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Abstract

Matrix metalloproteinase (MMP)-8 and -9 released by degranulating PMNs promote pericellular
proteolysis by binding to PMN surfaces in catalytically-active, but tissue inhibitor of
metalloproteinases (TIMP)-resistant forms. The PMN receptor(s) to which MMP-8 and MMP-9
bind(s) is not known. Competitive binding experiments showed that Mmp-8 and Mmp-9 share
binding sites on murine PMN surfaces. A novel form of TIMP-1 (an inhibitor of soluble MMPS) is
rapidly expressed on PMNs surfaces when human PMNs are activated. Membrane-bound TIMP-1
is the PMN receptor for pro and active MMP-8 and -9 as: 1) TIMP-1 is strikingly co-localized
with MMP-8 and -9 on activated human PMN surfaces and in PMN extracellular traps; 2) minimal
immunoreactive and active Mmp-8 or Mmp-9 are detected on the surface of activated 7imp-17~
murine PMNSs; 3) binding of exogenous Timp-1 (but not Timp-2) to 7imp-17~ murine PMNs
reconstitutes the binding of exogenous proMmp-8 and proMmp-9 to the surface of 7imp-17~
PMNs. Unlike full length proMmp-8 and proMmp-9, mutant proMmp proteins lacking the COOH-
terminal hemopexin domain fail to bind to Mmp-8&7/~xMmp-9~~ murine PMNs. Soluble
hemopexin inhibits the binding of proMmp-8 and proMmp-9 to Mmp-87/~xMmp-9~~ murine
PMNs. Thus, the COOH-terminal hemopexin domains of proMmp-8 and proMmp-9 are required
for their binding to membrane-bound Timp-1 on murine PMNs. Exposing non-human primates to
cigarette smoke upregulates co-localized expression of TIMP-1 with MMP-8 and MMP-9 on
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peripheral blood PMN surfaces. By anchoring MMP-8 and MMP-9 to PMN surfaces, membrane-
bound TIMP-1 plays a counterintuitive role in promoting PMN pericellular proteolysis occurring
in COPD and other diseases.
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neutrophil extracellular trap

INTRODUCTION

Matrix metalloproteinase-1 (MMP-82; neutrophil collagenase) and MMP-9 (gelatinase B)
are members of the MMP subfamily of zinc-dependent metalloproteinases. MMP-9 is
ubiquitously expressed by leukocytes and structural cells in most organs in humans and
mice. MMP-8 is highly expressed by human and murine PMNs (1,2), but is also expressed at
lower levels by activated macrophages, vascular smooth muscle cells, and bronchial
epithelial cells in humans and mice (3,4).

MMP-9 cleaves a wide variety of extracellular matrix (ECM) proteins (5) and various non-
matrix proteins to alter their biologic activities (6—-13). Mmp-9 promotes the development of
aneurysms in mice by degrading ECM proteins present in vessel walls (14), but also
promotes small airway fibrosis developing in animals exposed chronically to cigarette
smoke (CS) or allergens by increasing ECM deposition (15,16). Mmp-9 increases the
accumulation of inflammatory cells in the airways of mice with allergic airway
inflammation (17-19) and regulates the severity of acute lung injury in mice (20,21).

MMP-8 is an interstitial collagen-degrading proteinase /n vitro. Murine Mmp-8 has crucial
activities in regulating inflammatory responses to injury in various organs by cleaving
chemokines (2,22,23). Mmp-8 also participates in a proteolytic cascade (along with Mmp-9
and a serine proteinase) in the generation of Pro-Gly-Pro tripeptide fragments of collagen
which promote PMN influx into the lungs of mice (24).

MMP-8 and MMP-9 both contribute to human PMN-mediated proteolysis (2,25,26), but do
not regulate murine PMN migration (2,27). Neither proteinase is synthesized de rnovo by
mature PMNs. MMP-8 and -9 are produced in PMN precursors in the bone marrow, and
then stored within the specific and gelatinase granules of PMNSs, respectively (28). When
PMNs are activated, proMMP-8 and -9 are released from PMNs into the extracellular space.
Extracellular MMP-8 and -9 are activated by the cysteine switch mechanism, and their
activities are restrained by the four members of the tissue inhibitor of metalloproteinase
(TIMP) family (29).

MMP-8 and -9 are also expressed as membrane-associated proteinases on the surface of
human and murine PMNs when activated /n vitro (25,26,30,31). Activation of PMN with
degranulating agonists results in rapid translocation of both MMPs from PMN granules to
the plasma membrane. Membrane-bound MMP-8 and MMP-9 have similar catalytic
activities and efficiencies as the soluble forms of these MMPs, but differ from the soluble
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MMP forms by their resistance to inhibition by TIMPs (25,26). Membrane-bound forms of
pro and active forms of MMP-8 have been detected on circulating PMNs in human subjects
with a chronic lung disease (32). Membrane-bound Mmp-8 is the only form of the
proteinase detected in the lung during LPS-mediated acute lung injury (ALI) in mice (2).
Collectively, these data suggest that membrane-bound MMP-8 and -9 are important
bioactive forms of the proteinase /n vivo. However, the mechanism by which MMP-8 and
MMP-9 bind to PMN surfaces is not clear.

Human PMNSs store preformed TIMP-1 protein within their cytoplasmic vesicles which are
distinct from the specific and gelatinase granules in which proMMP-8 and proMMP-9 are
stored, respectively (33). TIMP-1 that is freely released by degranulating PMNs (33) is
thought to control the activity of MMPs released by activated PMNs. Herein, we tested the
hypothesis that TIMP-1 is also expressed on the surface on PMNs after they degranulate and
that membrane-bound TIMP-1 on PMNs regulates pericellular proteolysis. We now report a
novel localization for TIMP-1 on the surface of activated human, non-human primate
(NHP), and murine PMNs and neutrophil extracellular traps (NETS) released by activated
cells. In addition, exposure of NHPs to CS for 4 weeks upregulates co-localized expression
of TIMP-1 with MMP-8 and MMP-9 on the surface of peripheral blood PMNSs. Surface-
bound TIMP-1 on PMN promotes (rather than inhibits) pericellular proteolysis by serving as
a receptor for active forms of MMP-8 and -9 on the surface of activated PMNSs. Thus,
surface-bound TIMP-1 may contribute to PMN-mediated tissue destruction that occurs in
COPD, cystic fibrosis, and other diseases associated with neutrophilic inflammation.

MATERIALS AND METHODS

Materials:

Antibodies:

Goat anti-rabbit F(ab), conjugated to Alexa Fluor® 488, goat anti-rabbit F(ab), conjugated
to Alexa Fluor® 546, goat anti-mouse F(ab), conjugated to Alexa Fluor® 488, and goat
anti-mouse F(ab), conjugated to Alexa Fluor® 546, dye quenched (DQ) FITC-conjugated
gelatin, DQ-FITC conjugated type I collagen and SYTOX™ Blue Nucleic Acid Stain were
obtained from Invitrogen Life Technologies (Carlsbad, CA). Purified murine Timp-1, murine
Timp-2, murine Mmp-8, and murine Mmp-9 proteins were purchased from R & D Systems
(Minneapolis, MN). Full length murine Mmp-8 (residues 21-465) and murine Mmp-9
(residues 20—-730) proteins and mutant murine Mmp-8 (residues 21-276) and murine Mmp-9
(residues 20-519) proteins containing the catalytic domains and hinge regions but lacking
the COOH-terminal hemopexin domains were obtained from Abnova (Taipei City, Taiwan).
(7-Methoxycoumarin-4-yl)-Acetyl-Pro-Leu-Gly-Leu-(3-[2,4-dinitrophenyl]-L2,3-
diaminopropionyl)-Ala-Arg-NH, (McaPLGLDpaAR) was purchased from CalBiochem
Novabiochem Corp. (San Diego, CA). Murine hemopexin protein was purchased from Sino
Biological (Wayne, PA).

Polyclonal rabbit anti-human MMP-9 IgG (AB805), polyclonal rabbit anti-murine Mmp-9
1gG (AB19047), murine anti-human MMP-9 1gG (MAB13416), polyclonal rabbit anti-
human MMP-8 1gG (AB8115), polyclonal rabbit anti-TIMP-1 IgG (AB800), and rabbit anti-
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TIMP-2 1gG (AB771) were purchased from Millipore (Billerica, MA). Murine anti-TIMP-1
IgG was obtained from R & D Systems (Minneapolis, MN). Rabbit anti-murine Mmp-8 1gG
and rabbit anti-murine Mmp-9 1gG were purchased from Abcam (Cambridge, MA)

Human studies:

All studies of human subjects were approved by the Partners Healthcare Institutional Review
Board.

Animal studies:

All procedures performed on mice were approved by the Harvard Medical School
Institutional Animal Care and Use Committee. All experiments conducted on non-human
primates (NHPs) were approved by the LRRI Institutional Animal Care and Use Committee.

Human PMN isolation and activation:

PMNs were isolated from peripheral blood of healthy male and female human donors (34),
and incubated for 30 min at 37°C in HBSS containing 10 mM HEPES (pH 7.4) with or
without varying concentrations of phorbol myristate acetate (PMA), lipopolysaccharide
(LPS), tumor necrosis factor-a. (TNF-a), interleukin-8 (IL-8), IL-1p, IL-6, 1-O-
hexadecyl-2-acetyl-sn-glycero-3-phosphorylcholine (platelet activating factor, PAF) and N-
formyl-leucyl-methionyl-phenylalanine (fMLP), or cytochalasin B followed by fMLP. PMN
were also primed for 15 min at 37°C with PAF and LPS, and then activated for 30 min with
10~" M fMLP. To terminate the assays, PMN were fixed in PBS (pH 7.4) containing 3%
paraformaldehyde and 0.5% glutaraldehyde (26) for 3 min at 4°C.

Murine PMN isolation and activation:

Timp-17~mice in a pure C57BL/6 background were obtained from Paul Soloway (Division
of Nutritional Sciences; Cornell University; Ithaca, NY). Mmp-87~and Mmp-97~ mice
both in a pure C57BL/6 background were generated as described previously (25,26).
Mmp-87~ x Mmp-9~~ compound mutant mice were generated by crossing the single Mmp-
deficient lines. The genotypes of the mice were confirmed using PCR-based genotyping
protocols on DNA extracted from tail biopsies.

