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Elastase of U-937 Monocytelike Cells

COMPARISONSWITH ELASTASESDERIVED FROMHUMANMONOCYTES

ANDNEUTROPHILSANDMURINEMACROPHAGELIKECELLS

ROBERTM. SENIOR, EDWARDJ. CAMPBELL, JILL A. LANDIS, FRAYA R. Cox,
CHARLESKUHN, and HILLEL S. KOREN, Departments of Medicine and
Pathology, Washington University School of Medicine and Pulmonary
Division, Department of Medicine, The Jewish Hospital of St. Louis,
St. Louis, Missouri 63110; Division of Immunology, Department of Medicine,
Duke University Medical Center, Durham, North Carolina 27710

A B S T R A C T As an approach to facilitating the un-
derstanding of proteinases associated with monocytes
we have studied U-937 monocytelike cells. Elastase
activity was identified in U-937 cell extracts and com-
pared to monocyte elastase activity, neutrophil elas-
tase, and the elastase activity from a continuous line
of murine macrophagelike cells (P388D1). Serine pro-
teinase activity which solubilized '4C-labeled elastin
accounted for >90% of the neutral proteinase activity
of both U-937 cells and monocyte extracts. U-937 cell
and monocyte elastase activities were similar catalyt-
ically, resembling neutrophil elastase. U-937 cells and
monocytes showed other similarities: (a) both had ac-
tivities reacting with [3H]diisopropylfluorophosphate
that migrated in sodium dodecyl sulfate (SDS) poly-
acrylamide gels at -30,000 and 60,000 daltons and
(b) both contained material that cross-reacted with
antiserum raised to neutrophil elastase. Preliminary
characterization of U-937 cell elastase activity by af-
finity chromatography and ion-exchange chromatog-
raphy suggested the presence of at least two distinct
elastases. Minimal elastase activity was found in U-937
cell-conditioned medium, indicating that the activity
is not spontaneously released by the cells. In contrast
to the elastase activity associated with U-937 cells and
monocytes, the elastase activity associated with P388D1
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cells was a metalloproteinase and was found princi-
pally in the culture medium. These results indicate
(a) U-937 cells will be useful for further investigation
of proteinases associated with normal monocytes; (b)
monocytes and U-937 cells contain material with cat-
alytic and immunologic similarities to neutrophil elas-
tase; (c) monocyte elastase activity differs from elas-
tase activity secreted by murine macrophages and
murine macrophagelike cells of the P388D1 line.

INTRODUCTION

Interest in elastases derived from inflammatory cells
has been stimulated by recognition that these enzymes
may be important in connective tissue injury, notably
in rheumatoid arthritis and pulmonary emphysema
(1). Neutrophil elastase (HLE)' has been shown to pro-
duce marked connective tissue destruction in experi-
mental models, and is capable of producing pulmonary
emphysema when instilled intratracheally into exper-
imental animals (2, 3). Macrophages have been iden-
tified as another source of elastase activity that may
have a role in connective tissue destruction (4-6).
Macrophage elastase activity, studied most thoroughly

'Abbreviations used in this paper: Boc-Ala-SNp, N-t-
butoxycarbonyl-L-alanine-p-nitrothiophenyl ester; CMK,
methoxysuccinyl - alanyl - alanyl - prolyl - valyl - chloromethyl
ketone; DFP, diisopropyl fluorophosphate; ELISA, enzyme-
linked immunoabsorbent assay; HLE, human neutrophil
elastase; MSAPN,methoxy-succinyl-alanyl-alanyl-prolyl-va-
lyl-p-nitroanilide; PBS, phosphate-buffered saline; PMSF,
phenylmethylsulfonyl fluoride; SBTI, soybean trypsin inhib-
itor; SLAPN, succinyl-L-alanyl-L-alanyl-L-alanine-p-ni-
troanilide.
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using murine macrophages, differs from neutrophil
elastase in its catalytic properties and its susceptibility
to proteinase inhibitors (7).

Recent information suggests that monocytes have
elastolytic activity that shares catalytic features with
neutrophil elastase rather than with murine macro-
phage elastase (8, 9). These data are noteworthy for
at least two reasons: (a) they are further evidence for
developmental alterations in monocytes during dif-
ferentiation into macrophages (10-12), and (b) they
indicate another source of elastolytic activity that
could be active whenever there is insufficient alpha-
1-proteinase inhibitor or when alpha-l-proteinase in-
hibitor has been oxidatively inactivated (13). Thus,
monocyte-derived elastase activity might be important
in the disease processes in which neutrophil elastase
has been implicated.

Studies with monocytes are hampered by the limi-
tations upon obtaining large numbers of the cells free
from contamination with other cell types. Moreover,
the finding that monocytes and macrophages have cell
surface receptors for neutrophil elastase either free or
in complex with alpha-2-macroglobulin raises the ad-
ditional problem that some of the elastase activity as-
sociated with monocytes may be due to internalized
enzyme (14).

