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Abstract

Neutrophil elastase has been implicated as a factor that im-
pairs local host defenses in chronic Pseudomonas aeruginosa
(Pa) lung infection in cystic fibrosis (CF). Werecently showed
that this enzyme cleaves the C3b receptor, CR1, from neutro-
phils (PMN) in the lungs of infected CF patients. The C3bi
receptor on these cells, CR3, is resistant to elastase. Wenow
show that purified neutrophil elastase markedly impairs com-
plement-mediated PMN-Pa interactions including phagocyto-
sis of opsonized Pa, stimulation by opsonized Pa of PMN
superoxide production, and killing of opsonized Pa by PMN.
When PMNand opsonized Pa were treated separately with
elastase, additive levels of inhibition were observed in each of
the above assays. The effects on the bacteria were due to cleav-
age of the bound C3bi from the surface of opsonized Pa by
neutrophil elastase. C3bi was also cleaved by pseudomonas
elastase, or bronchoalveolar lavage fluid from CFpatients with
chronic Pa lung infection. Inhibitors of neutrophil elastase
eliminated C3bi cleavage by BAL fluid, while inhibitors of
pseudomonas elastase had no effect. Blocking CR1and CR3on
PMNwith specific monoclonal antibodies reduced phagocyto-
sis of opsonized Pa to an extent similar to that caused by
elastase cleavage of CR1 on PMNand C3bi on Pa. Wecon-
clude that neutrophil elastase in the lungs of chronically in-
fected CF patients cleaves C3bi from opsonized Pa as well as
CR1 from PMN, creating an "opsonin-receptor mismatch"
that severely impairs complement-mediated phagocytic host
defenses against these bacteria. (J. Clin. Invest. 1990.
86:300-308.) Key words: cystic fibrosis * chronic inflammation
* alpha-l-antitrypsin * phagocytosis * complement

Introduction

Chronic lung infection with Pseudomonas aeruginosa (Pa)'
continues to be a major cause of morbidity and mortality in
patients with cystic fibrosis (CF) (1). Since no systemic host
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defense defect has been documented in these patients, it seems
likely that local factors cause impairments in pulmonary host
defenses. Several specific local abnormalities have been de-
scribed (2-5). Among these is our recent observation that
polymorphonuclear leukocytes (PMN) recovered from the
lungs of CF patients by bronchoalveolar lavage (BAL), are
relatively deficient in expression of the C3b receptor, CR1 (5).
This deficiency of CR1 occurs in the face of normal upregula-
tion of the C3bi receptor (CR3) and appears to be caused by
proteolytic cleavage, since treatment of blood PMNwith BAL
supernatants from CFpatients resulted in marked loss of CR1,
but not CR3, from their surfaces. Pretreating the BAL fluid
with the serine protease inhibitor, PMSFor alpha- 1-antitryp-
sin completely eliminated CR1 loss (5), implicating neutrophil
elastase as the responsible enzyme in this milieu.

Cleavage of CR1 by elastase is likely to impair C3b-me-
diated phagocytosis, but would not affect interactions via
C3bi, the other major opsonic C3 fragment, since the receptor
for the latter, CR3, is elastase resistant (5, 6). However, bound
C3bi itself is highly sensitive to proteases, as indicated by pre-
vious studies with sheep erythrocytes, while C3b is resistant
(7). Effects of proteases on C3bi bound to bacteria have not
been reported, but elastase cleavage of this opsonic fragment
could impair phagocytosis via CR3. Therefore, we studied the
effects of neutrophil elastase in vitro on interactions between
PMNand opsonized Pa. Elastase caused marked impairments
of PMN-Pa interactions, including attachment, phagocytosis,
stimulation of PMNsuperoxide production, and bacterial
killing by PMN. We found that this enzyme cleaves C3bi
bound to Pa, in addition to cleaving CR1 on PMN, and that
both actions of elastase contribute to the impaired comple-
ment-mediated PMN-Painteractions. Finally, we showed that
neutrophil elastase accounts for virtually all of the C3bi-cleav-
ing activity in BAL fluid from chronically infected CF pa-
tients. These studies demonstrate that elastase causes an op-
sonin-receptor mismatch which could severely impair com-
plement-dependent phagocytic host defenses in the lung in CF.
Since elastase can also cleave the Fc portion of IgG antibodies
(3), such an impairment in complement-dependent phagocy-
tosis takes on even greater significance. It is possible that inhib-
itors of neutrophil elastase could be used therapeutically to
limit or reverse this pathologic effect and thus enhance clear-
ance of bacteria from the lung.

Methods

Reagents. Neutrophil elastase (human leukocyte elastase) was pur-
chased from Elastin Products (Pacific, MO). Pseudomonas elastase
was purchased from Nagase Biochemicals, Ltd. (Kyoto, Japan). N-for-
myl-methionyl-leucyl-phenylalanine (FMLP), lucifer yellow VS (4-
amino-N-[3-(vinylsulfonyl)-phenyl]naphthalimide-3,6-disulfonate),
PMSF, phosphoramidon (N-(a-rhamnopyranosyloxyhydroxyphos-
phinyl)-L-leucyl-L-tryptophan), lucigenin (bis-N-methyl acridinium
nitrate), and p-nitro-phenylphosphate were all purchased from Sigma
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Chemical Co. (St. Louis, MO). Alpha- l-antitrypsin (Prolastine) was a
gift of Cutter Biologicals (West Haven, CT). Haemophilus influenzae
type b lipopolysaccharide (LPS) from strain Egan was the gift of Dr.
Thomas Inzana (Blacksburg, VA).

