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The elastase content of neutrophils is very high, i.e. 46 ug per 10® cells, or 1.2
X 107 molecules/cell (1). The enzyme, which is localized in granules (2), is a
serine proteinase; it functions optimally at the neutral pH of extracellular fluids
(3). Neutrophil elastase has broad substrate specificity, capable of cleaving
fibrinogen (4), fibronectin (5), immunoglobulin (6), plasminogen (7), growth
factors (8), complement (9), and coagulation factors (10), as well as the extracel-
lular structural components elastin, cartilage proteoglycans (11), and type III
collagen (12, 13). Elastase of circulating monocytes appears to be identical to
neutrophil elastase (14); the enzyme is present at 30-fold lower levels in mono-
cytes (1, 14). Much of the attention focused on neutrophil and monocyte elastase
has emphasized its pathological roles, e.g. in the development of pulmonary
emphysema (15) and in arthritic lesions (16). A physiological role was demon-
strated for elastase of neutrophils as a fibrinolytic agent in circulating blood (1).
Moreover, neutrophil elastase was recently found to play a role in the migration
of phagocytes from the circulation into inflammatory sites, i.e., it was shown that
elastase activity is required for the chemotactic movement of neutrophils through
an amnion membrane (17) or through an endothelial cell barrier (18), but is not
required for movement through an artificial barrier.

Elastase is clearly a potent proteinase; pathological effects would be anticipated
in the absence of regulation. In circulation, released elastase is found in inactive
form complexed to the plasma inhibitor a,-proteinase inhibitor (a;PI, a;-anti-
trypsin)' and to a lesser extent to ag-macroglobulin (19). At inflammatory sites,
phagocytes, i.e. monocyte/macrophages and especially neutrophils, have the
capacity to generate high local concentrations of elastase. It is thought (20, 21)
that neutrophil elastase at inflammatory sites is inactivated by a;PI from circu-
lating blood plasma, and possibly from macrophages (22). A second possibility
for regulating elastase activity at inflammatory sites is alteration in the cell
content of the proteinase itself. The serine elastase content of monocytes de-
creases as the cells develop macrophage-like characteristics (23). This study
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describes a third capability for regulation of elastase activity at inflaimmatory
sites. We present the first characterization of a fast-acting inhibitor of elastase
present in high concentrations in human monocytes.

Materials and Methods

Monocytes. Monocytes were purified from freshly-drawn blood anticoagulated with
acid citrate—dextrose obtained from Children’s Hospital Medical Center Blood Bank
(Boston, MA). The blood was centrifuged in the collection bag at 2,500 rpm for 3 min in
a Sorvall HG rotor. The blood bag was placed under pressure in a plasma extractor
(Fenwal Labs, Deerfield, IL), and after removal of the platelet-rich plasma, 80 ml was
expressed from the top of the packed cells (buffy coat) and diluted with equal volume
Ca**/Mg**-free Hanks’ balanced salt solution (HBSS) with 20-50 ug/ml leupeptin. All
salt solutions and media contained 100 U/ml penicillin and 100 pg/ml streptomycin. 20
ml portions of buffy coat cells were layered onto 17 ml Ficoll/Hypaque and fractionated
by centrifugation. The interface cells (mononuclear cells) were washed by 1-4 cycles of
suspending and pelleting at room temperature in Ca**/Mg**-free HBSS with 2% fetal
calf serum (FCS) to reduce platelet contamination to negligible levels, as judged by
opalescence and microscopic examination.

Monocytes were purified on Percoll gradients; 1-2.5 X 10® washed mononuclear cells
at 2-5 X 107 cells/ml in RPMI 1640 were layered onto 37 ml Percoll gradients and
centrifuged at 4°C (24). The upper band cells were pelleted twice in RPMI 1640 with
2% FCS at 4°C. This fraction, designated 0-day monocytes, contained the monocytes in
97% average yield as judged by Wright’s stain and peroxidase stain (25); the monocyte
content in four preparations was 40, 83, 56, and 59%, based on peroxidase staining.

The monocyte preparations were cultured at 2 X 10° cells/ml in RPMI 1640 with 10%
FCS as nonadherent cells in Teflon beakers (Nalge Co., Rochester, NY); the medium was
partially replenished every 2 d. After 1-10 d the cell suspension was brought to room
temperature and pelleted.

Adherence-purified monocytes, used in selected experiments, were prepared by cultur-
ing mononuclear cells (2.0 X 107 in 5 ml RPMI with 10% FCS) in 60 X 15-mm tissue
culture dishes (3002; Falcon Labware, Oxnard, CA) for 2 h at 37°C. Nonadherent cells
were decanted, and the monolayers were washed twice in warm RPMI with 2% FCS. The
adherent monocytes were harvested with or without 7 d culture in RPMI with 10% FCS
by collecting the cells into cold HBSS with the aid of a rubber policeman and pelleting.

Lymphocytes. Lymphocytes were purified by culturing washed mononuclear cells for 1
h at 5 X 10° cells/ml in RPMI 1640 with 2% FCS in plastic tissue culture flasks; the
nonadherent cells (lymphocytes) were washed by pelleting.

Neutrophils. The Ficoll-Hypaque pellet was suspended in HBSS and combined with
an equal volume of 2% dextran in 0.15 M NaCl. After the erythrocytes had sedimented
(45 min) the neutrophils were removed and washed by pelleting in HBSS; residual
erythrocytes were removed by lysis in water.

