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As bstract. Elastin is an extracellular matrix
protein critical to the normal structure and function of
human lung. Recently reported data indicate that live
human alveolar macrophages can degrade purified elastin
in vitro. In this study, we directly compared the elastolytic
activity of alveolar macrophages with that of human
neutrophils. In the absence of proteinase inhibitors,
human neutrophils degrade much more elastin than do
human alveolar macrophages. However, macrophages
cultured in 10% human serum and in contact with
purified 3H-elastin degraded 4.7 jig elastin/ 106 cells per
24 h, as compared to <1 pg/ 106 cells/24 h for neutrophils.
Weobserved a similar pattern when the two cells were
cultured in human alveolar fluid. Wedetermined that
the relative resistance of macrophage elastolytic activity
to serum or alveolar proteinase inhibitors was not simply
due to phagocytosis of substrate by the larger macro-
phages. Live macrophages as well as neutrophils degrade
1251-elastin coupled to noningestible sepharose beads.
Again in serum-free media, neutrophils degraded eight-
fold more elastin than macrophages but only macro-
phages degraded sepharose-coupled elastin in the pres-
ence of 10% serum. Because of these findings, we
compared the enzymatic mechanisms of elastin break-
down by macrophages with that of neutrophils. Macro-
phage elastolytic activity is largely (65-80%) due to a
cysteine proteinase(s), at least part of which is Cathepsin
B. Approximately half of the cysteine proteinase activity
appeared to be expressed at or near the cell surface.
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These experiments defined two enzymatically distinct
pathways of elastin breakdown by human inflammatory
cells: the classic, neutrophil derived soluble elastase(s)
that is sensitive to serum and alveolar proteinase inhib-
itors, and a macrophage-mediated pathway that is largely
cell associated and relatively resistant to inhibitors. The
function of the two pathways depends on the relative
excess or deficiency of soluble inhibitors. At inflamma-
tory sites rich in proteinase inhibitors, tissue macrophages
may degrade more extracellular matrix elastin than
neutrophils. In smokers without antiproteinase defi-
ciency, pulmonary macrophages, which are known to
be increased in number, may be the more important
cause of elastin breakdown and emphysema.

Introduction

Elastin is a normal component of many tissues and is especially
important to the normal architecture of lung. Destruction of
lung elastin in experimental animals by purified elastase can
reproduce the histological and mechanical features of emphy-
sema (1-5). Although alveolar macrophages are the major
inflammatory cell in the histopathology of smoking individuals,
neutrophils are currently considered the major source of
elastase activity likely to lead to disruption of elastin and
progressive emphysema. This hypothesis is based partly on the
well known susceptibility of individuals, particularly smokers,
with genetic deficiency in a,-antiproteinase to develop emphy-
sema and the fact that a,-antiproteinase blocks neutrophil but
not macrophage-derived elastase (6). Moreover, studies of
culture supernates and cell lysates of human alveolar macro-
phages indicate that most of the observed elastolytic activity
can be explained by neutrophil elastase in the preparations
(7). Smoking individuals without genetic a,-antiproteinase
deficiency are also at risk for emphysema. Recently reported
data indicate that the alveolar surfaces of most such individuals
may not be deficient in functionally active a,-antiproteinase
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which makes the susceptibility of these subjects to emphysema
more difficult to explain (8).

Werecently observed that live human alveolar macrophages
can degrade elastin if the cells contact the substrate (9). In this
study, we directly compare the elastolytic activities of live
human neutrophils and alveolar macrophages co-cultured with
a purified, insoluble 3H-elastin substrate. We find neutrophil
elastolytic activity to be completely blocked by 1-10% human
serum, whereas macrophage activity is inhibited only 20-40%.
The difference in susceptibility of the two cells to macromo-
lecular inhibitors is explained by fundamentally different deg-
radative mechanisms. The findings suggest that in vivo, at sites
of inflammation rich in proteinase inhibitors but where cells
can contact substrate, e.g., elastin, macrophages degrade more
matrix protein than neutrophils.

Methods

Cell preparation and cell culture. Healthy community volunteers
underwent fiberoptic bronchoscopy as previously described (9). Eight
subjects were nonsmokers and seven subjects smoked at least one pack
per day. The mean numbers of total cells± l SD in 100 ml of recovered
alveolar lavage fluid from the nonsmoking and smoking groups were
11±4.3 and 60±37 million cells, respectively. Differential cell counting
revealed mean values of 94 and 97% macrophages, 4.8 and 1.3%
lymphocytes, and 0.5 and 1% neutrophils in the nonsmoking and
smoking groups, respectively. The basic tissue culture medium used in
all of the experiments in this study was Dulbecco's modified Eagle's
medium (DMEM)' supplemented with 10 mMHepes, streptomycin
(100 Mg/ml), and penicillin (100 U/ml). The pooled cellular pellets
were counted by hemocytometer and washed in DMEM. The cells
were then immediately used for experiments.

Human neutrophils were purified from heparinized blood that was
obtained from separate normal volunteers. Leukocyte-rich plasma was
recovered after spontaneous erythrocyte sedimentation at 370C for 2
h. Neutrophils were then isolated by centrifugation over Ficoll-Hypaque
(Pharmacia Fine Chemicals, Piscataway, NJ). The neutrophil prepa-
rations consisted of >95% neutrophils, <1%esterase-positive cells, and
a few contaminating erythrocytes.

Preparations of alveolar fluid. Recovered alveolar fluid after bron-
choalveolar lavage was dialyzed (3,200 mol wt cut off, A. H. Thomas)
against water and Iyophilized. The concentrate was reconstituted in
phosphate-buffered saline (PBS) and total protein determined. The
concentrate was then adjusted to 1 mg total protein per milliliter and
dialyzed against tissue culture medium (DMEM) before use. 1% (vol/
vol) human serum as used in these experiments had a protein concen-
tration of 0.9 mg/ml.

