator of autophagy, recent
research findings have unveiled that there are also MTORC1-
independent regulatory pathways of this process.27–29

We also explored the gene expression profile associated with
increase autophagic flux in bleomycin induced lung inflamma-
tion and fibrosis using an autophagy array. We found that Ulk1,
Bax, Atg5, Atg4b, Fadd, Atg9b, Hsp90aa1, and Infa2 gene expres-
sion were upregulated, while Eva1, Gabarapl2, and Dram2 gene
expression were downregulated. Additionally, we demonstrated
the increase of ATG4B at the protein level concomitantly with
autophagy induction during experimental lung inflammation
and fibrosis.

ATG4B is a cysteine protease that cleaves C-terminal Gly resi-
dues from LC3B and together with ATG7 and ATG3 mediates
the lipidation of all LC3 paralogs.30 ATG4B is also required to
recycle LC3B-I from the autophagosome outer membrane, there-
fore the ATG4-LC3B conjugation system has an essential role
during elongation and closure of the phagophore membrane.13,14

This is supported by recent evidence showing that overexpression
of an inactive mutant of ATG4B inhibits the lipidation of
LC3B-I, which led to a defect in autophagosome expansion and
closure.31

In the present study we evaluated the effect of Atg4b defi-
ciency in lung homeostasis. Under basal conditions, lung mor-
phology of atg4b¡/¡ mice did not disclose any abnormalities.
However, lungs from atg4b¡/¡ mice displayed a markedly reduc-
tion in LC3B-II conversion together with SQSTM1 accumula-
tion, indicating impaired autophagic activity. After 7 and 28 d
post-bleomycin treatment, we observed that while autophagic
flux was significantly increased in lung from WT mice, autoph-
agy was not induced in lung from atg4b¡/¡ mice despite cyto-
toxic and stressful conditions. This reduced autophagic flux, was
associated with an extensive inflammation, characterized by
increased neutrophilic infiltration in atg4b¡/¡ lungs at 7 d after
bleomycin.

On the one hand, the increased inflammation observed in
lung from atg4b¡/¡ mice correlated with higher BALF levels of
CXCL1, a strong inducer of the activation and recruitment of
neutrophils.32 In mice, CXCR2 is the receptor for this

Figure 6. Increased lung inflammatory response in atg4b¡/¡ mice. (A) Representative light microscopy images of H&E stained lung tissue sections from
WT and atg4b¡/¡ mice at 7 d after bleomycin instillation. (B) Immunohistochemical staining performed with specific antibody against RELA/NFkB p65 in
lung tissue sections from WT and atg4b¡/¡ mice at 7 d post-bleomycin. (C) Total and (D) differential cell count in BALF. (E) Protein level of proinflamma-
tory cytokines in BALF from atg4b¡/¡ and WT bleomycin-treated mice. Results are shown as mean § SD. Statistical significance was determined by one-
way ANOVA (C) or Student t test (D and E) (*P < 0.05).
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chemokine, and it has been shown that blocking tissue neutrophil
recruitment with a CXCR2 antagonist diminished neutrophil
transmigration into airway space and consequently the collagen
deposition in the bleomycin-induced lung fibrosis model.33,34

On the other hand, we also found a high level of IL12B in BALF
from atg4b¡/¡ mice at 7 d after bleomycin treatment. Recent evi-
dence indicates that IL12B participates in lung inflammation and
fibrosis after injury.35 Thus, the use of il12b¡/¡ mice or the
administration of anti-IL12B antibody reduces the inflammation
and fibrosis induced by silica or bleomycin.36,37 This evidence
indicates that high IL12B level could promote a worse inflamma-
tory and fibrotic response in Atg4b-deficient mice.

