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Abstract

Pathologic accumulation of fibroblasts in pulmonary fibrosis appears to
depend on their invasion through basement membranes and
extracellularmatrices. Fibroblasts fromthefibrotic lungs of patientswith
idiopathicpulmonaryfibrosis (IPF)havebeendemonstrated toacquire a
phenotype characterized by increased cell-autonomous invasion.
Here, we investigated whether fibroblast invasion is further stimulated
by soluble mediators induced by lung injury. We found that
bronchoalveolar lavage fluids from bleomycin-challenged mice or
patients with IPF contain mediators that dramatically increase the
matrix invasion of primary lung fibroblasts. Further characterization of
this non–cell-autonomous fibroblast invasion suggested that the
mediators driving this process are produced locally after lung injury and
are preferentially produced by fibrogenic (e.g., bleomycin-induced)
rather than nonfibrogenic (e.g., LPS-induced) lung injury. Comparison
of invasion and migration induced by a series of fibroblast-active

mediators indicated that these two forms of fibroblast movement are
directed by distinct sets of stimuli. Finally, knockdown of multiple
different membrane receptors, including platelet-derived growth
factor receptor-b, lysophosphatidic acid 1, epidermal growth factor
receptor, and fibroblast growth factor receptor 2, mitigated the
non–cell-autonomous fibroblast invasion induced by bronchoalveolar
lavage from bleomycin-injured mice, suggesting that multiple different
mediators drive fibroblast invasion in pulmonary fibrosis. The
magnitude of this mediator-driven fibroblast invasion suggests that
its inhibition could be a novel therapeutic strategy for pulmonary
fibrosis. Further elaboration of the molecular mechanisms that drive
non–cell-autonomous fibroblast invasion consequently may provide
a rich set of novel drug targets for the treatment of IPF and other
fibrotic lung diseases.
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Idiopathic pulmonary fibrosis (IPF) is a
disease of great unmet medical need.
Aberrant or overexuberant wound healing
responses to chronic lung injury are now
thought to be responsible for the excessive
fibroblast accumulation and extracellular
matrix deposition that distort the lung’s

architecture and compromise its function
in IPF (1, 2). Better characterization of
these abnormal responses to lung injury
should provide a rich set of therapeutic
targets for novel IPF therapies.

The abnormal accumulation of
fibroblasts is a central hallmark of fibrotic

tissues, including the lung in IPF. In
addition to fibroblast proliferation,
fibroblast accumulation in pulmonary
fibrosis appears to fundamentally depend
on: (1) the migration of these cells to sites of
tissue injury; and (2) their ability to invade
extracellular matrix. Although migration
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and invasion share some fundamental
mechanisms (e.g., both are powered by
polarized actomyosin-driven shape change
of the cell body [3]), these two modes of cell
movement are distinct processes. Cell
invasion, but not migration, involves
activation of cell surface proteases that can
remodel extracellular matrix, generating
gaps through which invading cells can
move (4). Cell leading edge structures also
differ in migration versus invasion.
Lamellipodia protrude from the leading
edge of migrating cells, whereas different
protrusions, termed invadopodia or
podosomes, lead invading cells (5). With
the exception of leukocytes, cells normally
migrate along extracellular matrix, but do
not invade through interstitial tissues (5).

Acquisition of the ability to invade
through basement membranes and
interstitial matrices by nonleukocytes has
long been appreciated to be central to cancer
biology, and fibroblast acquisition of this
ability has recently gained attention in
pulmonary fibrosis. This invasive capacity
is the most important feature that
distinguishes benign from malignant
lesions, and the pathways leading to the
acquisition of this capacity consequently
have been recognized as an important
source of novel targets for cancer therapies
(6). An invasive phenotype has also recently
been shown to distinguish lung fibroblasts
isolated from patients with IPF and control
subjects (7), and to distinguish lung
fibroblasts isolated from bleomycin-injured
mice and those from unchallenged mice
(7, 8). The pathologic consequences of
fibroblast invasiveness in fibrotic lung

diseases were documented in a large study
of lung biopsies and autopsy specimens
from 373 patients with a wide variety of
fibrotic lung disorders, including IPF (9).
Fibroblasts and fibrotic tissue were present
in the lumens of the alveoli, the alveolar
ducts, and/or distal bronchioles in these
diseases, suggesting that fibroblast invasion
from the lung interstitium into the
airspaces is a general feature of the
development of pulmonary fibrosis.
Therapies targeting the mediators and
pathways of fibroblast invasion
consequently could benefit patients with
IPF and a broad array of other fibrotic lung
diseases. Some of the molecules required
for the invasive phenotype of fibrotic
fibroblasts have already been identified,
including hyaluronan synthase 2, CD44, and
b-arrestin 1 and 2 (7, 8). Targeting these
molecules has been shown to limit fibroblast
invasion, but not migration, and to protect
mice from bleomycin-induced pulmonary
fibrosis (7, 8), providing important proof-of-
concept evidence that inhibiting fibroblast
invasion can be an effective therapeutic
strategy for lung fibrosis.

