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Obliterative bronchiolitis (OB) is the histopathologi-
cal finding in chronic lung allograft rejection. Mount-
ing evidence suggests that epithelial damage drives
the development of airway fibrosis in OB. Tissue in-
hibitor of metalloproteinase (TIMP)-1 expression in-
creases in lung allografts and is associated with the
onset of allograft rejection. Furthermore, in a mouse
model of OB, airway obliteration is reduced in TIMP-
1-deficient mice. Matrilysin (matrix metallprotein-
ase-7) is essential for airway epithelial repair and is
required for the re-epithelialization of airway wounds
by facilitating cell migration; therefore, the goal of
this study was to determine whether TIMP-1 inhibits
re-epithelialization through matrilysin. We found that
TIMP-1 and matrilysin co-localized in the epithelium
of human lungs with OB and both co-localized and
co-immunoprecipitated in wounded primary airway
epithelial cultures. TIMP-1-deficient cultures migrated
faster, and epithelial cells spread to a greater extent
compared with wild-type cultures. TIMP-1 also inhib-
ited matrilysin-mediated cell migration and spreading
in vitro. In vivo , TIMP-1 deficiency enhanced airway
re-epithelialization after naphthalene injury. Further-
more, TIMP-1 and matrilysin co-localized in airway
epithelial cells adjacent to the wound edge. Our data
demonstrate that TIMP-1 interacts with matrix metal-
loproteinases and regulates matrilysin activity during
airway epithelial repair. Furthermore, we speculate
that TIMP-1 overexpression restricts airway re-epithe-

lialization by inhibiting matrilysin activity, contribut-
ing to a stereotypic injury response that promotes
airway fibrosis via bronchiole airway epithelial dam-
age and obliteration. (Am J Pathol 2008, 172:1256–1270;

DOI: 10.2353/ajpath.2008.070891)

Bronchiolitis obliterans syndrome (BOS) is the manifes-
tation of chronic lung rejection and limits the 5-year sur-
vival after lung transplant to less than 50%.1 In compar-
ison, transplantations of other solid organs, such as the
heart, pancreas, liver, and kidneys, have 5-year survival
rates exceeding 70%.2 Obliterative bronchiolitis (OB) is
the histopathological equivalent of BOS and is character-
ized by small airway fibrosis that contributes to progres-
sive respiratory failure and death.3 Although the patho-
genesis of OB is poorly understood, evidence suggests
that the primary immunological target in the lung allograft
is the airway epithelium.4–7 Moreover, aberrant airway
re-epithelialization is apparently sufficient for the progres-
sion of fibrosis during the allograft rejection process.8–13

The airway epithelium is an important barrier in the
innate defenses of the lung.14 After lung transplantation,
persistent allo-dependent (eg, acute rejection) and allo-
independent (eg, infection, ischemia) pressures on the
airway epithelium necessitate rapid re-epithelialization to
prevent further damage that can contribute to inflamma-
tion and fibrosis.3 Disturbances in the epithelial barrier
are quickly repaired through coordinated processes by
which epithelial cells bordering the injury quickly spread
over the denuded basement membrane.15–18 Concur-
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rently, sheets of epithelial cells migrate over the injured
area by either a sliding or leapfrog action.19–21 Cell pro-
liferation is typically a later event that does not affect the
initial rate of re-epithelialization in the wound.16,21

Several matrix metalloproteinases (MMPs) are selec-
tively expressed in response to tissue injury and function
in various repair processes.22 In the lungs, matrilysin
(MMP-7) is induced after injury and is required for re-
epithelialization of airway wounds by facilitating cell mi-
gration.23,24 Because MMPs recognize multiple sub-
strates, their activity must be tightly regulated to ensure
specificity. The tissue inhibitors of metalloproteinases
(TIMP-1 through TIMP-4) are thought to function as nat-
ural MMP inhibitors. TIMPs noncovalently bind the MMP
catalytic domain thereby preventing substrate proteolysis
by steric hindrance. Although there is much overlap in the
ability of TIMPs to inhibit MMPs in vitro, individual TIMPs
appear to function in a nonredundant manner in more
complex settings, such as cells or in vivo.25 In particular,
TIMP-1 reduces the migratory ability of epithelial cell
lines26,27 potentially by inhibiting MMP-mediated cataly-
sis.28–30 However, a direct interaction between TIMP-1
and a MMP has not been demonstrated in a physiological
model.

TIMP-1 expression by epithelial cells increases during
epithelial regeneration in various wound-healing and dis-
ease models,31–38 including lung transplantation and
during the onset of BOS.39–42 Transgenic overexpres-
sion of TIMP-1 by keratinocytes delays skin wound clo-
sure in vivo,43 suggesting that the endogenous protein
functions to govern re-epithelialization. Consistent with
this idea, we reported that TIMP-1 deficiency protects
against chronic allograft rejection in a mouse model of
OB,44 suggesting that TIMP-1 has a detrimental role in
the pathogenesis of OB. However, the mechanism of how
TIMP-1 functions to moderate epithelial repair has not
been described. Because MMPs, specifically matrilysin,
facilitate wound repair, we hypothesized that TIMP-1 re-
stricts re-epithelialization by inhibiting the promigratory
activity of this proteinase.

