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Abstract

To determine the role of matrix metalloproteinase-8 (MMP-8) in acute lung injury (ALI), we
delivered LPS or bleomycin by the intratracheal route to MMP-8/~ mice versus WT mice or
subjected the mice to hyperoxia (95% O5) and measured lung inflammation and injury at intervals.
MMP-8~/~ mice with ALI had greater increases in lung PMN and macrophage counts, measures of
alveolar capillary barrier injury, lung elastance, and mortality than WT mice with ALI.
Bronchoalveolar lavage fluid (BALF) from LPS-treated MMP-8/~ mice had more macrophage
inflammatory protein-1o (MIP-10) than BALF from LPS-treated WT mice, but similar levels of other
pro- and anti-inflammatory mediators. MIP-1o 7/~ mice with ALI had less acute lung inflammation
and injury than WT mice with ALI, confirming that MIP-1o promotes acute lung inflammation and
injury in mice. Genetically deleting MIP-1o. in MMP-8~/~ mice abrogated the increased lung
inflammation and injury and mortality in MMP-8~/~ mice with ALL. Soluble MMP-8 cleaved and
inactivated MIP-1a in vitro, but membrane-bound MMP-8 on activated PMNs had greater MIP-1a-
degrading activity than soluble MMP-8. High levels of membrane-bound MMP-8 were detected on
lung PMNs from LPS-treated WT mice, but soluble, active MMP-8 was not detected in BALF
samples. Thus, MMP-8 has novel roles in restraining lung inflammation and in limiting alveolar
capillary barrier injury during ALI in mice by inactivating MIP-1a. In addition, membrane-bound
MMP-8 on activated lung PMNSs is likely to be the key bioactive form of the enzyme that limits lung
inflammation and alveolar capillary barrier injury during ALI.
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Introduction

Matrix metalloproteinase-8 (MMP-82, collagenase-2, neutrophil collagenase) is a member of
the interstitial collagenase subgroup of the MMP family of zinc-dependent, neutral proteinases
[1]. PMNs are the main source of MMP-8 in humans and mice [2-4]. MMP-8 is not synthesized
de novo by mature PMNSs; rather it is synthesized by myelocyte PMN precursors in the bone
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marrow [5], and stored as a latent proenzyme (proMMP-8) in the specific granules of PMNs
[6]. ProMMP-8 is rapidly released from PMNs activated to degranulate [2,7] and is then
activated in the extracellular space via the cysteine switch mechanism [8-10]. Activation of
PMNSs in vitro also leads to translocation of MMP-8 from the specific granules of PMNSs to the
plasma membrane in a catalytically active form that is resistant to inhibition by tissue inhibitors
of MMPs [TIMPs [2]]. However, it is not clear whether membrane-bound MMP-8 expressed
on activated PMNs in vivo and whether this form of the enzyme contributes to physiologic or
pathologic processes in the lung or other organs.

The main substrates for MMP-8 in vivo are widely believed to be the interstitial collagens.
MMP-8 and other interstitial collagenases cleave interstitial collagens in vitro at a single locus
generating ¥ and ¥ fragments, which is the initial and rate-limiting step in degradation of
interstitial collagens. MMP-8 also cleaves a limited number of non-matrix proteins in vitro
including serpins, bradykinin, angiotensin I, and substance P [4,11], but the biologic relevance
of these activities is not clear. Studies of MMP-8~/~ mice indicate that MMP-8 regulates
neutrophilic inflammation in some tissues. In murine models of inflammation in the skin and
dorsal air pouches, MMP-8 promotes early PMN recruitment by cleaving and activating the
PMN chemokine, LPS-inducible CXC chemokine [LIX or CXCL5 [4,12]]. MMP-8 also
increases PMN influx into the liver during TNF-a-mediated acute hepatitis by releasing LIX
that is bound to hepatic extracellular matrix [13]. During LPS-mediated inflammation in the
murine skin and cornea, MMP-8 also participates in a proteolytic cascade, along with MMP-9
and prolyl endopeptidase, that generates proline-glycine-proline (PGP) fragments of collagen
that bind to CXCR1 and CXCR2 on PMNSs to stimulate chemotaxis of PMNs [14-16].
However, MMP-8 reduces granulocyte numbers in the airways of mice with allergic airway
inflammation and reduces late inflammation associated with skin wounds by increasing PMN
apoptosis [17,18].

Little is currently known about the roles of MMP-8 and other interstitial collagenases in acute
lung injury (ALI) syndromes which are characterized by rapid influx of PMNs into the lung
and alveolar capillary barrier dysfunction. The levels of immunoreactive MMP-8 are increased
in tracheal aspirates from preterm infants with the acute respiratory distress syndrome [ARDS
[19]]. Interstitial collagenase activity is also increased in BALF from adult patients with ARDS
[20,21]. However, it is not clear which enzymes contribute to this interstitial collagenase
activity in ARDS patients since several proteinases cleave interstitial collagens [1,22-25]. It
is also not clear whether the elevated interstitial collagenase activity in the lung contributes to
pathologic processes occurring in the lungs of ARDS patients. To determine whether MMP-8
plays pathogenic roles during ALI, we compared lung inflammation and injury in MMP-8~/~
mice versus WT mice in several models of ALI that are associated with robust acute lung
inflammation and/or alveolar capillary barrier injury (two key pathologic features of human
ARDS) which enabled us to determine the contributions of MMP-8 to both processes.

We now report several novel activities for MMP-8 during ALI. First, MMP-8 potently reduces
the accumulation of PMNs and macrophages in the lungs of mice with ALI. Second, MMP-8
unexpectedly limits injury to the alveolar capillary barrier during LPS- and hyperoxia-mediated
ALI and also limits mortality during hyperoxia-induced ALI. Third, MMP-8 cleaves and
inactivates a CC chemokine (MIP-1a) and thereby dampens lung inflammation and limits
alveolar capillary barrier injury in mice. Our study is the first to demonstrate that a PMN-
derived proteinase regulates lung inflammation and injury to the alveolar capillary barrier
during ALI in mice. We also demonstrated for the first time that MMP-8 is abundantly
expressed on the surface of activated PMNSs in vivo. Since the current study showed that
membrane-bound MMP-8 is a more potent MIP-1a-degrading enzyme than soluble MMP-8
and our previous studies showed that membrane-bound MMP-8 is resistant to inhibition by
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TIMPs [2], our results indicate that membrane-bound MMP-8 on lung PMNSs is the key
bioactive form of the enzyme mediating its activities during ALI.

Materials and Methods

Materials

Animals

Kits for annexin V & propidium iodide staining and quenched DQ FITC-conjugated type |
collagen were obtained from Invitrogen (Carlsbad, CA). The caspase-3 fluorogenic assay,
purified caspase-3 assay, and ELISA kits for quantifying murine cytokines and chemokines
were purchased from R & D Systems (Minneapolis, MN). The QuantiChrom™ Hemoglobin
Assay kit was purchased from BioAssay Systems (Hayward, CA). Recombinant MIP-1a.
(rMIP-1a) was purchased from Peprotech (Rocky Hill, NJ). The hamster anti-CD95 antibody
(BD 554254, clone Jo2) and non-immune hamster IgG control antibodies were purchased from
BD Biosciences (San Jose, CA). All other reagents were purchased from Sigma Chemical Co.
(St. Louis, MO).

All procedures performed on mice were approved by the Harvard Medical School Animal Care
and Use Committee. Mice were housed in a barrier facility under specific pathogen-free
conditions. MMP-8/~ mice were generated and initially studied in the mixed SVeV129 X
C57BL/6J strain [4]. The mice were backcrossed 10 generations into the pure C57BL/6J strain
and then studied in this pure genetic background. The MMP-8~/~ mice (in both genetic strains)
have normal lifespan, fertility, and lung development, and no abnormality in the unchallenged
state [4]. We initially studied F10 C57BL/6J wild type littermate mice as controls for C57BL6/
J MMP-87/~ mice. In subsequent experiments, we studied C57BL/6J WT mice purchased from
The Jackson Laboratory (Bar Harbor, ME) as controls since our studies showed that C57BL/
6J wild type littermate control mice and C57BL/6J WT mice obtained from The Jackson
Laboratory had similar lung inflammatory and injury responses to IT LPS. MIP-1o/~ mice in
the pure C57BL/6J strain were purchased from The Jackson Laboratory. MMP-87/~ X
MIP-1a '~ mice were generated by crossing MMP-8/~ and MIP-1a/~ mice. The genotypes
of the mice were confirmed on genomic DNA extracted from murine tail biopsies using PCR-
based genotyping protocols.

