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Abstract

We characterized the elastase and antielastase activity of the
alveolar fluid of seven patients with the adult respiratory dis-
tress syndrome (ARDS) and thirteen normal volunteers.
Alpha-l-antitrypsin (AlAT) concentrations were 60-fold
higher in ARDS as compared to normal lavage fluid
(2,140±498 nM; 36.1±4.2 nM, respectively). ARDS fluid an-
tineutrophil elastase activity was also considerably higher than
that of normals (979±204 nM; 31.3±2.9 nM, respectively).
Despite the antineutrophil elastase excess, 5 of7 ARDS lavage
samples contained elastase activity (mean, 6.1±2.4 pM) as
assayed using low-molecular-mass substrate, while only 1 of
13 normal subjects had detectable elastase activity (0.2 pM) (P
< 0.01, compared with ARDS). That this activity was due to
alpha-2-macroglobulin (A2MG)-complexed neutrophil elas-
tase was evidenced by (a) the Sephadex G-75 elution profile;
(b) the inactivity against insoluble VHielastin; (c) the inhibi-
tory profile with phenylmethylsulfonyl fluoride, methoxy-suc-
cinyl-alanyl-alanyl-prolyl-valyl-chloromethylketone, ethylene
diamine tetraacetic acid, and AlAT; and (d) the immobiliza-
tion by A2MG antibody bound to polystyrene plates. Further-
more, in agreement with the predicted affinity of AMAT and
A2MG for neutrophil elastase, the ratio of A2MG to AMAT in
the fluid (0.57%) coincided with the ratio of the A2MG- to
AlAT-complexed elastase (0.36%). These findings suggest
that the net lung protease-antiprotease balance in ARDS is
shifted largely in favor of the antiproteases (chiefly AMAT),
and that the antiproteases, AMAT and A2MG, have similar
affinities for neutrophil elastase in vivo.

Introduction

The adult respiratory distress syndrome (ARDS)' is a form of
noncardiogenic pulmonary edema that occurs as a result of
nonspecific damage to the alveolar capillary membrane (1-3).
The damaged membrane's permeability is greatly increased
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1. Abbreviations used in this paper: Al AT, alpha-i -antitrypsin;
A2MG, alpha-2-macroglobulin; ARDS, adult respiratory distress syn-
drome; CMK, methoxy-succinyl-ala-ala-pro-val chloromethyl ketone;
MEOSAAPVNA, methoxysuccinyl-ala-ala-pro-val paranitroanalide.

and the alveolar spaces are flooded with inflammatory cells
and plasma proteins (4-8). Bronchoalveolar lavage studies in
ARDS have consistently shown significant increases in neutro-
phils and neutrophil products such as elastase, myeloperoxi-
dase, and collagenase (4, 6-8). Lavage studies have also shown
large increases in epithelial lining fluid proteins (9). Not only
are the total proteins elevated, but the fraction ofhigh-molecu-
lar-mass proteins is also increased (9). It has been suggested
that the loss of the alveolar capillary membrane's differential
protein sieving is a specific marker for the damage that charac-
terizes ARDS (9). For example, alpha-2-macroglobulin
(A2MG), a 725 kD serum protein which is almost undetect-
able in normal lavage fluid due to its large size, is a major
constituent ofARDS lavage fluid. The smaller protein, alpha-
l-antitrypsin (AIAT) (52 kD), which is the major antiprotease
ofnormal plasma and lung lining fluid (10), is also increased in
ARDS lung lining fluid (1 1).

Given the potential for both protease excess (as evidenced
by the large neutrophil influx) and for antiprotease excess (as
evidenced by the large plasma protein influx), the net effect of
the lung injury ofARDS on the protease-antiprotease balance
in ARDS is uncertain. The studies that have addressed this
question do not entirely agree. While the earliest studies found
functional neutrophil elastase in the lavage fluid of a large
percentage of ARDS patients (4, 6), three subsequent studies
found no functional neutrophil elastase (5, 7, 8). There are
several possible explanations for the apparent discrepancy.
The two studies demonstrating free elastase used samples from
tracheal suctioning and small-volume lavages (i.e., 20 ml total)
(4, 6). In contrast, the three studies that show no free elastase
used conventional lavage volumes (i.e., 100-300 ml total) (5,
7, 8). It is conceivable that the earlier studies sampled more of
the central airways than the periphery ofthe lung and therefore
represent elastase activity in a more central lung compart-
ment. Other explanations include the possibilities that the pa-
tients with free elastase were sicker, later in their course, or had
confounding problems such as oxygen toxicity or superinfec-
tion.

