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Abstract

Fibrosis is characterized by fibroblast activation, leading to matrix
remodeling culminating in a stiff, type I collagen–rich fibroticmatrix.
Alveolar epithelial cell (AEC) apoptosis is also a major feature of
fibrogenesis, and AEC apoptosis is sufficient to initiate a robust lung
fibrotic response. TGF-b (transforming growth factor-b) is a major
driver of fibrosis and can induce both AEC apoptosis and fibroblast
activation. We and others have previously shown that changes in
extracellular matrix stiffness and composition can regulate the
cellular response to TGF-b. In the present study, we find that type I
collagen signaling promotes TGF-b–mediated fibroblast activation
and inhibits TGF-b–induced AEC death. Fibroblasts cultured on
type I collagen or fibrotic decellularized lung matrix had augmented
activation in response to TGF-b, whereas AECs on cultured on type I

collagen or fibrotic lung matrix were more resistant to TGF-b–
induced apoptosis. Both of these responses were mediated by
integrin a2b1, a major collagen receptor. AECs treated with an a2

integrin inhibitor or with deletion of a2 integrin had loss of collagen-
mediated protection from apoptosis. We found that mice with
fibroblast-specific deletion of a2 integrin were protected from
fibrosis whereas mice with AEC-specific deletion of a2 integrin
had more lung injury and a greater fibrotic response to bleomycin.
Intrapulmonary delivery of an a2 integrin–activating collagen
peptide inhibited AEC apoptosis in vitro and in vivo and attenuated
the fibrotic response. These studies underscore the need for a
thorough understanding of the divergent response to matrix
signaling.
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Progressive fibrosis is characterized by an
accumulation of activated myofibroblasts,
which produce a collagen-rich scar (1, 2).
Thus, much of the prior fibrosis research
has focused on the activation and function
of myofibroblasts (3). However, many
drugs that were found to block fibroblast
activation and collagen production by
myofibroblasts have resulted in negative
clinical trials (4), and the therapies
that have shown effective results in
clinical trials only modestly slow the
progression of disease (5–7). There is
increasing recognition that fibrogenesis
is a multicellular process with important
contributions from other profibrotic cell

types including macrophages and alveolar
epithelial cells (AECs) (8–14). Mounting
evidence suggests that AEC death is not
merely a feature or bystander of the fibrotic
process but rather that AEC dysfunction
and apoptosis are critical in initiating and
propagating fibrogenesis (15). Mutations in
AEC-specific genes, such as surfactant
proteins, leads to AEC dysfunction and
familial lung fibrosis (16–20). In animal
models, inhibiting prominent apoptosis
pathways blocks fibrosis (21, 22), and we
have shown that induction of AEC-specific
apoptosis is sufficient to initiate lung
scarring (23, 24). TGF-b (transforming
growth factor-b) is among the most

well-studied profibrotic cytokines and is a
key mediator of both fibroblast activation
and AEC apoptosis (1). However, we and
others have shown that several intracellular
signaling pathways that augment the
fibroblast activation response to TGF-b are
also involved in inhibiting TGF-b–induced
AEC apoptosis, potentially yielding a mixed
overall effect on fibrosis and limiting the
effectiveness of targeting these pathways for
fibrosis therapy (25–27).

The extracellular matrix (ECM)
strongly influences cell behavior and the
response to TGF-b (1).

Fibrosis is characterized by progressive
matrix remodeling with destruction of the
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laminin-rich basement membrane and
initial replacement by a temporary
provisional matrix made up of plasma
proteins (8). Changes in matrix
composition are accompanied by increased
stiffness or rigidity. Matrix composition
and stiffness regulates cell behavior through
cell surface matrix receptors, such as
integrins, which activate intracellular
adaptor proteins such as FAK and Rho
(28). For fibrotic diseases, this pathway has
primarily been studied in the context of
TGFb-induced fibroblast activation, and a
fibrotic matrix has been shown to promote
fibroblast activation in a positive feedback
fashion (29, 30). However, this pathway is
involved in both normal wound healing
and pathologic fibrosis. This is important
because inhibitors for matrix signaling
including specific antagonist to integrins,
FAK, and Rho have all been proposed as
potential targets for fibrosis therapy (26, 31,
32). However, nonspecific inhibition of
these pathways may concurrently inhibit
signaling that suppresses ongoing AEC
apoptosis or activation and may further
activate fibrogenesis (25).