Studies to date of the invasive
phenotype of fibrotic lung fibroblasts from
patients with IPF and bleomycin-challenged
mice have demonstrated the increased
cell-autonomous invasion of these cells
(i.e., their increased ability to invade
through extracellular matrix in the absence
of added stimuli) (7, 10). Here, we
investigated whether fibrogenic lung
injury also induces increased non–cell-
autonomous fibroblast invasion
(i.e., fibroblast invasion driven by extrinsic
mediators induced by lung injury).
Bronchoalveolar lavage (BAL) from
patients with fibrotic lung diseases, such as
IPF and scleroderma-associated interstitial
lung disease, has long been known to
contain soluble mediators of fibroblast
migration (11). We have previously
demonstrated that the fibroblast
chemoattractant activity of IPF BAL is
largely attributable to lysophosphatidic acid
(LPA) that is induced by lung injury (12).
Here, we present evidence that soluble
mediators, which potently direct fibroblast
invasion, are also induced by fibrogenic
lung injury, and are present in the airspaces
of, and BAL recovered from, both
bleomycin-injured mice and patients
with IPF. This non–cell-autonomous
invasion induced by these extrinsic BAL
mediators was substantially greater than the

cell-autonomous invasion of fibrotic lung
fibroblasts in both humans and mice.
Additional studies in mice indicated that
BAL mediators of fibroblast invasion were
induced to a substantially greater extent
by fibrogenic bleomycin injury than by
nonfibrogenic LPS injury, and that
mediators driving fibroblast invasion can
differ from those driving fibroblast
migration. Taken together, we believe that
these data suggest that targeting the
non–cell-autonomous fibroblast invasion
induced by lung injury may represent an
effective new therapeutic strategy for IPF in
particular, and for fibrotic lung diseases in
general.

Materials and Methods

Bleomycin and LPS Mouse Models
Fibrosis and acute lung injury were induced
by a single intratracheal injection of
bleomycin (Fresenius Kabi, Lake Zurich, IL)
or 4 mg/kg LPS (Escherichia coli 026:B6;
Sigma, St. Louis, MO), respectively, to
anesthetized 6- to 8-week-old male C57Bl/6
mice (NCI-Frederick, Frederick, MD), as
previously described (12–16). All animal
protocols were approved by the
Massachusetts General Hospital
Subcommittee on Research Animal Care
(Massachusetts General Hospital, Boston,
MA), and all mice were maintained in a
specific pathogen-free environment
certified by the American Association for
Accreditation of Laboratory Animal Care.

Fibroblast Invasion and Migration
Assays
To assess invasion, fibroblasts were labeled
with 1,19-didodecyl-3,3,39,39-
tetramethylindocarbocyanine perchlorate
(DilC12) (3) fluorescent dye (BD
Biosciences, Franklin Lakes, NJ) by
incubation for 1 hour prior, and then
transferred to a 96-well BioCoat Tumor
Invasion System (Corning, Corning, NY;
Figure 1A), in which transwell inserts
are coated with BD Matrigel. Invasion
through Matrigel is used to model invasion
through an extracellular matrix similar in
composition to basement membranes.
A caveat to using these invasion systems to
model fibroblast invasion in IPF is that, in
the disease setting, lung injury may also
create gaps in basement membranes (17),
which may allow fibroblasts to enter
alveolar spaces by migration rather than

Clinical Relevance

Accumulation of fibroblasts in
pulmonary fibrosis appears to depend
on their invasion through basement
membranes and extracellular matrices.
Here, we demonstrate that
bronchoalveolar lavage fluids from
bleomycin-challenged mice or patients
with idiopathic pulmonary fibrosis
contain mediators that dramatically
increase the matrix invasion of primary
lung fibroblasts. The magnitude of this
mediator-driven fibroblast invasion
suggests that its inhibition could be a
novel therapeutic strategy for
pulmonary fibrosis.
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invasion. To assess migration, fibroblasts
were transferred to a 96-well Corning
FlouroBlock Insert System (Corning), in
which there is no barrier to migration
through insert pores. The transwells in
these migration systems were precoated

with fibronectin at 10 mg/ml (Sigma) to
facilitate cell attachment. In both assays,
fibroblasts were added at a concentration
of 50,000 cells per well in serum-free
Dulbecco’s modified Eagle’s medium.
Chemoattractants in Dulbecco’s modified

Eagle’s medium, including platelet-derived
growth factor-AA (PDGF-AA), PDGF-AB,
PDGF-BB, epidermal growth factor (EGF),
fibroblast growth factor 1 (FGF-1) and -2
(all from PeproTech, Rocky Hill, NJ), LPA
(Avanti Polar Lipids, Alabaster, AL), and
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Figure 1. Fibrogenic lung injury increases lung fibroblast invasion. (A) Schematic drawing of the filter-based assay used to model fibroblast invasion
through basement membrane. We assessed primary lung fibroblast invasion through Matrigel covering polyethylene filters with 8-mm pores, in response to
media with or without defined mediators or bronchoalveolar lavage (BAL). (B) Lung fibroblasts isolated from mice at Day 7 after bleomycin challenge
demonstrated increased cell-autonomous invasion compared with lung fibroblasts from unchallenged mice. Data are presented as mean (6SEM) fold
increase in number of invading cells, normalized to invasion of lung fibroblasts from unchallenged mice (n = 5 experiments; *P, 0.05). (C) Lung fibroblasts
isolated from mice at Day 21 after bleomycin challenge demonstrated decreased cell-autonomous and non–cell-autonomous invasion compared with
lung fibroblasts from unchallenged mice. Non–cell-autonomous invasion was induced by platelet-derived growth factor-BB (PDGF-BB) (1029 M). Data are
presented as mean (6SEM) fold increase in invasion, normalized to lung fibroblasts from unchallenged mice (n = 3 mice per group; *P, 0.05). (D) BAL
recovered from mice at Day 7 after 1.2 U/kg bleomycin challenge induced non–cell-autonomous invasion of lung fibroblasts isolated from either
unchallenged or bleomycin-challenged mice, which greatly exceeded the cell-autonomous invasion of these cells. Data are presented as mean (6SEM)
fold increase in invasion, normalized to the invasion of lung fibroblasts from unchallenged mice in the absence of an exogenous stimulus (n = 5
experiments; *P, 0.05, ***P, 0.001). (E) BAL collected from mice at Day 7 after challenge with 3 U/kg bleomycin induced greater non–cell-autonomous
invasion of unchallenged mouse lung fibroblasts than did BAL collected from mice at Day 7 after challenge with 1 or 2 U/kg bleomycin. Data are presented
as mean (6SEM) fold increase in invasion, normalized to the cell-autonomous invasion of lung fibroblasts from unchallenged mice (n = 5 mice
per group as the source of lung fibroblasts, and n = 5 mice per group as the source of BAL; *P, 0.05). (F) Higher-dose bleomycin did not increase
vascular leak at Day 7 after challenge, as assessed by BAL total protein concentration (n = 5 mice per group as the source of BAL).
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thrombin, keratinocyte growth factor
(KGF), and transforming growth factor
(TGF)-b1 (all from R&D Systems,
Minneapolis, MN) were placed in the wells
of both the invasion and migration assays.
After 24 hours, fibroblasts were quantified
with a Fluoroskan Ascent FL (Thermo,
Waltham, MA) set to read from plate bottoms.