However, the increased influx of A2MG into the ARDS
lung offers another possible solution. Although proteases
trapped within A2MG are largely inactive against large-molec-
ular-mass targets (e.g., A2MG-plasmin complexes have
< 0.1% of the fibrinogen degrading activity of free plasmin)
(12) A2MG-protease complexes may still retain function for
low-molecular-mass substrates (13). Thus the disagreement in
previous studies could potentially be reconciled by the fact that
a significant portion ofthe neutrophil elastase released into the
alveolar spaces in ARDS is complexed to A2MG. The intro-
duction of relatively large amounts of A2MG, a high-affinity
neutrophil elastase inhibitor normally excluded from the al-
veolar spaces, provides the potential for formation ofA2MG-
neutrophil elastase complexes. If present, these complexes
could provide functional elastase for assays that use low-mo-
lecular-mass elastase substrates, but not for assays that are
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based on the degradation of high-molecular-mass elastin deg-
radation. Thus, these complexes could, in part, explain pre-
vious discrepant results relevant to protease-antiprotease bal-
ance in the lungs of ARDS patients.

In addition, the quantitation of A2MG-neutrophil elastase
and AlAT-neutrophil elastase complexes provides the unique
opportunity to compare the relative affinities of AMAT and
A2MG for neutrophil elastase in an in vivo model of neutro-
phil elastase release. The measurement of the proportion of
neutrophil elastase irreversibly complexed to AlAT and to
A2MG in a locus of acute inflammation, allows the testing of
in vitro kinetic studies in a human example of protease-anti-
protease interactions.

Therefore, the purpose of the present investigation was to
characterize the neutrophil elastase present in lavage fluid of
ARDS patients for both function and relative binding to the
lung inhibitors, AMAT and A2MG. These studies were com-
pared with the findings in normal individuals. Studies were
done with an emphasis upon evaluating lung lavage fluid in an
unconcentrated state to avoid potential difficulties associated
with the concentration and manipulation of lavage fluid. We
report the detection of functional neutrophil elastase in lung
lavage fluid of patients with ARDS as measured by a low-mo-
lecular-mass substrate. This elastase activity has no activity
toward high-molecular-mass substrates such as Al AT or elas-
tin. This functional elastase appears to be complexed to
A2MG, which is a functional inhibitor in the lungs of patients
with ARDS.

Methods

Study population. Seven patients with ARDS were identified at the
Ohio State University Medical Intensive Care Unit. All patients fit the
criteria ofARDS as previously described (8), i.e., (a) diffuse pulmonary
infiltrates shown by chest roentgenography, (b) a requirement for an
F102 of> 0.5, and (c) a pulmonary capillary wedge pressure reading of
< 18 mmHg.

Thirteen normal individuals (five nonsmokers and eight smokers)
were evaluated as controls. Normal individuals were without recent
respiratory infection, denied history of pulmonary disease and had
normal physical examinations. Both patients and controls consented
to bronchoalveolar lavage by written informed consent according to a
protocol approved by the Ohio State University Human Subjects Re-
view Committee. Table I outlines the characteristics ofthe study popu-
lation and the bronchoalveolar lavage results.

Bronchoalveolar lavage. After topical anesthesia with 1% lidocaine,
bronchoscopy was performed with a 4.8-mm-diameter Olympus
BF-B2 flexible fiberoptic bronchoscope through the endotracheal tube
of patients (transnasally in normal individuals). Bronchoalveolar la-
vage was performed using the standard 100-ml lavage in five 20-ml
aliquots of sterile 0.9% saline from the lingular or right middle lobe
segment as previously described (14). Lavage fluid was collected by
gentle suctioning into a trap, and was pooled and stored on ice for
processing within I h of the procedure.

Processing of the lavage fluid. Recovered bronchoalveolar lavage
fluid was strained through several layers of surgical gauze to remove
excess mucous and debris, and then centrifuged at 500 g for 15 min.
The supernatant was decanted and buffered with 1.0 M Tris-HCl in
sufficient quantity to provide a final concentration of 0.05 M Tris-HCl.
Unconcentrated samples were frozen in 1-ml aliquots at -80'C.

Table L Comparison ofPopulation and Lavage Fluid Returns

Cell types recovered

Smoking Cells recovered Alveolar
Subject Sex Age history BALV in BALI macrophages Lymphocytes Neutrophils Elastase

packs/yr* X106 % pM

ARDS
J.B. F 43 60 100/33 44.5 19 3 78 10.6
R.B. F 64 NS 100/44 131.0 13 0 86 13.0
S.B. F 19 NS 100/40 1.8 12 5 83 4.0
B.D. F 32 NS 100/55 8.2 40 0 60 0.9
E.M. F 28 30 100/33 4.3 35 0 65 0.0
F.R. M 47 60 100/57 33.7 22 0 78 14.5
B.W. F 37 NS 100/49 29.3 25 0 75 0.0