Reagents. Humanserum from nonsmoking individuals was prepared
and stored as previously described (9). Bovine ligamentum elastin was

obtained from Elastin Products, Inc. (St. Louis, MO) and tritiated by
reductive alkylation with 3H-borohydride (New England Nuclear,

1. Abbreviations used in this paper: DMSO,dimethyl sulfoxide; DMEM,
Dulbecco's modified Eagle's medium; PMSF, phenylmethylsulfonyl-
fluoride; Z-ala-arg-arg-AMC, benzyloxycarbonyl-alanyl-arginyl-arginyl-
4aminomethylcoumarin7-amide; Z-phe-ala-CHN2, benzyloxycarbonyl-
phenylalanyl-alanyl-diazomethylketone; Z-phe-phe-CHN2, benzyloxy-
carbonyl-phenylalanyl-phenylalanyl-diazomethylketone; Z-phe-pro-
CHN2, Z-phenylalanyl-prolyl-diazomethylketone.

Boston, MA) as described by Gordon et al. (10). The radiolabeled
elastin was washed until the washings contained <1% of the total
radioactivity, were aliquoted, and stored at -70'C. Soluble bovine
ligamentum elastin (Elastin Products, Inc.) was iodinated by a chlora-
mine-T method (11). The specific activity of the preparation was
1 X 104 cpm/ug protein. The '25I-elastin was then coupled to cyanogen
bromide activated sepharose beads (Pharmacia Fine Chemicals). After
extensive washing, the elastin-coated sepharose consisted of -6-7 Mg
'25I-elastin per 5 Ml packed beads. The beads were rewashed before
each experiment. Benzyloxycarbonyl-phenylalanyl-phenylalanyl-diazo-
methylketone (Z-phe-phe-CHN2 ), Z-phenylalanyl-propyl-diazometh-
ylketone (Z-phe-pro-CHN2), benzyloxycarbonylphenylalanylalanyl-di-
azomethylketone (Z-phe-ala-CHN2), and benzyloxycarbonyl-alanyl-ar-
ginyl-arginyl-4aminomethylcoumarin7-amide (Z-ala-arg-arg-AMC) were
obtained from Enzyme Systems Products (Torrence, CA) and dissolved
in dimethyl sulfoxide (DMSO) at 1,000 times the highest concentration
tested. Phenylmethylsulfonylfluoride (PMSF) (Sigma Chemical Co.,
St. Louis, MO) was also dissolved in DMSOat 1,000 times the highest
concentration tested. All other reagents were of the highest grade
commercially available.

Enzyme assays. Elastase activity was first assayed by solubilization
of 3H-elastin (bovine ligamentum nuchae) in the absence of detergent
as previously described (9). 3H-elastin suspended in water was sonicated
and then dried in 16-mm culture wells (Costar, Cambridge, MA) at
470C. Although sonicated, the elastin appeared mostly particulate by
phase and scanning electron microscopy. Each well contained -240,000
cpm releasable by porcine pancreatic elastase (Sigma Chemical Co.,
type III). The chambers were washed in PBS and intact alveolar
macrophages (106 cells/well) or blood neutrophils (101-10, cells/well)
adhered directly to the elastin-coated culture wells. The cells appeared
by phase microscopy to adhere both to the elastin and to exposed
plastic surfaces. The cells in duplicate were incubated in 500 Md of
DMEMthat contained various additives for 4-24 h at 370C. After the
culture period, 400 Mil of culture media was removed, spun at 10,000
g in a microfuge, and I00-Ml aliquots were assayed for degraded elastin
by p3-scintillation. Elastase activity is expressed as micrograms elastin
solubilized in duplicate determinations per 24 h. Under the culture
conditions described, porcine pancreatic elastase (0.1 Mug/ml) released
32 Mig and 0.01 MLg/ml released 2 Mg of elastin in 24 h at 370C.

Elastase activity was also assayed using '23I-elastin-sepharose beads
as substrate (12). These experiments were done in Falcon microtiter
chambers (Becton-Dickinson & Co., Cockeysville, MD). Alveolar mac-
rophages (105/well) or blood neutrophils (105/well) were adhered to
microtiter wells. Washed 125I-elastin-sepharose beads (5 Ml) were then
allowed to settle over the cells (6-7 Mig elastin/well). Preliminary data
indicated that 5 Ml of beads were nontoxic to the cells as judged by
morphology and trypan blue staining, but completely covered the cell
monolayers. Initial experiments also indicated that solubilization of
elastin from the beads was proportional to cell number from 104-105
cells. Subsequently, l0 cells were used in all experiments. The elastin-
sepharose and cells were co-cultured for 20 h at 370C in 100 MAl
DMEMwith or without supplemental serum and other additives as

indicated below. After the incubation period, 50 Ml of medium was

removed, centrifuged in a microfuge, and assayed for radioactivity by
#-scintillation. Data are expressed as nanograms elastin solubilized
after substraction of nonspecific release of cpm from beads that were

cultured without cells. Background release of cpm was generally -5%
of total radioactivity added to the wells.

