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Rationale: Fibroblast growth factor-10 (FGF10) controls survival,
proliferation, and differentiation of distal-alveolar epithelial pro-
genitor cells during lung development.

Objectives: To test for the protective and regenerative effect of Fgf10
overexpression in a bleomycin-induced mouse model of pulmonary
inflammation and fibrosis.

Methods: In SP-C-rtTA; tet(O)Fgf10 double-transgenic mice, lung
fibrosis was induced in 2-month-old transgenic mice by subcutane-
ous delivery of bleomycin (BLM), using an osmotic minipump for
1 week. Exogenous Fgf10 expression in the alveolar epithelium was
induced for 7 days with doxycycline during the first, second, and
third weeks after bleomycin pump implantation, and lungs were
examined at 28 days.

Measurements and Main Results: Fgf10 overexpression during Week 1
(inflammatory phase) resulted in increased survival and attenu-
ated lung fibrosis score and collagen deposition. In these Fgf10-
overexpressing mice, anincrease inregulatory T cells and areduction
in both transforming growth factor-p; and matrix metalloproteinase-
2 activity were observed in bronchoalveolar lavage fluids whereas
the number of surfactant protein C (SP-C)-positive, alveolar epithe-
lial type Il cells (AEC2) was markedly elevated. Analysis of SP-C and
TUNEL (terminal deoxynucleotidyltransferase dUTP nick end label-
ing) double-positive cells and isolation of AEC2 from lungs over-
expressing Fgf10 demonstrated increased AEC2 survival. Expression
of Fgf10 during Weeks 2 and 3 (fibrotic phase) showed significant
attenuation of the lung fibrosis score and collagen deposition.
Conclusions: In the bleomycin model of lung inflammation and
fibrosis, Fgf10 overexpression during both the inflammatory and
fibrotic phases results in a greatly reduced extent of lung fibrosis,
suggesting that FGF10 may be useful as a novel approach to the
treatment of pulmonary fibrosis.

Keywords: bleomycin; fibrosis; Fgf10; transforming growth factor-f;
alveolar epithelial progenitors

Idiopathic pulmonary fibrosis, or IPF, is a devastating disease
for which no cure exists at the moment. On average, patients
with IPF survive 2 to 4 years after diagnosis (1) and this is partly
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Fibroblast growth factor-10 (FGF10) plays a crucial role
in lung development. It is also up-regulated during
hyperoxia-induced injury in adult mice. Whether FGF10
has a role in repair in lung fibrosis has not been studied.

What This Study Adds to the Field

This study shows that in the bleomycin model of lung
inflammation and fibrosis, Fgfl0 overexpression during
both the inflammatory and fibrotic phases results in
a greatly reduced extent of lung fibrosis, suggesting that
FGF10 may be useful as a novel approach to the treatment
of pulmonary fibrosis.

explained by our limited understanding of the pathomechanism
of this disease and the lack of effective treatment. Because of
the visible signs of inflammation (lymphoplasmacellular infil-
tration of septae, neutrophilic alveolitis, and slightly enlarged
lymph nodes) in IPF lungs, steroids and immunosuppressants
have been extensively used in the past—however, with limited
success (2). Chronic injury and apoptosis of alveolar type II cells
(AEC2) have been suggested to underlie the evolution and
progression of the disease (3), ultimately resulting in fibroblast
proliferation, increased matrix (collagen) deposition, and loss of
regular alveolar structure (4).

A strategy to attenuate or reverse the manifestations of IPF
would involve maintenance of epithelial integrity during injury,
particularly protection of alveolar progenitor cells, regeneration
of AEC2, restoration of the damaged extracellular matrix, and
clearance of alveolar fluid. Interestingly, secreted products of
AEC?2 such as prostaglandin E, are known to inhibit fibroblast
proliferation and collagen synthesis (5). Intratracheal adminis-
tration of isolated AEC2 during the fibrotic phase has been
shown to significantly attenuate bleomycin-induced lung fibrosis
(6), demonstrating that targeting the epithelium will likely be an
important key for novel approaches to the treatment of IPF.

We propose that one such approach could be fibroblast growth
factor-10 (FGF10), which has been shown to control survival and
proliferation of endogenous distal alveolar progenitor cells
during lung development (7, 8). FGF10 binds predominantly to
the receptor isoform FGFR2b, which has been reported to be
critical for the alveolar repair process after hyperoxic injury
in vivo (9). Interleukin-1B mediated up-regulation of the expres-
sion of FGF7, another member of the FGF family that also acts
through FGFR2bD, is decreased in human fibroblasts from IPF
versus normal lung (10), suggesting that the abnormal epithelial
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repair observed in IPF may be partly explained by low levels of
critical FGFR2b ligands further supporting IPF progression. In
alveolar epithelial cells, FGF10 promotes differentiation, migra-
tion, and wound healing and prevents oxidant- and cyclic stretch—
induced DNA damage (11-13).

In this study, we used mice engineered for the inducible
expression of Fgfl0 in the alveolar epithelium to demonstrate
the protective as well as regenerative effect of Fgf10 overexpres-
sion in a bleomycin-induced lung inflammation and fibrosis
model. Our results indicate that Fgfl0 overexpression during
both the inflammatory and fibrotic phases leads to a clear atten-
uation of fibrosis. This attenuation is likely the consequence of
increased resistance of AEC2 to injury by promoting their
survival. In future, the use of FGF10 should therefore be
evaluated as a potential approach to the treatment of IPF.

METHODS

See the online supplement for a detailed description of METHODS.

