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Chronic obstructive pulmonary disease (COPD) comprises chronic bronchitis and emphysema, and is a
leading cause of morbidity and mortality. Because tissue destruction is the prominent characteristic of
emphysema, extracellular proteinases, particularly those with elastolytic ability, are often considered to
be key drivers in this disease. Several human and mouse studies have implicated roles for matrix
metalloproteinases (MMPs), particularly macrophage-derived proteinases, in COPD pathogenesis.
MMP-28 is expressed by the pulmonary epithelium and macrophage, and we have found that it regulates
macrophage recruitment and polarization. We hypothesized that MMP-28 has contributory roles in
emphysema via alteration of macrophage numbers and activation. Because of the established
association of emphysema pathogenesis to macrophage influx, we evaluated the inflammatory changes
and lung histology of Mmp28�/� mice exposed to 3 and 6 months of cigarette smoke. At earlier time
points, we found altered macrophage polarization in the smoke-exposed Mmp28�/� lung consistent
with other published findings that MMP-28 regulates macrophage activation. At both 3 and 6 months,
Mmp28�/� mice had blunted inflammatory responses more closely resembling nonsmoked mice, with a
reduction in neutrophil recruitment and CXCL1 chemokine expression. By 6 months, Mmp28�/� mice
were protected from emphysema. These results highlight a previously unrecognized role for MMP-28 in
promoting chronic lung inflammation and tissue remodeling induced by cigarette smoke and highlight
another potential target to modulate COPD. (Am J Pathol 2017, 187: 1288e1300; http://dx.doi.org/
10.1016/j.ajpath.2017.02.008)
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Chronic obstructive pulmonary disease (COPD) comprises
chronic bronchitis and emphysema, and is a leading cause of
morbidity and mortality worldwide. With more than two
million individuals dying annually of COPD, efforts to
understand disease pathogenesis are paramount. Cigarette
smoking is the leading cause of COPD, with air pollution
also being a contributor.1e3 Because destruction of alveolar
tissue and extracellular matrix is the prominent character-
istic of emphysema,2,4e6 extracellular proteinases, particu-
larly those with elastolytic ability, are often considered to be
key drivers in COPD.2,7e10 Several human and mouse
studies have implicated roles for various matrix metal-
loproteinases (MMPs), particularly macrophage-derived
proteinases, in COPD pathogenesis.3,9,11e21 Increased
macrophage numbers are associated with COPD, and
stigative Pathology. Published by Elsevier Inc
emphysema develops coincident with increased macrophage
influx in several mouse models.13,22e26 Hence, factors that
inhibit macrophage recruitment and activation could alter
the pathobiology of COPD and represent an important area
to study.
Mammalian MMPs comprise a family of 24 to 25 en-

dopeptidases that act on numerous, diverse extracellular
substrates. Many MMPs, with MMP-28 being a key
exception, are not expressed in normal tissue; however, they
are produced by most cell types in essentially all repair,
. All rights reserved.
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MMP-28 Is Required for Emphysema
inflammatory, and disease settings.27,28 MMP-28 (epilysin)
is the last identified member of the MMP family. It has the
prototypic domains of an MMP, and it also contains a furin
activation sequence and is activated within the secretion
pathway.29e31 We and others have demonstrated that MMP-
28 localizes to the plasma membrane of cells, thereby
spatially confining its activity.32,33 In both murine and
human tissues, Mmp28/MMP28 mRNAs are constitutively
expressed at high levels, particularly in the lung.29 In murine
lung, we demonstrated that MMP-28 is expressed by Club
cells and promotes epithelial cell survival.32 We also iden-
tified its expression by monocytes and macrophages and
have shown that MMP-28 restrains macrophage recruitment
to tissue and modulates macrophage polarization, promoting
a less inflammatory, more reparative phenotype associated
with impaired tissue fibrosis in Mmp28�/� mice.34e36

Because of the established association of emphysema
pathogenesis to macrophage influx, we evaluated the
inflammatory changes and lung histology of Mmp28�/�

mice exposed to 3 and 6 months of cigarette smoke. After
6 months of smoke exposure, Mmp28�/� mice were pro-
tected from emphysema and had a marked reduction in
inflammation. At earlier time points, Mmp28�/� mice had
blunted inflammatory responses more closely resembling
nonsmoked mice, with a reduction in neutrophil recruitment
and CXCL1 chemokine expression. In addition, macro-
phage gene expression was altered in Mmp28�/� consistent
with other published findings that MMP-28 regulates
macrophage polarization. Overall, these results highlight a
previously unrecognized role for MMP-28 in emphysema.

Materials and Methods

Animals

Age- and sex-matched C57BL/6 and Mmp28�/� (on a
C57BL/6 background) mice were used for all experiments.
At 7 to 9 weeks, mice were exposed to cigarette smoke from
University of Kentucky 3R4F Reference Brand cigarettes
using a JB-2082 cigarette smoke machine (CH Technolo-
gies, Westwood, NJ). Mice were exposed to cigarette smoke
in large rodent cages in groups of N Z 10. The smoke
exposures were 3 hours in duration for 5 days per week at a
concentration of 250 total particulate matter/m3 for a total of
3 or 6 months. Controls were kept in the same facility and
exposed to room air within a similar chamber. The Fred
Hutchinson Research Center and the University of Wash-
ington Office of Animal Welfare approved all animal
protocols.