Cathepsin B activity was assayed according to Barrett and Kirschke
(13). After 20-24 h incubation at 370C in DMEMwith or without
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possible inhibitors of lysosomal enzymes, the cells were washed exten-
sively to remove inhibitors. One million macrophages were then lysed
in 200 Ml 88 mMKH2PO4-12 mMNa2HPO4 with 1.3 mMEDTA
(pH 6.0) and 2.7 mMcysteine and 0.2% Triton X-100. Lysates were
then diluted 1:25-1:100 in the same buffer without detergent. Z-ala-
arg-arg AMC, 0.1 mMfinal concentration, was used as substrate in a
total reaction volume of 1 ml. After 60 min at 370C, enzyme activity
was measured in arbitrary fluorescence units in a Perkin-Elmer spec-
trofluorometer. Preliminary data showed that fluorescence was propor-
tional to enzyme concentration over the dilutions tested and that
>95% of the fluorescence was blocked by preincubation of cellular
lysates with the specific cysteine proteinase inhibitor, Z-phe-ala-CHN2
(10-5 M). Each experiment tested 1:25, 1:50, and 1:100 dilutions of
the cell lysate and the cysteine proteinase nature of the fluorescence
was routinely confirmed by adding I0-' MZ-phe-ala-CN2 to an aliquot
of the reaction mixture.

Protein determination. Protein concentration was determined by
the method of Lowry using a bovine albumin standard (14).

Results

Degradation of elastin by macrophages and neutrophils. The
data in Fig. 1 A indicate that the extent of elastin degradation
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Figure 1. (A) Elastin degradation by live human alveolar macro-
phages. Lavage cells (>90% macrophages, <3% neutrophils) from
smoking (e) or nonsmoking (o) volunteers were adhered to 16-mm
culture chambers that were previously coated with 3H-elastin (106
cells/well). Cells were cultured in the chambers for 24 h at 37°C in
either DMEMor DMEMcontaining 1-10% (vol/vol) unheated hu-
man serum. Aliquots of medium were then centrifuged and assayed
for degraded, soluble elastin by #-scintillation. Each data point repre-
sents mean microgram elastin degraded in duplicate determinations
for each subject's cells. (B) Human neutrophils, 105 cells (-) or 106
(o) cells per well, purified from blood, were assayed for elastolytic
activity identically to macrophages.

by live alveolar macrophages was dependent on the culture
medium. Alveolar macrophages cultured in serum-free medium
(DMEM) degraded a mean of 5.1 ug/106 cells per 24 h. These
same cells, when cultured in 1% human serum, degraded 4.3
,ug elastin (P < 0.01, paired t test, reference 15). The mean
elastin degraded by cells from a larger group of 14 subjects
(six smokers, eight nonsmokers) cultured in 1% human serum
was 4.7 ,ug/24 h. Increasing the percentage unheated human
serum from 1 to 10% did not further decrease elastin degra-
dation in any of the subjects tested. As the data in Fig. 1 A
also show, there was no difference in mean microgram elastin
degraded on a per cell basis between smoking and nonsmoking
individuals.

Data in Fig. 1 B show elastin degradation by blood
neutrophils for comparison with macrophages. Neutrophils
were cultured under identical conditions to that of macrophages
and elastin degradation measured at both 4 and 24 h of culture.
Wemade measurements at both 4 and 24 h because at 4 h,
all cells were alive as judged by absence of trypan blue staining.
At 24 h, most of the neutrophils, while intact, stained with
trypan blue. Data in Fig. 1 B show the elastin degradation by
105 neutrophils per assay measured after 24 h culture. We
show these data for comparison with alveolar macrophages
because this cell number represents a higher proportion of
neutrophils relative to 106 alveolar macrophages than was
recovered by bronchoalveolar lavage from these smoking sub-
jects or from smokers in previously reported data (16, 17).
Neutrophils cultured in DMEMhydrolyzed a mean of 19 sg
elastin, whereas cells cultured in DMEMcontaining 1% human
serum hydrolyzed <1 gg elastin. The ratio of elastin degraded
by 106 alveolar macrophages to that of 10 neutrophils when
both cells were cultured in 1% serum was approximately six.
The data also show that 106 neutrophils degrade at least an
order of magnitude more elastin than 106 macrophages in a
24-h assay. Again, neutrophil-mediated elastinolysis was very
sensitive to human serum in the assay. Increasing the percentage
of human serum supplementation to 10% totally blocked
elastin degradation by either 105 or 106 neutrophils. Thus, in
medium that contained 10% serum, only live macrophages
measurably degraded elastin. Measurements of neutrophil deg-
radation at 4 h showed proportionately less elastin solubilized,
but the percentage inhibition by human serum was identical
(not shown).

Weconsidered the possibility that the relative resistance of
macrophages to serum proteinase inhibitors was due to phago-
cytosis of particulate elastin by the larger macrophages. There-
fore, we performed similar experiments with iodinated, soluble
elastin that was covalently coupled to sepharose beads. The
beads were too large to be phagocytized but were not toxic to
the cells, as judged by cellular morphology and trypan blue
staining. 5 gl of packed beads that contained 125I-elastin (6-7
ug) were layered on top of 105 live alveolar macrophages or
105 neutrophils in microtiter chambers. Elastin degradation
was again measured as solubilized radioactivity after 18-20 h
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Table I. Elastolytic Activity of HumanAlveolar Macrophages
and Blood Neutrophils toward l2SI-Elastin-Sepharose

Elastin degraded

Alveolar macrophages Neutrophils
Additives to basic
culture medium ng/24 h % Inhibition ng/24 h %Inhibition

None 473 0 3,825 0
1% Human serum 439 7 104 99
10% Human serum 288 39 0 100
1% Human serum

plus Z-phe-ala-CHN2 302 36 ND ND

Alveolar macrophages or blood neutrophils, 10 cells, were adhered to microti-
ter wells. 251I-elastin-Sepharose beads, 5 ,1, were added and co-cultured with
cells 24 h at 370C in various media, as shown in the table. Aliquots of the me-
dium were removed, centrifuged, and assayed for solubilized radioactivity. Data
are expressed as nanogram elastin degraded/24 h and percentage inhibition of
activity in serum-free media by media containing serum or serum with 10 &M
Z-phe-ala-CHN2. Data represent mean values from five separate experiments
using cells from five subjects. Assays with blood neutrophils were done concur-
rently. ND, not determined.

