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Rationale: Matrix metalloprotease (MMP)-9 is an elastolytic endo-
peptidase produced by activated macrophages that may be involved
in the development of human pulmonary emphysema and could be
inhibited with existing compounds. Mouse models have demon-
strated that excess MMP-9 production can result in permanent
alveolar destruction.

Objectives: To determine if MMP-9 causes cigarette smoke-induced
emphysema using MMP-9 knockout mice and human samples.
Methods: Mouse lungs were analyzed for inflammation and airspace
enlargement using a mainstream smoke-exposure model. Human
macrophage mRNA was isolated from subjects with emphysema by
laser capture microdissection. Human blood monocyte mRNA was
isolated from subjects with greater than 30 pack-year smoking
history. Human gene expression was determined by quantitative
polymerase chain reaction and compared with emphysema severity
determined by automated computed tomography analysis. Plasma
Clara cell secretory protein and surfactant protein-D were quantified
to measure ongoing lung injury.

Measurements and Main Results: Mice deficientin MMP-9 develop the
same degree of cigarette smoke-induced inflammation and airspace
enlargement as strain-matched controls. Macrophages are the pre-
dominant source of MMP-9 production in human emphysema
specimens and similar quantities of macrophage MMP-9 mRNA is
present in areas of lung with and without emphysema. Circulating
monocytes produce more MMP-9 in individuals with advanced
emphysema severity despite no correlation of MMP-9 with markers
of ongoing lung damage.

Conclusions: These results suggest that MMP-9 in humans who
smoke is similar to smoke-exposed mice, where MMP-9 is present in
emphysematous lung but not correlated with the emphysema. To
the degree that the mechanisms of emphysema in humans who
smoke resemble the mouse model, these data suggest specific
inhibition of MMP-9 is unlikely to be an effective therapy for
cigarette smoke-induced emphysema.

Clinical trial registered with www.clinicaltrials.gov (NCT 00757120).

Keywords: pulmonary disease, chronic obstructive; laser capture
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Several studies have implicated matrix metalloproteinase-9
(MMP-9, gelatinase B, type IV collagenase B), in emphysema
and chronic obstructive pulmonary disease (COPD) pathogen-
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Inflammatory cell production of matrix metalloproteinase
(MMP) has a role in chronic obstructive pulmonary disease
pathogenesis, and MMP-9 could be inhibited with existing
compounds.

What This Study Adds to the Field

Genetic deletion of MMP-9 did not protect mice from
smoking-induced alveolar inflammation and airspace en-
largement. In human lungs with emphysema and elevated
macrophage MMP-9, there was no correlation between
macrophage MMP-9 and the extent of emphysema in
adjacent lung tissue. These findings indicate that inhibition
of MMP-9 is unlikely to prevent progression of smoking-
associated emphysema.

esis (1-5). MMP-9 can be accurately measured and is an
elastolytic protease that is produced in large quantities by
inflammatory cells, thus making it suitable for investigation in
emphysema (5-7). However, because the pathophysiology of
emphysema follows such an indolent course, developing over
decades in response to cigarette smoke, a link between MMP-9
activity and alveolar destruction is lacking.

Mouse models have identified several MMPs that cause
airspace enlargement by overexpression (8, 9), or that prevent
airspace enlargement by gene deletion in smoking models
(10). The recent discovery that mice transgenically altered to
overexpress human MMP-9 in alveolar macrophages develop
progressive airspace enlargement (8) adds importance to the
existing literature about MMP-9 in COPD. However, whether
MMP-9 deletion is protective in nonsmoking mouse models of
airspace enlargement depends on the mouse model used (11,
12). We now demonstrate the results of chronic smoke expo-
sure on MMP-9 knockout (KO) mice in a smoking-sensitive
strain.

Although MMPs likely have multiple functions in vivo, the
destruction of structural lung matrix is clearly one irreversible
step in the development of emphysema and may represent
a common pathologic finding in both human disease and mouse
models of disease. For this reason, we specifically examined the
relationship between MMP-9 and alveolar enlargement or em-
physema. Conceptually, if MMP-9 is involved in emphysema
pathogenesis, the production of MMP-9 in mice, and in humans,
should correlate with alveolar destruction. We recognize that
MMP-9 production may also be involved in airway remodeling
in obstructive lung disease, but for these studies we used a mouse
model and lung specimens that are most appropriate for study of
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emphysema. So, we have confined our investigation to the
examination of alveolar destruction.

To examine the possible relationship of MMP-9 with human
emphysema, we have quantitatively defined emphysema severity
of tissue cores from explanted human lungs, computed tomogra-
phy (CT) scans of study subjects, and histologic sections of mouse
lungs in this study. Because lung destruction is heterogeneous in
human emphysema, we examined areas of varying degrees of
emphysema severity within the same lung using laser capture
microdissection (LCM) to isolate macrophages. This approach
allowed us to avoid the averaging artifacts that arise when
sputum cells, bronchoalveolar lavage cells, or total lung cells are
used for mRNA analysis of small samples originating from
heterogeneous areas of disease. LCM allows one to obtain an
accurate quantitative value for MMP-9, specifically from mac-
rophages, in emphysema-susceptible individuals from areas with
gradations of emphysema severity.