Morphometry

After euthanasia, the lungs were inflated ex vivo with 10%
buffered formalin at 25 cm H2O pressure for 10 minutes
using an intratracheal catheter. Gill’s stained serial
midsagittal formalin-fixed, paraffin-embedded sections
The American Journal of Pathology - ajp.amjpathol.org
were subjected to morphological analysis, as previously
described.37 Ten randomly selected �20 fields per slide
were imaged using Nikon Elements version 4.0 (Nikon,
Melville, NY). The images were analyzed using Scion
Image version 2.2 (Scion Corp., Frederick, MD). Airway,
vascular, and immune cell structures were eliminated from
the analysis. Results are expressed as chord length, in mm,
or as alveolar tissue area, as determined using MetaMorph
(Molecular Devices, Sunnyvale, CA).

Blood Collection

In naïve mice, blood was collected via cardiac puncture and
anticoagulated using 4% EDTA (Fisher Scientific, Hanover
Park, IL). An equal volume of blood per mouse (400 mL)
was lysed using red blood cell lysis buffer, per manufac-
turer’s protocol (eBioscience, San Diego, CA). This lysis
protocol was repeated to remove remaining erythrocytes.
After red blood cell lysis, pelleted cells were resuspended in
an equal volume of fluorescence-activated cell sorting
(FACS) buffer [phosphate-buffered saline (PBS), 0.5%
EDTA].

BAL

In some mice, the trachea was cannulated with an angio-
catheter. Bronchoalveolar lavage (BAL) was performed
with three serial instillations of lavage buffer (PBS, 0.5%
EDTA) (total volume, 2.5 mL). BAL cells were pelleted and
resuspended in RPMI 1640 þ 10% fetal bovine serum, and
approximately 50,000 cells placed on slides using a cyto-
spin. Cells were stained with Differential quik (VWR,
Radnor, PA), and a manual differential was performed on
100 cells. In separate experiments, BAL cells were resus-
pended in FACS buffer and processed for FACS.

Lung Tissue Processing

To isolate pulmonary leukocytes from naïve mice, the
pulmonary vasculature was perfused with 10 mL cold PBS
after blood collection via cardiac puncture. The perfused,
nonlavaged lungs were then dissociated mechanically with
scissors and incubated with 1 mg/mL Liberase TM (Roche,
Indianapolis, IN) and 1 mg/mL DNAase I (Sigma Aldrich,
St. Louis, MO) for 10 minutes at 37�C. Lung digests were
filtered through a 70-mm nylon cell strainer (Becton Dick-
inson, Franklin Lakes, NJ), and erythrocytes were removed
using red blood cell lysis buffer. Cells were resuspended in
FACS buffer.

Cell Processing for FACS

Blood, BAL, and lung cells were counted using an
automated cell counter (Nexcelcom Bioscience, Lawrence,
MA). Cells were incubated with Fc block (antimouse CD16/
CD32; eBioscience) in 100 mL of FACS buffer (PBS, 0.5%
1289
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EDTA) followed by the antibody panels below. Labeled
cells were analyzed using BD FACSCanto RUO (BD Bio-
sciences, San Jose, CA) and the FlowJo data analysis soft-
ware version X 10.0.7r2 (Ashland, OR). Antibodies used
included the following: antimouse CD62L-APC, ICAM1-
FITC, Ly6G-FITC, Ly6G-PerCP/Cy5.5, LFA-1-PE, CD45-
APC/Cy7, CD4-PE, CD8-PB, CXCR2-PerCP/Cy5.5,
Gr1-PB, Ly6C-PB (BioLegend, San Diego, CA), CD11C-
APC, CD11b-PECy7, CD3e PE/Cy7, CD3e-PerCP/Cy5.5,
CD71-PE, F4/80-APC (eBioscience).

Quantitative RT-PCR

Total RNA from cells was isolated using RNeasy Mini kit
(Qiagen, Valencia, CA). The quantity and quality of RNA
were determined using a NanoDrop spectrophotometer
(NanoDrop Inc., Wilmington, DE). Primers and TaqMan
probes (FAM dye labeled) for Mmp9, Mmp12, Mmp28,
Cxcl1, and Hprt were added to cDNA synthesized from total
RNA with a High-Capacity cDNA Archive kit (Applied
Biosystems, Carlsbad, CA). Product amplification was
measured with an ABI HT7900 Fast real-time PCR system
(Applied Biosystems). The CT was obtained from duplicate
samples and averaged. The DCT was the difference between
the average CT for the target gene and the housekeeping
gene, Hprt. The DDCT was the average DCT for a given
sample point minus the average DCT of control samples.
The data are expressed as relative quantification calculated
as 2�DDCT .

Immunohistochemistry

Lung tissue from COPD and non-COPD patients was
obtained using the Northwest Biorepository (Seattle, WA).
Smoking history was also provided by the Biorepository.
All of the COPD patients were former smokers with
cessation of smoking ranging from 6 months to 21 years
before tissue collection. None were active smokers; one
reported current smokeless tobacco use. Among the non-
COPD group, none were active smokers. Lung tissue had
been fixed in 10% formalin and paraffin embedded. Lung
sections were deparaffinized in HistoClear (National
Diagnostics, Atlanta, GA) and rehydrated through graded
ethanol. Antigen retrieval was performed using antigen
retrieval solution, HIER1 (citrate) heated to 100�C for
10 minutes. Normal goat serum (10% in tris-buffered saline)
was applied to each section for 20 minutes. Sections were
incubated with antihuman MMP-28, 1:250 (Proteintech) or
RabIgG in Leica primary antibody diluent for 30 minutes at
room temperature, and secondary antibody for 1 hour at
ambient temperature. After each incubation, the sections
were washed three times in PBS. Secondary antibodies were
labeled with the Leica Bond Polymer diaminobenzidine
refine for 8 minutes at room temperature and the Leica bond
mixed refine (diaminobenzidine) detection per the manu-
facturer’s protocol. Tissue was counterstained with
1290
hematoxylin. Slides were scanned in brightfield with a 20�
objective using a NanoZoomer Digital Pathology System
(Hamamatsu City, Japan). The digital images were then
imported into Visiopharm software version 6.7.0.2590
(Hoersholm, Denmark) for analysis. Using the Visiopharm
Image Analysis module, a region of interest was manually
drawn around the lung sections to select for alveolar tissue.
The software was then trained to detect positive staining,
MMP-28, and the background tissue counterstain, hema-
toxylin, using a project-specific configuration base on a
threshold of pixel values. The images were processed in
batch mode using this configuration to generate the desired
per area outputs. For murine samples, polymorphonuclear
leukocyte (PMN) staining was performed using 0.1 mg/mL
antimurine Ly-6B.2 antibody (Bio-Rad Laboratories,
Raleigh, NC) or IgG2a control in a similar protocol as
above. PMNs were manually counted over a given area and
averaged over 10 random fields.