at 370C. The data in Table I show that in serum-free DMEM
I05 neutrophils degraded an average of eight times more elastin
(mean 3.8 ,ug/24 h) than 105 alveolar macrophages in five
separate experiments. However, in DMEMthat contained 1%
human serum, these macrophages degraded four times the
elastin (0.44 gg/105 cells per 24 h) as neutrophils. In 10%
serum, macrophages still had 61% of the elastolytic activity
measured in serum-free DMEM,whereas neutrophils did not
measurably degrade the elastin. These findings confirm that
even with a nonphagocytizable substrate, in the presence of
macromolecular inhibitors, alveolar macrophages degrade sev-
eralfold more elastin than neutrophils.

Effect of concentrated alveolar fluid on macrophage and
neutrophil elastolytic activities. We next determined whether
the relative resistance of macrophage elastolytic activity to
serum inhibitors applied also to proteinase inhibitors of alveolar
fluid. Previous studies have compared the protein constituents
of serum and alveolar fluid (18, 19). Albumin is the predom-
inant protein in both fluids, and accounts for -55% of the
total protein. Notably, alantiproteinase concentrations, deter-
mined by immunodiffusion, are also virtually identical in
serum and alveolar fluid when expressed as a percentage of
total protein (18). To compare serum with alveolar fluid, we
adjusted the alveolar fluid obtained from each of six individuals
(males who smoked at least 1 pack/d) to the equivalent total
protein concentration of 1% (vol/vol) human serum. Data in
Table II compare the inhibitory effect of these alveolar fluid
preparations with serum. The macrophages and neutrophils
were obtained from separate normal volunteers. As with
serum, the alveolar fluid inhibited neutrophil elstolytic activity
to a greater degree than macrophages (95 vs. 49%). In the
presence of alveolar fluid, macrophages (106) degraded 12-fold

Table II. Comparison of Effects of Alveolar Fluid and Human
Serum on Macrophage and Neutrophil Elastolytic Activities

Tissue culture Human Alveolar
medium only serum fluid

A % Inhibition of
elastolytic activity
10' Macrophages 0 23±10 49±8
Neutrophils

105 Cells 0 99±.7 98±.7
10' Cells 0 95±.9 93±2.2

B Ratio elastin degraded,
macrophages/
neutrophils

l06/10' 0.35 15.0 12.0
106/106 0.11 1.5 0.6

Alveolar macrophages, 106 cells, or blood neutrophils, 106-106 cells, were added
to 3H-elastin-coated culture wells. Adherent cells were cultured in DMEMwith
or without 1% (vol/vol) human serum or alveolar fluid, 1 mg/ml, that was di-
alyzed against DMEM.Aliquots of the medium were assayed for degraded elas-
tin after 24 h at 37°C. Data in A are expressed as mean percentage inhibition,
±SEM, of cellular elastolytic activity by either serum or alveolar fluid. In B,
data are expressed as ratio of macrophage/neutrophil elastin degradation under
the various culture conditions. The mean values represent results of six experi-
ments using cells and alveolar fluid from separate subjects. The alveolar fluid in
these experiments were obtained from six smoking individuals. No obvious dif-
ferences in inhibiting effect (percentage inhibition) were observed between the
fluid from these smoking subjects and that of two nonsmoking subjects in sub-
sequent experiments (not shown).

more elastin than 105 neutrophils, even though in DMEM
alone l0' neutrophils degraded much more elastin. These
findings confirm that macrophages are relatively resistant to
both blood and tissue proteinase inhibitors when compared to
neutrophils. Interestingly, the alveolar fluid preparations con-
sistently inhibited macrophage elastolytic activity to a greater
extent than human serum (49 vs 23% inhibition, respectively).
These differences were statistically significant (P < 0.01), based
on two-tailed t test (15).

Comparison of the elastolytic mechanisms of alveolar mac-
rophages and blood neutrophils. Because of the differences in
susceptibility of the two cell types to serum and alveolar
protease inhibitors, we compared the degradative mechanisms
of live human neutrophil and alveolar macrophages. We
recently reported that live alveolar macrophage elastolytic
activity is a cooperative process involving several proteases but
requiring cell contact with elastin (9). Data in Table II extend
our previous observations with respect to macrophages, and
compare the degradative properties of macrophages to that of
neutrophils with respect to elastin degradation. Data are shown
as percentage of neutrophil or macrophage elastin degradation
when cells are cultured in 3H-elastin-coated chambers without
the indicated enzyme inhibitors. Several clear differences be-
tween the two cell types were apparent. First, soybean trypsin
inhibitor markedly suppressed neutrophil activity but consis-
tently slightly enhanced macrophage activity. PMSF, an inhib-
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itor of serine proteinases, similarly inhibited the bulk of
neutrophil elastolytic activity but <15% of macrophage elas-
tolytic activity. This indicated that alveolar macrophage elas-
tolytic activity could not be accounted for by neutrophils in
the bronchoalveolar lavage or by release of neutrophil elastase
from macrophages. Second, although both neutrophils and
macrophages are phagocytic cells, inhibitors of lysosomal
enzymes such as chloroquine or blockage of cellular phagocy-
tosis with cytochalasin B (10 ,uM) partially suppressed only
macrophage elastolytic activity. The increase over base-line
elastolysis for neutrophils cultured in the presence of chloro-
quine is consistent with known stimulation of lysosomal
hydrolase release from cultured cells by chloroquine (20, 21).

