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Rationale: Idiopathic pulmonary fibrosis (IPF) is a devastating disease
characterized by epithelial phenotypic changes and fibroblast activa-
tion. Based on the temporal heterogeneity of IPF, we hypothesized
that hyperplastic alveolar epithelial cells regulate the fibroticresponse.
Objectives: To identify novel mediators of fibrosis comparing the
transcriptional signature of hyperplastic epithelial cells and con-
served epithelial cells in the same lung.

Methods: Laser capture microscope and microarrays analysis were
used to identify differentially expressed genes in IPF lungs. Bleomycin-
induced lung fibrosis was evaluated in Mmp19-deficient and wild-type
(WT) mice. The role of matrix metalloproteinase (MMP)-19 was addi-
tionally studied by transfecting the human MMP19 in alveolar epithelial
cells.

Measurements and Main Results: Laser capture microscope followed by
microarray analysis revealed a novel mediator, MMP-19, in hyperplas-
tic epithelial cells adjacent to fibrotic regions. Mmp19~/~ mice showed
asignificantly increased lung fibrotic response to bleomycin compared
with WT mice. A549 epithelial cells transfected with human MMP19
stimulated wound healing and cell migration, whereas silencing
MMP19 had the opposite effect. Gene expression microarray of trans-
fected A549 cells showed that PTGS2 (prostaglandin-endoperoxide
synthase 2) was one of the highly induced genes. PTGS2 was overex-
pressed in IPF lungs and colocalized with MMP-19 in hyperplastic ep-
ithelial cells. In WT mice, PTGS2 was significantly increased in bron-
choalveolar lavage and lung tissues after bleomycin-induced fibrosis,
but not in Mmp19~/~ mice. Inhibition of Mmp-19 by siRNA resulted
in inhibition of Ptgs2 at mRNA and protein levels.

Conclusions: Up-regulation of MMP19 induced by lung injury may
play a protective role in the development of fibrosis through the
induction of PTGS2.
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Idiopathic pulmonary fibrosis (IPF) is a devastating and
usually lethal disease of unknown etiology. Few matrix
metalloproteinases (MMPs) have been studied in this dis-
ease, and the putative role of MMP-19, a relatively less-
studied MMP, is unknown.

What This Study Adds to the Field

In this study, we discovered that MMP-19 is significantly
increased in hyperplastic epithelial cells adjacent to fibrotic
regions in IPF lungs. MMP-19 was required for normal
cellular wound healing in vitro, and the loss of MMP-19
worsened bleomycin-induced fibrosis in vivo, likely by
inducing the expression of cyclooxygenase-2. These data
indicate that MMP-19 is a critical regulator of alveolar
epithelial cell response to injury.

Keywords: MMPs; alveolar epithelial cells; PTGS2; idiopathic pulmo-
nary fibrosis; laser capture microdissection

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive, and
fatal interstitial lung disorder with a median survival of 3 to 4 years
after diagnosis, currently lacking effective therapy (1). Although
there has been significant progress in understanding general mech-
anisms of lung fibrosis, the pathogenesis of IPF is still poorly un-
derstood. Currently, the disease is believed to be the result of injury
to the alveolar epithelium that sets up a cascade of dysregulated
epithelial-fibroblast crosstalk analogous to abnormal wound heal-
ing (2-4). Alveolar epithelial injury and activation, through the
release of growth factors, cytokines, and matrix metalloprotei-
nases (MMPs), leads to mesenchymal cell migration, activation/
proliferation, formation of fibroblastic foci, differentiation of
fibroblasts to myofibroblasts, and extracellular matrix (ECM)
deposition, culminating in parenchymal destruction (5). The
precise process by which alveolar epithelial cells (AECs) be-
come aberrantly activated and communicate with fibroblast
leading to unremitting fibrosis in IPF is unclear but may be
associated with the recapitulation of developmental pathways
and/or epigenetic changes (4).