In the current study, we found that TIMP-1 was ex-
pressed in the airway epithelium of OB lung specimens
and co-localized with matrilysin. Furthermore, we dem-
onstrated that TIMP-1 binds matrilysin to regulate cell
spreading and migration in vitro and airway re-epithelial-
ization in vivo. Our findings suggest TIMP-1 overexpres-
sion can inhibit matrilysin to prevent re-epithelialization in
lung allografts resulting in a stereotypic injury response
that promotes fibroproliferation and bronchiole airway
obliteration.45

Materials and Methods

Air-Liquid Interface (ALI) Cell Culture

Primary airway epithelial cells were isolated and cultured
at an ALI as described.46 In brief, male wild-type (WT), matri-
lysin-deficient (Mat�/�)47 or TIMP-1-deficient (Timp1�/�)48 lit-
termates all on a C57BL/6 background were euthanized,
and tracheas were removed with sterile technique. Air-

way epithelial cells were isolated after an overnight incu-
bation at 4°C in 1.5 mg/ml Pronase (Roche, Indianapolis,
IN) and seeded in polyester transwells with 0.4-�m pore
size (Corning, Acton, MA) precoated with rat tail type I
collagen (BD Biosciences, Franklin Lakes, NJ). Cultures
were initially grown in 5% CO2 at 37°C with medium
placed in both apical and basal compartments. After
reaching confluence, as determined by a transepithelial
resistance greater than 1 k�, cultures were transitioned
to an ALI with media only in the basal compartment. ALI
cultures were allowed to grow and differentiate for at least
3 weeks before use.

Wound Healing Assay

After incubation in serum-free medium for 1 hour, uniform
wounds were created by gently scratching a sterile P-200
pipette tip across the surface of the ALI cultures. Cultures
were washed with phosphate-buffered saline (PBS) to
remove cellular debris, and wounded ALI cultures were
allowed to heal for 24 hours in serum-free medium. In
some conditions, the medium was supplemented with 25
�mol/L of a nonspecific hydroxamate inhibitor of MMPs
(MMPI) (GM6001; Millipore, Billerica, MA), 10 nmol/L
mouse TIMP-1 (R&D Systems, Minneapolis, MN), or anti-
murine MMP-7 blocking antibody supplied by Jason
O’Neill (Amgen Inc., Seattle, WA). Phase-contrast pho-
tomicrographs of the wounds were obtained at baseline
and 24 hours after injury. ALI cultures 24 hours after injury
were fixed in 4% paraformaldehyde (Sigma-Aldrich, St.
Louis, MO) in PBS, pH 7.4, overnight before changing to
70% ethanol for long-term storage.

An airway epithelial cell line (A549) was stably trans-
fected with an autoactivating mutant of human promatri-
lysin (aMat8) or control vector containing either an empty
plasmid or plasmid containing the nonfunctional gene,
chloramphenicol acetyltransferase (A549-V1). The aMat8
cells were previously characterized to express an acti-
vated form of matrilysin.24 Confluent cells were scraped
with a sterile P-200 pipette tip, washed of cellular debris,
and incubated in serum-free medium alone or supple-
mented with 10 nmol/L human TIMP-1 or 25 �mol/L
MMPI. Digital photomicrographs were obtained of the
wound with a Nikon (Toyo, Japan) Diaphot phase-
contrast microscope at baseline and 48 hours after injury.
The wound area was quantified with the image analysis
software, ImageJ (National Institutes of Health, Bethesda,
MD, http://rsb.info.nih.gov/ij/). The percentage of the
wound healed was calculated by the following formula:

Wound area (baseline) � Wound area (time point after injury)

Wound area (baseline) � 100

Cell Spreading Assay

A cell-spreading index was calculated for cells along the
wound front in ALI cultures. Injured ALI cultures were
hematoxylin and eosin (H&E)-stained and mounted on a
glass slide. Digital photomicrographs (�100 magnifica-
tion) of each wound was captured on a Nikon E600
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photomicroscope with MetaMorph 4.6 software (Molecu-
lar Devices Corp., Sunnyvale, CA). The total number of
nuclei entirely within a 500 �m � 500 �m square with one
edge aligned to the wound front was determined with
ImageJ software. The cell spreading index was calcu-
lated by the following equation:

1000
No. of nuclei within a 500 �m � 500 �m square

Cell spreading was quantified as described.49

A549-V1 or aMat8 cells were lifted from culture plates
with PBS-ethylenediaminetetraacetic acid to maintain cell
surface adhesive proteins. Cells were plated (2500 cells/
well) into wells of a 96-well plate precoated with type IV
collagen (BD Biosciences) and incubated in 100 �l of
serum-free medium alone or supplemented with either 10
nmol/L human TIMP-1 or 25 �mol/L MMPI for 45 minutes
at 37°C, 5% CO2, and then fixed with 4% paraformalde-
hyde. Phase-contrast photomicrographs were obtained
from four random fields for each well. Cells were deter-
mined to display a spread morphology when they were
phase dark and either surrounded by a clear ring of
cytoplasm around the nucleus or elongated to greater
than two times the diameter of the nucleus. Cells in all of
the fields were evaluated and quantified as spread ver-
sus nonspread cells. The percentage of spread and non-
spread cells were determined for each well.