Bacterial strains. Two isolates of Pa from pulmonary secretions of
patients with CF, one mucoid (strain M57-1 5) and the other nonmu-
coid (strain 121-31) were obtained from the Cystic Fibrosis Core
Center at Case Western Reserve University. Additional bacterial iso-
lates included a serum-sensitive strain of Escherichia coli (ATCC,
strain 13,615), Staphylococcus aureus (ATCC, strain 25,923), and
clinical respiratory isolates of Streptococcus pneumoniae type 14 and
untypable Haemophilus influenzae. For assays of phagocytosis, PMN
superoxide production, and bound complement fragments (see below)
bacteria, from overnight broth cultures, were heat-killed at 60'C for 30
min, washed twice with PBS, and frozen in suspension at -80'C for
later use. Confirmatory studies with live bacteria gave identical results.

Wenoted reversion of our mucoid strain of Pa (M57-15) to the
nonmucoid phenotype in only a very few instances. Data from assays
with M57-15 were reported only from experiments in which mucoidy
of this strain was confirmed.

Preparation of serum. A pool of fresh serum, prepared as previously
described from six healthy adult donors and designated normal human
serum (NHS), was aliquoted and frozen immediately at -80'C for
subsequent use (8). Hemolytic complement activity in representative
thawed aliquots was confirmed as previously described (9). For control
experiments to rule out the potential contribution of antibodies in
NHSthat could react with Pa, aliquots of NHSwere adsorbed in the
cold with an excess of organisms from the strain of Pa to be opsonized.
This reduced hemolytic complement activity by < 5%.

Opsonization and protease treatment of bacteria. Bacteria were
mixed with 20%NHSin PBSand shaken in a water bath at 370C for 45
min, then washed three times in PBS, and resuspended at the appro-
priate concentration for each subsequent assay. For some experiments,
varying concentrations of neutrophil elastase, Pseudomonas aerugin-
osa elastase, or BAL supernatants either from CFpatients with chronic
Pa lung infection or from healthy adult volunteers were used to treat
bacteria after opsonization. The BAL supernatants were provided by
the CFCore Center (5) and stored in aliquots at -80°C. Somealiquots
of BAL fluid were pre-incubated for 15 min with alpha-l-antitrypsin
(33 gg/ml), PMSF(1 mM), EDTA(5 mM), or phosphoramidon (0.2
mM), to inhibit different classes of proteases (5).

Isolation of peripheral blood neutrophils and treatment with elas-
tase or monoclonal antibodies to complement receptors. PMNwere
purified from heparinized whole blood from healthy adult volunteers
using discontinuous gradients of Percoll (Pharmacia Fine Chemicals,
Piscataway, NJ) and hypotonic lysis of residual red cells as previously
described (10). This technique produced PMNsuspensions of > 95%
purity and viability. Before use in most of the assays described below
PMNwere preincubated at 37°C for 60 min with 10-8 MFMLPto
upregulate surface expression of complement receptors (10).

Lyophilized human leukocyte elastase (875 U/mg) was dissolved in
distilled water at 1 mg/ml, stored in small aliquots at -80°C, and
thawed immediately before use. Elastase was added to PMNsuspen-
sions either simultaneously with FMLPor at varying intervals before
the end of the 60-min incubation. It should be noted that in initial
experiments to evaluate the effects of elastase on PMN-Pa interac-
tions, opsonized Pa were added to elastase-treated PMNsuspensions
without first washing out the enzyme. Thus, PMNand opsonized Pa
were both exposed to the enzyme, as they would be in vivo. In addi-
tional experiments, PMNor opsonized Pa were exposed to elastase
separately, then washed before mixing, to compare the effects of elas-
tase treatment of one vs. the other on their subsequent interactions.

For experiments designed to compare the effect of specific block-
ade of CR1 or CR3on PMNwith the effect of elastase cleavage of CRI
on PMNor C3bi bound to Pa (see below), PMNwere preincubated
with saturating concentrations of MAbto CRI (from hybridoma clone
3D9; supplied by Dr. John O'Shea, Bethesda, MD) or CR3 (anti-
Mol/CDI lb, clone 44; supplied by Dr. Robert Todd, Ann Arbor, MI).
As a control, we used a MAb that binds to FcR II, the 40-kD Fc

receptor on PMN(anti-CDw32; clone IV.3; supplied by Drs. Michael
Fanger and Paul Guyre, Hanover, NH) ( 1).

FACSanalysis of PMNcomplement receptor expression was per-
formed using monoclonal antibodies to CRI and CR3, followed by
fluorescein-conjugated goat F(ab)2 anti-mouse IgG (Cappel Laborato-
ries, Malvern, PA), and a FACSanalyzer (Becton Dickinson & Co.,
Mountain View, CA) as previously described (12). Results were ex-
pressed as the arithmetic mean fluorescence of I04 PMNafter subtrac-
tion of background values from identically treated cells incubated with
HBSSor an irrelevant control MAbin place of anti-receptor MAbs.

Attachment/phagocytosis of bacteria by PMN. Bacteria were la-
beled with the fluorescent ligand lucifer yellow (LY) by incubation for
I h at room temperature with LY, as described by Sveum et al. (13).
After opsonization as described above, bacteria were treated at 370C
for 30 min with protease or control buffer. After three washes in PBS, 5
X 107 bacteria in HBSS+ 0.1% gelatin (HBSS-gel) were added to 2
X 106 PMNin a final volume of 0.3 ml of HBSS-gel. Mixtures were
agitated gently at 370C for 20 min, 2.0 ml cold PBS was then added,
and PMNwere separated from most of the free bacteria by three
differential centrifugations at 180 g for 5 min. The PMNwere resus-
pended in PBS and analyzed by fluorescence flow cytometry with
volume discriminators set to eliminate any remaining free bacteria
from the analysis. The arithmetic mean fluorescence of 104 PMN
represented the extent of PMNuptake of fluorescent bacteria. Attach-
ment alone was distinguished from attachment plus phagocytosis by
incubating identical mixtures at 0C, or in the presence of 5 Ug/ml
cytochalasin B at 370C. Either of these treatments allows attachment
but not ingestion (13, 14). Phagocytosis was confirmed in representa-
tive experiments by fluorescence microscopy. In preliminary experi-
ments, bacteria that were labeled with LY without earlier heat-killing
were taken up by PMNto an extent similar to heat-killed, LY-labeled
bacteria.

