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Rationale: Bronchopulmonary dysplasia (BPD) continues to be a
major morbidity in preterm infants. The lung pathology in BPD is
characterized by impaired alveolar and capillary development. An
imbalance between proteases and protease inhibitors in association
with changes in lung elastic fibers has been implicated in the patho-
genesis of BPD.
Objective: To investigate the expression and activity levels of papain-
like lysosomal cysteine proteases, cathepsins B, H, K, L, S, and their
inhibitors, cystatins B and C, in a baboon model of BPD.
Methods: Real-time reverse transcriptase–polymerase chain reac-
tion, immunohistochemistry, immunoblotting, active site labeling
of cysteine proteases, and in situ hybridization were performed.
Measurements and Main Results: The steady-state mRNA and protein
levels of all cathepsins were significantly increased in the lung tis-
sue of baboons with BPD. In contrast, the steady-state mRNA and
protein levels of two major cysteine protease inhibitors, cystatin B
and C, were unchanged. Correlating with these alterations, the
activity of cysteine proteases in lung tissue homogenates and bron-
choalveolar lavage fluid was significantly higher in the BPD group.
The levels of cathepsin B, H, and S increased and cathepsin K de-
creased with advancing gestation. All cathepsins, except for cat K,
were immunolocalized to macrophages in BPD. In addition, cathep-
sin H and cystatin B were colocalized in type 2 alveolar epithelial
cells. Cathepsin L was detected in some bronchial epithelial, endo-
thelial, and interstitial cells. Cathepsin K was localized to some
perivascular cells by in situ hybridization.
Conclusions: Cumulatively, these findings demonstrate an imbalance
between cysteine proteases and their inhibitors in BPD.
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Bronchopulmonary dysplasia (BPD) was originally described in
1967 as a chronic pulmonary disease that developed in premature
infants who were treated with prolonged ventilation and 80 to
100% O2 (1). The lung pathology in classic BPD was character-
ized by widespread bronchial and bronchiolar disease with fi-
broproliferative changes, smooth muscle hyperplasia, and alter-
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nating areas of emphysema with atelectasis (1, 2). Since the
original description of BPD, major advances in neonatology have
significantly improved the care and survival rates of very low
birth weight infants (birth weight � 1,500 g). Despite these
advances, a milder form of the classic BPD, “new BPD,” contin-
ues to be a significant morbidity of premature infants (3, 4).
Lung pathology in new BPD is markedly different than in the
old BPD and is primarily characterized by impaired alveolar
and capillary development (5). Approximately 25 to 30% of very
low birth weight infants develop the new BPD (6, 7). Subse-
quently, these infants are more likely to have impaired growth,
abnormal neurodevelopment, reactive airway disease, and respi-
ratory infections requiring hospitalization (8–10).

The pathogenesis of BPD is multifactorial and incompletely
understood. Lung immaturity, barotrauma/volutrauma, oxygen
toxicity, and inflammation are well-recognized risk factors (3,
11, 12). An imbalance between proteases and protease inhibitors
also has been implicated in the pathogenesis of BPD (12). Nu-
merous studies in human infants with the classic BPD have
shown increased elastase and decreased elastase inhibitory activ-
ity in the airway secretions (13–16). Elastin, the target molecule
of elastolytic enzymes, is an important structural component
of the lung. In elastin-deficient mice, impaired terminal airway
branching is accompanied by fewer and dilated distal air sacs
(17). Abnormal patterns of elastin expression and accumulation
are observed in baboon and lamb models of BPD as well as in
autopsy specimens of infants who died of BPD (16, 18–21).

Thus far, studies that investigated protease–antiprotease im-
balance in BPD have focused on two groups of elastolytic prote-
ases: serine proteases, such as neutrophil elastase (NE) and
trypsin (15, 22), and metalloproteinases (MMPs), such as MMP-2
and MMP-9 (23, 24). Recently, a third group of proteases, the
papain family of cysteine proteases, has been implicated in the
pathogenesis of lung disorders (25). These proteases, cathepsins
(cat) B, H, K, L, and S, play important roles in diverse processes,
some of which are relevant to the pathophysiology of BPD,
such as fibrosis (26), apoptosis (27), and extracellular matrix
remodeling (28, 29). We therefore hypothesized that cysteine
proteases have a role in the development of BPD. As the first
step toward exploring this hypothesis, we characterized the
mRNA and protein expression and cellular distribution of cat
B, H, K, L, and S, and two of their major inhibitors, cystatin
B and C, and determined the activity of cathepsins in a well-
characterized baboon model of BPD (30). The ontogeny of ca-
thepsins and cystatins in the baboon lung between 125 and 185 d
gestation was also characterized. Our findings demonstrate an
imbalance between cysteine proteases and their inhibitors in
BPD. Some of the results of this study have been reported in
the form of an abstract (31).
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METHODS