In an effort to further characterize human mono-
nuclear phagocyte elastase we have turned to a con-
tinuous line of monocytelike cells, designated U-937.
This approach was suggested by (a) Werb et al. (15),
who observed that a continuous line of murine mac-
rophagelike cells, P388D1, release an elastase activity
that appears to have the same catalytic properties as
elastase activity obtained from normal murine mac-
rophages and (b) the recent interest in lines of mono-
cyte and macrophagelike cells which, as noted by
Ralph (16), offer advantages that the cells are not con-
taminated by other cell types, the cells divide rapidly,
and the different cell lines display developmental
characteristics representative of normal macrophages
in varying stages of maturity.

The U-937 cell line of human origin has proven valu-
able for studying characteristics of immature human
macrophages. U-937 cells are phagocytic and have
positive nonspecific esterase staining (17). They spon-
taneously release lysozyme and endogenous pyrogen
(18, 19). Upon stimulation with lymphokines U-937
cells acquire cell surface receptors for chemotactic
factors, show directional responses and lysosomal en-
zyme release in response to chemotactants, demon-
strate induction of antibody-dependent cytotoxicity,
and have improved microbicidal activity against in-
tracellular pathogens (20-22).

In this report, we describe the elastase activity pres-
ent in extracts of U-937 cells, and compare U-937 cell

elastase with elastase activity from monocytes, neu-
trophils, and P388D1 cells.

METHODS
Cell culture. U-937 cells were kept in suspension cultures

in RPMI 1640 medium (Basic Cancer Research Center,
Washington University School of Medicine, St. Louis, Mo.),
supplemented with 2.5% fetal bovine serum and 2.5% bovine
serum (KC Biological, Inc., Lenexa, Kans.), 2 mMglutamine,
1% nonessential amino acids, 2 mMsodium pyruvate, and
25 Ag/ml of gentamicin (Schering, Chicago, Ill.). When the
cells reached a density of 106 cells/ml they were subcultured
at 3 X 105 cells/ml. P388D1 cells obtained from the Salk
Institute, San Diego, Calif. were cultured in Dulbecco's
modified Eagle's medium supplemented with 10% fetal calf
serum and nonessential amino acids. Both cells lines were
cultured in 5% CO2-95% air at 370C.

Recovery of neutrophils and monocytes. To compare
cell-line elastases with normal human leukocyte elastases,
venous blood collected from healthy volunteers was sepa-
rated into neutrophil and mononuclear cell fractions by cen-
trifugation through Ficoll-Hypaque (23). The mononuclear
cell fraction was subjected to elutriation centrifugation to
obtain a purified population of monocytes (24). The mono-
cyte populations were >95% pure as judged by microscopic
examination of Wright-stained cytocentrifuge preparations
(Cytospin, Shandon Instruments, Sewickley, Pa.).

Preparation of cell extracts and cell conditioned me-
dium. U-937 cells, monocytes, and neutrophils were dis-
rupted by three cycles of freeze-thawing with methanol-dry
ice, followed by 30-120 s of sonication (Sonic Dismembrator,
model 300, Fisher Scientific, Co. Pittsburgh, Pa.) with 230
Wat 4°C. P388D1 cells were washed twice with serumless
medium and removed from the culture flask by scraping
with a rubber policeman and then disrupted as described
above. The mixtures of disrupted cells were spun at 14,000
g for 20 min at 4°C and the supernatant fluid was retained
at -70°C until assayed. The protein concentrations of the
cell extracts were determined spectrophotometrically (Beck-
man DU8, Beckman Instruments, Inc., Fullerton, Calif.) (25)
and related to the number of cells as counted on a hemo-
cytometer.

To obtain cell conditioned medium for study of released
elastase activity, U-937 and P388D1 cells were washed twice
with serumless medium and then cultured for 24 h in ser-
umless medium or serum-free medium supplemented with
0.2% lactalbumin hydrolysate (Gibco Laboratories, Grand
Island Biological Co., Grand Island, N. Y.). After the 24-h
culture period the medium was removed and the cells were
checked for viability by trypan blue exclusion and release
of lactate dehydrogenase and lysozyme activities into the
medium. The cells were then resuspended in a volume of
phosphate-buffered saline, (PBS; 0.050 Mphosphate, 0.150 M
NaCl, pH 7.4), equal to the volume of harvested medium.
The cell extracts and the cell-conditioned medium could thus
be assayed at comparable dilutions.

