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A B S T R A C T Elastase is released from human neu-
trophils during the early events of blood coagulation.
Human plasma kallikrein has been shown to stimulate
neutrophil chemotaxis, aggregation, and oxygen con-
sumption. Therefore, the ability of kallikrein to release
neutrophil elastase was investigated. Neutrophils were
isolated by dextran sedimentation, and elastase release
was measured by both an enzyme-linked immunosor-
bent assay, and an enzymatic assay using t-butoxy-
carbonyl-Ala-Ala-Pro-Val-amino methyl coumarin as
the substrate. Kallikrein, 0.1-1.0 U/ml, (0.045-0.45
,M), was incubated with neutrophils that were prein-
cubated with cytochalasin B (5 Mg/ml). The release of
elastase was found to be proportional to the kallikrein
concentration. Kallikrein released a maximum of 34%
of the total elastase content, as measured by solubiliz-
ing the neutrophils in the nonionic detergent Triton
X-100. A series of experiments was carried out to de-
termine if kallikrein was a major enzyme involved in
neutrophil elastase release during blood coagulation.
When 10 million neutrophils were incubated in 1 ml
of normal plasma in the presence of 30 mM CaCl2 for
90 min, 2.75 Mg of elastase was released. In contrast,
neutrophils incubated in prekallikrein-deficient or
Factor XII-deficient plasma released less than half of
the elastase, as compared with normal plasma. The
addition of purified prekallikrein to prekallikrein-de-
ficient plasma restored neutrophil elastase release to
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normal levels. Moreover, release of elastase was en-
hanced in plasma deficient in CI-inhibitor, the major
plasma inhibitor of kallikrein. This release was not
dependent upon further steps in the coagulation path-
way, or on C5a, since levels of elastase, released in
Factor XI- or C5-deficient plasma, were similar to that
in normal plasma, and an antibody to C5 failed to
inhibit elastase release. These data suggest that kalli-
krein may be a major enzyme responsible for the re-
lease of elastase during blood coagulation.

INTRODUCTION

Granules from viable human neutrophils contain a
variety of enzymes known to be released into the ex-
tracellular milieu. Enzyme release results from phago-
cytosis, as well as stimulation by a variety of soluble
agents, such as N-formyl-methionyl-leucyl-phenylal-
anine (FLMP),' or the plasma chemotaxin, C5a (1).
One of the more important neutrophil enzymes found
in the azurophilic granules is elastase (EC 3.4.21.37),
which may be responsible for proteolysis of vital struc-
tures in the lung (2). Plow (3) has shown that, in vitro,
human neutrophils release elastase during blood co-
agulation, independently of thrombin. Purified human
plasma kallikrein, which is a chemotoxin for neutro-
phils (4) as well as a stimulator of aerobic glycolysis
in neutrophils (5), also aggregates human neutrophils,
and stimulates oxygen consumption (6). This effect,
which requires the active enzyme, occurs at kallikrein
concentrations that may occur during blood coagula-

I Abbreviations used in this paper: DFP-HNE, diisopro-
pylfluorophosphate-inactivated HNE; ELISA, enzyme-linked
immunosorbent assay; FMLP, N-formyl-methionyl-leucyl-
phenylalanine; HNE, human neutrophil elastase; SBTI, soy-
bean trypsin inhibitor.
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tion. In this study, we have demonstrated that in a
purified system kallikrein can release elastase from
human neutrophils, and we have evaluated its contri-
bution towards elastase release during blood coagu-
lation.

METHODS

Soybean trypsin inhibitor (SBTI), FLMP, and cytochalasin
B were obtained from Sigma Chemical Co., St. Louis, MO.
t-Butoxycarbonyl-Ala-Ala-Pro-Val-amino methyl coumarin,
was synthesized by Dr. Zimmerman (7) at Merck Sharpe &
Dohme Laboratories, Rahway, NJ. Flat-bottomed polystyrene
microtiter plates (96 wells-immulon No. 2) were purchased
from Dynatech Laboratories, Alexandria, VA. Goat anti-rabbit
IgG (heavy and light chains), conjugated to horseradish per-
oxidase, was obtained from Cappel Laboratories, West Ches-
ter, PA. Human urinary kallikrein was a gift from Drs. Julie
Chao and Harry Margolius, Charleston, SC (8). Anti-C5 (IgG
fraction) was purchased from Atlantic Antibodies, Scarbor-
ough, ME.
Plasma. Factor XI-deficient plasma was donated to us by