Co-Immunoprecipitation and Immunoblotting

Co-immunoprecipitation (co-IP) was performed on con-
ditioned media collected from A549-V1 cells or cell ly-
sates of wounded ALI cultures to identify complexes of
matrilysin and TIMP-1.50 After 24 hours of healing, cell
lysates were collected from injured ALI cultures in ice-
cold IP buffer [50 mmol/L Tris-HCl, pH 7.5, 150 mmol/L
NaCl, 5 mmol/L CaCl2, 0.5 mmol/L ZnCl2, 1% Brij 35 plus
ethylenediaminetetraacetic acid-free protease inhibitor
cocktail (Roche)]. Conditioned medium or cell lysates
(200 �g total protein per condition) were precleared with
30 �l of TrueBlot anti-goat IgG IP beads (Ebioscience,
San Diego, CA) for 1 hour at 4°C. IP beads were removed
after centrifugation at 10,000 rpm for 5 minutes. Subse-
quently, either a goat anti-TIMP-1 antibody (R&D Sys-
tems) or a goat IgG control antibody (Santa Cruz Biotech-
nology, Santa Cruz, CA) was added to the supernatant
and incubated overnight at 4°C. Antigen-antibody com-
plexes were precipitated with TrueBlot anti-goat IgG IP
beads for 1 hour at 4°C following the manufacturer’s
directions. Proteins were eluted from IP beads by heating
to 95°C in reducing sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis sample buffer for 5 minutes. Sam-
ples were loaded onto a 12% Bis-Tris Gel (Invitrogen,
Carlsbad, CA) and resolved by denaturing electrophore-
sis. Blots were incubated with a 1:1000 dilution of rabbit
anti-matrilysin (Triple Point Biologics, Forest Grove, OR)
in Blotto overnight at 4°C. Membranes were thoroughly
washed and then incubated at room temperature for 1
hour in Blotto containing a 1:1000 dilution of horseradish
peroxidase-conjugated rabbit anti-goat IgG (Ebio-

science) before developing with SuperSignal West Pico
chemiluminescent substrate (Pierce, Rockford, IL).

Naphthalene Injury Model

Male WT and Timp1�/� mice 8 to 10 weeks of age re-
ceived an intraperitoneal injection of either 200 mg/kg
of naphthalene (Sigma-Aldrich) or equivalent volumes of
corn oil vehicle (Mazola, Cordova, TN). This dose of
naphthalene has been characterized to specifically ab-
late Clara cells with minimal inflammation within 2 days
after injection.51,52 At days 1, 2, 3, 5, and 7 after injury,
mice were euthanized, and lungs were removed and
instilled with 4% paraformaldehyde at an inflation pres-
sure of 20 cm H2O. Each mouse was processed so that
each paraffin-embedded tissue block contained all of the
lobes of the lungs. All animals received humane care in
compliance with the Principles of Laboratory Animal
Care, formulated by the National Society of Medical Re-
search, and the Guide for the Care and Use of Laboratory
Animals, prepared by the Institute of Laboratory Animal
Resources and published by the National Institutes of
Health (NIH publication no. 86-23, revised 1985). All pro-
cedures involving the mice were approved by the Fred
Hutchinson Cancer Research Center Animal Studies
Committee.

Immunostaining and Confocal Microscopy

Human specimens were provided by the Department of
Pathology at the Fred Hutchinson Cancer Research Cen-
ter. Human and mouse sections (5 �m) were cut from
paraffin-embedded lungs, deparaffinized, and rehy-
drated. For ALI cultures, transwell membranes were cut
into quarters, placed into wells of a 24-well tissue culture
plate for immunostaining, and then mounted onto slides
for viewing. ALI cultures and lung sections were perme-
abilized and washed with Tris-buffered saline, pH 7.6,
plus 0.05% Tween 20 (Fisher Scientific, Pittsburgh, PA).
Target Retrieval Solution (DAKO, Carpinteria, CA) was
used for antigen retrieval according to the manufacturer’s
instructions. Nonspecific protein binding was blocked by
incubating sections with 5% goat serum in PBS (Vector
Laboratories, Burlingame, CA). Sections were incubated
for 1 hour at room temperature with the primary antibod-
ies and dilutions as follows: rabbit anti-TIMP-1 (1:200,
Triple Point), rabbit anti-matrilysin (1:100, Triple Point),
rabbit anti-Clara cell-specific protein (CCSP) (1:1000;
Upstate, Lake Placid, NY), rabbit anti-proliferating cell
nuclear antigen (PCNA) (1:100; Abcam, Cambridge,
MA). For negative controls, sections were processed with
a rabbit control IgG antibody (Santa Cruz Biotechnology)
at equivalent dilutions to the respective primary antibody.