Stimulation of PMNsuperoxide production. Superoxide (O°) pro-
duction by PMNin response to opsonized bacteria and other stimuli
was determined by measuring the chemiluminescence caused by the
superoxide dismutase (SOD)-inhibitable reduction of lucigenin (bis-
N-methyl acridinium nitrate; Sigma Chemical Co.) (15, 16). PMN
(106) were mixed with 108 opsonized bacteria in a final volume of 1.0
ml PBScontaining 10-' Mlucigenin at 37°C. Control stimuli included
phorbol myristate acetate (PMA; 1.0 ,ug/ml) and lipopolysaccharide
from Haemophilus influenza type b (LPS; 100 ,g/ml). Chemilumines-
cence from these mixtures was measured at 5-min intervals for 45 min
in an LKB 1251 automated temperature-controlled luminometer
(LKB Instruments, Inc., Bromma, Sweden) equipped for continuous
stirring during measurements. The addition of SOD(100 Mg; Sigma
Chemical Co.) caused > 95% inhibition of light emission, confirming
the specificity of the reaction for superoxide. Results were expressed as
the peak chemiluminescence (mV) measured during the 45-min incu-
bation.

PMNbactericidal assay. Since our Pa isolates were serum sensitive,
as are most Pa respiratory isolates in CF (17), bacteria to be used in
killing assays were preopsonized with serum that had been depleted of
C5 using an immunoadsorbent prepared with goat antibody to human
CS (Atlantic Antibodies, Scarborough, ME). This eliminated killing of
bacteria by late complement components, without significantly reduc-
ing deposition of C3 fragments (Tosi, M. F., unpublished data). These
bacteria (2.0-2.5 X I07 cfu) were washed in PBS, resuspended in 1.0 ml
of a mixture of equal volumes of HBSS-gel and tryptic soy broth, then
added to 5 X 106 PMNor buffer control to a final volume of 1.5 ml in
HBSS-gel. Aliquots were removed immediately and after 30 and 90
min of tumbling at 12 rpm at 37°C, and cfu/ml were determined by
serial dilution in sterile water and quantitative spread plating on TSA
(18). The change in cfu/ml over 90 min for each experimental condi-
tion was compared to the change over the same period for the control
mixture without PMNto determine the extent of killing by the PMN.

Enzyme immunoassay of C3fragments bound to opsonized P. aer-
uginosa. A modification of a previously described method for measur-

ing C3 bound to Pa (19) was used to measure specific C3 fragments
bound to these organisms. Bacteria were heat-killed and opsonized as
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described above, then incubated with buffer alone, purified proteases,
or CFBAL supernatants for 30 min at 370C. After washing twice again
with PBS, 108 bacteria were pelleted at 10,000 g for 5 min, and then
resuspended for 30 min in 0.2 ml of a 1:500 dilution of either a MAb
against a neoantigen on C3bi that is not expressed on other C3 frag-
ments or a MAbagainst C3d that recognizes all bound C3d-containing
fragments (C3b, C3bi, and C3d), both from Cytotech (San Diego, CA).
Binding of these antibodies was detected using an alkaline phospha-
tase-conjugated goat anti-mouse IgG, followed by resuspension of bac-
teria overnight in 1 mg/ml p-nitrophenyl phosphate (Sigma Chemical
Co.). The resulting supernatants were transferred to 96-well microtiter
plates, and the A410 was measured with an automated Dynatech
MR600Microplate Reader (Dynatech Laboratories, Alexandria, VA).
Background values were determined with unopsonized bacteria and
subtracted to obtain the net absorbance values reported. In prelimi-
nary experiments, deposition of C3 fragments was comparable with
live vs. heat-killed Pa and for unlabeled vs. LY-labeled Pa.

Results

Effects of elastase on PMNcomplement receptor expression. As
shown in Fig. 1 A, there was a marked time- and concentra-
tion-dependent decrease in surface CR1 expression caused by
treatment of FMLP-stimulated peripheral blood PMNwith
neutrophil elastase. A 50% decrease was observed with 10
,ug/ml elastase for 20 min, and a 90% decrease was caused by
30 ,ug/ml of elastase for 20 min. As shown in Fig. 1 B, CR3
expression was not affected by elastase at any concentration or
duration of exposure. Consistent with previous studies (5, 1 1)
the values for CR3expression in the absence of elastase (0 min
of exposure) represent a sixfold upregulation of surface CR3
compared to PMNthat were not preincubated with FMLP
(not shown). No effect of elastase on this action of FMLPwas
observed. Thus, elastase did not actually interfere with the
activation of the cells by FMLP. The results of these experi-
ments were used to choose appropriate concentrations and
durations of PMNexposure to elastase for subsequent assays.
Note that for the first groups of experiments described below
for each assay of PMN-Pa interactions, opsonized bacteria
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Figure 1. Time- and conceniration-dependent cleavage of PMN
CR1, but not CR3, by neutrophil elastase. Aliquots of 5 X 106 PMN
in 0.5 ml HBSS/0.1% gelatin were incubated at 37°C with 1O-8 M
FMLPfor 60 min. During this incubation, elastase was added at
final concentrations of 1 (A), 3 (u), 10 (A), and 30 (o) ,ug/ml for the
durations indicated. Cells were washed, and aliquots from each incu-
bation condition were stained with monoclonal antibodies and ana-
lyzed by fluorescence flow cytometry for surface CR1 (A) and CR3
(B). The mean fluorescence of 10,000 cells was corrected for back-
ground obtained using an irrelevant MAb.

were added to elastase-treated PMNwhile the elastase was still
present, so that both PMNand bacteria were exposed to the
enzyme.