The systemic MMP-9 elevations seen in COPD (13-15)
could reflect blood monocyte MMP-9 production, which may
be a more sensitive marker of emphysema-mediated inflamma-
tion, and could be mechanistically relevant to the role of alveolar
macrophages in emphysema pathogenesis. Accordingly, we com-
pared circulating monocyte MMP-9 production with the whole-
lung emphysema severity as determined by quantitative CT scan
analysis and with two systemic markers of active lung injury
(Clara cell secretory protein [CCSP] and surfactant protein-D
[SP-D]) (16-18) that are altered in current smokers and subjects
with COPD (19-24). Some of the results of this manuscript have
been previously published in the form of an abstract (25).

METHODS
Mice

All animal studies were approved by the Washington University
Animal Studies Committee. All wild-type (WT) CS57Bl/6 mice were
purchased from Taconic Farms (Hudson, NY). MMP-9 KO mice were
originally generated on a 129SvEv background (26), but have been
backcrossed greater than 15 generations to C57Bl/6 strain mice. All
smoking experiments were performed using a vented nose exposure
chamber previously described using a 6-day a week daily exposure to
four 3R4F cigarettes (University of Kentucky) with filters removed
(10). Mice were killed by CO, narcosis always 24 hours after the last
cigarette exposure. Histologic assessment was performed only on mice
not used for lung lavage, as previously described (27, 28). All lungs
were inflation-fixed in formalin at 25 cm H,O pressure and chord
length results represent automated measurements from 15 randomly
acquired images from three hematoxylin and eosin stained slides at
least 50 pm apart averaged for each animal (28). Lung lavage was
performed as previously described on mice not used for chord length
analysis, with manual assessment of differential counts. Statistical
analysis was done on the mean chord lengths of animals from each
group (MMP-9 WT smoked and nonsmoked, MMP-9 KO smoked and
nonsmoked) using analysis of variance (ANOVA) with Tukey test for
post hoc significance (SPSS 16, Chicago, IL).

Subject Recruitment

Human materials were obtained from two sources: tissue cores were
obtained from the explanted lungs of GOLD 4 subjects at the time
of lung transplantation surgery; and peripheral blood monocytes
were obtained from subjects enrolled for a biomarker study (www.
clinicaltrials.gov NCT00757120) that consisted of a local cohort of
subjects who received chest CT scans as part of the National Lung
Screening Trial (NLST, NCT00047385) and had no radiographic
lung diseases other than emphysema.

Subjects undergoing lung transplantation for COPD at Washington
University Medical Center were consented for sampling of explanted
lungs at the time of lung transplantation. Within several hours of
surgery an entire explanted lung was inflated over liquid nitrogen vapor
(29, 30). From this lung multiple 13-mm diameter cores were acquired
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from 2-cm thick lung slices using a uniform nonrandom sampling
method (29, 30). Ten cores, each randomly chosen from five consec-
utive subjects, were used for alveolar macrophage analysis. Subject
demographic data are included in Table 1. All of the subjects at time of
transplantation had stopped smoking for at least 6 months and none
had evidence of an acute infection.

The NLST is an National Cancer Institute-sponsored trial that
compares the merits of screening for lung cancer with three annual
low-dose chest CT scans as opposed to three annual standard chest
radiographs in heavy smokers (subjects between the ages of 55 and 74
at enrollment with at least a 30 pack-year smoking history). At our
institution, 879 of the subjects who had been randomized to CT scan
screening and who required no further follow-up for lung nodules were
identified. Automated image analysis (VIDA diagnostics, lowa City,
IA) was performed on the most recent preexisting CT study for each of
these subjects to determine the emphysema index (EI), which was
defined as the percentage of total lung with density less than —950
Hounsfield units (HU). Members of this cohort were invited to
participate in this study, which was not part of the NLST. Any subject
with a known history of solid organ malignancy or inflammatory-
immunomodulatory disorder or current oral corticosteroid use was
excluded (three subjects: aj-antitrypsin [a1AT] deficiency, rheumatoid
arthritis, and hepatitis C). From this cohort we have enrolled 38 subjects
with an EI of greater than 10% into our emphysema biomarker study. In
this report we refer to this group as “emphysema-sensitive” subjects. We
have also enrolled 47 subjects with an EI less than 5% that we refer to as
an “emphysema-resistant” control group. All testing was performed
within 3 years of the NLST CT scan. Emphysema-sensitive subjects were
predominantly male, former smokers with at least moderate airflow
obstruction, although several did not meet GOLD criteria for COPD
(Table 2). The emphysema-resistant cohort was predominantly female
(Fisher exact test P < 0.0005) and nonwhite (Fisher exact test P <
0.001). The emphysema-sensitive cohort included fewer current smokers
(Fisher exact test P < 0.003). The resistant current smokers were
significantly younger than the sensitive former smokers (ANOVA P <
0.01 by Tukey test). As expected, airflow obstruction as measured by
post-bronchodilator FEV; % predicted was lower in the emphysema-
sensitive group compared with resistant former smokers and current
smokers (ANOVA P < 0.01 by Tukey test).