Enzyme activities. Elastase activity was measured using
"4C-labeled elastin, 300-800 cpm/gg, and expressed as mi-
crograms of elastin solubilized per 24 h at 37°C (26). HLE,
purified from sputum, was used as a standard in every ex-
periment (27). The HLE standard solubilized 0.8 ,ug of "C-
labeled elastin/ng in 24 h at 37°C in PBS. The assays of U-
937, monocyte, and neutrophil elastases were performed in
PBS. Assays of P388D1 elastase activity were performed ei-
ther in PBSor in 0.05 MTris-HCl, pH 8.0, containing 0.05 M
CaCl2. Elastaselike activity against synthetic substrates was
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determined using succinyl-L-alanyl-L-alanyl-L-alanine-p-ni-
troanilide, (SLAPN; BACHEM, Inc., Torrance, Calif.) and
methoxy-succinyl-alanyl-alanyl-prolyl-valyl-p-nitroanilide
(MSAPN) obtained from Dr. James C. Powers, Georgia In-
stitute of Technology, Atlanta, Ga. (28, 29). Lactate dehy-
drogenase and lysozyme activities were measured by stan-
dard procedures (30, 31). Nonspecific neutral proteinase
activity was determined with '251-labeled, native, plasma-
derived fibronectin (a gift from Dr. John A. McDonald,
Washington University Medical Center, St. Louis, Mo.) in
a solid-phase assay similar to the procedure described by
Varani et al. (32). The assay conditions, 3 h of incubation
at 37°C at pH 7.5, provided a linear response between the
quantity of purified proteolytic enzyme (trypsin, chymo-
trypsin, porcine pancreatic elastase, and HLE), or cell ex-
tracts, and the release of radiolabeled peptides, with a work-
able range of 2.5-20 ng for trypsin and comparable sensitivity
for the other enzymes tested.

pH profile. The influence of pH upon elastase activity
was examined by incubating 50 ,l of the test material with
150 ,l of buffer for 24 h in the presence of 14C-labeled elas-
tin, as in the standard elastase assay. The buffers, 0.4M, were
sodium acetate, pH 5.5; morpholinopropanesulfonic acid,
pH 6.5; Tris-HCI, pH 7, 7.5, 8, 8.5; and glycine, pH 9 and
10. Buffer pH was confirmed at the conclusion of each assay.

Inhibition profile. To examine the effects of proteinase
inhibitors on elastase activity, test materials were assayed
for residual elastase activity after incubation with the in-
hibitor for 1 h at room temperature. With inhibitors re-
quiring organic solvents for solubilization, the inhibitory
effect of the solvent alone was determined. The following
materials were tested for elastase inhibitory capacity: human
alpha-1-proteinase inhibitor (from Dr. John A. Pierce, Wash-
ington University School of Medicine, St. Louis, Mo.), meth-
oxy-succinyl-alanyl-alanyl-prolyl-valyl-chloromethylketone
(CMK; obtained from Dr. James C. Powers), soybean trypsin
inhibitor (SBTI), leupeptin, EDTAwith the pH adjusted to
7.4 using 1 N NaOH, and phenylmethylsulfonyl fluoride
(PMSF). Unless otherwise specified, the reagents were from
Sigma Chemical Co., St. Louis, Mo. CMKwas dissolved in
methanol and PMSFwas dissolved in dry dimethylforma-
mide. The other inhibitors were dissolved in PBS.

Effects of NaCI and CaCl2 upon elastase activity. U-937
cell extracts and P388D1 cell-conditioned medium were di-
alyzed for 24 h at 4°C against 0.05 M Tris-HCl, pH 8.0.
Fixed amounts of the retentate were assayed for elastase
activity in 0.05 MTris-HCI, pH 8.0, containing varying final
concentrations of NaCl (0.05-0.40 M), and/or CaCl2 (0.0001-
0.010 M).

Nonelastolytic neutral proteinase activity in U-937 cell
extract. To determine the proportion of nonelastolytic neu-
tral proteinase activity in U-937 and monocyte cell extracts,
the cell extracts were tested for proteinase activity against
'25I-labeled fibronectin (1,000-2,000 cpm/ug) before and

after incubation with the elastase inhibitor methoxy-succi-
nyl-alanyl-alanyl-prolyl-valyl-chloromethyl ketone (CMK).
Cell extract was incubated for 1 h at room temperature with
a concentration of CMK(300 AM), which completely inhib-
ited the extract's activity against "C-labeled elastin. The cell
extract-CMK mixture was then diluted for assay for proteo-
lytic activity against fibronectin. Identical dilutions of the
cell extracts without CMKsolubilized an amount of 125I-la-
beled fibronectin that was on the linear portion of the stan-
dard curve of the proteinase assay.

Chromatographic studies
Affinity chromatography. Trasylol (Bayer AG, Wupper-

tal, West Germany) was coupled to Sepharose (27). U-937

cell extract (6.5 ml), or 100lg HLE, adjusted to pH 8 in
PBS, was applied to a column, 1.5 X 8 cm, and eluted with
0.05 MTris, lOM NaCl, pH 8 at 4°C. When the absorbance
at 280 nm returned to the base line, the eluting buffer was
changed to 0.05 M sodium acetate, 0.4 M NaCl, pH 5. The
fractions, 3 ml, were measured for absorbance at 280 nm
and assayed for elastase activity against "4C-labeled elastin.

Ion-exchange chromatography. A CM-Sephadex (Sigma
Chemical Co.) column (1.6 X 10-cm) was equilibrated with
0.05 M sodium phosphate, pH 6.6, and 3 ml of U-937 cell
extract or 100lg HLE was then applied to the column at
4°C and eluted into 3-ml fractions at a flow rate of 20 ml/
h. After the absorbance of the eluate returned to the baseline,
the column was eluted with a linear salt gradient, 0-1.0 M
NaCl. The absorbance at 280 nm, conductivity, and elastase
activity of the eluate were measured.