NORMAL
R.B. M 20 NS 100/65 7.5 88 12 0 0
T.M. M 18 NS 100/65 11.0 96 3 1 0
N.N. M 22 NS 200/85 7.9 93 6 1 0
R.R. F 20 NS 100/63 5.5 97 3 0 0
L.S. M 22 NS 200/125 24.0 84 15 1 0
N.B. M 34 40 200/119 88.9 93 2 5 0
K.C. F 19 8 200/112 36.8 97 1 2 0
W.E. M 38 40 200/100 72.5 97 1 2 0
C.H. F 52 20 100/71 21.2 92 8 0 0
P.K. F 37 12 200/111 150.0 90 0 10 0
L.M. F 30 10 200/79 63.0 98 1 1 0
N.S. F 48 12 100/55 59.3 86 4 10 0.15
D.T. M 50 30 180/87 52.4 99 0 1 0

* Packs of cigarettes smoked per day times the number of years smoked. * BAL, Bronchoalveolar lavage fluid, volume (ml) saline instilled/vol-
ume (ml) BAL fluid recovered. § Total number cells recovered in BAL fluid.
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The cell pellet was resuspended and washed twice in Hanks' bal-
anced salt solution, and a small aliquot was used to prepare cytocen-
trifuge preparations using a Cytospin II (Shandon, UK). The slides
were air dried and then stained with Diff-Quick (American Hospital
Supply Corp., McGaw Park, IL). Cell differentials were performed by
counting 200 cells.

Standardization of neutrophil elastase, alpha-l-antitrypsin, and
alpha-2-macroglobulin. Purified human neutrophil elastase (Elastin
Products Co., Pacific, MO) was dissolved into 0.1 M Hepes, pH 7.5,
0.5 M NaCl, 0.1% Brij detergent at approximately 125 Ag/ml and
stored in 0.1 ml aliquots at -80'C. The activity of this material was
determined indirectly as follows: it was titrated against a purified
human AlAT standard (Sigma Chemical Co., St. Louis, MO) that had
been functionally titrated against an active-site-titrated, highly purified
preparation of porcine pancreatic elastase (ES438; Elastin Products
Co.). The porcine pancreatic elastase was used for active-site titration
because of its high degree of purity (single band on 12.5% SDS-PAGE;
data not shown). The azapeptide, Z-alanyl-alanyl-prolyl-Aza-alanyl-o-
nitrophenol (Enzyme System Products, Livermore, CA) was used as
modified by the procedure of Powers et al. (15). Briefly, 150 ,1 of 0.5
mM azapeptide titrant in acetonitrile is added to 400 Al of 0.1 M
citrate-NaPO4, pH 6.0, with 100 Ml of porcine pancreatic elastase (in
0.2 M tris-HCl, pH 8.0, 0.05 M NaCl) or 100 Ml of the elastase buffer.
The burst of nitrophenol is measured at 345 nm, and the enzyme
activity is determined by the extinction coefficient for nitrophenol
(enzyme concentration = burst OD345/6,250 X dilution factor). The
stock porcine pancreatic elastase activity was 45±4 MM, which was
85% ofthe antigenic material measured by the molar extinction coeffi-
cient of porcine pancreatic elastase (E280'% = 20.2) (16).

Assayforfunctional elastase
Low-molecular-mass substrate. To measure functional elastase at low
concentrations such as might exist in unconcentrated bronchoalveolar
lavage fluid, an assay specific for functional neutrophil elastase was
developed to take advantage of the extreme long-term stability of the
specific neutrophil elastase substrate, methoxysuccinyl-alanyl-alanyl-
prolyl-valyl paranitroanalide (MEOSAAPVNA) (Sigma Chemical Co.,
St. Louis, MO) (17). Into individual wells of 96-well microtiter plates
(Immulon 2; Dynatech Labs, Chantilly, VA), 0.190 ml samples of
neutrophil elastase or bronchoalveolar lavage were added to 0.05 ml of
0.5 M Hepes, pH 7.5, 0.5% Brij detergent, and 0.01 ml of 5 mM
MEOSAAPVNA. Baseline absorbance was read at 410 nm on a mi-
croplate reader (MR 600; Dynatech Labs) interfaced to an Apple IIe
microcomputer and using Immunosoft software (Dynatech Labs) be-
fore the microtiter plates were covered with aluminum foil and incu-
bated at 25°C. The change in absorbance (final A4,0 - initial A410) was
monitored at 24, 48, and 72 h for standardized amounts of neutrophil
elastase, and the change in absorbance was found to be linear over this
period for elastase concentrations < 50 pM.

High-molecular-mass substrate. The high-molecular-mass sub-
strate assay for elastase was the solubilization of [3H]elastin.

Preparation of [3H]elastin. Tritium-labeled elastin was prepared as
previously described (18). Briefly, 2.5 g of dry elastin powder (bovine
ligamentum nuchae; Elastin Products Co.) was moistened with ethanol
and suspended in 50 ml of distilled water. The pH was adjusted to 9.2
with 100mM NaOH, and NaB3H4 (25 mCi) dissolved in 3mM NaOH,
was added. After 10 min, 250 mg of nonradioactive NaBH4 was added
and mixed in a very-well-ventilated fume hood for 2 h. The pH was

then adjusted to 3.0 by the addition of acetic acid. Foaming was sup-
pressed by a few drops ofAntifoam-B emulsion (Sigma Chemical Co.).
After 30 min ofadditional mixing, the elastin was collected by centrifu-
gation at 10,000 g for 30 min. The pellet was repeatedly washed with
water until the supernatant radioactivity approached background
values. The labeled elastin suspension (50 mg/ml; specific activity 3.6
X 106 dpm/mg) was aliquoted and stored at -20°C.