Subject Testing

All protocols were approved by the human research protection office at
Washington University. Permission to recruit and use preexisting CT
scans was obtained from the NLST. None of the testing performed for
this study is sponsored by or part of the NLST. All subjects performed
pulmonary function tests consisting of spirometry prebronchodilator
and post-bronchodilator, lung volumes by plethysmography, diffusing
capacity, and a 6-minute walk test according to American Thoracic
Society consensus statement guidelines (31) on the same day as blood
collection at Washington University. A total of 45 ml of blood was
drawn from each subject while in a sitting position and collected in
K;EDTA-coated tubes (BD Vacutainer, Franklin Lakes, NJ). Tubes
were inverted gently six times and transported at room temperature to
the laboratory immediately after collection. All blood specimens were
processed within 2 hours of collection. Additionally, six spots of blood
were placed on cards for testing for mutations that cause alAT
deficiency. a1 AT testing was performed anonymously at the University
of Florida (Mark Brantly, Gainesville, FL) via a fee-for-service
agreement. No subjects had low alAT protein levels or homozygous
mutations in the a1AT gene.

Blood Processing

All plasma samples were separated by centrifugation and immediately
frozen in 2-ml aliquots at —80°F for further testing. The cell pellet was
resuspended in sterile phosphate-buffered saline (PBS) and subjected
to density gradient separation with Histopaque-1077 (Sigma, St. Louis,
MO) to remove granulocytes and red blood cells. The remaining cells
were processed for monocyte isolation by elutriation.

ELISA for CCSP and SP-D

The plasma samples were thawed once and SP-D (Biovendor, Modrice,
Czech Republic), and CCSP levels (Biovendor) were determined using
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TABLE 1. SUBJECT DEMOGRAPHICS FOR LASER CAPTURE MICRODISSECTION MACROPHAGE ANALYSIS

Subject Age Sex BMI (kg/m?) Pack-years Years Quit FEV; %pred FVC %pred RV %pred Mean PAP (mm Hg) LVEF (%)

1 57 F 27.6 25 2
2 56 M 22.2 105 2
3 51 F 22.2 30 3
4 62 M 25.1 97 10
5 64 F 221 60 9

15
17
12
15
21

56 331 34 52
63 289 24 74
63 389 24 58
68 490 20 53
64 196 22 53

Definition of abbreviations: BMI = body mass index; LVEF = left ventricular ejection fraction; PAP = pulmonary artery pressure;

%pred = percent predicted; RV = residual volume.

commercially available ELISA kits. All samples were measured in
duplicate and the average value was used. The difference in concen-
tration between all duplicate samples was below the detection thresh-
old of the assay. All CCSP samples and standards were diluted 25-fold
and all SP-D samples were diluted 10-fold. We did not measure CCSP
or SP-D levels in current smokers with emphysema because this group
was too small to use in biomarker analysis.

Elutriation

Monocytes were isolated by countercurrent elutriation at 4°C (32). The
protocol generally results in 812 million monocytes per subject and does
not require incubation with antibodies or plating on plastic, which could
activate monocytes ex vivo. An aliquot of each sample was examined by
modified Wright staining to confirm purity and the predominant
contaminating cell type was large granular lymphocytes at less than 10%.

Monocyte mRNA and Quantitative Polymerase Chain
Reaction for MMP-9

RNA was isolated from 2 X 10° monocytes using PureLink RNA Mini
Kit (Invitrogen, Carlsbad, CA). cDNA was transcribed with high-
capacity RNA to cDNA kit (Applied Biosystems, Foster City, CA).
Using forward primer gacgcagacatcgtcatccagttt and reverse primer
gecgegecatetgegttt, relative MMP-9 quantity was assayed using SYBR
green (Sigma) and a Stratagene MX300 cycler (Stratagene, LaJolla, CA)
and normalized for loading quantity by subtracting the cycle threshold
(CT) of the housekeeping gene ribosomal protein L32 (F-cagggttcgta
gaagaatcaaggg, R-cttggaggaaacattgtgagegatc). Because there is no nor-
mal MMP-9 value to use for fold change (usually described as delta-delta
cycle threshold), mRNA quantity was calculated using the following
formula: relative MMP-9 mRNA quantity = 2-(MMP9 CT- L32 CT)_ Results
were multiplied by 1,000 to make all values greater than 1 to improve
display on a log scale. All values are normalized to the housekeeping
gene so results are expressed in relative units.