LPS-mediated ALl in mice

Age- and gender-matched adult mice (10-16 weeks old) were anesthetized with ketamine (50
mg/Kg) and xylazine (5 mg/Kg) and then given 10 pg LPS from E. coli 0111:B4 in 30 pl of
endotoxin-free PBS, or 30 ul PBS alone by the IT route. At intervals, mice were killed and
then BAL was performed using eight 0.5-ml aliquots of sterile PBS. The BAL cell and
supernatant fractions were separated by centrifugation and the BALF samples were frozen to
—80°C. RBCs were removed from the cell fraction by hypotonic lysis, and the cell-free
supernatants from this step were harvested and hemoglobin levels quantified using a
chromogenic kit. Total and differential WBC counts were performed on the BAL cells, or
myeloperoxidase activity was quantified in BAL cell lysates [2]. Lung water content was
measured by the wet/dry lung weight ratio method.

Bleomycin-mediated ALI in mice

Age- and gender-matched adult mice were anesthetized as above and then were given either
75 mU bleomycin in 30 pl of endotoxin-free saline, or 30 ul of saline alone by the IT route.
Three to ten days later, mice were sacrificed, BAL was performed and total and differential
WBC counts were performed on the BAL cells as outlined above.

J Immunol. Author manuscript; available in PMC 2011 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Quintero et al. Page 4

Hyperoxia-mediated ALI in mice

WT or MMP-8~mice both in the pure C57BL/6J strain were exposed to room air or hyperoxia
(95% Oy, 5% Ny) for up to 96 h. For analysis of lung injury, mice were sacrificed after 72 h
of exposure to hyperoxia, and wet to dry lung weight ratios were measured as outlined above.
For survival experiments, animal mortality was evaluated twice-a day for up to 96 h of
continuous exposure to hyperoxia.

Lung physiology

Preliminary studies demonstrated that two IT instillations of 20 ug of LPS 24 h apart were
necessary to induce significant increases in lung elastance in WT mice. Thus, WT,
MMP-8~~, MIP-1a¢/~, and MMP-8~/~ X MIP-1a/~ mice were given two doses of LPS (20
ug) 24 h apart and 24 h after the second dose of LPS, mice were anesthetized with pentobarbital
(100 mg/Kg) and a tracheostomy was performed. Lung elastance (H), as a measure of lung
stiffness, was measured in LPS-treated mice versus unchallenged mice in each genotype using
a computer-controlled small animal ventilator (Flexivent, SCIREQ Inc., Montreal, PQ,
Canada) set at a tidal volume of 10 ml/Kg, 120 breaths per min, and 0 cm H,O positive end
expiratory pressure, as described previously [26,27].

Chemotaxis assays on BALF samples

BALF harvested from WT or MMP-8~/~ mice 4 h and 24 h after IT LPS or IT PBS was diluted
1:2 in RPMI containing 10 mM HEPES and 1% albumin (pH 7.4), and then tested in triplicate
for chemotactic activity for human PMNs using Boyden microchemotaxis assays chambers
[Neuroprobe, Cabin John, MD [28]].

Cytokines and chemokine levels in BALF

Cell-free BALF harvested from WT or MMP-87/~ mice 4 h and 24 h after IT LPS or IT PBS
was analyzed in triplicate for KC, MIP-2q, LIX, LTB4, MIP-1 a, TNF- a, G-CSF, GM-CSF,
IL-1p, IL-6, and 1L-10 using commercial ELISA Kits. The results were expressed as pg/BAL
after correcting for the volume of BALF that was recovered from each mouse (> 3.7 ml of
BALF was recovered from the total of 4 ml of PBS delivered to each mouse).

Real-time PCR

Two hours after IT LPS or PBS lungs were removed from mice, RNA was isolated, and the
samples were reverse transcribed [29]. Real-time PCR analysis was performed using a
GeneAmp 570 Sequence Detection System (Applied Biosystems, Foster City, CA). The
comparative cycle threshold method was used using GAPDH as an endogenous reference
housekeeping gene and SYBR green as the fluorophore. The primer sequences for GAPDH
and MIP-1a have been described elsewhere [29].

Human PMN isolation and activation

Approval for all studies involving human subjects was obtained from the Brigham and
Women’s Hospital Institutional Review Board. PMNs (>95% pure) were isolated from
peripheral blood of healthy donors [30]. Cells were activated at 37°C with PAF (10~'M) for
15 min followed by fMLP (10~’M) for 30 min to induce optimal surface MMP-8 expression
[2]. PMNs were fixed for 3 min at 4°C in PBS (pH 7.4) containing 3% (w/v) paraformaldehyde
and 0.5% (v/v) glutaraldehyde, which prevents release of soluble MMP-8 and other proteinases
from cells but has minimal effect on surface MMP-8 catalytic activity [2]. PMNs were
resuspended in Tris-buffered saline (0.05M Tris containing 0.15 M NaCl and 0.02M CacCly;
pH 7.4) for MIP-1a proteolysis assays.
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Murine PMN apoptosis assays

PMNs isolated from the lungs of WT and MMP-8~/~ mice 24 h after IT LPS by BAL were
immediately stained with annexin V-Alexa 488 and propidium iodide using a commercial Kit,
and the percentage of positive cells were determined with MetaMorph® image analysis
software (Molecular Devices, Sunnyvale, CA). PMN lysates (5 x 108/ml) were also prepared
and assayed in triplicate for active caspase-3 with a commercial fluorogenic assay kit and assay
standards of recombinant active caspase-3 using fluorimetry (Hitachi F2500
spectrofluorimeter, Hitachi Spectroscopy, Tokyo, Japan; Ex X 400 nm Em A 490 nm).

To assess PMN apoptosis in vitro, we isolated PMNs from the bone marrow of WT and
MMP-8~~ mice by positive selection for Ly6G using immunomagnetic beads [31]. PMNs
were incubated at 37°C in a humidified atmosphere of 5% CO, in HBSS containing 10 mM
HEPES and 1% albumin for up to 18 h. PMNSs were also incubated at 37°C in a humidified
atmosphere of 5% CO, in RPMI containing 10% fetal bovine serum, 100 U/ml penicillin, 10
ng/ml streptomycin, and 250 ng/ml amphotericin B both in the presence and absence of 5 pg/
ml hamster anti-CD95 or non-immune hamster IgG. At intervals, PMN cell death was
quantified by staining cells with annexin V-Alexa 488 and propidium iodide as above, and the
percentage positive cells analyzed using flow cytometry (Canto Il, BD, San Jose, CA). Caspase
3 activity was measured in PMN lysates (all prepared at 5 x 105/ml) as outlined above.

MIP-1a degradation assays

Human and murine proMMP-8 and proMMP-9 were activated with p-aminophenylmercuric
acetate as described previously [2,31]. Purified rmMIP-1o or rhMIP-1a (2.5 pM) was incubated
for up to 18 h at 37°C in Tris-buffered saline with and without 500 nM MMP-8 or 500 nM
MMP-9. Reduced cell-free reaction products were separated by electrophoresis on 16.5% Tris-
tricine gels, and proteins were visualized by staining the gels with silver using a commercial
kit. Human PMNs or PMNSs isolated from the bone marrow of mice [31] were activated at 37°
C with PAF (10~"M) for 15 min followed by fMLP (10~/M) for 30 min which induces optimal
surface expression of MMP-8 on human and WT PMNs [2]. Cells were then fixed as described
to prevent free release of soluble serine proteinases and MMPs PMNs [2,31-34] without
significantly reducing the activity of membrane-bound MMP-8 [2]. Equal numbers of human
or murine PMNs (5 x 105/assay) were then incubated with rmMIP-1a or thMIP-1a (2.5 pM)
in Tris-buffered saline containing 1 mM phenylmethylsulphony! fluoride for 18 h at 37°C.
Cell-free supernatant samples were analyzed on silver-stained Tris-tricine gels. Cell-free
supernatant samples from the PMN-based rhMIP-1a proteolysis assays (or rhMIP-1a
incubated without PMN) were also diluted 1:25 in chemotaxis assay buffer to dilute the
rMIP-10 aliquot which was incubated without PMNSs to 10~/M (the optimal concentration for
inducing PMN migration in vitro). Samples were then tested for residual PMN chemotactic
activity using Boyden microchemotaxis assay chambers (vide supra).

Detection of soluble active MMP-8 and membrane-bound MMP-8 in BALF samples

WT and MMP-8~/~ mice were given 10 ug of LPS by the IT route. After 6, 24, and 72 h, BAL
was performed using a single 1 ml aliquot of Tris-buffered saline. PMNs were separated from
BALF as described above, fixed, and then immunostained with Alexa 488 for surface MMP-8
using rabbit anti-MMP-8 IgG or non-immune rabbit IgG as a control primary antibody [2].
Soluble, active MMP-8 was also measured in BALF cell-free samples from LPS-treated WT
mice (or LPS-treated MMP-8/~ mice as a control) by immunoblotting [2] or by quantifying
collagenase activity in these samples using quenched DQ FITC-conjugated type I collagen as
asubstrate [2]. BALF or assay standards of soluble active MMP-8 (10-500 nM) were incubated
in triplicate with 50pg/ml quenched FITC-conjugated type | collagen in 0.25 ml of Tris-
buffered saline in the presence and absence of 1 mM 1, 10-phenanthroline for 18 h at 37°C
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and MMP-mediated cleavage of the substrate was quantified as 1, 10-phenanthroline-sensitive
cleavage of the substrate by fluorimetry (Ex A 495; Em A 520 nm).