Radiolabeling with [3HI] diisopropylfluorophosphate (DFP)
followed by polyacrylamide gel electrophoresis. Extracts
of U-937 cells, and pools of the elastase containing peaks
recovered by eluting the cell extracts from Trasylol-Sephar-
ose, were labeled with [3H]DFP by the procedure of Dan0
and Reich (33). Briefly, [3H]DFP (6.5 Ci/mM, Amersham
Corp., Arlington Heights, Ill.), dissolved in propylene glycol,
was incubated for 6 h at room temperature with samples of
cell extract in a volume of 600 Mul. The samples were then
brought to 1.5 ml with water, dialyzed for 48 h against cold
water, evaporated, and reconstituted to 300 Ml with water.
The small amount of precipitate that formed was removed
by centrifugation for 30s (Microfuge B, Beckman Instru-
ments, Inc., Palo Alto, Calif.) and then the samples were
studied by sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis (34). 60-,Ml aliquots were boiled for 3 min in
2% SDS containing 0.77% dithiothreitol. Samples were then
electrophoresed using discontinuous slab-gel electrophoresis
with a 3% polyacrylamide stacking gel and a 10% polyacryl-
amide resolving gel. All gels and buffers contained 0. 1%SDS.
A mixture of "4C-labeled standards (New England Nuclear,
Boston, Mass.) was run reduced in each gel. The radiolabeled
products were located by autofluorography using Enhance
(New England Nuclear, Boston, MA) and Kodak RP X-omat
film (Eastman Kodak Co., Rochester, N. Y.) (35).

Immunological studies
Antiserum. Antiserum to HLE was raised in 8-wk-old

BALB/c mice (Jackson Laboratories, Bar Harbor, Maine) by
intraperitoneal injections of 100 Mg HLE (1 mg/ml, wt/vol)
at 2-wk intervals. For the first immunization HLEwas mixed
1:1, vol/vol, with Freund's complete adjuvant; for the sub-
sequent immunizations HLE was mixed 1:1 with incomplete
Freund's adjuvant or PBS. The antiserum when tested by
immunodiffusion against HLE and against crude neutrophil
granule extracts showed one smoothly fused precipitin line.

Immunodiffusion. The center well of agar-coated slides
was filled with whole HLE antiserum. Surrounding wells
received either 5 Mg HLE (1 mg/ml; wt/vol), or U-937 cell
fractions from Trasylol-Sepharose that had been concen-
trated by positive pressure filtration (PM-10 membranes,
Amicon Corp., Scientific Sys. Div. Lexington, Mass.) to have
elastolytic activity equivalent to 1 mg HLE/ml. Monocyte
cell extract could not be tested because sufficiently high con-
centrations of elastase activity were not available.

Enzyme-linked immunoabsorbent assay (ELISA) for
HLE. Immunologic cross-reactivity between the various
elastases was studied with a solid-phase competitive inhi-
bition immunoassay using ELISA technique (36). To prevent
interactions between proteinase inhibitors in the antiserum
and elastases, all test materials were pre-exposed to 0.005M
PMSFand loss of elastolytic activity was confirmed.
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The procedure was as follows: 2 ,ug PMSF-inactivated
HLE in 200 ul of borate-buffered saline, pH 8.2, was placed
in wells of a polyvinyl chloride microtiter plate (V Micro-
titer, Dynatech Laboratories Inc., Alexandria, Va.). The
plate was incubated overnight at 4°C and then flicked to
empty the wells. Ovalbumin (Sigma Chemical Co.), 200 Ml
of a 1% solution, wt/vol, in PBS containing 0.1% Tween, was
added to each well and the plates were held at room tem-
perature for 2 h. After the plates were flicked, the wells were
washed three times with PBS-Tween, 100 gl of mixtures of
1:1,000 dilution of HLE antiserum alone, or HLE antiserum
that had been preincubated for 18 h at 4°C with PMSF-
inactivated elastases, were added to the wells. After over-
night incubation at 4°C, the wells were aspirated and washed
three times with PBS-Tween. Antibody-phosphatase conju-
gate (100 Ml of a 1:100 dilution of stock solution) was then
added to each well. The stock solution of the antibody-phos-
phatase conjugate, 1 mg protein/ml, contained alkaline
phosphatase (type VII, Sigma Chemical Co.) which had been
conjugated with 0.2% diglutaraldehyde, vol/vol, to affinity
purified goat anti-mouse IgG (Gateway Immunosera, St.
Louis, Mo.). After 90-min incubation at 37°C the wells were
washed three times with PBS-Tween. To each well was
added 100 ul of freshly prepared solution of p-nitrophenyl
phosphate, (phosphatase tablets No. 104, Sigma Chemical
Co.). The substrate solution contained six tablets per 50 ml
of buffer prepared as follows: 48 ml diethanolamine, 400 ml
water, 24.5 mg MgCl2 6H20, in a total volume of 500 ml
of water at pH 9.8. After addition of the substrate, the plate
was incubated at room temperature for 30 min and then
scored by eye for the presence of yellow color in the wells.
The assay was stopped after appearance of sufficient colored
reaction product by addition of 50 M1 of 3 N NaOH. Reaction
product was never seen with preimmune serum, whereas
faint color was observed with the immune serum at 1:10,000
dilution.