As injury progresses into a more
chronic phase, the provisional matrix is
degraded and replaced by a fibrotic matrix
primarily made up of fibrillar type I
collagen. Although collagen I is often
regarded as an end product of fibrosis, it is
also a key signaling molecule with a number
of cell surface receptors that can influence
cell behavior (33, 34). The role of collagen I
signaling during fibrosis has not been well
studied. Early collagen deposition may
therefore have an important role in further
collagen production and may help
determine the extent of fibrosis.

In this report, we find that type I
collagen signaling through integrin a2b1 is
critical for promoting fibroblast activation
and inhibiting AEC apoptosis in response
to TGF-b, leading to conflicting effects on
the overall fibrotic outcome. We further
find that delivery of an a2b1-activating
collagen-mimetic peptide into the
pulmonary airway lumenal space inhibits
pulmonary fibrosis.

Methods

Reagents
Purified TGF-b1, TC-I15, and obtustatin
were purchased from R&D Systems.
Antibody against integrin a2 is from

Abcam. Type I collagen antibody is from
ThermoFisher. Caspase-Glo 3/7 is from
Promega. Tissue culture hydrogels of
different matrix stiffness are from Matrigen
Life Technologies. Small airway growth
media (SAGM) is from Lonza. All other
reagents are from Sigma. Triple helical
collagen activating peptide, GFOGER, or
control peptide GPP was purchased from
CambCol (Cambridge University).

Mice
All mice were housed under specific
pathogen–free conditions. The Institutional
Animal Care and Use Committee at The
University of Michigan approved all the
experiments. CMV/b-actin promoter-
CreERT (CAG-CreERT), Col1a2-CreERT,
and floxed integrin a2 in a C57b6
background were purchased from Jackson
Laboratories. Floxed col1a1 mice, SFTPC-
reverse tetracycline transactivator (SPC-
rtTA) mice, and CMV promoter tetO-Cre
(CMV-tetO-Cre) mice were previously
described (25, 35). Mice were used at 6–8
weeks old. For mice carrying the SPC-
rtTA/CMV-tetO-Cre transgenes,
recombination of the floxed allele was
achieved by feeding mice chow
supplemented with doxycycline (200
mg/kg) for the times indicated. For mice
carrying CAG-CreERT or Col1a2-CreERT
transgenes, recombination of the floxed
allele was achieved by daily intraperitoneal
injections of tamoxifen (1 mg) for the times
indicated (36). Littermate control mice
lacking at least one component of the
multitransgene system were also treated
with doxycycline or tamoxifen and were
used as controls.

Lung injury and fibrosis was initiated
with bleomycin as described before (8, 37).
Briefly, mice were given 40 ml of saline or
bleomycin (1.5–3 U/kg as indicated)
dissolved in saline via oropharyngeal
aspiration (38). At the indicated time points
after bleomycin, mice were killed for
collection of samples.

In some experiments, mice were also
treated with daily doses of GFOGER or GPP
(20 mg) by oropharyngeal aspiration for the
time points indicated.

Masson’s Trichrome Staining
Lung sections were analyzed as described
previously (39). Briefly, mice were killed
and lungs were inflated with formaldehyde
to a pressure of 25 cm H2O. Tissues were
embedded in paraffin, sectioned, and

stained with Masson’s trichrome by the
McClinchey Histology Laboratory.

Hydroxyproline Assay
The hydroxyproline assay was performed as
described previously (24, 40). Briefly, entire
lungs were isolated and homogenized 3
weeks after bleomycin administration.
Tissue was heated in 12N HCl overnight at
1208C. Aliquots of tissue samples were
neutralized with citrate buffer and
incubated with chloramine T solution at
room temperature for 20 minutes. The
samples were then mixed with Ehrlich’s
solution and incubated at 658C for 15
minutes. Absorption at 540 nm was
determined. Hydroxyproline concentration
was quantified by comparison against a
standard curve.