In recent years, gene expression arrays have been increasingly used
to profile the tissues of patients with IPF and to better understand
the disease in humans. We and others applied gene expression mi-
croarrays and identified multiple novel targets, including MMP-7,
osteopontin (SPP1), caveolin 1, MMP-1, adenosine-2b, CD133,
Twistl, pigment epithelium-derived factor, and advanced glycation
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end products, as potential regulators of lung fibrosis (6-12). Addi-
tionally, we and others have identified gene expression patterns that
distinguish IPF from hypersensitivity pneumonitis, variants of dis-
ease that characterize distinct patterns of progression and charac-
terize patients with pulmonary hypertension (9, 13-16). A common
limitation to all of these studies was the starting material used for
analysis, since the IPF lung is known for its variable involvement
and temporal heterogeneity (1). Thus, in the current study we ap-
plied laser capture microdissection (LCM) and gene expression
microarray to study regional gene expression patterns in IPF
lungs. We identified previously unrecognized overexpression
of MMP-19 in the hyperplastic alveolar epithelium. After nec-
essary validation steps that included the fibrotic response to
bleomycin of the Mmpl9-deficient mice, we established that
up-regulated MMP-19 was a reactive response to lung injury
and repair, attenuating pulmonary fibrosis through induction
of PTGS2 (prostaglandin-endoperoxide synthase 2) expression.

METHODS

See online supplement for detailed methods.

Laser Capture Microdissection

Lungs were from the University of Pittsburgh Health Sciences Tissue
Bank (17, 18). A staining protocol for hematoxylin and eosin (http://
cgap-mf.nih.gov/Protocols/) was used (19). Three regions were se-
lected: Fibrotic (F), F-adjacent hyperplastic epithelial cells (C), and
normal-looking alveolar epithelial cells (N). Careful examination was
done to avoid contamination with inflammatory cells. Diagnosis of
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hyperplastic or reactive type II alveolar epithelial cells is based on
the finding of (1) clusters of these cells, instead of cells occurring singly;
and (2) qualitative morphologic alterations, including cuboidal shapes,
increased nucleocytoplasmic ratio, enlarged nuclei, and prominent nu-
cleoli (20). RNA was purified, including an additional amplification step
(Sense Amp-Plus Protocol; Genisphere, Hatfield, PA). cRNA was hybrid-
ized to Codelink 55K Human Arrays and analyzed with CodeLink Ex-
pression Analysis Software (Tempe, AZ). Microarray data were submitted
to the Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov./geo/).

Cell Transfection

MMP19 cDNA with vector pPCMV-sport6 (Open Biosystems, Lafayette,
CO) were transfected into A549 cells (Lipofectamine 2000; Invitrogen,
Carlsbad, CA). MMP19 expression and mock cell lines were generated
with G418 selection. MMP19 siRNA was from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA).

Experimental Model

C57BL/6/12901 Mmp19-deficient (—/—) mice were generated as de-
scribed (21). MMP-197"~ and wild-type (WT) (+/+) littermates were
treated with an intratracheal injection of 25 pl of phosphate-buffered
saline (PBS) or bleomycin (0.05 U/10 g) and killed at 7 and 21 days.

Bronchoalveolar lavage (BAL) was performed with 1.0 ml of PBS at
7 and 21 days, and lung hydroxyproline analysis was performed at 21 days,
as described (22, 23). Data are expressed as pg/hydroxyproline/lung.

Scratch Assay

Scratches were made as described (24) on A549 cells transfected with
mock, MMP19 siRNA, and MMP19 cDNA. Images were taken from
0 to 60 hours under light microscope (40X).
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Cell Migration

Transmigration analysis through Matrigel (Becton Dickinson, Woburn,
MA) was performed as described (25).

Quantitative Reverse Transcriptase-Polymerase
Chain Reaction

MMP19, PTGS2, and B-GUS gene expression were assessed by reverse
transcriptase—polymerase chain reaction (TagMan; Applied Biosys-
tems, Foster City, CA) as described (26).

Western Blot

Western blotting was performed as described (26). Proteins were visu-
alized with Chemiluminescence Reagent Plus Kit (Perkin-Elmer Life
Sciences, Boston, MA). Bands were semiquantified using the software
ImageJ (National Institutes of Health, Bethesda, MD).

ELISA

An ELISA assay using recombinant and anti-MMP19 (Abcam, Cam-
bridge, MA) was developed (see online methods). PGE2 from mice
BAL was measured with ELISA kit from Enzo Life Sciences (Farm-
ingdale, NY) following the manufacturer’s instructions.

Confocal Microscopy

Immunofluorescence of frozen lungs was performed as described (18).
After primary antibodies for MMP19 and PTGS, samples were labeled
with fluorescein isothiocyanate and Texas Red, respectively. Nuclei
were counterstained with bisBenzimide Hoechst-33258.