To quantify HLE-immunoreactive activity in U-937 cell
and monocyte extracts, a competitive-binding ELISA was
used. This assay tested the ability of PMSF-inactivated elas-
tases to bind anti-HLE antibody in an 18-h preincubation,
thus preventing binding of the antibody to the HLEadherent
to the microtiter plate wells. The elastases tested were HLE
(1-200 ng), U-937 cell elastase, monocyte elastase, and por-
cine pancreatic elastase (Elastin Products, St. Louis, Mo.).
The latter does not crossreact with anti-HLE antibody. For
these assays, the intensity of the color developed was quan-
tified spectrophotometrically at 410 nm.

Cytochemistry. In an effort to localize elastaselike activ-
ity in U-937 cells, 2.5 X 105 cells were pelleted onto albumin-
coated glass slides, using a cytocentrifuge, then fixed for 0.5
h in 2% (vol/vol) glutaraldehyde in 0.1 Mcacodylate buffer,
pH 7.4, containing 1% (wt/vol) sucrose. The slides were
washed with cacodylate buffered with 1% sucrose by three
1-h changes or by a single overnight exposure. The cells were
then infiltrated with 10% glycerol in cacodylate buffer (vol/
vol) and frozen briefly on the stage of a C02-cooled freezing
microtome to increase their permeability. After a brief rinse
in cacodylate-buffered sucrose the cells were transferred to
Tris-maleate buffer, pH 7.6, incubated for 1.5 h with the
esterase substrate N-t-butoxycarbonyl-L-alanine-p-nitrothio-
phenyl ester (Boc-Ala-SNp, obtained from Dr. Herbert M.
Kagan, Boston University School of Medicine, Boston, Mass.)
and sodium auriothiosulfate, as described by Clark et al.
(37). Control slides were incubated with CMKfor 1 h, and
then incubation was continued for 1.5 h in complete sub-
strate. Additional controls had either the ester substrate or
the sodium aurothiosulf ate omitted. At the end of the period
of incubation, the cells were fixed in 1% OS04 in 0.1M cac-

odylate buffer, pH 7.4, dehydrated with acetone, and
embedded in epoxy resin. BEEMcapsules filled with resin
were inverted, placed over the cells on the slide and poly-
merized at 60°C. The capsules were cleaved from the slides
by immersion in liquid nitrogen. Thin sections cut with a
diamond knife were collected on copper grids and examined
in a JEOL IOOC electron microscope either without addi-
tional staining or after staining with saturated uranyl acetate
in 50% ethanol. Reaction product was visible as an electron
opaque precipitate of gold-p-nitrothiophenolate.

RESULTS

Elastase activity in U-937 cells, monocytes, and
neutrophils. Extracts of U-937 cells solubilized -24
,ug of elastin/106 cells in 24 h at 37°C. The activity
was substantially lower if the cell extract was prepared
without freeze-thawing, despite complete cell disrup-
tion by sonication. The activity was stable for long
periods at -70°C; indeed, the activity appeared some-
what enhanced after frozen storage. Extracts from
monocytes had similar elastase activity per cell as the
U-937 cell extracts; neutrophils had '-30-fold greater
elastase activity per cell than either U-937 cells or
monocytes. U-937 elastase activity showed a pH op-
timum at 8.0.

Less than 10% of the U-937 and monocyte cell ex-
tract proteinase activities against '25I-labeled fibro-
nectin remained after incubation with CMKindicating
that elastolytic proteinase(s) account for most of the
neutral proteinase activity associated with these cells.

Comparison between the catalytic properties of U-
937 elastase activity, monocyte elastase activity, and
P388DI elastase activity. The elastase activities as-
sociated with U-937 cells and monocytes were similar
and different from P388D1 cell elastase activity in
studies with proteinase inhibitors (Table I). PMSF,
CMK, and alpha-l-proteinase inhibitor strongly inhib-
ited U-937 and monocyte elastase activities, but had
minimal or no effect against elastase activity released
from P388D1 cells. SBTI was also an effective inhib-
itor. In contrast, EDTAabolished P388D1 elastase ac-
tivity, but had no effect against the elastase activity
associated with either U-937 cells or monocytes. It was
notable that 5% (vol/vol) dimethylformamide, used to
solubilize PMSF, inhibited P388D1 elastase activity
but had no effect against U-937 or monocyte elastase
activities, a finding that highlights the need for testing
the effects of all solvents.