Animal Model

Frozen and paraffin-embedded baboon lung tissues and necropsy bron-
choalveolar lavage (BAL) samples were provided by the Southwest
Foundation for Biomedical Research (San Antonio, TX). All proce-
dures were approved by the Institutional Animal Care and Use Commit-
tee at the Southwest Foundation for Biomedical Research. Details of
the model have been described previously (30). Briefly, baboons that
were delivered by hysterotomy at 125 d developed characteristic fea-
tures of the new BPD after surfactant (Survanta; Ross, Columbus, OH)
replacement, mechanical ventilation, and “as needed” oxygen treatment
for 14 d (BPD group). Baboons that were delivered at 125 or 140 d
and killed immediately served as the gestational control (GC) animals
(125- or 140-d groups). Another control group consisted of baboons
that were born via natural delivery (ND) at full-term gestation (� 185 d)
and killed 2 to 3 d later.

Isolation of Total RNA and Reverse Transcription

Total RNA was isolated from frozen baboon lung tissues or BAL cell
pellets using TRIzol reagent (Gibco BRL, Rockville, MD). First-strand
cDNA was synthesized from 0.5 �g of RNA using the Superscript
First-Strand Synthesis System (Invitrogen, Carlsbad, CA) following the
manufacturer’s instructions.

Real-Time Polymerase Chain Reaction Analysis

Real-time polymerase chain reaction (PCR) analysis was performed using
Mx4000 Multiplex Quantitative PCR System (Stratagene, Inc., La Jolla,
CA) and the brilliant SYBR Green QPCR Master Mix (Stratagene).
Oligonucleotide primer sequences are provided in Table E1 in the
online supplement. A standard curve was plotted for each primer set
with the critical threshold cycle (Ct) values obtained from amplification
of 10-fold dilutions of cDNA from normal baboon lung tissue. GAPDH
was used as an internal reference to normalize the target transcripts,
and the relative differences were calculated.

Antibodies

The sources and dilutions of antibodies are provided in the online
supplement.

Immunoblotting

Frozen lung tissue samples were homogenized in 10 volumes of phos-
phate buffer, pH 6.8, supplemented with a protease inhibitor cocktail
(1 tablet/100 ml; Roche Applied Science, Indianapolis, IN). Immu-
noblotting was performed under reducing conditions as previously de-
scribed (32). The protein bands were visualized by chemiluminescence
(ECL Western Blotting Analysis System; Amersham Biosciences,
Piscataway, NJ), and quantitated by densitometry with NIH-Image 163.

Active Site Labeling of Cysteine Proteases and
Immunoprecipitation

Active site labeling of cysteine proteases and immunoprecipitation was
performed as previously described (33). Lung lysates or BAL fluid
(BALF) was normalized to total protein and incubated with a biotin-
labeled E-64 analog, JPM565 (gift of H. Ploegh, Boston, MA). Samples
were immunoprecipitated with cat B, H, K, L, or S antibodies, resolved
by sodium dodecyl sulfate–polyacrylamide gel electrophoresis, and visu-
alized by chemiluminescence.

Immunohistochemistry

Immunohistochemistry was performed as previously reported (34).
Antigen retrieval with trypsin–ethylenediamenetetraacetic acid (In-
vitrogen) digestion for 10 min at 37�C was used for cat B and CD68
immunostaining. Isotype-matched antibodies and omission of the pri-
mary antibody served as negative controls.

In Situ Hybridization

A 35S-labeled antisense riboprobe specific for cat K was generated
from a reverse transcriptase–PCR product subcloned into pBluescript

(Stratagene) and in situ hybridization was performed as previously
described (35).

Statistical Analysis

Group data were analyzed with a Mann-Whitney test using SAS version
9.1 (SAS Institute, Cary, NC). Values are expressed as mean � SEM.
A p value of less than 0.05 was considered significant.