Cytokine Measurements

Cytokine and chemokine concentrations for CXCL1/KC,
CXCL2/macrophage inflammatory protein (MIP)-2a, and
CXCL5/LIX were measured in BAL samples using a
magnetic bead Luminex assay, per manufacturer in-
structions (R&D Systems, Minneapolis, MN) and analyzed
on Bioplex 200 (Bio-Rad Laboratories, Raleigh, NC).

Microarray Experiments and Analysis

Total RNA from whole lungs was isolated using RNeasy
Mini kit, its integrity confirmed using an Agilent 2100
Bioanalyzer (Agilent Technologies, Inc., Santa Clara, CA),
converted to cDNA, biotin labeled, and then hybridized to
Illumina Mouse Ref-8 version 2 Expression BeadChips
(Illumina, Inc., San Diego, CA). After image processing
using an Illumina iScan system, microarray data were
background adjusted (based on microarray control probe
expression) and normalized (variance-stabilizing trans-
formation) using the Bioconductor package lumi. For each
genotype [wild type (WT), Mmp28�/�], differentially
expressed genes in response to 3 months of cigarette smoke
exposure were identified using a Bayesian implementation
of the t-test applied to log-transformed intensities.38 Ben-
jamini-Hochberg’s false discovery rate (FDR) method for
multiple testing correction was applied to P values,39 and an
FDR < 0.01 was used for significant differential gene
expression. To identify genes altered exclusively in one
genotype in response to smoke exposure, we required
significant differential expression in that genotype
(FDR < 0.01) and absence of change in the other genotype
(FDR > 0.1). Functional enrichment analysis of differen-
tially expressed genes was performed using Webgestalt
software version 2013,40 and was based on Gene
Ontology41 and Mammalian Phenotype Ontology42 data-
bases. Relative enrichment to mouse genome (based on a
ajp.amjpathol.org - The American Journal of Pathology
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Figure 1 Mmp28 is required for chronic inflammatory changes to cigarette smoke exposure at 6 months. After 6 months of cigarette smoke exposure (SM)
or room air control (NS), wild-type (WT) and Mmp28�/� mouse lungs were lavaged, and the bronchoalveolar lavage (BAL) leukocyte populations analyzed by
cytospin. A: In SM mice compared to NS controls matched by genotype, there is a significant increase in total alveolar macrophages, neutrophils, and
lymphocytes in response to cigarette smoke exposure. However, the absence of Mmp28 is associated with significantly smaller smoke-induced increases in
macrophages (0.7-fold of WT SM), neutrophils (0.2-fold of WT SM), and lymphocytes (0.3-fold of WT SM) in the alveolar compartment. B: Alveolar tissue area
(Atis) and mean chord length (CL) were quantified, and Atis decreases and CL increases in WT SM versus NS but not in Mmp28�/� SM mice. C: Representative
histology (hematoxylin and eosin staining) of WT SM and Mmp28�/� SM compared to room air controls demonstrating mild emphysematous changes in WT SM
mice (asterisks indicate enlarged alveoli). n Z 10 mice per genotype per group (AeC). *P < 0.05. Scale bar Z 500 mm (C).

MMP-28 Is Required for Emphysema
background of all transcripts in the Illumina Mouse Ref-8
version 2 BeadChip) was calculated using the hypergeo-
metric test, and multiple testing correction of P values was
performed using Benjamini-Hochberg’s method. Only pro-
cesses with adjusted enrichment P values < 0.01 were
deemed significant. The microarray data have been sub-
mitted to the NIH Gene Expression Omnibus (https://www.
ncbi.nlm.nih.gov/geo; accession number GSE93898).
Neutrophil Isolation and Assessments

Age- and sex-matched 8- to 12-week-old WT and Mmp28�/�

mice were used to isolate bone marrow neutrophils using 62%
PercolleHanks’ balanced salt solution (Percoll GE Healthcare,
Uppsala, Sweden) gradient. The purity of neutrophils was
assessed by cytospins, and >90% of cells were PMNs. Cells
were enumerated using an automated cell counter (Nexcelom
Bioscience, Lawrence, MA), and 1� 106 cells plated. In some
The American Journal of Pathology - ajp.amjpathol.org
conditions, cellswere treatedwith 100 ng/mLphorbolmyristate
acetate (Sigma, St. Louis, MO) for 4 to 24 hours. At 4 and
24 hours, cells were centrifuged and the supernatant used to
measure myeloperoxidase activity using 3,3,5,50-tetrame-
thylbenzidine substrate solution, per manufacturer’s protocol
(Cayman, Ann Arbor, MI). Myeloperoxidase activity was re-
ported as DA650/60 minutes. To measure neutrophil elastase
activity, cells were treated with lysis buffer (Cell Signaling
Technology, Danvers, MA), and AAPV-pVA 2 mmol/L
(Sigma) in Tris-NaCl buffer used tomeasure neutrophil elastase
activity, per manufacturer’s protocol. Neutrophil elastase ac-
tivity was reported as DA410/60 minutes.
Statistical Analysis