The elastase activities associated with U-937 and
P388D1 cells were influenced differently by NaCl. As
has been described for HLE, increasing the NaCl con-
centration in the assay test buffer markedly increased
the elastase activity of U-937 cell extracts (Fig. 1).
NaCl had no effect on the elastase activity in P388D1
cell conditioned medium. CaCl2, even in trace amounts
(as little as 1 MM), however, enhanced the elastase ac-
tivity associated with both cell types. The effect of

Monocyte Elastase 387



TABLE I
The Effects of Proteinase Inhibitors upon the Elastase Activity

of U-937 Cell Extract, Monocyte Cell Extract, and P388DI
Cell-conditioned Medium

Percentage of control

Inhibitor (concentration) U-937 Monocyte P388D1

PMSF(5 mM) 0 3 100°
CMK(0.6 mM) 1 0 100
Alpha-l-proteinase inhibitor

(0.2 mg/ml) 0 2 63
SBTI (1 mg/ml) 15 16 59
EDTA (5 mM) 97 92 5

Results are means of a minimum of two separate studies done in
duplicate. Elastase activities of the controls were similar, sufficient
to release 3,000-17,000 cpm from "C-labeled elastin.
e The solvent dimethylformamide alone reduced activity to 62%
of control; addition of PMSFhad no further effect.

calcium upon P388D1 elastase activity occurred ir-
respective of the presence of NaCl, indicating that
NaCl does not inhibit P388D1 elastase activity.

Both U-937 cell and monocyte extracts readily hy-
drolyzed SLAPNand MSAPN. Inhibition of the activ-
ity against elastin with CMKalso abolished the activity
against SLAPN, strongly suggesting that the elastase
activity in U-937 cell and monocyte extracts was also
responsible for the activity against SLAPN. In contrast,
P388D1 cell-conditioned medium, which had elastase
activity, showed no activity against SLAPNor MSAPN.

Release of elastase activity by U-937 and P388D1
cells in culture. Compared to the intracellular con-
tent of elastase activity, U-937 cells released minimal
elastase activity into culture medium (Fig. 2). Failure
to find elastase activity in 'he medium was not a result
of poor cell viability in serumless medium during the
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FIGURE 1 The influence of NaCl (left) and CaC12 (right)
upon the elastase activity in U-937 cell extracts and P388D1
cell-conditioned medium.

24-h incubation, however, since the cells secreted ly-
sozyme, excluded trypan blue, and the medium con-
tained only traces of lactate dehydrogenase, compa-
rable to amounts found with cells cultured in the
presence of serum (after correction for the lactate de-
hydrogenase in the serum added to the medium). In
marked distinction, elastase activity was readily de-
tected in relatively large amounts in medium condi-
tioned by P388D1 cells, while extracts of these cells
contained only 3-5% of the total cell-associated elas-
tase activity. Thus, U-937 and P388D1 cells differ
markedly in the partition of elastase between the cell
and the culture medium.

Chromatographic observations. Fig. 3 depicts the
chromatographic properties of U-937 cell extract elas-
tase activity on Trasylol-Sepharose. Using a two buffer
elution system, two peaks of activity were observed,
one that did not adhere to the resin at pH 8, and one
that adhered at pH 8 but could be eluted at pH 5.5.
No further elastase was eluted by washing the column
with buffer of lower pH. The elastolytic activity in the
second peak relative to total protein was enriched
-200-fold compared to the starting material. On sep-
arate reapplication of each peak, the peaks showed the
same retention pattern, indicating that the first peak
did not result from overloading the column.

Application of U-937 cell extract to CM-Sephadex
(Fig. 4) demonstrated that a large fraction of the elas-

(,- 8

E
a.

<4
LJ

L2

* Cell Extract
nCulture Medium

7, l

//

7/

4

U-937 P388D1
FIGURE 2 Comparison of elastase activity in cell extracts
and cell-conditioned medium. Cells were cultured for 24 h
in serumless medium at a density of 2 X 10e cells ml. 200
,ul of cell extract or unconcentrated medium was used for
assay of elastase activity. Results shown are the mean of
duplicate observations.
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FIGURE 3 The elastase activity of U-937 cell extract frac-
tionated by Trasylol-Sepharose affinity chromatography.

tase activity did not bind to the resin; the remaining
activity eluted at -0.4 MNaCl. When peaks contain-
ing elastase activity obtained from Trasylol-Sepharose
were individually applied to CM-Sephadex in low
ionic strength buffer, the peak of activity not binding
to the Trasyslol also did not adhere to the CM-Seph-
adex, whereas the elastase activity retained by Tra-
sysol-Sepharose also bound to CM-Sephadex. Thus, the
chromatographic procedure using Trasylol-Sepharose
resolved the elastase activity into two fractions with
differing charge.

SDS-polyacrylamide gel electrophoresis of [3H]DFP
labeled proteinases. Autofluorograms of reduced
whole cell extracts of U-937 cells and monocytes sub-
jected to SDS-polyacrylamide gel after exposure to
[3H]DFP demonstrated similar patterns. Both cell ex-
tracts showed two prominent bands of [3H]DFP local-
ization corresponding to -30,000 mol wt and 60,000
mol wt, and a faint zone of activity at -80,000 mol
wt. (Fig. 5). The material from U-937 cells that ad-
hered to both Trasylol-Sepharose and to CM-Sephadex
showed only a single band of radiolabel, corresponding
to the migration of HLE, -30,000 mol wt.

