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Many transcription factors that regulate lung morphogenesis dur-
ing development are reactivated to mediate repairs of the injured
adult lung. We hypothesized that CCAAT/enhancer binding pro-
tein-a (C/EBPa), a transcription factor critical for perinatal lung
maturation, regulates genes required for the normal repair of the
bronchiolar epithelium after injury. Transgenic Cebpa”’* mice, in
which Cebpa was conditionally deleted from Clara cells and Type
Il cells after birth, were used in this study. Airway injury was induced
in mice by the intraperitoneal administration of naphthalene to
ablate bronchiolar epithelial cells. Although the deletion of C/EBP«
did not influence lung structure and function under unstressed
conditions, C/EBPa was required for the normal repair of terminal
bronchiolar epithelium after naphthalene injury. To identify cellu-
lar processes that are influenced by C/EBPa during repair, mRNA
microarray was performed on terminal bronchiolar epithelial cells
isolated by laser-capture microdissection. Normal repair of the
terminal bronchiolar epithelium was highly associated with the
mRNAs regulating antiprotease activities, and their induction re-
quired C/EBPa. The defective deposition of fibronectin in Cebpa”
mice was associated with increased protease activity and delayed
differentiation of Fox]1-expressing ciliated cells. The fibronectin
and ciliated cells were restored by the intratracheal treatment of
Cebpa””* mice with the serine protease inhibitor. In conclusion,
C/EBPa regulates the expression of serine protease inhibitors that
are required for the normal increase of fibronectin and the resto-
ration of ciliated cells after injury. Treatment with serine protease
inhibitor may aid in the recovery of injured bronchiolar epithelial
cells, and prevent common chronic lung diseases.
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Airway epithelial cell injury is associated with increased protease
activity and oxidative stress, which contribute to the pathogenesis
of many common lung diseases, including chronic obstructive pul-
monary disease, cystic fibrosis, asthma, chronic bronchiolitis, and
bronchopulmonary dysplasia (1-6). The terminal bronchioles in
the mouse are primarily composed of cuboidal nonciliated cells
(Clara cells and Scgblal-positive [Scgblal™] cells) and ciliated
cells (FoxJ1-positive [FoxJ1*] cells). Nonciliated cells are crucial
for pulmonary homeostasis, serving as progenitor cells that pro-
liferate and differentiate into nonciliated and ciliated cells dur-
ing regeneration after epithelial cell injury (7-10). Although the
normal lifespan of bronchiolar epithelial cells is relatively long
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CLINIAL RELEVANCE

CCAAT/enhancer binding protein—a regulates the expres-
sion of serine protease inhibitors that are required for normal
increases of fibronectin and the restoration of ciliated cells
after bronchiolar epithelial cell injury. Treatment with serine
protease inhibitors may aid in the recovery of injured bron-
chiolar epithelial cells, and prevent common chronic lung
diseases.

(7, 11), cell proliferation occurs rapidly, peaking 24-48 hours
after injury (12). The underlying molecular mechanisms for bron-
chiolar epithelial cell recovery after injury are still not completely
understood.

The transcription factors that regulate lung morphogenesis
during development are reactivated during the repair of an in-
jured adult lung (13). CCAAT/enhancer binding protein—a
(C/EBPa) is one of the important transcription factors required
for normal differentiation of the fetal lung. The lung-specific
deletion of Cebpa in the fetus inhibited lung maturation, result-
ing in death from respiratory failure at birth (14). In contrast,
Cebpa gene expression was not required for pulmonary homeo-
stasis in adult mice under unstressed conditions, and transgenic
mice with a postnatal lung-specific deletion of Cebpa had a nor-
mal lifespan, with no obvious abnormalities in the lung (15).
Our previous study demonstrated that C/EBPa played an im-
portant role in the protection of the alveolar epithelium after
hyperoxic injury in the adult mouse. Microarray analyses of iso-
lated alveolar Type II (ATII) cells demonstrated that hyperoxic
challenge reduced the expression of many genes involved in cell
injury and recovery in Cebpa™* mice compared with control mice
(15). Moreover, C/EBPa is generally recognized as a transcription
factor important for cell differentiation in the skin, adipocytes,
and hematopoietic cells (16, 17). We hypothesized that C/EBPa
regulates the genes required for normal repair of the terminal
bronchiolar epithelium after injury in the adult lung.

In the present study, we demonstrated that C/EBPa regulates
the protease/antiprotease balance in terminal bronchiolar epithe-
lial cells after naphthalene injury. Intratracheal treatment with
a serine protease inhibitor (bovine pancreatic trypsin inhibitor;
BPTI) restored the ciliated cell differentiation required for nor-
mal regeneration of the bronchiolar epithelium.

MATERIALS AND METHODS

All study protocols were approved by the Institutional Animal Care and
Use Committee at Cincinnati Children’s Hospital Research Foundation.