A third distinction between neutrophil and macrophage
elastolytic activity was indicated by the diazomethylketone, Z-
phe-ala-CN2. This specific cysteine proteinase inhibitor (22)
had no effect on neutrophil elastin degradation but consistently
inhibited 65-80% of intact macrophage elastin degradation.
We also observed leupeptin (5 ,ug/ml) to similarly block
macrophage but not neutrophil degradation in three experi-
ments (not shown). The major cellular proteinase likely to be
capable of elastin degradation as well as to be inhibitable by
Z-phe-ala-CHN2 is the lysosomal proteinase, Cathepsin B.
Recent studies show that rabbit and human alveolar macro-
phages contain a Cathepsin-B-like proteinase (23, 24). We
measured the effect of varying concentrations of the diazo-
methylketone on both cellular Cathepsin B as well as elastolytic
activity. For these experiments, we used phe-phe instead of
phe-ala diazomethylketone. This compound was comparable
elastolytic inhibitory activity with phe-ala-CHN2 but was more
available. Data in Fig. 2 show the effect of 1-10 MMZ-phe-
phe-CHN2 on both Cathepsin B and elastolytic activities. We
observed a dose-dependent increase in percent inhibition of

100 Figure 2. Concurrent inhi-
> / bition of intact elastolytic
< 80- CATHEPSIN 8 ACTIVIT and intracellular Cathepsin

B activities by the diazo-
Nz 60- methylketone, Z-phe-phe-

U_0 A T CHN2. Alveolar macro-
z 40- phages from a single donor
m: /t/were cultured in either 3H-
I 20- elastin-coated wells or in
-pe ' uncoated chambers. The

0- I cells were cultured in me-
0 2 4 6 8 10

Z-phe-phe-CHN2 (11M) dium that contained 1%
human serum and Z-phe-

phe-CHN2, 1-10 MMas shown in the figure. The inhibitory effect of
Z-phe-phe-CHN2 on elastin degradation was assayed directly as de-
scribed in the text. After the culture period, cells in uncoated cham-
bers were extensively washed with PBS, lysed, and assayed for Ca-
thepsin B activity at various dilutions of the lysate by fluorometry.
Data are expressed as percent inhibition of elastolytic (e) or cathepsin
(o) activity by various micromolar concentrations of Z-phe-phe-
CHN2and represent mean values of three separate experiments.

elastolytic activity. At the highest concentration shown (10
MLM), macrophages were 95% viable at the end of the 24-h
culture medium as judged by trypan blue uptake. The intra-
cellular Cathepsin B activity after incubation of cells in 1-10
MMZ-phe-phe-CHN2 also showed a progressive decline. No-
tably, concentrations of Z-phe-phe-CHN2 which virtually com-
pletely blocked Cathepsin B (5 ,uM) still only submaximally
inhibited elastolytic activity. Further increases in the diazo-
methylketone to 10 MMresulted in a greater inhibition of
elastolytic activity. Concentrations of Z-phe-phe-CHN2 above
10 MMdid not further inhibit macrophage elastolysis. That
these inhibitory effects are dependent on the amino acid
components of the diazomethylketone is indicated by the fact
that a separate diazomethylketone, Z-phe-pro-CHN2 (10 MuM),
inhibited neither the elastolytic activity of live cells nor the
amidolytic activity of cell lysates toward the cathepsin B
substrate (not shown). Lysates of neutrophils had no measurable
Cathepsin B activity which was consistent with the lack of
effect of diazomethylketones on neutrophil elastolytic activity
(not shown).

Weattempted to further distinguish between the neutrophil
and macrophage elastolytic mechanisms by other classes of
enzyme inhibitors. EDTA, a divalent cation chelator, did not
distinguish the catalytic mechanisms. EDTAmarkedly inhibited
live neutrophil activity (Table III). However, EDTA did not
inhibit the elastase activity of neutrophils lysed in 0.2% Triton
X-l00 phosphate saline, pH 7.4 (not shown), which suggested
that EDTA inhibits secretion of elastase by neutrophils and
not the enzyme itself. Divalent cations are known to be critical
to lysosomal enzyme secretion by neutrophils (25). Although
human monocyte-derived macrophages reportedly contain an
elastase that is a metalloproteinase (26), the observed effect of
EDTA on live macrophage elastolytic activity may not be
simply inhibition of a metalloproteinase. The chloromethyl-
ketone, succinyl-alanyl-alanyl-prolyl-valylchloromethylketone
(Enzyme System Products) also did not distinguish the catalytic
mechanisms. Although a known inhibitor of serine proteinases
(27), and totally blocking neutrophil elastolytic activity at 0.1
mM, this agent also inhibits cysteine proteinases (21). We
observed 0.1-mM concentrations of the chloromethylketone
to totally block intracellular Cathepsin B activity in experiments
identical to those shown in Fig. 2. Thus, the inhibitory effect
of chloromethylketones can be explained by inhibition of the
cysteine proteinase(s). The inhibition of neutrophil elastolytic
activity by the chloromethylketone and PMSF, but not by the
diazomethylketone, is consistent with previous reports that
neutrophil elastases are serine proteinases (28, 29).