Cell Lines. The human histiocytic lymphoma cell line U937 (26, 27), donated by D.
Liu (Brigham and Women’s Hospital, Boston, MA), was grown in RPMI in 1640 medium
with 10% FCS and 0.1% gentamycin. The human lymphoblastoid cell line CEM (28),
donated by H. Lazarus (University of Miami Medical School, Miami, FL), was grown in
Dulbecco’s modified Eagle’s medium with 4.5 mg/ml glucose, 10% FCS, 100 U/ml
penicillin, and 100 pg/ml streptomycin. CEM and U937 cells were washed before use by
pelleting three times in HBSS.

Lysis of Cells. Cells were washed at room temperature (rather than 4°C) in an effort
to maximize removal of serum &;P1. As a final wash, cells were incubated at 0.5-2 X 107
cells/ml for 5-10 min in HBSS at room temperature; they were brought to 4°C and
pelleted. Detergent lysates were prepared by extracting 2.5 X 107 cells with 1 ml of 0.5%
Nonidet P-40 (NP-40) in phosphate-buffered saline (PBS). Lysates were clarified (20,000
g for 13 min) and stored at —80°C.

Radiolabeling of Elastase with Na'*®I. Radiolabeling of porcine pancreatic elastase and
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human neutrophil elastase by the lodogen method (29), removal of excess reagents, and
evaluation of products were described (30). '*’I label associated with protein was found
to be >90% covalently bound. Protein concentration was determined by the Folin method
(31). The products, '**I-labeled porcine pancreatic elastase with 0.5-1.5 uCi/ug and '*°I-
labeled human neutrophil elastase with 1-3 uCi/ug were stored in portions at —20°C.

Formation of '*°I-Elastase-Inhibitor Complex. Cell extracts (15-150 pl) were incubated
with 30-200 ng of '*I-elastase in 20 ul of HBSS at 37°C for 20 min; typical reactions
contained 60 ul cell extract from 1.5 X 10° cells with 130 ng '**I-labeled porcine pancreatic
elastase. The reaction was simultaneously stopped and the mixture prepared for electro-
phoresis by adding 40 gl sodium dodecyl sulfate (SDS) solubilizing solution (5% SDS, 25%
glycerol, 100 pg/ml bromophenol blue, 8% mercaptoethanol) and heating at 100°C for
1 min. Alternatively, the incubation mixtures were immediately subjected to immunopre-
cipitation.

Immunoprecipitation. The immunoprecipitating particles, fixed Staphylococcus aureus
coated with rabbit antiserum to «,PI or with normal rabbit serum, were prepared as
described (32). The particles were incubated with the preformed '*I-elastase-inhibitor
complexes for 60 min at room temperature. The resulting bacteria-antibody-antigen
complexes were washed (32) and extracted at 100°C for 1 min with 120 ul of SDS
solubilizing solution diluted 1:3 with PBS.

SDS Polyacrylamide Gel Electrophoresis (PAGE). For Laemmli SDS electrophoresis (33),
the 2.2-mm resolving slab gels were prepared from 370 mM Tris HCI buffer, pH 8.8,
7.5% acrylamide, 0.2% bisacrylamide, 0.1% SDS. The modified stacking gels were
prepared from 60 mM Tris HCI buffer, pH 6.8, 4% acrylamide, 0.1% bisacrylamide,
0.3% SDS. Running buffer was 42 mM Tris/190 mM glycine buffer, pH 8.3, with 0.1%
SDS.

For Fairbanks/Laemmli SDS electrophoresis, the procedure (34) was modified to
generate 2.2-mm resolving slab gels prepared from 40 mM Tris acetate buffer, pH 7.4,
2 mM EDTA, 6% acrylamide, 0.2% bisacrylamide, 1% SDS. Stacking gels were included
as described for Laemmli electrophoresis. Running buffer was 40 mM Tris acetate buffer,
pH 7.4, 2 mM EDTA, 1% SDS.

The standard proteins, myosin, §-galactosidase, phosphorylase a, albumin, creatine
kinase, carbonic anhydrase, and soybean trypsin inhibitor indicated mol wt of 200,000,
130,000, 94,000, 68,000, 40,000, 29,000, and 22,000, respectively. Gels were dried and
subjected to autoradiography.

Materials and Suppliers. The sources of materials are as follows: NP-40 (BDH Chem-
icals, Ltd., Poole, United Kingdom); Na'** (Amersham Corp., Arlington Heights, IL);
Iodogen (Pierce Chemical Co., Rockford, IL); Percoll (colloidal polyvinylpyrrolidone-
coated silica, P-1644; Sigma Chemical Co., St. Louis, MO); intensifying screens (Cronex
Lightning Plus; E. 1. Dupont de Nemours Co., Wilmington, DE); N,N'-methylene bisac-
rylamide and acrylamide (Bio-Rad Laboratories, Richmond, CA); formaldehyde-fixed,
heat-killed Staphylococcus aureus (The Enzyme Center, Boston, MA); Ficoll-Paque and
Sephadex G-25 (Pharmacia Fine Chemicals, Piscataway, NJ); and acid citrate—dextrose,
National Institutes of Health formula A (Fenwal Laboratories, Deerfield, IL).

HBSS and Ca*™*/Mg**-free HBSS, RPMI 1640, Dulbecco’s modified Eagle’s medium,
penicillin, streptomycin, and fetal bovine serum were from M. A. Bioproducts, Walkers-
ville, MD. Serum was heat-inactivated (56 °C for 1 h). PBS was from Gibco Laboratories,
Grand Island, NY, and gentamycin sulfate from U. S. Biochemical Corp., Cleveland, OH.