ATG4B deficiency resulted in an extensive and enhanced lung
fibrosis compared with their WT littermates at 28 d after bleo-
mycin, characterized by increased numbers of myofibroblasts and

collagen accumulation. This exaggerated fibrotic response was
associated with upregulated expression of key TGFB pathway
members such as Tgfb3, Tgfbr2, and Smad3, that regulate extra-
cellular matrix turnover.38 Signaling through SMAD3 is essential
for TGFB1-mediated fibrosis, as evidenced in smad3-deficient
mice that are resistant to develop fibrosis after bleomycin instilla-
tion.39,40 Additionally, Il13ra2 was upregulated in fibrotic lung
from Atg4b-deficient mice compared to WT. IL13 signals
through IL13RA2 and activates fibrogenesis via TGFB1-depen-
dent and independent mechanisms.41,42 In this context, excessive
signaling through TGBR2 and IL13RA2 could be associated
with Col1a2, Col3a1, and Timp3 overexpression found in the
fibrotic lungs from Atg4b-deficient mice. CXCR4, a critical che-
mokine receptor expressed by fibrocytes, was also upregulated in
atg4b¡/¡ fibrotic lungs. Increased circulating fibrocytes as well as

Figure 7. Atg4b deficiency sensitizes mice to experimental lung fibrosis. (A) Representative light microscopy images of H&E stained lung tissue sections
from WT and atg4b¡/¡ mice at 28 d after bleomycin instillation. (B) Masson Trichrome staining of lung sections from the same experimental groups. (C)
Fibrosis score for grading lung histopathological changes. (D) Hydroxyproline content in lung at 28 d after bleomycin. Results are shown as mean §SD .
Statistical significance was determined by Student t test (C) or one-way ANOVA (D) (*P< 0.05).
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CXCR4-expressing fibrocytes have been reported in the lungs of
patients with IPF.43-45

Among downregulated genes we found Cav1, Il14, Smad7,
Hgf, and Ccl11. A marked reduction of CAV1 has been reported
in IPF and experimental bleomycin-induced lung fibrosis.46,47

CAV1 is an integral membrane protein essential for the forma-
tion of caveole that plays a major role in signal transduction
because it is able to bind to a variety of kinase members and coor-
dinates the compartmentalization of specific signaling cascades.47

Interestingly, cav1-deficient mice have profound abnormalities in
lung morphology and develop lung fibrosis spontaneously.48 Evi-
dence suggest that downregulation of Cav1 increases gene expres-
sion of TGFB1-signaling components. This is consistent with
our data, given that Tgfb3, Tgfbr2, and Smad3 were upregulated
in atg4b¡/¡ fibrotic lung.49 This negative correlation between

the TGFB1 and CAV1 pathways in Atg4b-deficient lung could
be associated with the increased collagen deposition after bleomy-
cin injury.

On the one hand, autophagy is an adaptive prosurvival
response, and depletion of autophagy genes in vivo and in vitro
leads to failure in the protection against several stressors and apo-
ptosis inducers.15,50,51 On the other hand, apoptosis of alveolar
epithelial cells is a key early initiating event in the pathogenesis
of pulmonary fibrosis.3,4,52-54 In this context we hypothesized
that ATG4B deficiency may result in greater epithelial cell apo-
ptosis leading to increased inflammation and consequently,
extensive fibrotic areas. We show that ATG4B deficiency resulted
in higher apoptosis predominantly observed in type 2 alveolar
and bronchiolar epithelium and increased inflammation after
bleomycin-induced lung injury.

Figure 8. Deregulated expression of profibrotic mediators in atg4b¡/¡ mice. (A) Representative light microscopy images of stained lung tissue sections
performed with specific antibody against ACTA2 from WT and atg4b¡/¡ mice at 28 d after bleomycin instillation. (B) Representative immunoblot of
ACTA2 in lung tissue extracts from WT and atg4b¡/¡ mice at 28 d after bleomycin instillation and densitometry analysis. TUBB4 was used as loading con-
trol. Results are shown as mean § SD. Statistical significance was determined by Student t test (*P< 0.05). (C) Gene expression infogram for differentially
expressed genes at 28 d after bleomycin instillation performed by qPCR. Every row represents a gene and every column a mouse lung sample (WT vs
atg4b¡/¡ mice, n D 3 for each group).
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Alveolar and bronchiolar epithelial cell injury and apoptosis
modulate inflammatory cell recruitment into the lungs promot-
ing the release of chemotactic factors that attract neutrophils and
monocytes to the interstitium and alveolar space. In turn, neutro-
phils release reactive oxygen species, metalloproteinases, and
proinflammatory cytokines that may perpetuate epithelial apo-
ptosis and lung inflammation creating a positive feedback loop
between apoptosis and inflammation.55-57 Moreover, autophagy
could contribute to the clearance of dead cells, thus influencing
the inflammatory response, resolution of inflammation, and tis-
sue repair.58,59 In fact, it has been shown that macrophages lack-
ing autophagy do not efficiently degrade their engulfed cargo and
produce increased amounts of proinflammatory cytokines.60 We
can propose that an increased autophagic activity after bleomycin
injury, as we found in WT lungs, may contribute to interrupt
this positive feedback loop by reducing the propensity of cells to
undergo apoptosis and enhancing the clearance of dead cells.