Transgenic Mice

All transgenic mice were maintained in a mixed C57/BL6 and FVB/N
genetic background. Scgblal-rtTA™-line-2 mice were bred to
(1etO),CMV-Cre'¥"8|Cebpa’™°* mice to generate Scgblal-rtTA™8/
(tetQ),CMV-Cre "8/Cebpa™°* mice. These mice were bred to
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(tet0),CMV-Cre'®"8/Cebpa’™*/1°* mice to generate triple-transgenic
Scgblal-rtTA”®/(tetOQ),CMV-Cre'®"8|Cebpa % mice (here termed
Cebpa®? mice) (15). Littermate (tetO),CMV-Cre'®"8|Cebpa’™¥/fox
mice were used as controls. Doxycycline (625 mg/kg; Harlan Teklad,
Madison, WI) was given in the chow to the dams starting on Embryonic
Day 0 to Postnatal Day 14. Doxycycline was provided to the fetuses and
newborn animals via placental transfer and milk, respectively (18).

Rosa26R'®"¢ mice were bred to Cebpa™® mice to generate
Scgblal-rtTA™"8/(tetOQ),CMV-Cre™"8|Rosa26R™"¢|Cebpa/™°*  mice
(Rosa—Cebpa™™® mice) and littermate Scgblal-rtTA™®/(tetO),CMV-
Cre™"8/Rosa26R™"¢/Cebpa™" mice (Rosa—control mice). Chow con-
taining doxycycline was given to the 5-week-old Rosa—Cebpa™” and
Rosa—control mice for 3 weeks.

Laser-Capture Microdissection and RNA
Microarray Analysis

The terminal bronchiolar epithelial cells, in an approximately 200-pm
section of airway starting from the bronchoalveolar duct junctions,
were isolated by laser-capture microdissection (LCM) from mice (19)
at 0, 3, and 72 hours after naphthalene injection. The samples were
pooled for each mouse (n = 5 mice/group), and the total RNA was
isolated. The mRNA microarray was performed in the Cincinnati
Children’s Hospital Medical Center Microarray Core on the three
samples with the highest-quality RNA (n = 3 mice/group). Genotype-
and time-dependent mRNA expression was assessed by ANOVA,
using as thresholds of expression P < 0.01 and fold change greater
than or equal to 1.5 (15) (detailed methods are presented in the
online supplement). The total RNA was also used for RT-PCR (see
Table E1 in the online supplement).

Protease Activity

Caseinolytic protease activity was measured in the supernatants of lung
homogenates (detailed methods are provided in the online supplement).

Kallikrein activities in frozen lung sections were studied by in situ
zymography as described previously (20). Briefly, frozen lung sections
were incubated with buffer, EDTA (10 mM), or BPTI (10 mg/ml) at
37°C for 1 hour, followed by incubation with D-Val-Leu-Arg-7- amino-
4-methylcoumarin (1 mM in 200 mM Tris, pH 8.2; Sigma Chemical Co.,
St. Louis, MO) at 37°C for 1 hour. The slides were washed with 1%
Tween-20 and mounted with water. The fluorescence of amino-4-
methylcoumarin signals was detected by a Zeiss Imaging Microscope
(Carl Zeiss Microimaging, Thornwood, NY), using the same exposure
time for all samples. The fluorescence of terminal bronchiolar
epithelial cells was evaluated using Image J software (National Insti-
tutes of Health, Bethesda, MD). The signal intensity was converted to
a serial rainbow color image, ranging from background (black) to high
kallikrein activity (red).

Methods for the RT-PCR, immunohistochemistry, X-gal staining
(21), mitotic index, Scgblal® cell isolation (22), and administration
of naphthalene (23, 24), BPTI (25), and EDTA to mice are provided
in the online supplement.

Statistical Analysis

Data are expressed as the means = SEM. Statistical analysis was
performed using StatView, version 5 (SAS Institute, Cary, NC).
Comparisons between two groups were performed according to the
Mann-Whitney U test. For multiple comparisons, ANOVA was used,
followed by the Bonferroni post hoc test for significance.

RESULTS

Conditional Deletion of Cebpa in the
Respiratory Epithelium

To generate Cebpa™® mice, the rtTA system was applied to

control Cebpa expression in mice (26), using the Scgblal gene
promoter. In this transgenic murine line, the Scghblal promoter
directs the expression of rtTA in Clara cells on Embryonic Days
16-17 and in a subset of ATII cells after birth (27). Thus, in the
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Cebpa®™ mice, the deletion of Cebpa occurred in the Clara cells
from Embryonic Days 16-17 of gestation, and in subsets of
ATII cells after birth. In contrast to the SP-C-rtTA Cebpa ™™ mice
that died at birth from pulmonary immaturity and respiratory fail-
ure (14), Cebpa was not deleted from the fetal ATII cells in the
Scgblal-rtTA Cebpa™®™ mice, and lung development was normal.