Human Lung Fibroblasts
Fibroblasts isolated from the lungs of patients
diagnosed with IPF or normal subjects were
kindly provided by Dr. Carol Feghali-Bostwick
(Division of Rheumatology and Immunology,
Medical University of South Carolina,
Charleston, SC), and used at passages 3–5.
These fibroblasts were cultured from the
explanted lungs of patients with IPF who
underwent lung transplantation at the
University of Pittsburgh Medical Center
(Pittsburgh, PA), under a protocol approved
by the University of Pittsburgh Institutional
Review Board, or from the normal lungs of
potential organ donors considered, but
rejected, for lung transplantation.

Human BAL
Supernatants of BAL samples recovered from
patients with IPF and control subjects were
kindly provided by Dr. Moisés Selman
(Instituto Nacional de Enfermedades
Respiratorias, Mexico City, Mexico) and
Dr. Annie Pardo (Universidad Nacional
Autonoma de Mexico, Mexico City, Mexico).
These samples were recovered after instillation
of sterile 0.9% saline by flexible fiberoptic
bronchoscopy, performed at the Instituto
Nacional de Enfermedades Respiratorias
(Mexico City, Mexico), as previously
described (18). These studies were approved
by the Instituto Nacional de Enfermedades
Respiratorias Ethics Committee, and informed
consent was obtained from all participants.

Statistical Analysis
Differences between groups were analyzed
with two-tailed Student’s t tests, using
Microsoft Excel software (Microsoft,
Redmond, WA). Additional descriptions
of materials and methods are contained in
the online supplement.

Results

Lung Fibroblasts Demonstrate
Increased Invasion Early, but Not
Late, after Fibrogenic Lung Injury
To quantify fibroblast invasion, we
measured the emission of fluorescently

labeled cells that had invaded through a
Matrigel invasion chamber (Figure 1A),
which correlated closely with the number
of invaded cells when manually counted
(r2 = 0.996; P, 0.001, data not shown).
In the absence of exogenously added
“chemoinvasants” (i.e., soluble mediators
that stimulate cell invasion), there was a
2.7-fold increase in cell-autonomous
invasion by fibroblasts isolated from mice
7 days after bleomycin challenge (with
1.2 U/kg, our standard dose to produce
pulmonary fibrosis) compared with
fibroblasts isolated from unchallenged mice
(Figure 1B). These results demonstrate that
fibroblasts from bleomycin-injured lungs
acquire an invasive phenotype early after
fibrogenic injury, before the development of
measurable pulmonary fibrosis in this
model (19).

In contrast to Day 7, pulmonary
fibrosis is well established at Day 21 after
bleomycin challenge, at which time
measurable increases in lung collagen are
present (19). Interestingly, at this later
time point, fibroblasts from bleomycin-
injured lungs no longer demonstrated
an invasive phenotype. In the absence
of exogenous chemoinvasants, cell-
autonomous invasion of fibroblasts
isolated from mice 21 days after 1.2
U/kg bleomycin challenge was actually
decreased to 70% of the invasion observed
with fibroblasts isolated from
unchallenged mice (Figure 1C).

Similar to the differences in cell-
autonomous invasion, we found that
non–cell-autonomous invasion of lung
fibroblasts was increased early, but
decreased late after fibrogenic injury.
Compared with their cell-autonomous
invasion, addition of the exogenous
chemoinvasant, PDGF-BB, to the
invasion chamber wells below lung
fibroblasts from unchallenged mice
increased their invasion 7.5-fold. In
contrast, PDGF-BB increased the invasion
of lung fibroblasts isolated 7 days after
bleomycin challenge 10.3-fold over the
cell-autonomous invasion of lung
fibroblasts from unchallenged mice,
whereas it increased the invasion of lung
fibroblasts isolated 21 days after bleomycin
challenge only 4.8-fold (Figure 1C).
These data indicate that fibroblasts
isolated early after fibrogenic lung injury
are characterized by increased cell-
autonomous and non–cell-autonomous
invasion, whereas fibroblasts isolated after

fibrosis has been established demonstrate
decreased cell-autonomous and non–cell-
autonomous invasion.

Potent Soluble Mediators of
Non–Cell-Autonomous Fibroblast
Invasion Are Induced by Lung Injury
Given the ability of PDGF-BB to further
stimulate invasion by fibroblasts that
already demonstrated increased cell-
autonomous invasion after fibrogenic
injury, we investigated whether mediators
with similar activity (i.e., chemoinvasants)
are induced in the fibrosing lung. We
found that BAL isolated from mice 7 days
after bleomycin injury potently induced
fibroblast invasion, and that this non–cell-
autonomous invasion greatly exceeded the
cell-autonomous invasion induced by the
same lung injury. Using lung fibroblasts
from unchallenged mice, BAL isolated
from mice 7 days after 1.2 U/kg bleomycin
increased the invasion of these cells by
23-fold over the extent of their cell-
autonomous invasion. Using lung
fibroblasts isolated from mice 7 days after
bleomycin challenge, BAL isolated from
mice 7 days after 1.2 U/kg bleomycin
increased the invasion of these cells by
36-fold over the extent of their cell-
autonomous invasion (Figure 1D).