Homogeneous porcine pancreatic elastase (95-125 U/mg) and human neutrophil
elastase purified from purulent human sputum (35) were from Elastin Products Co., Inc.,
Pacific, MO. N-acetyl-Ala-Ala-Pro-Ala-CH»Cl was kindly supplied by J. Powers (Georgia
Institute of Technology). p-(amidinophenyl)methanesulfonyl fluoride (pAMPSF) was ob-
tained from Chemicon International, Inc., El Segundo, CA. One of the rabbit antisera
against «;PI was kindly supplied by C. Alper (The Center for Blood Research); another
antiserum was from Dako Corp., Santa Barbara, CA.
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Results

Detection of Elastase Inhibitor in a Monocyte-like Cell Line. Based on the detec-
tion of an elastase inhibitor in macrophages of guinea pigs (30) we hypothesized
that human monocytes/macrophages contain a proteinase inhibitor active against
elastase. Most circulating blood proteinase inhibitors, as well as the cellular
proteinase inhibitor of guinea pig macrophages have the common feature of
forming covalent complexes with serine active site proteinases (36). A molecule
that forms a complex with '**I-labeled pancreatic elastase was detected in extracts
of the human monocyte-like cell line U937, but was not detected in extracts of
the human lymphoblastoid cell line CEM (Fig. 1, A-C).

We conclude that the integrity of the active site of elastase is required for
complex formation with the U937 component because the reaction is inhibited
by diisopropylfluorophosphate, a serine active site inhibitor, and by N-acetyl-Ala-
Ala-Pro-Ala-chloromethyl ketone, which binds to the elastase active site, but not
by pAMPSF, which binds to the active site of arginine-containing serine protein-
ases (Fig. 1, D-G). Formation of the complex is inhibited by 20-fold excess
nonradiolabeled elastase, but not by 20-fold excess ovalbumin (not shown). The
ability of the component in U937 cell extracts to form a complex with '#°I-
elastase is destroyed by boiling in SDS (not shown). The preformed complex, on
the other hand, is stable when heated in SDS, suggesting that the linkage is a
covalent bond. Bases such as ammonium hydroxide (37) are known to hydrolize
ester bonds of serine proteinase—proteinase inhibitor complexes. The complex
of the U937 component with '*’I-elastase is cleaved on incubation with 1.5 M
ammonium hydroxide at 37°C for 60 min (Fig. 1, H-K), further indicating that
the complex is a proteinase—proteinase inhibitor covalent complex. The complex
of the U937 proteinase inhibitor with '*’I-elastase comigrates on Laemmli SDS-
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FIGURE 1. A-C, reaction of '*I-labeled porcine pancreatic elastase with a component of
human cell lines. Shown is an autoradiograph of a Laemmli SDS-PAGE gel of 33 ng '®I-
elastase incubated with: A, na additives; B, the extract of 1.5 X 10° U937 cells; and C, the
extract of 1.5 X 10° CEM cells. Arrow indicates the '*I-elastase-inhibitor complex of M,
66,000; E designates unreacted 125]-elastase. D-G, effect of synthetic inhibitors on the reaction
of '®*I-pancreatic elastase with the component in U937 cells. The U937 extract was reacted
with '#*I-elastase that had been preincubated for 20 min at 30°C with: D, no additives; E, 2
mM diisopropylfluorophosphate; F, 500 1M N-acetyl-Ala-Ala-Pro-Ala-CH,Cl; and G, 500 uM
p-AMPSF. The agents introduced as solvents for the synthetic inhibitors (2% ethanol, 0.2%
propylene glycol) did not inhibit complex formation (not shown). H-K, cleavage of the complex
by ammonium hydroxide. Shown is an autoradiograph of a Fairbanks/Laemmli SDS-PAGE
gel of the U937 extract—ml—pancreatic elastase reaction product, which underwent a second
incubation for 60 min with: H, PBS at 4°C; I, PBS at 37°C; J, 1.5 M NH,OH at 4°C; and X,
1.5 M NH,OH at 37°C. Diisopropylfluorophosphate at 1 mM was added to all reaction
mixtures before the second incubation to prevent proteolysis of the complex.
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PAGE with the complex of '**I-elastase with the guinea pig macrophage protein-
ase inhibitor (MPI) (30) at M, 66,000 (not shown), suggesting that these are
analogous molecules from different species.

Dose Dependence of Complex-formation Assay. The amount of the '*I-elastase-
inhibitor complex generated was found to depend on the amount of U937
extract added (Fig. 24). The complex and unreacted '**I-elastase were quantified
by gamma counting after excision from SDS-polyacrylamide gels. Plots of the
percent of '*I-elastase converted to complex vs. the amount of extract added
gave dose-response curves (Fig. 2B), thus establishing that the '*’L-elastase
complex formation reaction can be used as a semiquantitative assay for the
proteinase inhibitor.

Elastase Inhibitor in Blood Cells. Isolated blood cells were lysed and examined
for their content of inhibitor by the **I-pancreatic elastase complex formation
assay. Compared to U937 cell extracts, activity was minimal in lymphocyte
extracts, and not detectable in neutrophils (Fig. 3). Surprisingly, elastase inhibitor
activity was not detected in extracts of Percoll-purified monocytes (Fig. 3).