Bleomycin Treatment for the Induction of Fibrosis

The SP-C-rtTA; tet(O)Fgfl0 mice used in this study were obtained
from J. Whitsett (Cincinnati Children’s Hospital Medical Center,
Cincinnati, OH) (14). All animal studies were performed according
to the protocols and guidelines of the institutional animal care and use
committee. Double-transgenic rtTA; tet(O)Fgf10 mice that overexpress
Fgfl0 under the control of the tetracycline reverse transcriptional
activator (rtTA) expressed from the ubiquitous Rosa26 promoter (15)
were used for the isolation of AEC2. For bleomycin delivery, a micro-
osmotic pump containing bleomycin sulfate was surgically inserted into
the mid-back region of 8-week-old female SP-C-rtTA; tet(O)Fgfl0
mice.

Histological Analysis

Mouse lung sections were stained either with hematoxylin-eosin or, for
collagen, by Masson’s trichrome staining to determine the extent of
fibrosis. Immunohistochemistry was also done with antibodies for
surfactant protein (SP)-C and apoptosis studies (TUNEL, terminal
deoxynucleotidyltransferase dUTP nick end labeling). o8¢ Immunos-
taining was performed with a chimeric version of the anti-a,3¢ primary
antibody, 6.2G2 (16).

Fibrosis Score and Collagen Quantification

Morphological changes in fibrotic lungs were quantified according to
a numerical scale as described by Ashcroft and colleagues (17). Total
soluble collagen was assessed by Sircol collagen assay kit (Biocolor Ltd,
Carrickfergus, Ireland) according to the manufacturer’s instructions.

Inflammatory Cell Counts, Transforming Growth Factor-$3,
Activity, and Flow Cytometry of Bronchoalveolar
Lavage Fluid Samples

Bronchoalveolar lavage fluid (BALF) was collected as previously
described to assess the total number of macrophages and transforming
growth factor (TGF)-B; content at 3-, 7-, and 14-day time points. Seven
days after pump implantation, BALF was collected from bleomycin-
treated mice and the lavage cells were stained with antibodies for
CD4-FITC, CD25-APC, and Foxp3-PE and the appropriate isotype
controls (from Ebioscience, San Diego, CA). Flow cytometry was done
and populations of CD4*CD25"Foxp3™ cells were analyzed in in-
dividual BAL samples. T-regulatory (Treg) cell frequency is reported
as a percentage of CD4* cells. For the assessment of TGF-B; bio-
activity, murine lung epithelial (MLE12) cells stably transfected with
the plasminogen activator inhibitor (PAI-1) promoter driving luciferase
expression were used.

Real-time Polymerase Chain Reaction (PCR) and Reverse
Transcriptase-PCR Analysis

cDNA (25 pg) was used for real-time polymerase chain reaction (PCR)
analysis, using a FastStart TagMan probe master kit (Roche, Indianapolis,
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IN), in Roche LightCycler 1.5. Primers and probes were designed with
ProbeFinder version 2.20 (Roche). One microgram of cDNA and 10 pg
of primers were used in reverse transcriptase-PCRs.

Western Blotting and Sodium Dodecyl Sulfate
Polyacrylamide Gel Electrophoresis Zymography

Immunoblotting was done with lung homogenates and phospho-
SMAD3 antibody (from Cell Signaling Technology, Danvers, MA)
or with B-actin antibody (Cell Signaling Technology). Gelatin zymo-
grams were run with BALF to measure MMP-2 activity.

Isolation of Alveolar Type Il Cells

Murine AEC2 were isolated according to Lee and colleagues (18). AEC2
cultured for 40 hours in chamber slides were stained for cytokeratin,
vimentin, and SP-C to detect cell type-specific protein expression.

Data Presentation and Statistical Analysis

Data are expressed as means = SD unless otherwise stated. Statistical
analyses were performed on the data through two-factor analysis of
variance between more than two groups and with the Student 7 test for
comparisons of two groups, using Excel (Microsoft, Redmond, WA).
P values less than 0.05 were considered significant.

RESULTS

Fgf10-overexpressing Mice Exhibit Survival Advantage in
Response to Bleomycin

Bleomycin (BLM) is a well-established agent for inducing
pulmonary inflammation and fibrosis. We chose subcutaneous
administration of bleomycin, using micro-osmotic pumps, for
our experiments as this technique for a limited time period
closely mimicks the progressive nature of fibrosis observed in
human patients. In the C57BL/6 background 25 to 50%
mortality has been reported in lung fibrosis induced with
comparable BLM doses (19). FgfI0 is overexpressed in SP-C-
rtTA; tet(O)Fgfl0 mice by administering a doxycycline (DOX)
diet. Our experimental scheme and the resulting four groups of
mice are depicted in Figures 1A and 1B. Control mice were
treated with saline (SAL). The time of implantation of micro-
osmotic pumps in SP-C-rtTA; tet(O)Fgfl0 mice is designated as
Day 0. The mice were killed 28 days after pump implantation.
Our results show that our double-transgenic system is not
leaky, as exogenous FgfI0 expression using previously reported
primers (14) is observed only on DOX treatment (Figure 1C).
Quantification of Fgf10 expression by real-time PCR (Figure 1D)
indicated an 11-fold increase in DOX™* versus DOX~ animals.
From Figure 1, it may be seen that all saline-treated as well as
bleomycin-treated transgenic mice given doxycycline in the first
week survived the 28-day observation period compared with 38%
survival of BLM/DOX ™ mice, in which FGF10 was not overex-
pressed. Mice in the BLM/DOX™ group started to die after the
second week (Figure 1E) of pump implantation. Each bleomycin-
treated group consisted of eight mice (n = 8) and saline-treated
groups had four mice each (n = 4). Thus, Fgfl0 overexpression
resulted in an increase in survival of BLM-treated mice.