Data are expressed as mean + SEM or mean = SD. The results for paired and unpaired data
were compared by the Student’s t-test for parametric data and the Mann-Whitney rank sum
test for non-parametric data; p values less than 0.05 were considered significant.

MMP-8 dampens neutrophilic inflammation during LPS-mediated ALI in mice

We compared neutrophilic lung inflammation in WT and MMP-8~/~ mice that were generated
initially in the mixed SvEv129 X C57BL/6J strain 4 hto 7 d after IT LPS or IT PBS. SvEv129
X C57BL/6J strain WT and MMP-8~/~ mice given IT PBS had no PMNSs in their BAL samples
(not shown). However, PMN counts in BAL samples were significantly higher in MMP-8~/~
mice than WT control mice 24 h after IT LPS, and remained higher for 72 h after IT LPS (Fig.
1A). Neutrophilic lung inflammation resolved in both genotypes ~7 d after IT LPS. To provide
assurance that the increased PMN counts in the lungs of LPS-treated MMP-8~/~ mice were
due to the lack of MMP-8 in these mice rather than to minor differences in the genetic
background between MMP-8~/~ vs. WT mice in this mixed genetic background, we
backcrossed the mice into the pure C57BL/6J background (to the F10 generation) and
compared lung inflammatory responses to LPS of C57BL/6J MMP-8/~ mice versus C57BL/
6J WT littermate control mice. PMN counts were also significantly higher in BAL samples
(Fig. 1B) and in lung sections (Figs. 1C & 1D) from C57BL/6J MMP-8~/~ mice compared to
C57BL/6J WT littermate control mice 24—72 h after IT LPS. These data confirm that MMP-8
has anti-inflammatory activities during LPS-mediated ALI in mice. In subsequent experiments,
we studied WT and MMP-8~/~ mice only in the pure C57BL/6J background.

MMP-8 reduces lung injury after IT instillation of LPS in mice

LPS-induced lung injury was greater in MMP-8~/~ than in WT mice, since lungs from LPS-
treated MMP-8/~ mice had more extensive and severe lung inflammation and hemorrhage
(Fig. 2A), and higher hemoglobin levels in BAL samples (Fig. 2B) than LPS-treated WT mice
confirming greater leakage of erythrocytes from the vasculature into the alveolar space in the
absence of MMP-8. MMP-8/~ mice also had higher wet/dry lung weight ratios than WT mice
24 h after IT LPS (Fig. 2C) which persisted for 72 h after IT LPS (wet/dry lung weight ratios
after 72 h were 5.248 + SEM 0.062 versus 5.024 + 0.068 for LPS-treated MMP-8~/~ mice
versus LPS-treated WT mice; n = 7-8 mice/group; p = 0.032). IT instillation of LPS
significantly increased lung elastance (H, a measure of lung stiffness) in both genotypes when
compared to untreated mice, but LPS-treated MMP-8/~ mice had greater increases in lung
elastance than LPS-treated WT mice (Fig. 2D). Thus, MMP-8 also reduces physiologically
significant lung injury after IT instillation of LPS in mice.

MMP-8 reduces lung inflammation and injury in other models of ALI in mice

To determine whether MMP-8 regulates acute lung inflammation and injury in other models
of acute lung injury, we assessed WT vs. MMP-8~/~ mice in two other models of AL including
one that induces robust lung inflammation in WT mice (IT instillation of bleomycin) and one
that induces robust injury to the alveolar capillary barrier and is associated with mortality in
WT mice (hyperoxia). IT instillation of bleomycin induced an inflammatory response
(consisting of PMNs, macrophages, and lymphocytes) in the lungs of WT and MMP-8~/~ mice,
and this inflammatory response peaked in both genotypes 7 days after IT bleomycin was
delivered. However, total BAL WBC counts were significantly greater in MMP-8~/~ mice than
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WT mice 7 days after IT bleomycin (Fig. 3A), but differential WBC counts did not differ
between the genotypes (not shown). There was also a trend towards higher BAL leukocytes in
MMP-8~/~ mice 10 days after IT bleomycin (not shown).

We also subjected WT and MMP-8/~ mice to hyperoxia (95% O, for up to 96 h) and found
that mortality was significantly greater in MMP-8~/~ mice with hyperoxia-induced ALI than
WT mice exposed to hyperoxia (Fig. 3B). After being exposed to hyperoxia for 96 h, 100% of
MMP-8~~ mice died compared to only 13% of WT mice (p< 0.001). In addition, lung injury
(as assessed by wet to dry lung weight ratios) was also significantly greater in MMP-8~/~ mice
compared to WT mice with hyperoxic lung injury (Fig. 3C). These data confirm that MMP-8
limits lung inflammation and injury (and mortality) in several murine models of ALI.

MMP-8 reduces lung PMN chemotactic activity during LPS-mediated ALI in mice, but has no
effect on peripheral blood PMN counts, PMN migration, or PMN apoptosis in the lung

Total WBC counts and PMN, lymphocyte, and monocyte counts in peripheral blood were
similar in unchallenged WT and MMP-8~/~ mice (Table 1). In addition, 6, 24 and 72 h after
IT instillation of LPS there were no significant differences in total WBC counts or in absolute
numbers of PMNs, lymphocytes, or monocytes in peripheral blood between WT and
MMP-8~/~ mice (Table 2). These data suggest that MMP-8 does not regulate bone marrow
production or release of PMNs or other leukocytes.

To test whether MMP-8 regulates PMN migration in response to chemoattractants, we tested
the capacity of WT vs. MMP-8/~ PMNs to migrate using Boyden chamber assays. WT and
MMP-8~/~ PMNs had similar capacity to undergo random migration when buffer alone was
tested in the lower chambers (Table 3). Keratinocyte-derived chemokine (KC), fMLP, and
zymosan-activated serum [ZAS, as a source of C5a [35]] induced similar 2-3 fold increased
in the migration of WT and MMP-8~/~ PMNss indicating that MMP-8 is not required for PMNs
to migrate in response to chemoattractants. Next, we assessed whether MMP-8 increases PMN
apoptosis or necrosis during ALI in mice. LPS-treated MMP-8/~ mice have markedly
increased PMN counts in lung sections compared to WT mice (Fig. 1C and 1D) which would
hinder direct quantitative comparisons of rates of PMN apoptosis and necrosis in lung sections
from the mice. To quantify rates of PMN apoptosis and necrosis in the lungs of LPS-treated
WT vs. LPS-treated MMP-8/~ mice, we used BAL to harvest lung inflammatory cells 24 h
after instilling LPS. Without further purifying or culturing the lung inflammatory cells (which
are 90-95% PMNSs in both genotype), we stained equal numbers of cells ex vivo with annexin
V-Alexa 488 and propidium iodide and also measured intracellular levels of active caspase 3.
Lung PMNs from LPS-treated WT and MMP-8/~ mice had similar low percentages of BAL
PMNs staining positively with annexin-V-Alexa 488 and propidium iodide (Table 4), and
contained similar low levels of active caspase-3 (Table 5). The low percentages of apoptotic
and necrotic cells in the lungs of mice with LPS-mediated ALI likely reflects the fact that PMNs
undergoing apoptosis in the lung are rapidly cleared by macrophages present in the alveolar
spaces.

To confirm that MMP-8 does not regulate PMN survival, we harvested PMN from the bone
marrow of WT and MMP-8~/~ mice and induced them to undergo cell death in vitro by either
activating: 1) the intrinsic apoptosis pathway (by incubating the cells at 37°C in the absence
of agonists and serum for up to 18 h); or 2) the extrinsic apoptosis pathway by incubating cells
with an anti-FAS (anti-CD95) antibody which ligates and thereby activates FAS death domain-
containing receptors on the PMN surface. At interval thereafter, we quantified apoptosis and
necrosis by measuring annexin V and propidium iodide staining and intracellular levels of
active caspase 3. As expected, there was minimal apoptosis or necrosis in freshly isolated
PMNs from both genotypes (Fig. 4A and 4B; no serum starvation). When WT PMNSs were
induced to undergo apoptosis by triggering either the intrinsic (Fig. 4) or extrinsic (Fig. 5)
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apoptosis pathways, we observed robust increases in rates of apoptosis and necrosis of WT
PMNs as expected. However, WT and MMP-8~/~ PMNs did not differ in the rates at which
they underwent apoptosis or necrosis in vitro (Figs. 4 and 5). Together, these results indicate
that it is unlikely that MMP-8 decreases lung PMN counts during LPS-mediated ALI by
increasing rates of PMN apoptosis or necrosis in the murine lung.