PMN were isolated from the bone marrow of male and female Mmp-87~, Mmp-97-,
Timp-17~, Mmp-87~ x Mmp-9~~ compound mutant mice, or C57BL/6 wild type (WT)
mice by positive selection for Ly6G using immunomagnetic beads (26). Murine PMN
preparations were >85% pure, as assessed by differential counting of Wright stained
cytocentrifuge preparations, and >99% viable as assessed by exclusion of trypan blue dye.
Murine PMN were activated at 37°C for 15 min with PAF (1076 M) followed by fMLP (1076
M for 30 min); these concentrations of agonists are optimal for inducing cell surface
expression of Mmp-8 and Mmp-9 on PMNs (25,26). PMN were fixed, washed, and
immunostained for cell surface murine Mmp-8 or -9, as outlined below.
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Immunostaining of human PMN for surface-bound pro and active forms of MMP-8 and -9

and TIMPs:

Human PMNs were immunostained for cell surface TIMP-1 or TIMP-2 (as a control) using
polyclonal rabbit human anti-TIMP-1 IgG (AB800), rabbit anti-human TIMP-2 IgG
(AB771), or non-immune rabbit 1gG as a control (1 pg/10° cells) followed by goat anti-
rabbit F(ab), conjugated to Alexa Fluor 488®. To assess whether MMP-9 and TIMP-1 are
co-localized on the surface of PMNs, human PMN were activated for 15 min with 1078 M
PAF followed by 1078 M fMLP and then fixed. Cells were double immunostained with
monoclonal murine anti-human MMP-9 IgG (MAB13416) or monoclonal murine anti-
human MMP-8 1gG and goat anti-murine F(ab), conjugated to Alexa 546 for MMP-9, and
with rabbit polyclonal anti-human TIMP-1 I1gG (AB800) and goat anti-rabbit F(ab),
conjugated to Alexa 488. The antibodies used to detect surface-bound MMPs recognize both
the pro and active forms of MMP-8 or MMP-9. Cells were examined with a Leica TCSNT
confocal laser scanning microscope (Leica Inc., Exton, PA) fitted with air-cooled argon and
krypton lasers. Fluorescent confocal micrographs were recorded under fluorescent imaging
by exposing cells to 568 nm light attenuated by an acusto tunable optical filter using a long-
pass 590 nm filter to detect the Alexa 546-labeled MMP-9 and Alexa 488-labeled TIMP-1.

Steady state TIMP-1 mRNA levels in human PMNs stimulated with fMLP, IL-1pB, or IL-6:

Human PMNSs isolated from peripheral blood samples drawn from healthy donors were
incubated with or without 10~ M fMLP, 107 M IL-1, or 10~/ M IL-6. Total RNA was
isolated from the PMNs using a SurePrep TrueTotal RNA Purification Kit (Fisher Scientific,
Fair Lawn, NJ), following the manufacturer’s instructions, and 1 ug of RNA was reverse
transcribed into cDNA using a High-Capacity cDNA Reverse Transcription Kit (Thermo
Fisher Scientific, Carlsbad, CA). SYBR green-based real-time RT-PCR was used to measure
TIMP-1 steady state mMRNA levels with primers from Invitrogen (Charlestown, MA), PPIA
as the housekeeping gene, an AriaMx Real-time PCR machine (Agilent technologies, Santa
Clara, CA), and the comparative threshold method (35,36).

Quantitation of Mmp-8 or Mmp-9 on the cell surface of murine PMN:

To quantify Mmp-9 immuno-reactivity on the surface of murine PMNs, PMNs were isolated
from C57BL/6 WT and 7imp-1~~ mice, and activated for 15 min with 1076 M PAF and then
for 30 min with 1076 M fMLP. Cells were fixed (as described above), and immunostained
for cell surface Mmp-8 and Mmp-9 using rabbit anti-murine Mmp-8 IgG and rabbit anti-
murine rabbit anti-murine Mmp-9 IgG (AB19047) or non-immune rabbit 1gG as a control (1
1g/106 cells) followed by goat anti-rabbit F(ab), conjugated to Alexa Fluor 488. Cell surface
immunofluorescence was quantified in arbitrary fluorescence units using incident light
epifluorescence microscopy (Leica Inc., Exton, PA) and image analysis software
(MetaMorph™ software, Universal Imaging Inc., West Chester, PA), and the data were
corrected for non-specific staining, as described previously (26,37).

Competitive binding experiments:

To determine whether Mmp-8 and Mmp-9 share binding sites on PMNs, competitive binding
experiments were conducted. PMNs were isolated from the bone marrow of Mmp-87/~ x
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Mmp-97~ mice, and resuspended in PBS at 2 x 108 cells/ml. Cells were incubated with 1076
M PAF for 15 min and 1078 M fMLP for 30 min to induce surface expression of Timp-1.
Cells were then chilled to 4°C, and incubated with or without 50-400 nM exogenous murine
proMmp-8 protein for 45 min at 4°C to permit binding of exogenous Mmp-8 to the cell
surface. Exogenous murine proMmp-9 protein (100 nM) was then added and cells incubated
for an additional 60 min at 4°C to permit binding of exogenous murine proMmp-9 protein to
the PMN surface. PMNs were washed twice in PBS, and then fixed and immunostained with
Alexa 488 for surface-bound Mmp-9 as described above. Other aliquots of the PAF- and
fMLP-activated PMNSs were chilled to 4°C, and then incubated with or without 50-400 nM
exogenous murine proMmp-9 protein for 45 min at 4°C to permit binding of exogenous
Mmp-9 to the cell surface. Exogenous Mmp-8 protein (100 nM) was then added, and cells
incubated for an additional 60 min at 4°C to permit binding of exogenous Mmp-8 to the
PMN surface. PMNs were washed twice in PBS, and then fixed and immunostained with
Alexa 488 for surface-bound Mmp-8, as described above.

Measurement of Mmp-8 and Mmp-9 catalytic activity on the surface of murine PMNs:

WT, Mmp-97/~, and Timp-17~ PMNs were isolated from the bone marrow of mice, and
activated as described above. The cells were fixed, washed, resuspended in Tris buffered
saline (TBS; 50 mM Tris containing 0.15 M NaCl and 0.02 M CaCls; pH 7.4), and incubated
at 37°C for 30 min in triplicate (10 cells/assay) with 1 mM PMSF [to inhibit membrane-
bound serine proteinases expressed by activated PMNs (37-39)], with or without 1 mM
1,10-phenanthroline [a synthetic inhibitor of MMPs which inhibits membrane-bound MMPs
(25,26)], and then incubated for 3 h with 1.8 yM McaPLGLDpaAR (a synthetic quenched
fluorogenic substrate for MMPs). Total cell surface-bound MMP activity was quantified as
the 1,10 o-phenanthroline inhibitable, McaPLGLDpaAR-hydrolyzing activity in cell-free
supernatant samples using fluorimetry (Hitachi F2500 fluorescence spectrophotometer,
Hitachi Ltd., Tokyo, Japan; Ex A 328nm, Em A 393nm) as described previously (26).

To quantify cell surface gelatinase activity, fixed, activated PMNs from WT, Mmp-87~, and
Mmp-97~ mice were incubated with 1 mM PMSF with or without 1 mM 1, 10-
phenanthroline (as described above) and then incubated in triplicate (3 x 10° cells/assay) at
37°C for 6 h with 50 pg/ml dye quenched (DQ)-FITC-conjugated gelatin, and surface MMP-
mediated gelatinase activity was quantified as the 1, 10-o-phenanthroline-inhibitable
cleavage of FITC-conjugated gelatin in cell-free supernatant samples using fluorimetry (Ex
A 490nm and Em A 520nm) as described previously (26).

To quantify cell surface type-I collagenase activity, equal numbers of fixed, activated PMN
from the three genotypes (5 x 10° cells/assay) were incubated with 1 mM PMSF with or
without 1mM 1, 10-phenanthroline (as described above) and then incubated in triplicate with
50 pg/ml DQ-FITC-conjugated type-1 collagen for 18 h at 37°C. Surface MMP-mediated
type-I collagenase activity was quantified as the 1, 10-o-phenanthroline-inhibitable cleavage
of FITC-conjugated type-I collagen in cell-free supernatant samples using fluorimetry (Ex A
490nm and Em A 520nm) as described previously (25).
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Quantitation of Mmp-8 and Mmp-9 stored in and released from unstimulated and activated
WT vs. Timp-17/~ PMNs:

PMNs were isolated from the bone marrow of WT and 77mp-17~ mice, counted, and lyzed
at 5 x 10% cells/ml in RIPA buffer containing 1 mM PMSF, 1 mM 1,10-o-phenanthroline,
and mammalian protease inhibitor cocktail (Sigma-Aldrich) diluted 1:100 (to prevent
proteolytic degradation of Mmps). Other aliquots of the cells were resuspended at 107
cells/ml in PBS and incubated at 37°C for 30 min with or without fMLP (1076 M). Cell-free
supernatants were harvested and 1 mM PMSF, 1 mM 1,10-o0-phenanthroline, and
mammalian protease inhibitor cocktail (Sigma-Aldrich) diluted 1:100 were added and
samples were frozen to —80°C. Mmp-8 and Mmp-9 were quantified in cell extracts and cell-
free supernatant samples using ELISAs. In addition, the forms of Mmps released by
unstimulated and activated PMNs were assessed using western blotting. Briefly, samples
were subjected to electrophoresis on 8% SDS-PAGE under reducing conditions, proteins
transferred to PVDF membranes, and probed with polyclonal rabbit anti-murine Mmp-9 1gG
(AB19047) or rabbit anti-murine Mmp-8 1gG (Ab19045), followed by goat anti-rabbit 1gG
conjugated to horse radish peroxidase (Biorad, Hercules, CA), and a chemiluminescence
detection system following the manufacturer’s instructions.