Immunohistochemistry

MMP19 lung immunostaining was performed as described using 3-amino-
9-ethyl-carbazole as substrate (27). For PTGS2, the antigen-antibody
complex was visualized by diaminobenzidine.
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Cell Microarray

Lysed A549-transfected cells were labeled with the Agilent Low RNA
input linear amplification Kit PLUS (5184-3523) and hybridized to
Agilent Whole Human Genome 4X44 arrays (G4112F; Agilent Tech-
nologies, Santa Clara, CA). Probes with annotations for Entrez-Gene
ID were extracted (Agilent Feature Extraction 9.5.3 Software), and
gene expression signals were normalized with cyclic LOESS. Micro-
array data were submitted to the Gene Expression Omnibus (http:/
www.ncbi.nlm.nih.gov./geo/).

Statistical Methods

For statistical analysis of microarrays, Genespring and Scoregene
were used as described (18). P value was addressed for multiple com-
parisons using the false discovery method (6, 18, 28). For LCM, exact
stratified permutation tests were applied. Expression ratios (F:N, F:C,
C:N) were computed for each subject and gene, then combined across
subjects using a median log-expression ratio. A P value was computed
by comparing the observed median log-expression ratio to the permu-
tation distribution of median log-expression ratios (29).

RESULTS

MMP19 Is a Differentially Expressed Gene
in IPF Microenvironments

To address the temporal and regional heterogeneity that charac-
terize IPF lung, we applied LCM combined with microarray
analysis to examine distinct microenvironments within the same
lung. At least 100 to 1,000 cells were collected from regions of
dense fibrotic foci (F), hyperplastic epithelial cells adjacent to
such areas (C), and normal-looking alveolar epithelial cells
(N) from each lung (Figure 1A). Out of the multiple sections,
four IPF lungs had a complete set of samples from all three
regions that passed quality control. Samples were hybridized to
Codelink 55K Whole Genome Array. We implemented exact strat-
ified permutation tests to determine statistical significance, because
comparisons of interest involved a within-subject comparison

Figure 2. Up-regulation of ma-
trix metalloproteinase (MMP)19
in idiopathic pulmonary fibrosis
(IPF) lungs. (A, B) Intense intra-
cytoplasmic MMP19 labeling is
observed in alveolar epithelial
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(F, C, or N). Remarkably, 638 significantly different genes were
identified that clearly distinguished the different IPF microenvir-
onments (Figure 1B). Among them, MMP19 was revealed as one
of the most significantly up-regulated genes that distinguished
normal-looking epithelial cells from hyperplastic epithelial
cells (Figure 1C). The up-regulation of MMP-19 was observed
in only one of the two probes for the genes, an issue often
observed in microarray experiments.

MMP19 Protein Is Up-regulated in IPF Lungs

To verify our gene expression microarray data, we performed im-
munohistochemical staining of IPF and control lungs for MMP-19.
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Figure 3. Effect of matrix metalloproteinase (MMP)19 on
A549 cell migration. (A) Reverse transcriptase-polymerase
chain reaction (qRT-PCR) from normal A549 epithelial
cells (N), control SiRNA (C), and cells transfected with
MMP19 SiRNA (M). Cells were harvested at 24 hours
after transfection, and RNA was extracted and reverse
transcribed. (B) Western blot data from parallel exper-
iment as in A. (C, D) Quantification of RT-PCR and
Western blot data. *P < 0.05. (E£) Photomicrograph
of scratch assay. Cells were seeded in triplicate in col-
lagen IV—coated culture dishes at T X 10° cells/dish. A
scratch through the center axis of the plate was gently
made using pipette tip. Migration of the cells into the
* scratch was observed at time point O (upper panels) and
48 hours (bottom panels) after scratch. (F) Induction of
A549 cell migration/invasion with MMP19 expression
in Matrigel. Five high-power fields were counted for
each treatment. Assays were performed in triplicate.
Data represent mean = SEM of five experiments.

c M

As shown in Figure 2, strong cytoplasmic immunostaining was
observed in hyperplastic alveolar epithelial cells overlaying fibrotic
areas (Figures 2A and 2B) as well as in endothelial cells from
capillaries. A weak staining was occasionally observed in nor-
mal lungs.

ELISA performed in BAL fluids and Western blot analysis in
lung homogenates confirmed an increase in MMP-19 protein in
IPF lungs compared with that of normal control lungs (Figures
2E and 2F). The densitometric analysis of the two immuno-
blotted bands (likely representing the pro- and activated forms)
normalized to B-actin showed a twofold increase of MMP-19 in
the IPF lungs (Figure 2G).
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Figure 5. Bleomycininduced se-
vere pulmonary fibrosis in ma-
trix metalloproteinase (Mmp)
19-deficient mice. (A-F) Light
micrographs in the lung sections
from Mmp19~/~ and WT mice.

