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& Matrix metalloproteinase (MMP)-9, secreted as pro-MMP-9, is cleaved by serine proteases at
the N-terminus to generate active MMP-9. Pro-MMP-9 has been found in the bronchoalveolar lav-
age fluid of patients with asthma. Because many inhaled aeroallergens contain active proteases, the
authors sought to determine whether German cockroach (GC) fecal remnants (frass) and house
dust mite (HDM) were able to cleave pro-MMP-9. Treatment of recombinant human (rh) pro-
MMP-9 with GC frass resulted in a dose- and time-dependent cleavage. This was abrogated by pre-
treating frass with an inhibitor of serine, but not cysteine protease activity. GC frass also induced
cleavage of pro-MMP-9 from primary human neutrophils dependent on the active serine proteases
in GC frass. HDM was less potent at cleaving pro-MMP-9. a1-Antitrypsin (A1AT), a naturally
occurring protease inhibitor, attenuated GC frass-induced cleavage of pro-MMP-9. A1AT partially
inactivated the serine protease activity in GC frass, while GC frass cleaved A1AT in a dose- and
time-dependent manner. These data suggest that GC frass-derived serine proteases could regulate
the activity of MMP-9 and that A1AT may play an important role in modulating GC frass activity
in vivo. These data suggest a mechanism by which inhalation of GC frass could regulate airway
remodeling through the activation of pro-MMP-9.
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Cockroach exposure has been recognized as an important cause of asthma
for over 40 years. Exposure to cockroach is a major risk factor for hospital
emergency room visits [1, 2] and morbidity [3] among inner city children
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with asthma. Studies suggest that exposure to cockroach might be of parti-
cular importance relative to other allergens. Indoor concentrations of cock-
roach allergen, but not house dust mite, were found to be significantly
associated with recurrent wheezing and asthma [4]. In a cohort study
involving 849 participants, cockroach allergen (Bla g 1), but not dust mite
allergen, was associated with an increased risk for wheezing [5]. Children
exposed in the first 3 months of life to cockroach, but not house dust mite,
develop allergen-specific T-cell proliferative responses and repeated wheez-
ing [6]. Taken together, these studies have led investigators to speculate
that cockroach allergens may promote sensitization through direct proin-
flammatory effects on the airways [7].

Asthma is characterized by airway inflammation and airway hyperre-
sponsiveness. Airway inflammation is characterized by increased activated
inflammatory cells, including eosinophils, neutrophils, lymphocytes, and
mast cells. Airway hyperresponsiveness is mediated by the inflammation
and also remodeling that occurs in the airways. Matrix metalloproteinase-
9 (MMP-9) belongs to a family of proteases that function in the degradation
of several extracellular matrix (ECM) components, and plays a role in air-
way remodeling. MMP-9 has been suggested to play a role in the pathogen-
esis of bronchial asthma. Levels of MMP-9 are significantly increased
in bronchoalveolar lavage (BAL) fluid, blood, and sputum of asthmatics
[8–11]. Increased MMP-9 levels have been shown in the bronchoalveolar
lavage fluid of patients with untreated asthma [8], in patients with severe
asthma compared with mild asthma or normal controls [12], and following
allergen challenge in allergic individuals [9]. Increased concentrations of
MMP-9 were found to be associated with increased concentrations of base-
ment membrane proteins (collagen type III, collagen type V, and tenascin),
suggesting the possibility that MMP-9 is playing a role in subepithelial
fibrosis [13]. Together these data suggest that MMP-9 may be mediating
early remodeling events, which may ultimately contribute to airflow
obstruction and airway hyperresponsiveness.