Immunologic observations. Elastase-containing

FRACTION NUMBER

FIGURE 4 Chromatography of U-937 cell extract elastase
activity fractionated by CM-Sephadex chromatography.
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30-
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FIGURE 5 Autofluorograms ([3H]DFP) of SDS-polyacryl-
amide gel electrophoresis preparations (A) HLE; (B) U-937
cell extract; (C) monocyte extract; (D) U-937 cell extract
adherent to Trasylol-Sepharose (Methods). The standards are
phosphorylase B, bovine serum albumin, ovalbumin, and
carbonic anhydrase.

fractions from U-937 cells demonstrated lines of iden-
tity with HLE in immunodiffusion against anti-HLE
antiserum (Fig. 6). Equivalent amounts of elastolytic
activities of HLE and the U-937 fraction that adhered
to Trasylol-Sepharose gave similarly heavy precipitin
bands. U-937-derived material that did not adhere to
Trasylol showed less immunoprecititation, but its im-
munoprecipitin band also formed a line of identity
with the HLE precipitin bands.

The competitive binding ELISA assay indicated an
excellent correlation between HLE immunoreactivity
and elastase activity among U-937 cell-derived ma-
terial, monocyte cell extracts, and HLE (Fig. 7). Pan-
creatic elastase, however, even at high concentration,
showed little immunoreactivity in the assay.

Cytochemistry. The capacity of U-937 cell extracts
to hydrolyse SLAPNwas consistent with findings using
Boc-Ala-SNp as a substrate for cytochemical studies.
U-937 cells exposed to Boc-Ala-SNp revealed electron
dense reaction product in the endoplasmic reticulum
and Golgi cisternae, in occasional small (0.1-0.2-,um)
vesicles throughout the cytoplasm, and at the edges
of lipid droplets (Fig. 8, left). In cells preincubated
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FIGURE 6 Immunodiffusion of U-937 fractions and HLE
against rabbit anti-HLE antiserum. The center well contains
antiserum and the surrounding wells contain HLE, 5.4 ug
and 1.14 ug in wells 1 and 3, respectively, and the first and
second peak from Trasylol-Sepharose (Fig. 4) in wells 2, 5
and 4, 6, respectively. Wells 2 and 4 contained 5.4 gg of
HLE-like elastolytic activity and wells 5 and 6 contained
1.14 sg of HLE-like elastolytic activity.

with CMK, reaction product was visible only in vesicles
and lipid droplets, suggesting that most of the heavy
metal deposition seen in cells not exposed to CMKwas
due to esterase activity (Fig. 8, right). The location of
the reaction product in U-937 cells was quite similar
to the localization observed by Clark et al. (36) in vir-
tually all blood cells. Like those studies, in which neu-
trophils did not show uniform intense reaction product
in the granules despite the large quantity of HLE pres-
ent, U-937 cells did not demonstrate prominent gran-
ule staining.

DISCUSSION
U-937 cells and monocytes have readily detectable
elastase activity that comprises a major portion of the
total neutral proteinase activity associated with ex-
tracts of the cells. The catalytic properties of the elas-
tases in U-937 cells and monocytes showed similarities
(a) in both cells the elastases were serine proteinases;
and (b) the inhibition profiles, and the activities of the
elastases against synthetic substrates were similar.

The demonstration of similar elastases in U-937 cells
and monocytes is important because U-937 cells grow
in culture as a continuous line without contact with
other cells (especially neutrophils), so that the cell-as-
sociated elastase is clearly a product of the cells rather
than an elastase accumulated from external sources.
This observation argues against the possibility that
monocytes harvested from peripheral blood contain
only elastase(s) derived from external sources, inter-

nalized either as complexes with alpha-2-macro-
globulin or in the case of HLE, possibly as free
enzyme (14).

Prepared U-937 whole cell extracts prepared by
freeze-thawing solubilize roughly 24 tsg elastin/106
cells in 24 h, - 3%of that achieved with freeze-thawed
extracts of neutrophils. This activity, however, rep-
resents only the lower limit of the amount of enzyme
present, because cytoplasmic inhibitors may have re-
duced the amount of observable activity, or other cell
components may have provided alternative substrates
for the enzyme in elastase assays. Indeed, during chro-
matographic purification, the cumulative amounts of
elastase activity recovered from U-937 cells were al-
ways substantially greater than the apparent activity
of the starting cell extract. This finding, similar to that
of Banda and Werb (7) in purifications of mouse mac-
rophage elastase, suggests that U-937 cells have en-
dogenous elastase inhibitory activity. The apparent
cell elastase activity may thus vary widely depending
upon the purity of the preparation being assayed.

U-937 elastase activity is found almost exclusively
in cell extracts; medium conditioned by the cells con-
tained little activity. Failure of the cells to secrete
elastase activity should not be attributed to the fact
that the U-937 cells are transformed, since cells of the
P388D1 murine macrophage line (as reported previ-
ously and confirmed here) do secrete elastase (15).
Ragsdale and Arend (8) found relatively small amounts
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FIGURE 7 Competitive inhibition ELISA of HLE *, mono-
cyte cell extract 0, the first A and second A peaks of elastase
activity recovered by Trasylol-Sepharose chromatography
of U-937 cell extract (Fig. 4), and porcine pancreatic elastase
* (see text for details). The quantities of U-937 cell and
monocyte elastases are based on equivalents of HLE activity
as determined by standardizing the cell extracts against HLE
using '4C-labeled elastin.