CT Analysis

The inflated, frozen lungs explanted from the lung transplant patients were
scanned on a Definition 64-multidetector scanner (Siemens AG, Munich,
Germany) using 120-kilovolt (peak) (kVp), 0.5-second gantry rotation,
and mA/pitch/effective mA of 132/1.2/110 or a Sensation 16-multidetector
scanner (Siemens) using 120-kVp, 0.42-second gantry rotation, and mA/
pitch/effective mA of 100/1.1/94. These images were reconstructed
contiguously at 10-mm section thickness using a medium smooth algo-

TABLE 2. SUBJECT DEMOGRAPHICS FOR MONOCYTE ANALYSIS

Sensitive Resistant Sensitive Resistant

FS (26) FS (18) CS (4) CS (20)
Age, yr 68* 65 65 63
Female, % 4%t 67 50 68
White, % 100*" 67" 100 89
BMI, kg/m? 29.51 34.2 25.6 28
Pack-years 64 50 43 50
FEV; %pred 71+ 91 65 87
El, % 26*" 3 19 4

Definition of Abbreviations: BMI = body mass index; CS = current smoker; El =
emphysema index; FS = former smoker; %pred = percent predicted.

Statistically significant compared with: * Resistant CS or ' Resistant FS (see
METHODS section).

rithm (B30f). CT analysis of lung cores was performed as previously
described (29). Basically, the CT sections were matched with photographs
of the transversely sliced frozen lungs from which cores had been
removed, and the mean CT attenuation of the lung in the region of the
core was measured using Image J software (available at: http://rsb.info.
nih.gov/ij). Based on previous experience a CT density of a lung core that
is less than —950 HU reflects mean linear intercepts greater than 0.5 mm
on histology. For this study CT density was used because the extra tissue
handling adversely alters the histology making histologic measurements
less representative of the in vivo state.

The CT scans from the NLST trial were obtained using 120-kVp,
0.5-second gantry rotation, and mA/pitch/effective mA of 60/2.0/30
(Siemens Volume Zoom 4-multidetector CT) or 45/1.5/30 (Siemens
Sensation 16-multidetector CT). All images were reconstructed con-
tiguously at 2-mm section thickness using a medium smooth algorithm
(B30f). Only the most recent preexisting CT study was used. All scans
were performed within 3 years of enrollment in the present study.
Quantitative analysis of the in vivo CT scans from the NLST was
performed on both lungs using Emphysema Profiler software (VIDA
Diagnostics). Emphysema was defined as regions of lung parenchyma
with attenuation less than —950 HU. The percentage of total lung with
emphysema, defined as the EI, was calculated. Results of analysis at
—910 HU, and the HU at the 15th percentile of lung density, were also
determined but are not reported because they generally correlated with
the EI at —950 HU and did not change the conclusions.

Laser Capture Microdissection

Each lung core was placed in the base of a cryomold carefully overlaid
with Tissue-Tek OCT (Sakura Finetek USA, Torrance, CA) and imme-
diately frozen with liquid nitrogen. The pieces of lung were kept flat in
the bottom of the cryomold to maximize the area of tissue that was
sectioned. Tissues were sectioned at 7 um in a cryostat (Leica, Nussloch,
Germany). Frozen sections were placed on plain glass slides (Matsunami,
Osaka, Japan) and were then immediately fixed in 70% ethanol for 5
minutes before being rehydrated in RNase-free water for 30 seconds. To
identify macrophages in the lung, sections were stained with mouse
monoclonal antihuman cluster of differentiation 68 (CD68) antibodies
(Dako, Carpinteria, CA) as previously reported using an EnVision™ kit
(Dako) (33). After washing in PBS, sections were exposed to a horse-
radish peroxidase-labeled polymer conjugated with secondary mouse
and rabbit antibodies from the kit for 5 minutes. After washing in
RNase-free water and PBS, sections were incubated with diaminobenzi-
dine for 2 minutes and were washed in RNase-free water. Sections were
then dehydrated as above and cleaned in xylene for 90 seconds (three
times for 30 seconds each) before LCM. Slides were completely air-dried
until use to prevent RNA degradation. RNase inhibitor (400 U/ml) was
added in all aqueous steps, including color development. Macrophages
localized in the alveolar space and in the alveolar walls were harvested
using a PixCell II System (Arcturus Engineering, Mountain View, CA)
with laser beam diameter of 7.5 wm. A total of 30,000 laser bursts were
used to collect cells from each subject.

RNA Purification and Reverse Transcription

Total RNA was extracted from LCM samples and from the serial
sections adjacent to the sections used for LCM, referred to as whole
sections of lung tissue, using an RNeasy Mini kit (Qiagen, Hilden,
Germany), and was eluted in 31 pl of elution buffer included in the kit.
RNA was reverse-transcribed using random hexamers from the Tag-
Man Reverse Transcription Reagents and RT Reaction Mix (Applied
Biosystems) in a total volume of 60 pl at 25°C for 10 minutes, at 42°C
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for 30 minutes, and at 94°C for 5 minutes on the ABI PRISM 7700
Sequence Detection System (Applied Biosystems). The resulting first-
strand cDNA was used as a template for reverse transcription poly-
merase chain reaction (RT-PCR).