Regulation of MMP-9 is influenced by endogenous activators and inhi-
bitors [14]. MMP-9 is secreted from a cell as an inactive proenzyme
(92 kDa), which is then cleaved into an active form (88 kDa). A discrete
group of proteases, including trypsin, cathepsin G, a-chymotrypsin,
MMP-3, and mast cell chymase [15], have been shown to cleave pro-
MMP-9. Proteolytic cleavage of pro-MMP-9 and the enzymatic activity of
mature MMP-9 can be inhibited by endogenous tissue inhibitors of
metalloproteinases (TIMPs). MMP-9 complexes with TIMP-1 in a 1:1 ratio
and the dynamic balance between MMP and TIMP is thought to be a criti-
cal factor in regulating the breakdown of ECM proteins [16]. Pro-MMP-9
is produced by many cells that are involved in allergic airway inflam-
mation, including eosinophils, neutrophils, alveolar macrophages, and
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airway epithelium [15, 17]. However, it was shown in allergic patients chal-
lenged with allergen that MMP-9 immunoreactivity was associated prim-
arily with neutrophils [9], suggesting neutrophils were the main source
of MMP-9 in the airways.

a1-Antitrypsin (A1AT) is the main inhibitor of neutrophil elastase and is
a key molecule in the defense of the lung. A1AT protects the lower respir-
atory tract against damage by proteases released during inflammation [18].
However, A1AT is produced mainly in the liver and is found in high con-
centrations in plasma (90 to 180 mg=dL), which can increase 2- to 4-fold
during acute inflammation [19]. A1AT primarily inhibits neutrophil
elastase, but may cleave other serine-like proteases. A1AT has been
shown to be produced outside the liver by alveolar epithelial cells [20]
and monocytes [21]. Sputum from asthmatics has been shown to contain
higher levels of A1AT than normal controls [22].

Many allergens have been shown to contain protease activity, including
house dust mite [23], fungus [24], cat [25], grass pollen [26], and
cockroach [27, 28]. It is important to note that although none of the
cockroach allergens characterized to date are active proteases, protease
activity has been detected in whole extracts and fecal remnants (frass) of
German cockroaches (GCs; Blatella germanica) [27, 28]. Because pro-
MMP-9 has been measured in BAL fluid of patients with asthma, and
because cockroach frass contains serine protease activity, we hypothesized
that these proteases could cleave pro-MMP-9. To this end, we used GC frass
and whole body house dust mite (HDM; Dermatophagoides pteronyssinus)
extract to investigate the role of proteases on activating pro-MMP-9. We also
investigated the role of the serine protease inhibitor A1AT on GC frass pro-
tease activity.

MATERIALS AND METHODS

Cockroach Frass and House Dust Mite

Fecal remnants (frass) were collected from German cockroaches
(Blatella germanica) and reconstituted in endotoxin free water for 2 hours
at 4�C with continual agitation. Debris was removed by centrifugation, super-
natants harvested and protein was determined by using Bio-Rad Protein
Assay Dye (Bio-Rad, Hercules, CA). Protease activity was determined using
the Azocoll assay as previously described [27]. To inhibit protease activity
in frass, frass was pretreated with either aprotinin (a specific inhibitor of ser-
ine proteases; 10mg=mL for 30 minutes at 37�C) or E64 (a specific inhibitor
of cysteine proteases; 10 ng=mL for 30 minutes at 37�C) or heat-inactivated
(55�C for 1 hour). House dust mite was purchased from Greer Laboratories
(Lenoir, NC) and reconstituted in endotoxin-free water.
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Immunoblot Analysis

Frass was incubated with 80 ng of recombinant human MMP-9 (R&D
Systems, Minneapolis, MN) or 80 ng of recombinant human a1-antitrypsin
(A1AT; Calbiochem, San Diego, CA) at 37�C for 5 to 60 minutes. After incu-
bation, samples were resolved on an 8% to 16% soldium dodecyl sulfate
(SDS)-polyacrylamide gel as previously described. After incubation with
an anti-human MMP-9 antibody (R&D Systems) or anti-human A1AT
(Santa Cruz Biotechnology, Santa Cruz, CA), signals were amplified and
visualized using enhanced chemiluminescence.