Results are expressed as means � SEM. Statistical signifi-
cance was determined using t-test. Differences were
considered significant if the P value was <0.05.
1291
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Figure 2 Mmp28 deficiency alters lung inflammation in chronic tobacco smoke exposure. After 3 months of chronic tobacco smoke exposure (SM) or room
air control (NS), wild-type (WT) and Mmp28�/� mouse lungs were lavaged and dissociated. The bronchoalveolar lavage (BAL) leukocyte populations (A and B)
and lung leukocytes (C) were analyzed using FACS. A: In smoke-exposed mice, there is a significant increase in alveolar macrophage size [forward scatter
(FSC)] and granularity [side scatter (SSC)] in both genotypes. B: In SM WT and Mmp28�/� mice, there are more alveolar macrophages compared to NS
controls. C: In WT SM mice compared to WT NS control lung digests, there is an increase in alveolar macrophages and neutrophils (as percentage of CD45þ

cells). In contrast, Ly6chigh and Ly6clow monocytes, CD220þ B cells, and CD4þCD25þ T cells decrease. In Mmp28�/� SM mice compared to their NS controls,
there is an increase in alveolar macrophages, but no change in neutrophils, B cells, and CD4þCD25þ T cells. Overall, with the exception of alveolar mac-
rophages, the absence of Mmp28 in smoke-exposed mice is associated with fewer inflammatory changes. D and E: Polymorphonuclear leukocyte (PMN)
localization and quantification using immunohistochemistry for Ly6b in WT SM and Mmp28�/� SM lungs demonstrating reduced PMNs in Mmp28�/� SM lungs,
the majority residing within or along the alveolar wall (arrowheads). n Z 5 mice per genotype per group (AeE). *P < 0.05 (two to three experimental
replicates). Scale bar Z 100 mm (D).

Manicone et al
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Figure 3 Changes in circulating leukocytes in chronic tobacco smoke exposure. After 3 months of chronic tobacco smoke exposure (SM) or room air control
(NS), wild-type (WT) and Mmp28�/� mice had their blood collected via cardiac puncture. The leukocyte populations were evaluated using FACS. Overall, the
leukocyte differential is similar between NS mice of either genotype. In WT SM mice, there is an increase in neutrophils and a decrease in B cells (as percentage
of CD45 cells) compared to their NS control. These changes are not observed in the Mmp28�/� SM mice. n Z 2 experimental replicates; n Z 5 mice per
genotype per group. *P < 0.05.

MMP-28 Is Required for Emphysema
Results

Chronic Pulmonary Inflammation and Emphysema
Induced by Tobacco Smoke Exposure Requires MMP-28

C57Bl/6 WT and Mmp28�/� mice were exposed to chronic
tobacco smoke (SM) 5 days/week for 6 months or room air
control (NS). At the end of this time point, the lungs were
evaluated for inflammatory cell influx into the alveolar
compartment by cell counts and differential. The lungs
were inflated and processed for evaluation by hematoxylin
and eosin and Giemsa staining. At 6 months, WT SM mice
Figure 4 Altered chemokine gradients in Mmp28�/� mice. After 3 to 6 months
levels. A: There is a modest increase in CXCL1/KC in smoke-exposed (SM) wild-ty
expressed in room aireexposed mice (NS), but significantly less so in Mmp28�/�

C: Cxcl1 mRNA was determined from Illumina beadchip arrays and values shown
condition (C). *P < 0.05.

The American Journal of Pathology - ajp.amjpathol.org
had a significant increase in alveolar macrophages,
neutrophils, and lymphocytes (Figure 1A). Compared to
WT SM mice, Mmp28�/� SM mice had a blunted in-
flammatory response, particularly involving PMNs (five-
fold less than WT) and lymphocytes (3.2-fold less than
WT). In Mmp28�/� SM mice, macrophage influx was
1.4-fold less than that of WT. These findings indicate that
MMP-28 is critical for leukocyte recruitment into chronic
smoke-exposed lungs.

We also assessed the lungs for alveolar tissue area
and mean chord length, a measure of emphysematous
of smoke exposure, murine lungs were lavaged for assessment of chemokine
pe (WT) mice but not in smoke-exposed Mmp28�/� mice. B: CXCL5/LIX is
mice. After smoke exposure, CXCL5/LIX levels decrease in both genotypes.
are intensity. n Z 15 per condition (B); n Z 3 to 5 per genotype per
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Figure 5 Chemokine and adhesion receptor expression on circulating
monocytes and neutrophils. After 3 months of chronic tobacco smoke
exposure (SM) or room air control (NS), wild-type (WT) and Mmp28�/�

blood and lung PMNs were collected for analysis of chemokine and adhesion
receptor expression by FACS. On circulating PMNs from Mmp28�/� SM mice,
there is a significant increase in CD62L that is not seen in WT SM mice. In
the lung compartment, smoke exposure significantly increases the
expression of CD62L on PMNs in both genotypes. However, in Mmp28�/�

SM mice, there are larger increases in CD62L, lymphocyte function
-associated antigen 1 (LFA-1), and CXCR2 expression on neutrophils
compared to WT SM. *P < 0.05. MFI, median fluorescent intensity.