In a previous study, analyses of littermate controls lacking ei-
ther the 7tTA or Cre genes identified no genotype-related differ-
ences (15). In the present study, Cebpa”**/"~ littermates lacking
rtTA served as the control mice. The control lungs were normal,
and the lung structure and expression of Cebpa mRNA in the
lungs were similar to those of wild-type C57/BL6 mice (control
mice, 1.00 = 0.02; C57/BL6 mice, 1.01 = 0.08; n = 5/group). In
the control lungs (Figure 1A), immunohistochemical and immu-
nofluorescence staining for the C/EBPa protein was detected in
Scgblal™ cells (Figure 1C), pro-SP-C—positive ATII cells (Fig-
ure 1E), and alveolar macrophages (Figure 1A, arrow). Similar
to a previous study (28), the C/EBPa protein was not detected
in the FoxJ1" ciliated cells (Figure 1D). A substantial loss of
C/EBPa staining was observed in the Scgblal™ cells and the
ATII cells of Cebpa®™ mice (Figure 1B). As expected because
of the specificity of the Scgblal gene promoter, C/EBPa stain-
ing was not altered in alveolar macrophages (Figures 1A and
1B, arrow). In the terminal bronchiolar epithelial cells isolated
by LCM, the level of Cebpa mRNA was lower than in whole
lungs (Figure 1F) in the Cebpa™ mice, which is likely related
to the expression of C/EBPa in alveolar macrophages. Using
Western blot analysis, C/EBPa was shown to be decreased in
the Scgblal™ cells isolated from Cebpa™* mice (Figure 1G)
compared with control mice.

In a previous study, we demonstrated that Cebpa™™ mice were
normal under unstressed conditions, with no apparent abnormal-
ities detected by either light or electron microscopy of lung tissue,
including ATII cells (15). Likewise, the surfactant lipid metabo-
lism and lung mechanics were normal, and the concentrations of
proinflammatory cytokines (IL-1B, IL-6, and macrophage inflam-
matory protein-2) in Cebpa®” lungs were low (15). Consistent
with these previous findings, the composition and number
of terminal bronchiolar epithelial cells (Figure 2B, Day 0) and
the expression of protease genes (Figure 4, 0 h) were similar in
the control and Cebpa™”? mice under unstressed conditions. The
Cebpa™™ mice were morphologically indistinguishable from the
control mice at 18 months of age (Figures 1H-1K). The long-
term deletion of Cebpa (18 months; Figures 1J and 1K) did not
influence Scgblal staining in the lungs of Cebpa®” mice (Figure
1I). In summary, under unstressed conditions, C/EBP« is not
required for the maintenance of lung structure, lung function,
or Scgblal expression, and the Cebpa™” mice had a normal
lifespan.

Cell Recovery after Naphthalene-Induced Injury

To investigate the role of C/EBPa in the regeneration of ter-
minal bronchiolar epithelial cells after injury, 9-week-old mice
received an intraperitoneal injection of naphthalene (23, 24).
No gender-related differences were evident regarding sensitiv-
ity to naphthalene in the Cebpa®” mice. Therefore, both male
and female mice were used in this study. The expression of
Cebpa in terminal bronchiolar epithelial cells isolated by
LCM was evaluated using an mRNA microarray (see Figure
E1A in the online supplement) and RT-PCR (Figure E1B).
The amount of Cebpa mRNA was more than threefold higher
in control mice compared with CebpaA/ A mice, both before and
after naphthalene injection. The Cebpa mRNA in Cebpa”™
mice showed no further alterations attributable to naphthalene
injury. Destruction of the terminal bronchiolar epithelial cells
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Figure 1. Conditional deletion of CCAAT/enhancer binding protein—a (C/EBPa) from the respiratory epithelium. Immunohistochemical staining for
C/EBPa in lung tissues from 9-week-old control mice (A) and CebpaA/A mice (B) is shown. C/EBPa was deleted from the airway epithelial cells in
Cebpa”’* mice. Alveolar macrophages (arrows) are stained for C/EBP« in both the control and Cebpa®’* mice. (C) In control mice, C/EBPa (red) was
expressed in the Scbgla1-positive (green) cells and ATII cells (E) (pro-SP-C—positive, green) but not in the Fox]1-positive (green) ciliated cells (D). (C,
D, and E) DAPI (4',6-diamidino-2-phenylindole) staining of the reagent bound to DNA (blue). (F) Quantitative RT-PCR analyses of Cebpa mRNA in
the whole lung and terminal bronchiolar epithelial cells isolated by laser-capture microdissection (LCM). The Cebpa mRNA was significantly
decreased in Cebpa”’® terminal bronchiolar epithelial cells of the Cebpa®”* mice compared with the whole lung. This likely represents the residual
expression of C/EBPa in alveolar macrophages. (G) Western blot analysis was used to assess the expression of C/EBPa protein and B-actin in isolated

Scgblal™ cells. C/EBPa was decreased in Scgblal™ cells from Cebpa®’
18-month-old control and Cebpa™”

mice. Immunostaining for Scgblal (H and /) and C/EBPa (/ and K) in
mice is shown. Scgblal expression and lung structure were not influenced by the long-term deletion of Cebpa.

Scale bars, 100 um; insets, 10 um (n = 4/group). *P < 0.05 versus control mice, according to ANOVA.

peaked at 48 hours after the naphthalene injection, and the ter-
minal bronchiolar epithelial cells could not be isolated by LCM
for mRNA analyses. The acute recovery of C/EBPa-positive cells
in the terminal bronchioles of control mice after naphthalene
injury was performed using immunohistochemistry (Figure E1C).