Cell Culture

Polymorphonuclear leukocytes were isolated from blood collected
from healthy volunteers. This protocol was approved by the Cincinnati
Children’s Hospital Medical Center Institutional Review Board. Blood
was drawn into Heparin and then subjected to dextran T500 sedimen-
tation, Ficoll-Histopaque density gradient centrifugation, and hypotonic
erythrocyte lysis [29]. All steps during the neutrophil isolation were main-
tained constant and all assays were performed immediately after isolation
was complete. Polymorphonuclear neutrophils (PMNs) were resuspended
in serum-deprived medium prior to treatment. Cells were treated with
German cockroach frass (30 to 300 ng=mL), aprotinin-treated frass, heat-
inactivated frass (boiled for 1 hour), or HDM (3 to 30mg=mL). Cells were
treated for 4 hours with continual rocking and supernatants were harvested
for analysis by zymogram.

Gelatin Zymography

Cell supernatants were collected after treatment with frass and were
subject to gel electrophoresis on an 8% SDS-PAGE containing 1
mg=mL gelatin (Sigma Chemical, St Louis MO) under nonreducing
conditions. The gel was washed for 30 min (2.5% Triton X-100, 3 mM
NaN3), rinsed for 30 minutes (2.5% Triton X-100, 50 mM Tris-HCl,
5 mM CaCl2, 1mM ZnCl2, 3 mM NaN3, pH 7.4), and then incubated
overnight at 37�C (50 mM Tris-HCl, 5 mM CaCl2, 1mM ZnCl2, 3 mM
NaN3, pH 7.4). After staining with Coomassie Blue (R-250, 0.125%),
gelatin-degrading enzymes are detected as clear zones against a blue
background. To confirm the specificity of the bands on the zymogram,
30 mL of medium from control cells was incubated with a human MMP-
9 antibody (Cell Signaling; 10 mL for 1 hour on ice) prior to running
on the gel.
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Statistical Analysis

Western blots were scanned and density was determined by Image-
Quant 5.2 (Molecular Dynamics, Sunnyvale, CA). When applicable, statisti-
cal significance was assessed by 1-way analysis of variance (ANOVA).
Differences identified by ANOVA were pinpointed by Student-Newman-
Keul’s multiple-range test.

RESULTS

Cockroach Frass Contains Active Serine Proteases

Reconstituted GC frass contained active serine proteases (19 mg=mg
frass). Pretreatment of GC frass with the serine protease inhibitor aprotinin
inhibited 80% of protease activity as determined by the Azocoll assay [28].
We were unable to detect serine protease activity with the Azocoll assay in
the commercially available HDM used in this study.

Cockroach Frass Cleaves Pro-MMP-9

To determine if cockroach frass cleaves MMP-9 from the pro to the
active form, we incubated recombinant human pro-MMP-9 (92 kDa) with
increasing concentrations (100 pg to 30 ng) of GC frass. In the presence
of frass, conversion of the pro (92-kDa) form of MMP-9 to the active
(88-kDa) form was demonstrated in a dose- (Figure 1A) and time-
(Figure 1B) dependent manner. Following a 30-minute incubation of GC
frass with pro-MMP-9, roughly half of the pro-MMP-9 was cleaved into the
active form (Figure 1C). To determine if active proteases in frass play a role
in cleavage of pro-MMP-9, we incubated the recombinant human pro-MMP-
9 with frass that had either been pretreated with aprotinin (serine protease
inhibitor) or E64 (cysteine protease inhibitor) or heat-inactivated (55�C for
1 hour). Inhibition of serine protease activity or heat-inactivation of
frass abolished the conversion of the 92-kDa form to the 88-kDa form
(Figure 1D). However, inhibition of cysteine protease activity using the
selective inhibitor E64 did not abolish frass-induced cleavage of pro-
MMP-9. A dose-concentration curve of E64 (10 to 300 ng=mL) was tested
and no attenuation of frass-induced cleavage was found (data not shown).
We attempted to further quantify the cleavage of MMP-9 using the commer-
cially available fluorogenic substrate Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-
NH2; however, the serine proteases in GC frass readily cleave that peptide
and therefore the determination of GC frass-induced activation of MMP-9
could not be accomplished. Together, these data demonstrate the impor-
tance of GC frass serine proteases in mediating pro-MMP-9 cleavage.
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FIGURE 1 GC frass cleaves recombinant human pro-MMP-9. A, Various doses of frass (0.1 to 30 ng)
were incubated with rh pro-MMP-9 (80 ng) for 1 hour at 37�C. MMP-9 was detected by Western blot
analysis. The top arrow depicts pro-MMP-9 (92 kDa), the bottom arrow depicts active MMP-9
(88 kDa). The lower bands are further degradation products of MMP-9. This experiment was repeated
3 times. B, Frass (10 ng) was incubated with rh pro-MMP-9 for 0 to 60 minutes. This experiment was
repeated 3 times. C, Quantification of the percentage of pro-MMP-9 and active MMP-9 from the Western
blots detailed in B. Bars represent percent of pro-MMP-9 (open bar) and active MMP-9 (hatched bar) as
mean� SEM (compared to the untreated sample: �P ¼ .014, ��P < .001; ANOVA). D, Frass (10 ng)
was pretreated with either aprotinin (10 mg=mL at 37�C for 1 hour), E64 (10 ng=mL at 37�C for 1 hour),
or heat-inactivated (55�C for 1 hour) prior to its addition to rh pro-MMP-9. Rh pro-MMP-9 alone (M), or
following treatment with frass (F), aprotinin-treated frass (A), E64-treated frass (E), and heat-inactivated
frass (H) are shown. This experiment was performed 3 times.
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House Dust Mite Cleaves Pro-MMP-9 but with Less Potency