Active Caspase 3/7 Assay
Levels of active caspase 3/7 was measured in
equal protein amounts from cell or lung
lysate using the Caspase-Glo 3/7 Assay, per
the manufacturer’s protocol. Briefly,
cultured cells were washed with PBS and
then lysed in RIPA. For lung lysate, lungs
tissue was removed from killed mice and
immediately frozen in liquid nitrogen.
Frozen lung tissue was then pulverized
using a Cryogrinder Kit (OPS Diagnostics)
and then lysed RIPA. Samples mixed with
the Caspase-Go reagent and luminescence
quantified using a Veritas Microplate
Luminometer. Values are expressed as fold
differences in relative luminescence units.

Immunoblot
Immunoblot was performed on lung tissue
or cells lysed in RIPA as previously
described (41). Immunoblots are
representative of at least three independent
experiments.

Decellularized Lung Tissue
IPF lung tissue was obtained at the
time of lung biopsy or lung resection of
transplantation and normal lung tissue was
obtained from lung deemed unsuitable for
lung transplantation following procedures
approved by the University of Michigan
Institutional Review Board. Lung tissue was
decellularized as previously described (42,
43). Briefly, human or murine lung tissues
were washed with sterile, deionized distilled
water. Lung tissue was then incubated at
48C under gentle agitation with the
following sequence of solutions: 0.1%
Triton X-100, Na deoxycholate, 1 M NaCl,
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DNase I in 1.3 mM MgSO4 (30 mg/ml),
and 0.18% peracetic acid in 4.8% ethanol
for z24 hours for each solution. Lungs
were then embedded in 3% ultra–low-
melting-temperature agarose and sliced
on a vibratome. Low-melt agarose was
removed by incubating lung slices in water
at 508C and lungs stored in 0.18%
peracetic acid in 4.8% ethanol at 48C
until used for cell culture. Prior to cell
culture, decellularized lung tissue was
washed with sterile water and placed in a
sterile multiwell plate and covered with
appropriate cell culture media.

Isolation and Culture of Type II AECs
and Fibroblasts
Primary murine type II AECs were
harvested as described previously (9, 25, 40,
44). Briefly, mice were killed with CO2.
Lungs were perfused and lavaged with
PBS and then filled with dispase. After
incubation at room temperature for 45
minutes, lungs were teased apart and then
incubated with DNase for 10 minutes. The
digested lungs were then sequentially
passed through 70-mm, 40-mm, and
20-mm filters. The crude cell suspension
was incubated with biotin-conjugated
antibodies against CD16/32 and CD45
for 30 minutes at 378C followed by
incubation with streptavidin magnetic
beads. CD16/32- and CD45-positive cells
were then removed using a magnetic
separator. The remaining cells were further
negatively selected by plating on a plastic
petri dish for 2 hours at 378C. AECs were
then cultured in a 378C, 5% CO2 incubator
in SAGM (Lonzo) supplemented with KGF
(10 ng/ml).

Some AECs were treated with an
adenovirus expressing Cre recombinase (50
pfu/cell) or control adenovirus expressing
GFP for 1 week before reseeding under the
conditions indicated.

Primary murine fibroblasts were
isolated as previously described (33). Briefly,
mice were killed with CO2. Lungs were
perfused and lavaged with PBS and then
removed. Lungs were minced and cultured
in Dulbecco’s modified Eagle medium with
10% FBS in a 378C, 5% CO2 incubator to
allow fibroblast outgrowth. Fibroblasts were
trypsinized and filtered as above to isolate
fibroblasts from remaining lung tissue and
seeded under the conditions described.

Equal numbers of AECs or fibroblasts
were cultured on tissue culture hydrogels of
defined matrix stiffness (2 kPa or 50 kPa)

coated with laminin or collagen (10 mg/ml).
Twenty-four hours after seeding, cells were
washed with PBS and the media replaced
with serum-free media (Dulbecco’s
modified Eagle medium for fibroblasts and
SAGM for AECs). After another 24 hours,
cells were treated with TGFb (4 ng/ml)
for 24 hours before analysis. In some
experiments, AECs were pretreated with
GFOGER (10 mg/ml), GPP (10 mg/ml),
obtustatin (2.5 mM), TC-I15 (2.5 mM), or
vehicle control for 1 hour before treatment
with TGF-b. This dose of TGF-b is
consistent with prior recent reports (11,
45–50).