a patient with <1% Factor XI. Plasma with 17% Cl-inhibitor
was donated to us by a patient with hereditary angioedema.
Factor XII-deficient plasma was kindly supplied by Dr.
Margaret Johnson, Wilmington, DE. Prekallikrein-deficient
plasma was generously supplied by Dr. Charles Abildgaard,
Davis, CA. C5-deficient plasma, containing <2% of both
normal antigenic and hemolytic activity, was a generous gift
of Dr. Philip Craddock, University of Kentucky Medical
School. For individual experiments, venous blood was col-
lected (after obtaining informed consent) into plastic sy-
ringes containing 1 vol trisodium citrate for each 9 vol of
blood (final citrate concentration, 13 mM). Plasma was cen-
trifuged at 5,000 g for 15 min at 4°C to remove all cells.

Purified blood components. Kallikrein was prepared by
activation of purified prekallikrein by Factor XII fragments
(9). On nonreduced 10% sodium dodecyl sulfate gels, two
bands of M, = 88,000 and 85,000 were found. The prepa-
ration contained no measurable Factor XI, XIa, XII, XIIa,
plasminogen, or plasmin. Two different kallikrein prepara-
tions were used, with similar results. The first preparation
was free of IgG, and the second contained 5 mg nonaggre-
gated IgG/mg kallikrein. For certain experiments, kallikrein
(0.45 ,uM) was inactivated by preincubation with SBTI (250
gM) for 5 min at 23°C. The normal concentration of prekalli-
krein in plasma is one coagulant unit per milliliter, (0.45
,uM). Factor XII fragments were purified as previously de-
scribed (9).
Human neutrophil elastase was purified to homogeneity,

as described in reference 10. Antibody raised in rabbits to
human neutrophil elastase produced one precipitin arc, ei-
ther by immunodiffusion or immunoelectrophoresis against
either purified elastase or a crude neutrophil extract.

Neutrophil isolation. Human neutrophils were isolated
from blood and anticoagulated with acid-citrate-dextrose by
sedimentation in 1% dextran (Mr = 100,000-200,000), fol-
lowed by a brief hypotonic or NH4Cl lysis of residual eryth-
rocytes (11, 12). From one unit of whole blood, we isolated
-=8 X 108 neutrophils to --80% purity.
Neutrophil release in a purified system. 10 million iso-

lated neutrophils were incubated in 1 ml of Hanks' balanced
salt solution containing 2 mM CaC12, at 37°C, while stirring
at 1,200 rpm in the presence of 5 jAg/ml cytochalasin B (13).
After 20 min, various agonists were added to this incubation

mixture. Upon centrifugation at 13,000 g for 5 min at 23°C
in a Micro-Centrifuge (model 235A Fisher Scientific Co.,
Pittsburgh, PA), the supernatants were recovered and frozen
at -20°C until enzymes were measured.

Neutrophil release in a plasma system. Neutrophils (1
X 107/ml) not primed with cytochalasin B were resuspended
in normal or factor-deficient plasma, without stirring, at 23°C,
in polypropylene tubes. Then CaC12 (final concentration 30
mM) was added, and 1-ml samples were aliquoted. At various
times, SBTI (250 ,M final concentration) was added, and
each sample was centrifuged at 13,000 g for 5 min at 23°C.

Fluorimetric measurement of neutrophil elastase. Neu-
trophil elastase activity, released in a purified system as de-
scribed above, was measured, using the fluorescent substrate,
t-butoxycarbonyl-Ala-Ala-Pro-Val-amino methyl coumarin
(7). The percent of elastase activity released was calculated,
relative to the total elastase activity, as determined by sol-
ubilizing intact neutrophils in 0.5% Triton X-100 (14).
Enzyme-linked immunosorbent assay (ELISA) for neu-

trophil elastase. An indirect, competitive ELISA was per-
formed, as described in reference 15, with the following
modifications. Flat-bottomed (immulon No. 2), 96-well poly-
styrene microtiter plates were used instead of polystyrene
tubes (12 X 75 mm). Antibody and human neutrophil elastase
(HNE) were preincubated at 16°C overnight in glass tubes
before their addition to the microtiter plate, previously
coated with 20 ng of antigen per well. The time of com-
petition between insoluble antigen noncovalently linked to
the microtiter plate and soluble antigen in the fluid phase
for the limiting amount of primary antibody sites was re-
duced from 3 to 1 h at 16°C. Goat anti-rabbit IgG, conju-
gated with horseradish peroxidase, was then added, the plate
washed, the substrate added, and the absorbance was mea-
sured at 450 nm. Fig. 1 shows that the addition of increasing
amounts of diisopropylfluorophosphate-inactivated HNE
(DFP-HNE) decreased the amount of color development, as
compared with control, and was directly proportional to the
amount of DFP-HNE added.