Conversely, in lungs from WT mice, ATG4B was mainly
expressed by bronchiolar and type 2 alveolar epithelial cells at 7

and 28 d after bleomycin treatment suggesting that expression of
ATG4B by the injured epithelium could be necessary for sur-
vival. At 7 d, macrophages and neutrophils were also stained, sug-
gesting that ATG4B expression could regulate the inflammatory
response. Similarly, in IPF lungs we found that ATG4B positive
stained cells were mostly bronchiolar and alveolar epithelial cells
with altered phenotypes, while mesenchymal cells in dense fibro-
blastic foci such as fibroblasts were negative. ATG4B was unde-
tectable in all the healthy human lungs examined. Recently,
Chen et al.61 have quantified by western blot, several autophagy-
related proteins in healthy human lung, and have found that
ATG4B is almost undetectable and significantly lower compared
to ATG5 or ATG7. This observation is in agreement with our
results.

In summary, our findings point out that the ATG4B
protease and autophagy play a crucial role protecting
epithelial cells against bleomycin-induced stress and apopto-
sis, and in the regulation of the inflammatory and fibrotic
responses.

Figure 9.Mice with Atg4b deficiency display increased apoptosis after bleomycin challenge. (A) Lung tissue sections labeled with TUNEL assay and coun-
terstained with methyl green. Apoptotic DAB-positive nuclei are brown, normal nuclei are green. (B) Representative immunoblots for pro- and active-
CASP3 in lung tissue homogenates from WT and atg4b¡/¡ mice at 7 d after bleomycin. (C) Immunohistochemistry for active CASP3. (D) Percentage of
TUNEL-positive cells in lung tissue sections and immunoblot densitometry. TUBB4 was used as loading control. (E) Semiquantitative score. Results are
shown as mean § SD. Statistical significance was determined by one-way ANOVA (*P< 0.05).
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Materials and Methods

Animals and bleomycin treatment
The generation of atg4b¡/¡ mice has been previously

described.14 In all experiments, homozygous atg4b¡/¡ mice and
their corresponding wild-type (WT) littermates were derived
from interbreeding of heterozygous mice. Mice genotypes were
determined by PCR analysis of tail DNA. Transgenic mice
expressing the fluorescent autophagosome marker GFP-LC3
have been previously described. GFP-LC3 mice were maintained
as heterozygous and were genotyped by PCR as previously
described.16 Mice were bred under specific pathogen-free condi-
tions. All experiments were performed with 8- to 10-wk-old mice
and were approved by the Committee on Animal Experimenta-
tion of the National Institute of Respiratory Diseases of Mexico
(INER).

Lung fibrosis was induced by intratracheal instillation of bleo-
mycin sulfate (Sigma-Aldrich, B8416) at a single dose of 0.05U
on day 0 in 50 ml of sterile saline. Control groups received the
same volume of sterile saline. Mice were sacrificed at 7 and 28 d
after bleomycin or saline treatment. For tissue harvesting, the
lungs were perfused with sterile saline from right to left ventricle
of the heart. Lungs were removed for fixation overnight in para-
formaldehyde or snap frozen in liquid nitrogen followed by stor-
age at –80�C.

