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Neutrophil-derived matrix
metalloproteinase-9 is increased in
severe asthma and poorly inhibited by
glucocorticoids

Meghan Cundall, MS,a Yongchang Sun, MD,b Christina Miranda, MS, PA,a

John B.Trudeau, BS,a Stephen Barnes, BS,a and Sally E. Wenzel, MDa Denver, Colo,

and Beijing, China

Background: Matrix metalloproteinase (MMP)-9 levels are
increased in bronchoalveolar lavage (BAL) fluid from patients
with severe asthma on high doses of glucocorticoids (GCs). 
Objective: We sought to identify neutrophils as the source of
increased BAL fluid MMP-9 in severe asthma and to evaluate
the effects of GCs on this MMP-9. 
Methods: MMP-9 protein, activity, and mRNA were measured in
BAL fluid and cells at baseline, and after in vitro GCs in patients
with severe asthma and controls using enzyme immunoassays,
zymography, Western blotting, and real-time PCR.
Results: The high molecular weight (HMW) form of MMP-9
was significantly increased in severe asthma (P = .02). Western
blotting confirmed a heterodimer of MMP-9 and neutrophil
gelatinase–associated lipocalin. The HMW MMP-9 correlated
with BAL neutrophils (r = .65, P < .0001). BAL cell super-
natant MMP-9 protein levels also tended to be higher in
patients with severe asthma (overall, P = .09), whereas the
HMW activity form was increased (P = .03). MMP-9 protein
(and HMW activity) correlated with neutrophils in the cell pel-
let (r = .75, P < .0001). In contrast to protein and activity, BAL
cell mRNA levels were marginally lower in patients with
severe asthma than in control subjects (overall, P = .06).
Although GCs decreased BAL cell MMP-9 protein and mRNA
in vitro, the effect was significantly smaller in severe asthma
(P < .01 for both). GCs decreased the pro–MMP-9 activity in
patients with severe asthma and normal control subjects, while
having no effects on the HMW form (P = .22). Peripheral
blood neutrophil MMP-9 protein was not affected by GCs. 
Conclusions: BAL neutrophils contribute to BAL fluid MMP-9
protein and activity and are poorly inhibited by GCs. (J Aller-
gy Clin Immunol 2003;112:1064-71.)

Key words: Matrix metalloproteinase-9, neutrophil
gelatinase–associated lipocalin, glucocorticoids, asthma, bron-
choalveolar lavage

Neutrophils are reported to be increased in tissue,
bronchoalveolar lavage (BAL) fluid, and sputum in sub-
jects with severe, often glucocorticoid (GC)-dependent
asthma, but the mechanisms or implications of this are
not clear.1-3 Because GCs prevent apoptosis of neu-
trophils, the increase might be secondary to the high
doses used by this group.4 Whether neutrophils function
to worsen the disease or whether they are “bystanders” in
the process of severe asthma is not known.

Matrix metalloproteinase 9 (MMP-9) is one of more
than 20 zinc-dependent metalloproteinases with gelati-
nolytic and elastinolytic properties. It is made by cells that
include neutrophils, macrophages, epithelial cells, and
fibroblasts. MMP-9 exists in at least 4 different forms: a
biologically inactive “pro” form (92 molecular weight
[MW]), an “active” form (88 MW), a high molecular
weight (HMW) form (125 MW), and as a homodimer at
220 MW. The HMW form is believed to be a heterodimer
of MMP-9 and a neutrophil protein, neutrophil gelati-
nase–associated lipocalin (NGAL).5 This HMW form has
been reported to be more easily activated than monomers
or homodimers of MMP-9.6 Increased MMP-9 protein
levels have been described in BAL and sputum of patients
with asthma; however, the relationship of MMP-9 activity
forms to asthma severity has not been reported.7-9