Binding of exogenous Mmp-9 and Mmp-8 to murine PMNs and Timp-1 reconstitution
experiments:

PMNss isolated from the bone marrow of Mmp-97/~, Mmp-8~/~, and Timp-17~ mice were
activated at 37°C for 15 min with 1078 M PAF followed by 1076 M fMLP for 30 min to
induce PMN degranulation and the release of Timp-1 from Mmp-97~and Mmp-8/~ PMNs
and the subsequent binding of Timp-1 to the surface of these PMNs. PMNs were then
washed and resuspended in cold HBSS containing 10 mM HEPES (pH 7.4) or 50 mM Tris
containing 0.15 M NaCl and 0.02 M CaCly; pH 7.4. The Mmp-97~, Mmp-8~~, and
7imp-17~ PMNs were then incubated at 4°C with or without 50400 nM purified murine
proMmp-9 or proMmp-8 at 4°C for 90 min. In other experiments, 77mp-17~PMNs were
incubated at 4°C for 60 min with or without 200 nM Timp-1 protein (or 200 nM Timp-2
protein or 200 nM myeloperoxidase protein, as controls). Cells were washed twice,
incubated at 4°C for 60 min with or without 200 nM proMmp-8 or 200 nM proMmp-9, and
PMNs were then washed and fixed. Mmp-8 and Mmp-9 that bound to cells was detected by
immunostaining the cells with Alexa-488 for Mmp-8 or Mmp-9, as described above. Mmp-8
and Mmp-9 that bound to cells was also quantified as the PMN surface-associated cleavage
of susceptible substrates that were conjugated to quenched FITC (type I collagen for Mmp-8
or gelatin for Mmp-9) in the presence of amino-phenyl mercuric acetate (1 mM APMA,;
Sigma, St. Louis, MO) using TBS as the assay buffer and fluorimetry (Ex A 490nm and Em
A 520nm) as described previously (26).

Binding of full length versus mutant proMmps lacking the COOH terminus hemopexin
domains to PMNs from Mmp-8~/~ x Mmp-9~~ compound mutant mice

Full length proMmp-9 (FL proMmp-9; residues 20-730) or 400 nM full length proMmp-8
(FL proMmp-8; residues 21-465), or 400 nM mutant proMmp-9 lacking only the COOH
terminal hemopexin domain (MT Mmp-9; residues 20-519), or mutant proMmp-8 protein
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lacking only the COOH terminal hemopexin domain (MT proMmp-8; residues 21-276)
were obtained from Abnova (Teipei City, Tiawan). To confirm that these latent proMMPs
have catalytic activity when activated, 50 nM FL proMmp-8, FL proMmp-9, MT proMmp-8,
or MT proMmp-9 proteins in Tris assay buffer were activated by adding 1 mM pamino-
phenyl mercuric acetate (APMA; Sigma, St. Louis, MO), and incubating the samples at
37°C for 8 h (for FL and MT proMmp-8) or 18 h (for FL and MT proMmp-9). The samples
were then incubated at 37°C in duplicate for up to 18 h with 2 uyM McaPLGLDpaAR, and
cleavage of this substrate was quantified using fluorometry, as described above.

PMNs isolated from Mmp-87~ x Mmp-9~~ mice were activated at 37°C for 15 min with
PAF (1076 M) and then for 30 min with fMLP (1076 M) to induce Timp-1 surface
expression. The PMNs were then incubated at 4°C for 2 h with or without 400 nM FL
proMmp-9, 400 nM FL proMmp-8, 400 nM MT proMmp-9, or 400 nM MT Mmp-8. Bound
Mmp-9 and Mmp-8 were detected by immunostaining cells with Alexa 488 using an
antibody raised to the hinge region of Mmp-9 or Mmp-8 (which was present in both the MT
and FL forms of Mmp-8 and Mmp-9), as described above.

Competition experiments with soluble hemopexin:

PMNSs isolated from Mmp-87~ x Mmp-9~/~ mice were activated at 37°C for 15 min with
PAF (1076 M) and then for 30 min with fMLP (10~6 M) to induce Timp-1 surface
expression. The PMNs were then incubated at 4°C for 60 min with or without 500 nM
purified murine hemopexin protein (Sino Biological, Wayne, PA), and then incubated at 4°C
for 60 min with or without 400 nM proMmp-8 (R&D Systems, Minneapolis, MN) or 400
nM proMmp-9 (R&D Systems, Minneapolis, MN). Cells were then washed, fixed, and
Mmp-8 and Mmp-9 that bound to cells was quantified by immunostaining the cells with
Alexa-488 for Mmp-8 or Mmp-9, as described above.

Isolation and staining of neutrophil extracellular traps (NETs) for TIMP-1, MMP-8, and

MMP-9:

Human PMNs suspended in RPMI medium were dispensed into 8-well chamber slides and
incubated with or without 1 pg/mL of LPS from Escherichia coli 0111:B4 for 4 h at 37°C to
induce NET formation (40). PMN cell-free supernatant samples were removed, and PMNs
and NETSs attached to the chamber slide were fixed in PBS (pH 7.4) containing 3%
paraformaldehyde and 0.5% glutaraldehyde. NETS in the supernatant samples were
identified by staining for extracellular DNA using SYTOX™ Blue Nucleic Acid Stain
(Invitrogen) following the manufacturer’s instructions. PMN-associated NETs were
immunostained with either rabbit polyclonal anti-human MMP-9 IgG (Abcam) and goat
anti-rabbit F(ab), conjugated to Alexa-546, or rabbit polyclonal anti-human MMP-8 1gG
(Abcam) and goat anti-rabbit F(ab), conjugated to Alexa-546. The preparations were then
stained with murine monoclonal anti-human TIMP-1 1gG (Invitrogen Life Technologies,
Carlsbad, CA) and goat anti-mouse F(ab), conjugated to Alexa-488. PMN-associated NETs
were examined and images of the cells acquired using a confocal laser scanning microscope,
as described above.
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NHP CS Exposures:

As described previously, the NHPs were socially housed (up to two animals per cage) in the
Primate Facility at the Lovelace Respiratory Research Institute (Albuquerque, NM), in
accordance with the Guide for Laboratory Animal Practice under the Association for the
Assessment and Accreditation for Laboratory Animal Care International-approved animal
environmental conditions (41). NHPs were exposed to 100% freshly filtered air with 10 to
15 air changes per hour in the control and cigarette smoke (CS) exposure group before
initiating the exposures (41). NHPs were exposed to CS [250 mg/m?3 total suspended
particulate matter (TPM)] in H2000 whole body exposure chambers for 6 h-per-day, 5 days-
per-week for 4 weeks, as described previously (41), to simulate a heavy human smoking
pattern. For a 3 Kg NHP inhaling an average volume of 800 ml/minute, a pulmonary TPM
deposition of 20%, the weekly deposition of smoke particles would be ~ 2.9 or 7.2 TPM
deposited per gram of lung per week, as calculated previously (41). Assuming that a human
smoker smoking an average of 20 cigarettes per day for 1 week will have 1.8 mg TPM
deposited per gram of lung per week, the 100 and 250 mg/m3 TPM CS dose for NHPs is
similar to that of humans smoking approximately 1.8 or 4 packs per day, respectively (41).
Control NHPs were exposed to air for 4 weeks.

PMN isolation from NHPs and immunostaining for surface-bound MMP-8, MMp-9 and

TIMP-1:

Statistics:

Avrterial blood samples were collected (10 ml/time point) using a heparinized needle and
syringe. PMNs were separated from the mononuclear cell (MNC) fraction by density
gradient centrifugation using Lymphoprep (STEMCELL Technologies, Cambridge, MA).
Red blood cells were removed from the granulocyte fraction by dextran sedimentation
followed by hypotonic lysis. The PMNs were immediately fixed in PBS containing 3%
paraformaldehyde and 0.25% glutaraldehyde for 5 min on ice and then washed, and
resuspended in cold PBS containing 1% albumin and 50 pg/ml goat IgG to block non-
specific binding of antibodies to Fc receptors. The PMNSs were then immunostained with
either rabbit polyclonal anti-human MMP-9 1gG (Abcam) and goat anti-rabbit F(ab),
conjugated to Alexa-546, or rabbit polyclonal anti-human MMP-8 IgG (Abcam) and goat
anti-rabbit F(ab), conjugated to Alexa-546. The cells were then double immunostained with
murine monoclonal anti-human TIMP-1 1gG (Invitrogen Life Technologies, Carlsbad, CA)
and goat anti-mouse F(ab), conjugated to Alexa-488. PMNs were examined with a confocal
laser scanning microscope and images of the cells were acquired as described above. Cell
surface immunofluorescence was quantified using image analysis software (MetaMorph™
software, Universal Imaging Inc., West Chester, PA), and the data were corrected for non-
specific staining, as described previously (26,37).

The results for paired and unpaired data were compared using the Student’s t-test for
parametric data and the Mann-Whitney rank sum U test for non-parametric data; £ < 0.05
was considered significant.
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RESULTS

TIMP-1 is expressed in an inducible manner on the surface of human PMNs:

TIMP-1 is stored in PMN cytoplasmic vesicles which translocate to the PMN plasma
membrane when PMNs are incubated with phorbol ester to induce PMN degranulation (33).
To test the hypothesis that TIMP-1 is expressed on the surface of PMNs when they
degranulate, non-permeabilized human PMNs that had been activated with a degranulating
agonist (FMLP) for 30 min were immunostained for surface-bound TIMP-1 and examined
using confocal microscopy. There was intense staining for TIMP-1 on the surface of fMLP-
activated PMNs which was frequently localized to the leading edge of the cells (Fig. 1A).
However, there was minimal surface fluorescence associated with cells incubated with an
isotype-matched control primary antibody, as expected (Fig. 1A). Quantitative analysis of
unstimulated vs. activated PMNs demonstrated minimal staining for TIMP-1 on the surface
of unstimulated PMN, but robust staining for TIMP-1 on the surface of fMLP-activated
PMNs (Fig. 1B). As a control, fMLP-activated PMNs were immunostained with an antibody
to TIMP-2 [as TIMP-2 is not expressed by PMNs (13,42)]. As expected, surface staining for
TIMP-2 was not detected on fMLP-activated PMNs (Fig. 1B). FMLP also increased surface
Timp-1 expression on PMNs isolated from wild type (WT) mice (Fig. 1C). To confirm the
specificity of the anti-Timp-1 antibody, unstimulated and fMLP-activated PMNs from
7imp-1~~ mice were immunostained for surface Timp-1 using this antibody. No staining
was detected, as expected (Fig. 1C). Thus, activation of human and murine PMNs with the
degranulating agonist, fMLP, induces rapid translocation of TIMP-1 to the cell surface.