Effects of elastase on PMNattachment/phagocytosis of
LY-stained opsonized Pa. Fig. 2 shows the results of a repre-
sentative phagocytosis experiment showing individual FACS
histograms for PMNthat have been incubated with opsonized
or unopsonized LY-labeled Pa. In this experiment, carried out
at 370C, uptake of bacteria by PMNis measured as PMN
fluorescence and may include attachment without ingestion as
well as phagocytosis. The quantitative contribution of attach-
ment without ingestion is 25% of total uptake, as assessed
below (Fig. 3). Curve A of Fig. 2 shows the low PMNfluores-
cence that results from uptake of unopsonized Pa by control
PMN, while curve B shows the marked increase in mean fluo-
rescence of control PMNthat have been incubated with op-
sonized Pa. The results, shown here on a logarithmic scale,
reveal that opsonization of the bacteria increased their uptake
by PMNfrom a mean of 3.2 to 50.5 fluorescence units. This
demonstrates the dependence on opsonization for optimal
phagocytosis in this system. Curve C shows the results ob-
tained with PMNthat had been treated with 10 ,g/ml of elas-
tase for 60 min before adding opsonized bacteria, and indi-
cates that PMNuptake of bacteria was reduced by 65% com-
pared to curve B in this representative experiment. Fig. 3
shows the composite results of four separate experiments using
both mucoid and nonmucoid strains of Pa in identical assays.
As shown, for experiments done at 370C there was nearly 50%
reduction in phagocytosis of Pa induced by elastase treatment
of PMNfor both mucoid and nonmucoid strains. Experiments
carried out at 00, or in the presence of cytochalasin B, to
measure attachment alone, showed similar 50% decreases in
bacterial attachment due to elastase treatment of the PMN,
and demonstrated that only - 25% of the total uptake of op-
sonized bacteria by control PMNat 37°C was due to attach-
ment without ingestion. Thus, treatment with elastase suffi-
cient to cause cleavage of 90%of PMNCR1 (Fig. 1) resulted in
a distinct functional impairment in attachment and phagocy-
tosis of opsonized Pa by these cells. Control experiments in
which we opsonized Pa with NHSpre-adsorbed in the cold
with excess Pa organisms yielded identical results (not shown);
thus, anti-Pa antibody did not contribute to the phagocytosis
results or to the observed effects of elastase. Additional experi-

A C B Figure2. Effect of elastase
on uptake of opsonized Pa

*. J by PMN. Heat-killed, lu-
E I cifer yellow-stained Pa

J \. | \ from a mucoid strain were
opsonized in 20% NHSfor
45 min at 37°C. After
washing, 5 X I07 Pa were

I 10 100 1000 addedto 2 X 106PMNthat
fluorescent channel had been treated with

FMLPfor 60 min in the
presence or absence of elas-

tase (10 psg/ml). These mixtures were slowly rotated at 37°C for 20
min, and the PMNwere washed before being analyzed by fluores-
cence flow cytometry. Representative fluorescence histograms
(10,000 cells) for control PMNincubated with nonopsonized Pa (A;
-), control PMNincubated with opsonized Pa (B; -), and elastase
treated PMNincubated with opsonized Pa (C;. ) are sown.
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Figure 3. Effect of elastase
on attachment and phago-
cytosis of opsonized mu-
coid and nonmucoid Pa by
PMN. Experiments were
performed exactly as de-
scribed for Fig. 2, except
that both nonmucoid and
mucoid strains of Pa were
used and some incubations
of PMN-Pa mixtures were
carried out at 00C to per-
mit attachment without

phagocytosis. Each result shown is the mean±SE of four separate ex-

periments in which values for phagocytosis of opsonized nonmucoid
(-) or mucoid (is) Pa by control PMNwere compared with the corre-

sponding value for elastase-treated PMN(0). For all experiments
comparing control vs. elastase treatment, P < 0.01 by t test.

ments using NHS heated at 560C for 30 min (not shown)
confirm that opsonization in this system is complement de-
pendent.

Effects of elastase on PMNphagocytosis of other bacterial
pathogens. Wealso measured- the effects of elastase on PMN
phagocytosis of E. coli, S. aureus, H. influenzae, and S. pneu-

moniae type 14, and the results are shown in Fig. 4. Differ-
ences in apparent uptake by control PMNamong the four
bacterial species (Fig. 4, solid bars) were at least partly due to
interspecies differences in the ability of the bacteria to bind the
fluorescent label (data not shown). In experiments identical to
those above which demonstrated that elastase caused 52±14%
decrease in phagocytosis of Pa, we found that elastase treat-
ment decreased the phagocytosis of these other species by
29-67%. Thus, the inhibition of PMN-bacteria interactions by
exogenous elastase was not specific for Pa, but acted on op-
sonins and/or phagocyte receptors that are relevant to a range
of bacterial pathogens.

Effects of elastase on stimulation by Pa of PMNO° produc-
tion. As shown in Fig. 5, there was a 45-50% decrease in the O2
produced by elastase-treated PMNcompared to control PMN
when stimulated by opsonized Pa, either the mucoid or non-

mucoid strain (P < 0.01). In contrast, the O2 response to other
stimuli such as phorbol myristate acetate (PMA) and LPS was

not affected by elastase. The latter findings demonstrated that
elastase did not interfere with the actual mechanisms of O2-