GCs remain the most potent anti-inflammatory agents
for the treatment of asthma. However, their effect on air-
way remodeling and extracellular matrix modifying ele-
ments, such as MMP-9, remains controversial.10,11 GCs
inhibit the expression of MMP-9 by alveolar
macrophages in vitro, but effects on other cell types
remain incompletely studied.12

We hypothesized that the increased BAL fluid MMP-
9 levels previously reported in severe asthma derived pri-
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marily from neutrophils and would be poorly suppressed
by GCs.9 After confirming the increase in BAL fluid
MMP-9 protein levels, MMP-9 activity was qualified and
quantified. The presence of NGAL/MMP-9 heterodimers
was evaluated by Western blotting. MMP-9 protein,
activity, and mRNA from BAL cells was also evaluated
and compared with neutrophils in BAL fluid. Finally, the
in vitro effects of dexamethasone (DEX) on these sys-
tems were evaluated.

METHODS

Subjects

Subjects with asthma were divided into severity categories by
use of previous criteria.13 Patients with severe asthma were all
referred for severe asthma. Despite treatment with oral and high-
dose inhaled steroids, with at least 1 other controller, they had
symptoms and used urgent health care. Normal control subjects had
normal pulmonary function and no history of respiratory illness.
The study was approved by the National Jewish Institutional
Review Board, and all subjects gave informed consent. 

BAL

BAL was performed as previously described,13 with 1-mL
aliquots frozen for analysis of MMP-9. Twenty-milliliter aliquots
were concentrated for zymography and Western analysis.

Isolation and culture of BAL cells 

BAL fluid was filtered, centrifuged, washed, and the cells count-
ed. BAL cells (106) (Table I) were placed into Teflon-coated wells
and cultured in Dulbecco’s modified Eagle medium/0.1% BSA with
and without DEX (1 µmol/L) for 24 hours (37°C, 5% CO2). RNA
was extracted from the cultured BAL cells, while the supernatant
was collected for MMP-9 protein level, zymography, and, in some
cases, Western blotting for MMP-9 and NGAL.

Isolation and culture of peripheral blood

neutrophils 

Peripheral blood neutrophils were isolated using Ficoll-Paque
separation and cultured in 24-well plates (4 × 106 cells/well) for 24
hours with or without DEX (1 µmol/L) in Dulbecco’s modified
Eagle medium/0.1% BSA.14 Supernatants were harvested and
stored at –80°C for MMP-9 measurement and cells processed for
RNA extraction and subsequent MMP-9 mRNA analysis.

Quantitative real-time PCR 

Cellular RNA was extracted using TriZol reagent (Life Tech-
nologies, Rockville, Md). Reverse transcription was performed
using random hexamers, 1 µg of RNA and the TaqMan Reverse
Transcription Reagents (Applied Biosystems, Foster City, Calif).
MMP-9 primers and probe, labeled with 5′-reporter dye FAM and
TAMRA, were designed using Primer Express software (Applied
Biosystems). The following are sequences for MMP-9 primers and
probe: forward primer, 5′-GGGAGACGCCCATTTCG-3′; reverse
primer, 5′-CGCGCCATCTGCGTTT-3′; probe, 5′-AACCAC
GACGCCCTTGCCCAG-3′. 18S ribosomal RNA labeled with VIC
(Applied Biosystems) was evaluated in the same PCR reactions.
Real-time PCR was performed on the ABI Prism 7700 sequence
detection system (Applied Biosystems). The threshold cycle (Ct)
was recorded for MMP-9 and the internal control from each cDNA
sample, and duplicates were averaged. Relative mRNA expression
levels were calculated using the ∆Ct method ([1/2(gene of interest average

Ct – 18S rRNA average Ct) ] × 1000).