Degranulating agonists potently and rapidly up-regulate surface TIMP-1 levels on PMN:

We assessed whether other degranulating agonists that vary in the potency with which they
induce PMN degranulation vary correspondingly in the potency with which they induce
surface expression on TIMP-1 on PMNs. Pharmacologic agonists that potently induce PMN
degranulation including phorbol ester and a calcium ionophore (A23187) induced
substantially greater increases in surface TIMP-1 levels on PMNs than biologic mediators
(FMLP and TNF-a) that have more modest potency in inducing PMN degranulation (Fig.
2A). The effects of fMLP on PMN surface TIMP-1 levels were concentration-dependent,
and the optimal fMLP concentration (10~7 M) induced ~20-fold increases in surface TIMP-1
staining versus that detected on the surface of unstimulated PMNs (Fig. 2B). The effects of
fMLP were also very rapid. Significant increases in surface-bound TIMP-1 were detected
within 5 min of adding fMLP to the cells, and optimal increases occurred after 30 min (Fig.
2C). Significant increases in surface TIMP-1 persisted for at least 90 min after adding fMLP
(Fig. 2C) and returned to baseline 2 h after adding fMLP to the cells (not shown). Other pro-
inflammatory mediators (LPS, PAF, TNF-a, IL-8, IL-1pB, and IL-6) also rapidly increased
surface-bound TIMP-1 levels on PMN, but less potently than fMLP (Fig. 2D-2E). The
effects of 1L-8 on PMN surface TIMP-1 levels were also concentration-dependent, and 1078
to 1078 M IL-8 induced maximal ~8-fold increases in surface TIMP-1 staining (Fig. 2F).
However, agonists (fMLP, IL-1p and IL-6) did not increase surface TIMP-1 levels by
TIMP-1 gene expression in PMNs as unstimulated and PMNs activated with these agonists
had similar 7/MP-1 steady state mMRNA levels as assessed by qRT-PCR (Supplemental Fig.
1). Priming PMNs with LPS, TNF-a, or PAF, and then activating them fMLP induced
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additive effects on cell surface expression of serine proteinases and MMPs on PMNs
(25,26,37-39). Thus, the effects of priming PMNs with cytokines and bacterial products and
then activating them with fMLP on surface TIMP-1 levels were studied. Priming PMNSs with
LPS, PAF, or TNF-a and then activating them with the optimal concentration of fMLP did
not further increase surface TIMP-1 levels on PMN when compared with the effects of
fMLP alone (Fig. 2D).

Co-localization of TIMP-1 and MMPs on PMN surfaces:

Soluble TIMP-1 binds to and inhibits soluble forms of MMP-8 and MMP-9. Thus, we tested
the hypothesis that surface-bound TIMP-1 expressed on activated PMNs anchors active
MMPs to the PMN surface. First, we assessed whether MMPs and TIMP-1 are co-localized
on the surface of activated PMNs by double immunostaining fMLP-activated human PMNs
with a red fluorophore for surface MMP-8 or -9 and a green fluorophore for surface TIMP-1.
Analysis of the double immunostained cells using confocal microscopy confirmed that
MMP-9 and TIMP-1 (Fig. 3A) and MMP-8 and TIMP-1 (Fig. 3B) were strikingly co-
localized on the surface of activated PMNSs (especially at the leading edges of the cells).
Minimal staining was detected on the surface of unstimulated PMNs (Supplemental Fig. 2)
or cells stained with non-immune isotype matched control primary antibodies (Fig. 3C).

ProMmp-8 and Mmp-9 share binding sites on the surface of PMNs:

We tested the hypothesis that proMmp-8 and -9 bind to the same binding sites on the PMN
surface. First, we performed competition experiments in which we tested whether pre-
incubating activated murine PMNs with purified exogenous proMmp-8 protein blocks the
subsequent binding of exogenous proMmp-9 to the cells (and vice versa). PMNSs isolated
from Mmp-87~ x Mmp-97~ mice were used in these experiments as these cells lack
endogenous proMmp-8 and proMmp-9 which would compete with exogenous proMmps for
binding sites on PMNSs. Preliminary experiments confirmed that Timp-1 (our putative
binding site for Mmps on PMNSs) is expressed on the surface of PMNs from Mmp-87/~ x
Mmp-97~ mice. Significantly greater amounts of Timp-1 were detected on the surface of
Mmp-87~ x Mmp-97~ PMNs than PMNs from WT mice (Supplemental Fig. 3). This is
likely due to the lack of binding of endogenous proMmps to surface-bound Timp-1 thereby
increasing the access (and binding) of anti-Timp-1 IgG to surface-bound Timp-1 on PMNS.
Pre-incubating activated Mmp-87~ x Mmp-97~ PMNs with exogenous proMmp-8 (Fig. 4A)
or exogenous proMmp-9 (Fig. 4B) inhibited the subsequent binding of exogenous
proMmp-9 (Fig. 4A) or proMmp-8 (Fig. 4B), respectively, to the PMN surface in a
concentration-dependent manner. These results support the hypothesis that proMmp-8 and -9
share binding sites on the surface of activated PMNSs.

Timp-1 is required for the binding of active Mmp-8 and Mmp-9 to PMNs:

To investigate whether membrane-bound Timp-1 on activated PMNs binds Mmp-8 and
Mmp-9 to PMNSs, we immunostained activated PMNs from WT or 7imp-17"mice (or
Mmp-87~ or Mmp-9~~ mice as negative controls) for surface-bound pro and active forms of
Mmp-8 or Mmp-9 using antibodies that bind to the hinge regions of the Mmps (which are
present in both pro and active forms of the Mmps). In contrast to activated WT PMNs,
activated 77mp-17- PMNs lacked immuno-reactive pro and active Mmp-8 (Fig. 5A) and
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Mmp-9 (Fig. 5B) on their cell surface as did activated PMNs from Mmp-87~ and Mmp-97~
mice (as expected).

To assess whether 7imp-17~PMNs also lack active forms of Mmp-8 on their surface, we
performed loss-of-function studies in which we compared PMN cell surface MMP activity
associated with equal numbers of WT vs. 7imp-17~ fixed, activated PMNs against
substrates that are highly susceptible to cleavage by active Mmp-8 (type-I collagen) or active
Mmp-9 (gelatin). Our prior studies (25,26) confirmed that: 1) fixing PMNs prevents free
release of Mmps from the cells thereby eliminating the contributions of Mmps released by
the cells to substrate cleavage; 2) the fixation process used has a minimal effect on the
catalytic activity of surface-bound Mmps; 3) surface-bound Mmp-8 on activated WT murine
PMNs accounts for the majority (~90%) of Mmp-mediated cell surface collagenase activity
expressed by activated WT PMNs (25); and 4) surface-bound Mmp-9 on PMNs accounts for
the majority (~70%) of the Mmp-mediated cell surface gelatinase activity on activated WT
PMNSs (26). Timp-17~ and Mmp-8~~ PMNs had similar (~75%) reductions in surface type-I
collagenase activity (indicative of loss of surface Mmp-8 activity) when compared with that
associated with activated WT murine PMNSs (Fig. 5C). Also, 7imp-17~PMNs and
Mmp-97~PMNs had similar (~70-80%) reductions in surface gelatinase activity (indicative
of loss of surface Mmp-9 activity) when compared with activated WT PMNs (Fig. 5D). As a
negative control, we also studied gelatinase activity associated with AMmp-87~ PMN as our
previous studies showed that surface Mmp-8 present on activated PMNSs has no significant
gelatin-degrading activity (25). There was no significant reduction in surface Mmp-mediated
gelatinase activity associated with AMmp-87~ PMNs as expected (Fig. 5D).

We also compared the surface-bound Mmp activities of equal numbers of fixed activated
WT and 7imp-17~PMNs against a quenched fluorogenic substrate which is susceptible to
cleavage by both Mmp-8 and Mmp-9 (McaPLGLDpaAR). 7imp-17~PMNs had
significantly less McaPLGLDpaAR-cleaving activity than either Mmp-87~ or Mmp-97/~
PMNs consistent with the notion that Timp-1 serves as the receptor for both Mmp-8 and
Mmp-9 on PMN surfaces (Fig. 5E). Thus, 7imp-17~PMN have substantial reductions in
both immunoreactive and active forms of Mmp-8 and Mmp-9 on their surface.

Timp-1~/~ PMNs contain and release similar quantities of Mmp-8 and Mmp-9 as WT PMNs:

We considered the possibility that the lack of Mmp-8 and Mmp-9 on the surface of activated
7imp-17~PMNs was due to the impaired production, release, or stability of Mmp-8 and
Mmp-9 that are expressed by PMNSs that are deficient in Timp-1. Thus, the quantities of
proMmp-8 and proMmp-9 contained within equal numbers of unstimulated WT and
7imp-17~PMNs and the quantities of Mmp-8 and Mmp-9 released by equal numbers of
activated WT and 77mp-1~/~ PMNs were measured using ELISAs. Extracts of unstimulated
7imp-17~ PMNs contained similar amounts of Mmp-9 and Mmp-8 as WT PMNs (Tables 1
and 2 and Fig. 6). FMLP-activated 7imp-17~PMNs also freely released similar quantities of
Mmp-9 and Mmp-8 (Tables 1 and 2 and Fig. 6) as WT PMNs. Both Mmps were released
from WT and 77mp-17~ PMNSs exclusively as proMmps as assessed by western blotting, as
expected (Fig. 6). These results indicate that the lack of Mmp-8 and Mmp-9 on the surface
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of activated 7imp-17~ PMNs is not due to impaired production, release, or stability of these
Mmps when PMNSs lack Timp-1.

Exogenous Timp-1 reconstitutes the binding of exogenous Mmp-8 and -9 to Timp-17/~

PMNs:

Next, we assessed whether the binding of proMmp-8 or proMmp-9 to PAF- and fMLP-
activated 77imp-17~PMNs can be reconstituted by incubating these cells with exogenous
murine proMmp-8 or proMmp-9, respectively. PMN incubations were conducted at 4°C to
minimize internalization of bound proteinases. The binding of exogenous proMmp-8 or
proMmp-9 proteins to PAF- and fMLP-activated Mmp-87~ or Mmp-97~ PMNs at 4°C was
also measured as a positive control as Mmp-87~ and Mmp-97~ PMNs express Timp-1 on
their surface in an inducible manner (data not shown) but lack endogenous Mmp-8 and
Mmp-9, respectively. Exogenous proMmp-8 and proMmp-9 proteins bound to the surface of
activated Mmp-87~ or Mmp-97~ PMNs, respectively, in a concentration-dependent manner
but did not bind to the surface of activated 77mp-17~ PMNs even when high (400 nM)
concentrations of exogenous proMmps were tested (Figs. 7A and 7B).