5’-Exonuclease-Based Fluorogenic PCR

Quantitative PCR of LCM-captured macrophages was performed using
an ABI PRISM 7700 Sequence Detector (Applied Biosystems), as
described previously (33). Primers and a labeled probe for MMP-9 and
glyceraldehyde phosphate dehydrogenase (GAPDH) cDNA as an
endogenous control were purchased from Applied Biosystems (TagMan
human GAPDH control reagents). PCRs for MMP-9 and GAPDH were
performed in separate tubes to avoid possible competition or interfer-
ence. Briefly, a 2-pl aliquot of the RT products (cDNA) from macro-
phages, or a 0.5-pl aliquot of those from whole-lung sections, was placed
into each tube and PCR was performed using TagMan Universal PCR
Master Mix (Applied Biosystems) in a total volume of 25 pl. PCR was
performed for 40 cycles, consisting of a denaturation step at 95°C for
15 seconds and a combined annealing and extension step at 60°C for
1 minute. For linear regression analysis of unknown samples in each
assay, a standard curve was generated using 8- or 10-fold serial dilutions
of cDNA from human alveolar macrophages obtained by bronchoalveo-
lar lavage from a normal control subject, as described previously (33).
The relative amount of target mRNA in the samples was assessed by
interpolation of their threshold cycles from a standard curve and was
then normalized against GAPDH mRNA. PCR assay was independently
performed three times to confirm reproducibility, and representative
data are shown.

Statistical Analysis

Results are expressed as a mean = SEM in tables for continuous
variables and as a percent of total for categorical variables. Differences
in categorical variables between groups were evaluated with a Fisher
exact test. Two-way ANOVA followed by a Tukey test was used for
multiple comparisons in mouse experiments and one-way ANOVA
was used for groups of monocytes subjects. The ¢ test was used for
pairwise comparisons of emphysema-sensitive and -resistant subjects.
Because of nonnormal distribution of macrophage and monocyte
MMP-9 mRNA quantity, Spearman correlation (expressed as p) was
used for evaluating the relationship of MMP-9 mRNA quantity with
emphysema severity and lung injury biomarker quantities. Significance
was set at a P value of less than 0.05.

RESULTS

Mice Deficient in MMP-9 Develop Smoke-induced Airspace
Enlargement Similar to Strain-matched Control Mice

Because mice that overexpress MMP-9 in alveolar macrophages
develop spontaneous airspace enlargement (8), we sought to
evaluate if MMP-9 deletion in mice reduced susceptibility to
cigarette smoke—induced airspace enlargement. MMP-9 KO
mice that had been bred onto an emphysema-sensitive C57Bl/6
background were evaluated after 6 months of smoke exposure.
MMP-9 KO mice demonstrated a similar degree of airspace
enlargement compared with WT mice (Table 3 and Figure 1).
Two-way ANOVA analysis with Tukey test HSD analysis
reveals significant effects of smoking on chord length (P <
0.01) with no additional effect of MMP-9 deficiency. Consistent
with the known effects of chronic smoke exposure, an increase
in alveolar macrophages was seen in both strains of smoking
mice (see arrows in Figures 1B and 1D).

Mice Deficient in MMP-9 Have Lung Inflammation after
Chronic Cigarette Smoke Exposure Similar to Control Mice

To examine if MMP-9 KO mice had altered lung inflammation,
lung lavage cell counts and differentials were performed after
6 months of cigarette smoke exposure on an additional 10 mice
of each genotype. The lavage cell counts demonstrated a similar
smoke-induced increase in total alveolar macrophages and
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TABLE 3. CHORD LENGTH IN MICE

Genotype/Treatment Length in pm = SEM
C57 nonsmoking 271 0.7
MMP-9 KO nonsmoking 28 = 0.8
C57 6M smoking 40.2 * 0.5*
MMP-9 KO 6M smoking 389 = 1.1*

Definition of Abbreviations: KO = knockout; MMP = matrix metalloproteinase.
* P < 0.05 compared with nonsmoking, n = 10 mice per condition.

lymphocytes but no additional alteration in the cell counts
because of MMP-9 deficiency (Figure 2). We did not demon-
strate any effects on neutrophil accumulation at this time point
because of smoking or MMP-9 deficiency. The lung lavage fluid
and lung homogenates of smoke-exposed MMP-9 KO mice
demonstrate no MMP-9 and the presence of MMP-2 and MMP-
12 in quantities that are less than or equal to WT smoked mice
(see Figure E1 in the online supplement).

Alveolar Macrophage MMP-9 Production Does Not Correlate
with Local Emphysema Severity in Severe COPD

Because MMP-9 has been associated with emphysema in human
subjects (2, 4, 34), we sought to evaluate the association of
emphysematous lung destruction with macrophage MMP-9
production. To evaluate MMP-9 production in human alveolar
macrophages, we isolated mRNA from macrophages in serial
sections by LCM of CD68™ cells in lungs removed at the time of
transplantation (49 cores analyzed, only one lung core produced
macrophage mRNA of insufficient quality for analysis). Em-
physema severity of individual lung cores was determined by
evaluating the mean HU of the defined region of interest on CT
scan (29).