(A, B) Wild-type (WT) mice, 21

:
*

days after saline or bleomycin
instillation, stained with hema-
toxylin and eosin (10X). (C)
WT mice, 21 days after bleomy-
cin (40x). (D, E) MMP19~/~
mice, 21 days after saline or bleo-
mycin instillation, stained with
hematoxylin and eosin (10X).

* (F) Mmp19™/~ mice, 21 days af-

ter bleomycin (40X). (G, H) Im-
munostaining of aSMA in the
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lung sections from Mmp19~/~
I and WT mice; samples were
counterstained with hematoxylin
(10X). Inset: positive fibroblasts
in a fibroblast focus (40x). Bot-
tom: lung hydroxyproline lev-
els in Mmp19~/~ and their
WT littermates after bleomy-
cin; results represent mean *
SD from six knockout and WT
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Further analysis revealed that Mmpl9 expression was also in-
creased in the murine bleomycin-induced lung fibrosis model.
C57BL/6 mice were subjected to bleomycin or PBS intratracheally
and killed at 7 and 28 days. We found increased Mmp19 mRNA
and protein levels (see Figure El in the online supplement) in
lungs harvested from animals treated with bleomycin but not con-
trol animals.

MMP19 Plays a Role in Wound Healing in Epithelial Cells

To address the role of MMP-19 in wound healing, we assessed
the effect of silencing or overexpressing MMP19 on epithelial
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cell migration in the A549 cell line. Transfection of cells with
MMP19 SiRNA caused significant silencing, both at the gene
and protein levels (Figures 3A-3D). Scratch assay demonstrated
that this silencing of MM P19 significantly reduced wound closure
after 48 hours (Figure 3E). To determine the effect of adding
MMP19 into the cells, we transfected A549 cells with full-length
cDNA of MMPI19 and performed transmigration assay with Matri-
gel. As shown in Figure 3F, cell migration and invasion through
Matrigel were significantly higher in MM PI9-transfected cells
compared with control groups. Taken together, these results
suggest that MMP-19 plays an important role in regulating ep-
ithelial cell migration.

Figure 6. Tenascin Cis increased
in bleomycin-exposed matrix
metalloproteinase  (Mmp)19-
deficient mice. (A) Lungs from
control mice and 21-day
bleomycin-instilled mice were
homogenized in RIPA lysis
» buffer, and tenascin C was an-
4 alyzed by Western blot. (B)
Densitometric analysis of the

bands of tenascin C normal-

ized with B-tubulin. Results
are presented as mean *= SD
from two independent experi-
ments; *P < 0.01, **P < 0.02.
(G, D) Immunohistochemical
evaluation of tenascin C in
Mmp19*/* (C) and Mmp19~/~
(D) mice. Pictures are represen-
tative of three WT and three
MMP-19—deficient mice.
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Mmp19 Knockout Mice Develop Less Inflammation and More
Severe Pulmonary Fibrosis in Response to Bleomycin

To obtain insight into the potential role of MMP19 in the devel-
opment of lung fibrosis in vivo, we evaluated the response to
bleomycin in the Mmp19-deficient or WT mice. Mmp19~'~ mice
are viable, reproduce normally, and develop without any gross
phenotypic abnormalities. Also, histological evaluation does not
demonstrate any difference between Mmpl9~~ and Mmp19™"*
littermates.

At 7 days after bleomycin instillation, total cell count in BAL
fluid was significantly higher in Mmp19™* mice compared with
Mmpl9~'~ mice (Figure 4A). The analysis of the BAL cell pro-
file revealed a significant decrease in the percent of neutrophils in
Mmpl9~'~ mice (Figure 4B), which was corroborated by lower
levels of myeloperoxidase activity in the BAL fluid of knockout
mice (Figure 4C). No differences were found at 21 days.

Mmpl9~"~ mice developed significantly more extensive fibro-
sis 21 days after bleomycin instillation compared with Mmp19™"*
mice (Figure 5). Areas of epithelialization or regional variability
usually characteristic of bleomycin-induced fibrosis were hardly
observed in MmpI9~'~, suggesting a repair failure. Represen-
tative images are provided in Figures SA-5G. The lungs also
displayed extensive formation of fibroblast/myofibroblast foci
and a-smooth muscle actin staining, suggesting that most of
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these cells were myofibroblasts in Mmpl9~'~ mice (Figure
SH). The levels of fibrosis assessed by hydroxyproline content
paralleled the morphological results. As shown in Figure 5, bot-
tom, lungs from Mmpl9~'~ mice displayed significant higher
levels of hydroxyproline compared with MmpI9™* littermates
(P < 0.05).