RESULTS

Steady-State mRNA Levels of Cysteine Proteases and
Cystatins in BPD

Steady-state mRNA levels of cat B, H, K, L, and S, and cystatin
B and C were analyzed by real-time PCR after reverse transcrip-
tion of total RNA isolated from fresh frozen baboon lung tissues
(Figure 1). In BPD, the steady-state mRNA levels of cat B, H,
K, L, and S were increased about 1.5, 2.5, 9, 2.5, and 3 times,
respectively, in comparison to the 140-d GC group (p � 0.05).
Cat K, L, and S mRNA levels in BPD were also significantly
higher than in the ND group (66-, 2.8-, and 1.9-fold, respectively;
p � 0.05). The steady-state mRNA levels of cat B, H, and S
were significantly higher in the full-term lungs (ND group) than
in the 125-d GC group, whereas the cat S mRNA level was
significantly lower in the ND group than in the 125-d GC group.
In contrast to the alterations observed in cysteine proteases, the
steady-state mRNA levels of cystatin B and C were similar in
all GC groups as well as in the BPD group (Figure 1).

Cysteine Protease and Cystatin Protein Expression in BPD

To characterize the expression pattern of cat B, H, K, L, and S,
and cystatin B and C at the protein level, baboon lung lysates
were analyzed by immunoblotting and densitometry (Figure 2).
In BPD, cat B, H, K, L, and S proteins were increased about 2,
25, 2.5, 2, and 18 times, respectively, in comparison to the 140-d
GC group (p � 0.05). Parallel with the alterations observed
at the mRNA level, cat K, L, and S protein levels were also
significantly higher in the BPD samples in comparison to the
ND group (15, 2.2, and 3.4 times, respectively; p � 0.05). During
lung development between 125-d and full-term gestation, the
expression level of cat B, H, and S proteins increased and cat K
decreased significantly, whereas that of cat L was similar in all
GC groups. The protein levels of cystatin B and C, a major
intracellular and a secreted inhibitor of cystein proteases, respec-
tively, were similar in all groups. Similar results were obtained
when samples were normalized to either total protein (i.e., same
amount of total protein was loaded per lane on each gel) or
�-actin (data not shown). Proenzyme forms of cathepsin B, L,
and S were detected in some samples, but there was no statisti-
cally significant difference among the study groups. Cat H was
detected in both single- and heavy-chain forms in ND and BPD
groups. In all samples, densitometry was performed using only
the mature single-chain form of the enzymes.

Cysteine Protease Activity in BPD

To determine if the activity of cathepsins showed a parallel
increase to the levels of these proteins in the lung tissues and
BALF, active site labeling of cysteine proteases was performed
in 140-d, ND, and BPD group samples (Figure 3). Both in lung
tissues (Figure 3A) and BALF (Figure 3B), there was increased
activity of cysteine proteases in BPD relative to both the 140-d
and ND controls. The individual cathepsins that contributed
to the total cysteine protease activity in BPD samples were
determined by immunoprecipitation of active site–labeled lung
homogenates using their specific antibodies (Figure 3C).
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Figure 1. Cathepsin mRNA levels
during lung development and in
BPD. Relative steady-state mRNA
levels of cathepsin (cat) B, cat H,
cat K, cat L, cat S, cystatin (cys)
B, and cys C were determined by
quantitative reverse transcriptase–
polymerase chain reaction (RT-PCR)
using RNA obtained from 125-d,
140-d, natural delivery (ND), and
bronchopulmonary dysplasia (BPD)
group baboons. n � 6–8 animals/
group. Data are expressed as mean
� SEM from two experiments per-
formed in triplicates. *p � 0.05
versus 140 d; **p � 0.05 versus
125 d; ¶p � 0.05 versus ND.

Detection of Cysteine Proteases and Cystatins in BALF

To determine if active forms of cysteine proteases can be de-
tected in BALF samples of baboons with BPD and to determine
their relative levels, BALF samples were analyzed by immu-
noblotting and densitometry (Figure 4). Single-chain active
forms of cat B and L enzymes were detected in BALF of 140-d
and ND samples as well as the BPD samples. Cat B was also
detected as a proenzyme in some ND and BPD samples. In
BPD, the cat B level was similar to that in the ND group, but
significantly higher than in the 140-d GC group, whereas the
cat L level was significantly increased in comparison to both the
140-d and ND groups (p � 0.05). Interestingly, cat S was present
only as a proenzyme in the 140-d group and as a single-chain
enzyme (the only mature form of cat S) in the ND and BPD
groups. By densitometry, the BALF cat S level was about three
times higher in the BPD group than in the ND group. In overex-
posed immunoblots, small amounts of pro-cat H was detected
in the 140-d samples, whereas ND and BPD groups had single-
chain cat H (data not shown). Cat K was not detectable in
BALF samples of either the BPD group or the GC groups. Both
cystatins B and C were detectable in BALF in all groups tested
in similar levels.