Elastin assay. The ability to solubilize elastin was measured by
determining the amount of radioactivity solubilized after incubating
400 ul of elastase standard or samples (prepared in 0.1 M Hepes, pH

7.5, 0.5 M NaCl, 0.1% Brij) with 100 Ml of [3H]elastin (5 mg/ml) for 2 d
370C. After 5 min centrifugation in an Eppendorf Microfuge, the
radioactivity of the supernatant was measured by dissolving 100 MlA of
the supernatant in 4 ml of Scinti Verse I (Fisher Scientific, Fair Lawn,
NJ) and counting in a Beckman liquid scintillation counter. This assay
was able to detect elastase concentrations of < 5 pM.

Measurement of total protein. Total protein was measured in the
unconcentrated lavage fluid by the Bio-Rad protein microassay proce-
dure using a Dynatech MR 600 reader as referenced to an albumin
standard.

Quantification ofAJAT, A2MG, and neutrophil elastase. Enzyme-
linked immunosorbent assays (ELISA) were used. The AIAT ELISA is
an indirect assay modified from the previously described assay (1 1).
Briefly, purified AlAT (Sigma Chemical Co.) is coated onto 96-well
Immunolon II plates (Dynatech Labs) at 200 ng/ml in carbonate buffer
overnight. In separate 96-well plates standard AlAT and test samples
are diluted in serial threefold dilutions in phosphate-buffered saline in
0.1% Tween and then incubated overnight with goat anti-human
AlAT antibody (Sigma Chemical Co.). The antigen-coated dish is
washed and then incubated with the sample-antibody mixture for 1 h,
washed, incubated with a 1:1,000 dilution of a peroxidase-conjugated,
rabbit anti-goat immunoglobulin antibody, washed, and developed in
o-phenylenediamine (Sigma Chemical Co.). The color is read at 490
nm on a MR 600 ELISA reader (Dynatech Labs) and analyzed by
Immunosoft (Dynatech Labs) on an Apple Ile microcomputer using
the Rodbard fit. This assay is sensitive to 100 ng/ml and is not affected
by lavage fluid or serum. The standard AlAT was quantified by com-
paring it to a pooled sample of normal human serum (1.3 g/liter) (19,
20) on radial immunodiffusion plates (Behring Corp., La Jolla, CA).

The A2MG is measured similarly using purified A2MG (Sigma
Chemical Co.) and a goat antihuman A2MG antibody (Sigma Chemi-
cal Co.) in an indirect ELISA.

The antigenic neutrophil elastase was measured by an indirect
ELISA. Briefly, purified neutrophil elastase (Elastin Products Co.) was
incubated overnight in 96-well Immulon 2 plates (Dynatech Labs) at
100 ng/well, and the presence of elastase was detected by the ability of
samples containing elastase to successfully inhibit the binding of a
polyclonal rabbit anti-human neutrophil elastase antibody (Calbio-
chem-Behring, La Jolla, CA) to the elastase bound to the plate as
described for AIAT.

Determination of anti-neutrophil elastase capacity of bronchoal-
veolar lavage fluid. The anti-neutrophil elastase capacity was mea-
sured by a modification of the technique of Meyer et al. (21). Briefly,
increasing amounts of unconcentrated bronchoalveolar lavage fluid
are incubated with 3 nM of neutrophil elastase (Elastin Products Co.)
in a volume of 1 ml of 0.1 M Hepes, pH 7.5, 0.5 M NaCl, 0.1% Brij.
Samples are incubated for 1 h, which is more than five times the
expected t1/2 for the interaction (overnight incubations did not change
the curves). Residual elastase activity was assayed by the addition of
0.1 mM MEOSAAPVA (Sigma Chemical Co.) and recording the
change of absorbance at 410 nm on a Beckman DU-50 spectropho-
tometer. For each sample six dilutions were done in triplicate. The
inhibitory activity was determined by extrapolating the linear portion
of the curve (using least squares fit) to the amount of lavage fluid
needed to completely inhibit the active-site-titrated neutrophil elastase
standard. This determination is accurate even in the face of A2MG
found in lavage fluid. This inhibitory capacity technique was designed
for use with serum in which A2MG represents as much as 10% of the
neutrophil elastase inhibitory capacity (21). It is well suited for lavage
fluid measurements since A2MG makes up < 1% ofthe molar elastase
inhibitory equivalents ofARDS lavage fluid.