Gene Expression Analysis
Differences in gene expression were
measured by qRT-PCR as described before
(10, 51). Briefly, RNA was isolated from

cells or lung tissues with TRIzol Reagent
(Invitrogen) according to the
manufacturer’s protocol. cDNA was
synthesized with SuperScript III first-stand
synthesis kit (Invitrogen). RT-PCR was
quantified using POWER SYBR Green
PCR MasterMix kit (Applied Biosystems)
and the Applied Biosystems 7000
sequence detection system. The fold
change in gene expression was
normalized to the housekeeping genes
b-actin and GAPDH. Primer sequences
were as follows: b-actin forward:
59-CCGTGAAAAGATGACCCAGATC-39,
b-actin reverse: 59-CACAGCCTGG
ATGGCTACGT-39; GAPDH forward:
59-AACTTTGGCATTGTGGAAGG-39,
GAPDH reverse: 59-ACACATTGGGGG
TAGGAACA-39; COL1A1 forward:
59-GCCAAGAAGACAAACTTT-39,
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Figure 1. Collagen augments TGF-b (transforming growth factor-b)–induced fibroblast activation
and inhibits TGF-b–induced alveolar epithelial cell apoptosis in vitro. (A and B) Primary lung fibroblasts
were cultured on hydrogels of defined stiffness (Matrigen Life Technologies) coated with laminin (Lam)
or collagen I (Col) (10 mg/ml), and relative expression of ACTA2 (Acta) (A) and collagen I (Col1a1) (B) in
response to TGF-b was determined. n=6. *P, 0.05 compared with fibroblasts cultured on 2 kPa
Lam with TGF-b. **P, 0.05 compared with fibroblasts on cultured on 50 kPa Lam with TGF-b and
compared with fibroblasts cultured on 2 kPa Col with TGF-b. (C) Alveolar epithelial cells (AECs) were
cultured on Lam- and Col-coated hydrogels and activation of caspase 3/7 in response to TGF-b
(4 ng/ml) was determined. n=6. *P,0.05 compared with AECs on Lam 2 kPa without TGF-b and
AECs on 2 kPa Col with TGF-b. **P,0.05 TGF-b–treated AECs on 2 kPa Lam.
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COL1A1 reverse: 59-GGCCTTGGAAAC
CTTGTGGAC-39; ACTA2 forward:
59AGAGACTCTCTTCCAGCCATC-39,
ACTA2 reverse: 59-GACGTTGTTAGC
ATAGAGATC-39.

Statistical Analysis
Data are shown as individual values
plots6 SD. For comparison of differences,
the two-tailed Student’s t test was used for
experiments between two groups, assuming
equal variance, and a one-way ANOVA
was used to determine differences for
experiments with more than two groups. A
P value of less than 0.05 was accepted as
significant.

Results

Newly Synthesized Type I Collagen
Regulates Fibroblast Activation and
AEC Apoptosis
Fibrosis is characterized by AEC death and
fibroblast activation leading to changes in
ECM composition and stiffness. To
determine the role of collagen I on AEC
death and fibroblast activation, primary
murine cells (AECs or lung fibroblasts)
were cultured on compliant (2 kPa) and stiff
(50 kPa) hydrogels coated with laminin, a
major component of the alveolar basement
membrane, or type I collagen, a major
component of the fibrotic matrix. Cells were
treated with TGF-b1 (4 ng/ml). After 24
hours, profibrotic activation of lung
fibroblasts in response to TGF-b was
determined by qPCR for makers of
activation, ACTA2 (acta) and collagen 1a1
(col1a1). Fibroblasts cultured on a stiff
collagen I matrix had greater myofibroblast
activation in response to TGF-b compared
with fibroblasts cultured on a softer laminin
matrix (Figures 1A and 1B). Fibroblasts did
not demonstrate significant changes in
caspase activation under these conditions
(not shown). The apoptotic response of
AECs was determined by measuring the
levels of active caspase 3/7, a canonical final
common pathway for apoptosis. AECs
cultured on stiff type I collagen were more
resistant to TGF-b–induced apoptosis
compared with AECs cultured on a softer
laminin matrix (Figure 1C).