Figure 4. Effect of elastase on
z

phagocytosis by PMNof other
" 80- bacterial species. Experiments

UT60 were performed exactly as de-

r 1 scribed for Fig. 2. E. coli (Ec.),
S. aureus (Sa.), untypable H.
influenzae (H.i.), and S. pneu-

t 20 moniae, type 14 (S.pn.) were
ex -- - _ L 5 heat killed, LY-stained, and

U E.c 5... H.I. S.pn. opsonized. Bacteria were

mixed with control (i) or elas-
tase-treated (o) PMNfor 20 min as described. The mean fluores-
cence of 10,000 PMNwas determined by flow cytometry. The results
of four separate experiments (mean±SE) are shown. Inhibition of
phagocytosis by elastase treatment was 29±5% for Ec. (P < 0.05),
38±6% for S.a. (P < 0.05), 32±4% for Hi. (P < 0.05), and 67±12%
for Spn. (P < 0.01).
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Figure 5. Effect of elastase
on PMNsuperoxide pro-
duction induced by opson-

oE I 1 ized Pa and other stimuli.
= CE , PMNwere incubated with

10-8 MFMLPfor 60 min
in the presence or absence
of 10 tg/ml of elastase. 106

* - - opsonized Pa (mucoid or
nonmucoid) in a final vol-

P. eruginosa PIIA LPS umeof 1.0 ml PBSthat
contained 0.05% BSAand

10-5 Mlucigenin. Chemiluminescence (CL) was measured at 5 min
intervals for 45 min, and the peak CL (m V) during this period was

determined. The value obtained for elastase-treated PMNwith each
stimulus was expressed as the percent of the value with the same

stimulus for control PMN(mean±SE, n = 4; P < 0.01 for decreased
CL for both types of Pa). PMA(1 Mg) and LPS (100 ug) were used as
control stimuli in identical experiments.

production by PMN. Thus, the decrease in Pa-induced PMN
O2 production caused by elastase was apparently due to im-

pairment of surface interactions between the PMNand the
opsonized Pa.

Effects of elastase on PMNkilling of opsonized Pa. To
confirm that the impairments in phagocytosis and O2 produc-
tion caused by elastase ultimately resulted in diminished kill-
ing of Pa by PMN, direct bactericidal assays were performed.
Westudied the effect of elastase on killing by incubating PMN
with 30 ug/ml of elastase for 30 min rather than the 10 ,g/ml
for 60 min used in above assays, since we had observed a
modest decrement in killing capacity of control PMNafter 60
min vs. 30 min at 370C. The extent of CR1 cleavage was
similar under both conditions, as shown in Fig. 1. As shown in
Fig. 6, during incubation of opsonized Pa for 90 min in mix-
tures without PMN, there was a mean increase of - 300% in
cfu/ml. In mixtures that contained control PMN, there was a
decrease in cfu/ml of - 50%. In contrast, however, in mix-
tures that contained PMNtreated with 30 ,g/ml of elastase for
30 min, there was actually a net increase in cfu/ml of - 180%.
To express the true extent of PMNkilling of Pa in the face of

107 Figure 6. Effect of elas-
tase on killing of opson-

NoPMN ized Pa by PMN. Live

PMN/Elastase in
(29 ± 10% kifed) Pa were opsonzed= 106 20% NHSthat had been

U.

Conl PMN

munoadsorption in the
(86 ± 12% killed)

105
cold. Opsonized bacte-

10 30 60 90 ria (2.0-2.5 X l10 cfu/
Minutes ml) were suspended in

0.5 ml TSB plus 0.5 ml
HBSS-gel, then added

to 5 X 106 PMNthat had been preincubated for 30 min with (PMN/
Elastase) or without (Control PMN) 30 Mg/ml elastase. Bacterial sus-

pensions without PMN(No PMN) served as a control for bacterial
growth. The final volume of all mixtures was 1.5 ml. Aliquots were
removed immediately and after 30 and 90 min of slow tumbling at
370C. Viable bacteria (cfu/ml) were counted by serial dilution and
quantitative plating. Values shown represent mean±SE for five ex-
periments.
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the increase in cfu/ml that occurred under control conditions
without PMN, we quantified killing of Pa by PMNat 90 min
by subtracting values for cfu/ml in mixtures with PMNfrom
those for mixtures without PMN. Wethen expressed this dif-
ference as a percentage of the cfu/ml in the mixtures without
PMN. After adjusting for small differences in cfu/ml at 0 min,
we determined that control PMNkilled 86±12% of the Pa,
while PMNtreated with elastase at 30 ,g/ml for 30 min killed
only 29±10% (mean±SE, n = 5; P < 0.001). The results shown
are for the mucoid Pa strain; similar results were obtained with
the nonmucoid strain of Pa (not shown). These studies thus
confirmed the significance of the elastase-induced impair-
ments in phagocytosis and Q2 production by directly demon-
strating that they led to markedly decreased bacterial killing.

Effect of elastase treatment of opsonized pseudomonads
alone vs. PMNalone. In all of the above experiments that
assessed PMN-Pa interaction, the elastase used to pretreat the
PMNremained present throughout the assay, so that both the
PMNand the bacteria were exposed to the enzyme, as they
would be in vivo. To determine whether the observed effects of
elastase were due to actions on the bacteria themselves, rather
than on the PMN, we performed parallel assays in which only
the PMNor the bacteria were exposed to the enzyme. As
shown in Fig. 7, the percent inhibition caused by elastase in
each assay in the original sets of experiments (open bars) was
reduced by about half when only the PMNwere exposed to the
enzyme (solid bars). Thus, it seemed likely that part of the
effect of elastase on PMN-Pa interactions in the original ex-
periments was due to its effects on the opsonized bacteria as
well as on the PMN. As shown in the shaded bars, treatment of
the opsonized bacteria alone with elastase also produced signif-
icant impairments in all three assays of PMN-Pa interaction
(P < 0.01 for phagocytosis and O2 production; P < 0.05 for
killing). Results were similar for mucoid and nonmucoid
strains of Pa.