CCSP was detected with a goat anti-rabbit IgG anti-
body conjugated to an Alexa 568 fluorophore (1:1000,
Invitrogen). Autofluorescence was quenched with 0.3%
Sudan black (Sigma-Aldrich) in 70% ethanol for 10 min-
utes and washed thoroughly before mounting with Pro-
Long Gold antifade reagent (Invitrogen). All slides for
CCSP immunofluorescence were processed and imaged
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on the same day and under identical conditions for con-
sistency. Immunofluorescent images were captured on a
Nikon E600 photomicroscope with MetaMorph 4.6 soft-
ware at �200 magnification with 1000 ms exposure time.
Because naphthalene injury varies at different levels of
the airways, CCSP expression was measured only in
bronchioles between 150 �m and 350 �m in diame-
ter.51,53 The fluorescent intensity for CCSP was measured
on unprocessed raw data images in at least seven ran-
dom airways spanning multiple lobes of the lungs in each
tissue section using image analysis software (ImageJ).
The fluorescent intensity was then averaged from all of
the airways to produce a mean airway fluorescent intensity
for each tissue specimen. Four different specimens were
evaluated for each condition and time point.

When performing double immunofluorescence, sec-
tions were first labeled with matrilysin and detected with
a goat anti-rabbit IgG antibody conjugated to Alexa 568
(1:1000, Invitrogen). Subsequently, sections were la-
beled with a TIMP-1 antibody directly conjugated with an
Alexa 647 fluorophore using the Zenon antibody-labeling
technology (Invitrogen). After labeling with both primary
antibodies, samples were briefly fixed in 4% paraformal-
dehyde for 15 minutes to prevent potential dissociation
and cross-contamination of secondary labeled fluoro-
phores. Autofluorescence was quenched with 0.3% Su-
dan black in 70% ethanol for 10 minutes. Tissue sections
were washed thoroughly before mounting with ProLong
Gold antifade reagent (Invitrogen). Confocal microscopy
images were obtained with the Zeiss LSM 510 Meta NLO
imaging system equipped with argon, red HeNe, and
green HeNe lasers mounted on a vibration-free table
(Carl Zeiss, Thornwood, NY). Acquisition settings were
optimized to obtain maximal signal in immunostained
sections with minimal background on isotype control sec-
tions. TIFF format images for matrilysin (Alexa 568) and
TIMP-1 (Alexa 647) were obtained by sequential scan-
ning at 1024 � 1024 resolution using a � 20 objective/NA
0.75. All images were compiled with ImageJ with minor
adjustments in contrast.

Statistics

Data are reported as mean � SE. All statistical analyses
were performed by the Student’s t-test and one-way anal-
ysis of variance unless otherwise noted. Differences were
considered significant at the P � 0.05 level.

Results

TIMP-1 and Matrilysin Co-Localize to Epithelial
Cells in OB Specimens

TIMP-1 expression is increased in the lungs after trans-
plantation39–42 and we used immunostaining with affinity-
purified antibodies to determine the cell source of its
production. We identified prominent signal for TIMP-1
protein in the airway epithelium of lungs with OB (Figure
1A; and Supplemental Figure S1 at http://ajp.amjpathol.
org). Matrilysin was also highly expressed by the airway
epithelium in lungs from patients with OB (Figure 1B). In

comparison, very low levels of TIMP-1 were detected in
normal lung epithelium (data not shown) and as we re-
ported,23 matrilysin is not detected within the intact, non-
infected airway epithelium. When evaluated by confocal
microscopy, signal for TIMP-1 and matrilysin proteins
primarily co-localized along the obliterated airways (Fig-
ure 1C).

TIMP-1 Restrains Re-Epithelialization in Vitro via
MMP Inhibition

Based on the prominence of TIMP-1 and matrilysin co-
expression in the airway epithelium of OB specimens, we
postulated that TIMP-1 expression in the epithelium may
inhibit matrilysin-mediated airway epithelial repair. To test
this hypothesis, we injured primary airway epithelial cells
grown in ALI culture. These organotypic cultures differ-
entiate into a complete mucociliary epithelium that is
phenotypically similar to the airway cell composition
found in vivo.46,54

Wound closure rate of Mat�/� ALI cultures was 50% of
injured WT cultures (Figure 2A). Additionally, MMP inhi-
bition with either TIMP-1 or a hydroxamate MMP inhibitor
(MMPI) reduced the wound closure rate of WT cultures to
that of Mat�/� ALI cultures. These data are consistent
with our previous observations23,24 and confirm the ne-
cessity of matrilysin in the ALI culture model for re-epi-
thelialization after injury. Moreover, TIMP-1 or MMPI did
not further reduce the wound closure rate in Mat�/� ALI
cultures (data not shown) indicating that other MMPs do
not play a significant role in wound healing of injured
airway epithelial cells.

When we injured TIMP-1�/� cultures, we found that
wounds closed 65% faster than WT cultures (Figure 2B).
Moreover, addition of MMPI reversed the Timp1�/� phe-
notype by reducing the rate of wound healing to that
observed in WT ALI cultures. This governing effect on
wound closure appears to be specific to TIMP-1 because
the rate of wound healing in Timp2�/� ALI cultures did not
differ from WT cultures (data not shown). These findings
indicate that TIMP-1 moderates epithelial repair through a
MMP-dependent mechanism. To more specifically eval-
uate if the faster wound healing seen in TIMP-1�/� ALI
cultures was attributable to a loss of MMP-7 inhibition,
we blocked matrilysin activity in TIMP-1�/� cultures
after injury using two different antibodies (clones A6
and E12) that specifically block the catalytic activity of
this MMP. Inhibition of MMP-7 activity reduced wound
closure rates of TIMP-1�/� cells to that of WT ALI
cultures (Figure 2C).