Characterization of elastase activity:inhibitor profile. The elastase
activity (as measured by the low-molecular-mass substrate, MEO-
SAAPVNA) was characterized by its inhibition profile against 50 mM
EDTA, 5 mM phenylmethylsulfonyl fluoride (PMSF), 0.2 mM meth-
oxy-succinyl-ala-ala-pro-val chloromethyl ketone (CMK), and 0.2 ,M
AlAT. The active-site-titrated neutrophil elastase standard was simi-
larly analyzed as a positive control.
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Chromatography ofconcentrated lavage fluid. To characterize the
molecular size distribution ofthe elastase activity, selected lavage fluid
samples were lyophilized, reconstituted to 1 ml, applied to a Sephadex
G-75 column, and eluted in PBS at 4VC. One-milliliter fractions were
collected and saved for assay for elastase activity, and for ELISA anti-
genic assay for AlAT, A2MG, and neutrophil elastase as described
above.

Statistical methods. All results are expressed as the mean and stan-
dard error of the mean (±SEM). Comparisons between normals and
ARDS patients are made using a paired Student's t test.

Results

Measurement ofelastase activity. The stability ofthe synthetic
substrate, MEOSAAPVNA, allowed the extension of the elas-
tase assay to 3 d, in effect increasing the sensitivity ofthe assay.
Fig. 1 demonstrates the linear nature and sensitivity of the
low-molecular-mass substrate for elastase activity. As demon-
strated, when the elastase was allowed to incubate with the
substrate for 72 h, there was a linear relationship with enzyme
concentration up to 20 pM, and concentrations of elastase < 1
pM could be detected.

Applying this assay to unconcentrated bronchoalveolar la-
vage fluid samples of 7 patients with ARDS and 13 normal
subjects (see Table I for the general characteristics of the study
population) there is a significant statistical difference between
the ARDS patients and normal controls (Fig. 2). While only 1
of the 13 normal volunteers, a smoker, had detectable elastase
activity (0.2 pM), all but 2 of the ARDS patients had elastase
activity, averaging 6.1±2.4 pM, P < 0.01. Thus ARDS patients
had at least a 30-fold increase in elastase. There was a weak
correlation between the percentage of neutrophils and the
elastase activity, in the ARDS group (r = 0.66, P > 0.1) and in
the total study population (r = 0.71, P < 0.001).

Measurement of alpha-l-antitrypsin. Using the AlAT
ELISA, the concentrations of AlAT in the unconcentrated
bronchoalveolar lavage fluid of patients with ARDS was
50-100 times higher than that of the normals (ARDS
2,140+498 nM; normals 36.1±4.2 nM) (Fig. 3).

The anti-neutrophil elastase activity ofthe lavage fluid was
also considerably higher in the ARDS group, compared with
normals (Fig. 3). The ARDS group averaged 979±204 nM
anti-neutrophil elastase activity (or 46% functional assuming
activity totally due to AlAT). Conversely, the normal group

Figure 1. Neutrophil
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50- in 0.2 mM MEO-
SAAPVNA (0.1 M
Hepes, pH 7.5, 0.1%

/ Brij) in 96-well flat-bot-
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Neutrophil elastase (pM) at room temperature.
Change in absorbance

at 410 nm is determined from baseline to 72 h by daily recordings
on microplate spectrophotometer.
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Figure 2. Comparison of neutrophil elastase activity in unconcen-
trated lavage fluid ofARDS patients and normal individuals. Ali-
quots of unconcentrated bronchoalveolar lavage fluid were assayed
for neutrophil elastase activity using the low-molecular-mass sub-
strate, MEOSAAPVNA, as described in Fig. 1. Each point represents
the results of duplicate determinations. The bar represents the mean
value for ARDS fluid of 6.1±2.2 pM.

averaged 31.3±2.9 nM anti-neutrophil elastase activity (which
corresponds to a functional AlAT activity of 83%). Fig. 3
compares the differences between the antigenic and functional
activities on a log scale. Thus, in spite of the fact that there is
more than sufficient anti-neutrophil elastase activity in the
ARDS group (i.e., about 30 times more than in normals, Fig.
3), there is also detectable elastase activity in this group
(Fig. 2).

Sephadex G-75 chromatography ofARDS lavage fluid. In
an effort to explain the apparent paradox, i.e., the presence of
functional elastase activity in the face of elevated antielastase
activity, two ARDS samples were concentrated by lyophiliza-
tion and fractionated by G-75 sieve chromatography. Fig. 4
outlines the elution profile of proteins and elastase activity in a
representative ARDS sample. Fig. 4 A demonstrates that the
functional elastase activity coelutes with the initial high-mo-
lecular-mass protein peak of the column. This is in marked
contrast to the antigenic elution of neutrophil elastase shown
in Fig. 4 B. Although the functional elastase coelutes with the
antigenic A2MG, the antigenic elastase elutes entirely within
the front edge of the AlAT peak. This is consistent with a

Figure 3. Comparison10.000- [j alpha-1-antitrypsin of Al AT and anti-neu-

trophil elastase activity
E1000- t * anti-neutrophil elastase in unconcentrated la-