Incubation of recombinant human pro-MMP-9 (92 kDa) with increas-
ing concentrations of HDM (1 to 30mg) resulted in a dose-dependent cleav-
age of pro-MMP-9 into the active 88-kDa form (Figure 2). The highest
concentration of HDM resulted in only a 27% cleavage of pro-MMP-9
(Figure 2B). Compare this to the cleavage of pro-MMP-9 using 10,000-fold
less GC frass (30 ng resulting in 50% cleavage of pro-MMP-9; see Figure 1A).
These data suggest that GC frass is a more potent activator of pro-MMP-9.

Cockroach Frass Cleaves Neutrophil-Derived Pro-MMP-9

Next, we sought to determine if cockroach frass could cleave neutro-
phil-derived pro-MMP-9. Primary human neutrophils were isolated and
treated with increasing concentrations of frass. Isolation and culture of

FIGURE 2 HDM cleaves recombinant human pro-MMP-9. A, Various doses of HDM (1 to 30mg) were
incubated with rh pro-MMP-9 (80 ng) for 1 hour at 37�C. MMP-9 was detected by Western blot analysis.
The top arrow depicts pro-MMP-9 (92 kDa), the bottom arrow depicts active MMP-9 (88 kDa). The lower
bands are further degradation products of MMP-9. This experiment was repeated 3 times. B, Quantifi-
cation of the percentage of pro-MMP-9 and active MMP-9 from the Western blots detailed in A. Bars
represent percent of pro-MMP-9 (open bar) and active MMP-9 (hatched bar) as mean� SEM (compared
to control: �P < .001, ANOVA).
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primary neutrophils resulted in the release of the biologically inactive
proenzyme (92 kDa), the covalently bound complex of MMP-9 and
neutrophil gelatinase-B–associated lipocalin (120 kDa), and MMP-9 homo-
dimers (220 kDa) [30]. Conversion of the 92-kDa form to the active
88-kDa form was detected in a dose-dependent manner from a variety
of donors (Figure 3A). Inhibition of the serine proteases in GC frass
resulted in the lack of cleavage of pro-MMP-9 into active MMP-9
(Figure 3B). Frass alone did not cleave gelatin (data not shown). To con-
firm that the 92-kDa band was indeed pro-MMP-9, we treated cell culture
medium from control cells with an antibody against MMP-9. This treat-
ment resulted in the shifting of the 92-kDa band (data not shown). GC
frass contains endotoxin (92.3 ng=mg frass); however, lipopolysaccharide
(LPS) added at the same concentration as contaminating endotoxin did
not cleave pro-MMP-9 (data not shown). In addition, HDM was ineffective
at cleaving neutrophil derived pro-MMP-9, even with concentrations up to
100 mg=mL (data not shown).