To extend these results to a more
complex lung matrix, we used decellularized
lung matrix from mice 3 weeks after
treatment with saline or bleomycin (3 U/kg)
to induce lung fibrosis. Fibroblasts cultured

on fibrotic lung matrix had more robust
activation in response to TGF-b compared
with fibroblasts cultured on normal lung
matrix (Figures 2A and 2B). Similarly,

fibroblasts cultured on decellularized IPF
lung matrix had greater activation in
response to TGF-b compared with
fibroblasts cultured on normal human lung

Control

+TGF-

Saline Bleomycin

6

4

2

0

R
el

at
iv

e 
A

ct
iv

e 
C

as
pa

se
 3

/7

E

Control

+TGF-

Normal IPF

4

3

2

1

0

5

R
el

at
iv

e 
A

ct
a 

m
R

N
A

C

Control

+TGF-

0

Saline Bleomycin

2

4

6

8

R
el

at
iv

e 
A

ct
a 

m
R

N
A

A

Control

+TGF-

Normal IPF

6

4

2

0

R
el

at
iv

e 
A

ct
iv

e 
C

as
pa

se
 3

/7
F

Control

+TGF-

Normal IPF

15

10

5

0R
el

at
iv

e 
C

ol
1a

1 
m

R
N

A

D

Control

+TGF-

Saline Bleomycin

*
*

*

* *

*

0

2

4

6

8

R
el

at
iv

e 
C

ol
1a

1 
m

R
N

A

B

Figure 2. Fibrotic lung matrix augments TGF-b–induced fibroblast activation and inhibits
TGF-b–induced alveolar epithelial cell apoptosis in vitro. (A and B) Primary lung fibroblasts
were cultured on decellularized lung matrix from saline- or bleomycin-treated mice, and relative
expression of Acta (A) and Col1a1 (B) in response to TGF-b was determined. n = 6. *P, 0.05
compared with fibroblasts cultured on decellularized lung matrix from saline-treated mice and
TGF-b–treated fibroblasts cultured on decellularized lung matrix from bleomycin-injured mice.
(C and D) Primary lung fibroblasts were cultured on normal human decellularized lung matrix or
decellularized lung matrix from patients with idiopathic pulmonary fibrosis (IPF) and relative
expression of Acta (C) and Col1a1 (D) in response to TGF-b was determined. n= 6. *P, 0.05
compared with fibroblasts cultured on normal human lung matrix and TGF-b–treated fibroblasts
cultured on IPF lung matrix treated with TGF-b. (E) AECs were cultured on decellularized lung
matrix from saline- or bleomycin-treated mice, and activation of caspase 3/7 in response to TGF-b
(4 ng/ml) was determined. n = 6. *P, 0.05 compared with AECs on uninjured lung matrix and
TGF-b–treated AECs cultured on bleomycin-injured lung matrix. (F) AECs were cultured on normal
human decellularized lung matrix or on decellularized lung matrix from patients with IPF, and
activation of caspase 3/7 in response to TGF-b (4 ng/ml) was determined. n= 6. *P, 0.05
compared with AECs on normal human lung matrix and TGF-b–treated AECs cultured on IPF
lung matrix.
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matrix (Figures 2C and 2D), suggesting a
feed-forward, profibrotic effect of fibrotic
lung, consistent with prior reports (30). In
contrast, AECs cultured on uninjured
mouse or human lung matrix had a robust
apoptotic response to TGF-b compared
with an attenuated apoptotic response by
AECs cultured on fibrotic lung matrix
(Figures 2E and 2F).