Manicone et al
destruction. In WT mice, 6 months of cigarette smoke expo-
sure led to a significant decrease in alveolar tissue area and an
increase in mean chord length, indicating the development of
emphysema (Figure 1B). In contrast, Mmp28�/� mice were
protected from airspace destruction (Figure 1, B and C). These
findings indicate that MMP-28 is necessary for development
of emphysema, a previously unrecognized role of MMP-28.

Neutrophil Recruitment into the Lung Is Dependent on
Mmp28

To determine whether MMP-28 regulates inflammatory
changes at earlier time points, we performed a more detailed
evaluation of leukocyte subsets in the blood, alveolar space,
and lung compartments after 3 months of nearly daily
cigarette smoke exposure. As expected, the average
fold change (SM/NS) in alveolar macrophages was less in
the 3- versus 6-month smoke-exposed WT mice (1.4- versus
1294
2.1-fold, respectively), consistent with a progressive
inflammatory response with prolonged exposure. Compared
to NS mice, the alveolar macrophages in both SM genotypes
were significantly larger and more granular as represented
by their forward scatter and side scatter properties
(Figure 2A), and there were similar increases in macrophage
numbers in both smoke-exposed genotypes (Figure 2B),
representing a majority of the bronchoalveolar cells.
In the lung compartment, we compared leukocyte

populations as a percentage of CD45þ cells (Figure 2C). In
smoke-exposed mice, the percentage alveolar macrophages
increased similarly in both genotypes, and monocyte pop-
ulations represented a smaller percentage of CD45þ cells in
both smoke-exposed genotypes. However, there was a
significant reduction in percentage PMNs in Mmp28�/� SM
versus WT SM mice. In addition, changes in B cells and
CD4þCD25þ lymphocytes were seen in WT SM mice but
not in Mmp28�/� SM mice compared to their respective
room aireexposed controls. Hence, the leukocyte compo-
sition in the lung compartment of Mmp28�/� SM resembled
that of nonesmoke-exposed mice.
We also evaluated PMN localization and quantification in

WT and Mmp28�/� SM mouse lungs by immunohistochem-
istry (Figure 2, D and E). As suggested by FACS analysis, we
observed fewer PMNs inMmp28�/� SM lungs andmost of the
PMNs appeared to be within or along the alveolar wall.
We also assessed leukocyte populations in the blood

(Figure 3). Smoke exposure at 3 months significantly increased
the percentage PMNs in WT mice but not inMmp28�/� mice.
As in the lung compartment, changes in percentage B cells
were seen only in WT SM mice but not in Mmp28�/� SM
mice as the Mmp28�/� SM leukocyte composition in the
blood more closely resembled that of nonsmoked mice.
Neutrophil Chemokines Are Reduced in Mmp28�/�

Mice

Neutrophil recruitment requires a multistep process involving
engagement of adhesion receptors and chemokine receptors
with their ligands. Given reduced PMN recruitment in
Mmp28�/� SM mice, we assessed the protein levels of
neutrophil chemokines, CXCL1/KC, CXCL2/MIP2a, and
CXCL5/LIX, in BAL fluid at 3 and 6 months of cigarette
smoke or room air exposure (Figure 4). We found increased
levels of CXCL1/KC in WT SM versus WT NS mice, but no
change in Mmp28�/� SM versus Mmp28�/� NS mice. These
findings suggest that MMP-28 contributes to CXCL1/KC
expression in the lung (Figure 4A). CXCL2/MIP2a was
undetectable in all samples (data not shown), and we found
constitutive expression of CXCL5/LIX in the BAL fluid from
room aireexposed mice and reduced levels in smoke-
exposed mice with overall reduced expression in Mmp28�/�

mice (Figure 4B). Although MMPs can contribute to
CXCL1/KC gradients via proteolysis,43 we found that MMP-
28 regulated CXCL1/KC at the transcriptional level, as we
ajp.amjpathol.org - The American Journal of Pathology
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Figure 6 Smoke-induced and Mmp28-associated changes in macro-
phage activation. After 3 months of smoke exposure or room air control,
alveolar macrophages from wild-type (WT) and Mmp28�/� mice were
sorted and assessed for Mmp-9, Mmp-12, Mmp-28, and Cxcl1 mRNA
expression (A) and whole lung RNA was assessed for Mmp-12 and Mmp-
28 expression (B). A: Smoke exposure increases expression of Mmp-9 and
Mmp-28 but not Mmp-12. The absence of Mmp-28 is associated with a
significant increase in Mmp-9 expression, and smoke exposure is asso-
ciated with a decrease in Cxcl1 expression across genotypes. B: Smoke
exposure increases both Mmp-12 and Mmp-28 in the whole lung.
*P < 0.05. ND, not detected; NS, room air control; SM, chronic tobacco
smoke exposure.

MMP-28 Is Required for Emphysema
observed reduced gene expression in Mmp28�/� SM lungs
compared to WT SM lungs (Figure 4C).

We also assessed the surface expression of adhesion and
chemokine receptors on PMNs isolated from the blood and
lung (Figure 5). In the lung compartment, smoke exposure
increased intercellular adhesion molecule 1 (data not shown)
and CD62L expression on neutrophils (Figure 5). However,
the absence of Mmp28 was associated with greater expres-
sion of CD62L on neutrophils isolated from blood and lung
in smoke-exposed mice. In addition to CD62L, there was
greater expression of lymphocyte functioneassociated an-
tigen 1 in smoke-exposed Mmp28�/� neutrophils compared
to WT cells, suggestive of more global changes in neutro-
phil phenotypes in the absence of Mmp28. Hence, the
absence of MMP-28 is associated with several perturbations
in neutrophil adhesion receptors and chemokines that may
contribute to or be a consequence of reduced neutrophil
recruitment to chronic cigarette smoke exposure.