Wealso attempted to combine inhibitors of separate enzyme
classes, i.e., PMSFand diazomethylketone, but resultant toxicity
to the cells as judged morphologically precluded interpretation
of these experiments. The toxicity probably relates to the
observation that concentrations of solvents used to solubilize
these reagents, DMSOs, above 0.1% (vol/vol) suppressed elas-
tolytic activity.
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Table III. Comparison of Intact Neutrophil
and Alveolar Macrophage Elastolytic Activities

Elastolytic activity

Alveolar
Blood neutrophil macrophage

Final
concentra- 4-h 24-h 24-h

Inhibitor tion assay assay assay

mM

None - 100 100 100
Soybean trypsin

inhibitor 0.02 13 10 105
PMSF 1.0 33 30 88
EDTA 0.1 50 20 56
Z-phe-ala- CHN2 0.01 100 100 22
Chloroquine 0.05 165 200 60
Cytochalasin B 0.005 100 100 70

0.01 ND 100 55
Cycloheximide 0.009 100 100 71

Alveolar macrophages (106) or blood neutrophils (106) were incubated in 3H-
elastin-coated chambers for 4 or 24 h as indicated in the table. The elastolytic
activity (microgram elastin degraded/106 cells) of cells cultured in DMEM
alone is given a value of 100. The activity of cells cultured in DMEMcontain-
ing the various inhibitors is expressed as a percentage of control and represents
a mean of at least four experiments for each inhibitor tested. All reagents were
added to serum-free DMEMin the neutrophil assays. Chloroquine, cytochal-
asin B, cycloheximide, and Z-phe-ala-CHN2 were added to DMEMthat con-
tained 1% human serum for macrophage assays and, in these cases, the activity
of cells cultured in 1% serum alone was given a value of 100. 1% serum was
added because the reagents were observed to be toxic to the macrophages in a
24-h assay in serum-free medium. Nevertheless, a similar pattern of inhibition
was observed when macrophages were incubated in serum-free medium with
Z-phe-ala-CN2, chloroquine, or cytochalasin B (not shown).

Discussion

Previous studies have defined the elastolytic activity of human
neutrophils. These cells elaborate a serine proteinase active at
neutral pH with marked elastinolytic capability. The enzyme
has been purified and characterized (28, 29). Moreover, Ca-
thepsin G, also a serine proteinase, is released by neutrophils
and cooperates with the elastase in elastin degradation (30).
Our data are compatible with this mechanism of elastin
degradation by intact neutrophils as well. Neutrophil elastolytic
activity was entirely inhibitable by a chloromethylketone but
not diazomethylketones. Human macrophage elastolytic
mechanisms are fundamentally different from those of neutro-
phils. Macrophage activity is largely explained by a cysteine
proteinase(s). Since the fractional inhibition of macrophage
elastolytic activity by the diazomethylketone-an active site
inhibitor (78%)-is greater than that achieved by blocking
intracellular proteolysis with basic amines (40%), the results
also suggest that part of the cysteine proteinase activity is
expressed at the cell surface or in the immediate microenvi-
ronment. This is confirmed by the finding that Z-phe-ala-
CHN2 (10-5 M) also blocked 30-40% of elastin degradation

by macrophages from three subjects who were co-incubated
with '251I-elastin coated sepharose beads (Table I). Measurements
at the cell surface of adherent macrophages indicate a pH of
5-6 which allow considerable cathepsin-like activity (31).
Overall, the data indicate that -35-45% of the elastin degra-
dation by live alveolar macrophages occurs intracellularly and
is mediated by a cysteine proteinase(s). Another 30-35% of
total activity is mediated by this mechanism but occurs at the
cell surface or in the immediate cellular microenvironment.
The enzymatic mechanism of the remaining 20-25% of total
degradation is unclear, but may be mediated by a metallo-
proteinase with elastolytic activity previously described in
human alveolar macrophages (26).

Differences in the mechanisms of elastin breakdown by
macrophages and neutrophils correlate with functional differ-
ences in elastinolysis by live cells. Data reported here and
previously (9) indicate that live human alveolar macrophages
can degrade elastin even in the presence of serum proteinase
inhibitors. This is not because macrophage elastolytic enzymes
are intrinsically resistant to serum proteinase inhibitors (32).
Rather, the close association of intact cells with substrate
minimizes the effect of inhibitors. This appears to be particularly
important for macrophage-mediated elastin degradation. Similar
considerations apply to the resorption of bone matrix by
osteoclasts and of extracellular matrix proteins by live murine
peritoneal macrophages (33, 34). Neutrophils, in contrast, at
least as judged by their interaction with purified elastin, are
dependent on secretion of soluble enzymes that are more
easily inhibited by soluble proteinase inhibitors. This depen-
dence on a soluble pathway of enzymatic degradation could
reflect less intimate contact with the substrate by neutrophils
as compared to macrophages. If so, this pattern of interaction
is not peculiar to purified elastin. Neutrophil-mediated degra-
dation of extracellular matrix elastin (smooth muscle cell
derived) or of fibrin is equally sensitive to macromolecular
inhibitors (Chapman, H. A., and C. L. Allen, unpublished
observations). In addition, endothelial cell detachment by
stimulated neutrophils, a protease-dependent process, also is
reportedly very sensitive to soluble proteinase inhibitors (35,
36). Our current studies, together with these previous obser-
vations, indicate that there are at least two major pathways of
elastin degradation by human inflammatory cells: a neutrophil
pathway involving released soluble elastases that are sensitive
to serum and alveolar proteinase inhibitors; and macrophage-
mediated elastolysis that functions as a largely cell-associated
pathway relatively resistant to serum and alveolar inhibitors.
Although neutrophils have much higher elastolytic potential,
under conditions of proteinase inhibitor excess, macrophages
degrade more elastin than neutrophils (Fig. 1). These obser-
vations may relate to connective tissue turnover at inflammatory
sites. Direct analysis of proteinase inhibitor activity in human
arthritic joints, for example, indicate an excess of inhibitors
with little or no free proteolytic activity in the joint fluid (37,
38). Similarly, recent measurements of proteinase inhibitor

1698 H. A. Chapman, Jr. and 0. L. Stone



activity of alveolar lavage fluid of both nonsmoking and
smoking subjects suggest an excess of inhibitors, including a,-
antiproteinase at the alveolar surface (8). Such evidence suggests
that these cells usually function at inflammatory sites in a
proteinase inhibitor-rich milieu. However, loss of effective
soluble proteinase inhibitors could occur oxidatively (39, 40),
genetically in a,-antiproteinase deficiency (5), or potentially
by intense local neutrophil accumulation. These situations
would allow a much greater role for neutrophils and accelerated
protein degradation at inflammatory sites.