Appearance of Elastase Inhibitor in Monocytes Matured in Culture. We ques-
tioned whether the elastase inhibitor is expressed by monocytes that have
acquired macrophage-like properties by in vitro culture. Percoll-purified mono-
cytes were allowed to mature in culture. The elastase inhibitor activity of
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FIGURE 2. Effect of the concentration of U937 extract on the extent of complex formation
with '®I-pancreatic elastase. Shown in A is an autoradiograph of a Fairbanks/Laemmli SDS-
PAGE gel of 97 ng '**I-elastase reacted with varying amounts of U937 extract, as indicated.
Arrow indicates the '**l-elastase-inhibitor complex of M, 66,000; E designates unreacted
elastase. B shows quantitation of the complex measured by gamma counting of the **I-complex
and unreacted '*I-elastase excised from the SDS electrophoresis gel.
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FIGURE 3. Reaction of extracts of human blood cells with '*I-pancreatic elastase. Shown is
an autoradiograph of a Fairbanks/Laemmli SDS-PAGE gel of the reaction of 97 ng 1257
elastase with lysates of 1.5 X 10° cells, as indicated. Arrow indicates the '**I-elastase-inhibitor
complex of M, 66,000; E designates unreacted '**I-elastase.
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FIGURE 4. Appearance of the elastase inhibitor in monocytes during in vitro culture. Shown
is an autoradiograph of a Fairbanks/Laemmli gel containing 130 ng '#I-porcine pancreatic
elastase reacted as indicated with extracts of 1.9 X 10° monocytes cultured for 0 d, 1 d, 3 d,
5d,7d,or 10d.

monocytes increased during culture; it was maximal after 5-7 d (Fig. 4), at which
time the inhibitor activity of monocyte extracts was comparable to that of U937
cells (not shown). These findings indicate that the expression of the elastase
inhibitor by monocytes requires a maturation process.

Elastase Inhibitor in Adherence-Purified Monocytes. Percoll-purified monocytes
are contaminated with varying numbers of lymphocytes (see Materials and
Methods). Therefore, it was important to demonstrate that the monocyte is the
cell that develops the elastase inhibitor on in vitro culture. Adherence to plastic
tissue culture is an alternate method to separate monocytes from lymphocytes;
adherence generates monolayers of monocytes in high purity (38, 39). Extracts
of freshly-isolated adherence-purified monocytes, like extracts of freshly-isolated
Percoll-purified monocytes, did not form a complex with '**I-pancreatic elastase.
Extracts of adherence-purified monocytes that were cultured as monolayers for
7 d had elastase-complexing activity that was quantitatively comparable to that
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FIGURE 5. Complex formation of '#I-labeled human neutrophil elastase with a component
of U937 cells and cultured monocytes. Shown is an autoradiograph of a Fairbanks/Laemmli
gel of 44 ng '*I-labeled human leukocyte elastase reacted with extracts of 1.7 X 10° cells, as
indicated.

of Percoll-purified monocytes cultured for 7 d (not shown). These findings
indicate that the monocyte is the cell that acquires elastase inhibitory activity on
in vitro culture.

Reaction of the Monocyte/U937 Inhibitor with Elastase of Human Neutro-
phils. The serine elastase of porcine pancreas, which is readily available, was
used as the target proteinase in most experiments. The likely physiological target,
however, is the related serine elastase of human neutrophils and monocytes.
Therefore, '?*I-labeled human neutrophil elastase was used as a target proteinase.
Extracts of U937 cells formed a complex with '*I-neutrophil elastase (M.
66,000) (Fig. 5). This activity was not detectable in freshly-isolated, Percoll-
purified monocytes, but extracts of monocytes cultured for 7 d formed a complex
with '®I-neutrophil elastase (Fig. 5).

The Monocyte Inhibitor Is Fast-acting. The time course of the reaction with
'#%]—pancreatic elastase was examined using the extracts of 7-d cultured mono-
cytes as the source of inhibitor. The reaction was found to be complete after 20—
40 s at 37°C (Fig. 6). Identical results were obtained with extracts of U937 cells
(not shown). These findings characterize the inhibitor in monocytes/U937 cells
as a fast-acting inhibitor of elastase. ,

The Monocyte Elastase Inhibitor Is Not a,PI.  We examined whether the elastase
inhibitor detected in this study is the circulating elastase inhibitor «;PI, since it
was previously shown (22) that isolated monocytes synthesize «;PI. When human
serum, as the source of a;PI, was reacted with 125I-—pan*creatic elastase, a major
complex formed of M, 80,000. This complex did not comigrate with the '*I-
elastase complex formed by extracts of U937 cells or monocytes (Fig. 7, the
three left lanes), indicating that the monocyte inhibitor and «;PI are nonidentical.
Immune precipitation by two different rabbit antisera against human o, PI
precipitated the complex from serum, but did not precipitate the complex formed
by cultured monocytes or U937 cells (Fig. 7, the three right lanes). These
findings show that the monocyte elastase inhibitor identified in this study is not
a;P1, and is not immunologically related to «;PI.
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FIGURE 6. Time course of the reaction of '*I-pancreatic elastase with the inhibitor in 6-d
cultured monocytes. Shown is an autoradiograph of a Fairbanks/Laemmli SDS electrophoresis
gel of 190 ng '*I-labeled pancreatic elastase reacted at 37°C with the extract of 2.5 X 10° 6-
d cultured monocytes for 0~5 min, as indicated. Note that formation of the '*I-elastase-
inhibitor complex is complete after 20~40 s. No further reaction was observed at 5 min of
incubation (last lane) or at 20 or 30 min (other experiments, not shown).
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FIGURE 7. Comparison of the '®I-elastase-a; Pl complex with the '**I-elastase~U937/mono-

cyte inhibitor complex. Shown in the left three lanes of the autoradiograph (Fair-
banks/Laemmli gel) are 130 ng '**I-pancreatic elastase reacted as indicated with 0.5 ul normal
human serum, or with the extract of 1.5 X 10° U937 cells, or the extract of 10° 6-d cultured
monocytes. Shown in the right three lanes are replicate reaction mixtures immunoprecipitated
with rabbit anti-human a,PI antiserum. Note that the antiserum precipitates the serum a;PI-
complex, but does not precipitate the complex formed by the monocyte/U937 inhibitor.
Identical results were obtained with another rabbit anti-human «,P1 antiserum (not shown).