Lactate dehydrogenase assay. Release of the cytoplasmic
enzyme, lactate dehydrogenase, was analyzed by the method
of Reeves and Fimognari (16), to determine if neutrophil
lysis had occurred.
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FIGURE 1 Competitive ELISA for HNE. The ELISA was
performed as described in Methods. A standard curve was
constructed using various concentrations of DFP-HNE and
the resultant absorbance plotted on the ordinate. All values
are a mean of at least three determinations.
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RESULTS

Release of elastase from washed human neutrophils
by plasma kallikrein. Purified human plasma kalli-
krein, 0.1-1.0 U/ml (0.045-0.45,M), induced neu-
trophils primed with cytochalasin B to release 12-34%
of their total elastase content. Kallikrein, (0.05 U/ml,
0.023 AM) released only 2% elastase, which did not
differ significantly from the buffer control. In the ab-
sence of cytochalasin B, only 1-3% release was found.
The release of the enzyme was determined by a func-
tional assay for elastase, using the fluorescent substrate
(Fig. 2). This release was not due to cell lysis, since
<2% of the lactate dehydrogenase that can be solu-
bilized by 0.5% Triton X-100 appeared in the super-
natant. Neutrophils incubated with human plasma
prekallikrein (0.45 MM, 1 U/ml), human plasma Factor
XII fragments (1.0 Mg/ml), human urinary kallikrein
(0.45 MM), SBTI-inactivated kallikrein (0.45 MM), or
calcium alone, failed to release significant levels of
HNE and showed an absolute requirement for calcium
(Table I). To assess the kinetics of the elastase released,
purified human plasma kallikrein, 1.0 U/ml (0.45 MM),
was incubated with neutrophils that were primed with
cytochalasin B in Hanks' balanced salt solution, which
contained no plasma. Aliquots were removed at var-
ious times, and the kallikrein was inactivated with
SBTI (250 MM). At this concentration, 550-fold excess
of inhibitor over enzyme, complete inactivation of
kallikrein by SBTI was achieved in 5 s. Within 15 s.
of addition of kallikrein to neutrophils, 1.31±0.06 Mg
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TABLE I
Effect of Agonists on Neutrophils

Micrograms
No. of HNE released

Agonist experiments per milliliter

Human plasma kallikrein (0.45 MM) 6 2.46±0.10
Human plasma prekallikrein

(0.45 AM) 3 0.14±0.01
Human plasma Factor XII fragments

(1.0 Mug/ml) 3 0.23±0.13
Human urinary kallkrein (0.45,M) 2 0.12±0.00
FMLP (0.2 MM) 3 2.20±0.31
Human plasma kallikrein (0.45 MM)
and SBTI (250 uM) 3 0.09±0.05

No calcium added 6 0.00±0.00

Neutrophils (1 X 107/ml) in Hanks' balanced salt solution were prein-
cubated with cytochalasin B (5 Ag/ml) and CaC12 (2 mM) for 20 min
at 37°C. The agonists listed above were then added and incubated
for an additional 20 min. After centrifugation (see Methods), the
supernatants were assayed for HNE using a competitive ELISA. Results
are mean±SEM.

HNE was present in the supernatant, and at the end
of 60 min, this release increased to 2.43±0.06 Mg HNE
(Fig. 3).
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FIGURE 2 Kallikrein concentration-dependent release of
HNE from neutrophils. Neutrophils (1 X 107/ml) were in-
cubated with cytochalasin B (5 Mg/ml) and varying concen-
trations of human plasma kallikrein in Hanks' balanced salt
solution, containing 2 mM CaCl2 with stirring at 37°C for
20 min. Samples were centrifuged at 13,000 g for 5 min,
and the percent of total HNE activity was measured in these
supernatants, employing the fluorescent substrate t-butoxy-
carbonyl-Ala-Ala-Pro-Val-amino methyl coumarin. The data
represents mean±SEM of three determinations.
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FIGURE 3 Time-dependent release of HNE from neutrophils
stimulated with kallikrein. Neutrophils (1 X 107/ml) were
preincubated with cytochalasin B (5 Mg/ml) in Hanks' bal-
anced salt solution containing 2 mM CaC12 with stirring at
37°C. Purified human plasma kallikrein, 1 U/ml (0.45 MM),
was then added. At selected time intervals, SBTI (250 MM)
was added to inactivate the kallikrein. Samples were then
centrifuged at 13,000 g for 5 min, and HNE levels were
measured in these supernatants by an indirect competitive
ELISA. The data represent mean±SEM of three determi-
nations.
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Release of elastase in normal plasma. When 107
neutrophils were resuspended in 1 ml of normal human
plasma, in the presence of 30 mM CaCl2, at 23°C, in
polypropylene tubes, a slow release of elastase resulted
with a maximum of 2.75 ug/ml at 90 min (Fig. 4).
Since kallikrein formation in plasma is influenced by
the surface composition of the tube used, we measured
elastase release in polystyrene and glass tubes under
similar conditions. At 2 min, the percentage maximum
release of elastase in polypropylene, polystyrene, and
glass tubes, was 28, 28, and 100%, respectively. At 5
min, the corresponding values were 31, 92, and 100%,
respectively. Thus, the release of elastase appeared to
be very sensitive to the nature of the vessel surface,
with release most rapid in glass, followed by polysty-
rene, and polypropylene.