Compared with nonsmokers, smoking subjects have a
chronic macrophage bronchiolitis and alveolitis (41). This
likely results from increased trafficking of blood monocytes or
monocyte precursors into the lung, where they differentiate in
the alveolar interstitium to macrophages and migrate through
the interstitium onto the alveolar surfaces. The exact signals
for such an inflammatory response are not defined. Emphysema
generally develops in a subpopulation of these smoking subjects.
Our data do not show a clear difference in elastin degradation
between smoking (0) and nonsmoking (0) subjects on a per
cell basis (Fig. 1). Rather, in that cellular movement is closely
correlated with proteolytic activity (9, 42), it is likely that the
increased trafficking of macrophages through the lung results
in accelerated degradation of elastin that is known to be in
the interstitium (43). The extent of injury could reflect in part
the intensity and duration of the inflammatory response.
However, we have not compared alveolar macrophages from
smoking individuals with and without structural damage, i.e.,
emphysema. It remains possible that differences in elastolytic
activity could exist between cells from these groups.

Acknowledgments

Wethank Cheryl Allan and Renee Christiansen for help with the work
and Gwenevere Shaw for help in preparing the manuscript. Wealso
thank Drs. Andrew Deiss and Charles B. Smith for critically reviewing
the manuscript.

This work was supported by grant HL 28577 and by the Veterans
Administration.

References

1. Kaplan, P. D., C. Kuhn, and J. A. Pierce. 1973. The induction
of emphysema with elastase. I. The evolution of the lesion and the
influence of serum. J. Lab. Clin. Med. 82:349-356.

2. Gross, P., M. A. Babyak, E. Tolker, and M. Kaschak. 1964.
Enzymatically produced pulmonary emphysema: a preliminary report.
J. Occup. Med. 6:481-484.

3. Snider, G. L., C. B. Sherter, K. W. Koo, J. B. Karlinsky, J. B.
Hayes, and C. Franzblau. 1977. Respiratory mechanics in hamsters
following treatment with endotracheal elastase or collagenase. J. Appl.
Physiol. 42:206-215.

4. Kuhn, C., S. Yu, M. Chraplyvy, H. E. Linder, and R. M. Senior.
1976. The induction of emphysema with elastase II. Changes in
connective tissue. Lab. Invest. 34:372-380.

5. Eriksson, S. 1965. Studies of al-antitrypsin deficiency. Acta Med.
Scand. 177(Suppl. 432):1-85.

6. White, R., H. Lin, and C. Kuhn. 1977. Elastase secretion by
peritoneal exudative and alveolar macrophages. J. Exp. Med. 146:802-
808.

7. Hinman, L. M., C. A. Stevens, R. A. Matthay, and J. B. Gee.
1980. Elastase and lysozyme activities in human alveolar macrophages.
Am. Rev. Resp. Dis. 121:263-271.

8. Stone, P. J., J. D. Calore, S. F. McGowan, J. Bernardo, G. L.
Snider, and C. Franzblau. 1983. Functional a,-protease inhibitor in
the lower respiratory tract of cigarette smokers is not decreased. Science
(Wash. DC). 221:1187-1189.

9. Chapman, H. A., 0. L. Stone, and Z. Vavrin. 1984. Degradation
of fibrin and elastin by human alveolar macrophages in vitro. Charac-
terization of a plasminogen activator and its role in matrix degradation.
J. Clin. Invest. 73:806-815.

10. Gordon, S., Z. Werb, and Z. A. Cohn. 1976. Methods for
detection of macrophage secretory enzymes. In In Vitro Methods in
Cell-Mediated and Tumor Immunity. E. B. Bloom, and J. R. David,
editors. Academic Press, Inc., New York. 349-351.

11. McConaley, P. J., and F. J. Dixon. 1970. Radioiodination of
proteins by the use of the chloramine-T method. Methods Enzymol.
70:210-220.

12. Rifkin, D. B., and R. M. Crowe. 1977. A sensitive assay for
elastase employing radioactive elastin coupled to sepharose. Anal.
Biochem. 79:268-275.

13. Barrett, A. J., and H. Kirschke. 1981. Cathepsin B, cathepsin
H, and cathepsin L. Methods Enzymol. 80:535-560.

14. Lowry, D. H., N. J. Rosenbrough, A. L. Farr, and R. J.
Randall. 1951. Protein measurement with the folin-phenol reagent. J.
Biol. Chem. 193:265-275.

15. Colton, T. 1974. Statistics in Medicine. Little, Brown & Co.,
Boston, MA. 131-136.

16. Merrill, W. W., W. Goodenberger, W. Stroker, R. A. Matthay,
G. P. Naegel, and H. Y. Reynolds. 1980. Free secretory components
and other proteins in human lung lavage. Am. Rev. Resp. Dis. 122:156-
161.

17. Hunninghake, G. W., and R. G. Crystal. 1983. Cigarette
smoking and lung destruction. Accumulation of neutrophils in the
lungs of cigarette smokers. Am. Rev. Resp. Dis. 128:833-838.

18. Bell, D. Y., J. A. Haseman, A. Spock, G. McLennan, and
G. E. R. Hook. 1981. Plasma proteins of the bronchoalveolar surface
of the lungs of smokers and nonsmokers. Am. Rev. Resp. Dis. 124:72-
79.