We assessed ifMmp28 altered other PMN phenotypes. We
tested WT and Mmp28�/� PMNs for myeloperoxidase and
neutrophil elastase levels at baseline and after stimulation
with phorbol myristate acetate. We found a similar ability of
WT and Mmp28�/� PMNs to respond to phorbol myristate
acetate, as measured by release of myeloperoxidase and total
neutrophil elastase in cell lysates. These data indicate that
there are no innate functional abnormalities in neutrophils
from Mmp28�/� mice (Supplemental Figure S1).

Altered Gene Expression by Mmp28�/� Pulmonary
Macrophages

Given the established importance of macrophages in
emphysema pathogenesis, we were surprised by the initial
The American Journal of Pathology - ajp.amjpathol.org
increase in macrophage numbers inMmp28�/� SM mice but
blunting of other leukocyte changes. Because we previously
showed that Mmp28 also drives macrophage activation
states, dampening M1 and promoting M2 gene expression,35

we hypothesized that altered macrophage polarization may
change expression of other genes, such as Mmps or
chemokines, contributing to reduced leukocyte recruitment
or extracellular matrix degradation. We sorted alveolar
macrophages by gating on CD45þ (white blood) cells and
excluding Ly6Gþ cells (PMNs). Alveolar macrophages
were identified as CD11cþSigFþCD11blow cells, and these
cells were also high forward scatter and side scatter, as
shown (Figure 2A). In other models of lung injury,
CD11bhigh expression can distinguish recruited from resi-
dent alveolar macrophages; however, we found that most
high forward scatter/side scatter cells expressed markers of
resident alveolar macrophages (data not shown). Sorted
cells were processed for RNA isolation to determine gene
expression of Mmp9, 12, 28, and Cxcl1.

We found that smoke exposure increased alveolar
macrophage expression of Mmp9 and 28 (Figure 6A). In the
absence of Mmp28, alveolar macrophages had greater
smoke-related increases in Mmp9 expression. Surprisingly,
we did not observe a change in macrophage expression of
Mmp12 by exposure or genotype (Figure 6A). However, in
total lung RNA, we observed an increase in Mmp12
expression in smoke-exposed WT and Mmp28�/� mice
compared to NS controls, likely reflecting the increased
numbers of macrophages recruited to the lung at this early
time point (Figure 6B).

Next, we asked whether alveolar macrophages may be the
source of the altered expression of neutrophil chemokine,
Cxcl1. In contrast to what we observed in the whole lung
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Figure 7 Whole-lung transcriptomic analysis
reveals a distinct role for Mmp28 in promoting
immunoinflammatory and remodeling programs.
Chronic (3-month) exposure to cigarette smoke
induces common and divergent gene expression
patterns in wild-type (WT) and Mmp28�/� mice,
but using a step-wise statistical approach, we
focused on genotype-specific transcriptional re-
sponses to smoke exposure. A: Genes selectively
differentially expressed only in smoke-exposed WT
animals are enriched in pathways involved in
extracellular matrix remodeling, development,
abnormal lung morphology, as well as dysregulated
immune and inflammatory responses. B: In
contrast, functional enrichment of genes selec-
tively differentially expressed in Mmp28�/� mice is
much more modest and involves mitochondrial,
metabolic, and binding processes.

Manicone et al
(Figure 4C), we found that Cxcl1 was not differentially
expressed byMmp28�/�macrophages compared toWT cells.
In fact, its gene expression was lower in smoked versus
nonsmoked conditions independent of genotype (Figure 6).
Overall, these data suggest that Mmp28 regulates the activa-
tion state of the macrophage, but the alveolar macrophage is
not directly contributing to altered gene expression of the
neutrophil chemokine Cxcl1. Hence,Mmp28may be altering
chemokine expression by other cell populations.

Transcriptional Analysis in Cigarette SmokeeExposed
Mice Reveals a Distinct Role for Mmp28 in Promoting
Immunoinflammatory and Remodeling Responses in Lung

To obtain an overview of Mmp28’s role in transcriptional
regulation during chronic tobacco smoke exposure, we
performed microarray analysis on nonsmoked and
3-monthesmoked WT and Mmp28�/� murine lungs using
whole-genome Illumina Beadchips. We identified approxi-
mately 1800 differentially expressed transcripts in smoked
versus nonsmoked WT mice, and 1900 differentially
1296
expressed transcripts in smoked versus nonsmoked
Mmp28�/� mice using an FDR < 0.01 (corresponding
P value < 0.0007). More than 1000 of these transcripts were
common between the two genotypes, indicating significant
overlap between WT and Mmp28�/� transcriptional
responses to cigarette smoke exposure. Because we were
particularly interested in genes whose expression profiles
were selectively altered in a genotype-specific pattern, we
focused on subsets of genes that were differentially
expressed in one genotype (at FDR < 0.01), but not the
other (ie, at FDR > 0.1). We identified 338 transcripts
exclusively differentially expressed in WT mice exposed to
3 months of tobacco smoke (243 up-regulated, 95 down-
regulated), and 340 transcripts exclusively differentially
expressed in smoke-exposed Mmp28�/� animals (124 up-
regulated, 216 down-regulated). Functional enrichment
analysis of these genotype-specific differentially expressed
genes revealed that in WT mice processes involved in
extracellular remodeling, development, cell migration, and
proliferation were up-regulated, whereas immune and
inflammatory processes were generally down-regulated
ajp.amjpathol.org - The American Journal of Pathology
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Figure 8 Chronic smoke exposure induces
selective differential gene expression profiles in
wild-type (WT) versus Mmp28�/� mice. A: By
directly comparing WT andMmp28�/�mice exposed
to cigarette smoke, we identified a limited set
of genes that are up-regulated in WT relative to
Mmp28�/� and mapped to neutrophil chemotaxis,
immune and defense response, and cytokine
activity.B: Box-and-whisker plot showing increased
expression levels of four representative genes (Il1b,
Cd14, Csf3, Cxcl2) in smoke-exposed WT mice.
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(Figure 7A). In contrast, none of these transcriptional pro-
grams were enriched among genes exclusively differentially
expressed in Mmp28�/� mice (Figure 7B). Taken together,
our unbiased transcriptional analysis suggests thatMmp28 is
associated with differential expression of a subset of genes
intimately involved in tissue remodeling and dysregulated
immunity in cigarette smokeeexposed lung.