BALF harvested from MMP-8~/~mice 4-24 h after IT LPS had more PMN chemotactic activity
than BALF from WT mice (Fig. 6A) indicating that MMP-8 reduces lung PMN chemotactic
activity during LPS-mediated ALL. Surprisingly, BALF from WT and MMP-8/~ mice did not
differ in levels of traditional PMN chemokines including KC, MIP-2a, LIX, or leukotriene B4
(LTB4) either 4 h or 24 h after IT LPS (Supplemental Tables 1 and 2, respectively). BALF
from LPS-treated WT and LPS-treated MMP-8~/~ mice also did not differ in levels of other
pro-inflammatory mediators that regulate endothelial cell activation, PMN transendothelial
migration, or PMN survival (TNF-a, IL-1p, IL-6, G-CSF, and GM-CSF), or in levels of the
anti-inflammatory cytokine, IL-10 (\Supplemental Tables 1 and 2). Surprisingly, BALF from
MMP-8~/~ mice contained 2-fold more MIP-1a than BALF from WT mice 4 h and 24 h after
IT LPS (Fig. 6B), indicating that MMP-8 reduces lung MIP-1a levels during LPS-mediated
ALL

MIP-1a promotes the accumulation of PMN and acute lung injury after IT instillation of LPS

in mice

MIP-1a (CCL3) is a CC chemokine that potently stimulates mononuclear cell migration.
However, human PMNs constitutively express CCR1, a key receptor for MIP-1a and migrate
in response to MIP-1a in vitro [36—39]. Murine PMN do not constitutively express CCR-1.
However, during endotoxemia, the expression of CCRs including CCR-1 increases in
peripheral blood PMNs which permits murine PMNSs to become responsive to MIP-10 and
other CC chemokines in vitro [40]. We first confirmed that 10~M MIP-1a increases human
PMN migration in vitro using Boyden chamber assays (Fig. 8D) and that a neutralizing
antibody to MIP-1a blocks MIP-1a-mediated increases in PMN migration (Supplemental
Table 3). Next, we assessed the role of MIP-1a in promoting lung inflammation and injury in
mice by comparing lung PMN counts in WT versus MIP-1a~/~ mice 24 h after IT LPS. LPS-
treated MIP-1o/~ mice had ~40% fewer lung PMNSs (Fig. 7A) and were protected from
developing increases in wet-dry lung weight ratios (Fig. 2C) and increases in lung elastance
(Fig. 7B) compared to LPS-treated WT mice. These data indicate that MIP-1a significantly
increases LPS-mediated neutrophilic lung inflammation and lung injury in mice.

MIP-1a is the key substrate in the lung for MMP-8 during LPS-mediated ALI in mice

Genetic deletion of MIP-1a in MMP-8/~ mice decreased the lung inflammatory response to
ITLPS (Fig. 7C) and IT bleomycin (Fig. 3A) when compared to measures of lung inflammation
in MMP-8~/~. Genetic deletion of MIP-1a in MMP-8/~ mice reduced the increases in wet/dry
lung weight ratios observed in MMP-8/~ mice with LPS-mediated ALI (Fig. 2C) and
hyperoxia-induced ALI (Fig. 3C) and also reduced the increases in lung elastance in LPS-
treated MMP-8/~ mice to similar levels to those observed in LPS-treated MIP-107/~ mice in
Fig. 7B. In addition, genetic deletion of MIP-1a in MMP-8~/~ mice also impressively reduced
the mortality that was associated with hyperoxia in MMP-8~/~ mice (Fig. 3B). These data
indicate that MMP-8 limits lung acute inflammation and injury in mice in a MIP-1a-dependent
mechanism.

MMP-8 cleaves and inactivates MIP-1a in vitro

Steady state MIP-1a mRNA levels measured by real-time RT-PCR in lung homogenates 2 h
after IT LPS increased to a similar extent in WT and MMP-8~/~ mice compared with PBS-
treated control mice of the same genotype (154-fold vs. 210 average fold increases in steady
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state MIP-1a. mRNA levels relative to GAPDH levels for LPS-treated WT vs. LPS-treated
MMP-8~/~ mice, respectively; n = 5-6 mice/group). Thus, it is unlikely that MMP-8 regulates
lung MIP-1a levels at the steady state mRNA level.

Next, we tested whether soluble MMP-8 and membrane-bound MMP-8 on activated PMNs
can cleave and inactivate recombinant MIP-1a (rMIP-1a) in vitro. Soluble MMP-8 cleaved
rhMIP-1a in vitro, generating a lower M, cleavage product (arrowhead in Fig. 8A).
Surprisingly, MMP-9 [the other MMP family member expressed by PMNs which has broader
substrate specificity than MMP-8 [1]] had no activity against rhMIP-1a. Neutrophil elastase
and cathepsin G, two serine proteinases expressed by PMN having a very broad spectrum of
catalytic activity, also had no activity against MIP-1a (data not shown). The cleavage of
rMIP-1a that was mediated by soluble MMP-8 was always incomplete even when high
concentrations (500 nM) of soluble MMP-8 were incubated for up to 24 h with rMIP-1a.
Purified murine MMP-8 (500 nM) also had only weak activity against rmMIP-1o (not shown).

Since activated human and murine PMNs express an active form of MMP-8 on their surface
[2], next we tested the activity of membrane-bound MMP-8 against rhMIP-1a. We incubated
rhMIP-1o with PMNs from humans and WT mice which had been optimally activated to induce
surface MMP-8 expression, and then fixed to completely prevent PMN release of soluble
MMP-8, MMP-9, and serine proteinases which can contribute to PMN extracellular proteolytic
activity [2,31-34]. We have confirmed previously that our fixation process does not
significantly reduce the activity of membrane-bound MMP-8 on PMNSs [2]]. Membrane-bound
MMP-8 on activated and fixed human and WT murine PMNs substantially or completely
degraded rhMIP-1a. in vitro (Figs. 8B and 8C), but an equal number of activated and fixed
MMP-8~/~ PMNs did not (Fig. 8C) despite the fact that MMP-87~ PMN express similar
amounts of MMP-9 [4] and serine proteinases (not shown) as WT PMN. Membrane-bound
murine MMP-8 on PMNSs also efficiently cleaved rmMIP-1a (not shown).

Recombinant MIP-1a incubated with membrane-bound MMP-8 on activated human or WT
murine PMNSs lost its activity to stimulate PMN migration in vitro, but rMIP-1a incubated with
an equal number of activated MMP-8~/~ PMNs fully retained its biologic activity (Fig. 8D).
Thus, among proteinases expressed on the surface of activated PMNs, MMP-8 is the key
enzyme contributing to the PMN surface-associated MIP-1a-degrading activity.

MMP-8 also reduces macrophage accumulation during LPS-mediated ALI

Since MIP-1-a is known to regulate mononuclear cell migration, we also quantified lung
lymphocytes and macrophages in PBS-treated and LPS-treated WT vs. MMP-8~/~ vs.
MIP-1a~/~ mice. BAL lymphocyte counts were low (< 10* lymphocytes per mouse in all three
genotypes) and did not differ between WT, MMP-8~/~, and MIP-1a. 7/~ mice at any time point
assessed (from 4 h to 7 days) after IT LPS (data not shown). BAL macrophage counts increased
modestly but significantly in MMP-8~/~ mice 24 h after IT LPS compared to MMP-8/~ mice
given IT PBS and WT mice given IT LPS (Fig. 9). However, BAL macrophage counts did not
increase in LPS-treated WT mice or LPS-treated MIP-1a/~ mice compared to their PBS-
treated controls at the 24 h time point. Seventy two hours after IT LPS, BAL macrophage
counts increased impressively in both WT and MMP-8/~ mice compared to their PBS-treated
controls but BAL macrophage counts did not increase in LPS-treated MIP-1a/~ mice (Fig. 9).
Macrophage counts were also significantly higher in MMP-8~/~ mice than in WT mice 72 h
after IT LPS, but MMP-87/~ X MIP-1a/~ mice had lower BAL macrophage counts than
MMP-8~/~ mice 72 hafter IT LPS (Fig. 9). Together, these data indicate that MMP-8-mediated
cleavage of MIP-1a reduces macrophage as well as PMN accumulation during LPS-mediated
ALl in mice.
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Membrane-bound MMP-8 is a major form of MMP-8 during ALl in mice

Since membrane-bound MMP-8 on activated PMN is a more potent MIP-1a degrading enzyme
than soluble MMP-8, next we compared the levels of soluble, active MMP-8 in BALF versus
membrane-bound MMP-8 on lung PMNs harvested from WT mice with LPS-mediated ALI.
We performed BAL on WT mice (and MMP-8/~ mice as a control) 24 h after IT instillation
of LPS and quantified soluble MMP-8 activity in BALF cell-free supernatant samples by its
capacity to cleave FITC-conjugated type | collagen substrate (a good substrate for MMP-8)
and by Western blotting to assess the forms of soluble MMP-8 present in the lung. We also
immunostained BAL PMNs to assess whether they express membrane-bound MMP-8.