Zymography

Concentrated BAL fluid (20:1, Amicon, 3000 MW filter, Bever-
ly, Mass) and cell supernatant samples were loaded onto premade
10% zymogram gelatin gels (Bio-Rad, Hercules, Calif) under
nonreducing conditions. After electrophoresis, the gels were incu-
bated in renaturing enzyme activation buffer, rinsed, and incubated
in TRIS-HCl developing buffer. Gels were stained, rinsed, dried
(Novex Gel Dry, Ann Arbor, Mich), then scanned and analyzed with
a Scion imaging analysis program (NIH, Bethesda, Md). Results
were expressed as average pixel density × mm2 for the bands of pro-
teolysis, standardized to volume added (BAL fluid) or cell numbers
(BAL cell and neutrophil supernatants). Minimum detection was in
the 2-page range.15,16

Enzyme immunoassays

MMP-9 levels in unconcentrated BAL fluid or cell supernatants
were measured by enzyme immunoassay. The MMP-9 assay used
reagents from R&D Systems (Minneapolis, Minn). Plates are coated
with a mouse anti–MMP-9 (MAB936) and use the detection antibody
from the Quantikine kit (DMP900). This assay detects both pro– and
active MMP-9. 

Western blotting for MMP-9 and NGAL

Concentrated BAL fluid samples (20:1, 3000 MW filter, Ami-
con) or BAL cell culture supernatants were electrophoresed on 4%
to 15% gradient gels under nonreducing conditions and transferred
to Hybond ECL nitrocellulose membranes (Amersham, Arlington
Heights, Ill). Purified human MMP-9/NGAL complex (Cal-
biochem, San Diego, Calif) was used as a positive control. The blots
were blocked with 5% nonfat milk/TRIS-buffered saline–Tween for
2 hours and incubated with NGAL antibody (1:200) (Antibody
Shop, Copenhagen, Denmark) or MMP-9 (1:500) antibody (R&D)
overnight at 4°C. The blots were washed, incubated with horserad-
ish peroxidase–conjugated anti-mouse antibody, developed using
ECL Western blot detection reagents (Amersham), and exposed to
Hyperfilm (Amersham). 

Statistical analysis

Because most continuous variables were right skewed, these data
were log transformed. Because BAL MMP-9 levels and activity
contained “zero” values, these data were modified as “y = ln(x +
1)”, where x = original data point and y = the modified data that is
then log transformed. For presentation, log-transformed means and
SEMs were reconverted to their original scale. Numbers in text or
tables are the log-transformed means, with the upper and lower lim-
its derived from the log-transformed SEMs reconverted back to the
original scale. Means were compared by use of 2-way ANOVA for
multiple comparisons. When a significant overall difference was
found among the groups, a comparison of each individual group
was performed by use of Tukey-Kramer testing. Correlations were
performed using log-transformed data. A value of P < .05 was con-
sidered significant. All testing was done by use of a JMP program
(SAS Institute, Cary, NC).

RESULTS

Subject characteristics

Thirty-nine patients with severe asthma, 9 patients
with moderate asthma, 13 patients with mild asthma, and
17 normal control subjects underwent bronchoscopy
with BAL for evaluation of cell counts, differentials, and
MMP-9 levels (Table I). Subgroups were involved in
studies of MMP-9 production and activity as described in
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the individual sections. As reported previously, MMP-9
protein levels were highest in the severe asthmatics
(overall, P = .001). Similarly, the group of patients with
severe asthma had the highest percentages (and total
numbers/milliliter) of neutrophils in BAL fluid compared
with patients with milder asthma and normal control sub-
jects (P = .009 and P = .01, respectively).

MMP-9 in BAL fluid 

MMP-9 activity. Concentrated BAL fluid was evalu-
ated for MMP-9 activity in 18 severe, 7 moderate, and 5
mild asthmatics and 8 normal controls by zymography.
In most cases, 2 gelatinolytic bands were observed with

MWs of 92 and 125 kd, corresponding to the pro-
(latent) and HMW forms (Fig 1, A).5,17 The active form
was present in 3 of 18 patients with severe asthma but
never in those with milder asthma or normal controls
(band not shown). The pro-form of MMP-9 was
detectable in all subjects, but differences between
groups were not significant (P = .18) (Fig 2). The HMW
form of MMP-9 was present in highest amounts in
severe asthma and was significantly higher than the
amount in moderate asthma (overall, P = .02) (Fig 2).
Neither pro (r = .31, P = .07) nor HMW MMP-9 (r =
.32, P = .08) activities correlated with BAL fluid MMP-
9 protein level. 