Macrophages in the 125-d Baboon Model of BPD

Macrophages are the primary sources of several cathepsins. To
determine if increased cathepsin levels were associated with an
increased number of macrophages in the 125-d baboon model
of BPD, we analyzed the mRNA expression of the macrophage
marker CD68 in the lung tissue and BALF cell pellets by quanti-
tative reverse transcriptase–PCR. In addition, BALF total and
differential cell counts were performed on cytospin preparations.
In the lung tissue, the steady-state mRNA level of CD-68 was

significantly higher in the BPD group in comparison to 140-d
GCs (Figure 5A; p � 0.05). The ND group was used as the
control group for CD68 expression in BALF cells because the
140-d group had very few cells and RNA isolation was not
successful. The BPD group had an approximate 3.5-fold increase
in CD68 mRNA expression in comparison to the ND group
(Figure 5B; p � 0.05). Absolute macrophage counts in BAL
were increased about 10 and 2 times, respectively, in comparison
to the 140-d and ND groups (Figure 5C; p � 0.05). The expression
of CD68 at the protein level was determined semiquantitatively
by immunohistochemistry using an anti-CD68 antibody in
paraffin-embedded lung tissue sections of 140-d (Figure 5D),
ND (Figure 5E), and BPD (Figure 5F) groups.

Immunolocalization of Cathepsins and Cystatin B in BPD

To characterize the cellular distribution of cathepsins and the
intracellular cysteine protease inhibitor cystatin B in BPD, im-
munohistochemistry was performed on paraffin-embedded ba-
boon lung tissue sections using specific antibodies (Figure 6).
Pro-surfactant protein C (pro-SPC) and CD68 were used as
markers for type 2 alveolar epithelial cells and macrophages,
respectively. Cat B was detected in macrophages and some
CD68-negative interstitial cells (Figures 6A–6C). Some of these
interstitial cells were identified as fibroblasts on the basis of
their morphology (Figures 6B and 6C). Cat H protein was de-
tected in type 2 alveolar epithelial cells in addition to macro-
phages (Figures 6D–6F). Type 2 cells were identified on the
basis of their reactivity with pro-SPC antibody in serial sections
(shown in the online supplement). Cat L was detected in CD68-
positive cells (Figure 6G) as well as in some CD68-negative
interstitial cells, some of which were fibroblasts (Figure 6J). In
the ciliated, pseudostratified bronchial epithelium, cat L was
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Figure 2. Cathepsin (cat) proteins during lung development and in BPD. Immunoblot and densitometry analysis for cat B, H, K, L, and S, and
cystatin (cys) B and C proteins were performed in total lung homogenates obtained from 125-d, 140-d, ND, and BPD group baboons. Results
are representative of three independent experiments using a total of 6–10 different study animals/group. The marker indicates 28 and 15 kD for
cathepsin and cystatin immunoblots, respectively. Mean � SEM values for all proteins are normalized to values in the 125-d gestation lungs. The
total amount of protein loaded per lane is 4 �g for cat L, 5 �g for cys B, 10 �g for cat B, H, and K, and 15 �g for cat S immunoblots. *p � 0.05
versus 140 d; **p � 0.05 versus 125 d; ¶p � 0.05 versus ND.

detected in a supranuclear, apical localization (Figure 6H).
Cat L immunoreactivity was also detected in some vascular
and lymphoid endothelial cells in a subset of BPD samples
(Figures 6I and 6J). Cat S expression was restricted to CD68-
positive cells (Figures 6K and 6L). Cystatin B immunoreactivity
was detected in macrophages, type 2 alveolar epithelial cells, as
well as large airway epithelial cells (Figures 6M and 6N). Mouse
(Figure 6O) and rabbit (not shown) primary antibody isotype