Discussion

This is the first characterization of a proteinase inhibitor molecule of human
monocytes that is active against neutrophil elastase. The molecule is detected in
cultured monocytes and the monocyte-like cell line U937; it was identified as a
proteinase inhibitor based on its ability to form, with the active site of elastase, a
complex that is stable in boiling SDS and susceptible to nucleophilic cleavage.
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The quantity of complex formed is dependent on: the concentration of monocyte
or U937 extract (Fig. 2); the concentration of '#I-elastase (not shown); the
temperature (not shown); and the time of incubation (Fig. 6). The mol wt of the
elastase inhibitor is estimated at 50,000, which is the M, of the complex (66,000)
minus that of elastase (26,000), with 10,000 arbitrarily added to represent the
inhibitor fragment assumed to be released on formation of the complex (36).
Based on coelectrophoresis, the monocyte inhibitor appears to be the human
analog of the guinea pig component MPI, an inhibitor of elastase and trypsin
detected (30) in culture medium and extracts of elicited macrophages.

It has been reported (40) that certain proteinase~proteinase inhibitor com-
plexes cannot be detected on Laemmli electrophoresis gels due to their lability
in the primary amine Tris at high pH. To avoid base-catalyzed hydrolysis of the
elastase—elastase inhibitor complex, a Fairbanks/Laemmli hybrid electrophoresis
system was developed with lower pH and lower concentrations of Tris buffer.
The mobilities of pancreatic elastase and seven marker proteins were propor-
tional to the log of their mol wt on these Fairbanks/Laemmli gels. When
examined on Fairbanks/Laemmli gels, the conversion of '?*I-elastase to the '*°1-
elastase-inhibitor complex in a reaction driven toward completion by excess
U937 extract was >85% complete, demonstrating that the complex is stable in
this electrophoresis system. When eight sets of duplicate reaction mixtures were
examined in parallel on both electrophoresis systems, the #*I-elastase conversion
to complex detected on Laemmli gels was 62% of that detected on Fair-
banks/Laemmli gels, indicating that partial hydrolysis occurs in the former
system.

The elastase inhibitor is detected in the monocyte-like cell line U937, but is
not detected in freshly isolated monocytes. The elastase inhibitor activity becomes
detectable in monocytes only after in vitro culture; activity is maximal at 5-7 d.
Human monocytes cultured in vitro are known to acquire macrophage-like
characteristics; the cells do not divide, but acquire macrophage-like morphology
and increase in size (41). The amounts of certain components increase on in
vitro maturation of monocytes; these included C2 and factor B (38, 41), and the
lysosomal enzymes B-glucosaminidase, 8-glucuronidase, and acid phosphatase
(42). The amounts of other components, including HLA-DR (43), serine elastase
(23), and o, PI (22) decrease as the monocyte differentiates in culture.

As mentioned above, the high activity of serine elastase measured in fresh
monocyte extracts decreases when monocytes mature in culture, reaching neg-
ligible levels at day 6 (27). Both the study of elastase activity (27) and this study
of elastase inhibitor were done on unfractionated cell extracts. More refined
examination will be required to determine whether absolute levels of elastase
decrease on culture, or absolute levels of elastase inhibitor increase, or whether
the levels of both are altered.

This study is the first characterization of the major elastase inhibitor molecule
of human monocytes. The activity of the elastase inhibitor was detected in several
earlier studies, e.g. in the cytosol fraction of human pulmonary macrophages
(44). The presence of an elastase inhibitor in U937 cells was inferred from the
increase of elastase activity on fractionation of cell extracts (14).

The elastase inhibitor is present in high concentrations in cultured monocytes.



REMOLD-O’DONNELL 2151

The content was estimated from the number of '*I-elastase molecules added
per reaction and the resulting fraction converted to complex. The estimate that
this calculation supplies is a minimum estimate because inhibitor molecules may
fail to react, or may already be complexed to proteinase, or may react with
nonradiolabeled proteinases in the cell extract. The estimated inhibitor content
of monocytes cultured for 7 d is 21.5 X 10° functional molecules per cell, or 12
ug per 108 cells. We can, thus, conclude that the elastase inhibitor molecule is a
major component in monocytes, representing >0.1% of monocyte protein.

It is interesting to compare the monocyte elastase inhibitor with the circulating
elastase inhibitor «;PI. This study shows that the elastase inhibitor of monocyte
extracts is not identical to «,Pl, since the two do not comigrate on SDS-
electrophoresis (Fig. 7). Moreover, the two are not immunologically related,
since the monocyte inhibitor failed to react with heteroantiserum to o, PI (Fig.
7). It was previously shown (22) that synthesis of a;PI by monocytes is greatest
in freshly isolated cells, and declines during 10 d in culture. This pattern is
opposite to that observed for the monocyte elastase inhibitor, which increases
when monocytes mature in culture (Fig. 4). &, PI is plentiful in circulating blood
plasma (2 mg/ml) (45), whereas the monocyte inhibitor is either absent or present
in concentrations too low to be detected in this study (Fig. 7, first lane). This
study detected no «;PI in monocyte extracts by an assay that was adequate to
detect a; P1 in diluted serum (Fig. 7). The lack of detection of «;PI in monocyte
extracts might be due to its low concentration.