TIMP-1 and Matrilysin Co-Localize at the
Wound Front in Injured ALI Cultures

We determined the expression pattern of matrilysin and
TIMP-1 in wounded ALI cultures. Consistent with our
previous findings,23,24 matrilysin was prominently ex-
pressed at areas of epithelial injury (Figure 3). TIMP-1
expression was also increased at the injury front and
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co-localized with matrilysin in epithelial cells nearest the
wound edge. Immunofluorescent staining with isotype
control antibodies did not detect any nonspecific signal
(data not shown). Although some groups have reported
gelatinase B (MMP-9) in airway basal epithelial cells,55–58

others have not found signal for its protein or mRNA in
injured or diseased airway epithelium.23,59 In our ALI
culture repair model, gelatinase B expression was not
detected by immunofluorescence in the wounded ALI
culture (data not shown).

Figure 1. TIMP-1 and matrilysin immunostaining in human OB tissue. A: TIMP-1 is highly expressed by the epithelium (brown, arrows) lining the obliterated
airways in human OB tissue with peroxidase/DAB detection. B: Matrilysin is also expressed by the injured epithelium (brown, arrows). Serial sections showed
minimal nonspecific staining with IgG control antibody or preimmune serum. C: Double immunofluorescence identifies co-localization of TIMP-1 (green,
arrowheads) and matrilysin (red, arrowheads) along the damaged airways (asterisks). Original magnifications, �200.
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Figure 2. TIMP-1 regulates re-epithelialization in vitro. A: TIMP-1 or a nonspecific hydroxamate inhibitor of MMPs (MMPI) reduces wound closure of WT ALI
cultures to the rate of injured matrilysin-deficient (Mat�/�) ALI cultures. B: Wound healing is faster in TIMP-1�/� compared to WT ALI cultures. The addition of
a MMPI to TIMP-1�/� cultures abrogates this effect. C: The enhanced closure of injured TIMP-1�/� ALI cultures is reversed by the addition of inhibitory antibodies
toward mouse MMP-7 (clones A6 and E12, 500 nmol/L). Control experiments were incubated with 500 nmol/L anti-streptavidin antibody (IgG-SA). The percent
wound healing was calculated 24 hours after injury. Data bars represent the mean of a minimum of four experiments � SE. *P � 0.005 by the one-way analysis
of variance test. Original magnifications, �100.
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TIMP-1 Inhibits Matrilysin-Dependent Cell
Spreading and Migration

Injured epithelium heals through a coordinated process
of cell spreading and migration followed by cell prolifer-
ation.15–18 TIMP-1 does not affect the rate of epithelial cell
proliferation in wounded ALI cultures as assessed by
similar PCNA immunostaining in wounded WT and
Timp1�/� ALI cultures (data not shown). However, close
examination of the wound front in the ALI cultures re-
vealed increased spreading by Timp1�/� cells compared
to WT cells (Figure 4A). The spreading index was calcu-
lated for cells at the wound front and confirmed the
observation that TIMP-1 restricts cell spreading by 50%
during the re-epithelialization process. Using A549 lung
epithelial cells stably transfected to overexpress active
matrilysin (aMat8) or a vector control (A549-V1)24 in a cell
spreading assay, we found that matrilysin facilitated cell

spreading (Figure 4B). Moreover, we observed that
TIMP-1 and MMPI prevented matrilysin-dependent cell
spreading in aMat8 cells (Figure 4B). We also evaluated
the ability of exogenous TIMP-1 to affect the migratory
ability of aMat8 and A549-V1 cells in a wound healing
assay (Figure 5). As reported,24 aMat8 cells migrated
faster than A549-V1. Both TIMP-1 and MMPI prevented
the matrilysin-mediated enhancement in cell migration.
These data indicate that TIMP-1 inhibits matrilysin-medi-
ated cell spreading and migration.

TIMP-1 Co-Immunoprecipitates with Matrilysin
in Lung Wound Healing Models

The co-localization of TIMP-1 and matrilysin (Figure 3)
imply that these two proteins interact during re-epitheli-

Figure 3. TIMP-1 co-localizes with matrilysin at the wound front during airway epithelial repair in vitro. TIMP-1 (green) and matrilysin (red) are up-regulated
in cells proximal to the wound front (arrowheads). Merged images (yellow and inset) demonstrate co-localization (arrows) of TIMP-1 and matrilysin in
epithelial cells adjacent to the injury. Scale bar � 100 �m.
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Figure 4. Effects of TIMP-1 on cell spreading. A: Cells along the wound front are more spread (vertical bar, inset) in Timp1�/� compared to WT ALI cultures
24 hours after injury. The spreading index for each condition was calculated and confirms that Timp1�/� cells are more spread than WT cells during
re-epithelialization. Bars are the mean of the spreading index in eight wounds � SE. *P � 0.0001 by the Student’s t-test. B: Cell spreading assay using a lung
epithelial cell line that overexpresses matrilysin (aMat8) compared to control (A549-V1). aMat8 cells are more spread than A549-V1 cells. TIMP-1 and a nonspecific
MMP inhibitor (MMPI) abrogate the matrilysin-mediated cell spreading. Data bars represent mean of four experiments each performed in quadruplicate � SE. *P �
0.001 by the one-way analysis of variance test. Original magnifications: �100 (A); �200 (B).