a1-Antitrypsin (A1AT) Inhibits GC Frass Protease Activity

We asked whether A1AT could inhibit GC frass proteases and abolish
GC frass-derived pro-MMP-9 cleavage. To this end, we incubated GC frass
with increasing concentrations of A1AT and quantified the serine protease
activity by Azocoll. A1AT inhibited roughly 32% to 54% of the serine pro-
tease activity in GC frass (Figure 4A). Because A1AT can inhibit the pro-
tease activity in GC frass, we asked whether incubation of GC frass with
A1AT would attenuate GC frass-induced cleavage of pro-MMP-9. Indeed,
treating GC frass with increasing concentrations of A1AT resulted in a lack
of cleavage of pro-MMP-9 in a dose-dependent manner (Figure 4B).
Quantification of the partial reversal of frass-induced pro-MMP-9 cleavage
by A1AT (10 mg=mL) pretreatment is shown in Figure 4C.

GC Frass Cleaves A1AT

Finally, we were interested in the role of GC frass on cleaving A1AT. To
this end, we incubated recombinant human A1AT with increasing concen-
trations of GC frass and detected A1AT by Western blot. GC frass (100 ng)
cleaved A1AT in a dose-dependent manner. The highest dose of GC frass
(100 ng) resulted in the cleavage of 84% of A1AT (Figure 5A and B).
Although we did not measure the activity of A1AT, we suspect that cleavage
of A1AT resulted in its loss of activity. Lastly, we determined that GC frass
mediated the cleavage of A1AT rapidly, i.e., within the first 5 minutes GC
frass cleaves roughly 63% of the A1AT, and by 15 minutes 75% is cleaved
(Figure 5C). Cleavage of A1AT is dependent on the serine proteases in frass
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as preincubation of GC frass with the serine protease aprotinin abolished
frass-dependent cleavage of A1AT, whereas frass pretreated with E64 had
no effect (Figure 5D).

FIGURE 3 GC frass cleaves pro-MMP-9 in primary human neutrophils. A, Human neutrophils were iso-
lated and incubated with increasing concentrations of frass (4 hours at 37�C). The supernatants were run
on a gelatin zymogram. Shown here are neutrophils from 2 different individuals; however, this experi-
ment has been performed on 4 other individuals with similar results. B, CR frass was preincubated with
aprotinin (37�C for 1 hour) or heat-inactivated (50�C for 1 hour) prior to treatment of neutrophils. Cells
were untreated (C) or treated with frass (F), aprotinin-treated frass (A), or heat-inactivated frass (H). Cell
supernatants were subject to SDS-PAGE=gelatin electrophoresis under nonreducing conditions. Gelati-
nolytic activity is identified as clear zones on a blue background. This experiment was performed 3 times.
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FIGURE 4 A1AT inactivates GC frass. A, GC frass was pretreated with increasing concentrations of A1AT
(1 to 100mg=mL for 1 hour at 37�C) prior to running the Azocoll assay. Data are presented as percent-
age of GC frass protease activity remaining following treatment with A1AT. Data represent means� SEM
for 4 experiments (compared to untreated: �P < .001, ��P ¼ 0.003, ANOVA). B, GC frass (10 ng) was
pretreated with A1AT (1 to 10mg, 1 hour at 37�C) prior to the addition of pro-MMP-9 (80 ng) for 1 hour
at 37�C. MMP-9 was detected by Western blot analysis. The top arrow depicts pro-MMP-9 (92 kDa), the
bottom arrow depicts active MMP-9 (88 kDa). The lower bands are further degradation products of
MMP-9. This experiment was repeated 3 times. C, Quantification of the percentage of pro-MMP-9
and active MMP-9 from the Western blots showing only the 10mg concentration of A1AT as detailed
in B. Bars represent percent of pro-MMP-9 (open bar) and active MMP-9 (hatched bar) as mean� SEM.
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DISCUSSION