Because tenascin-C, a multimeric ECM glycoprotein expressed
during tissue remodeling, is a substrate of MMP-19 (30), we ex-
plored whether tenascin-C is augmented in bleomycin-instilled
Mmp19~'~ mice compared with Mmp19*/* littermates. As illus-
trated in Figure 6, tenascin C was increased at 21 days post
bleomycin in both WT and deficient mice, but it was signifi-
cantly higher in Mmp19~/~ mice as examined by Western blot
(Figures 6A and 6B) and by immunohistochemistry (Figures
6C and 6D). The protein accumulated mostly in the thickened
fibrotic alveolar walls.

MMP19 Regulates PTGS2 Expression in A549 Cells

To identify target genes that may mediate the effects of MMP19,
we profiled MMPI9-transfected A549 cells using Agilent gene
expression microarrays using mock-transfected A549 cells as con-
trols. A total of 768 genes were significantly differentially ex-
pressed in the MMPI9-overexpressing cells (P < 0.0001). Table

Figure 7. Matrix metalloproteinase (MMP)
19 regulation of PTGS2 (prostaglandin—
endoperoxide synthase 2) expression in
A549 cells. A549 cells were transfected
with full-length ¢cDNA or siRNA of
MMP19 and harvested 24 hours after
the treatment. (A) MMP19 and PTGS2
mRNA levels were measured by quanti-
tative reverse transcriptase-polymerase
chain reaction (gRT-PCR) (MMP19:
* MMP19" vs. control, *P = 6.23 X 1075,

Vehicle MMP
DMSO Inhibitor

* % MMP19™ vs. control, *P = 0.0004;
PTGS2: MMP19" vs. control, *P =
0.0002; MMP19~ vs. control, P =
0.04). (B) MMP19 and PTGS2 protein
by Western blot analysis in homogenates
of A549 cells. (C) Densitometric analysis
of the Western blot shown in B. MMP19
versus scramble, *P = 0.03; MMP19"
versus mock, *P = 0.004; PTGS2
(MMP19") versus mock, *P < 0.007.
(D) PTGS2 mRNA levels quantified by
gRT-PCR. RNA was extracted from A549
cells 24 hours after transiently transfected
with MMP19 that were pretreated with
PBS, MMP inhibitors (GM6001 and
MMP inhibitors 1V), and MMP19 siRNA
transfection for 6 hours. Y-axis: fold ex-
pression over mock transfection. Data
represent mean *= SEM of three experi-
ments. (E) A549 cell migration was atten-
uated by the MMP inhibitor GM6001 as
well as the specific PTGS2 inhibitor, COX-
2 inhibitor Il, a cell-permeable isoxa-
zolyl-benzenesulfonamide compound;
*P < 0.05; **P < 0.01. DMSO = di-
methyl sulfoxide.

COX2
Inhibitor Il

GM6001
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E1 shows the 50 most markedly up-regulated genes. PTGS2,
which was increased 3.11-fold (P = 1.12 X 1077) after MMPI19
transfection, was chosen for further experiments because of the
known antifibrotic potential of PGE2 and the similarity of the
response of PTGS2-deficient mice to bleomycin to that of Mmp-
19—deficient mice (31). The induction of PTGS2 mRNA was
verified by quantitative reverse transcriptase—polymerase chain
reaction (Figure E2). Further experiments corroborated signifi-
cant increase of PTGS2 expression both at mRNA and at the
protein level (Figures 7A-7C). Inhibition of MMPI9 by siRNA
led to a concomitant decrease in PTGS2 mRNA expression (Fig-
ure 7A), but not protein, at the time point we assessed (Figures
7B and 7C). In addition, the induction of PTGS2 by MMP-19 was
inhibited not only by MMP19 siRNA but also by the GM6001,
an MMP general inhibitor, and MMP inhibitor IV, suggesting
that it is dependent on its proteolytic activity. However, it is
important to consider that these inhibitors are nonspecific and
also inhibit many other MMP or ADAM members that may be
involved in cell migration (Figure 7D). We examined the micro-
arrays database (Figure 1) to evaluate if there was a correlation
between MMP19 and PTGS?2 in hyperplastic epithelial cells. We
found a trend toward positive correlation, although it was not
statistically significant, potentially because of the small number
of samples.