Figure 3. Increased activity of cathepsins in BPD. Lung ly-
sates (A ) and bronchoalveolar lavage fluid (BALF; B ) ob-
tained from 140-d, ND, and BPD group baboons were
normalized to total protein, incubated with a biotin-labeled
E-64 analog (JPM-565), and resolved by sodium dodecyl
sulfate–polyacrylamide gel electrophoresis and chemilumi-
nescence. Data are representative of three independent
experiments using a total of 6–10 different study animals/
group. (C ) To identify the relative molecular masses of
active site–labeled cathepsins in the baboon lung, active
site–labeled and pooled lung homogenates from three ba-
boons in the BPD group were immunoprecipitated using
cat B, H, K, L, and S antibodies. All immunoprecipitated
cathepsins were detected with horseradish peroxidase–
streptavidin and chemiluminescence.

controls did not show any immunoreactivity with the baboon
lung tissues.

Cat K mRNA Detection in BPD by In Situ Hybridization

The lung tissue distribution of cat K protein could not be reliably
determined by immunohistochemistry due to poor reactivity of the
antibodies with lung tissue sections of the BPD group baboons. To
determine the mRNA distribution of cat K in baboon lung tissues
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Figure 4. Detection of cathepsins (cat) in BALF. Immunoblot analysis for cat B, L, and S, and cystatin (cys) B and C were performed on baboon
necropsy lavage fluids of 140-d, ND, and BPD group baboons. Results are representative of at least two experiments using samples from a total
of 6–10 different study animals/group. Black and white arrows indicate procathepsins and mature cathepsins, respectively. The total amount of
protein loaded per lane is 4 �g for cat B and cys B and C, and 7 �g for cat L and S immunoblots. *p � 0.05 versus 140 d; ¶p � 0.05 versus ND.

in BPD, in situ hybridization was performed. Cathepsin mRNA
was localized to some cells in the perivascular areas (Figure 7).

DISCUSSION

This study has shown the following in a baboon model of new
BPD: (1) the cysteine proteases cat B, H, K, L, and S were up-
regulated at the mRNA and protein levels in the lung; (2) cat
B, H, L, and S protein levels were increased in the necropsy
BALF samples; (3) the levels of two major inhibitors of cysteine
proteases, cystatin B and C, in the lung and BALF were similar
in BPD and control tissues; (4) increased activity of cat B, H,
K, L, and S proteins were detected in lung tissue and BALF by
active site labeling; (5) CD68-positive cells were increased both
in the lung tissue and the airways; (6) cat B, H, L, and S, and
cystatin B were expressed in CD68-positive cells in BPD. In
addition, cat H and cystatin B were colocalized in type 2 alveolar
epithelial cells, whereas cat L was detected in some bronchial
epithelial and endothelial cells. Cat B and L immunoreactivity
was detected in some CD68-negative interstitial cells, some of
which were fibroblasts. Cat K mRNA was expressed in some
cells that were localized to perivascular areas. Cumulatively,
these findings demonstrate an imbalance between cysteine prote-
ases and their inhibitors that results in an overall increase in
cysteine protease activity in BPD.

A second goal of this study was to examine the developmental
changes in expression levels of cysteine proteases and cystatins.
The expression levels of cat H and S were very low in the
immature 125-d baboon lung and increased with advancing ges-
tational age. Cat B levels also were higher in full-term animals
than in the 125- or 140-d groups, whereas cat L, cystatin B, and
cystatin C levels did not show any significant alterations between
125 and 185 d gestation. Interestingly, cat K levels decreased

with advancing gestational age and were almost undetectable in
the ND group. Consistent with a study by Buhling and coworkers
(36), we did not detect any cat K immunoreactivity in either
interstitial or alveolar macrophages. Instead, cat K was detected
in mast cells in 125- and 140-d lung tissues by immunohistochem-
istry (S.C., unpublished data) and in some interstitial cells in
perivascular locations, also likely mast cells, in BPD by in situ
hybridization. Mast cell hyperplasia is a well-known feature of
BPD (37, 38) and, taken together with our findings, this phenom-
enon can explain the source of increased cat K levels in BPD.
Although cat K expression was previously reported in human
bronchial and alveolar epithelial cells in one study (39), we could
not confirm these findings in baboon lung tissues.