To determine if the induction of soluble
mediators of fibroblast invasion exhibited a
dose–response relationship to fibrogenic
lung injury, we investigated the non–cell-
autonomous fibroblast invasion induced by
BAL from mice challenged with different
doses of bleomycin. We collected BAL from
unchallenged mice, and from mice 7 days
after intratracheal injection of 1, 2, and
3 U/kg bleomycin. Compared with the BAL
from unchallenged mice, there was
significantly greater fibroblast invasion
induced by BAL from mice challenged with
1 or 2 U/kg bleomycin, but the extent of
invasion was similar between these two
challenge doses. There was a dramatically
greater increase in fibroblast invasion
induced by BAL from mice challenged with
3 U/kg bleomycin, however, which induced
a 21-fold increase in fibroblast invasion
compared with BAL from unchallenged mice
versus 7.9- and 8.7-fold increases induced by
BAL from mice challenged with 1 or 2 U/kg
bleomycin, respectively (Figure 1E). Of
note, there were no significant differences
in BAL total protein levels between mice
challenged with the different bleomycin
doses (Figure 1F), suggesting that increased
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local production of chemoinvasants,
rather than increased leak of circulating
chemoinvasants produced outside the lung,
was responsible for the increased fibroblast
invasion induced by BAL from mice
challenged with the highest dose. Taken
together, these data indicate that potent
mediators of non–cell-autonomous
fibroblast invasion are induced early in the
lung after fibrogenic injury.

TGF-b1 Pretreatment Decreases
Lung Fibroblast Cell-Autonomous and
Non–Cell-Autonomous Migration and
Invasion
To further investigate the decrease in cell-
autonomous invasion of lung fibroblasts
isolated 21 days versus 7 days after
bleomycin injury, we investigated the
effects of TGF-b1 pretreatment on lung
fibroblast cell–autonomous and non–cell-
autonomous migration and invasion.
TGF-b1 is the archetypal mediator
of fibroblast differentiation to
myofibroblasts, which have a contractile
and matrix-synthetic effector phenotype,
and accumulate as lung fibrosis progresses
in both patients with IPF and mouse lung
fibrosis models (20). We found that
fibroblasts treated with TGF-b1 for
48 hours demonstrated decreased cell-
autonomous and non–cell-autonomous
migration (Figure 2A), and decreased

cell-autonomous and non–cell-
autonomous invasion (Figure 2B),
compared with unstimulated fibroblasts.
We confirmed that TGF-b1 exposure
increased collagen I production, as
assessed by mRNA expression (see
Figure E1A in the online supplement),
and myofibroblast differentiation, as
determined by a-smooth muscle actin
staining (Figure E1B). Taken together,
these data suggest that myofibroblasts,
which are increasingly prevalent at later
time points after bleomycin challenge, are
less invasive, as well as less migratory,
than the less-activated fibroblasts that
predominate at earlier time points after
injury.

Fibrogenic Bleomycin Injury Induces
Greater Fibroblast Invasion than
Nonfibrogenic LPS Injury
To investigate whether induction of
fibroblast invasion is specific to fibrogenic
lung injury, we compared invasion induced
by BAL from mice after bleomycin versus
LPS challenge. We collected BAL from mice
1, 4, and 7 days after intratracheal challenge
with either 1.2 U/kg bleomycin or 4 mg/kg
LPS. We first compared BAL leukocyte
differential counts 1 day after these different
challenges, and BAL total protein levels at 1, 4,
and 7 days. At 1 day after LPS challenge,
the great majority of BAL leukocytes were

neutrophils, in contrast to BAL from the
bleomycin-challenged mice, which contained
mostly macrophages and some lymphocytes
(Figure 3A). The kinetics of vascular leak also
differed in the two models. The amount of
BAL total protein in the LPS model increased
at Day 1, and increased further reaching a
plateau at Day 4. Total protein in BAL after
bleomycin was lower than BAL after LPS
BAL at Day 1, similar at Day 4, and greater
than BAL after LPS at Day 7 (Figure 3B). The
ability of BAL after bleomycin to induce
non–cell-autonomous fibroblast invasion
increased over time as well. BAL collected at
Day 1 after either bleomycin or LPS challenge
failed to induce much fibroblast invasion,
but BAL after bleomycin, collected at Days 4
and 7, induced significantly greater fibroblast
invasion than BAL after LPS collected at
these time points (Figure 3C). These data
indicate that mediators of non–cell-
autonomous fibroblast invasion are induced
in the lungs to a greater extent by fibrogenic
rather than nonfibrogenic injury.

Fibroblast-Active Mediators Have
Different Effects on Chemotaxis and
Invasion
To investigate which mediators might
contribute to the fibroblast invasion induced
by BAL from bleomycin-challenged mice,
we compared the migration versus invasion
induced by multiple cytokines and other
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mediators known to be active on fibroblasts.
Some mediators induced both activities
(PDGF-BB, LPA, EGF, and FGF-2;
Figure 4A), whrereas others induced
neither (PDGF-AA, KGF, and TGF-b1;
Figure 4B). Interestingly, we found that
some mediators had discordant abilities
to mediate these activities, consistent
with these two modes of cell movement
having some shared, but other distinct,
mechanisms. FGF-1 specifically induced
fibroblast invasion, but not migration
(Figure 4C), whereas PDGF-AB and
thrombin specifically induced fibroblast
migration, but not invasion (Figure 4D).
Of note, BAL from bleomycin-challenged
mice was a more potent inducer of
non–cell-autonomous invasion than
any individual mediator tested
(Figures 4A–4D).