To determine the role of newly
synthetized type I collagen on AEC
apoptosis, we generated mice with
conditional generalized deletion of the
col1a1 gene. Previously reported floxed
col1a1 mice (10) were crossed with mice
carrying a gene for tamoxifen-inducible cre
regulated by the CMV-b-actin promoter
(CAG-CreERT). Six-week-old CAG-
CreERT/floxed col1a1 mice (vs. littermate
controls lacking either transgene) were
treated with tamoxifen (1 mg daily i.p.
injections) for 1 week to eliminate new
collagen I synthesis in all cell types
(Figure 3A). After an additional recovery
week, mice were injured with bleomycin or
saline control. Fourteen days after
bleomycin treatment, lungs were lysed and
analyzed by immunoblot (Figure 3B). As
expected, control mice treated with
bleomycin had an increase in lung type I
collagen accumulation whereas CAG-
CreERT/floxed col1a1 mice did not have an
increase in lung type I collagen. Seven and
14 days after bleomycin, total lung active
caspase 3/7 was determined as a measure of
apoptosis (Figure 3C). Both control mice
and CAG-CreERT/floxed col1a1 mice
demonstrated an increase in active caspase
3/7 7 days after bleomycin, indicating
robust bleomycin-induced apoptosis.
However, 14 days after bleomycin, CAG-
CreERT/floxed col1a1 mice had persistent
levels of apoptosis whereas levels of
active caspase 3/7 in control mice were
significantly reduced. Furthermore, CAG-
CreERT/floxed col1a1 mice demonstrated a
non–statistically significant trend toward
less survival after bleomycin compared with
littermate control mice with preserved
collagen expression (Figure 3D). Finally,
lungs from CAG-CreERT/floxed col1a1
and littermate control mice were removed,
decellularized, and used to culture wild-
type (WT) primary cells. As expected,
AECs cultured on control fibrotic lungs
were protected from TGF-b–induced
apoptosis. Lung matrix from CAG-
CreERT/floxed collagen mice treated with
bleomycin demonstrated a dramatically

reduced ability to inhibit AEC apoptosis
(Figure 3E). Fibroblasts cultured on fibrotic
lungs demonstrated enhanced upregulation
of acta and col1a1, but fibroblasts cultured
on lung matrix from mice with deletion
of collagen and bleomycin had reduced
levels of acta and col1a1 (Figure E1 in
the data supplement). Collectively these
results indicate that type I collagen

signaling promotes fibroblast activation
but inhibits AEC apoptosis in response
to TGF-b.

a2 Integrin Is a Critical Regulator of
AEC Apoptosis In Vitro
Whereas the role of ECM receptors in
regulating fibroblast activation has been
studied fairly extensively, less is known
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Figure 3. Type I collagen regulates in vivo lung cell apoptosis. (A) Schematic of mice with postnatal
deletion of col1a1. Postnatal deletion of col1a1 is achieved in transgenic mice carrying a gene for
tamoxifen-inducible cre regulated by the CMV-b-actin promoter (CAG-CreERT) and homozygous for
floxed col1a1 (Dcol1a1). Six- to 8-week-old mice are treated with intraperitoneal tamoxifen (1 mg) for
1 week. (B) Immunoblot of lung lysate from CAG-CreERT/floxed col1a1 or littermate control lacking
one of the transgenes 2 weeks after treatment with saline or bleomycin. (C) Seven and 14 days after
bleomycin or saline, whole lung active caspase 3/7 was measured in Dcol1a1 and littermate control
mice. n=6. *P,0.05 compared with bleomycin control mice. (D) Percent survival of control and
Dcol1a1 mice after bleomycin (n=18). (E) AECs were cultured on decellularized lung matrix from
saline- or bleomycin-treated control or Dcol1a1 mice, and activation of caspase 3/7 in response to
TGF-b (4 ng/ml) was determined. n=6. *P,0.05 compared with AECs on lung matrix from control
mice treated with bleomycin. bleo=bleomycin; CMV=cytomegalovirus; sal = saline.
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about the function of collagen receptors in
regulating AEC apoptosis. We recently
reported that ECM/integrin signaling is a
critical regulator of AEC apoptosis (8, 25).
We therefore investigated the role of two
major collagen-binding integrins, a1b2 and
a2b1, on apoptosis of AECs cultured on
collagen-coated hydrogels. AECs treated
with an a2 integrin inhibitor, TC-I15
(2.5 mM) (33), demonstrated marked
upregulation of TGF-b–induced apoptosis,
whereas an inhibitor of a1 integrin,
obtustatin (2.5 mM) (52), had a reduced
effect (Figure 4A). We next confirmed an
important role for a2 integrin in regulating
AEC apoptosis using mice with conditional
deletion of a2 integrin (floxed a2). Primary
AECs from floxed a2 mice were treated
with adenovirus expressing Cre or GFP
control, and loss of a2 integrin expression
after 5 days was confirmed by immunoblot
(Figure 4B). AECs were then cultured on