FIG 1. A, Zymograms of BAL fluid from 3 normal subjects and 3 severe asthmatics demonstrating the high
molecular weight band. B, Corresponding Western blot for neutrophil-associated gelatinase lipocalin C, Cor-
responding Western blot for MMP-9. Accompanying neutrophil percentages and MMP-9 protein levels in
lavage fluid are at the bottom.

A

B

C

TABLE I. Subject characteristics

FEV1 BAL BAL BAL MMP-9 Oral steroids

M/F Age* (% predicted)† neutrophils (%)‡ macrophages (%)‡ eosinophils (%)‡ (ng/mL)‡ (mg/d)‡

Normal 8/9 29 ± 7 99 ± 3 0.6 86.6 0.15 0.18 —
(0.4-1.0) (83.9-89.4) (0.13-0.17) (0.11-0.30)

Mild 8/5 35 ± 7 81 ± 2 0.7 85.1 0.31 0.15 —
(0.6-0.8) (83.3-87.0) (0.22-0.45) (0.09-0.26)

Moderate 4/5 42 ± 12 67 ± 5 0.5 87.1 0.33 0.03 —
(0.4-0.6) (84.3-90.0) (0.20-0.53) (0.02-0.06)

Severe 15/24 35 ± 11 45 ± 3 1.6 81.5 0.43 0.49 18 
(1.3-2.0) (79.6-83.3) (0.33-0.55) (0.37-0.65) (13-25)

Overall P = .44 .02 < .001 .009 .308 .102 .001 N/A

*Mean ± SD.
†Mean ± SEM.
‡Log-transformed mean and SEM converted back to original scale.



J ALLERGY CLIN IMMUNOL

VOLUME 112, NUMBER 6

Cundall et al 1067

A
st

hm
a,

 r
hi

ni
tis

, o
th

er
re

sp
ir
at

or
y 

di
se

as
es

NGAL/MMP-9 Western blotting. To confirm that the
HMW form of MMP-9 was a heterodimer of MMP-9 and
NGAL, sequential Western blots of concentrated BAL
fluid were performed using antibodies to lipocalin and
MMP-9 in 3 severe asthmatics and 3 normal controls.
The 125-MW zymography band corresponded to a band
that reacted with the NGAL and the MMP-9 antibody at
the same MW shown on the Western blots in Fig 1, B and
C. A strong association was found between the presence
of the NGAL/MMP-9 band with neutrophils in BAL
fluid (Fig 1). 

Relationship of BAL MMP-9 levels to BAL cell types.
MMP-9 levels and activity were compared with number
and percentage of BAL cells. The MMP-9 protein level
was positively correlated with both percentage (r = .46, P
< .0001) and the number (r = .38, P = .006) of neu-
trophils, but not with percentage (r = –.04, P = .77) or
number (r = –.03, P = .66) of macrophages in the BAL.
Both the pro- and HMW activity form positively corre-
lated with percentage of neutrophils (r = .46, P = .005
and r = .65, P < .0001, respectively), but correlation of
neutrophils with the HMW form was higher/more signif-
icant (Fig 3). Similar correlations were observed when
neutrophils per milliliter were compared with MMP-9
activity. In contrast, inverse relationships were seen with
percentage macrophages in BAL and the pro– (r = –.85,
P = .007) or HMW (r = –.74, P = .03) MMP-9 activity
forms. Eosinophils did not correlate with MMP-9 levels.