To confirm macrophages were the predominant source of
MMP-9 mRNA in lung tissue, nRNA from slides without capture
by LCM was also evaluated (whole-lung mRNA). The relative
amount of MMP-9 mRNA in the whole-lung samples was on
average 20 times less than the MMP-9 mRNA quantity in
macrophages (both normalized to a GAPDH loading control).
This suggests that increases in MMP-9 production in emphyse-
matous lungs are largely from a macrophage source. As is
expected, there was fairly good correlation of whole-lung MMP-
9 mRNA quantity with alveolar macrophage MMP-9 quantity
(p = 0.7; P < 0.01) (Figure 3A), suggesting that the variability of
MMP-9 mRNA quantity in different areas of the lung in GOLD
4 subjects is dictated by alveolar macrophage production.

There was significant variability of macrophage MMP-9
production from core to core within the same lung, but no
relationship between local emphysema severity and macro-
phage MMP-9 production was seen (Figure 3B) (p = 0.14;
P = 0.33). In fact, all subjects except three had at least one core
with no measurable macrophage MMP-9 mRNA and several
had elevated MMP-9 in areas with minimal emphysema (Figure
3B). We note that the normal quantity of MMP-9 produced by
human alveolar macrophages in healthy individuals cannot be
determined from this data. We have used specimens described
previously (35) to determine the alveolar macrophage pro-
duction of MMP-9 in nonsmokers without emphysema and
former smokers with no radiographic emphysema and found
similar macrophage MMP-9 production (Figure E2). This is
consistent with the current finding of macrophage MMP-9
elevations in nonemphysematous areas of GOLD 4 lung.

Monocyte MMP-9 mRNA Correlates with Emphysema
Severity in Former Heavy Smokers

Serum MMP-9 levels have been correlated with COPD severity
(13, 15), so we evaluated MMP-9 production in alveolar macro-
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Figure 1. Airspace size after 6 months of cigarette smoke exposure.
Age-matched nonsmoked matrix metalloproteinase (MMP)-9 wild-type
(WT) (A) and knockout (KO) (C) and MMP-9 WT (B) and KO (D) mice
after 6 months of cigarette smoke exposure. Inflation-fixed lungs
demonstrate similar airspace size in nonsmoked animals (A and C)
with similar airspace enlargement in smoked animals (B and D)
comparable with mild emphysematous changes in humans. An in-
crease in alveolar macrophages (arrows, B and D) but not neutrophils is
seen in both smoke-exposed WT and KO animals.

phage precursors, circulating monocytes. Because plating can
induce MMP-9 production (approximately 100- to 500-fold
induction in our samples, data not shown) monocytes were
isolated by cold countercurrent elutriation. Isolated monocyte
MMP-9 mRNA quantity correlated modestly with severity of
emphysema as measured by CT density in our subjects (p = 0.28;
P = 0.02) (Figure 4). This correlation was predominantly caused
by a strong correlation in the former smokers with emphysema
(EI >10%; p = 0.49; P = 0.01). MMP-9 mRNA quantity did not
separate the emphysema-sensitive subjects from the emphysema-
resistant subjects (¢ test P = 0.295). This suggests that there may
be a specific type of systemic inflammation that correlates with
emphysema, but monocyte MMP-9 production results from
multiple processes that are present in current and former heavy
smokers with and without emphysema. The higher correlation of
monocyte MMP-9 quantity with emphysema severity in former
smokers with at least a 10% EI suggests that production in
monocytes may be a systemic response to the ongoing lung
damage in emphysema and elevated levels may correlate with
the quantity of ongoing lung injury.

Monocyte MMP-9 Levels Do Not Correlate with Systemic
Markers of Lung Injury

Both serum CCSP (CCSP, CC16, and CC10) and SP-D have
been demonstrated to be markers of lung injury and inflamma-
tion with respective decreases and increases with active smoking
and lung diseases including COPD (13, 16, 17, 19-24, 36, 37).
Neither of these markers has correlated with COPD severity,
suggesting that they both represent lung-specific biomarkers of
ongoing lung injury (23). It is notable that no studies have
examined the relation of either biomarker with emphysema. We
tested plasma samples of our subjects for both of these markers
to determine if monocyte MMP-9 production was a systemic
response to ongoing lung injury.