stiff (50 kPa) collagen-coated hydrogels and
treated with TGF-b as before. Similar to
AECs treated with the a2 inhibitor, AECs
with loss of a2 expression demonstrated
marked increase in apoptosis in response
to TGF-b (Figure 4C). Finally, AECs
with or without deletion of a2 integrin
were cultured on uninjured or fibrotic
decellularized lung matrix (from
bleomycin-injured WT mice) and treated
with TGF-b. As expected, AECs with
loss of a2 integrin had a robust increase
in apoptosis in response to TGF-b
(Figure 4D). Collectively, these results
suggest that collagen deposition during
fibrosis inhibits AEC apoptosis through
collagen I/a2 integrin signaling.
Furthermore, we recently reported that
fibroblasts treated with an a2 integrin
inhibitor had decreased activation in
response to TGF-b in vitro (33), suggesting
that a2 integrin is a major regulator of the

cellular response to collagen I signaling
during fibrosis.

a2 Integrin Is a Critical Regulator of
Apoptosis and Fibrosis
To explore thein vivo importance of
these findings, we generated mice with
conditional deletion of a2 integrin. Floxed
a2 integrin mice were crossed with mice
expressing Cre in all cells (CAG-CreERT),
fibroblasts (Col1a2-CreERT), and within
AECs (SPC-rtTA/tetO-Cre). Each system
enables deletion of a2 integrin after full
development by treating mice (or
controls) with tamoxifen or doxycycline.
As before, 6-week-old mice were treated
with tamoxifen or doxycycline for 1 week.
After an additional week, mice were
injured with saline or bleomycin. Mice
with fibroblast-specific deletion of a2

integrin (Col1a2-CreERT) demonstrated
a robust reduction in fibrosis after
bleomycin injury compared with
littermate control mice with preserved
a2 expression, indicating an important
role of collagen I/a2 signaling within
fibroblasts in promoting fibrosis (Figure
5A), consistent with our prior report
demonstrating an important role for
a2 integrin in promoting fibroblast
activation in vitro (33). Surprisingly,
mice with total deletion of a2 integrin had
fairly preserved levels of fibrosis after
bleomycin compared with littermate control
mice with intact a2 integrin. In contrast,
mice with AEC-specific deletion of a2

integrin demonstrated greater injury and
increased fibrosis (Figure 5). Seven days after
bleomycin injury, lungs from SPC-
rtTA/tetO-Cre/floxed a2 (SCa2) mice had
increased levels of active caspase 3/7
compared with littermate control mice
(Figure 5B). SCa2 mice also demonstrated
increased amounts of protein in the
BAL fluid, indicating greater loss of
barrier integrity (Figure 5C). In preliminary
experiments, there was a trend toward
greater death in SCa2 mice by 21 days after
bleomycin precluding an assessment of the
fibrotic response (not shown). Therefore, a
reduced level of bleomycin (1.5 U/kg) was
used. Whereas littermate control mice
demonstrated a weak fibrotic response to
this lower dose of bleomycin, SCa2 mice
demonstrated robust fibrosis, indicating an
inhibitor effect of AEC a2 on the fibrotic
response (Figures 5D–5F).
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Intratracheal Delivery of an a2 Agonist
Inhibits Fibrosis
A triple helical peptide based on the collagen
I a2 integrin binding site (GFOGER)
has previously been shown to promote
integrin activation (53). To determine if a2

activation by GFOGER could attenuate
TGF-b–induced apoptosis, primary murine

AECs were cultured on laminin-coated
hydrogels. AECs were treated with
GFOGER (10 mg/ml) or a control triple
helical collagen peptide GPP. After 2 hours,
AECs were then stimulated with or without
TGF-b. AECs treated with GFOGER
demonstrated reduced apoptosis, similar to
levels of apoptosis by AECs cultured on