Figure 5. TIMP-1 inhibits matrilysin-mediated cell migration. A lung epithelial cell line that overexpresses an autoactivating matrilysin (aMat8) or a vector control
line (A549-V1) were wounded and allowed to heal. Some conditions included the addition of TIMP-1 or a nonspecific MMP inhibitor (MMPI). aMat8 cells migrate
faster than A549-V1 controls in a wound healing assay. The matrilysin-mediated increase in cell migration was inhibited by both TIMP-1 and MMPI. The percent
wound healing was calculated 48 hours after injury. Data bars represent the mean of at least six wounds � SE. *P � 0.0001 by the one-way analysis of variance
test. Original magnifications, �100.
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alization. When we immunoprecipitated TIMP-1 from ei-
ther conditioned medium of A549-V1 cells (Figure 6A) or
from cell lysates of wounded ALI cultures (Figure 6B),
matrilysin co-immunoprecipitated. Enrichment of only the
active matrilysin species is consistent with the in vitro
observations that TIMP-1 only binds the 19-kDa active
matrilysin.60 These data support the idea that TIMP-1
binds and inhibits matrilysin at the wound front during
airway re-epithelialization.

TIMP-1 Deficiency Enhances Airway
Re-Epithelialization in Vivo

To confirm our results with the ALI cultures, we used
naphthalene injury as an in vivo model of airway epithelial
repair. A single intraperitoneal injection of naphthalene
selectively kills Clara cells in a dose-dependent manner
within 1 day.51 We found similar degrees of airway epi-
thelial injury in Timp1�/� and WT mice on days 1 and 2
after naphthalene injection (Figure 7A, 2, 3, 8, and 9),
indicating that TIMP-1 does not influence the cytotoxicity
of this compound. Corn oil vehicle produced no appre-
ciable damage (Figure 7A, 1 and 7). At day 3 after
naphthalene injury, we saw a predominance of cuboidal
epithelial cells in Timp1�/� airways (Figure 7A10),
whereas WT airways consisted primarily of squamous
cells with visible areas of denuded basement membrane
(Figure 7A4). At day 5 after injury, we observed that
Timp1�/� airway epithelium contained cells morphologi-
cally resembling Clara and ciliated cells (Figure 7A11). In
contrast, WT epithelium had a mixture of squamous and
cuboidal cells with persistent areas of denuded base-
ment membrane (Figure 7A5). These findings indicated
that TIMP-1 restrains early stages of airway regeneration.
By day 7, both WT and Timp1�/� airway epithelia had
equal levels of recovery from the initial naphthalene injury
(Figure 7A, 6 and 12).

We determined the number of airway epithelial cells
that stained for CCSP as a marker of airway epithelial
regeneration.51 As expected for uninjured airway epithe-
lium, we found strong expression of CCSP in the airway

epithelium of WT and Timp1�/� mice injected with vehicle
(Figure 7B, 1 and 7). CCSP signal was decreased 1 day
after injury (Figure 7B, 2 and 8) and reached an equiva-
lent nadir in both WT and Timp1�/� airways at day 2 after
naphthalene administration (Figure 7B, 3 and 9), again
indicating that TIMP-1 does not influence the extent of the
initial injury. At days 3 and 5 after naphthalene injury,
signal for CCSP increased in Timp1�/� airways (Figure
7B, 10 and 11) but remained at a low level in WT airways
(Figure 7B, 4 and 5). By day 7 after injury, signal for CCSP
increased in WT airway epithelium to levels similar to that
found in Timp1�/� airways (Figure 7B, 6 and 12). Immu-
nostaining with an isotype control antibody did not detect
any signal above background (data not shown).

The intensity of CCSP immunoreactivity was measured
and was significantly increased in Timp1�/� airway epi-
thelium compared to that of the WT at days 3 and 5 after
injury (Figure 7C). Alternative methods of evaluating
CCSP recovering in the airways also confirmed this sig-
nificant increase in CCSP positivity in TIMP-1�/� com-
pared to WT airway epithelium at days 3 and 5 after injury
(Supplemental Figure S2 at http://ajp.amjpathol.org).
These findings are consistent with the morphological
changes observed on H&E-stained lung sections where
the repair of Timp1�/� airway epithelium was qualitatively
more complete than WT epithelium at days 3 and 5 after
naphthalene-induced injury (Figure 7A). These data sup-
port the concept that TIMP-1 moderates airway re-epithe-
lialization in vivo and corroborates our cell-based data.
We found no difference in the number of PCNA-positive
cells between Timp1�/� and WT airway epithelia at any
time suggesting that cell proliferation was not affected by
TIMP-1 (Figure 7D).