In this report, we have shown for the first time that GC frass serine pro-
teases cleavage pro-MMP-9 (92 kDa) into its active form (88 kDa). HDM,

FIGURE 5 GC frass serine protease cleaves A1AT protein in a dose- and time-dependent manner. A, GC
frass (1 to 100 ng) was incubated with rh A1AT protein (80 ng) for 1 hour at 37�C. A1AT was detected by
Western blot analysis. B, Quantification of the percentage of remaining A1AT from the Western blot
detailed in A. Bars represent percent of remaining A1AT protein as mean� SEM (compared to control:
�P ¼ .008, ��P < .001; ANOVA). C, A1AT (80 ng) was treated with frass (10 ng) for 0 to 60 minutes. West-
ern blot analysis was performed using an antibody against A1AT. This experiment was repeated 3 times
with similar results. D. A1AT was untreated (C), or treated with frass (F), or frass pretreated with either
aprotinin (A), E64 (E), or boiling (B). This experiment was repeated 3 times with similar results.
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which using the Azocoll assay, did not contain serine protease activity, was
only able to partially cleave recombinant human pro-MMP-9 at very high con-
centrations, but was unable to cleave neutrophil-derived pro-MMP-9. This,
and the fact that inhibition of serine, but not cysteine proteases in GC frass
inhibited cleavage, suggests the importance of serine protease activity in
cleaving pro-MMP-9. During the preparation of our manuscript, a paper
was published reporting that Aspergillus fumigatus and storage mite extracts
cleaved pro-MMP-9 [31]. However, the concentrations of allergen used were
0.5 mg=mL for Aspergillus and 1 mg=mL for storage mite. Our data show that
cleavage of recombinant human pro-MMP-9 occurred with as little as 100 pg
frass, a concentration that conceivably could reach the airways. Treatment
with 1 ng frass resulted in roughly 50% cleavage of recombinant human
pro-MMP-9 into its active form, and no active form remained following
treatment with 10 ng frass. GC frass also cleaved the physiological source
of pro-MMP-9, namely neutrophil-derived pro-MMP-9; however, this cleavage
required higher concentrations of GC frass. One possible explanation is that
this source of pro-MMP-9 may be bound to TIMP-1, which may mask the pro-
MMP-9 binding site. Together, these data suggest the potency of GC frass in
cleaving pro-MMP-9 and the possibility of this occurring in vivo.

Frass is a likely source of allergen exposure because fecal extracts have
been shown to contain 3 to 6 times more of the cockroach allergens Bla g 2
and Bla g 1 than CR whole body extracts [32]. This group also estimated
the release of 3 mg dry weight of feces per cockroach per day. We hypothe-
size that the protease is either a cockroach-derived digestive enzyme or an
enzyme derived from symbiotic bacteria that normally reside in the cock-
roach gut. Digestive enzymes, including amylases, invertase, maltase, b-glu-
cosidase, esterases, and lipases, have been found in the gut of the American
cockroach [33]. In addition, significant numbers of bacteria have been iso-
lated from the midgut of the American cockroach, Periplanata Americana
[33]. Studies are currently underway to determine the source of the serine
protease in GC frass. Importantly, it is thought that desiccated fecal rem-
nants may easily incorporate into house dust. In fact, it has been shown that
after disturbance, CR-carrying dust particles greater than 10 mm in diameter
may be deposited in the airways [34]. The very low concentration of GC
frass used in this study speaks for the physiological relevance of GC frass
in the airways. In addition, we have preliminary data to suggest that pro-
teases remain active in dust collected from carpeting in homes (K. Page
and B. Lanphear, unpublished observations). This would suggest that the
proteases may continue to be active even upon lying dormant for a period
of time and may provide a possible therapeutic intervention in the future
for those with asthma. It is likely that inhalation of desiccated particles into
the moist airway would allow for solubilization and activation of these
proteases.
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HDM is known to contain both serine and cysteine proteases; however,
in this study we were unable to determine serine protease activity using the
Azocoll assay. The commercially available HDM was processed and lyophi-
lized, which may have altered the serine protease activity. We did not test
house dust mite feces, and it is possible that the proteases responsible
for this effect are highly concentrated in the fecal remnants. It is important
to note that the same preparation of HDM used in this study induced experi-
mental asthma (i.e., increased airway hyperresponsiveness to acetylcholine
in Balb=c mice similar to GC frass (K. Page, unpublished observations). These
data suggests that GC frass serine protease is a more potent activator of pro-
MMP-9 but further studies need to be performed to confirm this suspicion.