Analysis of autophagosome accumulation in GFP-LC3 lungs
Lungs from mice expressing GFP-LC3 were perfused with 4%

paraformaldehyde in 1£ phosphate-buffered saline (1£ PBS
diluted from a 10£ PBS stock; Life Technologies, 70011–044),
pH 7.4. Lungs were harvested and fixed with the same fixative
solution for at least 4 h, followed by treatment with 15% sucrose
(Sigma-Aldrich, S0389) in 1£ PBS for 4 h, and then with 30%
sucrose solution at 4�C overnight. Tissue samples were embed-
ded in Tissue-Tek OCT compound (Fisher Scientific, 14–373–
65) and stored at –80�C. Samples were sectioned at 5-mm thick-
ness with a cryostat (Leica, CM3050 S, Leica Biosystems, Buffalo
Grove, IL), air-dried for 1 h, washed in 1£ PBS for 5 min, dried
at room temperature for 30 min, and mounted with a conven-
tional antifading medium. GFP- LC3 dots were observed and
counted in 3 independent visual fields from at least 6 indepen-
dent mice under fluorescent microscope.

Analysis of autophagosome accumulation in MLE 12 cells
Mouse lung epithelial cell line MLE 12 was purchased from

American Type Culture Collection (ATCC, CRL2110). MLE
12 cells were cultured in a CO2 incubator (5% CO2–95% air) at
37�C in Dulbecco’s modified Eagle’s medium, Nutrient Mixture
F-12 (DMEM/F-12; Life Technologies, 11330–057), supple-
mented with 2% fetal bovine serum, 100 units/ml penicillin,
100 mg/ml streptomycin, 1% L-glutamine, 1% HEPES (Sigma-
Aldrich, H9136), 1% insulin/transferrin/sodium selenite (Sigma-
Aldrich, I-3146), 0.01% b-estradiol (Sigma-Aldrich, E2257),
and 0.01% hydrocortisone (Sigma-Aldrich, I1882). MLE 12 cells
were exposed to 0 or 100 mU/ml of bleomycin (Sigma-Aldrich,
B8416) for 24 h. For immunofluorescence analyses, MLE 12

cells were grown on coverslips, washed in 1£ PBS, and fixed in
4% paraformaldehyde in 1£ PBS at 4�C during 10 min. The
coverslips were blocked in 5% BSA (Sigma-Aldrich, A9418) for
10 min, incubated with anti-LC3B (Novus Biologicals, NB
100–2220) primary antibody for 1 h at 37�C, washed in PBS
1£, incubated for 40 min with secondary antibody, thoroughly
washed in water, and mounted in Vectashield containing DAPI
for nuclear staining (Vector Laboratories, H-1200).

Quantitative real-time RT-PCR
Total RNA of lung tissue from saline control and bleomycin-

treated WT and atg4b¡/¡ mice was isolated using TRIzol reagent
(Invitrogen Life Technologies, 15596–026) following the man-
ufacturer’s instructions. Additional cleanup of total RNA was
carried out using the RNeasy Mini kit (SABiosciences, 74104).
Total RNA was used as template for double-stranded cDNA syn-
thesis using the RT2 First Strand Kit according to the man-
ufacturer’s instructions (SABiosciences, 330401). cDNA from
saline control and bleomycin-treated WT lungs was added to
qPCR master mix (SABiosciences, 330512) and Mouse Autoph-
agy RT2 ProfilerTM PCR Array (SABiosciences, PAMM-084A)
was performed using CFX 96 Real-Time PCR Detection System
(BioRad, Hercules CA) to quantify the expression of 84 key
genes involved in autophagy. To compare differential gene
expression in fibrotic lung from WT and atg4b¡/¡, Mouse Fibro-
sis RT2 ProfilerTM PCR Array was performed according to the
manufacturer’s instructions (SABiosciences, PAMM-120).

PCR array data were analyzed by a web software (http://
pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php). Data
analysis web portal selects an optimal set of internal housekeeping
genes for normalization and analyzes Ct values to calculate
changes in gene expression. The fold change was calculated by
the equation 2(DDCt).