Overexpression of Fgf10 Results in Attenuation of
Lung Fibrosis

Fgfl0 overexpression during the inflammatory phase leads to
a reduction in fibrotic scarring and collagen deposition in the
lungs. Histological analysis of hematoxylin and eosin-stained
sections of mouse lungs at the 28-day time point revealed no
signs of alveolar remodeling or fibrosis in either of the saline
groups (SAL/DOX~ and SAL/DOX™) (Figures 2A and 2B). In
contrast, there was a large amount of extracellular matrix
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deposition and profound lymphoplasmacellular infiltration in
lungs from the BLM/DOX™ group (Figure 2C). Some scarring
and inflammation were also observed in lungs from the BLM/
DOX™* group. However, this was restricted to the subpleural
regions of the distal lung wherein marginal interstitial thicken-
ing and the presence of some fibrotic zones were observed in the
lungs from the Fgfl0-overexpressing (BLM/DOX™) group
(Figure 2D). These hematoxylin and eosin-stained sections
were further analyzed for fibrosis scoring, using Ashcroft’s
method (17), to compare the extent of fibrosis in BLM-treated
DOX™ versus DOX™ lungs. Fgf10 overexpression led to a two-
fold reduction of Ashcroft’s fibrosis score in response to BLM
treatment (Figure 2E) (P < 0.01, n = 3).

Total collagen content in the lung can be used as a measure
of the extent of fibrosis. Increased amounts of extracellular
matrix deposition could also be observed in the sections stained
for collagen with Masson’s trichrome in the bleomycin control
group (Figure 3C). The BLM/DOX~ group exhibited a signifi-
cant increase in total collagen over the BLM/DOX™ group as
quantified by the Sircol assay (Figure 3E) (P < 0.01, n = 3).

BLM-induced Early Inflammatory Response Is Affected by
Fgf10 Overexpression

Inflammation occurs after BLM injury and is thought to contrib-
ute to the fibrotic process (20). Two weeks after bleomycin
administration, the inflammatory response has been reported to
wane and collagen deposition can be detected (21). Thus there is
an increase in the accumulation of collagen for 4-6 weeks, which
thereafter declines. To analyze the inflammatory response over

time, BALF was collected from mice at the 3- and 7-day time
points. The total numbers of cells were counted and a differential
cell count was also performed for four mice from each group. Our
results indicated that the BLM/DOX ™ group as well as the BLM/
DOX™* group showed large amounts of inflammation and cell
infiltration in BALF compared with the BALF of saline-treated
control animals. No significant difference regarding total amount
of cells as well as the percentage of macrophages, lymphocytes,
and neutrophils was observed between the DOX™* and DOX™
bleomycin groups (Figure 4). We further explored potential
changes in T-cell subpopulations. In particular, the subpopula-
tion of CD4*CD25"Foxp3* Treg cells has been shown in
previous studies to be essential for the control of immunological
tolerance and prevention of autoimmunity (22). In humans,
defective function of Treg cells in the BAL highly correlates
with parameters of disease severity in patients with IPF, suggest-
ing a role for Treg cells in the fibrotic process (23).

However, when BALF samples from bleomycin-treated mice
after 7 days were analyzed for the percentage of Treg cells,
a twofold increase was observed in the BLM/DOX™ group as
compared with the BLM/DOX ™ group (4.82 = 0.99 vs. 2.45 *
0.62%, respectively; n = 3, P < 0.05). Therefore, even though the
primary analysis of the inflammatory cells did not reveal any
significant difference between the BLM/DOX~ and BLM/
DOX™ groups, an increased Treg cell subpopulation via a sup-
pressed inflammatory response may contribute to the observed
attenuation of lung fibrosis. How FGF10 is capable of triggering
the increase in Treg cells will need to be explored in further
studies.
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Bioactive TGF-31 BALF Levels Are Reduced in DOX-fed
Bleomycin-treated Mice

In response to the administration of bleomycin an increase in
the expression of Tgff3] has been reported at the RNA and
protein levels in the lung. TGF-B; is present in BALF in active
and latent forms. The bioactive fraction of TGF-B; in BALF
from the lungs of BLM-treated mice with or without DOX (n =
3 for each group) was measured in a well-established PAI-I-
luciferase reporter assay on Days 3, 7, and 14. The BLM/DOX™*
group showed a significant twofold reduction in BALF levels of
bioactive TGF-B; (Figure 5A; P < 0.01).