Molecular Mediators Contributing to
Fibroblast Invasion Induced by BAL
after Bleomycin Injury
To investigate the mechanisms of non–cell-
autonomous fibroblast invasion induced by
BAL from bleomycin-challenged mice, we
developed the ability to knockdown gene
expression in fibroblasts by small
interfering RNA (siRNA) transfection

performed directly in the invasion plates,
and to then assess invasion of the
transfected fibroblasts. We first confirmed
the ability of the siRNAs to effectively
knockdown mRNA expression of the gene
of interest (Figure 5A). We then tested the
effectiveness of this approach by assessing
the PDGF-BB–induced invasion of
fibroblasts transfected with siRNA
targeting platelet-derived growth
factor receptor-b (PDGFRb) or with
nontargeting (siRNA). We found that
siRNA targeting PDGFRb, which decreased
PDGFRb mRNA by over 80%, decreased
PDGF-BB–induced fibroblast to a very
similar extent (i.e., by .80%; Figure 5B).
We then found that transfection of
fibroblasts with siRNAs targeting PDGFRb,
LPA1, epidermal growth factor receptor
(EGFR), and fibroblast growth factor
receptor 2 (FGFR2) significantly decreased
their invasion to BAL collected at Day 7
from 1.2 U/kg bleomycin-challenged mice,
compared with NT siRNA-transfected
fibroblasts (Figure 5C). These results suggest
that PDGF-BB, LPA, EGF, and FGF-1
and/or -2 may contribute to non–cell-
autonomous fibroblast invasion after
fibrogenic lung injury, consistent with our
findings that each of these mediators can

induce fibroblast invasion in vitro. In
contrast, transfection of fibroblasts with
siRNA targeting TGF-bR1 had no effect on
their BAL-induced invasion, consistent with
our finding that TGF-b1 did not induce
non–cell-autonomous fibroblast invasion
in vitro.

To further investigate the potential
contributions of PDGF-BB, EGF, and FGF-2
to non–cell-autonomous fibroblast
migration induced by bleomycin injury,
we compared the levels of these three
mediators in BAL collected from
unchallenged mice and mice challenged
with bleomycin or LPS. We found increased
levels of each of these mediators in BAL
from injured versus uninjured mice,
but no differences in the extents to
which they were induced in the bleomycin
and LPS-injury models (Figure E2).
These data are consistent with PDGF-BB,
EGF, and FGF-2 being partially
responsible for non–cell-autonomous
fibroblast invasion induced by lung
injury, but not with their being
responsible for the differential extent to
which this form of fibroblast invasion is
induced by fibrogenic (i.e., bleomycin
versus nonfibrogenic [i.e., LPS, lung
injury]).
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Figure 3. Comparison of fibroblast invasion induced by profibrotic bleomycin injury with proinflammatory LPS injury. (A) BAL recovered from mice at
Day 1 after 4 mg/kg LPS challenge had greater percentages of neutrophils (Segs) than BAL recovered from mice at Day 1 after 1.2 U/kg bleomycin
challenge, whereas BAL from bleomycin-challenged mice had greater percentages of macrophages (Mono) and lymphocytes (Lymphs). Data are
presented as mean (6SEM) percentage (n = 3 mice per group; *P, 0.05, ***P, 0.001). (B) Determination of total protein concentrations in BAL from
unchallenged mice and from mice at Days 1, 4, and 7 after 1.2 U/kg bleomycin or 4 mg/kg LPS challenge, indicated protein concentration was greater
in LPS-challenged mice than in bleomycin-challenged mice at Day 1, similar between these groups at Day 4, and greater in bleomycin-challenged
mice than in LPS-challenged mice at Day 7. Data are presented as mean (6SEM) total protein concentration (n = 3 mice per group; *P, 0.05, **P, 0.01).
(C) BAL from mice at Days 4 and 7 after 1.2 U/kg bleomycin challenge induced greater non–cell-autonomous invasion of lung fibroblasts isolated
from unchallenged mice than did BAL from mice at these days after 4 mg/kg LPS challenge. Data are presented as mean (6SEM) fold increase in
invasion, normalized to the cell-autonomous invasion of lung fibroblasts from unchallenged mice (n = 3 mice per group as the source of lung fibroblasts,
and n = 3 mice per group as the source of BAL; *P, 0.05, ***P, 0.001). ND, none detected.
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Cell-Autonomous and Non–Cell-
Autonomous Invasion of IPF Lung
Fibroblasts
To determine whether our findings in the
bleomycin mouse model were relevant to
human disease, we investigated the cell-
autonomous and non–cell-autonomous
invasion of IPF lung fibroblasts. Consistent

with our findings in the bleomycin model,
and with those of other investigators (7), we
found that fibroblasts isolated from lung
tissues of patients with IPF demonstrated
greater cell-autonomous invasion than
fibroblasts isolated from control lung tissues
(a 3.1-fold increase; Figure 6A). Also
consistent with our findings in the mouse