The nonciliated (Scgblal™) and ciliated (FoxJ17) cells in the
200-pm terminal bronchioles were evaluated by immunohisto-
chemistry after naphthalene injury (Figure 2A). A bronchoal-
veolar duct junction is included at the right end in all of the
microphotographs in this study. The numbers of Scgblal™ and
FoxJ1* cells were counted using MetaMorph imaging software
(Universal Imaging, West Chester, PA) (23) (Figure 2B). The
Scgblal™ cells were similarly depleted from both the control
and Cebpa®™ mice on Day 2 after naphthalene injury. During
the recovery period (3-185 d), the number of Scgblal™ cells
increased in Cebpa™” mice faster than in control mice. Likewise,
cell proliferation, as evaluated according to the mitotic index at
the peak of proliferation (3 days after naphthalene treatment),
was higher in the Cebpa®? mice than in control mice (control
mice, 20.4% *+ 0.4%; Cebpa®™ mice, 32.5% * 1.4%; P < 0.01;
n = 3/group). Scgblal™ cells are critical airway progenitor cells
and proliferate after injury, whereas FoxJ1™ cells do not prolif-
erate (29). The terminal bronchiolar Scgblal™ cell proliferation
was increased by the deletion of Cebpa, a finding consistent with
previous studies demonstrating that C/EBPa inhibited cell pro-
liferation in adipocytes (30). The FoxJ1* cells were decreased on

Day 2, reflecting squamous metaplasia in both the control and
Cebpa™™ mice (Figure 2B). In control mice, FoxJ1* cells were
detectable from Day 3, reflecting the restoration of the cuboidal
epithelium. The deletion of C/EBPa impaired FoxJ1™ cell recov-
ery after injury, and the number of FoxJ1™ cells in Cebpa™™ mice
was reduced by 50% compared with control mice throughout the
recovery period.

Ciliated cells become squamous within hours after naphthalene
injury, and spread beneath injured Clara cells to maintain the in-
tegrity of the bronchiolar epithelium (12). To better assess the
transformation of FoxJ1* cells after naphthalene injury, mice
expressing a FoxJl-enhanced green fluorescent protein (eGFP)
tag (FoxJ1-eGFP mice; Jackson Laboratory, Bar Harbor, ME)
were injected with naphthalene. The ciliated cells were identified
by FoxJ1 immunohistochemistry before injury (Figure E1D). Two
days after injury, the ciliated cells were difficult to detect by im-
munohistochemistry, but were readily visualized by eGFP, sug-
gesting a lower sensitivity of the immunohistochemistry. The
decreased staining for FoxJ1™ cells in Cebpa ™ mice after injury
likely reflects a delayed recovery from squamous to cuboidal cells,
and an altered differentiation from Scgblal™ cells to FoxJ1" cells.

Rosa-Cebpa’* Mice

To assess cell lineage during repair, Clara cells were labeled us-
ing the conditional expression of Cre-recombinase under control
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Figure 2. C/EBP« is required for the regeneration of the terminal bronchiolar epithelia and the reestablishment of column-ciliated cells after injury.
(A) Scgblal and Fox]1 staining of the terminal bronchiolar epithelium is shown before (Day 0) and after (Days 2, 5, and 14) naphthalene injury.
Bronchoalveolar duct junctions are included at the right end in the microphotographs. Scgb1a1™ cells were depleted after naphthalene injury, and
recovered in both the control and Cebpa®”* mice. Fox]1* cells were decreased in the Cebpa”’* mice after naphthalene injury. Scale bars, 50 pm;
insets, 20 wm. (B) The numbers of Scgblal-stained and Fox]1-stained cells lining 200 pm of the terminal bronchiolar epithelium from the
bronchoalveolar duct junction were counted in the control and Cebpa®”* mice from 0-185 days after naphthalene injury. The Scgblal*-stained
cells were increased by the deletion of Cebpa. The deletion of C/EBPa significantly decreased the number of Fox)1* cells after naphthalene injury,

and the cells did not recover. *P < 0.05 versus control mice, according to the Mann-Whitney U test (n = 4/group).

of the Scgblal promoter to recombine the Rosa26 floxed locus,
and were then treated with naphthalene (Figure 3). The mice
(at 5 weeks of age) were treated with doxycycline for 3 weeks.
FoxJ1/LacZ double-positive cells were not detected before injury
(Figure 3, Day 0), but were detected in the Rosa—control mice on
Day 5 after naphthalene treatment, which is consistent with the
differentiation of naphthalene-resistant (labeled) progenitor
cells into ciliated cells after injury. In contrast, the FoxJ1/LacZ
double-positive cells were markedly decreased in the Rosa—
Cebpa™™ mice, indicating a decreased differentiation to ciliated-
cells (Figure 3).

Microarray Analyses

Terminal bronchiolar epithelial cells isolated by LCM were used
for the mRNA microarray. The complete dataset has been sub-
mitted to the Gene Expression Omnibus (GEO Accession Num-
ber GSE29285). Using the 0-hour control samples as a common
reference, nRNAs that were influenced by the deletion of Cebpa
in terminal bronchiolar epithelial cells were identified. The heat
map represents the average intensity of the differentially
expressed genes (n = 3 mice/group) after 0, 3, and 72 hours of
naphthalene treatment relative to the mean of the 0-hour con-
trol mice (P < 0.01, and fold change = 1.5; Figure E2A). The
heat map of the differentially expressed genes at 72 hours after

naphthalene injury in each Cebpa™® mouse relative to the
mean of the 72-hour control mice is shown in Figure E2B, dem-
onstrating the consistency of the microarray analyses among the
three mice in each group. The total number of mRNAs that
were changed in comparison with the control group at 0 hours

FoxJ1
Control Cebpa?4
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Figure 3. Lineage tracing by the colocalization of Fox]1 (red) and LacZ
(green) in the Rosa—Cebpa”* mice on Day 5 after naphthalene injury. In
the Rosa—control mice terminal bronchioles, Fox]1/LacZ double-positive
cells were detected 5 days after naphthalene injury (arrows). Double-
positive cells were rarely seen in the Rosa—Cebpa®”? mice 5 days after
naphthalene injury, demonstrating decreased cell differentiation of the
progenitor cells to ciliated cells. Scale bars, 20 um (n = 3/group).