Next, reconstitution experiments were performed in which 77mp-17~ PMNs were incubated
with or without exogenous Timp-1 protein or control proteins including: 1) exogenous
Timp-2 which is not a PMN product (13); or 2) myeloperoxidase (MPO) which is a PMN
product that binds to PMN surfaces following PMN degranulation (43). These assays were
performed at 4°C to permit binding of these proteins to the surface of PMN while
minimizing their internalization. Unbound exogenous proteins were removed by washing the
cells, and the PMNs were then incubated with exogenous proMmp-8 or proMmp-9.
ProMmps that bound to the cells were quantified either by immunostaining the cells for
Mmp-8 or Mmp-9, or by measuring surface levels of active Mmp-8 or Mmp-9 by
quantifying PMN surface-associated cleavage of susceptible substrates (quenched FITC-
conjugated type | collagen for Mmp-8 or quenched FITC-conjugated gelatin for Mmp-9).
Only 7imp-17~PMNs that had first been incubated with exogenous Timp-1 protein were
then able to bind exogenous proMmp-8 or proMmp-9 to their surface as assessed by
immunostaining experiments (Figs. 7C and 7D). PMN surface-associated type-1 collagenase
and gelatinase assays confirmed that the binding of exogenous Timp-1 protein to the surface
of 7imp-17~ PMNs reconstituted the binding of exogenous Mmp-8 and Mmp-9 proteins to
these cells (Fig. 7TE-7F). These data support the notion that membrane-bound Timp-1
anchors Mmp-8 and Mmp-9 to the surface of PMNs and thereby may contribute to
pericellular collagenase and gelatinase activity.

Binding of full length (FL) versus mutant (MT) forms of proMmp-8 and proMmp-9 lacking
the COOH hemopexin domains to surface-bound Timp-1 on PMNSs:

Next, we tested the hypothesis that the COOH terminal hemopexin domains of proMmp-8
and proMmp-9 mediate the binding of these proMmps to surface-bound Timp-1 that is
expressed on activated PMNs. The rationale for this hypothesis is that the binding of the
proMmps via their COOH terminal domains to surface-bound Timp-1 would leave the NH,-
terminal pro-domains free to be activated in the extracellular space and also permit the
catalytic domain adjacent to the pro-domain to cleave extracellular substrates [such as type |

J Immunol. Author manuscript; available in PMC 2020 July 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.

Page 14

collagen and gelatin (see Figs 5C and 5D)]. To test this hypothesis, we compared the binding
of recombinant FL proMmp-8 and proMmp-9 vs. MT forms of these proMmps (that lack
only the COOH-terminal hemopexin domains of the Mmps) to activated Mmp-87~ x
Mmp-97/~ PMNs. PMNs from Mmp-87~ X Mmp-97~ mice were studied as these cells
express Timp-1 on their surface in an inducible fashion but lack endogenous Mmp-8 and
Mmp-9 which would compete with exogenous proMmps for binding to surface-bound
Timp-1. Initial experiments confirmed that the recombinant FL and MT proMmp-8 and pro-
Mmp-9 proteins retained their capacity not only to be activated with APMA, but also to
degrade a sensitive peptide substrate for Mmps (McaPLGLDpaAR; Supplemental Fig. 4).
Degradation of this substrate by the MT forms of both APMA-activated Mmp-8 and Mmp-9
was less efficient when compared with that mediated by the activated FL forms, which is
consistent with prior studies showing that the COOH terminal domains are crucial for
efficient substrate cleavage by binding Mmps to their susceptible substrates (44). FL
proMmp-8 and proMmp-9 bound avidly to Mmp-87~ x Mmp-97~ PMNs. However, COOH-
truncated MT forms of both proMmp-8 and proMmp-9 lacking the hemopexin domains
failed to bind to Mmp-87~ x Mmp-97~ PMNs (Figs. 8A and 8B). Pre-incubating activated
Mmp-87~ x Mmp-97~ PMNs with soluble exogenous hemopexin also efficiently inhibited
the binding of exogenous proMmp-8 and proMmp-9 proteins to these cells (Figs. 8C and
8D). Thus, the COOH-terminal hemopexin domains are required for proMmp-8 and
proMmp-9 to bind to membrane-bound Timp-1 expressed on activated PMNSs.

Co-localization of TIMP-1 and MMPs in PMN extracellular traps (NETS):

NETs are a meshwork of chromatin fibers that contain PMN granule-derived peptides and
proteinases and are extruded by PMNSs activated with LPS and other agonists (45). NETs
trap and promote Killing of pathogens, but can contribute to tissue injury in various organs
(45). NETs contain MMP-8, MMP-9, and MMP-25 following their released from PMN
granules and vesicles (40,46), but it is not known whether NETs contain TIMP-1 or whether
MMP-8 and MMP-9 form complexes with TIMP-1 in NETs. NET release was induced by
incubating human PMNSs with LPS for 4 h (Figs. 9A and 9B), and cell-associated NETSs
were double-immunostained for TIMP-1 and either MMP-8 or MMP-9. TIMP-1 was present
in NETSs that were released by activated PMNs, and TIMP-1 co-localized with both MMP-8
and MMP-9 that were present in NETs (Fig. 9A).

Exposing NHPs to cigarette smoke (CS) increases surface TIMP-1, MMP-8, and MMP-9
staining on peripheral blood PMNs and induces co-localization of TIMP-1 with MMP-8 and
MMP-9 on PMN surfaces:

MMP-8 and MMP-9 are elevated in blood and/or lung samples from smokers and patients
with COPD (47,48), and these MMPs have been strongly implicated in emphysema
development occurring in COPD (49). We recently described a novel NHP model of CS-
induced acute lung pathologies in which CS exposures are similar to those experienced by
human heavy cigarette smokers [2—4 packs per day (41)]. Also, lung levels of MMPs were
increased in CS-exposed NHPs (41). Thus, we evaluated whether exposing NHPs to CS
leads to: 1) increased expression of TIMP-1, MMP-8, and MMP-9 on the surface of
peripheral blood PMNs; and 2) co-localization of TIMP-1 with MMP-8 and MMP-9 on
PMN surfaces. NHPs were exposed to air or CS for 4 weeks, PMNs were isolated from
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blood samples drawn from each NHP at baseline and immediately after the last air or CS
exposure, and PMNSs were double immunostained for surface-bound TIMP-1 and either
MMP-8 or MMP-9.

There was minimal staining for TIMP-1, MMP-8, or MMP-9 on the surface of peripheral
blood PMNs isolated from NHPs either at baseline or after 4 weeks of air exposure (Fig.
10A, 10C, 10D, and 10E). Exposure of NHPs to CS for 4 weeks upregulated surface
TIMP-1, MMP-8, and MMP-9 protein levels on peripheral blood PMNs (Fig. 10B, 10C,
10D, and 10E). In addition, surface TIMP-1 was co-localized with surface MMP-8 and
MMP-9 staining on PMNs from CS-exposed NHPs (Fig. 4B).

DISCUSSION

Herein, we report a novel localization for TIMP-1 on the surface of activated human and
murine PMNSs. In contrast to soluble TIMP-1 (which is an important inhibitor of soluble
forms of active MMP-8 and -9), membrane-bound TIMP-1 on PMNs plays a
counterintuitive role in promoting (rather than inhibiting) MMP-8 and MMP-9-mediated
proteolysis in the pericellular environment of activated PMN by anchoring MMP-8 and
MMP-9 to the PMN surface viatheir COOH-terminal hemopexin domains. PMNSs release
NETSs when activated, and TIMP-1 co-localized with both MMPs that were present in NETs
indicating that TIMP-1 may also anchor MMP-8 and MMP-9 to NETSs to promote MMP-
mediated tissue injury. In addition, exposure of NHPs to CS upregulated co-localized
expression of TIMP-1 with MMP-8 and MMP-9 on peripheral blood PMNSs. Thus,
membrane-bound TIMP-1 may contribute to PMN MMP-mediated extracellular matrix
degradation and tissue destruction that occurs in COPD, cystic fibrosis and other diseases
characterized by neutrophilic inflammation (49-51).

Multiple lines of evidence support the notion that surface-bound TIMP-1 serves as a
common receptor for pro and active forms of MMP-8 and MMP-9 on PMNs including: 1)
the strong colocalization of TIMP-1 with MMP-8 and MMP-9 often on the leading edge of
polarized human PMNs; 2) the substantial reductions in immunoreactive pro and active
Mmp-8 and Mmp-9 on the surface of activated 7imp-1~~ murine PMNSs; 3) the substantial
reductions in PMN surface Mmp-8 activity (type-1 collagenase activity) and PMN surface
Mmp-9 activity (gelatinase activity) that was associated with activated 7imp-17~PMNs; 4)
exogenous Timp-1 (but not Timp-2) protein reconstitutes the binding of exogenous
immunoreactive and active Mmp-8 and -9 to activated 7imp-I7~ PMNSs; and 4) competition
binding experiments using exogenous proMmp-8 and proMmp-9 protein confirming that
these Mmps share binding sites on PMNs.

Price et al. first demonstrated that human PMNSs store preformed TIMP-1 protein within
cytoplasmic vesicles from where it is freely released when PMNSs are activated with the
pharmacologic agonist, phorbol ester (33). In the current study, we build on this literature by
showing that biologically-relevant mediators that PMNs encounter at sites of inflammation
induce robust increases in surface-bound TIMP-1. Price et al. did not investigate the function
of TIMP-1 that is freely released by PMNSs. Our study is the first to report that: 1) TIMP-1 is
expressed on the surface of a leukocyte; and 2) TIMP-1 regulates the function of a leukocyte
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(pericellular proteolysis). We have shown that TIMP-1 is expressed on the surface of
activated human monocytes and murine macrophages (unpublished data, not shown)
suggesting that surface-bound TIMP-1 may regulate the function of leukocytes other than
PMNs. Soluble TIMP-1 binds to the surface of breast cancer cell lines and hematopoietic
stems cells /n vitro (52,53). TIMP-1 that binds to the surface of hematopoietic stem cells
activates B1 integrins to increase cellular adhesion and migration (52). Exogenous TIMP-1
that binds to the surface breast cancer cell lines inhibits apoptosis of these cells /n vitro (53).
Whether surface-bound TIMP-1 regulates PMNs functions other than pericellular
proteolysis will be the focus of our futures studies. Our time course experiments indicate
that TIMP-1 translocates to the surface very rapidly (within 5 min of adding fMLP to
PMNs). This time course is more rapid than that (15 min) reported for MMP-8 and MMP-9
binding to PMN surfaces (25,26), and is entirely consistent with the known faster
mobilization of the lighter cytoplasmic vesicles (in which TIMP-1 is stored) than the more
dense (and thus slower to mobilize) specific and gelatinase granules in which MMP-8 and
MMP-9 are stored (13,42). This sequence of degranulation events will permit TIMP-1 to
bind to the PMN surface before the release of MMPs has occurred, and will facilitate
efficient surface anchoring of proMMP-8 and proMMP-9 subsequently released from the
specific and gelatinase granules of PMNS.