TGF-B receptors (TGF-BR1-3) activated by TGF-B can
induce the phosphorylation of the downstream targets SMAD?2
and SMAD3, thereby regulating transcriptional responses. In
our analysis, there was a significant decrease in levels of both
Tgff3] and Smad3 mRNAs in the lungs of mice from the BLM/
DOX™ group as compared with the BLM/DOX™ group (P <
0.01, n = 4 in each group) (Figures 5C-5F). Lungs obtained
7 days after pump implantation from the BLM/DOX™" group
also exhibited a marked decrease in the phosphorylation of
SMAD3 compared with the BLM/DOX™~ group (n = 3; Figure
5B). We also examined the expression of the integrin oS¢, a
major TGF-B activator in the lung (24). In lung sections of
bleomycin-treated mice expression of integrin a,Bs was ob-
served at the 28-day time point in both BLM/DOX™ and BLM/
DOX™* mice (Figures 6C and 6D). These results therefore in-
dicate that the processing of latent to active TGF- is not likely
to have been significantly affected by FgfI0 overexpression in
BLM-treated mice.
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Figure 2. Histological analysis and quantitative
fibrosis scoring of lung sections from adult SP-C-
rtTA; tet(O)Fgf10 mice. (A-D) Hematoxylin and
eosin staining of 5-um-thick lung sections (original
magnification, X10) of double-transgenic mice
treated with (A4) SAL/DOX~, (B) SAL/DOX*, (C)
BLM/DOX~, (D) BLM/DOX*. BLM = bleomycin;
DOX = doxycycline; SAL = saline. (E) Histological
scoring of hematoxylin and eosin—stained sections
of BLM/DOX™ lungs (shaded column) showed sup-
pression of bleomycin-induced fibrosis compared
with the BLM/DOX™ group (open column). Data are
plotted as mean fibrosis score = SD. A P value less
than 0.01 was obtained between the BLM/DOX*
and BLM/DOX™ groups, using the t test (n = 3).

BLM/DOX+

An increase in matrix metalloproteinase (MMP) has been
associated with alveolar destruction and progression of lung
fibrosis (25, 26). Among the critical MMPs, MMP2 and MMP9
exhibit gelatinase activity that can be measured in a zymogram
assay. Figure 6E shows a clear increase in both active and
inactive MMP2 in the BALF from BLM/DOX™ versus BLM/
DOX™ mice 7 and 14 days after pump implantation. Therefore
our results show that in mice overexpressing Fgfl0, metal-
loproteinase levels in BALF are drastically reduced.

Fgf10 Overexpression Leads to Increased Protection of
Alveolar Epithelial Cells

To determine the cellular mechanism by which FGF10 mediates
attenuation of lung fibrosis, global proliferation, and apoptosis in
BLM/DOX™*,BLM/DOX~,SAL/DOX", and SAL/DOX "~ lungs
were analyzed on Days 14 and 28 after injury. Our results
indicated a marked increase in apoptosis in BLM/DOX™ as
compared with SAL/DOX* or SAL/DOX™ lungs, suggesting
that bleomycin treatment triggered cell death (Figure 7G).
Interestingly, the concomitant increase in proliferation in BLM/
DOX™ as compared with SAL/DOX™* or SAL/DOX ™ lungs may
suggest that mesenchymal cell proliferation is increased in BLM/
DOX™ lungs (Figure 7F). In addition, it is likely that an en-
dogenous repair process is also occurring in BLM/DOX ™ lungs to
replace the dying cells, as it has been reported that fibrosis
eventually resolves in mice 6 to 10 weeks after bleomycin in-
jury (27).

No significant difference in general proliferation and apo-
ptosis was observed between BLM/DOX* and BLM/DOX~
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Figure 3. Collagen localization and quantification in adult SP-C-rtTA;
tet(O)Fgf10 mouse lungs. (A-D) Masson’s trichrome staining of 5-pm-
thick lung sections of double-transgenic mice treated with (A) SAL/
DOX~, (B) SAL/DOX*, (C) BLM/DOX~, or (D) BLM/DOX™* (original
magpnification, X16). BLM = bleomycin; DOX = doxycycline; SAL =
saline. (E) Lung collagen was quantified by the Sircol assay. Each
column represents the mean lung collagen content = SD expressed as
micrograms per right lung for each of the experimental groups (n = 3).
Data were found significant by two-factor analysis of variance (at
a critical value of 0.05) to compare between the four groups. Note
the reduction in collagen content in bleomycin-treated mice from the
BLM/DOX* group compared with the BLM/DOX~ group.

lungs on Day 14 or 28 (Figures 7F and 7G). To specifically
examine the outcome of epithelial cells in BLM/DOX™ versus
BLM/DOX™ lungs, immunofluorescence staining for the alve-
olar epithelial cell marker surfactant protein (SP)-C was
performed and indicated a significant increase in the number
of SP-C—positive cells in BLM/DOX™* versus BLM/DOX™
lungs (Figures 7A-7E). To this end, our data suggested that
FGF10 delivered during the acute inflammatory phase (Week 1)
was acting in a protective manner on AEC2.

To further test this possibility, two independent approaches
were taken. In the first approach, TUNEL and SP-C immuno-
histochemistry were performed on serial 5-pm-thick sections
28 days after the administration of bleomycin in BLM/DOX™*
mice (DOX was delivered during the first week) versus BLM/
DOX™ mice. The 28-day time point was chosen because the
highest proliferation and apoptosis rates were noted in response
to bleomycin and a significant difference in the number of SP-
C—positive cells was observed in BLM/DOX™* versus BLM/

DOX ™ mice (Figures 7F and 7G). The percentage of SP-C and
TUNEL double-positive cells compared with the total number
of TUNEL-positive cells was 33.01 £ 9.97% in BLM/DOX™
lungs versus 10.34 * 2.83% in BLM/DOX™ lungs (n = 3, P <
0.05). In addition, the percentage of SP-C and TUNEL double-
positive cells versus the total number of SP-C—positive cells was
equal to 5.62 = 2.85% in BLM/DOX™ lungs versus 1.43 =
0.45% in BLM/DOX™ lungs (n = 3, P < 0.05).