458

TABLE 1. ANTIPROTEASE GENES WERE UP-REGULATED AT
72 HOURS AFTER NAPHTHALENE INJURY IN CONTROL MICE BUT
NOT IN CEBPa””* MICE

Cebpa®”™ Mice
at 72 h/Control

Control Mice at
72 h/Control at

oh Miceatoh  Cebpa Binding
Site*

AffylD Gene Ratio  PValue Ratio P Value

10587383  Cd109 2.3 1.50E-02 ns 3
10356520 Col6a3 1.9  5.72E-04 ns 2
10476915  Cst8 1.6  1.69E-02 —1.3 0.04 1
10533085  Pebpl 1.7 2.44E-02 ns

10379727 Gm11428 3.9  1.99E-03 ns

10489463  Sipi 20 8.19E-03 ns 3
10606928  Serpina7 1.9  2.65E-02 ns 2
10398075  Serpina3n 3.6 3.21E-03 ns 2
10408600  Serpinb6éa 1.6  7.17E-03 ns 4
10455395  Spink5 9.5 1.82E-04 ns 3
10598976  Timp1 3.4 4.94E-03 ns 1
10455647  Tnfaip8 1.5  1.41E-02 1.2 0.02 2

Definition of abbreviations: C/EBPa, CCAAT/enhancer binding protein-a; ns,
not significant.

* Cebpa binding sites were searched in a 600-base-pair promoter region of the
genes induced at 72 hours after naphthalene injury in the control mice but not in
the Cebpa®™ mice, as determined using Matlnspector (Gienomatrix Software
GmbH, Munich, Germany).

is presented in Figure E2C. A large number of mRNAs were
induced 72 hours after naphthalene treatment in the con-
trol mice, although the same genes were unchanged in the
Cebpa™™ mice. Gene ontology analysis of the mRNAs demon-
strated that the most abundantly induced genes in the control
mice at 72 hours were related to cell death (23%), cellular
growth and proliferation (20%), and the cell cycle (13%).
The most enriched biological processes at 72 hours in the
control mice were “cell cycle, M phase” (P = 1.34E-16),
“microtubule-based process” (P = 3.02E-06), and “angiogene-
sis” (P = 9.66E-04). The most enriched molecular functions
were “microtubule motor activity” (P = 4.07E-04) and “pepti-
dase inhibitor activity” (P = 1.17E-03) (Figure E2D). Neither
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“angiogenesis” nor “peptidase inhibitor activity” was induced in
Cebpa™™ mice at 72 hours.

Antiprotease Genes

The mRNAs in the “peptidase inhibitor activity” cluster were
enriched with antiproteases, including Spink5, Serpina3n, Ser-
pina7, Timpl, and Slpi, and the majority of the corresponding
genes contain C/EBPa binding sites (Table 1). The dynamic
expression patterns of mRNAs encoding antiproteases and pro-
teases were confirmed by quantitative RT-PCR (Figure 4) of
the terminal bronchiolar epithelial cells collected by LCM.
Among these, Spink5 (serine peptidase inhibitor) was the most
significantly altered gene in the control mice. Spink5 was in-
duced (9.5-fold increase in the microarray, and 27-fold increase
in RT-PCR) at 72 hours after naphthalene injury in the control
mice. In contrast, Spink5 expression was unchanged across all
time points in Cebpa™” mice (Figure 4A). The Spink5 gene
encodes the lymphoepithelial Kazal-type-related protease in-
hibitor (LEKTTI) that inhibits kallikrein, trypsin, plasmin, sub-
tilism A, cathepsin G, and elastase in vitro (20). Spink5
expression was significantly decreased by the deletion of Cebpa
(Figure 4A, Spink5 at 0 hours). However, in the absence of
stress, the Spink5 deficiency was not associated with any path-
ological changes. Conserved C/EBPa binding sites are present
in the Spink5 gene promoter (~ 400 base pairs upstream of the
transcription start site) in the human, mouse, rat, monkey, and
chicken genomes, suggesting that Spink5 may be a direct tran-
scriptional target of Cebpa.