Soluble active MMP-8 was not detected in any of the cell-free BALF samples harvested 6 h,
24 h, or 72 h after IT LPS was delivered to WT mice as assessed by their complete lack of
ability to cleave FITC-conjugated type I collagen ( n =5-6 mice per time point; data not shown).
Western blot analysis of BALF cell-free supernatant samples harvested 24 h after IT LPS from
WT mice demonstrated latent proMMP-8 (~80 kDa; arrowhead) in all of the samples and a
low M, fragment of MMP-8 (~27 kDa; arrow) in three of the samples, but no forms of MMP-8
corresponding to the intact active enzyme (~60 kDa) in any of the BALF samples from WT
mice (Supplemental Fig. 1A). Soluble active MMP-8 was also not detected by western blot
analysis in BALF from WT mice 6 h or 72 h after IT LPS (n =5 mice per time point). The 27
kDa MMP-8 fragment that we detected in WT BALF samples 24 h after IT LPS has been
identified previously when purified human proMMP-8 is activated in vitro [2,41,42]. It
corresponds to the COOH terminal hemopexin domain of MMP-8 (which lacks enzyme
activity) and is generated when the active site of MMP-8 cleaves MMP-8 at a locus between
the catalytic domain and the hemopexin domain. Neither proMMP-8 nor the 27 kDa MMP-8
fragment was detected in BALF samples harvested 24 h after IT LPS from two MMP-87/~
mice as expected (Supplemental Fig. 1B; lanes 1 and 2).

Lung PMNs isolated from WT mice 6 h after IT LPS had minimal surface MMP-8 expression
(Supplemental Fig. 2). However, 24 h after IT LPS lung PMNs expressed high levels of
membrane-bound MMP-8, but MMP-8/~ lung PMNSs did not, as expected (Fig. 10). High level
expression of MMP-8 on the surface of lung PMNs persisted to 72 h after IT LPS (Supplemental
Fig. 2). Since membrane-bound MMP-8 on activated PMNs is an active enzyme [Figs. 8B and
8C and [2]], these data suggest that membrane-bound MMP-8 on PMNs (rather than soluble
MMP-8 freely released by activated PMNS) is likely to be the critically important active form
of the proteinase mediating its anti-inflammatory activities in the murine lung.

Discussion

Acute lung injury is characterized by the rapid influx of PMNSs into the lung and alveolar
capillary barrier dysfunction. PMN-derived proteinases have enormous potential to regulate
both of these key pathologic features of ALI because they proteolytically regulate the activities
of pro-inflammatory mediators, degrade lung extracellular matrix proteins, and injure the
cellular components of the alveolar capillary barrier in vitro [43]. Surprisingly, until now,
PMN-derived proteinases (including neutrophil elastase and MMP-9) have not been shown to
contribute to these processes in vivo [44,45]. Herein, we used the aseptic models of ALI (IT
LPS, IT bleomycin, and hyperoxia) rather than in a sepsis model system to assess the roles of
MMP-8 in these pathologies since: 1) the aseptic models that we chose causes robust acute
lung inflammation and/or alveolar capillary barrier injury; and 2) other leukocyte-derived
proteinases promote bacterial killing [46—49] but the roles of MMP-8 in host defense have not
yet been assessed. Thus, the aseptic IT LPS model of ALI enabled us to quantify the
contributions of MMP-8 to both of the key pathologic components of ALI in the absence of
any potentially confounding effects of MMP-8 on bacterial killing.
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Our results identify MMP-8 as a PMN-derived proteinase that plays a significant role in
regulating lung inflammation, alveolar capillary barrier injury, and mortality during ALI in
mice by cleaving and inactivating a CC chemokine. Moreover, we show that MIP-1a plays a
surprisingly important role in increasing PMN (as well as macrophage) accumulation in the
lung during ALI and in promoting injury to the alveolar capillary barrier. This is also the first
report that membrane-bound MMP-8 is abundantly expressed on the surface of activated PMN
in vivo. Our data indicate that membrane-bound MMP-8 contributes in important ways to its
activities in the lung.

Roles for MMP-8 in regulating inflammatory processes

Our earlier study showed that MMP-8~/~ mice in the mixed SVeV129 X C57BI/6J strain had
higher PMN counts in BAL samples than WT mice 24 h after IT LPS [2]. Herein, we back-
crossed MMP-8~/~ mice into the pure C57BL/6J strain and confirmed that pure C57BL/6J
MMP-8~/~ mice have more severe and prolonged lung inflammation and injury after IT LPS
than C57BL/6J WT mice. We also confirmed that MMP-8 limits bleomycin-mediated ALI and
hyperoxia-induced lung injury and mortality. The current study is the first report that MMP-8
cleaves a CC chemokine in vivo not only to reduce PMN accumulation in the lung, but also to
decrease lung macrophage accumulation, and to limit injury during ALI in mice.

Previous studies have shown that MMP-8 regulates neutrophilic inflammation in different
organ systems in mice by various mechanisms. MMP-8 promotes PMN accumulation in TNF-
a-induced acute hepatitis in mice by releasing LIX from hepatic ECM stores in the liver [13].
However, we found no role for MMP-8 in releasing of L1X from ECM stores in the lung since
LIX levels were similar in lung samples from LPS-challenged WT and MMP-8~/~ mice.
MMP-8 promotes early increases in PMNs in the skin and dorsal air pouches of mice injected
with chemical carcinogens or LPS due to MMP-8 cleaving LIX to generate a form with
increased biologic activity [4,12]. However, in our study, MMP-8 reduced rather than increased
PMN chemotactic activity in lung samples 4-24 h after IT LPS. It is noteworthy that the levels
of LIX in the lung after IT LPS are 5- to 20-fold lower than those of KC, MIP-2a, and
MIP-1a, suggesting that, in contrast to acute inflammatory reactions in murine skin and liver,
LIX likely plays only a minor role in regulating PMN accumulation in the murine lung.
Interestingly, Balbin et al. also showed that, once skin inflammation is established in male
MMP-8~~ mice in response to chemical carcinogens, it is abnormally increased, creating an
environment that promotes skin tumor development [4]. Our data showing that MMP-8~~mice
have greater neutrophilic lung inflammation in the IT LPS model 24-72 h after IT LPS are
consistent with the latter results of Balbin et al, but the mechanism by which MMP-8 reduces
skin inflammation was not identified in the study of Balbin and coworkers.

MMP-8 reduces the number of airway PMNSs and eosinophils in allergen-induced airway
inflammation in mice by promoting granulocyte apoptosis by unknown mechanisms [17], but
we found no role for MMP-8 in regulating PMN apoptosis in the lung in our model of ALI.
The percentage of PMNs that were undergoing apoptosis in the lungs of LPS-treated WT and
MMP-8~/~ mice was very low. One possible explanation for the lack of an effect of MMP-8
in regulating PMN apoptosis in our study is that during LPS-mediated ALI in mice very high
levels of G-CSF and GM-CSF are generated in the lung, and both of these mediators strongly
promote PMN survival in the lung [50]. It is also noteworthy that MIP-1a. levels were not
measured in MMP-87~ mice in either the allergen-induced airway inflammation or the skin
chemical carcinogenesis models.

MIP-1a and PMN and macrophage accumulation in the lung

Our studies of MMP-8~/~ X MIP-1o 7/~ mice during LPS-, bleomycin- and hyperoxia-mediated
AL identified MIP-1a as the key substrate in the lung that is degraded by MMP-8. However,

J Immunol. Author manuscript; available in PMC 2011 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Quintero et al.

Page 12

genetic deletion of MIP-1o. in MMP-8~/~ mice did not eliminate PMN or macrophage
accumulation in the lungs of LPS- or bleomycin-treated mice indicating that other chemokines
also promote the accumulation of PMNs and macrophages in the lung during ALI, and that
MMP-8 does not play a significant role in degrading these mediators. It is also noteworthy that
MMP-8 is not required for resolution of LPS-induced neutrophilic lung inflammation or
removal of MIP-1a from the lung since lung PMN counts and MIP-1a. levels in LPS-treated
MMP-8~/~ mice returned to baseline after 7 days. Rather, MMP-8 reduces the intensity and
shortens the duration of the lung inflammatory response to LPS. Anti-inflammatory pathways
and molecules other than MMP-8 clearly promote clearance of MIP-1o from the lung and
resolution of acute lung inflammation in MMP-8~/~ mice. For example, after a single dose of
LPS is delivered to the lungs of mice, LPS is cleared from the lung leading to reduced LPS-
mediated induction of chemokine expression by lung macrophages and epithelial cells. In
addition, PMNs undergo apoptosis and are then cleared by lung macrophages. Lipid mediators
(including lipoxins, resolvins, and protectins) are also generated in the inflamed lung that
actively promote resolution of inflammation [51-54]. MIP-1a is likely removed from the lung
by mechanisms other than MMP-8-mediated cleavage. For example, unidentified proteinase
(s) other than MMP-8 produced by cells other than PMNs (macrophages and epithelial cells)
may degrade MIP-1a in MMP-8~/~ mice since macrophage-derived MMPs (MMPs-12 -2, and
-3) have been shown to degrade CC chemokines [55]. Pro-inflammatory mediators can be
removed from the extracellular space by binding to functional decoy receptors on myeloid cells
[56] or by undergoing receptor- or clathrin-mediated endocytosis by PMNs followed by
intracellular degradation [57,58]. Also, RBCs function as a sink for chemokines, binding them
and removing them from the extracellular space and RBCs are cleared themselves by
phagocytes in the liver and spleen [59]. Exudate fluid generated in the injured lung (containing
chemokines) is cleared from the lung by passive diffusional pathways including the pulmonary
lymphatics [60-62].