In a second approach, we isolated AEC2 from double-
transgenic lungs in which exogenous Fgf710 was induced 2 days
before cell isolation, using rtTA expressed from the ubiquitous
Rosa26 promoter (15). Under our experimental conditions we
were able to isolate a 95% pure SP-C—positive cell population
(18). In double-transgenic mice not exposed to DOX, only 25.4 +
12.3% of the seeded cells were alive on Day 2 whereas 49.9 =
14.8% of the cells from lungs of double-transgenic mice exposed
to DOX survived Day 2 after plating (Figure 8A). The differ-
ence between the number of cells in the DOX™ group versus
the DOX™ group on Day 2 was statistically significant (P < 0.05).
Cells isolated from the DOX~ and DOX™* groups were vimentin
negative, cytokeratin positive, and SP-C positive (Figure 8B).
Collectively, our data therefore demonstrate that FGF10 pro-
tects SP-C—positive cells from apoptosis.

Fgf10 Overexpression during the Fibrotic Phase Leads to
Attenuation of Fibrosis

We finally examined whether overexpression of Fgf10 during the
fibrotic period (Day 7 through Day 14/Week 2 and Day 14
through Day 21/Week 3; Figure 9A) would similarly attenuate
the extent of fibrosis. On Day 7, the beginning of Week 2, no sign
of fibrosis and/or collagen deposition could be detected (data not
shown). However, on Day 14, the beginning of Week 3, signs of
fibrosis in the subpleural region and collagen deposition were
visible (data not shown). Figures 9D and 9E indicate that Fgf10
overexpression during Week 2 or Week 3 is indeed capable of
decreasing fibrosis compared with BLM/DOX™ lungs (Figure
9B) to a range similar to that observed when Fgfl0 is overex-
pressed during Week 1 (Figure 9C). Confirmation of these
histological observations was obtained by measuring the Ashcroft
Index score (n = 4, P < 0.05; Figure 9F) as well as collagen
deposition evaluated on Day 28 after injury (n = 3, P < 0.01;
Figure 9G). Our results therefore indicate that Fgfl0 overexpres-
sion during both the inflammatory and fibrotic phases reduces the
extent of fibrosis.

DISCUSSION

Current Animal Models of Lung Fibrosis Do Not
Comprehensively Reflect the Development of IPF
Disease in Humans

Among the many mouse models of lung fibrosis, bleomycin
delivered either intratracheally, intravenously, subcutaneously,
or intranasally is best characterized (28). In our model, 2 weeks
after subcutaneous bleomycin delivery the inflammatory re-
sponse wanes and collagen deposition begins, marking the
beginning of the fibrotic phase (21). A major difference
between human IPF and bleomycin-induced lung fibrosis in
mice is that in mice there is an increase in the accumulation of
collagen for 4-6 weeks, which thereafter declines. Such a decline
is not seen in humans; rather, a progressive decline in lung
function and quality of life is encountered despite the admin-
istration of corticosteroids and antiinflammatory agents. One
report shows that patients with IPF exhibit severe endoplasmic
reticulum stress and apoptosis in alveolar type II cells (3).
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Figure 4. Differential cell counts in bleomycin-treated SP-C-rtTA; tet(O)Fgf10 mice. Bronchoalveolar lavage (BAL) fluid was collected from SP-C-rtTA;
tet(O)Fgf10 mice treated with bleomycin for 3 and 7 days, respectively, to determine (A) the total cell count, as well as the differential cell counts of
(B) macrophages, (C) lymphocytes, and (D) neutrophils. The experimental group was given a DOX diet (DOX*) throughout this period and the
control group was fed a normal diet. Analysis of variance showed no significant variation at either time point (for n = 4). DOX = doxycycline; SAL =

saline.

Therefore growth factors capable of exerting protective effects
on alveolar epithelial cells including the progenitor cell pop-
ulation represent prime candidates for therapeutic use. Among
them, fibroblast growth factors (FGFs) acting on lung epithelial
cells that express FGFR2b have raised significant interest. Our
work focuses on the role of FGF10, a previously uncharacter-
ized member of the family of FGFR2b ligands in the context of
lung fibrosis.

FGFR2b Ligands and Their Role in Preventing Epithelial Injury
and Promoting Lung Regeneration

The alveolar epithelium is composed of only two cell types:
alveolar type I cells and alveolar type II cells (AEC2). AEC2
synthesize, store, and secrete pulmonary surfactant, which
reduces surface tension and stabilizes alveolar units for efficient
gas exchange. AEC2 are also the progenitor cells for type I
cells, particularly during reepithelialization of the alveolus after
lung injury. Several processes are involved in preventing lung
injury and promoting lung repair and healing after injury. When
type I cells are damaged, AEC2 divide, migrate, and spread
along the denuded basement membrane surface; reform the
epithelium; and finally differentiate into type I cells. AEC2 can
modify the inflammatory response by secreting a variety of
growth factors and cytokines. Regeneration of alveolar epithe-
lial cells is thus one of the most important repair processes in
many types of lung injury. AEC2 stimulation increases alveolar
cell proliferation, surfactant production, and absorption of

alveolar fluid. The interaction of soluble factors such as
members of the FGF family and extracellular matrix compo-
nents has a strong impact on alveolar type II cell proliferation.