Immunoblotting
MLE 12 cells were exposed to 0 or 100 mU/ml of bleomycin

(Sigma-Aldrich, B8416) alone, or combined with 10 mM chloro-
quine (Sigma-Aldrich, C6628) or 10 mM leupeptin (Sigma-
Aldrich, L2884) for 24 h. MLE 12 cells or lung tissue were
homogenized in a 20 mM Tris buffer pH 7.4, containing
150 mM NaCl, 1% Triton X-100 (Sigma-Aldrich, T8787),
10 mM EDTA and Complete! protease inhibitor cocktail
(Roche Applied Science, 05–892–791–001). Then, tissue or cells
extracts were centrifuged at 15,000 £ g at 4�C and supernatant
fractions were collected. Protein concentration was quantified by
bicinchoninic acid technique (BCA protein assay kit, Pierce Bio-
technology, 23225). A total of 25 mg of protein was loaded on
either 8% or 13% SDS-polyacrylamide gels. After electrophore-
sis, gels were electrotransferred onto polyvinylidenedifluoride
membranes (PVDF, Millipore, IPV H00010), and then mem-
branes were blocked with 5% nonfat dried milk in PBT (phos-
phate-buffered saline with 0.05% Tween 20 [Sigma-Aldrich,
P9416]) and incubated overnight at 4�C with the following pri-
mary antibodies diluted in 3% nonfat dried milk in PBT: anti-
ATG4B (Sigma-Aldrich, A2981), anti-SQSTM1 (Sigma-
Aldrich, P0068), anti-LC3B (Sigma-Aldrich, L7543), anti-
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TUBB4 (Santa Cruz Biotechnology, sc-9104), anti-ATG3
(Sigma-Aldrich, A3231), anti-ATG5 (Sigma-Aldrich, A0731),
anti-ATG7 (Sigma-Aldrich, A2856), anti-ACTA2 (Abcam,
AB7817) and anti-pro/active-CASP3/caspase 3 (Abcam,
ab13585). After 3 washes with PBT, filters were incubated with
the corresponding secondary antibody at 1:10,000 dilution in
1.5% milk in PBT, and developed with Immobilon Western
Chemiluminescent HRP substrate (Millipore, WBKLS0500).

Immunohistochemistry
The tissue sections were deparaffinized and were then rehy-

drated and blocked with 3% H2O2 in methanol followed by anti-
gen retrieval in a microwave in 10 mM citrate buffer, pH 6.0.
Tissue sections were treated with universal blocking solution
(BioGenex, HK085–5K) for 10 min, and then incubated over-
night at 4�C with the following primary antibodies: anti-ATG4B
(Sigma-Aldrich, A2981), anti-RELA/NFkB p65 (Abcam,
ab7970), anti-ACTA2 (Abcam, AB7817) or anti-active CASP3
(Abcam, ab2302). A secondary biotinylated anti-immunoglobu-
lin followed by horseradish peroxidase-conjugated streptavidin
(BioGenex, HK330–5K) was used according to the man-
ufacturer’s instructions. 3-amino-9-ethyl-carbazole (BioGenex,
HK092–5K) in acetate buffer containing 0.05% H2O2 was used
as the substrate. The sections were counterstained with hematox-
ylin. The primary antibody was replaced by nonimmune serum
for negative control slides.

For semi-quantitative score assessment, 10 fields were ran-
domly chosen at £ 400 magnification in each slide and the stain-
ing intensity was scored as no staining D 0, weak staining D 1,
moderate staining D 2, strong staining D 3. The extent of posi-
tive cells was scored as 0 D no positive cells, 1 D comprising
<25 %, 2 D 25 to 50%, 3 D 50 to 75% and 4 D 75 to 100%
(the percentage of labeled cells, was determined according to the
following equation: % D number of labeled cells/total counted
cells £100). The final score was determined by multiplying the
intensity scores with the extent of positivity scores of stained cells,
with the minimum score of 0 and a maximum score of 12.