19. Gadek, J. E., G. A. Fells, R. L. Zimmerman, S. I. Rennard,
and R. G. Crystal. 1981. Antielastases of the human alveolar structures.
J. Clin. Invest. 68:889-898.

20. Riches, D. W. H., C. J. Morris, and D. R. Stanworth. 1981.
Induction of selective acid hydrolase release from mouse macrophages
during exposure to chloroquine and guinine. Biochem. Pharmacol.
30:629-634.

21. Gonzalez-Noriega, A., J. H. Grubb, V. Talkad, and W. S. Sly.
1980. Chloroquine inhibits lysosomal enzyme pinocytosis and enhances
lysosomal enzyme secretion by impairing receptor recycling. J. Cell
Biol. 85:839-852.

22. Green, G. D. J., and E. Shaw. 1981. Peptidyl diazomethylketones
are specific inactivators of thiol proteinases. J. Biol. Chem. 256:1923-
1928.

23. Lesser, M., J. C. Chang, J. Orlowski, K. H. Kilburn, and M.
Orlowski. 1983. Cathepsin B and prolylendopeptidase activity in rat
peritoneal and alveolar macrophages. J. Lab. Clin. Med. 101:327-334.

1699 Neutrophil and Macrophage Elastolytic Activities



24. Burnett, D., J. Crocker, and R. A. Stockley. 1983. Cathepsin
B-like cysteine proteinase activity in sputum and immunohistologic
identification of cathepsin B in alveolar macrophages. Am. Rev. Resp.
Dis. 128:915-919.

25. Showell, H. J., P. H. Naccahe, R. Sha'Afi, and E. L. Becker.
1977. The effects of extracellular K+, Na', Ca"+ on lysosomal enzyme
secretion from polymorphonuclear leukocytes. J. Immunol. 119:804-
811.

26. Sandhaus, R. A., K. M. McCarthy, R. A. Musson, and P. M.
Henson. 1983. Elastolytic proteinases of the human macrophage.
Chest. 83:60S-61S.

27. Powers, J. C., B. F. Gupton, A. D. Harley, N. Nishiwo, and
R. J. Whiteley. 1977. Specificity of porcine pancreatic elastase, human
leukocyte elastase and Cathepsin G. Inhibition with peptide chloro-
methylketones. Biochim. Biophys. Acta. 485:156-166.

28. Baugh, R. J., and J. Travis. 1976. Human leukocyte granule
elastase: rapid isolation and characterization. Biochemistry. 15:836-
841.

29. Barrett, A. J. 1975. Lysosomal and related proteinases. In
Proteases and Biological Control. E. Reich, D. B. Rifken, and E. Shaw,
editors. Cold Spring Harbor Laboratory, New York. 467-482.

30. Boudier, C., C. Holle, and J. G. Bieth. 1981. Stimulation of
the elastolytic activity of leukocyte elastase by leukocyte Cathepsin G.
J. Bio. Chem. 256:10256-10258.

31. Etherington, D. J. 1980. Proteinase in connective tissue break-
down. Ciba Found. Symp. 75:87-103.

32. Chapman, H. A., and 0. L. Stone. 1984. Cooperation between
plasmin and elastase in elastin degradation by murine peritoneal
macrophages. Biochem. J. In press.

33. Vaes, G. 1968. Mechanisms of bone resorption. J. Cell Biol.
39:676-697.

34. Werb, Z., D. F. Bainton, and P. A. Jones. 1980. Degranulation
of connective tissue matrices by macrophages III. Morphological and
biochemical studies on extracellular, pericellular and intracellular
events in matrix proteolysis by macrophages in culture. J. Exp. Med.
152:1537-1553.

35. Harlan, J. M., P. D. Killen, L. A. Harker, G. E. Striker, and
D. G. Wright. 1981. Neutrophil-mediated endothelial injury in vitro.
Mechanisms of cell detachment. J. Clin. Invest. 68:1394-1403.

36. Cogen, R. B., S. B. Taubman, and E. G. D. Tuddenham. 1981.
Detachment of endothelial cells by polymorphonuclear leukocytes in
vitro: potentiation by antibody coating and prevention by inflammatory
exudate. J. Periodontol. 52:668-672.

37. Hadler, N. M., J. K. Spitznagel, and R. J. Quinet. 1979.
Lysosomal enzymes in inflammatory synovial effusions. J. Immunol.
123:572-577.

38. Barrett, A. J. 1978. The possible role of neutrophil proteinases
in damage to articular cartilage. Agents Actions Suppl. 8:11-16.

39. Clark, R. A., P. J. Stone, A. E. Hag, J. D. Calore, and C.
Franzblau. 1981. Myeloperoxidase-catalyzed inactivation of a1-protease
inhibitor by human neutrophils. J. Biol. Chem. 256:3348-3353.

40. Johnson, D., and J. Travis. 1979. Oxidative inactivation of a,-
proteinase inhibitor. J. Biol. Chem. 4022-4026.

41. Niewoehner, D. E., J. Kleinerman, and D. B. Rice. 1974.
Pathologic changes in the peripheral airways of young cigarette smokers.
N. Engl. J. Med. 291:755-758.

42. Vassalli, J., J. A. Hamilton, and E. Reich. 1978. Macrophage
plasminogen activator: modulation of enzyme production by anti-
inflammatory steroids, mitotic inhibitors and cyclic nucleotides. Cell.
280:271-281.

43. Wright, R. R. 1961. Elastic tissue of normal and emphysematous
lungs. Am. J. Pathol. 39:355-367.

1700 H. A. Chapman, Jr. and 0. L. Stone