FGF10 signaling in the epithelium via FGFR2bD is essential
for normal lung development. FGF10 is required early during
the pseudo-glandular stage to control the survival, proliferation,
and differentiation of the distal/alveolar epithelium. In the adult
lung, FGFR2D signaling is dispensable for homeostasis but is
again critical for the repair process induced by hyperoxia (9).
Another structurally similar member of the FGF10 family,
FGF7, is also required for normal lung alveologenesis and
differentiation (29). Like FGF10, FGF7 also has the potential
for therapeutic use that has been evaluated in disease models
associated with damage to epithelial cells of the skin, digestive
tract, and bladder. However, Fgf7 null mice are viable with only
subtle muscle regeneration and coat defects (30). The wound
healing in these mice appears normal, suggesting that FgfI0 is
able to compensate for the loss of Fgf7 in the repair process.
Nevertheless, FGF7 and FGF10 have different affinities for the
FGFR2b receptor (31) and display different biological activities
in vitro (32). FGF7 acts mostly via FGFR2b whereas FGF10
acts via FGFR1b and FGFR2b (33).

Although there is abundant literature on the role of FGF7 in
protecting against injury, there is little information about the
role of FGF10 during the repair process. In pulmonary disease
models intratracheal instillation of FGF7 prevents lung injury
caused by radiation, hyperoxia, acids, as well as mechanical
ventilation (34). It also causes proliferation of AEC type II and
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Figure 5. Quantification of endogenous bioactive transforming growth

factor (TGF)-B1 in bronchoalveolar lavage (BAL) fluid and molecular analysis

of lung tissue collected from bleomycin (BLM)-treated SP-C-rtTA; tet(O)Fgf10 mice. (A) The concentration of bioactive TGF-B, in BAL fluid obtained
from the lungs of SP-C-rtTA; tet(O)Fgf10 mice (n = 3) 3, 7, and 14 days after injury initiation is depicted as the mean * SD of total nanograms
obtained. A minimal twofold reduction of bioactive TGF-B; in doxycycline (DOX)-treated animals is observed at both time points. A P value less than
0.05 was obtained between BLM-treated DOX* versus DOX™ for each time point, using the t test. (B-F) Expression of protein and RNA in the lung
lysates of SP-C-rtTA; tet(O)Fgf10 mice at 7 days. (B) Expression of phospho-SMAD3 protein in SP-C-rtTA; tet(O)Fgf10 mice treated with the following:
lane 1, BLM/DOX~; lane 2, BLM/DOX™; lane 3, SAL/DOX™; lane 4, SAL/DOX™ at 7 days after injury initiation. A clear band for phospho-SMAD3 is

observed for the BLM/DOX™ group (lane 1), which is not visible for any

of the other groups. (C-F) Comparisons are made between the BLM/DOX*

and BLM/DOX™ groups of mice. There is about a sixfold increase in Tgf31 and a threefold increase in Smad3 RNA by real-time analysis between the
two groups of bleomycin-treated mice 28 days after pump implantation.

bronchial cells. The role of FGF7 in preventing lung fibrosis has
also been reported (35), in which BLM was intratracheally
injected to induce acute fibrosis in rats. FGF7 pretreatment 72
and 48 hours before BLM yielded a significant reduction in
neutrophil levels as well as minimal to no visible lung injury.
Another, similar study reported an increase in survival rates of
rats that were given BLM intratracheally and then exposed to
BLM alone or to BLM and irradiation (36). In addition,
a double intratracheal instillation of FGF7 in rats both 48 hours
before as well as 24 hours after BLM treatment resulted in
prevention of BLM-induced fibrosis (37). FGF7 is also effective
in BLM lung injury models when administered either intrave-
nously or by the intratracheal method (38). In these studies it
was speculated that FGF7 was able to ameliorate lung injury by
increasing lung surfactant protein production, thereby promot-
ing the maintenance of alveolar epithelial integrity. However,

none of these experimental approaches using FGF7 recombi-
nant proteins was capable of significantly attenuating fibrosis
when the growth factor was administered during the fibrotic
phase. One of the questions raised by these negative data
concerns whether type II progenitor cells have access to the
growth factor as the lung becomes fibrotic. To design and
improve existing therapies against fibrosis, it is important to
identify whether epithelial progenitor cells present in the
fibrotic lungs can still be stimulated to attenuate lung fibrosis.
Herein we focused on the previously unknown role of FGF10
in lung fibrosis. We used genetically engineered mice to allow
inducible expression of Fgfl0 directly in type II cells. We first
tested whether FGF10 would provide injury prevention when
delivered during the inflammatory phase in a bleomycin-
induced mouse model of lung fibrosis. We also expanded our
study to analyze the potential consequences of Fgfi0 over-
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expression by type II cells during the most clinically relevant
fibrotic phase.

Regulatory T Cells Are Increased on Fgf10 Overexpression
during the Bleomycin-induced Inflammatory Phase

Bleomycin-induced lung fibrosis can be divided into two phases
(39). In the inflammatory phase chemoattractant agents derived
from the injured lung tissue bring about the initial recruitment
of inflammatory cells into the alveolar spaces. Increased per-
meability of the pulmonary epithelium and the endothelium is
a prominent feature and fibrin is formed in the alveolar lumen
because of local activation of the coagulation system. TGF-f is
one such chemotactic factor that activates inflammatory macro-
phages and monocytes to release a number of cytokines such as
platelet-derived growth factor, IL-1B, and tumor necrosis
factor-a. In our model, the switch from the inflammatory phase
to fibrotic phase occurs about 9 days after the start of injury.
Our initial experiments used the preventive treatment approach
to overexpress Fgfl0 simultaneously (Week 1) with the in-
duction of bleomycin injury.