MMP-9 protein/activity/mRNA from BAL

cells

To further address the source of the elevated MMP-9
in severe asthma, studies of MMP-9 mRNA, protein, and
activity were performed on isolated BAL cells from 18
severe asthmatics, 6 mild/moderate asthmatics, and 14
normal controls. BAL cell MMP-9 protein levels after 24

hours in culture tended to be higher in those with severe
(3.6 ng/mL, 2.8-4.4 ng/mL) asthma than in those with
mild-moderate asthma (1.6 ng/mL, 1.2-.2.2 ng/mL) and
normal control subjects (1.9 ng/mL, 1.4-2.5 ng/mL)
(overall, P = .09). The BAL cell MMP-9 protein concen-
tration correlated with percentages of neutrophils in the
BAL cell pellet (r = .75, P < .0001) and with BAL fluid
MMP-9 protein level (r = .45, P = .009). Zymography
was performed on BAL cell supernatants from 5 severe
asthmatics and 5 normal controls. Activity was present at
92 MW in all samples. The HMW form was present in
severe asthmatics and to a lesser degree in normal con-
trols with neutrophils in the BAL cell pellet (P = .03)
(Fig 4, A). In those with an HMW activity band, Western
blotting for NGAL/MMP-9 demonstrated a HMW band
positive for both (Fig 4, B and C).

BAL cells were also processed for MMP-9 mRNA.
In contrast to protein, after 24 hours in culture, severe
asthmatics had marginally lower amounts of MMP-9
mRNA than control subjects (overall, P = .06) (see Fig
5, B). BAL cell MMP-9 mRNA was not correlated with
BAL fluid MMP-9 protein levels, activity, or neu-
trophil numbers.

Effect of GCs on MMP-9 

In vitro effect of GCs on MMP-9 protein and mRNA in
BAL cells. BAL cells from 17 severe asthmatics, 6 mild-
moderate asthmatics, and 12 normal controls were cul-
tured with and without dexamethasone for 24 hours. DEX
had a significantly greater impact on BAL cell super-
natant MMP-9 protein levels in normal controls than in
severe asthmatics (overall, P = .009), despite marginally
lower untreated MMP-9 protein levels in normal subjects
(Fig 5, A). Pro–MMP-9 decreased after DEX in all groups
(P = .006), but there was no significant change in
HMW/NGAL protein/activity when compared with

FIG 3. The percentage of neutrophils in the BAL cells was signifi-
cantly correlated with the BAL fluid HMW MMP-9 level (r = .65, P
< .0001).

FIG 2. Pro– and HMW MMP-9 activity levels in BAL fluid among
the 4 subject groups. There were no significant differences in the
pro-form of MMP-9 among the groups (overall, P = .18). The HMW
form was significantly different between groups (P = .02), and the
severe asthmatics were significantly higher than those with mod-
erate asthma.
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untreated cells in either asthmatics (–17 ± 8 units) or nor-
mal controls (–26 ± 9 units) (P = .22). DEX decreased
MMP-9 mRNA in all groups. Similar to protein, the
decrease was greater in normal controls than in severe
asthmatics (P = .005) (Fig 5, B).

Effect of GCs on MMP-9 protein/mRNA in neutrophils.
The effect of DEX on the protein and mRNA of MMP-9
in peripheral blood neutrophils from normal subjects (n =
5) and severe asthmatics (n = 5) was evaluated. MMP-9
mRNA and protein were detected in neutrophils and their
supernatants in high amounts after 24 hours. MMP-9 pro-
tein levels were not decreased by DEX in either group
(Fig 6, A). However, neutrophil MMP-9 mRNA was mar-
ginally inhibited in both groups (P = .06) without differ-
ence between the groups (Fig 6, B).