1 vage fluid ofARDS pa-
I0 tients and normal indi-
'E 100- @viduals. AlAT concen-

0 O tration was determined
by ELISA as referenced

10- to a purified A1AT
standard (open bars).
Anti-neutrophil elas-

1 tase activity was deter-
ARDS NORMAL mined by the ability of

dilutions of unconcen-
trated lavage fluid to inhibit an active site titrated neutrophil elastase
standard (closed bars).
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Figure 4. Sephadex G-75 elution profile ofARDS la-
vage fluid elastase. A. Elution of functional neutro-
phil elastase (open circles; shaded curve) measured by
the extended MEOSAAPVNA assay compared to the
protein elution as measured by the optical absor-
bance at 280 nm (closed circles). B. Elution of pro-
teins measured antigenically by respective ELISA;
A2MG (closed triangles); neutrophil elastase (closed
circles; shaded curve); and AlAT (open circles). Frac-
tion numbers are recorded on the abscissa. The scale
for neutrophil elastase is expanded 250-fold relative
to the scale for A1AT; therefore the antigenic neutro-
phil elastase is completely encompassed by the anti-
genic AIAT peak.

molecular mass less than A2MG (725 kD) and greater than
AMAT (52 kD) as would be expected with AlAT-neutrophil
elastase complexes. There was no antigenic or functional neu-

trophil elastase detectable at molecular masses less than 52 kD,
confirming the absence of free neutrophil elastase. The elution
profile for the other ARDS sample was identical in that the
total elastase activity also eluted in the void volume.

ELISA data with standard neutrophil elastase analyzed
alone and compared with neutrophil elastase complexed to
AlAT or A2MG demonstrated that, while AlAT-complexed
elastase was still accurately quantified by ELISA, that com-

plexed to A2MG was not detectable (data not shown). This
phenomenon has been previously described (22). In a parallel
experiment, fractions eluted from the column were added to
microtiter Immulon II plates that had been coated with anti-
body to A2MG. After washing, the presence ofbound A2MG-
neutrophil elastase complexes were assessed by cleavage of the
MEOSAAPVNA substrate in the microtiter wells. Only those
fractions that contained functional elastase as analyzed fresh
from the G-75 column demonstrated functional elastase activ-
ity that bound to the immobilized antibody to A2MG. Control
incubations with uncomplexed neutrophil elastase standard
did not demonstrate functional binding to the coated wells.
Thus, taken together with the data that the functional elastase
coeluted with A2MG, and that the antigenic neutrophil elas-
tase coeluted with AlAT, these data suggest that the antigenic
elastase represents A AT-complexed neutrophil elastase while
the functional elastase represents that elastase complexed to
A2MG.

Summing the molar quantities of proteins eluted from the
column confirms this comparison (Table II). Comparing the
antigenic and functional elastase, the antigenic elastase peak
represented 280 times the amount of functional elastase. This
would suggest that 280 times more elastase is bound to AlAT
than to A2MG. Interestingly, the molar ratio of A1AT to

A2MG in the eluate was 174:1 (i.e., in close agreement with
the relative amount of elastase bound to AMAT as compared
with A2MG). Expressed another way, the molar ratio of anti-
genic elastase to antigenic AlAT was 0.03%, while the molar
ratio for functional elastase to A2MG was 0.02%. This is con-
sistent with the knowledge that AlAT and A2MG have similar
affinities for neutrophil elastase (12, 23), and that neutrophil
elastase will bind to either AIAT orA2MG based on the law of
mass action.

Inhibitor profile. To further characterize the elastase activ-
ity, the active fractions from the Sephadex G-75 chromatogra-
phy were incubated for 2 h with either EDTA (0.05 M), PMSF
(0.005M), CMK (0.002 M), or AlAT (0.001 mM) and assayed

Table II. Quantitative Relationships between Relevant Proteins
in ARDS Lavage Fluid Eluted by Sieve Chromatography

Protein Amount

pmol

AIAT 82,000
A2MG 470
NE (antigenic) 28
NE (functional) 0.10

Molar ratio*

A2MG/AlAT 0.57
Funct./Antig.NE 0.36
Antig.NE/AlAT 0.03
Funct.NE/A2MG 0.02

Data generated from Fig. 4.
* Ratios of proteins expressed in molar quantities from data above.
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Table III. Inhibitor Profile ofElastase Activity

Percent inhibition

Neutrophil elastase
Inhibitor standard Fraction*

None 0 0
EDTA (50 mM) 0 0
PMSF (5 mM) 100 100
CMK (0.2 mM) 100 100
AIAT (0.2 ttM) 100 1

Elastase activity as measured with the extended MEOSAAPNVA
assay (see Methods).
* Peak fraction of elastase activity from G-75 chromatography (10
pM).

for elastase by the low-molecular-mass substrate as previously
described. A diluted sample of purified neutrophil elastase was
used for comparison. Table III illustrates the results. While
both PMSF and CMK were able to completely inhibit the
ARDS lavage fluid elastase activity as well as the neutrophil
elastase standard, AIAT was only able to inhibit the elastase
standard and not the ARDS lavage fluid elastase activity. Nei-
ther sample was inhibited by EDTA. This data suggests that
the activity is a serine protease, like neutrophil elastase, that is
inaccessible to AIAT.