During the fibrotic phase, TGF-B, acts as a potent promoter of
extracellular matrix production. In our SP-C-rtTA; tet(O)Fgf10
BLM/DOX™ mice, the reduction in Tgff3! on RNA and protein
levels, 7 and 28 days postinjury, may largely explain the lowered
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Figure 6. Detection of a,B¢ in lung sections (A-D)
and matrix metalloproteinase (MMP) activity (E) in
bronchoalveolar lavage obtained from bleomycin-
treated SP-C-rtTA; tet(O)Fgf10 mice. (A-D) a,Be ex-
pression in SP-C-rtTA; tet(O)Fgf10 mice at the 14- and
28-day time points. At the 14-day time point no
difference was obtained between the BLM/DOX~
and BLM/DOX™ groups. At the 28-day time point,
we observed staining for a,Bs in fibrotic regions of
the lungs in both the BLM/DOX~ and BLM/DOX™*
groups. At the 28-day time points, we also observed
staining for a,Bs in fibrotic regions of lungs in both
the BLM/DOX~ and BLM/DOX* groups (arrow-
heads) (E) On Days 7 and 14 after pump implanta-
tion, BAL fluid from bleomycin-treated mice fed
a normal diet exhibited increased levels of MMP2
(both active and inactive) as compared with BAL fluid
from bleomycin mice fed a doxycycline (DOX) diet.
Lanes 1 and 2, BAL fluid from mice treated with saline
(SAL), receiving normal chow (DOX~) or chow
containing doxycycline (DOX*) and killed 7 days
after pump implantation; lanes 3-8, BAL fluid from
bleomycin (BLM)-treated mice fed either normal
chow (DOX™) or chow containing doxycycline
(DOX*) and killed 3, 7, and 14 days after pump
implantation; lane 9, conditioned medium from
control NIH/3T3 cells positive for both the active
and the inactive forms of MMP2.

14 days, BLM/DOX+

28 days, BLM/DOX+

collagen deposition observed in the 28-day lung sections from
these mice as compared with the BLM/DOX ™ mice. In studies in
which FGF7 administration ameliorated fibrosis in BLM-induced
models, a reduction in inflammation levels was also reported. In
our experiments, we observed a reduction in fibrosis without
a significant reduction in total as well as differential inflammatory
cell counts in the BALF. However, we observed a significant
increase in CD4*CD25*Foxp3™* T-regulatory cells in the BAL
of BLM/DOX™* versus BMLM/DOX ™ mice. This subpopulation
of T cells has been shown to be reduced in the BALF of patients
with IPF (23) and may therefore contribute to the development
of lung fibrosis. How FGF10 is capable of triggering the increase
in Treg cells will be explored in further studies.

Thus, Fgfl0 overexpression attenuates bleomycin-induced
lung fibrosis through a potential suppression of inflammation
involving the maintenance and or recruitment of the Treg
population as well as reduction of TGF-B expression and
activity. Interestingly, bleomycin delivery in Smad3 null mice
leads to reduction of fibrosis without affecting inflammation
(40). The regulation of Treg cells in the BAL of this mouse
model under normal and fibrotic conditions is still unknown.
This would indicate that inflammation and fibrosis are not
always directly linked and this may explain why antiinflamma-
tory treatments in humans with IPF are ineffective.
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Figure 7. Immunohistochemical analysis of sec-
tions from bleomycin-treated animals. (A-D) Sur-
factant protein C expression in bleomycin-treated
mice at 14-day (A and B) and 28-day time points
(C and D) shows that mice fed a doxycycline
(DOX)™* diet exhibit more SP-C—positive cells. This
is further quantified as the percentage of SP-C-
positive cells in (E). Note the reduction in the
percentage of SP-C—positive cells in the BLM/

28 days, BLM/DOX+

E . Surfactant Protein C expression DOX group at the 28-day time point. The
o ol . p<0.01 -dlf'ference in percentage of positive cells is signif-
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o 8 - . . .
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= 6 I observation at a magnification of X40; P < 0.05
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O l and apoptosis in sections from these mice reveals
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The distinctive feature of IPF is the predominance of
fibroblastic foci. Whether inflammation is required for the
progression of fibrosis has been debated (41, 42). Tgff3 knockout
mice demonstrate severe inflammatory reactions in various
organs, including the lung. TGF-B overexpression results in
extensive fibrosis in mouse or rat lung without any preceding
major inflammation (43). In contrast, overexpression of IL-18 in
rat lung induces severe tissue destruction, inflammation, and
subsequently progressive fibrosis (44). However, when IL-1B is
administered to Smad3 null mice, both tissue injury and the
inflammatory response are present, but the mutant mice do not
progress to the fibrotic phenotype (45). Hence IL-18 is linked to
fibrosis through TGF-B and SMAD3 signaling but not directly
through increased inflammation (6, 45, 46).

Our results indicate a reduction in active MMP2 in the BAL
samples from BLM-treated mice that are overexpressing Fgf10

SALUDOX-  SALDOX+ BLMDOX- BLMIDOX+ BLWDOX. BLWDOX+

14 days 28days  28days

compared with the BLM/DOX™~ group (Figure 6). In addition
to MMP2, MMP12 is another matrix metalloproteinase known
to play an important role in bleomycin-related tissue pathogen-
esis. MMP12 is stimulated and activated by TGF-B; via Bid and
Bax mechanisms (47). Potential reduction in MMP12, in ad-
dition of MMP2, could therefore also account for the attenua-
tion of fibrosis in the BLM/DOX™* group.