To query other pathways regulated by Mmp28 that may
have been excluded by our initial approach, we directly
compared gene expression changes between smoke-exposed
WT versus Mmp28�/� mice. We found a modest number of
differentially expressed genes between the genotypes and
used a more permissive P value < 0.001 threshold to
explore genotype-specific transcriptional responses after
chronic smoke exposure. We identified 76 differentially
expressed transcripts, of which 46 were increased in WT
relative to Mmp28�/� and 30 were increased in Mmp28�/�

relative to WT mice (Figure 8A). Functional analysis of
these genotype-specific differentially expressed genes
revealed that processes involved in immunity, leukocyte
chemotaxis, and cytokine activity were enriched in smoke-
exposed WT mice, whereas transcripts up-regulated in
Mmp28�/� mice were not significantly enriched in any
functional category (based on an adjusted enrichment
P value cutoff < 0.01). Representative genes with higher
expression in smoke-exposed WT versus Mmp28�/� mice
that mapped to cytokine/chemokine signaling included
The American Journal of Pathology - ajp.amjpathol.org
those involved in inflammation and PMN recruitment, such
as Il1b, Csf3, Cxcl1, and Cxcl2 (Figures 4C and 8B).
Consistent with our observed changes in leukocyte pop-
ulations to smoke exposure, these results support our find-
ings that Mmp28’s main function in chronic tobacco smoke
exposure is to modulate immunoinflammatory gene
expression and indicate that the differences observed in the
CXCL1/KC protein levels are, at least in part, transcrip-
tionally regulated.

MMP-28 Expression Increases in Lung and Macrophage
Compartments in Human COPD

Given our findings of a significant contributory role for
Mmp28 in murine emphysema pathogenesis, we evaluated
the expression of human MMP-28 in the lungs from those
without pulmonary disease (non-COPD) and those with
COPD. We obtained eight to nine samples from each group
and evaluated the lung tissue for MMP-28 expression by
immunohistochemistry. In healthy controls, we found the
predominant expression of MMP-28 within the bronchoepi-
thelium and alveolar macrophage (Figure 9, AeD and I). In
COPD samples, we observed an increase of MMP-28 within
alveolar tissue and alveolar macrophages (Figure 9, EeH and
K). As we observed in the control samples, the bronchoepi-
thelium continued to highly express MMP-28 with increased
extracellular staining in COPD samples (Figure 9, H and J).
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Figure 9 Matrix metalloproteinase-28 (MMP-28) is highly expressed in
COPD lungs. Lung tissue sections were obtained from eight non-COPD and
nine COPD deidentified samples. Lung slices were stained with an anti-
human MMP-28 antibody or isotype control. AeD: In the non-COPD sam-
ples, alveolar macrophages (arrows) express MMP-28, and the
bronchoepithelium (D and I) most highly expresses MMP-28. EeH: In COPD
samples, the alveolar macrophages (arrows) highly express MMP-28, and
there is increased expression within the alveolar tissue and post-capillary
venules (plus signs). The bronchoepithelium (H) also highly expresses
MMP-28 with increased expression in the mucociliary layer along the apical
surface of the cells (J). K: Quantification of MMP-28 in lung tissue
(excluding airways) demonstrated increased percentage area in COPD tis-
sue. *P < 0.05. Scale bars: 200 mm (AeH); 100 mm (I and J).

Manicone et al
Interestingly, in all COPD samples, we also observed prom-
inent MMP-28 expression along pulmonary venules, a
finding that was not observed in non-COPD lung tissue.

Discussion

It is well recognized that MMPs not only have roles in
matrix biology but also in regulating inflammatory cell
recruitment via pleiotropic effects on chemokine and cyto-
kine biology and their gradients, as well as via other pro-
cesses.44 Chronic inflammation in response to cigarette
smoke exposure, in particular macrophage recruitment, is an
1298
important driver of emphysema.45 Macrophages are acti-
vated by cigarette smoke and secrete inflammatory proteins
that orchestrate recruitment of neutrophils and lymphocytes
that together elaborate elastolytic enzymes that contribute to
lung destruction. Neutrophils contribute to emphysema by
releasing proteinases, such as neutrophil elastase, reactive
oxygen species, and other proinflammatory mediators, that
work in concert with macrophage elastase.46