DISCUSSION

This study suggests that the increased MMP-9 protein
in BAL fluid from patients with severe asthma is derived
primarily from neutrophils, with minor contribution from
monocyte/macrophages or other cells. Although it has
been suggested that increases in MMP-9 after allergen
challenge might be neutrophil derived, this is the first
study to detail the relationship of BAL fluid MMP-9 to
neutrophils and disease severity.18,19 In addition, in severe
asthma, a significantly higher amount of the MMP-9 is in
the HMW-NGAL complexed form, a form suggested to
be a marker of neutrophil presence and activation.17 This
HMW form of MMP-9 might be more proteolytically
active or susceptible to activation than the pro-form. By
inference, in areas where NGAL-associated MMP-9 is
present, the tendency for proteolysis might be greater.6

The relationship of MMP-9 in BAL fluid to a neu-
trophil source is supported by the (1) significantly
increased presence of the HMW MMP-9 in BAL fluid,
(2) confirmation that the HMW form is the NGAL-
MMP-9 heterodimer, (3) strong correlations between
neutrophils in the BAL cell population with the HMW
form of MMP-9 in the BAL fluid and cell supernatants,
(4) low levels of BAL cell (predominantly macrophage)
MMP-9 mRNA, and (6) poor inhibition of BAL fluid and
cell MMP-9 protein, activity, and mRNA by in vitro GCs
in subjects with severe asthma. In this study, correlations
of macrophages or eosinophils with MMP-9 were either
inverse (macrophages) or absent (eosinophils), suggest-
ing that their contribution to MMP-9 is minor. 

The implications for the increased release of
NGAL/MMP-9 in the airways of patients with severe
asthma are intriguing. Neutrophils are increased in
severe asthma, but their activation state is not clear.1,2,13

Activated neutrophils release their granule components
on stimulation.20 NGAL is a unique protein released
from activated neutrophil granules.5 Increased HMW
MMP-9 activity has been described in patients with asth-
ma, chronic obstructive pulmonary disease and subclini-
cal emphysema, although the relationship to the NGAL
complex has not been clear.17,21,22 In these diseases, the
role of the neutrophil has been controversial, and it was
suggested that in chronic obstructive pulmonary disease,
the macrophage, not the neutrophil, was the primary
source of the MMP-9.23

In asthma, it has been unclear whether the increased
BAL fluid MMP-9 is secondary to the increased neu-
trophils or a reflection of an increased activation state of
the neutrophils. That question cannot be answered from

FIG 4. A, Zymograms from BAL cell supernatants from 3 normal controls and 3 severe asthmatics demon-
strating high molecular weight and pro-form bands. B, Corresponding Western blot for neutrophil gelati-
nase associated–lipocalin. C, Corresponding Western blot for MMP-9. Neutrophil percentages in lavage fluid
and MMP-9 protein levels in the BAL cell supernatants are at the bottom.

A

B

C
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this study. However, because NGAL seems to protect
MMP-9 from degradation, preserving MMP-9 enzymat-
ic activity, the increased presence of the MMP-9/NGAL
activity form in severe asthma could support an active
role for neutrophils in proteolytic processes associated
with this disease. In this regard, a recent report suggest-
ed that tissue MMP-9, when identified in the subepithe-
lial basement membrane of patients with severe asthma,
was associated with neutrophilic inflammation, wors-
ened lung function, and potentially enhanced eosino-
philic trafficking in tissue.9

These studies in toto suggest that evaluation of MMP-
9 is complex. MMP-9 can exist in many forms, with dif-

fering degrees of activity. It can have several cell sources,
differing regulatory elements, and be found in different
compartments.9,22,23 Despite these complexities, many
studies have attempted to develop MMP to tissue
inhibitors of metalloproteinase (TIMP) ratios. It is unlike-
ly that one simple ratio applied to complex biologic sam-
ples (lavage fluid or sputum) will provide a valid approx-
imation of proteolytic activity within the lung. MMP pro-
tein assays generally measure total MMP, without regard
for activation or binding to TIMP-1. TIMP-1 assays mea-
sure bound and free TIMP-1, and TIMP-1 inhibits other
MMPs besides MMP-9, Finally, there is no apparent rela-
tionship between MMP-9 protein levels in BAL fluid and

A B

FIG 5. A, BAL cell supernatant MMP-9 protein levels (media versus dexamethasone). Dexamethasone had a
greater effect on normal control than severe asthma MMP-9 protein (overall, P = .009). B, BAL cell MMP-9
mRNA (media versus dexamethasone). Dexamethasone had a significantly greater effect on normal control
than severe asthma MMP-9 protein (overall, P = .005). 