As discussed above, elastase inhibitor activity increases as monocytes mature
in culture into macrophage-like cells similar to those found at inflammatory sites.
It is, thus, likely that the elastase inhibitor is a functional component of the
inflammatory macrophage rather than the circulating monocyte. This fits well
with the recent finding (17, 18) that elastase activity is required by neutrophils
(and presumably by monocytes) for movement in response to chemotactic agents
from the circulation to extravascular sites. At extravascular sites, this function is
no longer required, and elastase inhibition becomes important. The rapid reac-
tion of the monocyte inhibitor with elastase, and its high concentration in
matured monocytes make this molecule an excellent candidate for regulating
serine elastase activity at inflammatory sites. Control of elastase activity at
inflammatory sites is important because of the high concentrations that can be
released, and the large spectrum of proteins susceptible to cleavage (see Intro-
duction). We have not investigated whether the elastase inhibitor is secreted by
human monocytes, but MPI, which is the corresponding elastase inhibitor of
guinea pig macrophages, was originally detected as a secreted protein (30).

To establish its physiological role, it will be necessary to determine the activity
spectrum of the monocyte proteinase inhibitor, i.e. to determine whether the
inhibitor has the capacity to act on other proteinases secreted by inflammatory
cells, including neutrophil cathepsin G (angiotensin-converting enzyme) (46, 47),
and macrophage plasminogen activator (48), cytolytic factor (49), complement
components C2 (38) and factor Bb (41). It is not known whether other cells
express this elastase inhibitor molecule. We can conclude that the monocyte
inhibitor is not identical to protease nexin, an inhibitor in human fibroblasts of
trypsin-like proteinases (50), because the latter is inactive against leukocyte
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elastase (51). Comparison with proteinase inhibitors found in other cells (52, 53)
must await further characterization. We must also determine whether the mon-
ocyte elastase inhibitor is the same or related to the inhibitor of plasminogen
activator detected in human monocytes (48, 54).

Summary

A proteinase inhibitor active against neutrophil and pancreatic elastase was
detected in extracts of cultured human monocytes and the human monocyte-like
cell line U937. This component forms a covalent complex with the active site of
elastase; the complex is stable in boiling sodium dodecyl sulfate solution, and is
susceptible to nucleophilic cleavage.

The activity of the elastase inhibitor is not detected in extracts of freshly
isolated monocytes, but becomes detectable when the monocytes are allowed to
mature in culture, with maximum levels occurring at 5-7 d. The monocyte
inhibitor is fast-acting; its reaction with '**I-labeled elastase is complete in <1
min at 37°C.

Analysis by electrophoresis and studies using a heteroantiserum to a;-protein-
ase inhibitor demonstrated that the elastase inhibitor of monocytes/U937 cells
is not identical to a,-proteinase inhibitor, the major elastase inhibitor of blood
plasma. The extent of conversion of '*’l-elastase to the '*I-elastase-inhibitor
complex is proportional to the amount of U937 extract or cultured monocyte
extract, indicating that this reaction can serve to quantify the elastase inhibitor.
The elastase inhibitor is an abundant component in mature monocytes, with
=1.5 X 10° molecules/cell (=12 pg per 10° cells, >0.1% of total cell protein). Its
mol wt is estimated at 50,000.

Thus, the monocyte inhibitor should be classified as a putative regulator of
neutrophil (and monocyte) elastase activity at inflammatory sites. This designa-
tion is based on the properties of the molecule, including its high concentration
in maturing monocytes, its affinity for elastase, and its fast reaction with this
enzyme.

I thank S. Kevy, D. Kemp, the staff of Children’s Hospital Medical Center Blood Bank,
and the blood donors for their vital contribution to this study; C. Alper, D. Kenney, H.
Lazarus, D. Liu, F. Rosen, and M. Vermeulen for contributions of materials and/or
advice; A. Mehta, B. Savage, and M. Matyjas for skillful assistance, and E. Albert for
preparation of the manuscript.

Received for publication 19 August 1985.

References

1. Plow, E. F. 1982. Leukocyte elastase release during blood coagulation. A potential
mechanism for activation of the alternative fibrinolytic pathway. J. Clin. Invest.
69:564.

2. Dewald, B., R. Rindler-Ludwig, U. Bretz, and M. Baggiolini. 1975. Subcellular
localization and heterogeneity of neutral proteases in neutrophilic polymorphonu-
clear leukocytes. J. Exp. Med. 141:709.

3. Ohlsson, K., and I. Olsson. 1974. The neutral proteases of human granulocytes.
Isolation and partial characterization of granulocyte elastases. Eur. . Biochem. 12:519.



10.

11.

12.

13.

14.

15,

16.

17.

18.

19.

20.

21.

REMOLD-O’'DONNELL 2153

. Plow, E. F. 1980. The major fibrinolytic proteases of human leukocytes. Biochim.

Biophys. Acta. 630:47.

. McDonald, J. A., and D. G. Kelley. 1980. Degradation of fibronectin by human

leukocyte elastase. Release of biologically active fragments. J. Biol. Chem. 255:8848.

. Solomon, A., M. Gramse, and K. Havemann. 1978. Proteolytic cleavage of human

IgG molecules by neutral proteases of polymorphonuclear leukocytes. Eur. J. Immu-
nol. 8:782.