Protease Activity

Increased protease activity after injury has been shown to play
arole in the pathogenic processes leading to airway tissue remod-
eling (31). The caseinolytic protease activity was comparably
low in both the control and Cebpa™™ murine lungs before the
naphthalene injection (Figure SA). Although caseinolytic activ-
ity remained unchanged in control mice, it increased by 60% in
Cebpa®” murine lungs 3 days after naphthalene injury. Kalli-
krein activity was assessed in the terminal bronchiolar epithelial

A Spink5 Serpina3n Timp1 Cstb Sipi Figure 4. C/EBPa influences the expres-
& 30 10 10 1 10 10 - M Control s?on of.anFiprotease's fjullring repair. “Pep-
¥ o | P tl.das.e. inhibitor activity” was one Qf the
& 8 8 8 8 g significantly enriched functionalities of
< 201 the mRNAs induced at 72 hours in the
Z 6 T 6 6 6 control mice, but not in the Cebpa”’
E 15] mice, as assessed by mRNA microarray.
2 10 " R 41 4 41 Quantitative RT-PCR was performed on
5 = 2 ” . - the mRNAs from the terminal bronchiolar
® s L epithelial cells collected by LCM. (A) The
. 2 o 04 g jl,_tl_,_h n M serine protease inhibitor (Spink5, Ser-
0 3 72 0 3 72 0 3 72 0o 3 72 0 3 72 (h) pina3n, and Slpi) and cysteine protease
inhibitor (Cstb) mRNAs were significantly
B Dpep2 Ctsk Lgmn Mmp14 Mmp2 increased in control mice compared with
10 10 - 10 - 10 10 1 Cebpa®® mice 72 hours after injury.
£ Spink5 mRNA was most significantly
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Figure 5. Increased protease activity in
Cebpa®® mice after injury. (A) Caseino-
lytic protease activity was assessed on the
supernatants of the lung homogenates
harvested 3 days after naphthalene in-
jury. Protease activity was significantly in-
creased in the Cebpa®” mice 3 days after
naphthalene injury. The addition of bo-

vine pancreatic trypsin inhibitor (BPTI)

Day 0 Day3 Dg);.?; Délg.?; decreased the protease activity in the

lungs of Cebpa™” mice to low levels.

B EDTA, an inhibitor of matrix metallopro-
Day 0 Day 3 Day 3 + BPTI teinases (MMPs), did not influence the

Control

Cebpa?™

Day 3 + EDTA

+  increased protease activity in Cebpa”/”

mice. *P < 0.01, versus Day 0 Cebpa™’
murine lungs. In situ zymography for kal-
likrein activity is shown in the terminal
bronchioles of the control and Cebpa“’?
mice. (B and C) The lower columns repre-
sent bright-field images. The color gradi-
ent from black to red represents kallikrein
activity. On Day 0, kallikrein activity was
comparably low (blue) in the terminal bron-
chiolar epithelial region of the control and
Cebpa*”* mice. In contrast to control mice,

Control
7/

kallikrein activity was increased in Cebpa”*
mice on Day 3 after injury (green to red) in
the terminal bronchiolar epithelium, and
the addition of BPTI (Day 3 + BPTI) de-
creased the kallikrein activity. The addition
of EDTA did not influence kallikrein activity

(Day 3 + EDTA). Scale bars, 50 pm. (C)

Cebpa4

Microphotographs of terminal bronchioles
at higher magpnifications demonstrate the
sites of protease activity in the terminal
bronchiolar epithelial cells at 0 and 3 days
after naphthalene injury. For all micropho-

Cebpad4

tographs, the bronchoalveolar duct junc-
tions are at the right end. Scale bars,
20 pm.

region by in situ zymography (Figures 5B and 5C). Three days
after the naphthalene-induced injury, kallikrein activity was in-
creased in the Cebpa”™ mice (Figures 5B and 5C, green to red),
but changes in the control mice were minimal (Figures 5B and
5C, green). The cellular sites of increased kallikrein activity in
the terminal bronchiolar epithelial cells were identified using
higher-magnification microphotographs (Figure 5C).

Degradation of Fibronectin by Protease

Degradation of the extracellular matrix (ECM), including fibro-
nectin, as caused by increased protease activity, is a significant
component of chronic pulmonary disease (31). Fibronectin is
known to increase after injury, including naphthalene injury,

and is associated with the release of cellular growth factors
and wound healing (32, 33). Increased concentrations of fibro-
nectin were detected by immunohistochemistry 3 days after
naphthalene injury in control mice (Figure 6A). In contrast,
no increase in fibronectin was evident in the Cebpa®” mice after
injury. These data support the concept that the increased pro-
tease activity in Cebpa®” mice enhanced the degradation of
fibronectin during the repair process.

Ex Vivo and In Vivo Treatment of BPTI

BPTI is a serine protease inhibitor with activity similar to that of
LEKTI (34). The associations between increased protease ac-
tivity in Cebpa™® mice and the delayed recovery of terminal
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Figure 6. C/EBPa is required for fibronectin deposition during terminal
bronchiolar repair. (A) On Day 3 after naphthalene injury, fibronectin
deposition was detected in the terminal bronchioles of the control mice
but not the Cebpa®’* mice. Scale bars, 50 pm; for the higher magpnifi-
cations in the lower columns, 10 um. The negative control was a murine
lung with an isotype-specific control antibody. (B) Intratracheal (i.t.)
treatment with BPTI 2 days after naphthalene injury prevented the
degradation of fibronectin deposition in Cebpa”* mice. Bronchoalveo-
lar duct junctions are at the right end (n = 3/group).

bronchiole epithelial cells after injury was studied ex vivo and
in vivo using BPTI. The addition of BPTI to lung homogenates
from Cebpa™* mice decreased caseinolytic activity on Day 3
after naphthalene treatment (Figure 5A, Day 3 + BPTI). In
contrast, the inhibition of matrix metalloproteinases (MMPs)
by the addition of EDTA did not alter protease activity (Figure
5A, Day 3 + EDTA). These results suggest that the increased
protease activity in the injured bronchioles of Cebpa™” mice
was primarily related to serine proteases rather than MMPs.
Kallikrein activity was evaluated on cryosections of lung tissue
prepared 3 days after naphthalene treatment and incubated in
the presence or absence of BPTI for 1 hour. The BPTI mark-
edly decreased the kallikrein activity (blue) in the terminal
bronchioles of Cebpa®™ mice (Figure 5B, Day 3 + BPTI).