Functional profile. In addition to the inhibitor profile, the
elastase activity was tested for its ability to degrade insoluble
elastin. Fig. 5 outlines the sensitivity of this assay for purified
neutrophil elastase and the results for the ARDS lavage fluid
samples. While the assay is able to detect neutrophil elastase
activity at < 5 pM (the range of activity detected by the low-
molecular-mass substrate, Fig. 2, for the lavage fluid samples),
lavage fluid elastinolytic activity is not detected. Thus the
ARDS lavage fluid elastase is active against low-molecular-
mass substrate but not against macromolecular substrate (in-
soluble elastin).
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Neutrophil elastase (pM) ARDS

Figure 5. Ability ofARDS lavage fluid to degrade insoluble tritiated
elastin. The bars represent the amount of [3H]elastin solubilized in
response to a 48-h incubation with the neutrophil elastase standard.
The asterisk denotes no solubilization for the control. The results for
the seven unconcentrated ARDS lavage fluids are shown in the
closed circles.

Discussion

Bronchoalveolar lavage studies ofthe alveolar milieu in ARDS
characteristically demonstrate increases in both protein con-
centration and in inflammatory cell numbers in the lower res-
piratory tract. Protein levels in unconcentrated ARDS lavage
fluid commonly range around 1 mg/ml (9), and neutrophil
percentages are usually 60-90%Yo (4-8) (normally < 0.15 mg/ml
and <5%, respectively).

In agreement with the increase in neutrophils present in
the lavage fluid, several studies have demonstrated increases in
oxidative and proteolytic neutrophil mediators (4, 6-8). How-
ever, with respect to the presence of one particular protease,
neutrophil elastase, there has been some controversy. Initial
studies found functional neutrophil elastase to be present in
concentrated lavage fluid (4, 6). This finding suggested the
possible benefit from antiprotease therapy in those individuals
with functional elastase within their lungs. However, subse-
quent studies have failed to demonstrate free elastase activity
(5, 7, 8). Since a clear understanding of the net protease/anti-
protease balance is critical in the design of future therapeutic
protocols for this syndrome, a critical evaluation of the func-
tion of the major inhibitors as compared to elastase measure-
ments is warranted.

The present study takes advantage of newer, sensitive tech-
niques and carefully titrated standards. These techniques per-
mit the accurate measurement of elastase and antielastase ac-
tivity in the unconcentrated lavage fluid from patients with
ARDS, as compared with normals. This study addresses the
controversy about neutrophil elastase activity in the lower re-
spiratory tract of patients with ARDS, emphasizing the func-
tion of the major elastase inhibitors, AIAT and A2MG, as
accessed by standard 100 ml bronchoalveolar lavage.

This study confirmed the presence of markedly elevated
elastase activity in the lungs of patients with ARDS when
compared to both smoker and nonsmoker lung lining fluid. In
the unconcentrated lavage fluid, five of seven ARDS samples
contained elastase activity, while none of five nonsmoker and
only one of eight smoker fluids sampled had any detectable
elastase activity, using a neutrophil elastase-specific substrate.
However, neutrophil elastase complexed to A2MG accounted
for this activity. This was shown by several lines of investiga-
tion. First, when the active lavage fluid samples were concen-
trated and characterized by G-75 sieve chromatography, all
the activity eluted at the void volume, consistent with a molec-
ular mass of > 75 kD. Second, quantification of the A2MG
present in the column fractions demonstrated that the elastase
activity coeluted exactly with A2MG and distinctly separate
from A IAT. Third, the elastase activity was not functional
against a larger-molecular-mass substrate such as tritiated
elastin, a specific characteristic of A2MG-complexed elastase
(12, 13). Fourth, the activity was not inhibitable by AlAT or
EDTA but was inhibited by PMSF, a serine protease inhibitor
that has access to A2MG-trapped enzymes. Finally, this activ-
ity, which was demonstrated to be similar if not identical to
neutrophil elastase (by its inhibitor profile and by its action on
the neutrophil elastase specific substrate MEOSAAPVNA),
was not recognized by neutrophil elastase antibody, yet was
immobilized on polystyrene plates that were coated with anti-
bodies to A2MG.
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In agreement with this characterization, the amounts of
neutrophil elastase present in the antigenic form (presumably
that complexed to AlAT) and in functional form (presumably
that bound to A2MG) are entirely consistent with the molar
ratio of these two elastase inhibitors in the lung lining fluid of
ARDS patients. In the sample analyzed in detail in Fig. 4 and
Table II, an analysis of the relative binding of neutrophil elas-
tase to AMAT and A2MG provides indirect data about the
relative function of these two inhibitors in vivo. The relative
partitioning observed would have been predicted if one as-
sumed a similar association rate constant (affinity) for the two
inhibitors, and that the interactions follow the law of mass
action. Therefore, previous in vitro studies that have demon-
strated a similar affinity of A2MG and AIAT for neutrophil
elastase (12, 23), have been substantiated in vivo in ARDS.