Release of elastase in human deficient plasma.
Since kallikrein could release elastase in a purified sys-
tem, and since the nature of the surface profoundly
influenced the role of elastase release, we studied neu-
trophil activation in plasma from individuals deficient
in the contact system enyzmes. When Factor XI-de-
ficient plasma was used (Fig. 4), the level of elastase
released was similar to that in normal plasma. To assess
the contribution of kallikrein during this process, 107
neutrophils were resuspended in 1 ml of either prekal-
likrein-deficient or Factor XII-deficient plasma. When
CaCl2 was added (30 mM) to the cells resuspended in
either prekallikrein-deficient or Factor XII-deficient
plasma, less than half of the concentration of elas-
tase was released, as compared with normal
plasma (Fig. 4).
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FIwURE 4 Kinetics of release of HNE from human neutrophils
by plasma kallikrein, Isolated human neutrophils (1 x 10')
were resuspended in 1 ml of (0) normal (A) Factor XI-
deficient, (E) Factor XII-deficient, or (X) prekallikrein-de-
ficient human plasma containing 30 mM CaCl2 in 12
X 75-mm polypropylene tubes at 23°C. At various times,
aliquots were centrifuged at 13,000 g for 5 min and HNE
was determined in the supernatants by a competitive ELISA.
The data are a representative experiment of three such per-
formed.
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FIGURE 5 Effect of reconstitution of prekallikrein-deficient
plasma on HNE release from human neutrophils. Isolated
neutrophils (1 X 107) were resuspended in (0) normal, (X)
prekallikrein-deficient, or (0) prekallikrein-deficient plasma
reconstituted with 1.0 U/ml purified human plasma prekalli-
krein. Each plasma was recalcified to a final concentration
of 30 mM CaC12, and the neutrophil suspension was incubated
in 12 X 75-mm polypropylene tubes at 23°C. At selected
times, aliquots were centrifuged at 13,000 g for 5 min, and
HNE levels were determined in these supernatants by a com-
petitive ELISA. This experiment represents one of two studies.

Upon reconstitution of the prekallikrein-deficient
plasma with purified prekallikrein, 1.0 U/ml (0.45
,uM), the level of neutrophil elastase released ap-
proached the level that was observed in normal plasma
(Fig. 5). The measureable formation of plasma kalli-
krein exposed to a surface is twice as great in plasma
depleted of Cl-inhibitor, the major inhibitor of kal-
likrein (9). Therefore, we compared the maximum
extent of elastase release from the same neutrophils
resuspended in normal and Cl-inhibitor deficient
plasma. The release was 2.3-fold higher in the plasma
from the patient with hereditary angioedema.
To assess the role of C5a in the release of elastase

during coagulation, neutrophils were resuspended in
C5-deficient plasma. After incubation in the presence
of calcium, no difference in elastase release was noted,
as compared with that of neutrophils resuspended in
normal plasma (Fig. 6). Finally, 100 Ml of anti-C5 IgG
(17.7 mg/ml) was preincubated with 1 ml of normal
plasma for 20 min, at 37°C. When neutrophils (107/
ml) were resuspended in normal plasma, or normal
plasma preincubated with antibody, 3.5,ug/ml elastase
released was observed in both mixtures.

DISCUSSION

The data presented here support the conclusions that
purified plasma kallikrein not only serves as a chemo-
taxin (4), aggregating agent (6), and stimulator of ox-
idative metabolism for human neutrophils (5, 6), but
also induces the cells to release elastase in a purified
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FIGURE 6 Influence of C5 on release of
plasma. Isolated human neutrophils (1
pended in either 1 ml of (0) normal c
human plasma, containing 30 mM CaC
tion). The neutrophil suspension was inc
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system. Moreover, during blood coal
mation of kallikrein appears to be a
of elastase release from neutrophils.