Cat B, H, K, L, and S are members of the papain family
of cysteine proteases (reviewed in References 25, 40). These
proteases are synthesized in the endoplasmic reticulum as pre-
proproteins and activated in the acidic environment of the lyso-
somes. Initially, the function of cathepsins was believed to be
restricted to nonspecific degradation of proteins in the lyso-
somes. However, studies over the last decade have shown that,
despite having some functional overlaps, cathepsins differ sig-
nificantly in their substrate specificities, tissue distributions, and
intracellular functions. For example, cat L and S play key roles in
processing major histocompatibility complex class II–associated
invariant chain in antigen-presenting cells (41, 42). Cat K, the
major cysteine protease expressed in osteoclasts, has potent col-
lagenolytic activity and plays a pivotal role in bone remodeling
(43, 44). Cat H, a protease with both amino- and endoprotease
activities, is involved in processing of SPB and SPC in type 2
alveolar epithelial cells (45, 46).

BPD is a unique disease of the immature lung that results
in “disrupted lung development.” However, several pathologic
features, such as airway enlargement, inflammation, and fibrosis,
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Figure 5. Macrophages in baboon lung
tissues and BALF in BPD. Relative steady-
state mRNA levels of the activated macro-
phage marker CD68 were determined by
quantitative RT-PCR using RNA obtained
from total baboon lung homogenates (A )
or BAL cells (B ); n � 4–5 animals/group.
Data are expressed as mean � SEM from
two experiments performed in triplicate.
Absolute macrophage numbers were de-
termined in BAL cell pellets of 140-d, ND,
and BPD group animals (C ); n � 10–12
animals/group. Immunohistochemistry
was performed on paraffin-embedded
lung tissue sections from 140-d (D ), ND
(E ), and BPD (F ) groups using a CD68
antibody. Methyl green was used as the
counterstain. Arrowheads point to CD68-
positive macrophages in representative
tissue sections. Scale bar, 100 �m. *p �

0.05 versus 140 d; ¶p � 0.05 versus ND.

Figure 6. Immunolocalization of ca-
thepsin and cystatin B proteins in
BPD. Immunohistochemistry was per-
formed on formalin-fixed, paraffin-
embedded lung tissue sections of
baboons with BPD using specific an-
tibodies for cat B, H, L, and S, and
cystatin B. Methyl green was used as
the counterstain. Photomicrographs
are representative of the results ob-
tained in a minimum of four experi-
ments using samples from four to
five study animals. Scale bar, 100 �m.
Shown are cat B immunoreactivity
in macrophages (A; black arrow), in-
terstitial cells (B; white arrows), and
fibroblasts (C; white arrows); cat H
staining in type 2 alveolar epithelial
cells (D, E, and F; arrowheads), mac-
rophages (D, E, and F; black arrows),
and rare interstitial cells (E; white
arrows); cat L immunoreactivity in
macrophages (G; black arrows),
bronchial epithelial cells in supranu-
clear localization (H; black arrow-
head), vascular (I; black arrow) and
lymphatic endothelial cells (J; black
arrow), and a fibroblast (J; white ar-
rowhead); cat S staining in macro-
phages (K and L; black arrows); cys-
tatin B immunoreactivity in type 2
alveolar epithelial cells (M; arrow-
head), macrophages (M; black
arrow), and bronchial epithelial cells
(N ) and a bronchial gland (N; black
arrowhead); negative control stained
with mouse primary antibody iso-
type control showing no staining in
macrophages (O; black arrows).
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Figure 7. Cat K mRNA expression in BPD. In situ hybridization using a
35S-labeled antisense riboprobe specific for cat K was performed. Shown
are paired bright and dark-field views of lung sections hybridized in situ
for cat K mRNA. Positive signal is visible as white silver grains in the
dark-field view. Note individual positive cells localizing to perivascular
areas. Scale bar, 100 �m.

are common findings in some adult lung diseases and BPD.
Therefore, they may also share similar underlying mechanisms
of lung injury. Although this is the first report to demonstrate
an association between cysteine proteases and BPD, recent stud-
ies in genetically modified mice have suggested a role for cathep-
sins in the development of pathologic processes in the lung,
such as fibrosis and emphysema. For example, overexpression of
interleukin 13 or IFN-� in the adult murine lung causes emphy-
sema and inflammation that are accompanied by induction of
several cathepsins in addition to MMPs (28, 29). In another study,
cat K–deficient mice deposited significantly more extracellular
matrix in response to bleomycin than did wild-type control mice
(26). This finding suggests that cat K has a protective role to
counter the excessive deposition of collagen matrix in this model
of lung injury.