Cleavage of C3bi bound to opsonized Pa by CFBAL su-
pernatants and purified elastases. Previous studies have shown
that human neutrophil elastase can cleave C3bi on opsonized
sheep erythrocytes, leaving the nonopsonic fragment C3d (7).
This did not affect C3b, the other major opsonic C3 fragment.
Since our data suggested that some of the effects of elastase on
PMN-Pa interactions were due to actions on the opsonized
bacteria, we sought to determine whether this was due to cleav-

100 Figure 7. Effect of sepa-
Trate elastase treatment
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i s50 Pa on PMN-Pa interac-
s 1; llc; | tions. The open bars

represent the percent
o _ _zz _:~ - inhibition of phagocyto-PH. °i tILLINIG SiS, superoxide produc-

tion, or bacterial killing by PMNcaused by elastase treatment of
PMNin assays performed exactly as described above; that is, when
PMNwere treated with elastase (10 ,g/ml for 60 min) and bacteria
were added without first washing the PMN, so that both PMNand
bacteria were exposed to the enzyme. The solid bars and hatched
bars represent the percent inhibition by elastase in assays that were
performed identically except that only the PMNor the opsonized
bacteria, respectively, were exposed to elastase, then washed before
mixing. The results shown represent the mean±SE of three or four
experiments performed with a mucoid strain of Pa.

age of C3bi from opsonized Pa. Weused an enzyme immuno-
assay with a monoclonal antibody against a neoantigen ex-
pressed only on C3bi, but not on C3b or C3d, to test the ability
of neutrophil and Pseudomonas elastases and CFBAL super-
natants to cleave C3bi from opsonized Pa. The results ob-
tained with the mucoid strain of Pa are shown in Fig. 8. Re-
sults with the nonmucoid strain (not shown) were similar.
After 30 min of exposure to neutrophil elastase at concentra-
tions > 0.1 ,ug/ml, C3bi on opsonized Pa was markedly re-
duced. About 45% of the C3bi was removed by 0.5 ug/ml and

90%by 1.0 ,ug/ml. Pseudomonas elastase at similar concen-
trations produced an equivalent loss of anti-C3bi binding with

50% cleavage of C3bi occurring at 0.5 ,ug/ml. When CF
BAL supernatants were used as a potential source of proteases
to treat opsonized Pa, a concentration-dependent loss of
bound C3bi was also observed with a 1:10 dilution producing
> 90% cleavage of C3bi. BAL supernatants from healthy con-
trols had no effect (not shown). Using a similar enzyme immu-
noassay with a monoclonal antibody directed against C3d that
also interacts with C3b and C3bi, we found that none of the
above sources of protease activity diminished the total number
of C3d-containing fragments, even at concentrations of the
pure enzymes up to 5 gg/ml. These results are consistent with
the conversion of bound C3bi to C3d by elastase, rather than
with attack of the proteases on surface components of the
bacteria to which C3 fragments are bound. Our results thus
confirmed a specific mechanism by which the proteases could
act on opsonized Pa to impair complement-mediated PMN-
bacterial interactions.

Nature of C3bi-cleaving activity in CFBAL supernatants.
To determine whether the cleavage of bound C3bi by CFBAL
supernatant was due to neutrophil or Pseudomonas elastase or
both, we pretreated aliquots of BAL supernatants with various
protease inhibitors before using 1:10 dilutions of these super-
natants to treat opsonized bacteria. As shown in Fig. 9, pre-
treatment of these supernatants with the serine protease inhibi-
tors, PMSF, or alpha-l-antitrypsin, completely blocked the
cleavage of C3bi caused by a 1:10 dilution of BAL supernatant,
whereas pretreatment with the metalloproteinase inhibitor,
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Figure 8. Cleavage of C3bi on opsonized Pa by purified elastases and
CFBAL supernatants. Opsonized Pa (108) were incubated at 370C
for 30 min with neutrophil elastase (-), Pseudomonas elastase
(..),or CF BAL supernatant (---) at the indicated concentra-
tions or dilutions. After washing, MAbto C3bi neoantigen or to C3d
(binds C3b, C3bi, and C3d) was added, and the residual binding to
the complement fragments was determined by incubation with alka-
line phosphatase-conjugated goat anti-mouse antibody and measure-
ment of substrate conversion by ODat 410 nm. Background was de-
termined using unopsonized Pa in the same assay and was subtracted
to derive the values shown in these representative experiments with
mucoid Pa.
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stored at -80'C and were thawed, then preincubated for 15 min
with PMSF(1 mM), alpha-I-antitrypsin (alAT; 33 sg/ml), phos-
phoramidon (phos; 0.2 mM), EDTA(5 mM), or a buffer control (e).
PBSwas used in place of BAL supernatant to provide a positive con-
trol for bound C3bi (C). Bacteria were then assayed as above for re-
sidual bound C3bi. Results for each incubation condition are ex-
pressed as the mean±SE for four separate experiments, each per-
formed with BAL supernatant from a different patient. PMSFand
alAT significantly blocked C3bi cleavage compared to buffer control
(P < 0.001). EDTAand phos. had no effect.

EDTA, or the Pseudomonas elastase inhibitor, phosphorami-
don, did not block this cleavage at all. No diluent used with the
inhibitors had any effect (not shown). Thus the activity in CF
BAL supernatants that cleaves C3bi on opsonized Pa is a ser-
ine protease, consistent with neutrophil elastase, rather than a
metalloprotease such as Pseudomonas or macrophage elastase.

Comparative sensitivity to elastase of CRI vs. C3bi. The
above studies suggested that C3bi on opsonized Pa was more
sensitive than CR1 on PMNto cleavage by elastase, since 10
/Ag/ml of neutrophil elastase for 20 min was required for 50%
cleavage of CR1 (Fig. 1) and only 0.5 gg/ml for 30 min was
needed to achieve a similar effect on C3bi (Fig. 8). Therefore,
we performed parallel experiments with both CR1 and C3bi to
directly compare their sensitivity to elastase. As shown in Fig.
10, when PMNor opsonized Pa were incubated with various
concentrations of neutrophil elastase for 30 min, 50%and 95%
of the bound C3bi on Pa was cleaved by 0.3 and 1.0 ,g/ml of
the enzyme, respectively. Cleavage of 60%and 95%of the CR1
on PMNrequired 10 and 30 ,ug/ml of elastase respectively.
Thus, C3bi on Pa was - 30-fold more sensitive to elastase
cleavage than CR1 on PMN. Similar results were obtained
with Pseudomonas elastase (not shown).