Because MMP19 affects epithelial cell migration, we won-
dered if PTGS2 would have a similar effect. As shown in Figure
7E, transmigration of A549 cells on Matrigel was significantly
inhibited by both the MMP inhibitor GM6001 and by the cell-
permeable isoxazolyl-benzenesulfonamide compound that acts
as a potent and highly selective inhibitor of COX-2.

Mmp19-Deficient Mice Exhibit Decreased Expression
of Ptgs2 after Bleomycin

To determine whether Mmp19 expression was associated with
Ptgs2 expression in response to lung injury in vivo, we examined
the Ptgs2 protein in the BAL and whole lung homogenates of
Mmp19 WT and Mmp19~'~ mice after bleomycin treatment (Fig-
ures 8A and 8B). Western blot analysis of Ptgs2 protein showed
a threefold increase in BAL Ptgs2 protein in Mmpl9*'* com-
pared with MmpI9~~ mice (1.04 = 0.03 vs. 0.34 + 0.05; P <
0.0001) after bleomycin (Figure 8C). Similarly, the increase in
PTGS2 after bleomycin was significantly higher in Mmp19™"*
mouse lungs compared with MmpI9~~ mouse lung. Ptgs2 ex-
pression was not detected in both Mmpl9 WT and Mmpl9~'~
mouse control lungs.

Elevated PTGS2 Was Present and Colocalized
with MMP19 in IPF

Given that MMP19 was up-regulated in IPF and MMP19 can in-
duce PTGS2 in epithelial cells, we analyzed the expression of
PTGS?2 in patients with IPF. Immunoblot analysis revealed a
threefold increase of PTGS2 protein in IPF lungs compared with
normal histology control lungs (P = 0.0014) (Figures 9B and
9C). A similar increase was found in BAL samples from IPF
lungs compared with control lungs (Figure 9A). Immunohisto-
chemistry revealed that PTGS2 expression was higher in IPF
lungs compared with normal histology controls. PTGS2 immu-
nostaining localized to hyperplastic alveolar epithelial cells in
IPF lungs (Figures 9D-9F). This finding suggests that the
PTGS2 protein detected in BAL fluids probably originated
from alveolar epithelial cells, although some contribution of
alveolar macrophages cannot be ruled out. To localize PTGS2 ex-
pression, we performed a confocal microscope analysis and con-
firmed that PTGS2 was expressed in the hyperplastic alveolar
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Figure 8. Matrix metalloproteinase (Mmp)19 is required for PTGS2
(prostaglandin—-endoperoxide synthase 2) expression in mice. (A) West-
ern blot analysis of PTGS2 protein in bronchoalveolar lavage from the
lungs of Mmp19*/* and Mmp19~/~ mice treated with bleomycin or
saline control. (B) Western blot analysis of PTGS2 protein in the lungs
of Mmp19*/* and Mmp19™/~ mice treated with bleomycin or saline
control. (C) Densitometry analysis of the Western blot of PTGS2 protein
in the lungs of Mmp19™/* and Mmp19~/~ mice treated with bleomycin
or saline control. Y-axis: the ratio of PTGS2 to B-actin. Data represent
mean of three experiments with SEM (P < 0.01).

epithelial cells and bronchial epithelial cells, where MMP19 pro-
tein was also strongly stained. Thus, PTGS2 and MMP19 colo-
calized in hyperplastic epithelial cells (Figure 9G).

DISCUSSION

IPF is characterized by an aberrant activation of alveolar epithe-
lial cells followed by mesenchymal cell migration/proliferation
and differentiation to myofibroblasts and excessive matrix
accumulation. The fibrotic lung reaction is likely the final re-
sult of a complex interplay between growth factors, cytokines,
and chemokines. In this study, we discovered that MMP19 is signif-
icantly increased in hyperplastic epithelial cells adjacent to fi-
brotic regions in IPF lungs. Contrary to our initial hypothesis that
the increased expression of MMP19 in hyperplastic epithelial cells
surrounding fibrotic areas may have a profibrotic effect, we discov-
ered that MMP-19 is important for normal cellular wound healing
in vitro and for limiting bleomycin-induced lung fibrosis in vivo.
In fact, MMP19-deficient mice demonstrated a more severe fi-
brotic response, without a concurrent increase in inflammatory
response. Finally, perturbations of MMP-19 levels in vivo and
in vitro were associated with changes in PTGS2. Taken together,
our findings indicate that up-regulation of MMP-19 induced by
lung injury may play a pivotal protective role in the progression
of IPF and other fibrotic lung disorders.