This study showed that the expression levels and activities
of cat B, H, K, L, and S were up-regulated in BPD. This finding
does not necessarily imply that these cathepsins collectively
function as mediators or protective molecules in BPD. For exam-
ple, cat K, as indicated above, could have a protective role in
the lung through its antifibrotic activity. In contrast, cat L is a
potential candidate to function as a mediator of BPD. In addition
to being a potent elastolytic protease, cat L can cleave and
inactivate protective molecules in the lung, such as �1-antitrypsin,
secretory leukocyte protease inhibitor, and defensins (47–49).
Similarly, cat B, a known inducer of apoptosis (50, 51), is more
likely to be a mediator than a protective molecule in BPD.

Although NE is regarded as the major proteinase responsible
from tissue damage in old BPD, a paucity of literature on NE
and its inhibitors in new BPD together with emerging data on

other classes of proteases, such as cathepsins and MMPs, raise
questions about the relative role of NE in new BPD. Sequential
tracheal aspirate fluids of baboons with new BPD showed a
higher number of macrophages than neutrophils at each time
point tested, although this difference did not reach statistical
significance because of the variability (30). We noted significantly
increased number of macrophages in necropsy BALF samples
in the same baboon model of BPD. On the basis of these findings,
we propose that, in the surfactant era, the predominant inflam-
matory cell type in BPD has become the macrophage instead
of the neutrophil. If our speculation is supported with data from
human infants, then neutrophil to macrophage switch could ac-
count for the changing profile of proteases in new BPD. Another
protease implicated in new BPD is MMP-9, which is secreted
by both neutrophils and macrophages. However, it is intriguing
that, although the imbalance between cysteine proteases and inhibi-
tors in BPD is a consequence of increased levels of cysteine pro-
teases, MMP-9–tissue inhibitor of metalloproteinase (TIMP) 1
imbalance is a consequence of decreased levels of the inhibitor
TIMP-1 (24).

With the exception of cat S, cathepsins have an acidic pH
optimum and to maintain their activity extracellularly, they must
be released into an acidic environment (25, 40, 52). An interest-
ing finding of this study was the detection of mature and active
forms of cat B, H, L, and S in BALF in BPD. Both pro and
mature forms of cathepsins can be released from different cell
types, including activated macrophages (cat B, L, S, K) (53, 54),
smooth muscle cells (cat S) (55), and fibroblasts (cat B) (56).
Furthermore, Punturieri and colleagues have shown that macro-
phages can acidify their pericellular space by using a vacuolar
type H	-ATPase before releasing cathepsins (54). This impor-
tant observation explains how extracellular cathepsins in BALF
could maintain their activity in the airways, provided that they
are released from certain cells, such as macrophages. Alterna-
tively, detection of cathepsins in BALF may be due to release
from detached and necrotic airway cells.

Our study has some limitations that need to be considered.
First, the sample size of the study groups is relatively small for
statistical analysis. Second, cysteine protease activity levels are
measured by active site labeling and could be affected by poten-
tial contribution of other cysteine proteases in addition to cat B,
H, K, L, and S. Finally, cysteine protease and cystatin measure-
ments in BALF were performed by normalizing the samples to
total protein in BALF. This method could give rise to inaccurate
results in the presence of capillary leakage, such as that occurs
in BPD. Nevertheless, the magnitude of differences observed in
BALF cathepsins were unlikely to be affected by any biases
introduced by normalization methods and were also consistent
with the tissue levels.

In summary, we have shown significant increases in cat B,
H, K, L, and S mRNA and protein levels in association with
increased activities of these enzymes in the lung tissues of ba-
boons with BPD. The increased levels of cathepsins accompany
an influx of macrophages in the lung tissue and airways in BPD.
In addition to macrophages, cathepsins are expressed in several
different cell types in BPD. Cumulatively, these results suggest
that cysteine proteases may play a role in the development of
BPD. Considering the diverse functions of these proteases, it
is possible that they could also have differential roles in the
pathogenesis of BPD. Further studies are required to define the
specific roles of cysteine proteases in the lung and to determine
whether inhibition of any cathepsin(s) could ameliorate patho-
logic findings associated with BPD.
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