Monocyte MMP-9 mRNA quantity did not correlate with
CCSP (Figure 5A) (p = 0.15; P = 0.21). CCSP quantity was low
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Figure 2. Mouse lung lavage inflammatory cell profile after smoking.
Chronic smoke exposure induces a modest but significant increase in
alveolar macrophages at 6 months (*P < 0.05 in both wild-type and
knockout (KO) compared with nonsmoked). Matrix metalloproteinase
(MMP)-9 KO mice demonstrated no significant difference in number or
type of inflammatory cells after smoking compared with wild-type mice.

in current smokers, as expected (¢ test vs. former smokers P =
0.02), but was not depressed in former smokers with emphy-
sema (Figure E4, ¢ test vs. resistant former smokers P = 0.6).
Theoretically, CCSP levels are low because of smoke-induced
toxicity and decrease in or loss of CCSP production. The lack of
depression of systemic CCSP levels in our emphysema subjects
may reflect that this molecule does not represent emphysema-
tous damage, as might be expected with a protein that is
produced in the small airways and not the alveolus.

Unlike CCSP, SP-D is produced by alveolar epithelial cells.
Elevation of systemic levels of SP-D with smoking, COPD, or
other lung injuries is believed to reflect ongoing damage
associated with disruption of the alveolar epithelial integrity
(16, 18, 37, 38). In our cohort, plasma SP-D levels did not
correlate with monocyte MMP-9 production (Figure 5B) (p =
0.08; P = 0.52). This suggests that if ongoing lung damage in
subjects with emphysema is reflected by SP-D (or CCSP), then
monocyte MMP-9 mRNA elevations are unrelated to active
lung damage and therefore likely a nonpathogenic bystander.

DISCUSSION

MMP-9 is easily measured and is a product of several types of
inflammatory cells. MMP-9 can cause emphysema when over-
expressed in alveolar macrophages of mice (8) and it is present
in the lungs of subjects with emphysema (2). Data such as these
have implicated MMP-9 in emphysema pathogenesis. However,
direct assessment of MMP-9 as a cause of cigarette smoke-
induced emphysema has been lacking. Because Food and Drug
Administration approved, commercially available compounds
(e.g., doxycycline) can decrease MMP-9 activity at achievable
systemic concentrations (39, 40), we decided to evaluate MMP-9
in the mouse smoking model and human monocytes and alveolar
macrophages. We now demonstrate that MMP-9 deletion in mice
does not prevent either cigarette smoke—induced lung inflamma-
tion or cigarette smoke-induced airspace enlargement. We
believe this is a critical finding because it suggests that although
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Alveolar enlargement in mice can be generated by many different
mechanisms (8, 9, 11, 12, 41, 42), but alveolar enlargement from
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Figure 3. Matrix metalloproteinase (MMP)-9 gene ex-
pression in emphysematous lung. (A) MMP-9 expression
in whole-lung compared with CD68* macrophages.
Using mRNA from single slices of lung cores or laser
capture isolated alveolar macrophages quantitative poly-
merase chain reaction was performed to determine mRNA
quantity after adjustment for loading by normalizing to
the housekeeping gene GAPDH. Ten samples each from
five subjects with GOLD 4 chronic obstructive pulmonary
disease were evaluated. Gene expression is in relative units
based on a simultaneous standard curve. MMP-9 is much
more abundant in alveolar macrophages and demon-
strates good correlation with whole-lung MMP-9 quantity
(p = 0.7; P < 0.01). (B) MMP-9 expression in CD68*
alveolar macrophages compared with emphysema sever-
ity of the lung core. Emphysema severity is expressed as
the mean density of the region of the lung core on
computed tomography. MMP-9 mRNA quantity from
alveolar macrophages plotted on a log scale (values of
0 converted to 1) demonstrates no correlation with
emphysema severity (p = 0.14; P = 0.33).

chronic cigarette smoke exposure is an MMP-9-independent
process. MMP-9 is an elastolytic enzyme that, if produced in

sufficient quantity in the proper location, can generate airspace
enlargement in mice. However, our mouse model of chronic

smoke exposure is geared toward active lung destruction

1000.0

100.0

|
|
|
fL\

.10 020 f)

@ q ®current
smoker
\
@former
smoker
—O |
0.40 0.50

0.1

Emphysema Index

probably by both macrophage MMP-12 and neutrophil elastase
(10, 43, 44). MMP-9 KO mice develop similar inflammatory cell

Figure 4. Monocyte matrix metalloproteinase (MMP)-9
expression relative to emphysema index. Monocytes from
former and current heavy smokers were evaluated for
MMP-9 mRNA by quantitative polymerase chain reaction.
MMP-9 quantity is expressed as relative units after nor-
malization to the housekeeping gene L32. Emphysema
index is calculated from low-dose computed tomography
scan whole-lung density.
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recruitment after cigarette smoke exposure to WT mice, so the
absence of MMP-9 has no impact on MMP-12 or neutrophil
elastase in this model. MMP-9 is also not important in a chronic
LPS administration model where neutrophil elastase is likely
the cause of airspace enlargement (12, 45).