390 Senior, Campbell, Landis, Cox, Kuhn, and Koren

r-



A

B

FIGURE 8 Electron micrographs of U-937 cells exposed to Boc-Ala-SNp and gold ions. A,
electron dense reaction product is prominent in the Golgi and endoplasmic reticulum, X7300;
B; a U-937 cell exposed to a specific elastase inhibitor, CMK, before Boc-Ala-SNp and gold
ions, shows deposition of heavy metal restricted to vesicles and lipid droplets, X8300.

of plasminogen-independent proteinase activity re-

leased by unstimulated monocytes. The lack of elastase
secretion by U-937 cells may also reflect a character-
istic of normal human alveolar macrophages, which
appear to secrete little elastase activity (38-41).

The elastase activity associated with U-937 cells and
monocytes is due to one or more serine proteinases that
share with HLE the properties of hydrolysing SLAPN
and MSAPNand of being inhibited by PMSF, SBTI,
CMK, and alpha-l-proteinase inhibitor (28, 29, 42).
Thus, elastase activities associated with U-937 cells and
monocytes differ from murine macrophage elastase,
whether derived from normal mouse macrophages or

from the P388D1 line of murine macrophagelike cells.
These macrophage elastases are calcium dependent,
inhibited by EDTA, unaffected by inhibitors of serine
proteinases, and without activity against synthetic
elastase substrates such as SLAPNand MSAPN(7, 43,
44). The catalytic features of U-937 elastase are note-
worthy for at least two reasons: (a) they match elastase
activity of human monocytes described in several re-

ports and (b) they provide further evidence that serine
proteases with elastase activity are associated with hu-
man mononuclear phagocytes (8, 9).

The fraction of U-937 elastase activity that adheres
to Trasylol-Sepharose and CM-Sephadex appears sim-
ilar or identical to HLE. Preliminary studies done in
collaboration with Dr. James C. Powers show that U-
937 elastolytic activity and HLE have similar values
for Kmand Vmax against MSAPNand show similar pro-
files of inhibition by a series of chloromethylke-
tones (45).

U-937 cells and monocytes contain immunoreactive

material that strongly cross-reacts with HLE. That
HLE or a closely related material is a normal product
of monocytes has support from the findings of Pry-
zwansky et al. (46) who observed that some human
monocytes exhibit immunofluorescence with antise-
rum to HLE shortly after being put into culture.

Both U-937 cells and monocytes appear to have a

multiplicity of elastases. Lavie et al. (9) found that
monocytes show more than one form of elastase in
SDS-polyacrylamide gel electrophoresis autofluoro-
grams using radiolabeled chloromethylketone elastase
inhibitors. In that study, a 58,000-mol wt product was

the main elastase associated with the cell surface, while
25-35K and 50-60K elastases were dominant in cell
lysates, similar to the present work with U-937 cell
lysates.

The precise relationship of U-937 elastases to elas-
tases associated with normal monocytes will remain
unsettled until the monocyte and U-937 elastases are

purified. The fact that monocytes undergo changes in
their enzyme content and profile during maturation
in vitro (10), and the stage of normal monocyte de-
velopment to which U-937 cells correspond is un-

known, suggests monocytes and U-937 cells may have
some differences between their elastases relating to
stages of cell maturation. In this regard it is noteworthy
that, unlike monocytes, elastolytic activity is not
readily detectable in extracts of mature alveolar mac-

rophages (39, 41) indicating that maturational changes
in mononuclear phagocyte elastase occur during the
transition from monocytes to macrophages.

As prototypes of normal monocytes and macro-

phages, cells of continuous cell lines, such as the U-
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937 line, appear to have diverse research applications
(16). They may prove convenient for purifying con-
stituents of normal macrophages. Indeed, the similar-
ities between P388D1 elastase and the elastase of nor-
mal murine macrophages led Werb et al. (15) to
propose that P388D1 cells could be a source of murine
macrophage elastase.

The finding that monocytes contain serine protein-
ase activity against elastin has interesting implications
for the hypothesis that imbalance between proteinases
and proteinase inhibitors plays a pathogenetic role in
the development of emphysema. Several lines of com-
pelling evidence point to inactivation of alphal-pro-
teinase inhibitor by oxidants in cigarette smoke and
released from neutrophils as important factors in up-
setting the normal proteinase-proteinase inhibitor re-
lationship in favor of proteolysis (13, 47-50). Until now
the elastase implicated in this scenario has been HLE,
because of its susceptibility to inhibition by alpha-l-
proteinase inhibitor. The present work showing that
monocytes, the precursors of macrophages, also con-
tain elastase activity that is inhibited by alpha-l-pro-
teinase inhibitor implicates this cell type as another
possible source of elastase activity that can be un-
leashed when circulating proteinase inhibitors are
present in insufficient quantity or are rendered inac-
tive.
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