model, we found that BAL from patients with
IPF potently induced fibroblast invasion, and
that this non–cell-autonomous invasion
greatly exceeded the cell-autonomous invasion
of IPF lung fibroblasts (Figure 6B). BAL from
patients with IPF increased the invasion of
IPF lung fibroblasts 17.7-fold, and increased
the invasion of control lung fibroblasts
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Figure 4. Different effects of fibroblast-active mediators on migration versus invasion. Assessment of the migration and invasion of lung fibroblasts
from unchallenged mice induced by multiple fibroblast-active mediators indicated that: (A) PDGF-BB, lysophosphatidic acid (LPA), epidermal growth factor
(EGF), and fibroblast growth factor 2 (FGF-2) induced both migration and invasion; (B) PDGF-AA, keratinocyte growth factor (KGF), and TGF-b1 induced
neither migration nor invasion; (C) FGF-1 induced invasion, but not migration; and (D) PDGF-AB and thrombin induced migration but not invasion. BAL
from mice at Day 7 after 1.2 U/kg bleomycin challenge induced greater invasion and migration than any individual mediator tested (A–D). The mediator
concentrations used were 1029 M PDGF-BB, 1027 M LPA, 100 ng/ml EGF, 15 ng/ml FGF-2, 50 ng/ml PDGF-AA, 100 ng/ml KGF, 5 ng/ml TGF-b1,
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the source of BAL; *P, 0.05). THR, thrombin.
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4.7-fold. BAL from control subjects also
induced invasion of both IPF and control lung
fibroblasts, albeit to a significantly lower
extent than IPF BAL (ztwofold greater than
the cell-autonomous invasion of these cells;

Figure 6B). Taken together, these data indicate
that potent soluble mediators of fibroblast
invasion, or fibroblast chemoinvasants, are
also induced in the human lung during the
development of IPF.

Discussion

IPF is thought to be a disease of aberrant
responses to persistent lung injury (1), in
which the biological processes of normal
wound healing are dysregulated and lead to
fibrosis rather than the restoration of
normal lung structure and function.
Fibroblast migration to sites of tissue
injury, invasion into the provisional wound
matrix, differentiation into myofibroblasts,
and wound matrix contraction are all
components of normal wound healing (21).
Many of these processes appear to be
excessive in IPF, however, including
fibroblast invasion. The acquisition by cells
of the ability to invade across tissue
boundaries has been extensively studied in
cancer (22–25), in which cell invasiveness is
a hallmark of the metastatic process. The
increased ability of fibroblasts to invade
through extracellular matrix in IPF has
recently been recognized as well. Compared
with normal lung fibroblasts, which are
poorly invasive, lung fibroblasts from
patients with IPF have previously been
demonstrated to have a robust capacity to
invade through extracellular matrix (7, 10,
26). Fibroblast invasiveness may contribute
to other fibrotic conditions as well, such
as remodeling of the airways in asthma and
remodeling of the joints in rheumatoid
arthritis. Airway fibroblasts from patients
with asthma are more invasive than those
from control subjects (27), and fibroblast-like

%
 In

va
si

on
 to

 P
D

G
F

-B
B

siRNA

%
 In

va
si

on
 to

 B
A

L

0

20

80

60

40

100

120

0

25

50

75

100

 %
 m

R
N

A
 E

xp
re

ss
io

n
ve

rs
us

 N
T

 c
on

di
tio

n

0

20

80

60

40

100

120

BA C

siRNA

NT

PDGFR-βNT

PDGFR-β
LP

A 1

EGFR

FGFR2

TGFβ
R1

siRNA
PDGFR-β

LP
A 1

EGFR

FGFR2

TGFβ
R1

*

***

* **

Figure 5. Effects of fibroblast receptor knockdown on fibroblast non–cell-autonomous invasion. (A) Quantitative PCR demonstrating the mRNA expression of
the relevant genes after small interfering RNA (siRNA)-mediated receptor knockdown. (B) Transfection with siRNA targeting platelet-derived growth factor
receptor-b (PDGFRb) reduced the invasion of lung fibroblasts from unchallenged mice that was induced by PDGF-BB. (C) Transfection with siRNAs targeting
PDGFRb, LPA1, epidermal growth factor receptor (EGFR), and fibroblast growth factor receptor 2 (FGFR2), but not transforming growth factor-b receptor 1
(TGF-bR1), reduced the invasion of lung fibroblasts from unchallenged mice that was induced by BAL recovered from mice at D7 after challenge with 1.2 U/kg
bleomycin. Data are presented as percentage of the invasion of fibroblasts transfected with nontargeting (NT) siRNA that was induced by the same BAL samples
acting on fibroblasts transfected with targeting siRNAs (n= 3 mice as the source of lung fibroblasts, and n= 3 as the source of BAL; *P, 0.05, ***P, 0.001).

In
va

si
on

 (
F

ol
d 

In
cr

ea
se

)

0

1

2

3

4

**
**

*

*

*

Source of Fibroblasts

Control
Subjects

IPF
Patients

Source of Fibroblasts

Control
Subjects

IPF
Patients

In
va

si
on

 (
F

ol
d 

In
cr

ea
se

)

0

5

10

15

20

25

Control subjects

None

Source of BAL

IPF patients

A B

Figure 6. BAL from patients with idiopathic pulmonary fibrosis (IPF) induces non–cell-autonomous
invasion of lung fibroblasts from patients with IPF. (A) Lung fibroblasts isolated from patients with IPF
demonstrated increased cell-autonomous invasion compared with lung fibroblasts from control
subjects. (B) BAL recovered from patients with IPF induced non–cell-autonomous invasion of lung
fibroblasts isolated from either patients with IPF or control subjects, which greatly exceeded the
cell-autonomous invasion of these cells. BAL from control subjects also induced invasion of both
IPF and control lung fibroblasts but to a significantly lesser extent than IPF BAL. Data are presented
as mean (6SEM) fold increase in invasion, normalized to the cell-autonomous invasion of lung
fibroblasts from control subjects (n = 5 persons with IPF and n = 5 control subjects as the source
of lung fibroblasts; n = 3 persons with IPF and n = 3 control subjects as the source of BAL;
*P, 0.05, **P, 0.01).

ORIGINAL RESEARCH

838 American Journal of Respiratory Cell and Molecular Biology Volume 54 Number 6 | June 2016



synoviocytes from patients with
rheumatoid arthritis are particularly able
to invade and destroy joints (28–30).