MMP-9 in Human Emphysema

Polymorphism studies have not strongly implicated MMP-9
overexpression in the development of COPD (46, 47). However,
the presence of classic upper lobe—predominant emphysema was
associated with an MMP-9 overexpressing polymorphism in
a Japanese cohort (4). Thus, some people may be similar to
MMP-9-overexpressing mice, in that under the right conditions,
they develop emphysema because of MMP-9 overexpression. We
hypothesized that if local macrophage MMP-9 expression causes
emphysema, then areas of the lung without significant emphy-
sema should lack MMP-9 expression. Our data suggest macro-
phages are the major source of MMP-9 in subjects with severe
COPD, but there was no evidence of a relationship between
macrophage MMP-9 quantity and local emphysema severity.
The cores studied did have sufficient alveolar macrophages
for LCM despite the fact that subjects had no active infection
and had not smoked for greater than 2 years before trans-
plantation (Table 1). Smoking cessation can alter MMP synthe-
sis, because very few of the cores demonstrated macrophage
MMP-12 production (Figure E3), which is highly up-regulated
in macrophages of current smokers (48-51). If MMP-9 is a cause
of smoking-related emphysema, one would expect regulation

similar to that seen for MMP-12 after smoking cessation. The
MMP-12 data are notable, in that the best treatment for MMP-
12-mediated emphysema may be smoking cessation.

No data exist on the progression of emphysema after
smoking cessation but the rate should be diminished based on
physiologic data of long-term quitters. In alAT deficiency
disease, emphysema progression is seen in nonsmokers by
quantitative CT scan analysis (52, 53), and severe emphysema-
tous lung resected during lung volume reduction clearly dem-
onstrates active inflammation despite smoking cessation (54,
55). Our cohort of GOLD 4 subjects should therefore represent
individuals who continue to progress despite smoking cessation
given the need for transplant. We have assumed that local
progression of already involved areas is the rule and that is
a caveat of single time point of human studies. However, based
on our mouse data we believe these macrophage data confirm
that the human condition is consistent with the mouse findings,
in that although elevated MMP-9 production in alveolar mac-
rophages can be seen in emphysematous areas of GOLD 4 lung,
it is equally elevated in areas of the same GOLD 4 lungs
without emphysematous destruction.

Our sample size (50 cores total from five different subjects) is
the largest alveolar macrophage LCM study to date but we
cannot comment on the role of many other genes including
inhibitors that were not measured. However, the lack of inhibitor
data has no bearing on the cores that demonstrate no macro-
phage MMP-9 expression. We have also measured MMP-9 in
banked specimens and confirmed that similar elevations of
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macrophage MMP-9 expression can be seen in nonsmokers and
smokers with no emphysema or lower GOLD class disease
severity (Figure E2).

MMP-9 as a Systemic Marker of Emphysema

Because our data suggest that alveolar macrophage MMP-9
production is not directly causal in cigarette smoke—induced
airspace enlargement in mice, it is possible that production of
MMP-9 is related to human emphysema by a mechanism that
does not involve direct alveolar destruction. Consistent with this
possibility, blood monocyte MMP-9 production in former
smokers with emphysema correlated with emphysema severity.
However, elevated MMP-9 production was not specific to sub-
jects with emphysema. For this reason we correlated monocyte
MMP-9 production with systemic markers of lung destruction.
We could not find any correlation of monocyte MMP-9 levels
with CCSP or SP-D. This suggests that monocyte MMP-9 at
best may serve as a correlate of severity in subjects who already
have emphysema. We should note that in our subjects there was
a high inverse correlation of emphysema severity with obstructive
lung disease (measured by post-bronchodilator FEV)), so a role
of MMP-9 in airway remodeling, which was not evaluated, could
also be responsible for this relationship.

For biomarker studies our single-center study is likely too
small because the progression of emphysema is likely multifac-
torial generating a lot of noise in this small sample, but the
correlation of monocyte MMP-9 quantity with emphysema
severity suggests that further follow-up of our subjects to evaluate
the rate of emphysema progression in relation to monocyte
MMP-9 production may be of interest. Our emphysema-sensitive
group represents subjects where a biomarker of disease activity
would be useful given the relatively mild disease and lack of
current smokers with emphysema.

We enrolled too few subjects with emphysema that were
current smokers to make any comment on this group. In fact, the
paucity of current smoking in our emphysema group suggests
that it may be a stimulus for smoking cessation by itself. Our
emphysema group is mostly male and white. Given we recruited
from the NLST study based on CT data, without knowledge of
sex or race, likely our results represent a relative resistance of
nonwhite and female heavy smokers to emphysema as detected
by CT scan analysis. A larger cohort of NLST subjects recruited
at a different site demonstrated a similar finding of differential
emphysema severity related to sex (56).

MMP-9 Inhibition for Preventing Emphysema Progression

Our study indicates that MMP-9 is not required for air space
enlargement in the setting of cigarette smoke exposure in mice.
In addition, if progression of emphysema is local and macro-
phage mediated, MMP-9 quantity is not associated with local
emphysema severity in humans. Despite our finding of modest
associations of monocytic MMP-9 synthesis with emphysema
severity, monocyte MMP-9 synthesis does not relate to bio-
markers of active lung destruction or presence of emphysema.
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