MIP-1a is expressed by macrophages and also by PMNs activated with LPS and other pro-
inflammatory mediators [63], and it binds to CCR-1 and CCR-5 [64,65] with CCR-1 serving
as the most important receptor during inflammatory responses in mice [66]. While MIP-1a is
a well-established chemokine for mononuclear cells, there is increasing evidence that it also
regulates PMN function in humans and mice. MIP-1a binds to CCR-1 that is constitutively
expressed by human PMNs to stimulate PMN degranulation and migration [37,64,65]. Pro-
inflammatory mediators generated during LPS-mediated ALI up-regulate human PMN levels
of CCR-1 and increase PMN migratory responses to MIP-1a [38,39]. While murine PMN do
not constitutively express CCR-1, during endotoxemia in mice, the expression of CCR-1 and
-5 increases in peripheral blood PMNSs, and this permits PMNSs to become more responsive to
MIP-1a0 and other CC chemokines in vitro [40]. Adenovirus-mediated over-expression of
MIP-1a in the murine lung also promotes the accumulation of PMNs as well as NK T cells in
the lung during Klebsiella pneumoniae pneumonia [36]. Neutralization of MIP-1a in mice with
endotoxemia also reduces early neutrophilic inflammation in the murine lung [67]. Our studies
of MIP-1o. /= mice confirm that this chemokine plays a key role in promoting PMN
accumulation in the lung during LPS-mediated ALI. MIP-1o could promote the accumulation
of PMNs and macrophages in the murine lung during LPS-mediated ALI by binding to CCR1
on these cells to stimulate their migration [65] and/or by increasing the expression of adhesion
molecules on endothelial cells, PMNs, and monocytes to increase leukocyte adhesion to
endothelial cells and transendothelial migration [66—68]. Hsieh et al [69] recently reported that
MIP-1a~/~ mice also had a reduced systemic inflammatory response and remote organ injury
(including lung injury) secondary to trauma and hemorrhage which was associated with lower
serum levels of TNF-a, IL-6, IL-10 and MCP-1 compared to WT mice after injury [69]
indicating that MIP-1a is a key chemokine driving systemic inflammatory responses to injury.
However, it is likely that MIP-1o. 7/~ mice also have a hypo-inflammatory state during LPS-
and bleomycin-mediated ALI since we showed that MIP-1a/~ mice are protected from lung
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inflammation and injury in these models of direct injury to the lung. Detailed studies of
MIP-1a/~ mice and signaling pathways leading to their hypo-inflammatory state in models
of direct lung injury are beyond the scope of this paper, but will be the focus of future studies
in our laboratory. Nevertheless, our data highlight the important (and unexpectedly) critical
role of MIP-1a in promoting lung inflammation and injury in response to direct injury to the
lung. Whatever the mechanism involved, it is likely that during LPS-mediated ALI, pro-
inflammatory mediators generated in the lung increase MIP-1a synthesis by PMNs and
macrophages and also increase the expression of MIP-1a receptors on PMNs and monocytes
which may initially amplify recruitment of these cells into the lung. However, by stimulating
degranulation of PMNs recruited into the lung, pro-inflammatory mediators also increase the
release of MMP-8 by PMNSs and translocation of MMP-8 to the PMN surface [2]. By degrading
MIP-1a in the lung, these forms of MMP-8 may serve as a negative feedback loop that restrains
lung inflammation and protects the alveolar capillary barrier from injury. By reducing the
accumulation of PMNs in the lung, MMP-8 may have protective effects since PMNSs release
oxidants and cationic proteins that can injure the alveolar capillary barrier [43,70]. However,
in ALI secondary to pneumonia, MMP-8-mediated reductions in lung PMN and macrophage
counts may lead to worse outcomes by reducing phagocyte-mediated bacterial Killing.

MIP-1a and lung injury

In addition to reducing PMN accumulation, MMP-8 also protects the lung against
physiologically significant alveolar capillary barrier injury during LPS-mediated ALI as
assessed by measuring leakage of erythrocytes from the pulmonary vasculature into the
alveolar space, lung water content, and lung elastance. MMP-8/~ mice also had worse lung
injury and higher mortality than WT mice during hyperoxia-induced ALI which leads to more
robust alveolar capillary barrier injury than does LPS-mediated ALI [71]. Recently,
MMP-8~/~ mice were found to be protected from increased lung capillary permeability in a
model of ventilator-induced ALI, but the mechanisms involved were not elucidated [72].
MMP-8 may protect the lung from LPS-induce alveolar capillary barrier injury also by cleaving
and inactivating MIP-1a since: 1) MIP-1a/~ mice were protected from LPS- and hperoxia-
induced ALI (Figs. 2C,3C and 7B); 2) genetic deletion of MIP-1a in MMP-8~/~ mice limited
LPS-and hyperoxia-induced lung injury (Figs. 2C,3C, and 7B); and 3) delivering a neutralizing
antibody to MIP-1a reduced lung capillary leak in rats with immune complex-mediated ALI
[73] and in mice with endotoxemia [67]. The mechanism by which MIP-1a increases ALl is
not clear. Although MIP-1a increases lung levels of TNF-a in rats [73], and TNF-a increases
endothelial permeability by destabilizing endothelial microtubules [74], this mechanism is
unlikely in our murine model since TNF-a levels were similar in LPS-challenged WT and
MMP-8~/~ mice. MIP-1a may increase the levels of other mediators that promote ALI in mice
or MIP-1a. may increase ALI by increasing lung PMN counts, leading to injury to the alveolar
capillary barrier by PMNSs releasing toxic oxidants and cationic proteins [43,70].

Membrane-bound MMP-8 in ALl in mice

There have been no prior studies of membrane-bound MMP-8 in vivo. In the current study, we
found high levels of MMP-8 expressed on the surface of PMNSs recruited to the lungs of WT
mice which persisted to at least 72 h after IT LPS. However, we did not detect any soluble
active MMP-8 in BALF samples from LPS-treated WT mice either by using FITC-conjugated
type I collagen as a substrate for active MMP-8 or by Western blot analysis. The lack of soluble
active MMP-8 in BALF from LPS-treated WT mice is likely due (in part) to TIMP family
members rapidly inactivating MMP-8 freely released by PMNs, followed by rapid clearance
of MMP-8-TIMP complexes from the lung especially since TIMP levels are up-regulated in
the lung during ALI [75]. Also, soluble MMP-8 has a short half life after it has been activated
in vitro [2,41,42]. This is due to the high content of proline residues in the hinge region of the
enzyme located between the catalytic domain and the hemopexin domain at the COOH
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terminus. The proline-rich hinge region of MMP-8 is readily cleaved by the active site of
MMP-8 generating two fragments: the catalytic domain (~40 kDa) and the hemopexin domain
(~27 kDa) with loss of the enzyme’s activity [2,41,42]. It is noteworthy in this respect that our
Western blot analysis of cell-free BALF samples from LPS-treated WT mice detected inactive
proMMP-8 along a ~27 kDa fragment which is likely to be the hemopexin domain of MMP-8
which lacks catalytic activity [2,41,42]. We did not detect the ~40 kDa catalytic domain
fragment which may be due to its rapid clearance from the lung after binding to TIMPs [2,
41,42]. Until now, fragmentation and inactivation of soluble MMP-8 has only been reported
in vitro, but our findings indicate that this process also occurs during inflammatory processes
in vivo. Not only is membrane-bound MMP-8 the more abundant form of MMP-8 during ALI
in mice, but it is more potent than soluble MMP-8 at degrading MIP-1a. in vitro even in TIMP-
free buffers, which may be due to the greater catalytic stability of membrane-bound MMP-8
compared to soluble MMP-8 [2]. Furthermore, unlike soluble MMP-8, membrane-bound
MMP-8 is also resistant to inhibition by TIMPs [2]. Thus, we hypothesize that membrane-
bound MMP-8 expressed on activated PMNSs is the key bioactive form of the MMP-8 that
restrains lung inflammation and limits injury to the alveolar capillary barrier during ALI in
mice.