. Moroz, L. A. 1981. Mini-plasminogen: A mechanism for leukocyte modulation of

plasminogen activation by urokinase. Blood. 58:97.

. Senior, R. M., . S. Huang, G. L. Griffin, and T. F. Deuel. 1985. Dissociation of the

chemotactic and mitogenic activities of platelet-derived growth factor by human
neutrophil elastase. . Cell Biol. 100:351.

. Taylor, j. C., 1. P. Crawford, and T. E. Hugli. 1977, Limited degradation of the

third component (C3) of human complement by human leukocyte elastase (HLE):
Partial characterization of C3 fragments. Biochemistry. 16:3390.

Schmidt, W., R. Egbring, and K. Havemann. 1975. Effect of elastase-like and
chymotrypsin-like neutral proteases from human granulocytes on isolated clotting
factors. Thromb. Res. 6:315.

Janoff, A., G. Feinstein, C. J. Malemud, and J. M. Elias. 1976. Degradation of
cartilage proteoglycan by human leukocyte granule neutral proteases—A model of
joint injury. 1. Penetration of enzyme into rabbit articular cartilage and release of
#80,-labeled material from the tissue. J. Clin. Invest. 57:615.

Gadek, |. E., G. A. Fells, D. G. Wright, and R. G. Crystal. 1980. Human neutrophil
elastase functions as a Type I1I collagen “collagenase”. Biochem. Biophys. Res. Commun.
95:1815.

Mainardi, C. L., D. L. Hasty, J. M. Seyer, and A. H. Kang. 1980. Specific cleavage
of human Type III collagen by human polymorphonuclear leukocyte elastase. J. Biol.
Chem. 255:12006.

Senior, R. M., E. J. Campbell, J. A. Landis, F. R. Cox, C. Kuhn, and H. S. Koren.
1982. Elastase of U-937 monocytelike cells. Comparisons with elastases derived from
human monocytes and neutrophils and murine macrophagelike cells. J. Clin. Invest.
69:384.

Janoff, A, B. Sloan, G. Weinbaum, V. Damiano, R. A. Sandhaus, J. Elias, and P.
Kimbel. 1977. Experimental emphysema induced with purified human neutrophil
elastase: Tissue localization of the instilled protease. Am. Rev. Respir. Dis. 115:461.
Janoff, A. 1978. Granulocyte elastase: Role in arthritis and in pulmonary emphysema.
In Neutral Proteases of Human Polymorphonuclear Leukocytes. K. Havemann and
A. Janoff, editors. Urban & Schwarzenberg, Inc. Baltimore, MD. pp. 390-417.
McLaughlin, M. E,, II. E. Liener, J. R. Hoidal, and B. H. Gray. 1985. Polymorpho-
nuclear leukocyte (PMNL) migration into human amnion membrane: Inhibition by
an elastase specific inhibitor. Fed. Proc. 44:1919.

Hopkins, N. K., A. H. Lin, and R. R. Gorman. 1985. Inhibition of human PMN
elastase prevents migration of neutrophils through an endothelial cell monolayer.
Fed. Proc. 44:1843.

Ohlsson, K., and 1. Olsson. 1974. Neutral proteases of human granulocytes. I11.
Interaction between human granulocyte elastase and plasma protease inhibitors.
Scand. J. Clin. Lab. Invest. 34:349.

Olsen, G. N, ]J. O. Harris, J. R. Castle, R. H. Waldman, and H. J. Karmgard. 1975.
Alpha-1l-antitrypsin content in the serum, alveolar macrophages, and alveolar lavage
fluid of smoking and nonsmoking normal subjects. J. Clin. Invest. 55:427.

Laurell, C.-B., and S. Eriksson. 1963. The electrophoretic a,-globulin pattern of
serum in o;-antitrypsin deficiency. Scand. J. Clin. Lab. Invest. 15:132.



2154 A FAST-ACTING ELASTASE INHIBITOR IN HUMAN MONOCYTES

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39,

40.

41.

42.

Perlmutter, D. H., F. S. Cole, P. Kilbridge, T. H. Rossing, and H. R. Colten. 1985.
Expression of the a;-proteinase inhibitor gene in human monocytes and macrophages.
Proc. Natl. Acad. Sci. USA. 82:795.

Sandhaus, R. A., K. M. McCarthy, R. A. Musson, and P. M. Henson. 1983. Elastolytic
proteinases of the human macrophage. Chest. 5:608.

Wright, 8. D., and S. C. Silverstein. 1982. Tumor-promoting phorbol esters stimulate
C3b and C3b’ receptor-mediated phagocytosis in cultured human monocytes. J. Exp.
Med. 156:1149.

Hanker, J. S., P. E. Yates, C. B. Metz, and A. Rustioni. 1977. A new specific, sensitive
and non-carcinogenic reagent for the demonstration of horseradish peroxidase.
Histochem. J. 9:789.

Sundstrom, C., and K. Nilsson. 1976. Establishment and characterization of a human
histiocytic lymphoma cell line (U-937). Int. J. Cancer. 17:565.

Harris, P., and P. Ralph. 1985. Human leukemic models of myelomonocytic devel-
opment: A review of the HL-60 and U937 cell lines. J. Leukocyte Biol. 37:407.

Foley, G. E., H. Lazarus, S. Farber, B. G. Uzman, B. A. Boone, and R. E. McCarthy.
1965. Continuous culture of human lymphoblasts from peripheral blood of a child
with acute leukemia. Cancer. 18:522.