Gene and protein studies in whole IPF lungs have shown that
some MMPs, including MMP-7, MMP-1, MMP-2, MMP-9, and
MMP-3, are strongly up-regulated (6, 27, 28, 32). In a previous
study also using LCM, in which only few MMPs were included,
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Figure 9. PTGS2 (prostaglandin-
endoperoxide synthase 2) is
increased in patients with

idiopathic pulmonary fibrosis
(IPF). (A) Western blot analysis
of PTGS2 protein in bron-
choalveolar lavage from nor-
mal volunteers and patients
with IPF. (B) Western blot anal-
ysis of PTGS2 protein in the
lungs from normal volunteers
and patients with IPF. (C)
Densitometric analysis of the

PTGS2

it was found that MMP-9 and MMP-7 were up-regulated in
the epithelium adjacent to fibroblastic foci (33). MMP-1 and
MMP-7 have been proposed as potential peripheral blood bio-
markers in IPF (17), and MMP-7 increases in the plasma are pre-
dictive of significantly worse prognosis in IPF (34). Interestingly,
these enzymes have shown epithelial localization in diverse areas
of the IPF lungs, suggesting that different events are occurring
in the epithelial regions and in the surrounding connective tissue.
MMP-19, a relatively less-studied matrix metalloproteinase,
exhibits a number of unique structural features and a distinct ex-
pression pattern and functional characteristics. Human MMP19 dif-
fers from other MMPs by a C-terminal threonine-rich sequence of
36 residues downstream of the conserved cysteine generally found
at the carboxy terminus (35, 36). MMP-19 is able to hydrolyze
diverse components of the ECM, such as aggrecan, cartilage oligo-
meric matrix protein (COMP), fibronectin, and the basement mem-
brane proteins laminin-5y2, nidogen, and collagen type IV (30, 37),
all found in fibrotic matrix. MMP-19 has been shown to cleave
IGFBP3 (38), a molecule increased in IPF as well as other fibrotic
disorders (39), as well as to cleave tenascin-C, an ECM component
required for lung fibrosis in the bleomycin model (40). Similar to
our observation in MMP19™/~ mice exposed to bleomycin, exagger-
ated tenascin C accumulation was observed in MMP-19—deficient
mice exposed to a murine model of asthma. Interestingly, the MMP-
19—deficient mice demonstrated exaggerated allergen-induced air-
way eosinophilic inflammation and a shift toward Th2-driven

DAPI

Western blot shown in E. Data
represent mean *= SEM of
three experiments (P < 0.01).
(D, E) Immunostaining of
PTGS2 showing strong stain-
ing in epithelial cells of IPF
lungs (D, 10X; E, 40X). (F)
Control lung. (G) Represen-
tative images of colocaliza-
tion of PTGS2 with matrix
metalloproteinase (MMP)19 in
IPF lungs. Red indicates PTGS2,
green indicates MMP19, blue
indicates nucleus.

Merge

inflammation (41), which is consistent with the effects of PTGS2
on dendritic cells (42). The up-regulation and localization of
MMP19 to the regressing keloid center in skin scarring lesions
(43) also support a putative antifibrotic role of MMP-19. Our
findings that Mmp19-deficient mice show an increased lung fibrotic
response to bleomycin are consistent with these observations.