PMNs produce NETs within minutes after activation (45). NETs are a meshwork of
chromatin fibers that bind granule-derived antimicrobial peptides and proteinases that are
extruded when PMNs are activated (45). NETs trap and promote the killing of pathogens by
concentrating PMN-released antimicrobial proteins in the extracellular space. However,
NETSs can also promote PMN cell death and tissue injury in various diseases characterized
by neutrophilic tissue inflammation (45). To our knowledge, this is the first report that NETs
contain TIMP-1, and that TIMP-1 co-localizes with both MMP-8 and MMP-9 present in
NETS. Thus, TIMP-1 may anchor pro and active forms of MMP-8 and MMP-9 to NETS as
well as PMN surfaces to promote tissue injury.

Herein, we investigated whether translocation of TIMP-1, MMP-8, and/or MMP-9 to the
PMN surface occurs during an inflammatory disease. We studied a large animal model of
early COPD as increased MMP levels have been detected in lung samples from smokers and
patients with subclinical emphysema (48,54), and MMPs have been strongly implicated in
the pathogenesis of COPD (49). Furthermore, the NHP model uses smoke exposures that are
similar to those experienced by heavy human cigarette smokers (41). The results showed that
TIMP-1, MMP-8, and MMP-9 are upregulated on the surface of peripheral blood PMNs
from NHPs exposed to CS for 4 weeks, and that these molecules are co-localized on PMN
surfaces. These data are consistent with those in our /n vitro studies, and support the notion
that surface-bound TIMP-1 may contribute to the pathogenesis of diseases characterized by
neutrophilic tissue injury such as COPD, cystic fibrosis, and rheumatoid arthritis (49,50). In
addition, surface-bound TIMP-1, MMP-8, and MMP-9 may have utility as new biomarkers
of CS-induced lung injury.
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Other surface receptors for MMPs on cell surfaces:

Stefanidakis et al. reported that proMMP-8 and proMMP-9 bind to B2 integrins on human
PMN surfaces, but they found no role for B2 integrins in binding active forms of these
MMPs (30). The latter study reported that proMMP-9 binds to the principal ligand binding
site (the I-domain) of the CD11b chains of CD11b/CD18 integrins on PMNs (30,31).
However, active MMP-9 present on the surface of activated PMN was shown not to not bind
to this integrin, and PMN from patients with leukocyte adhesion deficiency (which lack p2
integrins) express normal amounts of active MMP-9 bound to their surface. These results
indicate that other receptors are involved in anchoring active MMP-9 to the PMN surface.
One possible unifying hypothesis for the findings of Stefanidakis et a/. and those in the
current study is that some of the proMMP-8 and proMMP-9 that are released by
degranulating PMNSs initially bind with relatively low affinity to B2 integrins, and this
interaction followed rapidly by binding of the pro-MMPs to surface-bound TIMP-1 on
PMNs (with subsequent activation of the surface-bound pro-MMPs).

Other MMPs lacking transmembrane domains bind to the surface of tumor cells /n vitro.
MMP-7 and MMP-12 (which are not produced by PMNSs) bind to the lipid bilayers of
bicelles, colon cancer cells, cell lines /n vitro (55,56). However, whether these MMPs bind
to phospholipids in plasma membranes of leukocytes which express these MMPs (such as
macrophages) is not clear.

Prior studies have shown that MMP-2 (gelatinase A) is expressed on the surface of tumor
cells and fibroblasts, and surface-bound MMP-2 contributes to tumor cell invasiveness and
metastasis (57,58). ProMMP-2 binds to these cells by forming a ternary complex with
TIMP-2 and MT1-MMP. Specifically, the COOH-terminal hemopexin domain of pro-
MMP-2 binds to the COOH-terminal domain of TIMP-2 and the NH,-terminal inhibitory
domain of TIMP-2 binds to the active site of a transmembrane proteinase (MT1-MMP)
(5,57,58). An adjacent TIMP-free MT-MMP molecule dimerizes with the MT1-MMP in the
complex, and activates proMMP2 by cleaving its pro-domain (5,57,58). Subsequent studies
showed that all other 5 members of the MT-MMP subfamily can bind TIMP-2 within this
ternary complex and subsequently participate in the activation of proMMP-2. Until the
current study, this was the only known example of a TIMP family member functioning as a
receptor for an MMP on a cell surface. TIMP-2 does not anchor MMP-8 or MMP-9 to
PMNs as TIMP-2 is not a PMN product (13,42) and we detected no TIMP-2 on PMN cell
surfaces by immunostaining. Also, the binding of exogenous Timp-2 to 7imp-17~PMNs did
not reconstitute the binding of Mmp-8 or Mmp-9 to PMNSs. Thus, we have identified a novel
mechanism for the binding of MMP-8 and MMP-9 to PMNs.

Consistent with the proMMP-2-TIMP-2 binding paradigm on tumor cells and fibroblasts,
the hemopexin domains of proMMP-8 and proMMP-9 are required for these MMPs to bind
to TIMP-1 on PMN surfaces. This notion is supported by our findings that: 1) mutant forms
of proMmp-8 and proMmp-9 lacking only the COOH-terminal hemopexin domain failed to
bind to the surface of activated PMNs (unlike the full length forms of the proMMPs); and 2)
incubating activated AMmp-87~and Mmp9~~ PMNs with exogenous soluble hemopexin
blocked the binding of exogenous proMmp-8 and proMmp-9 to these PMNs. The binding of
the COOH-terminal hemopexin domains of proMmp-8 and proMmp-9 to surface-bound
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Timp-1 on activated PMNs would leave the NH,-terminal pro domains of the proMmps free
to be activated in the extracellular space, and also their catalytic domains free to bind and
cleave susceptible extracellular substrates such as extracellular matrix proteins. Consistent
with this binding paradigm, it is also noteworthy that: 1) activated PMNs from WT mice are
associated with robust Mmp-mediated type-I collagenase whereas activated 7imp-1~~and
Mmp-87~ PMNs are not; and 2) activated WT murine PMNs are associated with robust
Mmp-mediated gelatin-degrading activity whereas activated 7imp-17~and Mmp-97~
PMNs are not. Thus, proMmp-8 and proMmp-9 are activated and retain catalytic activity
following their binding to surface-bound Timp-1 on PMNs.

The mechanism by which TIMP-1 binds to PMNs and the domains of TIMP-1 involved in
this process are not clear. CD63 (a tetraspanin) expressed by tumor cell lines and
hematopoietic stems cells binds TIMP-1 to the surface of these cells (52,59). Although
PMNs express CD63 (60), this protein is contained in PMN azurophil granules and
translocates from these granules to the cell surface when PMNs are activated (13,42).
However, as azurophil granules translocate to the PMN surface even more slowly than the
secondary and tertiary granules which, in turn, translocate to the cell surface more slowly
than the cytoplasmic vesicles in which TIMP-1 is stored, it is unlikely that CD63 anchors the
TIMP-1 that appears on the PMN surface as early as 5 minutes after adding a degranulating
agonist. It is noteworthy that TIMP-1 binds to and inhibits the catalytic activity of MT6-
MMP (MMP-25), which is the only MT-MMP family member that is expressed by PMNs
(61). Our preliminary experiments show that MT6-MMP is co-localized with TIMP-1 on
fMLP-activated PMNs (unpublished results, not shown). A prior study reported that
MMP-25 is present in NETSs (40), raising the possibility that TIMP-1 anchors MMPs to
PMN surfaces and NETs by binding to MMP-25 which will be investigated in our future
studies. Whether the hemopexin domains of proMmp-8 and proMmp-9 bind to the COOH-
terminal domain of TIMP-1 and the NH, terminal inhibitory domain of TIMP-1 binds to
MT6-MMP on PMNs (similar to the MMP-2-TIMP-1-MT-MMP binding paradigm on tumor
cells and fibroblasts) will be the focus of our future studies.

There is indirect evidence that Timp-1 anchors the active forms of Mmp-8 and Mmp-9 /in
vivoas Timp-1~/~ mice phenocopy Mmp-87~and Mmp9~~ mice in several models of tissue
inflammation and injury. For example, in a murine heterotopic airway transplant model of
bronchiolitis obliterans, Mmp-87~, Mmp-97-, and Timp-17"mice are all protected from
airway luminal collagen deposition and obliteration compared with WT mice (62-64).
Similarly, when sensitized and challenged with ovalbumin, Mmp-87~, Mmp-97~ and
Timp-17~mice all have greater allergic airway inflammation than WT mice (18,23,65).
Mmp-8"~, Mmp-97~, and Timp-1~~mice are also all protected from developing
atherosclerosis when crossed with Apo E-deficient mice and fed a cholesterol-rich diet (66—
68). These results are consistent with 7imp-1 deficiency leading to loss of membrane-bound
Mmp-8 and Mmp-9 on PMNSs and possibly other leukocytes that co-express these proteins.