Pro-MMP-9 is synthesized by a variety of inflammatory cells, including
neutrophils, macrophages, eosinophils, and lymphocytes, as well as airway
epithelial cells. It is plausible that inhaled CR frass would come in contact
with any of these cell types in the airways of an allergic=asthmatic individ-
ual. We tested frass on primary human neutrophils because they contain
an abundance of pro-MMP-9; however, we would expect that pro-MMP-9
isolated from any of these cells would be cleaved.

A1AT, the naturally occurring protease inhibitor in serum, inhibited
GC frass protease activity by about 30% to 50%. Interestingly, GC frass
was able to cleave A1AT within a matter of 5 minutes, suggesting that the
lack of A1AT inhibition on GC frass may be due to its own inactivation
by the protease it is attempting to inactivate. This could explain why
A1AT did not cause a dose-dependent decrease in GC frass activity. It has
been shown that protease activity in one of the HDM proteins, Der p1,
cleaved A1AT [35]. The same report showed that antiproteases in human
bronchoalveolar lavage fluid were markedly lost following treatment with
Der p1, suggesting the high susceptibility of A1AT to mite proteases. The
importance of A1AT in modulating the asthma phenotype is highlighted
by the fact that A1AT can inhibit antigen-dependent airway hyperrespon-
siveness in sheep [36]. These studies were performed by sensitizing the
sheep to antigen and then 30 minutes following antigen challenge, the
sheep were treated with aerosol A1AT. In humans, a relative decrease in
A1AT activity resulted in the increase in elastase in the sputum, which
was associated with increased bronchoconstriction [22]. This information
highlights the need for better understanding of the regulation of A1AT
in the airways and the importance of the protease=antiprotease balance.

Proteolytic cleavage of pro-MMP-9 and the enzymatic activity of mature
MMP-9 can be inhibited by endogenous tissue inhibitors of metalloprotei-
nases (TIMPs). MMP-9 complexes to TIMP-1 in a 1:1 ratio and the balance
between MMP and TIMP are thought to be critical factors in regulating the
breakdown of ECM proteins [16]. The ratio of MMP=TIMP is important in
a number of disease states including asthma and chronic obstructive pul-
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monary disease (COPD). A recent study of COPD patients suggested that
prior to an exacerbation the ratio of MMP-9=TIMP-1 was decreased and
during the exacerbation, the ratio increased due to a significant increase
in MMP-9 levels with a corresponding decrease in TIMP-1 levels [37]. A
similar finding was reported in asthmatics, where upon exacerbation an
increase in MMP-9 levels were detected [38]. The stoichiometric ratio of
MMP-9=TIMP-1, when unbalanced in favor of MMP-9, has been shown to
correlate with an increase in subepithelial fibrosis and a decrease in a fall
in forced expiratory volume in 1 second (FEV1) [13]. Recently, a polymor-
phism in TIMP-1 in the region responsible for TIMP-1 binding to and pre-
venting activation of MMP-9 has been shown to correlate with asthma in
Australian women [39]. These data suggest the importance of maintaining
the protease=antiprotease balance in the airways.

Future work will be needed to establish the role of activation of pro-
MMP-9 on airway remodeling in vivo. In addition, the role of A1AT in com-
bating the inhaled GC frass serine protease will be an important area of
investigation. It is also possible that when GC frass is inhaled, the proteases
cause damage to the airways leading to leakiness and an increase in plasma-
derived A1AT. Once in the airways, A1ATand GC frass are able to cleave each
other and the concentration of each protein may be important in determin-
ing the protease=antiprotease state and regulation of airway remodeling.
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