Comparison of effects of elastase with those of specifically
blocking CRI and CR3on PMNwith anti-receptor antibodies.
Although we had demonstrated that elastase cleaved CR1 and

100 - - Figure 10. Relative elas-
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COMMROL\ on PMNvs. C3bi on
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0 0 0 0 - bated in parallelat
O} 0.3 1.0 3.0 10 30 370C for 30 min with

mg/Mi ELASTASE neutrophil elastase at
the concentrations indi-
cated. CRI on PMN

and C3bi on Pa were then determined by flow cytometry and en-
zyme immunoassay, respectively, as described above. The results
shown are the percent of the respective control values obtained in
the absence of elastase.

C3bi, it is also possible that the enzyme had other effects on the
PMNor opsonized Pa that did not involve complement-de-
rived opsonins or their receptors. To confirm that cleavage of
CR1 and C3bi by elastase could account for the degree of
inhibition of PMN-Pa interactions observed in these studies
we performed similar studies using excess monoclonal anti-
bodies to CR1 and/or CR3 to block these receptors on the
PMN. Table I compares the inhibition of phagocytosis caused
by these anti-receptor antibodies to the inhibition caused by
elastase cleavage of CR1 on PMNand C3bi on bacteria. As
shown, pretreatment of PMNwith anti-CR 1 caused a 40±12%
decrease in phagocytosis of opsonized Pa; this is similar to the
decrease caused by treating the PMNalone with elastase. An-
tibody to the C3bi receptor, CR3, caused 23±7% inhibition of
phagocytosis; this is similar to the decrease caused by treating
the opsonized Pa alone with elastase. When both antibodies
were used together, the effect was roughly additive, 59±14%
inhibition, which is comparable to the inhibition observed
when both the PMNand opsonized Pa were treated with elas-
tase. Thus, whether by blocking the receptors or by cleaving
CR1 and C3bi with elastase, interference with both opsonin-
receptor pairs, inhibited complement-dependent PMN-Pa in-
teractions in an additive fashion.

Discussion

Most patients with CF develop chronic pulmonary infection
due to Pseudomonas aeruginosa (Pa). Despite the fact that no
systemic host defense defect has been demonstrated, these pa-
tients are unable to clear this infection, even with aggressive
antibiotic treatment (1). Local factors thus appear to be re-
sponsible for the impaired pulmonary defenses of these pa-
tients. Alveolar macrophages, usually the first line of phago-
cytic defense in the lung (20), are unable to forestall the pro-
gression of this infection. As a result of an increasing number
of microorganisms and their interaction with the host, PMN
are recruited to the lung in greater numbers. These phagocytes
become the most numerous cell type in the secretions of most
chronically infected CF patients (5) and are the source of a
large burden of proteases, particularly elastase (22). PMNrely
heavily on complement-mediated opsonization of organisms
for optimal phagocytosis, as they express two types of comple-
ment receptor, CR1 and CR3, and usually bear only low af-
finity receptors for the Fc portion of IgG (6, 21). Bound com-
plement (C3) has been demonstrated on bacteria recovered
directly from the secretions of chronically infected CFpatients
(23), further suggesting the potential importance of comple-
ment-mediated interactions between PMNand Pa in the lungs
of these patients.

Weshowed previously that PMNfrom CFBAL fluid were
markedly deficient in surface expression of CR1, the receptor
for the opsonic C3 fragment, C3b, but expressed maximal
levels of CR3, the PMNreceptor for the other major opsonic
C3 fragment, C3bi (5). This is in sharp distinction to other
situations, both in vitro and in vivo, in which these receptors
are upregulated in parallel (5, 24). Furthermore, either purified
neutrophil elastase or serine protease activity in the superna-
tants of these CF BAL specimens could cleave CR1 from pe-
ripheral blood PMNactivated in vitro without affecting CR3
(5). Weproposed that such a deficiency in surface CR1, pre-
sumably due to cleavage of this receptor by neutrophil elastase
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Table L Effect of Monoclonal Antibodies to CRI and CR3 on Phagocytosis of Opsonized Pa by PMN:
Comparison with Elastase Treatment of PMNand Bacteria

Inhibition by antibodies Inhibition by elastase

Inhibition of Inhibition of
PMNreceptor specificity phagocytosis* Treatment condition (effect) phagocytosis*

Binding control: CDw32(IV.3) 0
CRI (3D9) 40±12 PMNonly treated (CRI cleaved) 31±11
CR3 (anti-Mol) 23±7 Bacteria only treated (C3bi cleaved) 21±8
CRI + CR3 58±14 Both treated (CR1 and C3bi cleaved) 54±20

* Compared to buffer control in place of antibody or protease; results shown represent mean±SE for n = 4; results for unopsonized bacteria
were subtracted as background.

in the inflammatory milieu, would result in defective comple-
ment-mediated phagocytic clearance and killing of opsonized
bacteria. In the present studies, we found that neutrophil elas-
tase caused marked impairments in the entire spectrum of
PMN-Pa interactions including attachment, phagocytosis,
stimulation of PMNO° production, and bacterial killing.
With alternative soluble stimuli for PMNO2 production such
as PMAand LPS, however, elastase had no effect. Thus, the
decrease in the metabolic activity stimulated by opsonized Pa
in elastase-treated vs. control PMNmust be a consequence of
the effects of the enzyme on the surface interactions between
the PMNand the bacteria rather than on PMNactivation
mechanisms per se. Wefurther documented that elastase also
cleaves C3bi bound on opsonized Pa, and that this action of
the enzyme contributes substantially to the overall extent of
elastase-induced impairment in PMN-Pa interactions. The
cleavage by elastase of both CR1 on PMNand C3bi on opson-
ized Pa virtually eliminates the possibility for complement-de-
pendent interactions between PMNand opsonized Pa by
creating an "opsonin-receptor mismatch", since the CRl/C3b
opsonin-receptor pair is missing its receptor, CR1; and the
CR3/C3bi pair is missing its opsonin, C3bi.