Careful histological observations of the
architecture of fibrosis also suggest an
important contribution of fibroblast
invasion to IPF pathogenesis. Although
the synthetically active fibroblasts in
IPF fibroblastic foci are typically
covered by poorly adherent hyperplastic
alveolar epithelium in IPF lungs,
immunohistochemical and electron
microscopy studies indicate that these foci
are frequently located distal to the original
alveolar basement membranes or their
remnants (9, 31). The location of these foci
in collapsed alveoli indicates that the
fibroblasts comprising them had previously
invaded through alveolar basement
membranes into the provisional matrices
that develop in alveoli after lung injury. IPF
is also characterized by areas of basement
membrane destruction (17), and loss of

basement membrane integrity in these areas
may allow fibroblasts to enter alveolar spaces
by migrating through basement membrane
gaps, in addition to invading through
basement membranes. In b-arrestin-1– and
2–deficient mice, however, protection
from bleomycin-induced pulmonary fibrosis
was associated with loss of invasiveness of
lung fibroblasts after injury, despite
preservation of their migratory capacities,
suggesting a specific requirement for
fibroblast invasion in fibrogenesis (8).

Prior studies have highlighted
fibroblast acquisition of increased cell-
autonomous invasion in IPF and the
bleomycin mouse model of pulmonary
fibrosis (i.e., the increased ability of fibrotic
lung fibroblasts to invade through
extracellular matrix in the absence of
exogenous mediators) (7, 8, 32). Consistent
with these data, we found that fibroblasts
isolated from the lungs of patients with IPF
demonstrated increased cell-autonomous

invasion compared with lung fibroblasts
from control subjects, and lung fibroblasts
isolated from mice 7 days after bleomycin
injury demonstrated increased cell-
autonomous invasion compared with lung
fibroblasts from unchallenged mice. This
challenge time point at 7 days after
bleomycin occurs before the establishment
of lung fibrosis in this model, as indicated
by lung hydroxyproline levels. In contrast,
mouse lung fibroblasts isolated 21 days
after bleomycin challenge, at which time
fibrosis in this model is well established
(19), demonstrated decreased cell-
autonomous invasion compared with lung
fibroblasts from unchallenged mice.

Because we and others have
demonstrated that soluble mediators of
non–cell-autonomous lung fibroblast
migration are induced in IPF and the
bleomycin mouse model of fibrosis (11), we
investigated whether soluble mediators of
non–cell-autonomous lung fibroblast
invasion are similarly induced. We found
that such mediators are produced in the
lung and present in BAL from both patients
with IPF and bleomycin-injured mice, and
that the magnitude of the non–cell-
autonomous fibroblast invasion directed by
these mediators is significantly greater than
the increased cell-autonomous fibroblast
invasion present in both human and mouse
lung fibrosis. In experiments to investigate
the nature of these soluble mediators of
non–cell-autonomous fibroblast invasion,
or chemoinvasants, we found evidence to
suggest that these mediators: (1) are
produced locally after lung injury rather
than entering the lung from the circulation
due to injury-increased pulmonary vascular
permeability; (2) can be distinct from the
mediators of fibroblast migration; and (3)
are preferentially produced by fibrogenic
rather than nonfibrogenic lung injury.
Evidence that fibroblast chemoinvasants are
produced locally in the lung after fibrogenic
injury came from experiments escalating
the challenge dose of bleomycin. Higher
doses of bleomycin increased the invasion-
inducing activity, but not the total protein
concentration, of BAL after challenge.
These data suggest that increased
bleomycin doses resulted in greater
chemoinvasant activity in BAL after
challenge without further increasing
lung vascular permeability, consistent
with increased local production of the
relevant chemoinvasants in the lung. We
hypothesize that local production of these
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Figure 7. Regulation of fibroblast/myofibroblast accumulation in pulmonary fibrosis. The data
presented in this study support a model of fibroblast/myofibroblast accumulation at sites of lung injury
depicted in this figure. In this figure, thick solid arrows represent cell movements, whereas thinner

dashed arrows represent cell and matrix maturations. Early after lung injury, fibroblasts acquire a
migratory/invasive phenotype characterized by the acquisition of cell-autonomous invasive capacity.
Concurrent with the development of this intrinsic fibroblast phenotype, potent soluble mediators that
markedly augment fibroblast migration (chemoattractants) and invasion (chemoinvasants) are
induced in the lungs of patients with IPF and in the bleomycin mouse model of pulmonary fibrosis.
After invasion into provisional matrices, fibroblasts lose their initial migratory/invasive phenotype
and transition to the matrix-synthetic and contractile phenotype characteristic of myofibroblasts,
directed by cytokines, such as TGF-b. Once they have differentiated into myofibroblasts, these cells
remain in the provisional matrix, where they secrete increased amounts of collagen and other matrix
proteins. Collagen cross-linking and wound contraction then convert the myofibroblast-rich
provisional matrices into mature scar/fibrosis.
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mediators is attributable to injured alveolar
epithelial cells (AECs). Fibroblast activation
and accumulation in IPF in general is now
thought to be driven in a paracrine fashion
by AEC-produced mediators (33). Areas of
AEC apoptosis and foci of a-smooth muscle
actin–positive myofibroblasts colocalize in
the lungs of patients with IPF (34), consistent
with the hypothesis that locally produced
AEC mediators direct fibroblast behaviors
as fibrosis develops. The ability of injured
epithelial cells to affect fibroblast behaviors
has also been directly demonstrated in
cocultures of these two cell types in vitro
(35). We consequently hypothesize that
higher doses of bleomycin increased the
invasion-inducing activity of BAL after
challenge by increasing the numbers and/or
extent of AECs injured, and consequently
increasing the quantities of the fibroblast-
active AEC-derived mediators produced.