FIG 6. A, MMP-9 protein levels in peripheral blood neutrophil supernatants cultured for 24 hours in media
versus dexamethasone (10–6 mol/L) from normal controls and severe asthmatics. B, MMP-9 mRNA levels
from peripheral blood neutrophils cultured for 24 hours in the presence of media versus dexamethasone.

A B
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MMP-9 (+) cells in the tissue (r = –.01) (data not shown).
Description of ratios, if reported, should be precisely
defined by cell source, compartment, activity/inhibition
ratio, and additional presence of MMPs. Because of these
complexities, although measured in all subjects, MMP-
9/TIMP-1 data are not reported here. 

GCs form the basis for our treatment of asthma. They
influence both inflammatory and remodeling processes,
although effects on extracellular matrix, MMPs, and
TIMPs are less clear.24,25 It has been reported that moder-
ate doses of inhaled GC (400 µg of beclomethasone twice
a day) diminish MMP-9 (+) cells in the airways of patients
with moderate asthma and decrease subbasement mem-
brane thickening.25 In this study, patients with moderate
asthma receiving low-dose inhaled GCs had the lowest
levels of BAL MMP-9 protein and activity. It is conceiv-
able that the decrease in MMP-9 observed in the presence
of low doses of GCs is predominantly through their pro-
found inhibitory effect on macrophages.12 However, in
contrast to low-dose GCs, patients with severe asthma on
high-dose GCs had the highest levels of MMP-9 protein
and activity. This bimodal (dose) effect of GCs on MMP-
9 in asthma might be due to their differing effects on
macrophages and neutrophils. 

High-dose GCs seem to have complex effects on neu-
trophil MMP-9. GCs produced a substantial decrease in
peripheral blood neutrophil MMP-9 mRNA compared
with untreated cells without difference between severe
asthmatics and normal subjects. Because high-dose GCs
prolong the survival of neutrophils, it is unikely that the
decrease in MMP-9 mRNA is due to diminished survival,
but rather to diminished transcription or stabilization.4,26

Despite less mRNA, there was no effect on MMP-9 pro-
tein at 24 hours. Therefore, unlike macrophages, MMP-9
protein from neutrophils is not closely dependent on the
amount of mRNA present. Similar to previous reports,
peripheral blood neutrophils produced 100 to 1000 times
greater MMP-9 protein than BAL cells, despite similar or
even lower mRNA levels.27 Therefore, even small neu-
trophil numbers (1% of total) could contribute dispropor-
tionately to BAL fluid/cell supernatant MMP-9 levels,
especially in the presence of GC suppression of
macrophage MMP-9. 

Both MMP-9 mRNA and protein in BAL cells from
severe asthmatics responded poorly to in vitro GCs.
The effect on BAL cell protein is likely due to the high-
er percentage of neutrophils in the patients with severe
asthma (Table I) and the limited effect of GCs on
MMP-9 protein. However, the reasons for the differing
effects on BAL cell mRNA are less clear, but they
could be due to a slightly decreased response of neu-
trophil (compared with macrophage) mRNA to GCs,
the marginally lower MMP-9 mRNA levels in severe
asthmatics, or an example of “steroid resistance.”28

In conclusion, neutrophils contribute significantly to
MMP-9 levels and activity in the luminal (BAL fluid)
compartment of patients with severe asthma. This neu-
trophil-derived MMP-9 seems to be poorly suppressed
by GCs in vitro and likely in vivo as well. Whether this

neutrophil-derived MMP-9 contributes to structural
changes in asthma remains to be determined. 

We thank Dr Niels Borregaard for the initial supply of NGAL
antibody.
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