Our results identify MMP-8 as the first PMN-derived proteinase that regulates lung
inflammation and injury during ALI in mice. An previous study showed that MMP-8 cleaves
CCL2 in vitro with very low catalytic efficiency [55,76], but membrane-bound MMP-8 was
not tested against this chemokine in vitro. Herein, we have identified MIP-10 as a CC
chemokine substrate that is degraded by MMP-8 with important consequences in vivo. MMP-8-
mediated cleavage of MIP-1a surprisingly restrains LPS-induced neutrophilic (as well as
macrophage-type) inflammation in the murine lung and reduces physiologically significant
alveolar capillary barrier injury during ALI in mice. MMP-8 also significantly limits mortality
associated with hyperoxia-induced ALI in mice. Furthermore, we show for the first time that
membrane-bound MMP-8 on activated PMNSs is the most abundant (and persistent) active form
of MMP-8 in the lung during ALI in mice and is likely to be the critical bioactive form of the
enzyme mediating its anti-inflammatory activities in the murine lung. Future studies will
investigate whether MIP-1a is an important substrate for MMP-8 in other models of
inflammation in the lung and other organs. In the future, we will also assess the roles of MMP-8
in murine models of sepsis. However, our data suggest that new treatment strategies designed
to increase or prolong MMP-8 activity (especially on the PMN surface) may help to limit injury
to the alveolar capillary barrier in patients with ALI, and thereby reduce the morbidity and
mortality associated with this syndrome.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MMP-8~~ mice have increased lung PMNs during LPS-mediated ALI

In A, WT and MMP-8~/~ mice both in a mixed SVEv129 X C57BL/6J strain were given IT
LPS (10 ug) or IT PBS. BAL was performed 4 hto 7 d later and PMN counts were determined.
Data are mean + SEM; n = 5-9 mice/group. Asterisk indicates p =0.015 and ** indicates p =
0.003. In B, to provide assurance that MMP-8 reduces acute lung inflammation in mice, PMN
counts in BAL samples were quantified 24 h and 72 h after IT LPS (n = 8-14 mice/group) or
IT PBS (4-8 mice/group) in MMP-8/~ mice backcrossed to the pure C57BL/6J background
(F10 generation) or pure C57BL/6J WT littermate control mice. Data are mean + SEM. Asterisk
indicates p < 0.006 compared to mice of the same genotype given IT PBS at the same time
point and ** indicates p < 0.034. C shows representative lung sections from C57BL/6J WT
littermate control mice (left panels) and C57BL/6J MMP-8~/~ mice (right panels) 24 h after
IT PBS (top panels) or IT LPS (bottom panels) immunostained for a PMN marker (Ly-6G).
Arrows indicate Ly-6G-positive PMN. Magnification X 200. In D, Ly-6G-positive PMN were
counted in eight consecutive 1000 X magnification fields in lung sections harvested from
C57BL/6J WT littermate control mice or C57BL/6J MMP-8~/~ mice 24 h after IT PBS (n = 4
mice/group) or IT LPS (n = 6—7 mice/group). Data are mean + SEM. Asterisk indicates p <
0.01 and ** indicates p = 0.047. No staining was observed in lung sections from WT or
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MMP-8~/~ mice immunostained with an isotope-matched non-immune control antibody (not
shown).
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Figure 2. MMP-8~/~ mice have greater LPS-induced lung injury than WT mice

In A, C57BL6J WT mice and C57BL/6J MMP-8~/~ mice were given 10 pug of LPS by the IT
route and 24 h later lungs were removed. Note the more extensive inflammation and
hemorrhage in the lungs of the MMP-8~/~ mouse (right) given IT LPS than in those from the
LPS-treated WT mouse (left). Lungs from WT and MMP-8/~ mice given IT PBS had no
obvious lung inflammation or hemorrhage (not shown). In B, hemoglobin levels were measured
in BAL samples from WT and MMP-8~/~ mice 24 h after IT PBS or LPS. Data are mean *
SEM; n =3 for groups given IT PBS and 13 for groups given IT LPS. In C, wet/dry lung weight
ratios were measured in WT C57BL/6J littermate control mice, C56BL/6J MIP-1a/~, C57BL/
6J MMP-87~ and C56BL/6J MMP-8~/~ X MIP-1a/~ mice 24 h after IT LPS (n = 11-22 mice/
group) or IT PBS (n = 5-9 mice/group). Data are mean + SEM. Asterisk indicates p <0.001;
** indicates p < 0.03; and *** indicates p < 0.05. NS indicates not significantly different. In
D, WT or MMP-8~/~ mice (C57BL/6J strain) were given two doses of LPS (20 ug) by the IT
route 24 h apart, and 24 h after the last dose of LPS, lung elastance (H which is a measure of
lung stiffness) was measured in LPS-treated mice vs. unchallenged mice using a Flexivent™
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apparatus. Data are mean + SEM; n = 6-9 mice per group. Asterisk indicates p <0.05 compared
with unchallenged mice of the same genotype and ** indicates p = 0.017.
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Figure 3. MMP- 87/~ mice have greater lung inflammation and in )ury in other models of ALI

In A, WT, MMP-87~, MIP-1a"/~, and MMP-87~ X MIP-1q"

mice (all in the pure C57BL/

6 strain) were given 75 mU bleomycin (n = 11-18 mice/group) or saline (n = 4—-6 mice/group)
by the IT route. After 7 days, WBC were counted in BAL samples. Data are mean + SEM.

Asterisk indicates p < 0.027 and **, p < 0.001. In B, WT (n =15), MMP-8 7/~ (n = 13),

MIP-1a/~ (n =9), and MMP-8~/~ X MIP-1a/~ (n= 13) mice (all in the pure C57BL/6 strain)
were exposed to 95% 0, for up to 96 h and survival was recorded. Asterisk indicates p < 0.001
compared to WT mice at 96 h. In C, the same genotypes described in B were exposed for 72
h to 95% 0, (n = 7-13 mice/group) or 21% 0, (n = 4-9 mice/group) and wet to dry lung weight
ratios were measured. Data are mean + SEM. Asterisk indicates p< 0.001 compared to the same
genotype exposed to 21% O, and ** indicates p < 0.007.
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Figure 4. MMP-8 does not regulate survival of PMNs induced to undergo apoptosis in vitro by
serum starvation

In A-C, PMNSs were isolated from the bone marrow of WT and MMP-8~/~ mice and aliquots
of the cells were induced to undergo apoptosis by incubating the cells in the absence of serum
or agonists to trigger the intrinsic apoptosis pathway. Freshly isolated cells (no serum
starvation) or cells serum starved for 18 h were stained with annexin-V conjugated to Alexa
488 or propidium iodide (A and B) or active caspase 3 was measured in cell lysates as described
in Methods (C). Representative FACS plots are shown in A and quantitative data for annexin
V and propodium iodide staining in B. In B and C, data are mean + SEM (n = 4 mice/group).
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Figure 5. MMP-8 does not regulate survival of PMNs induced to undergo apoptosis in vitro by FAS

(CD95) activation

In A-C, PMNSs were isolated from the bone marrow of WT and MMP-8~/~ mice and aliquots
of the cells were induced to undergo apoptosis by incubating the cells for 4 h at 37°C with
equal amounts of anti-FAS (anti-CD95) to ligate and activate FAS death domain-containing
receptors on PMNs. Cells were then stained with annexin-V conjugated to Alexa 488 or
propidium iodide (A and B) or active caspase 3 was measured in cell lysates as described in
Methods (C). Representative FACS plots are shown in A and quantitative data for annexin V
and propodium iodide staining in B. In B and C, data are mean £ SEM (n = 4 mice/group).
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Figure 6.

MMP-8 reduces lung PMN chemokine activity and lung MIP-1a levels during LPS-mediated
ALI in mice. In A, cell-free BALF samples from WT or MMP-87~ mice 4 h or 24 h after IT
PBS or IT LPS were tested for PMN chemotactic activity in triplicate using Boyden
microchemotaxis assay chambers, along with buffer and 10~/M fMLP as controls (white bars).
PMNs migrating through the membranes were counted in 6-10 consecutive 1000 X
magnification fields for each well. Data are mean + SEM. Asterisk indicates p < 0.036
compared with BALF from the same genotype of mice given IT PBS at the same time point
and ** indicates p < 0.035. B. MIP-1a levels were measured in BALF samples from WT and
MMP-8~/~ mice 4-72 h after IT PBS (n = 5-11 mice/group) or IT LPS (9-23 mice/group) by
ELISA. Data are mean = SEM. Asterisk indicates p < 0.04 and ** indicates p = 0.032.