TIMP-1 and Matrilysin Co-Localize in Airways
after Naphthalene Injury

To localize the cell source of TIMP-1 and matrilysin ex-
pression in vivo, we examined WT tissue sections by
immunofluorescence in naphthalene-injured lungs (Fig-
ure 8). TIMP-1 and matrilysin expression increased in the
airway epithelium on day 3 after naphthalene injury.
Moreover, TIMP-1 and matrilysin co-localized predomi-
nantly within cells adjacent to areas of denuded base-
ment membrane. A similar pattern of TIMP-1 and matri-
lysin co-localization was found at days 2 and 5 with
resolution to baseline expression patterns by day 7 after
injury (data not shown). Immunostaining with isotype con-
trol antibodies did not detect any signal above back-
ground (data not shown). We also did not detect gelatinase
B expression in the airway epithelium of naphthalene-
injured lungs (data not shown).

Discussion

Studies have identified airway epithelial destruction as a
critical event in the pathogenesis of OB.8–13 The airways
of the lung allograft are constantly subjected to allo-
dependent and allo-independent insults and effective re-

Figure 6. Co-immunoprecipitation of matrilysin and TIMP-1 from A549-V1-
conditioned medium (A) or wounded ALI culture cell lysates (B). The
immunoprecipitation antibody is indicated at the top of each lane. Immu-
noblotting for matrilysin detects a specific band for the 19-kDa active matri-
lysin in the TIMP-1 IP lane. The heavy and light chains of the immunopre-
cipitation antibodies are detected in both lanes. The migration of molecular
mass standards is shown on the right (in kDa).

1264 Chen et al
AJP May 2008, Vol. 172, No. 5



Figure 7. TIMP-1 regulates airway re-epithelialization in vivo. A: H&E-stained lung sections after naphthalene and vehicle injection. Airways are uninjured after
vehicle injection (A1 and A7) with identifiable Clara (arrow) and ciliated (arrowhead) cells. One day after naphthalene injury (A2 and A8), Clara cells are
vacuolated and sloughing (arrows) in both WT and Timp1�/� mice. Ciliated cells are uninjured (arrowhead). By day 2 (A3 and A9), dead cells have been
cleared, and areas of denuded basement membrane are present in both WT and Timp1�/� airways (asterisks). Timp1�/� airways on day 3 after injury (A10)
contain epithelial cells predominately cuboidal in appearance (arrows) whereas WT airways (A4) are primarily comprised of squamous cells (arrowheads) with
identifiable areas of denuded basement membrane (asterisk). By 5 days after naphthalene injection, Clara (arrow) and ciliated (arrowhead) cells reappear in
Timp1�/� airways (A11). In contrast, cuboidal (arrow) and squamous (arrowhead) cells are identified in WT airways along with persistent areas of denuded
basement membrane (asterisk) (A5). Seven days after injury (A6 and A12), Clara and ciliated cells are present in both WT and Timp1�/� airways. B: Lung sections
were processed and immunostained for CCSP as a marker of epithelial repair. CCSP immunofluorescence decreases equally in both genotypes around the airway
lumens (asterisks) after naphthalene injury (B2, B3, B8, and B9). Airway epithelial cells in Timp1�/� mice (B10 and B11) recover CCSP staining quicker than
in WT mice (B4 and B5). Naphthalene-treated airway epithefial cells at day 7 are shown in B6 and B12. Vehicle-treated controls are shown in B1 and B7. C:
Quantification of mean CCSP immunofluorescence in airways of naphthalene and vehicle injected mice. Data points represent the mean CCSP immunofluores-
cence � SE; arbitrary units (A.U.). n � 4 mice for all conditions. *P � 0.05 by the two-way analysis of variance test. D: Airway epithelial cell proliferation in WT
and TIMP-1�/� mice after naphthalene injury. Proliferating cells were stained in lung sections with a rat polyclonal antibody against PCNA. Nuclei were identified
with DAPI staining. Proliferating airway epithelial cells were counted and divided by all cells lining the airways. There was no difference in airway epithelial cell
proliferation between WT and TIMP-1�/� mice after naphthalene injury. Data points represent mean percentage of PCNA-positive cells � SE; n � 4 mice for each
condition. Scale bars: 25 �m (A); 100 �m (B).
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Figure 8. Co-localization of TIMP-1 and matrilysin in vivo during airway re-epithelialization. TIMP-1 and matrilysin are expressed minimally above background
in the airway epithelium in the vehicle control section and 1 day after naphthalene injection. On day 3 after naphthalene injury, TIMP-1 and matrilysin expression
increases and co-localizes (yellow) within epithelial cells adjacent to areas of denuded basement membrane (arrowheads). Scale bar � 50 �m.
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pair must occur to prevent further damage. The levels of
CCSP, which is expressed constitutively by Clara cells of
the airway epithelium, are decreased in the bronchoal-
veolar lavage fluid from patients with BOS compared to
normal patients, suggesting a loss of epithelial cells.61

Interestingly, CCSP can also suppress fibroblast migra-
tion.62 Additionally, stressed airway epithelial cells re-
lease profibrotic factors that can induce a remodeling
response by fibroblasts,63 and delayed lung epithelial
repair promotes fibroblast proliferation.64,65 Thus, evi-
dence is mounting that epithelial damage promotes
fibroproliferation. Indeed, the concept that epithelial
damage promotes remodeling and fibrosis is not lim-
ited to OB and has been linked to other pulmonary
diseases such as idiopathic pulmonary fibrosis and
asthma66 – 69 as well as fibrotic diseases of the liver and
kidneys.70 –72