Neutrophil elastase has been shown to cleave other opsonic
proteins including IgG, fibronectin, and certain fluid phase
complement components (3, 25, 26), as well as other phago-
cytic receptors, including the type III Fc receptor on PMN
(27). To confirm that complement-mediated processes are the
primary functions being affected by elastase in our system, we
have used two approaches. First, we showed that blocking CR1
on PMNwith specific anti-receptor MAbinhibited phagocy-
tosis of opsonized Pa to an extent similar to that caused by
elastase treatment of PMN, which cleaved the CR1 on these
cells. Blocking CR3 with specific MAbreduced phagocytosis
of Pa to an extent similar to that caused by elastase treatment
of the opsonized Pa, which cleaved the C3bi bound on these
bacteria. The inhibition of phagocytosis caused by interfering
with both CRI /C3b and CR3/C3bi opsonin-receptor pairs was
roughly additive, whether it was accomplished by cleaving
CR1 and C3bi with elastase or by blocking CR1 and CR3with
specific MAbs. Second, when we used excess Pa to preabsorb
the pooled human serum that was used for opsonization, to
remove specific antibodies, there was no difference in the re-
sults of assays for bound C3 fragments or phagocytosis of Pa by
PMN, or in the effects of elastase in these assays. Furthermore,

we have shown previously that elastase has no effect on IgG-
mediated phagocytosis or OF production by PMN, despite the
fact that it cleaves one class of IgG Fc receptor (FcR III),
because these functions are mediated by an elastase-resistant
class of Fc receptors (FcR II) (27). Thus, it is unlikely that
effects on Fc receptors or IgG contributed to the elastase-in-
duced impairments in PMN-Pa interactions we are reporting
here. Weare unaware of previous studies that have examined
the effects of elastase on PMN-microbe interactions at the
opsonin-receptor level, although Hakansson showed that neu-
trophil elastase reduced complement- but not IgG-mediated,
phagocytosis of yeast particles by PMN(28).

Wefound that C3bi was cleaved from the surface of op-
sonized Pa at concentrations of neutrophil or Pseudomonas
elastase - 30-fold lower than that required to cleave compara-
ble proportions of CR1 from the PMN(Fig. 10). This greater
sensitivity of C3bi compared to CR1 could be important early
in the course of the establishment of lung infection when local
concentrations of elastase are low but may still be sufficient to
interfere with effective opsonization by cleaving C3bi (see
below). Furthermore, the finding that 1:10 dilutions of BAL
supernatants had activity similar to 1 ,g/ml of purified elastase
despite the fact that they were already diluted by saline during
collection, suggests that in vivo concentrations of neutrophil
elastase in CF patients with chronic lung infection easily ex-
ceed 10 ytg/ml and validates our use of elastase in this concen-
tration range in our studies of CR1 cleavage and inhibition of
PMN-Pa interactions.

Production of specific antibodies to Pseudomonas elastase
in the lungs of infected CF patients results in formation of
immune complexes and neutralization of the activity of this
enzyme (29, 30). Although the immunoreactive mass of Pseu-
domonas elastase in the lung secretions of chronically infected
CF patients is large, data from other laboratories have been
variable regarding the presence of metalloproteinase activity
consistent with this enzyme in BAL fluid of chronically in-
fected CF patients (5, 30, 31). In the current studies, we
showed that serine protease inhibitors, but not metalloprotease
inhibitors blocked the cleavage of C3bi by CF lung lavage
supernatants (Fig. 9). In previous studies in our laboratory, we
observed the same pattern for inhibition of CR1 cleavage by
these supernatants (5). Cathepsin G, a chymotrypsin-like ser-
ine protease of neutrophils, which has also been found in lung
secretions of chronically infected CF patients (25), does not
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produce significant cleavage of C3bi on Pa at concentrations
comparable to those for elastase used in these studies (Tosi,
M. F., unpublished observations). Wethus conclude that neu-
trophil elastase is the predominant if not the sole source of
CR1- and C3bi-cleaving activity in the lungs of these chroni-
cally infected CF patients.

The microbiology of chronic lung infection in CFpatients
is quite characteristic. Most of these patients are infected with
P. aeruginosa (1). Chronic infection in some younger CF pa-
tients has been caused by Staphylococcus aureus or untypable
Haemophilus influenzae. However, these organisms are even-
tually supplanted by P. aeruginosa in most cases, presumably
due in part to a greater likelihood of antibiotic resistance in the
latter and to other factors that remain poorly defined (17).
Whenwe studied the effects of neutrophil elastase on interac-
tions between PMNand S. aureus, H. influenzae, E. coli, or S.
pneumoniae, we obtained results similar to those for Pa. Thus,
while the impairment of PMN-Pa interactions by neutrophil
elastase is relevant to the CF host, it is not a unique feature of
this organism. However, elastase produced by Pa itself could
serve as a special virulence factor for this organism early in the
course of infection, before neutralizing antibodies are formed
by the host, by cleaving highly elastase-sensitive opsonins as
we have demonstrated in this study.

In view of evidence that IgG antibodies against Pseudo-
monas in CF patients may already be poor opsonins due to
altered isotype (32) or cleavage of their Fc portions by elastase
in the lung (3), the deficiencies in complement-mediated
phagocytic mechanisms we have documented become even
more important. The cleavage by elastase of CR1 from PMN
and C3bi from opsonized Pa results in fewer PMNreceptors
for the elastase-resistant opsonin, C3b, and fewer opsonic li-
gands on the bacteria for CR3, which also remains intact.
Thus, even though one receptor and one opsonic ligand re-
main intact, there is a marked deficiency in potential op-
sonin-receptor pairs. Wehave termed this situation an "op-
sonin-receptor mismatch". This effect results in markedly
impaired phagocytosis and killing of these bacteria. This evi-
dence of the additional pathologic effects of excess protease
activity in the chronically infected lungs of CF patients sug-
gests a potential role for protease inhibitors, such as alpha-l-
antitrypsin, as therapeutic agents which might moderate this
and other adverse effects of neutrophil elastase in the lung
(33, 34).
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