In a purified system, plasma kallikr
tase from neutrophils, which were p
cytochalasin B, an inhibitor of microl
Virtually no extracellular elastase wa
absence of this compound. Biochem
microscopic observations of neutrop]
cytochalasin B, indicated that fusion c
ules with each other and with the p
allowed extracellular extrusion of e]
involved in intracellular digestion M
vacuoles (17). Azurophilic granule
released in the absence of cytochala
trophils attach to a non-phagocytosa
as opsonized zymosan (18). It is not ;
ponent(s) in clotting plasma suppor
elastase by neutrophils.
The release of elastase from neul

krein increased during the incubati
ever, most of the enzyme released i

tracellularly in the first 15 s of the r
havior is similar to the observation o
for myeloperoxidase release after ei
san-treated serum containing C5a. 1
of elastase was not associated with 1
dehydrogenase from the neutrophil
the kallikrein released elastase by
exocytosis and not by a cytolytic effe
phils.

Kallikrein caused a rapid release of elastase from
neutrophils in a purified system. This observation sug-
gested that the release of elastase from neutrophils in
clotting plasma (3) was due to the activation of prekal-
likrein in that plasma. We have demonstrated that the
release of elastase was impaired in Factor XII and pre-
kallikrein-deficient plasma. Since activated Factor XII,
either in the form of XIIa or XII fragments, can convert
prekallikrein to kallikrein, this finding suggests that
kallikrein is responsible for a portion of elastase released
during coagulation. This premise is further strength-
ened by the ability of purified prekallikrein to correct

60 80 the defective elastase released when prekallikrein-de-
ficient plasma was reconstituted. These results indicate

HNE in recalcified that an early step in the coagulation cascade is re-

X( 10') were resus- sponsible for neutrophil activation and subsequent
r (() C5-deficient elastase release, as previously suggested by the obser-
12 (final concentra- vation that coagulation of plasma, resulting from the
ubated in 12 X 75- addition of thrombin, did not induce neutrophils to
cted time intervals, release elastase (3). However, these data do not establish
,tants by a compet- that kallikrein directly causes neutrophil elastase release
one of two studies. in the plasma environment. Since Factor XII fragments

can activate the classical pathway of complement (20,
21), it is possible that C5a could be responsible for at

gulation, the for- least part of the elastase release during coagulation.
major stimulator Furthermore, rabbit plasma kallikrein is known to pro-

duce chemotactic activity of rabbit C5 (22). To further
rein released elas- probe these relationships, we resuspended human neu-
oreincubated with trophils in human C5-deficient plasma. The similarity
filament function. of elastase release in C5-deficient and normal plasma
iS detected in the argues against a significant role for C5a in elastase
ical and electron release during coagulation. Furthermore, preincubation
hils, primed with of normal plasma with anti-C5 did not inhibit elastase
Af lysosomal gran- release. However, this finding does not detract from
lasma membrane the importance of C5a under other conditions.
nzymes normally Plow (3) reported that neutrophils were the only
vithin phagocytic significant source of immunoreactive HNE in blood.
material may be Furthermore, he demonstrated that elastase was re-
sin B when neu- leased from neutrophils during coagulation. However,
ible surface, such he reported a markedly lower level of elastase release
known what com- at 37°C, than we did at 230C. This discrepancy can
ts this release of be explained by the fact that kallikrein, the enzyme

responsible for this release, is inactivated by plasma
trophils by kalli- protease inhibitors more rapidly at 37 than at 23°C.
on period. How- In addition, the major plasma protease inhibitor of
was extruded ex- kallikrein, CI-inhibitor, is less active at 23 than at
reaction. This be- 370C, thereby allowing us to observe a greater effect
of Sklar et al. (19) of kallikrein on the neutrophils. We also observed
xposure to zymo- greater release of neutrophil elastase in plasma defi-
Phis rapid release cient in CI-inhibitor.
eakage of lactate The participation of kallikrein in neutrophil acti-
s, indicating that vation and elastase release expands our appreciation
inducing granule of the role of this enzyme in human disease. A number
'ct on the neutro- of diseases in which prekallikrein activation has been

established, such as hypotensive endotoxemia (23), are
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known to be associated with neutrophil activation.
Although complement activation has been implicated,
kallikrein should be considered as an additional ago-
nist. Furthermore, since neutrophil aggregation has
been demonstrated in the lungs of patients with adult
respiratory distress syndrome, elastase may be released
in that disorder, via the mediation of plasma kallikrein.
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