Evidence that fibroblast invasion and
migration can be directed by different
mediators came from experiments assessing
the invasion and migration induced by
a series of fibroblast-active mediators.
Although some mediators did have
concordant effects on fibroblast invasion
and migration (PDGF-BB, LPA, EGF, and
FGF-2 induced both processes, whereas
PDGF-AA, KGF, and TGF-b1 induced
neither), other mediators had discordant
abilities to mediate invasion and migration.
FGF-1 induced fibroblast invasion, but
not migration, whereas PDGF-AB and
thrombin induced fibroblast migration,
but not invasion. Of the mediators we
found to induce invasion of primary
mouse lung fibroblasts, PDGF-BB, EGF,
and FGF-1 have been previously noted to
induce invasion of fibroblasts isolated
from other sources (32, 36–38), and LPA,
FGF-1, and FGF-2 have been previously
noted to induce cancer cell invasion
(38–41). Consistent with our finding that
these mediators are able to induce fibroblast
invasion ex vivo, we found evidence to
suggest that these mediators all contribute
to the non–cell-autonomous fibroblast
invasion induced in vivo in the bleomycin
model: knockdown of lung fibroblast
PDGFRb, LPA1, EGFR, or FGFR2
expression each, by themselves, significantly
decreased fibroblast invasion induced by
BAL from bleomycin-challenged mice.

Evidence that fibroblast
chemoinvasants are produced preferentially
by fibrogenic, rather than nonfibrogenic,
lung injury came from experiments

comparing fibroblast invasion induced by a
bleomycin challenge that produces fibrosis
versus invasion induced by an LPS challenge
that does not; despite comparable
pulmonary vascular leak being produced by
these two types of challenges, BAL from
bleomycin-challenged mice induced
significantly more fibroblast invasion than
did BAL from LPS-challenged mice. We
hypothesize that differing AEC responses to
bleomycin versus LPS injury, in terms of the
chemoinvasants that these cells produce,
account for the differing extents to which
these injuries induced fibroblast invasion.
For the chemoinvasants that we were able to
measure, PDGF-BB, EGF, and FGF-2, we
saw no differences in their levels in BAL
from bleomycin- versus LPS-challenged
mice, suggesting that other chemoinvasants
not measured, such as FGF-1 or LPA, are
responsible for the differing extents of
fibroblast invasion produced by these two
different injuries.

Taken together, the data presented in this
study suggest a model of fibroblast/
myofibroblast accumulation at sites of lung
injury depicted in Figure 7. In this model,
fibroblasts initially acquire a migratory/
invasive phenotype characterized by cell-
autonomous invasive capacity, and are
guided by potentially differing sets of
chemoattractant and chemoinvasant
mediators to migrate to sites of injury, and
then to invade into provisional matrices
produced at those sites. After invasion into
provisional matrices, fibroblasts lose this
initial migratory/invasive phenotype and
transition to the matrix-synthetic and
contractile phenotype characteristic of
myofibroblasts, directed by cytokines,
such as TGF-b. After differentiation into
myofibroblasts, these cells secrete increased
collagen and other matrix proteins, and
collagen cross-linking and wound contraction
then convert provisional matrices into mature
scar/fibrosis. Consistent with this model, we
observed a reduction in fibroblast invasive
capacity with myofibroblast differentiation
induced by TGF-b1 pretreatment.

The magnitude of the mediator-driven,
non–cell autonomous fibroblast invasion
that is induced by BAL, both from
bleomycin-challenged mice and patients
with IPF, suggest that inhibition of this
mechanism of fibroblast invasion could be a
novel therapeutic strategy for fibrotic lung
diseases. Prior research has demonstrated
that targeting mediators of fibroblast
migration can be an effective approach in

limiting fibrosis (12, 42). Given emerging
appreciation of the heterogeneity of IPF
pathogenesis, our findings that multiple
soluble mediators contribute to non–cell-
autonomous fibroblast invasion raises the
possibility that different individual
chemoinvasants may be more or less
important in different individual patients.
Targeting molecular mechanisms common
to fibroblast invasion driven by any of these
mediators consequently may be a more
broadly applicable therapeutic strategy than
targeting the individual chemoinvasants
themselves. Molecular mechanisms of
non–cell-autonomous invasion may include
activation of cell surface proteases (4), or
formation of invadopodia or podosomes at
the leading edge of invading cells (5). Prior
studies have implicated two molecular
mechanisms in cell-autonomous fibroblast
invasion: signaling regulated by the
b-arrestins (7, 8), and increased expression
of hyaluronan synthase 2 (HAS2) (7, 8). In
the second mechanism, the hyaluronan
produced signals through fibroblast CD44
to induce increased expression of matrix
metalloproteinases and decreased
expression of tissue inhibitors of
metalloproteinases, promoting invasion.
The signal transduction pathways of
PDGFRb (43), LPA1 (44), and EGFR (45)
have all previously been shown to involve
the b-arrestins, suggesting that non–cell
autonomous fibroblast invasion driven by
these mediators will depend on b-arrestin1
and/or -2 as well. Similarly, PDGF-BB,
FGF-2, and EGF have all been shown to
induce HAS2 expression in human
fibroblasts (46), as has LPA (47), suggesting
that the HAS2–HA–CD44 pathway
described for cell-autonomous invasion
may also contribute to the non–cell-
autonomous fibroblast invasion that we
describe here. We believe that further
elaboration of the common molecular
mechanisms that drive non–cell-autonomous
fibroblast invasion in pulmonary fibrosis has
the potential to provide a rich set of drug
targets for the treatment of IPF and other
fibrotic lung diseases. n
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