TIMP-1 expression increases in the lung allograft of
patients with BOS/OB.39–42 Increased lung expression of
TIMP-1 is also associated with the onset of OB42 and
contributes to the pathogenesis of airway fibrosis in a
mouse model of OB.44 Here, we find that TIMP-1 is pri-
marily expressed by the airway epithelium in OB tissue. In
addition, TIMP-1 co-localizes with matrilysin, an essential
MMP for airway epithelial repair.23,24 We propose that
airway epithelial overexpression of TIMP-1 hampers ef-
fective repair and could be a mechanism by which
TIMP-1 contributes to the development of airway fibrosis
in lung allografts. We provide direct evidence that TIMP-1
inhibits matrilysin-mediated airway re-epithelialization.
We show that TIMP-1 co-localizes and co-immunopre-
cipitates with matrilysin from injured airway epithelial cul-
tures. Moreover, TIMP-1 inhibits matrilysin-mediated cell
migration and spreading. These cell-based results were
consistent with the findings in vivo using the naphthalene
injury model. Together, our data suggest that TIMP-1
coordinates matrilysin activity during re-epithelialization
possibly to limit collateral damage to normal tissue. More-
over, TIMP-1 is constitutively expressed at low levels in
the airway epithelium at baseline, and we speculate
that TIMP-1 acts as a scavenger for MMPs in the lung
airways to prevent excessive proteolysis of authentic
substrates and unwarranted catalysis of potential off-
target substrates.

Although TIMPs have some overlapping ability to in-
hibit MMPs in vitro, individual TIMPs modulate distinct
biological processes in vivo as suggested by their selec-
tive expression and compartmentalization25 and by
distinct phenotypes seen in null mice.44,73–76 Accord-
ingly, we found that TIMP-1 deficiency, but not TIMP-2
deficiency, enhanced airway re-epithelialization imply-
ing that the regulation of matrilysin-mediated cell
spreading and migration is specific to TIMP-1 and is
not a generalized process among different members of
the TIMP family. Although TIMP-1 can modulate cell
apoptosis, survival, and proliferation through MMP-in-
dependent mechanisms,25,77,78 we conclude that the
moderating effect TIMP-1 confers on epithelial regen-
eration is a consequence of its ability to block MMP
activity, specifically that of matrilysin. Indeed, the phe-
notype was reversed when a hydroxamate MMP inhib-

itor or matrilysin inhibitory antibody was added to wounded
Timp1�/� ALI cultures suggesting that TIMP-1 moderates
re-epithelialization through MMP inhibition, specifically
matrilysin.

Our data imply that overexpression of TIMP-1 impairs
re-epithelialization, but we do not know what stimulates
its expression in lung allografts. TIMP-1 levels are ele-
vated in various infections and noninfectious inflamma-
tory lung diseases.79–86 We have previously reported
that TIMP-1 attenuates lung inflammation after bleomycin
injury.87 Moreover, TIMP-1 neutralization augments cor-
neal inflammation and destruction after Psuedomonas
aeruginosa infection.88 Therefore, TIMP-1 may have
evolved to become an important regulator of inflamma-
tion after injury and infection, similar to the proposed
common function of the MMP family. However, lung trans-
plantation is an unnatural event that creates a chronic
inflammatory state. Therefore, TIMP-1 expression in the
lung allograft could be increased to dampen inflamma-
tion and as an unfortunate bystander effect, restricts
airway epithelial repair.

Gelatinase B (MMP-9) expression has been reported
to increase in basal cells of wounded primary human
bronchial epithelial cell cultures55–58 and in distal airway
cells after bleomycin injury.89 However, similar to other
groups,59 we have previously reported that gelatinase B
was not expressed in mouse tracheas and human air-
ways at baseline or during injury23 and once again did
not find any gelatinase B expression in these current
studies either in ALI cultures or in vivo. Moreover, the
addition of a hydroxamate MMP inhibitor to injured
Mat�/� ALI cultures had no further reduction of wound
closure suggesting matrilysin is the predominate metal-
loproteinase needed for airway wound healing. This dis-
cordance in gelatinase B expression likely reflects differ-
ences in airway injury models.90–92 Nevertheless, our
results show that TIMP-1 inhibits matrilysin-mediated
mechanisms of re-epithelialization in models of the
small diameter airways where the basal cell population
is negligible.93,94 These findings are more pertinent to
OB in the respect that this disease only affects the
small airways.

In summary, we have demonstrated that TIMP-1 mod-
ulates matrilysin-mediated cell spreading and migration
during airway re-epithelialization. Our data support the
role of TIMP-1 as a physiological regulator of normal
airway repair. TIMP-1 was also highly expressed by the
airway epithelium in OB and co-localized with matrilysin
expression. These observations, in conjunction, support
the idea that TIMP-1 overexpression participate in the
development of OB by pathologically inhibiting airway
repair. However, our data do not rule out the possibility
that TIMP-1 participates in the fibrotic process or inflam-
matory response in OB independent of its role in airway
re-epithelialization. With these ideas in mind, we have
now focused our research to further delineate the role
of TIMP-1 in the pathogenesis of OB and on mecha-
nisms by which airway epithelial damage promotes
fibrosis.
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