Our findings highlight a novel and unexpected role for
MMP-28 in mediating the inflammatory response to chronic
tobacco smoke exposure. An early phenotype appears to be
a global reduction in PMN recruitment into the lungs. These
changes were also recapitulated in the vascular compart-
ment, suggesting that neutrophil recruitment into the blood
is MMP-28 dependent. Although neutrophils make up a
small component of the inflammatory cells in this model,
mice deficient in neutrophil elastase are significantly pro-
tected from emphysema.46 Hence, these differences may
have important consequences in protecting Mmp28�/� mice
from cigarette smokeeinduced emphysema.
Because PMN recruitment is dependent on their adhesion

receptor expression, we hypothesized that Mmp28 may be
regulating their expression on leukocytes. In fact, we found
increased CD62L and lymphocyte functioneassociated an-
tigen 1 expression by PMNs from Mmp28�/� SM mice
versus WT SM cells. One explanation for increased CD62L
on the surface of PMNs from Mmp28�/� mice is loss of
MMP-28edependent shedding of CD62L. Although a dis-
integrin and metalloproteinase 17 is the predominant shed-
dase for CD62L, others have shown another MMP to be
involved in CD62L shedding in apoptotic PMNs.47 We
evaluated apoptotic PMNs in a thioglycollate peritonitis
model and found no MMP-28edependent roles in CD62L
shedding (data not shown), suggesting that these changes in
CD62L are downstream of MMP-28 activity. We also
assessed if MMP-28 altered other PMN phenotypes and
found a similar ability of WT and Mmp28�/� PMNs to
respond to phorbol myristate acetate, as measured by
myeloperoxidase and neutrophil elastase activity. Hence,
these findings of altered CD62L expression among other
receptors are suggestive that MMP-28 alters neutrophil
activation states via changing the environmental milieu, and
it may do so via alteration of chemotactic signals.
Neutrophil recruitment is dependent on generation of

chemokine gradients, and we assessed CXC chemokine
levels in the BAL. Most BAL chemokine levels at the 3- and
6-month time points were minimal; however, we observed a
small increase in CXCL1/KC in smoke-exposed WT mice
but not that of smoke-exposed Mmp28�/� mice. Similarly,
there was increased CXCL1/KC gene transcription in
smoke-exposed WT lungs, and this increase was not seen in
Mmp28�/� tissue. Therefore, the changes on the protein
level were because of transcriptional changes and not
directly related to MMP-28emediated proteolysis causing
altered chemokine gradients, as has been reported for other
MMPs.44 However, the cellular source for reduced CXCL1/
ajp.amjpathol.org - The American Journal of Pathology
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KC expression was not because of differential expression of
CXCL1/KC by the macrophage, suggesting other cell
sources, such as the epithelium.

As in our other studies, we found that monocytes express
MMP-28 at high levels (data not shown). We also found that
resident alveolar macrophages express MMP-28 and up-
regulate MMP-28 expression in response to cigarette smoke.
The absence of MMP-28 was associated with greater smoke-
induced increases of MMP-9. However, these findings do not
explain the protective effect we observed in Mmp28�/� mice,
as others have shown that MMP-9 has no contributory role in
cigarette smokeeinduced emphysema in mice.48 Rather, this
change likely reflects altered macrophage phenotypes,
consistent with our previous findings of MMP-28 as a regu-
lator of macrophage activation.35 Although the role of
macrophage activation in COPD pathogenesis is complex,
greater M2 polarization has been associated with COPD, and
we and others have found that M2 cells up-regulate Mmp12,
the predominant MMP contributing to emphysema patho-
genesis in mice.25,49,50 Although we found reduced expression
of Mmp12 in Mmp28�/� versus WT macrophages polarized
with IL-4 in vitro (data not shown), we did not observe dif-
ferences in Mmp12 or Cxcl1 in the sorted pulmonary mac-
rophages based on genotype. Hence, there are likely other
pathways and cell sources by which MMP-28 mediates
emphysema pathogenesis. In fact, the global gene expression
from lung suggests differential activation of wound repair
responses and inflammatory pathways seen in WT but not
Mmp28�/� mice.

MMP-28 is expressed by several cell sources, including
the lung epithelium (Club cells) and leukocytesdhence,
future studies will be needed to help dissect the contribution
of these cellular sources of MMP-28. In this study, we are
the first to demonstrate MMP-28 expression in human lung
tissue from those without lung disease and those with
COPD. We found that MMP-28 is highly expressed by the
bronchoepithelium in both conditions. Interestingly, we also
observed increased extracellular staining along the cilia in
COPD samples, and this finding could represent secreted
MMP-28 bound to extracellular or cell membrane proteins.
We also observed increased MMP-28 expression in the
alveolar compartment and in macrophages in COPD sam-
ples. Although all COPD samples were from former
smokers, we do not know if it is smoke exposure or COPD
that drives MMP-28 up-regulation in the lung, and
additional studies from active smokers without COPD are
needed to address this question. Unfortunately, we could not
find a working antibody to examine MMP-28 localization in
murine tissue, but we found increased Mmp28 transcription
in sorted macrophages and whole lung from mice exposed
to chronic tobacco smoke. Although we do not know
MMP-28’s contribution to human disease, our data in mu-
rine emphysema suggest contributory roles in disease
pathogenesis.

Our data demonstrate a novel role for MMP-28 in
promoting chronic lung inflammation and tissue remodeling
The American Journal of Pathology - ajp.amjpathol.org
induced by cigarette smoke and highlight another potential
target to modulate emphysema. Future studies are required
to identify the cell source and protein target(s) responsible
for these phenotypes.

Supplemental Data

Supplemental material for this article can be found at
http://dx.doi.org/10.1016/j.ajpath.2017.02.008.
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