A novel finding in our study is the observation that MMP-
19 induces PTGS2 (also known as COX2). PTGS2 is a key reg-
ulatory enzyme in the synthesis of the prostaglandins E2 (PGE2)
and D2 (PGD?2) (44). PGE2 has long been considered an anti-
fibrotic molecule because it inhibits fibroblast proliferation, col-
lagen synthesis, migration, and differentiation to myofibroblasts
and induces fibroblasts apoptosis (45-47). Fibroblasts derived
from IPF lungs exhibit a relative deficiency of PGE2 production
as well as reduced responsiveness to PGE2 (48-50). Several
studies suggested that bleomycin-induced fibrosis is enhanced
when PTGS2-derived PGE2 is low or absent (51-53), whereas
others did not observe the effects to the same extent (54) or
suggested alternative pathways to PGE2 production (55). Im-
portant to our findings, which demonstrated that silencing
MMP-19 in alveolar epithelial cells reduced wound healing
and transfection of MMP-19 increased cell migration, is the ev-
idence that inhibiting PTGS2 results in a dose-dependent inhibi-
tion of wound closure in human and feline epithelial cells (56). A
similar result was obtained in our study, wherein inhibition of
PTGS2 decreased epithelial cell transmigration through Matrigel.
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By contrast, the exogenous application of PGE2 stimulated
wound closure in a dose-dependent manner. Notably, inhibition
of PTGS2 only at initial time points resulted in a sustained inhi-
bition of wound closure, indicating that this mediator is involved
in early wound repair processes such as spreading and migration
(56). Although less studied in lung disease, PGD2 also seems to
have antifibrotic effects in the bleomycin-induced lung injury
model (57). Thus, it seems that PTGS2 exerts its antifibrotic
effects through its two major products, PGE2 and PGD2.

Although at this stage we have not determined the mechanism
by which MMP-19 induces PTGS2, our results in vitro and in vivo
demonstrate that changes in PTGS2 expression are dependent on
MMP-19 expression and that these changes are associated with
the antifibrotic effect of MMP-19. Interestingly enough, it has
been recently reported that PGE2 induces MMP-9 expression
in dendritic cells and that PGE2-induced MMP-9 is required
for dendritic cells migration in vivo and in vitro (58). All together,
these findings indicate the existence of a close bidirectional asso-
ciation between some MMPs and PTGS2.

Our findings are consistent with the dramatic shift in the per-
ception of the role of MMPs in IPF that happened over the last
decade (59). Although traditionally only considered antifibrotic
because of their ECM-degrading properties, MMPs have emerged
in recent years as regulators of the complex interaction between
secreted molecules (growth factors, cytokines, chemokines), ma-
trix molecules (laminins and collagens), and membrane-anchored
proteins (60). It is now well accepted that MMPs regulate fibrosis
through their effects on immune and inflammatory processes, cell
migration and activation, wound healing, angiogenesis, and apo-
ptosis (32, 59, 60). In this context, the discovery of MMP-19 as
a potential antifibrotic MMP through its effects on PTGS2 high-
lights the complexity of the role of MMPs in lung as well as the
potential difficulties inherent in modifying MMP activity for ther-
apeutic interventions in IPF.

IPF is believed to result from aberrant repair of chronic or
recurrent alveolar epithelial injury. Alveolar epithelial cells
overlying fibroblast foci with presence of altered phenotypes
are the most distinctive feature in IPF lung. In IPF, the reestab-
lishing of the intact epithelium after injury, a key component of
normal wound healing, is impaired. Our results suggest that ex-
pression of MMP-19 by the epithelium is necessary for recovery
of the injured epithelium and suppression of mesenchymal cell
activation. Thus, the increased expression of MMP-19 (and
PTGS2) in the hyperplastic epithelial cells suggests a normal
but potentially insufficient response to continuous epithelial injury
in IPF lungs. The reasons for this failure are unclear; a downstream
cellular resistance may be possible, as would be an ongoing cel-
lular stress or an overwhelming profibrotic balance. Although
the reasons for this failure are unclear, the observations high-
light the diverse repertoire of responses alveolar epithelial cells
display in response to injury and suggest that the balance of
these responses may play a role in determining the lung pheno-
type in IPF. In this context, it is important to note that although
we observed and highlighted the up-regulation of MMP-19 in
alveolar epithelial cells, we cannot rule out that worsened fibro-
sis observed in MMP-19-deficient mice may also be attributed
to the loss of MMP-19 in other cell types. Additional experi-
ments will be required to address this issue.

In summary, we have discovered that MMP19 is significantly
up-regulated in hyperplastic epithelial cells overlying fibroblast
fociin IPF lung, that MMP19 is required for normal wound healing
in vitro, and that mice deficient in MMP19 present a much more
severe pulmonary fibrosis. Increased MMP19 can induce PTGS2
expression in alveolar epithelial cells, enhancing epithelial cell mi-
gration and promoting wound healing, whereas mice deficient in
MMP19 are also deficient in PTGS2 induction in response to

bleomycin. Together, our results suggest that MMP19 is a criti-
cal regulator of alveolar epithelial cell response to injury. Un-
derstanding why this response is not effective in IPF may be key
to our understanding of the sustained phenotype of the lung in
IPF and thus to development of novel and effective therapeutic
interventions.

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