Fraker, P. J., and J. C. Speck, Jr. 1978. Protein and cell membrane iodinations with
a sparingly soluble chloroamide, 1,3,4,6-tetrachloro-3a,6a-diphenylglycoluril. Bio-
chem. Biophys. Res. Commun. 80:849.

Remold-O’Donnell, E., and K. Lewandrowski. 1983. Two proteinase inhibitors
associated with peritoneal macrophages. J. Biol. Chem. 258:3251.

Lowry, O. H., N. J. Rosebrough, A. L. Farr, and R. ]J. Randall. 1951. Protein
measurment with the folin phenol reagent. J. Biol. Chem. 193:265.
Remold-O’Donnell, E. 1982. Biosynthesis of gp160, the major trypsin-sensitive sur-
face glycoprotein of macrophages. J. Biol. Chem. 257:6600.

Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature (Lond.). 227:680.

Fairbanks, G., T. L. Steck, and D. F. H. Wallach. 1971. Electrophoretic analysis of
the major polypeptides of the human erythrocyte membrane. Biochemistry. 10:2604.
Twumasi, D. Y., and L. E. Liener. 1977. Proteases from purulent sputum. Purification
and properties of the elastase and chymotrypsin-like enzymes. J. Biol. Chem. 252:1917.
Travis, J., and G. 8. Salvesen. 1983. Human plasma proteinase inhibitors. Annu. Rev.
Biochem. 52:655.

Wiman, B., and D. Collen. 1979. On the mechanism of the reaction between human
ag-antiplasmin and plasmin. J. Biol. Chem. 254:9291.

Einstein, L. P., E. E. Schneeberger, and H. R. Colten. 1976. Synthesis of the second
component of complement by long-term primary cultures of human monocytes. J.
Exp. Med. 143:114.

Fischer, D. G., W. J. Hubbard, and H. 8. Koren. 1981. Tumor cell killing by freshly
isolated peripheral blood monocytes. Cell. Immunol. 58:426.

Knauer, D. J., and D. D. Cunningham. 1982. Epidermal growth factor carrier protein
binds to cells via a complex with released carrier protein nexin. Proc. Natl. Acad. Sci.
USA. 79:2310.

Cole, F. S., H. S. Auerbach, G. Goldberger, and H. R. Colten. 1985. Tissue-specific
pretranslational regulation of complement production in human mononuclear phag-
ocytes. J. Immunol. 134:2610.

Musson, R. A., H. Shafran, and P. M. Henson. 1980. Intracellular levels and
stimulated release of lysosomal enzymes from human peripheral blood monocytes
and monocyte-derived macrophages. J. Reticuloendothel. Soc. 28:249.



43,

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

REMOLD-O’'DONNELL 2155

Sztein, M. B., P. S. Steeg, H. M. Johnson, and J. J. Oppenheim. 1984. Regulation of
human peripheral blood monocyte DR antigen expression in vitro by lymphokines
and recombinant interferons. J. Clin. Invest. 73:556.

Blondin, J., R. Rosenberg, and A. Janoff. 1972. An inhibitor in human lung macro-
phages active against human neutrophil elastase. Am. Rev. Respr. Dis. 106:477.
Laurell, C.-B., and ] .-O. Jeppsson. 1975. Protease inhibitors in plasma. In The Plasma
Proteins. Structure, Function, and Genetic Control. F. W. Putnam, editor. Academic
Press, New York, p. 230.

Senior, R. M., and E. J. Campbell. 1984. Cathepsin G in human mononuclear
phagocytes: Comparisons between monocytes and U937 monocyte-like cells. J. Im-
munol. 132:2547.

Snyder, R. A., C. E. Kaempfer, and B. U. Wintroub. 1985. Chemistry of a human
monocyte-derived cell line (U937): Identification of the angiotensin I-converting
activity as leukocyte cathepsin G. Blood. 65:176.

Vassalli, J.-D., J.-M. Dayer, A. Wohlwend, and D. Belin. 1984. Concomitant secretion
of prourokinase and of a plasminogen activator—specific inhibitor by cultured human
monocytes-macrophages. J. Exp. Med. 159:1653.

Adams, D. O. 1980. Effector mechanisms of cytolytically activated macrophages. 1.
Secretion of neutral proteases and effect of protease inhibitors. J. Immunol. 124:286.
Baker, J. B., D. A. Low, R. L. Simmer, and D. D. Cunningham. 1980. Protease-
nexin: A cellular component that links thrombin and plasminogen activator and
mediates their binding to cells. Cell. 21:37.

Scott, R, W., B. L. Bergman, A. Bajpai, R. T. Hersh, H. Rodriguez, B. N. Jones, C.
Barreda, S. Watts, and J. B. Baker. 1985. Protease Nexin. Properties and a modified
purification procedure. J. Biol. Chem. 260:7029.

Loskutoff, D. J., and T. S. Edgington. 1977. Synthesis of a fibrinolytic activator and
inhibitor by endothelial cells. Proc. Natl. Acad. Sci. USA. 74:3903.

Holmberg, L., I. Lecander, B. Persson, and B. Astedt. 1978. An inhibitor from
placenta specifically binds urokinase and inhibits plasminogen activator released from
ovarian carcinoma in tissue culture. Biochim. Biophys. Acta. 544:128.

Chapman, H. A., Z. Vavrin, and J. B. Hibbs. 1983. Normal human alveolar macro-
phages secrete a protease inhibitor. Clin. Res. 31:71a. (Abstr.).