J Immunol. Author manuscript; available in PMC 2011 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 27

A B —a WT
200 ; =N MIP1a”

51 — MMP8" X MIP-1¢."
=W " *% T 180 * *
® 4 { == MIP-1u ] L= 1 1
s * 3 8 160 1 n
— [l =
E31 89 140 ;

e 8 c
=, * WG 120
o o S
= 5 o 100 1
7 g2 @AM |IN
m 1 = T
0 |T PBS |T LPS No LPS IT LPS
D
8
* %% * %

/(7)7 11

5 6

EhS I

= 4  —

=3

o

=9

[an]

1
0

WT MIP1o” MMP&"MMP&"
X
MIP1e™"

Figure 7. MIP-1a promotes LPS-mediated acute lung inflammation and injury and neutralization
or genetlc deletion of MIP-1a in MMP-8/~ mice reduces lung PMN counts in LPS-treated
MMP-87" mice

In A, C57BL6J WT mice and C57BL/6J MIP-1a~/~ mice were given PBS (n = 4 mice/group)
or 10 pug LPS (n = 12-15 mice/group) by the IT route and 24 h later PMN were counted in
BAL samples. Data are mean + SEM. Asterisk indicates p < 0.003 compared to mice of the
same genotype given IT PBS and ** indicates p = 0.038. In B, WT, MIP-1a", and
MMP-8~/~ X MIP-1o/~ mice were not treated or given two doses of LPS (20 ug) by the IT
route 24 h apart and 24 h after the last dose of LPS lung elastance (H) was measured using a
Flexivent™ apparatus. Data are mean + SEM; n = 7—17 mice/group. Asterisk indicates p <
0.001. There was no statistically significant difference in H between unchallenged
MIP-1o "~ mice and LPS-treated MIP-10~ mice, or between unchallenged MMP-87/~ X
MIP-1o 7~ mice and LPS-treated MMP-87/~ X MIP-1a/~ mice, or between LPS-treated
MMP-87/~ X MIP-1a/~ mice and LPS-treated MIP-1a/~ mice. In C, WT, MIP-1a/-,
MMP-8/~, and MMP-8~/~ X MIP-1a~/~ mice were given 10 ug of LPS or PBS by the IT route,
and 24 h later PMNs were counted in BAL samples. Data are mean + SEM. Asterisk indicates
p = 0.047; ** indicates p = 0.04; and *** indicates p = 0.002; n = 12-26 mice/group. PMNs
were not detected in BAL samples from any mice given IT PBS (not shown).
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Figure 8. MMP-8 cleaves and inactivates MIP-1a in vitro

Equal amounts of recombinant MIP-1a (2.5 uM in each lane) were incubated at 37°C for 18
h with and without 500 nM MMP-8 or 500 nM MMP-9 in A, or in B and C with or without
(lane 1; No PMN) or with equal numbers (5 x 10° cells/assay) of activated and fixed human
PMNs (human PMN), activated and fixed WT murine PMNs (WT PMN), or activated and
fixed MMP-8~/~ murine PMNs (MMP-8~/~ PMN). In A-C, reduced cell-free reaction products
were analyzed on silver-stained 16.5% Tris-tricine gels. Arrow indicates intact MIP-1o and
arrowhead indicates a cleavage product of MIP-1a. In D, rMIP-10 (2.5 uM) was incubated at
37°C for 18 h with and without fixed, activated human PMNs, WT PMNs or MMP-8/~ PMNs
as described above. Residual MIP-1a-mediated PMN chemotactic activity was tested in cell-
free supernatants samples in triplicate using Boyden microchemotaxis assay chambers (along
with buffer alone or 10~'M fMLP as assay controls). Data are mean + SEM; n = 3-5 separate
samples/group. Asterisk indicates p = 0.029 compared to buffer alone and ** indicates p <
0.037.
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Figure 9. MMP-8 reduces macrophage accumulation during LPS-mediated ALI

WT, MIP-1a~/~, MMP-87~, and MMP-8/~ X MIP-1a '~ mice were given 10 pg of LPS (n =
7-25 mice) or PBS (n = 5-10 mice) by the IT route and after 24-72 h, macrophages were
counted in BAL samples. Data are mean £ SEM. Asterisk indicates p < 0.016; ** indicates p

<0.05; and *** indicates p = 0.012.
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Figure 10. Lung PMNs from WT mice given IT LPS express membrane-bound MMP-8

AWT mouse (A and B) and an MMP-8~/~ mouse (C) were given 10 pg of LPS by the IT route,
and 24 h later PMNs were isolated from their lungs by BAL. Cells were fixed and non-
permeabilized cells immunostained with a rabbit anti-MMP-8 IgG (B and C) or a non-immune
rabbit 19G (A) followed by goat anti-rabbit 1gG conjugated to Alexa-488. Note the intense
staining for MMP-8 on the surface of WT BAL PMNs stained with anti-MMP-8 (B) but
minimal staining associated with WT PMNSs stained with the control antibody (A) or with
MMP-8~/~ PMNs incubated with the anti-MMP-8 antibody (C).
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Table 1

WT and MMP-8~ mice have similar total WBC counts in peripheral blood at baseline and after IT LPS.

Treatment | WT Total WBC (millions/ml) | MMP-8~/~ Total WBC (millions/ml) | WT vs. MMP-87"~ Mice
unchallanged 5.89 (0.25) 5.55 (0.29) p =0.416
ITLPS, 6h 6.11 (1.40) 3.74 (0.51) p=0.138
ITLPS, 24 h 251 (0.59) 2.42 (0.46) p=0.912
ITLPS 72h 4.84 (0.58) 3.36 (0.60) p=0.103

Blood was drawn from the right ventricles of unchallenged WT and MMP-8~/~ mice (n = 4 mice per genotype) and from WT and MMP-8~/~ mice
6 h, 24, and 72h after IT LPS (n = 7-12). Total leukocyte counts were determined on the blood samples.

Data are mean (SEM).

WT and MMP-8~/~ mice did not differ significantly in total WBC counts in blood either at baseline or at any time point studied after IT LPS.
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Table 3
MMP-8 does not regulate PMN migration in vitro
Buffer fMLP  KC ZAS
WT PMNG 256()H 704(34) 646(69) 655(51)
MMP-87-PMN  29.0 (47)  65.4(5.7) 722(16.3) 70.9(15.9)

GPMNs isolated from the bone marrow of WT and MMP-8~/~ mice were resuspended at 4 x 106/ml in RPMI-HEPES containing 1% albumin and

incubated for 4 h at 37°C through in Boyden microchemotaxis assay chambers [28] using buffer alone, 10~5m fMLP, 1077m KC, or 10% zymosan-
activated serum [ZAS as a source of C5a [35]] in 6 replicate lower wells for each experimental condition. PMN that migrated through the pores in the

membranes were counted in 6-8 high magnification fields for each well on Diff QuikTM—stained membranes.

Data are mean = SEM number of cells migrating (n = 3 separate experiments). There were no significant differences in the migratory responses of
WT vs. MMP-8~~ PMNss to buffer or any of the chemoattractants tested.
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Table 4

PMN's from the lungs of LPS-treated WT and MMP-8~/~ mice have similar rates of apoptosis and necrosis

Condition Annexin-V % Positive  Propidium lodide % Positive
WT, IT LPSA 1.8 (0.5)B 4.1(0.8)
MMP-87-, ITLPS 4.2(0.5) 3.2 (0.5)

A\NBC (~95% PMNs) were isolated from the lungs of WT and MMP-8~/~ mice (both in the C57BL/6 strain) by BAL 24 h after IT LPS. Cells were
stained with annexin-V and propodium iodide and the percentage of positive cells was determined.

BData are mean + SD; n = 4-8 mice per group.
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Table 5

Lung PMNs from LPS-treated WT and MMP-8~/~ mice have similar levels of intracellular active caspase-3.

Condition Intracellular active caspase-3 (pg)
WT BAL PMN, IT LPSC 4447 (50.7)E
MMP-8~ BAL PMN, IT LPS 407.7 (58.6)

Human PMN, T=0 hP N.D.F

Human PMN, T=18 h 17,095 (1690)

CPM Ns were isolated from the lungs of WT and MMP-g /1~ mice, both in the C57BL/6 strain, by BAL 24 h after IT instillation of LPS (n=7 mice/

group). Extracts of BAL PMNs were prepared at 5 x 108/ml and assayed for levels of active caspase-3 using a fluorogenic substrate specific for
caspase-3 and assay standards of purified active caspase-3.

D . . . . .
As controls, human PMNs were induced to undergo apoptosis by culturing them in serum-free medium for 18 h at 37°C (Human PMNs T= 18 h),
and active caspase 3 levels were quantified in extracts of these PMNs versus extracts of freshly isolated human PMN (Human PMN, T= 0 h) prepared

at5x 106/ml.
E
Data are mean + SD.

FN.D. = not detected.

J Immunol. Author manuscript; available in PMC 2011 February 1.