To demonstrate the efficacy of antiserine protease treatment
during the repair of terminal bronchiolar epithelial cells, BPTI
was intratracheally administered to the Cebpa™®? and control
mice daily, beginning 2 days after naphthalene injection. Fibro-
nectin deposition in the Cebpa®* mice was restored by an intra-
tracheal instillation of BPTI, resulting in increased fibronectin
staining by Day 3 after naphthalene injection (Figure 6B). BPTI
also increased the number of ciliated cells (FoxJ1") in the ter-
minal bronchiolar epithelium on Day 5 after naphthalene injury
(Figures 7A and 7B). In the Cebpa®™ mice, the total number of
terminal bronchiolar epithelial cells was similar both before
and after BPTI treatment (data not shown). However, the
number of Scgblal™ cells was decreased by BPTI treatment

(P < 0.05; Figures 7A and 7B), whereas the number of FoxJ1™*
cells increased.

Intratracheal BPTI injection also restored FoxJ1/LacZ
reactive cells in the Rosa—Cebpa™ mice on Day 5 after naph-
thalene injury (Figure 7C). Of the total FoxJ1" cells, the per-
centage of FoxJ1/LacZ double-positive cells was 55.2% = 5.7%
in the Rosa—control mice, 12.0% = 1.7% in the Rosa—Cebpa™™
mice, and 40.9% * 9.6% in the Rosa—CebpaA/A mice treated
with BPTL. Overall, the deletion of Cebpa in the respiratory
epithelium resulted in increased serine protease activity after
injury, which in turn inhibited the normal increase of fibronectin
and the regeneration of normal ciliated cuboidal epithelium.

DISCUSSION

Many of the concepts regarding lung-cell differentiation and pro-
liferation after injury are derived from developmental studies. The
present study demonstrated that C/EBPa, a transcription factor
critical for perinatal lung maturation, regulates a large number of
genes required for the repair of bronchiolar epithelium after in-
jury. We included mRNAs related to cell death, cellular prolifer-
ation, and the cell cycle. Among all of the mRNAs identified, the
expression of the serine peptidase inhibitor Spink5 was altered
to the greatest extent in the Cebpa™™ mice compared with control
mice. The present study demonstrated that Cebpa regulates the
protease/antiprotease balance after airway injury, thereby enhanc-
ing the recovery of ciliated cells lining the terminal bronchiole
(summarized in Figure E3).

The lung-specific postnatal deletion of Cebpa did not alter lung
morphology and function under unstressed conditions. In the
present study, we used a well-established model of naphthalene
injection to induce airway epithelial cell injury. Naphthalene is
converted to a toxic epoxide in Scgblal™ cells, destroying the
naphthalene-sensitive Scgbla™ cells and leaving progenitor cells
(naphthalene-resistant Scgblal™ cells) (29, 35) and ciliated cells
that undergo squamous metaplasia. The deletion of C/EBPa in
murine lungs impaired the recovery of the ciliated cells after
naphthalene injury. Microarray and RT-PCR analyses of the ter-
minal bronchiolar epithelial cell RNA demonstrated that prote-
ase genes were up-regulated after naphthalene injury in both the
control and Cebpa™ mice. In contrast, the postinjury induction
of a number of antiprotease genes, particularly serine protease
inhibitors, was significantly increased only in control mice. The
induction of serine protease inhibitors was blocked and prote-
ase activity was increased in the bronchioles of CebpaA/A mice,
resulting in decreased fibronectin deposition and impaired recov-
ery of ciliated cells. The intratracheal injection of the serine pro-
tease inhibitor BPTI increased fibronectin and induced ciliated
cell regeneration in the naphthalene-injured Cebpa™” lung.