Conclusions: Pro and active forms MMP-8 and MMP-9 that are expressed on the surface
of activated PMNs are likely to be important forms of the proteinases /n vivo as they have
similar catalytic activity and efficiency as the soluble forms of the proteinases, but are
resistant to inhibition by TIMPs (25,26). This study identified a novel localization for
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TIMP-1 on the surface of activated PMNs and in NETSs /n vitro, and on the surface of
peripheral blood PMNs of NHPs that were exposed to CS. Surface-bound TIMP-1 on PMNs
serves as a receptor for pro and active forms of MMP-8 and MMP-9 and thereby promotes
(rather than inhibits) PMN-mediated pericellular proteolysis. Therefore, surface-bound
TIMP-1 on PMNs may contribute to extracellular matrix degradation and tissue injury that
occurs in COPD, cystic fibrosis, rheumatoid arthritis, and other diseases characterized by
neutrophilic inflammation (49-51). Strategies that effectively hinder the binding of TIMP-1
to the surface of PMNs (or the binding of MMP-8 or -9 to membrane-associated TIMP-1)
could reduce tissue destruction occurring in these diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations used:

ALl acute lung injury

CS cigarette smoke

DQ dye quenched

ECM extracellular matrix

fMLP N-formyl-leucyl-methionyl-phenylalanine

HBSS Hank’s Balanced Salt Solution

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
IL interleukin

LPS lipopolysaccharide

MMP matrix metalloproteinase

MPO myeloperoxidase

NET neutrophil extracellular trap

NHP non-human primate

PM SF phenylmethylsulfony! fluoride

PAF 1-O-hexadecyl-2-acetyl-sn-glycero-3-phosphorylcholine
TIMP tissue inhibitor of metalloproteinase

TNF-a tumor necrosis factor-a
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Key points:
TIMP-1 is rapidly expressed on PMN surfaces when PMNSs are activated.
Surface-bound TIMP-1 serves as the receptor for MMP-8 and -9 on PMNSs.

Surface-bound TIMP-1 promotes (rather than inhibits) PMN pericellular
proteolysis.
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Figure1: TIMP-1isexpressed in an inducible manner on the surface of activated human and
murine PMNs:

In A, human PMNs were activated 30 min at 37°C for with 1078 M fMLP and then
immunostained with non-immune rabbit 1gG (top panel) or rabbit anti-TIMP-1 1gG (bottom
panel) followed by goat anti-rabbit F(ab),-conjugated to Alexa 488. Cells were examined
using a Normarski objective (left panels) or confocal microscopy (right panels). The white
bars are 5 microns in length. In B, human PMNs were incubated 30 min at 37°C with or
without 1078 M fMLP and then immunostained with rabbit anti-TIMP-1 IgG, rabbit anti-
TIMP-2 IgG, or non-immune rabbit IgG followed by goat anti-rabbit F(ab),-conjugated to
Alexa 488. Images of immunostained cells were captured and analyzed using MetaMorph
software. Data are mean + SEM (n = 150-200 cells/group). Data were analyzed using a
One-Way ANOVA followed by pair-wise testing with two-tailed Student’s t-tests. Asterisk
indicates < 0.001 when compared to unstimulated cells stained for surface TIMP-1. In C,
PMNSs isolated from WT or 7imp-1~~ mice were incubated at 37°C for 30 min with or
without 1078 M fMLP, and then immunostained with Alexa 488 for surface Timp-1. Data are
mean + SEM; n = 150-200 cells/group. Data were analyzed using a One-Way ANOVA
followed by pair-wise testing with two-tailed Student’s t-tests. Asterisk indicates £ < 0.001
compared with unstimulated PMNSs. The data shown are representative of at least 3
independent experiments.
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Figure 2: Degranulating agonists rapidly up-regulate surface TIMP-1 levels on human PMNs:
Human PMNs were incubated for 30 min at 37°C with (grey bars) or without (open bar) 100

U/ml TNF-a, 10~ M fMLP, 300 nM phorbol myristate acetate (PMA) or 5 pM calcium
ionophore (A23187) in A, or varying concentrations of fMLP in B, or 10~ M fMLP for 1—-
90 min in C. In D, human PMNs were incubated for 30 min at 37°C without (open bar) or
with (grey bars) LPS (100 ng/ml), PAF (107 M), TNF-a (100 U/ml), IL-8 (10~7 M) and
fMLP (10~7 M) alone, or PMN were primed for 15 min at 37°C with and without the same
concentrations of LPS or PAF and then activated for 30 min with 10~ M fMLP. In E, human
PMNs were incubated for 30 min at 37°C without or with 10~/ M fMLP, 10~/ M IL-1B, or
10~7 M IL-6, or varying concentrations of IL-8 in F. In A-F, cells were then fixed and
immunostained for surface-bound TIMP-1 and surface TIMP-1 levels were quantified using
image analysis software as described in Methods. Data are mean + SEM; n = 150-200 cells
per group. In A-F, data were analyzed using a One-Way ANOVA followed by pair-wise
testing with two-tailed Student’s t-tests. Asterisk indicates £< 0.001 compared with
unstimulated cells or the group indicated. The results shown are representative of at least 3
independent experiments.
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Figure 3: TIMP-1is co-localized with MM P-8 and MM P-9 on the surface of activated human
PMNs:

Human PMNs were activated at 37°C with PAF at 10~/ M for 15 min followed by fMLP at
107 M for 30 min. Cells were double immunostained with Alexa 546 and murine anti-
MMP-9 IgG (A, second panel), or murine anti-human MMP-8 1gG (B, second panel) or non-
immune murine (Ms) IgG (C, second panel) and with Alexa 488 and rabbit anti-TIMP-1 1gG
(A and B third panels) or non-immune rabbit (Rb) IgG (C, third panel). The anti-MMP-8
and anti-MMP-9 IgGs used recognize both pro and active forms of these MMPs. Cells were
examined using a Normarski objective (A-C, left panels) and co-localization of MMPs and
TIMP-1 on the surface of the activated PMNs was assessed by confocal microscopy (see
merged images in the right panels for A-C). The white bars are 5 microns in length. Note the
strong co-localization of TIMP-1 with both MMP-8 and MMP-9 on the surface of activated
PMNs. The results shown are representative of at least 3 different PMN preparations.
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Figure 4: ProMMP-8 and proM M P-9 share binding sites on the surface of PMNs:
In A and B, PMNs from Mmp-87/~ x Mmp-97/~ mice were activated for 15 min at 37°C with

1076 M PAF followed by 1078 M fMLP to induce surface expression of Timp-1. In A, the
activated PMNSs were then pre-incubated for 45 min at 4°C with or without exogenous full
length murine proMmp-8 (50-400 nM). Cells were then incubated for an additional 60 min
at 4°C with 100 nM exogenous murine proMMP-9. Cells were then washed and
immunostained with rabbit anti-murine Mmp-9 IgG, or non-immune rabbit IgG followed by
goat anti-rabbit F(ab),-conjugated to Alexa 488 to detect bound pro and active Mmp-9. In B,
the PAF- and fMLP- activated and PMNs were pre-incubated for 45 min at 4°C with or
without exogenous full length murine proMmp-9 (50-400 nM). Cells were then incubated
for an additional 60 min at 4°C with 100 nM exogenous full length murine proMMP-8. Cells
were then immunostained with rabbit anti-murine Mmp-8 IgG, or non-immune rabbit IgG
followed by goat anti-rabbit F(ab),-conjugated to Alexa 488 to detect bound pro and active
Mmp-8. In A and B, images of immunostained cells were captured and surface-bound pro
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and active Mmp-9 (in A) or pro and active Mmp-8 (in B) were quantified using MetaMorph
software. Data are mean + SEM (n = 150-200 cells/group). Data were analyzed using a
One-Way ANOVA followed by pair-wise testing with two-tailed Student’s t-tests. Asterisk
indicates £ < 0.001 when compared with PMNs incubated in the absence of exogenous
Mmp. The results shown are representative of at least 3 independent experiments.
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Figure 5: Immunoreactive and active levels of Mmp-8 and Mmp-9 are markedly reduced on the
surface of Timp-l_/_ PMNs:

In A and B, PMNSs from WT, 7imp-17-, Mmp-8~~, and Mmp-9~~ mice were activated for
15 min at 37°C with 1076 M PAF followed by 1076 M fMLP. The cells were then fixed and
immunostained for surface-bound Mmp-8 (in A) or surface-bound Mmp-9 (in B) using
antibodies that detect both pro and active forms of these Mmps. Surface levels of Mmp-8 or
Mmp-9 were quantified as described in Methods and expressed as a percentage of the
amount of Mmp-8 or Mmp-9 respectively, that were expressed on the surface of activated
WT PMNSs. Data are mean + SEM from 3-4 separate experiments. Data were analyzed using
a One-Way ANOVA followed by pair-wise testing with two-tailed Student’s t-tests. Asterisk
indicates £< 0.01 compared with WT PMNs. In C-E, PMNs from WT, 7imp-17~, and
Mmp-8~~and or Mmp-97~ mice were activated and fixed as described in A. Equal numbers
of cells from each genotype were pre-incubated for 1 h at 37°C in triplicate with and without
1-10-phenanthroline (a non-selective MMP inhibitor). Cells were then incubated at 37°C
with: 1) type I-collagen conjugated to quenched FITC for 18 h (in C); 2) gelatin conjugated
to quenched FITC for 6 h (in D); or 3) McaPLGLDpaAR (a quenched fluorogenic peptide
substrate which is cleaved by both Mmp-8 and Mmp-9) for 3 h (in E). Mmp-mediated
cleavage of each substrate was quantified in cell-free supernatant samples by fluorimetry as
the 1,10-phenanthroline-inhibitable cleavage of the substrate, as described in Methods. The
data are expressed as mean + SEM % cleavage of the substrate by WT cells from 4-5
separate experiments. Data were analyzed using a One-Way ANOVA followed by pair-wise
testing with two-tailed Student’s t-tests. Asterisk indicates < 0.01 compared with WT
PMNSs or the group indicated.
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Figure6: WT and Timp-l‘/‘ PMN contain similar amounts of Mmp-8 and Mmp-9 and similar
quantities of Mmp-8 and Mmp-9 are released from degranulating WT and Timp-l_/_ PMNs:

Extracts of freshly-isolated unstimulated PMNs from WT and 77mp-17~ mice and cell-free
supernatant fluids from WT and 77mp-17~ PMN that had been activated with 1078 M fMLP
for 30 min were immuno-blotted for Mmp-9 (A) or Mmp-8 (B). The arrows indicate the
proMMP-9 and proMmp-8 forms of the Mmps. Note that extracts of unstimulated WT and
7imp-17/~ PMNs contain similar amounts of proMmp-9 and proMmp-8 (M, = 100 kDa for
Mmp-9 and 85 kDa for Mmp-8). In addition, when activated with fMLP, 7imp-17~ PMNs
freely release similar amounts of Mmp-8 and Mmp-9 exclusively as the latent proMmp
forms.
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Figure 7: Exogenous Timp-1 reconstitutes the binding of exogenous proMmp-9 and proM mp-8
to Timp-1~/~ PMNs:

In A, PAF- and fMLP-activated PMNs from Mmp-97~and Timp-17~ mice were incubated
with or without 50-400 nM exogenous murine proMmp-9, and then immunostained with
rabbit anti-Mmp-9 IgG, or non-immune rabbit IgG followed by goat anti-rabbit F(ab),-
conjugated to Alexa 488. In B, PAF- and fMLP-activated PMNs from Mmp-87~and
7imp-1~~mice were incubated with or without 50-400 nM exogenous murine proMmp-8,
and then immunostained with rabbit anti-Mmp-8 1gG, or non-immune rabbit 1gG followed
by goat- anti-rabbit F(ab),-conjugated to Alexa 488. In A-B, the antibodies used detect both
the pro and active forms of the Mmps. Data are mean + SEM; n = 150-200 cells per group.
Data were analyzed using a One-Way ANOVA followed by pair-wise testing with two-tailed
Student’s t-tests. Asterisk indicates £ < 0.001 compared with cells incubated without
exogenous murine proMmp-9 or proMmp-8. In C, 7imp-1~~ PMNs were incubated at 4°C
with: 1) no exogenous proteins for 2 h; 2) no exogenous proteins for 1 h and then 200 nM
proMmp-9 for 1 h; 3) 200 nM Timp-1 for 1 h and then with proMmp-9 for 1 h; 4) 200 nM
Timp-2 for 1 h, and then with proMmp-9 for 1 h. Unbound proteins were removed after each
incubation step by washing PMN twice in buffer. Non-permeabilized PMNs were then
immunostained with Alexa 488 for surface-bound pro and active Mmp-9. Data are mean +
SEM; n = 150-200 cells per group. Data were analyzed using a One-Way ANOVA followed
by pair-wise testing with two-tailed Student’s t-tests. Asterisk indicates < 0.001 compared
with all other groups. In D, 7imp-17~PMN were incubated at 4°C with: 1) no exogenous
proteins for 2 h; 2) no exogenous proteins for 1 h and then 200 nM proMmp-8 for 1 h; 3)
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200 nM Timp-1 for 1 h and then proMmp-8 for 1 h; 4) 200 nM Timp-2 for 1 h and then
proMmp-8 for 1 h; 5) 200 nM myeloperoxidase for 1 h and then 200 nM proMmp-8 for 1 h.
Unbound proteins were removed after each incubation step by washing PMN twice in PBS.
Non-permeabilized PMNs were then immunostained with Alexa 488 for surface-bound pro
and active Mmp-8. Data are mean + SEM; n = 150-200 cells per group. Data were analyzed
using a One-Way ANOVA followed by pair-wise testing with two-tailed Student’s t-tests.
Asterisk indicates £< 0.001 compared with all other groups. In A-D, the results shown are
representative of at least 3 independent experiments. In E-F, equal numbers of PAF- and
fMLP-activated PMNs from 77mp-1~/~ mice were incubated at 4°C with: 1) no exogenous
proteins for 2 h; 2) no exogenous proteins for 1 h and 200 nM proMmp-9 or proMmp-8
alone for 1 h; 3) 200 nM Timp-1 for 1 h and then 200 nM proMmp-9 or proMmp-8 for 1 h;
4) 200 nM Timp-2 for 1 h and then 200 nM proMmp-9 or proMmp-8 for 1 h; The cells were
fixed and then incubated at 37°C with: 1) gelatin conjugated to quenched FITC for 18 h (in
E); or 2) type-I collagen conjugated to quenched FITC for 18 h (in F). In E-F, Mmp-
mediated cleavage of each substrate in the presence of amino-phenyl mercuric acetate was
quantified in cell-free supernatant samples using fluorimetry, as described in Methods. The
data are expressed as mean + SEM % cleavage of the substrate in cells incubated without
exogenous proteins; n=4-5 separate experiments. Data were analyzed using a Kruskal-
Wallis One-Way ANOVA followed by pair-wise testing with Mann-Whitney U tests.
Asterisks indicate £< 0.05 compared with all other groups.
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Figure 8: The COOH-terminal hemopexin domain of both proM mp-8 and proM mp-9 isrequired
for the binding of these proteinasesto the surface of activated PMNs:

In A, PAF- and fMLP-activated Mmp-87~ x Mmp-9~~ PMNs were incubated for 2 h at 4°C
with or without 400 nM full length proMmp-8 protein (FL Mmp8) or 400 nM mutant
proMmp-8 protein lacking the COOH-terminal hemopexin domain (MT Mmp-8). Bound
Mmp-8 was detected by immunostaining cells with Alexa 488 using an antibody raised to
the hinge region of Mmp-8 (which is present in both the FL and MT forms of Mmp-8). In B,
PAF- and fMLP-activated Mmp-87~ x Mmp9~~ PMNs were incubated for 2 h at 4°C with
or without 400 nM full length Mmp-9 (FL Mmp9) or 400 nM mutant Mmp-9 lacking the
COOH-terminal hemopexin domain (MT Mmp9). Bound Mmp-9 was detected by
immunostaining cells with Alexa 488 using an antibody raised to the hinge region of Mmp-9
(which is present in both the FL and MT forms of Mmp-8 and Mmp-9). In A-B, Data are
mean + SEM; n = 3 separate experiments each analyzing 300 cells/group). Data were
analyzed using a One-Way ANOVA followed by pair-wise testing with two-tailed Student’s
t-tests. Asterisk indicates £ < 0.05 compared with the no exogenous Mmp group or the
group indicated. In C-D, PAF- and fMLP-activated Mmp-87~ x Mmp9™~ PMNs were
incubated at 4°C for 60 min with or without 500 nM soluble murine hemopexin protein.
Cells were then incubated at 4°C for 60 min with or without 400 nM exogenous proMmp-8
or 400 nM exogenous proMmp-9. Mmp-8 and Mmp-9 that bound to cells was detected by
immunostaining the cells with Alexa-488 for Mmp-8 (C) or Mmp-9 (D), as described above.
Data are mean + SEM; n = 3 separate experiments each analyzing 300 cells/group. Data
were analyzed using a One-Way ANOVA followed by pair-wise testing with two-tailed
Student’s t-tests. Asterisk indicates P < 0.05 compared with the group incubated without
exogenous proteins or the group indicated.
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Figure9: TIMP-1isco-localized with MM P-8 and MM P-9in PMN extracellular traps (NETS):
In A and B, human PMNs were incubated with 1 pg/mL LPS for 4 h at 37°C to induce NET

formation, or without LPS as a control. In A, the cells were fixed and then double
immunostained with a green fluorophore for TIMP-1 (second panels) and a red fluorophore
for MMP-8 or MMP-9 (third panels). Nuclei were counterstained blue with 4’,6-
diamidino-2-phenylindole (DAPI). Co-localization of TIMP-1 and MMPs in PMN-
associated NETs was assessed by confocal microscopy (see merged images in the fourth
panels). The results shown are representative of 4 different PMN preparations. In B, NET
induction by LPS was quantified by staining the samples for extracellular DNA with
SYTOX™ Blue Nucleic Acid Stain, and quantifying the staining as described in Methods.
Data are mean + SEM; n = 4 experiments. Data were analyzed using the Mann-Whitney U
tests. Asterisk indicates P< 0.05 compared with unstimulated cells.
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Figure 10: Exposure of non-human primate (NHP) to cigarette smoke increases co-localized
expression of TIMP-1 with MMP-8 and MM P-9 on the surface of peripheral blood PMNs:

NHPs were exposed to air (n = 4; white bars) or smoke (n = 6; gray bars) for 4 weeks, and
PMNs were isolated from peripheral blood samples from each animal both at baseline and
after 4 weeks of air or CS exposure. Cells were double immunostained with Alexa 488 and
murine anti-TIMP-1 IgG or non-immune murine (Ms) IgG (A and B second panels) and
with Alexa 546 and rabbit anti-MMP-8 IgG or rabbit anti-MMP-9 IgG (A and B third
panels). Nuclei in the cells were counterstained blue using 4°,6-diamidino-2-phenylindole
(DAPI, A and B first panels). Co-localization of TIMP-1 and MMPs on the surface of PMNs
was assessed using confocal microscopy (see merged images in the fourth panels in A and
B). The white bars are 5 microns in length. In C-E, surface TIMP-1 or MMPs levels were
quantified using image analysis software, as described in Methods. Data are mean + SEM; n
= 4 air-exposed NHPs and n = 6 smoke-exposed NHPs (200-500 cells were analyzed per
animal). In C-E, data were analyzed using a One-Way ANOVA followed by pair-wise
testing with two-tailed Student’s t-tests. Asterisk indicates 2< 0.001 compared with baseline
or the group indicated.
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Mmp-9 protein levels contained within and released by WT and 77mp-17~PMNs

Table I:

Condition Mmp-9 (ng/108 cells) | P value”
Unstimulated WT PMN extracts 45.8 (10.9)
Unstimulated 7imp-17~PMN extracts 76.9 (10.7) P=0.0764
Supernatant fluids from activated WT PMNs 7.43.2)
Supernatant fluids from activated 7imp-17~PMNs 10.7 (5.9) P=0.302

A. Extracts of freshly isolated unstimulated WT and Timp—J_/_ PMNSs were prepared and assayed in duplicate to quantify Mmp-9 levels using an

ELISA.

B. WT and ﬁmp-l_/_PMNs were incubated at 37°C with or without 10~8M fMLP for 30 min and cell-free supernatants samples harvested and

assayed in duplicate to quantify Mmp-9 levels using an ELISA.

C. Data are mean + SD (n = 5 different cell preparations per condition).

*
Pvalue for comparison with WT samples.
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Mmp-8 protein levels contained within and released by WT and 77mp-17~PMNs

Table Il:

Condition Mmp-8 (pg/10°8 cells) | P value®
Unstimulated WT PMN extracts 498.5 (63.1)
Unstimulated 7imp-17~PMN extracts 473.2 (135.7) P=0.663
Supernatant fluids from activated WT PMNs 254.1 (51.2)
Supernatant fluids from activated 7imp-17~PMNs 213.5(36.4) P=0.113

A. Extracts of freshly-isolated unstimulated WT and 7'imp-1_/_ PMNs were prepared and assayed in duplicate to quantify Mmp-8 levels using an

ELISA.

B. WT and ﬁmp-l_/_PMNs were incubated at 37°C with or without 10~8M fMLP for 30 min and cell-free supernatants samples harvested and

assayed in duplicate to quantify Mmp-8 levels using an ELISA.

C. Data are mean + SD (n = 7 different cell preparations per condition).

*
Pvalue for comparison with WT samples.
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