Human lung specimens
Paraffin-embedded lung sections were obtained from surgical

lung biopsies from patients diagnosed with IPF. The diagnosis of
IPF was based on clinical, radiological, and functional findings
and was corroborated by the characteristic morphology of UIP
and made in accordance with American Thoracic Society/Euro-
pean Respiratory Society (ATS/ERS) Consensus Statements.
Control lung tissue samples were obtained from autopsies of
patients who died from nonlung-related causes.

Bronchoalveolar lavage fluid (BALF)
A 20-gauge intravenous catheter (BD insyte autoguard,

381834) was inserted into the trachea, and BALF was performed
twice with 0.5 ml of sterile saline. The recovered BALF was cen-
trifuged at 2,000 £ g for 10 min at 4�C, and the supernatant
fraction was stored at –80�C for subsequent biochemical analy-
ses. Cell counts were performed by manual counting under light

microscopy with a standard hemocytometer. Differential cell
counts were obtained using Wright-Giemsa stain.

Multiplex immunoassay
Cytokine/chemokine levels in BALF were determined using a

multiplex assay. BAL supernatants were normalized to 1 mg/ml
of protein. A magnetic bead-based multiplex assay, containing
fluorescent dyed microspheres conjugated with a monoclonal
antibody specific for IL12B, IL12 (the p70 IL12 heterodimer),
CCL3/MIP1a (chemokine [C-C motif] ligand 3), IFNG,
CXCL1/KC or TNF, was used according to the manufacturer’s
instructions (Bio-Rad, 171–304070M and 171–150001), with a
Bio-Rad Luminex Bio-Plex 200 System (Bio-Rad, Hercules,
CA). The analyte concentration was calculated using software
provided by the manufacturer (Bio-Plex Manager Software, Her-
cules, CA) and expressed as pg/mL.

Morphology
Lungs were removed and fixed by inflation with 4% parafor-

maldehyde in 1£ PBS at continuous pressure of 25 cm H2O
and were embedded in paraffin. Sections were stained with hema-
toxylin-eosin and Masson trichrome stain, and were scored
blindly for severity and extent of lung lesions.

Hydroxyproline assay
Left lungs were hydrolyzed in 6 N HCl for 24 h at 110�C.

Aliquots of 5 mL were then assayed by adding chloramine T
(Sigma-Aldrich, 857319) solution for 20 min followed by devel-
opment with Erlich reagent at 65�C for 15 min as previously
described.17 Absorbance was measured at 550 nm, and the
amount of hydroxyproline was determined against a standard
curve generated using known concentrations of hydroxyproline
standard (Sigma-Aldrich, H54409). Each sample was tested in
triplicate. Data are expressed as mg of hydroxyproline/ left lung.

In situ apoptosis staining (TUNEL) assay
Paraffin-embedded lung sections were deparaffinized in

xylene, and rehydrated with decreasing concentrations of ethanol.
Apoptosis was detected by in situ TUNEL (terminal deoxynu-
cleotidyltransferase biotin-dUTP nick end labeling) using the
TACS2 TdT DAB in situ apoptosis detection kit (Trevigen,
4810–30-K). In brief, sections were treated with 50 mL of a pro-
teinase K solution for 20 min and quenched in freshly prepared
3% hydrogen peroxide in methanol for 5 min at room tempera-
ture. Then, sections were washed in PBS 1£ and labeled with the
TdT reaction mix at 37�C for 1 h in a humidified chamber.
Chromogenic detection was developed with streptavidin-HRP
solution for 10 min, followed by incubation with DAB solution
for 5 min at room temperature. Tissues were counterstaining
with 1% methyl green and mounted with Clarion mounting
medium (Sigma-Aldrich, C0487).

Statistics
All experimental data are reported as mean § SD. Statistical

analyses were performed by the 2-tailed Student t test and sur-
vival differences between groups were analyzed by Log-rank test.
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In experiments with more than 2 groups, differences were ana-
lyzed by multifactorial one-way analysis of variance (ANOVA)
followed by Tukey post hoc test. using Graphpad Prism software
Version 4.0 (Graphpad Software Inc.., San Diego CA) and P val-
ues lower than 0.05 were considered significant.
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