The ECM is composed of basement membrane collagens, inter-
stitial collagens, various proteoglycans, and fibronectin. In addition
to providing support and anchorage for cells, segregating tissues
from one another, and regulating intercellular communications,
the ECM also acts as a local depot for a wide range of cellular-
growth factors (36). The ECM, particularly fibronectin (32), is
markedly increased after tissue injury, and cellular growth fac-
tors are released from the ECM. This allows the rapid and local
growth factor-mediated activation of cell regeneration without
de novo synthesis (37). The serine protease kallikrein is known
to cleave fibronectin-binding sites on cell surfaces, inhibiting cell
adhesion in vitro (38, 39). Thus, the formation of fibronectin is
essential for wound healing (35). The critical role of the ECM in
the repair response to naphthalene injury was shown previously
(33). The present study demonstrated that C/EBPa maintains
a protease/antiprotease balance in the injured lung, thereby pro-
moting fibronectin deposition and the re-epithelization of airways.
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Figure 7. Intratracheal treatment with
BPTI restored Fox|1* cells in vivo. (A) Im-
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the number of FoxJ1* and Scgblal™
cells. In Cebpa”” mice, the proportion
of Scgblal-stained cells decreased after
an intratracheal injection of BPTI, consis-
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Under normal conditions, the turnover of cells in the lung is
quite slow and requires several months (7, 11, 40). Because of
their permanent contact with the external environment, airway
epithelial cells are at risk of injury and are able to respond
through rapid cell proliferation and differentiation during repair
(10, 12). Although the present study was limited to terminal
bronchiolar cells and the study period was limited to 185 days
after injury, the delayed and incomplete recovery of these cells
after injury may contribute to the pathogenesis of chronic
pulmonary diseases, including chronic obstructive pulmonary
disease, asthma, chronic bronchiolitis, and bronchopulmonary
dysplasia. The protease/antiprotease imbalance is central to the
pathogenic process in these diseases. Most of the studies inves-
tigating the association between the protease/antiprotease im-
balance and chronic lung disease have focused on alveolar
injury, in which alveolar macrophages and neutrophils comprise
the main sources of proteases, including MMP-12, MMP-8, and
cathepsins S and L (31, 41). The ability of MMP inhibitors to
restore lung architecture after alveolar injury has been experi-
mentally demonstrated (42). In contrast, injury to the bronchi-
olar epithelium, caused by naphthalene or sulfur mustard, was
amenable to treatment with serine protease inhibitors. Treat-
ment with an MMP inhibitor or antioxidant was not effective in
the repair of bronchiolar injury caused by sulfur mustard (43),
or in the repair of naphthalene-injured lungs in Cebpa™ mice.
MMPs are induced by alveolar injury, whereas bronchiolar in-
jury is associated with increased serine proteases.

The Notch signaling pathway plays a critical role in the differ-
entiation of bronchiolar epithelial cells in the developing lung (44),
and regulates cell regeneration after injury in the adult lung (45,
46). However, the deletion of Cebpa did not alter the Notch sig-
naling pathway. The expressions of the genes in the Notch signal-
ing pathway, including Jagl, Jag2, DIli, Notchl, Notch2, Notch3,

Day5 Day5+

tent with the increase in Fox]1*-stained
cells. *P < 0.05 versus Day 5 + Saline,
according to ANOVA (n = 4/group). (C)
Intratracheal treatment with BPTI in-
creased the double-positive (Fox|1, red;
Lac Z, green) cells in the terminal bron-
chioles of Rosa—Cebpa”’* mice, support-
ing the concept that BPTI restored the
regeneration of ciliated cells in Rosa-
CebpaA/A mice. Scale bars, 20 um (n =
3/group).

Day 5 +
Salinei.t. BPTIi.t.

Notch4, Hesl, Hes2, Hes5, Heyl, and Hey2, were similar in the
control and Cebpa®™ mice at 0, 3, and 72 hours after injury (Fig-
ure E4). Thus, the altered ciliated cell regeneration in Cebpa”™
mice was unlikely attributable to impaired Notch signaling.

Of the eight Clara-cell maturation markers evaluated, four
mRNAs (Cldnl0, Aox3, Fmo3, and Ponl) (47) were down-
regulated (= 1.5-fold) in the terminal bronchiolar epithelial cells
of Cebpa™™ mice compared with control mice at 0 hours, suggest-
ing that the deletion of Cebpa may influence Clara-cell maturation
(Table 2). However, as shown in Figure 2B, the recovery of
Clara cells after naphthalene injury was not delayed in Cebpa™?
mice.

Previous studies on the role of C/EBPa in the regulation of
Scgblal™ expression were controversial. In vitro studies demon-
strated a requirement for C/EBPa binding to the Scgblal promoter
for gene expression in cell lines and isolated Scgblal ™ cells (28, 48).
In contrast, a recent in vivo study (49) demonstrated that inter-
ference of the promoter-binding ability of C/EBP did not alter
Scgblal expression in the lung. In the present study, the expression
of Scgblal in the lung was not influenced by the long-term (18-mo)

TABLE 2. CLARA-CELL MATURATION MARKERS WITH = 1.5-FOLD
CHANGE OF mRNA EXPRESSION

Gene Cebpa”’® Mice at 0 h vs. Control Mice at 0 h
Cyp2f2

Cldn10 -1.6

CesT

Gabrp

Aox3 -2.0

Fmo3 -1.9

Scgb3a2

Ponl -3.8




462 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 47 2012

deletion of C/EBPa, consistent with the hypothesis that C/EBPa
does not regulate Scgblal expression in vivo.

C/EBPa activity may decrease with aging (30) and in dis-
eases of the lung, including asthma (50). The present study
demonstrated that C/EBPa plays a role in increasing the expres-
sion of serine protease inhibitors and maintaining the protease/
antiprotease balance after terminal bronchiolar epithelial cell
injury. Treatment with serine protease inhibitors provides a po-
tential therapeutic strategy to accelerate the recovery from
bronchiolar epithelium injury and prevent airway diseases.

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