Thus Fgfl0 overexpression during the inflammatory phase
likely leads to attenuation of fibrosis by increasing the Treg
subpopulation and preventing an increase in TGF-3; levels both
at the RNA and protein levels. This makes the use of this
growth factor extremely attractive as a candidate to ameliorate
diseases due to increased TGF-B; expression in the lung.
Clinical trials aiming to neutralize TGF-B; activity with block-
ing antibodies or small inhibitors are currently underway. Our
work indicates that in addition to these approaches, FGF10
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could also be used to reduce the expression of bioactive
TGF-B;.

Fgf10 Overexpression during the Fibrotic Phase Leads to
Attenuation of Lung Fibrosis

The most surprising and clinically promising data in this report
indicate that expression of Fgfl0 directly by AEC2 during the
fibrotic phase (Weeks 2 and 3) leads to significant attenuation of
fibrosis. This suggests that type II epithelial progenitor cells
present in the fibrotic lung are still capable of responding to
FGF10 and that better delivery of the growth factor to the
alveolar space may attenuate the progression of lung fibrosis in
humans or in mouse models. The mechanism of action of FGF10
on epithelial progenitors has been previously reported. FGF10 is
known to be a potent chemoattractant for the distal lung
epithelium (48). It has been shown to regulate prenatal differen-
tiation and acts, at least during the early pseudo-glandular phase
of lung development, as a survival and proliferative factor for
distal epithelial progenitor cells. It has also been reported that the
pancreas of Fgfl0 null embryos is depleted of epithelial pro-
genitor cells, leading to arrest of growth and differentiation of the
epithelium (49). Fgfl0 overexpression, on the other hand, is
reported to lead to an expansion of progenitor cells and attenu-
ation of differentiation (50). A similar function is seen in the
gastrointestinal tract, as FgfI0 null mice exhibit a decrease in
dividing progenitor cells whereas ectopic overexpression leads to

AEC type Il cells/DOX+

(AEC2) isolated from mouse lungs
were plated on the day of isolation
(Day 0) and were counted 2 days
later. The number of cells on Day 2
after isolation revealed that twice as
many AEC2 survived when Fgf10
was overexpressed by adding doxy-
cycline to the medium (DOX*) as
compared with DOX™ medium (n =
4). (B) Immunohistochemical stain-
ing revealed that the isolated AEC2/
DOX~ and AEC2/DOX™ cells were
vimentin negative, cytokeratin posi-
tive, and surfactant protein (SP)-C pos-
itive 2 days (Day 2) after isolation.

SPC

attenuation of differentiation in a lineage-specific manner. We
have previously shown that Fgfl0 gene dosage in the lungs is
critical for distal epithelial progenitor cell amplification (7). Thus,
Fgf10 overexpression in the BLM/DOX™* group might maintain
the survival of epithelial progenitor cells located in the respira-
tory airways, thereby being responsible for maintaining the
integrity of the AECs during fibrotic lung injury. In harmony
with this hypothesis, on Fgfl0 overexpression, we observed an
increase in the expression of SP-C as a marker for AEC2 as well as
a decreased number of SP-C/TUNEL double-positive cells and
increased survival when type II cells were isolated and cultured
in vitro. It is unknown how restoring epithelial integrity mediates
the decrease in expression of TGF-B; both at the RNA and
protein levels. It is clear, however, that alveolar epithelial cells
have the capacity to secrete products known to inhibit fibroblast
proliferation and collagen synthesis such as prostaglandin E, (5).
Interestingly, intratracheal administration of isolated alveolar
type II cells during the fibrotic phase has also been shown to
significantly attenuate bleomycin-induced lung fibrosis (6). In the
future it will be important to identify the secreted products that
attenuate fibrosis. It is likely that the synthesis of these products
will be increased on stimulation with FGFR2b ligands.

In conclusion, the studies reported here have shown that
BLM-induced lung fibrosis is attenuated by Fgfl10 overexpres-
sion not only during the inflammatory phase but also during the
more clinically relevant fibrotic phase. Our results can there-
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Figure 9. Overexpression of
Fgf10 during the second and
third weeks after surgery leads
to attenuation of lung fibrosis.
(A) Experimental scheme de-
picting the time of doxycy-
cline treatment of SP-C-rtTA;
tet(O)Fgf10 mice. Depending
on whether the DOX* diet
was given 1, 2, or 3 weeks
after pump implantation, the
mice were categorized as
BLM/Week 1 DOX*, BLM/
Week 2 DOX*, and BLM/Week
3 DOX* respectively. (B-E)
Collagen  localization  and
quantification in adult SP-C-
rtTA; tet(O)Fgf10 mouse lungs.
Masson’s trichrome staining of
5-wm-thick lung sections of
bleomycin-treated double-
transgenic mice overexpress-
ing FGF10 in Week 1 (C), Week
2 (D) and Week 3 (E). Control
BLM/DOX~ (B) sections show
a large amount of collagen in
the lung. (F) Histological scor-
ing of hematoxylin and eosin—
stained sections of BLM/DOX™*
lungs (shaded columns) showed
a suppression of bleomycin-
induced fibrosis as compared
with the BLM/DOX~ group
(open column). Data are plot-
ted as mean fibrosis score *
SD. (G) Lung collagen was
quantified by the Sircol assay.
Each column represents the
mean lung collagen content *
SD, expressed as micrograms
per right lung for each of the
experimental groups (n = 3).
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fore be used as the rationale to improve the existing treatments
for pulmonary fibrosis by devising improved delivery of
FGFR2b ligands at the level of endogenous type II progenitor
cells.
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