type I collagen–coated wells (Figure 6A).
We next cultured AECs on uninjured
murine or human lung matrix and treated
cells with GFOGER or GPP. Similar to
AECs cultured on laminin, AECs treated
with GFOGER demonstrated marked
inhibition in TGF-b–induced apoptosis
similar to AECs cultured on fibrotic lung
matrix (Figures 6B and 6C). Finally, WT
mice were injured with bleomycin and
treated with intrapulmonary delivery of
GFOGER (20 mg) or GPP. After 7 days,
lung caspase 3/7 levels were measured. As
before, bleomycin induced significant
apoptosis; however, mice treated with
GFOGER demonstrated a significant
reduction in apoptosis compared with mice
treated with control collagen peptide
(Figure 6D). The fibrotic response was
determined 21 days after bleomycin
and collagen peptide treatment by
hydroxyproline and trichrome staining.
Whereas mice treated with bleomycin and
GPP had a robust fibrotic response, mice
treated with GFOGER demonstrated
marked reduction in fibrosis (Figures
6E–6G).

Discussion

Collagen I is often regarded as an end
product of fibrosis, but we and others have
found that collagen I expression increases
early after injury (10, 54–56) and leads to
activation of collagen receptors (10),
potentially influencing cell behavior during
progressive fibrosis. Thus, type I collagen
deposition itself may be important in
determining both the resolution of injury
and the progression of fibrosis. In this
report, we find that type I collagen signaling
regulates AEC apoptosis. AEC injury and
apoptosis are believed to be critical for the
initiation of scarring and progressive
fibrosis (15, 23, 24). Indeed, some degree of
fibrillar collagen scarring after injury may
be a necessary physiologic response that
limits ongoing injury and AEC death
and ultimately brings closure to the injury
and fibrosis cycle. In fibrotic diseases, this
scarring process is aberrant or excessive.
Attempts to block fibrosis without
understanding how scar formation could
limit ongoing injury may be problematic.
Consistent with this notion, we found that
mice with generalized deletion of new
collagen synthesis had greater AEC
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apoptosis and greater death after bleomycin
injury.

We previously found that provisional
matrix proteins such as vitronectin and
fibronectin likely signaling through

integrins such as avb3 regulate AEC
resistance to TGF-b–mediated apoptosis
(8). Downstream integrin signaling
molecules such as FAK and Rho are critical
to this survival effect. This is problematic

because an ECM/integrin/FAK/Rho pathway
is also known to be a strong driver of
fibroblast activation in response to TGF-b,
and there has been some consideration
in using inhibitors to this pathway as a
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therapeutic strategy. In the current report,
we extend this argument to collagen I itself
creating a potential dilemma in which
inhibition of collagen deposition, which is a
focus of many fibrosis studies, itself may
lead to greater AEC injury and apoptosis,
which ultimately may cause continued
activation of downstream profibrotic
pathways.

A number of cell surface collagen
receptors have been identified (34, 57). We
previously found that discoidin domain
receptor 2, a receptor tyrosine kinase
activated by collagen, regulates fibroblast
survival and fibrosis. Integrin such as a1b1

and a2b1 are activated by collagens, but
the importance of collagen integrin
signaling on fibrosis has not been well
studied. One report found that a2b1

integrin regulates fibroblast proliferation
(58).

The problems with the pleiotropic
effects of cytokines and intracellular
signaling pathways on different cell types
as being problematic for targeting fibrosis
are also well described (59). For example,
attempts to inhibit TGF-b itself can
lead to increased inflammation because
of the known effects of TGF-b in
suppressing inflammation (60). Apoptosis
itself can be pro- or antifibrotic
depending on the cell type. For example,
we have also shown that enhanced
apoptosis of fibroblasts can be targeted to
attenuate fibrosis in animal models (37,
61, 62). An emerging concept is that cell
type–specific targeting may be required to
more effectively inhibit fibrosis. Many
intracellular signaling pathways, such as
FAK and abl kinase, are shared among
different cell types and may have
opposing effects on fibrosis in different

cell types (25, 27). The lung provides
fairly easy access to the intralumenal
space, which is lined by epithelial cells.
This may offer a means to primarily
target epithelial cells.

Collectively, we found that collagen
signaling through integrin a2b1

augments fibroblast activation and
inhibits AEC apoptosis, which may
have opposing effects on fibrosis. We
found that airway delivery of an a2

integrin–activating peptide blocks AEC
apoptosis and attenuates fibrosis. The
potential for airway delivery of
therapeutic compounds as a way to favor
an effect on epithelial cells requires
further investigation. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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