Thus, this study reconciles the apparent discrepancies that
exist in the literature regarding the detection of neutrophil
elastase activity in the lavage fluid of patients with ARDS.
That is, since the studies that detected neutrophil elastase ac-
tivity used a low-molecular-mass substrate, they may have de-
tected A2MG-bound neutrophil elastase (4, 6), whereas the
studies that failed to show activity used as the substrate insolu-
ble elastin, which would not be accessible to elastase bound by
A2MG (5, 7, 8).

The A2MG-bound elastase concept, however, cannot en-
tirely explain the previous discrepancy since one ofthe studies
found evidence of functional neutrophil elastase by both low-
molecular-mass substrate and by elastinolysis of elastin-agar
plates (6). It is probable that the relatively small volume of
lavage (20 ml) used in this study, or a difference in the stage of
illness represents a partial explanation for the difference. Still
however, 50% of the ARDS patients studied had the simulta-
neous detection of both functional AIAT and neutrophil elas-
tase activity (6). This combination of both active AlAT and
active elastase is difficult to explain by technical differences
alone. Indeed this discrepancy provided the impetus for the
hypothesis addressed in the present study, i.e., that the func-
tional neutrophil elastase in ARDS lung lining fluid may be
complexed to A2MG.

The significance of A2MG-neutrophil elastase complexes
remains to be elucidated. The fact that these complexes have
little effect on insoluble elastin suggests that they may not have
a role in direct connective tissue injury. However, there is data
to suggest that these complexes may function in immunomo-
dulation. For example, A2MG-neutrophil elastase complexes
do interact with specific receptors on alveolar macrophages
(24), and there is preliminary data that this interaction may
promote the release of neutrophil chemotactic factor(s) (25).
Furthermore, there is evidence that in certain situations,
A2MG-elas.ase complexes can produce injury. For example,
Stone et al. suggest that porcine elastase-A2MG complexes
instilled iito hamsters may persist and promote lung injury
(26). In addition, Galdston et al. have demonstrated that elas-
tase-A2MG complexes may have activity on the elastin pre-
cursor, tropoelastin (27). Nevertheless, the elastin assay in the
present study shows that the concentrations of elastase com-
plexed to A2MG in the alveolar fluid of patients with ARDS
are not able to degrade mature elastin. Thus A2MG-elastase
complexes may have potential clinical consequences, but the
inability of these complexes to degrade mature elastin suggests
that elastin degradation is not a major consequence of their

presence during the evolution of the acute lung injury of
ARDS.

Although inactive against larger-molecular-mass substrates
such as elastin, A2MG-enzyme complexes are known to be
active against substrates smaller than serum trypsin inhibitor
(28). In this context, the presence of the azurophilic granule
product, neutrophil elastase, in ARDS lavage fluid suggests
that other azurophilic granule proteases, such as cathepsin G
may also be present. A2MG has a high affinity for cathepsin G
and, therefore, it is likely that ARDS alveolar fluid also con-
tains A2MG-cathepsin G complexes (13). It is known that
cathepsin G is active against small peptides; for example, ca-
thepsin G can inactivate bradykinin (29) and can convert an-
giotensin I to angiotensin 11 (30, 31). Therefore, cathepsin
G-A2MG complexes, if present, may play a role in the turn-
over of low-molecular-mass peptides in the lung in ARDS.
Thus, although the significance of A2MG-enzyme complexes
in the ARDS lung is not known, it is conceivable that such
complexes may play roles independent of direct lung matrix
injury.

In conclusion, ARDS is characterized by the influx oflarge
quantities of protein into the alveolar space. Among the pro-
teins present in increased amounts are AlAT, A2MG, and
neutrophil elastase. Five of seven individuals with ARDS dem-
onstrated neutrophil elastase activity in their bronchoalveolar
lavage fluid in spite of the simultaneous detection of 30 times
more antielastase function than is present in normal controls.
This paradox was explained by the observation that while most
of the neutrophil elastase is bound to AlAT, the functional
elastase is primarily composed of that elastase complexed to
A2MG and only detectable by low-molecular-mass substrate.
Thus, in spite of the significantly increased burden of neutro-
phils and the detection of functional elastase activity, the pro-
tease/antiprotease balance in typical ARDS is shifted signifi-
cantly in favor of the antiprotease, A1AT. At least in the
ARDS individuals evaluated in this study, therapeutic modali-
ties that. propose to augment the antiprotease activity of the
lower respiratory tract with AlAT appear to be unwarranted.
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