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ABSTRACT. Experiments performed in vitro have dem- 
onstrated that leukocyte neutral proteases produce an im- 
portant mediator of inflammation, C5a, by proteolysis of 
the C5 component of the complement system. Cystic fibro- 
sis (CF) lung fluids were characterized by high levels of 
neutrophils (39% of total cells versus 2% in normals) and 
contained significantly elevated amounts of elastolytic ac- 
tivity (mean 17.7 ng/pg total protein) compared to the lung 
fluids obtained from normal volunteers (0.2 ng elastolytic 
activitylpg protein, p = 0.001). The objective of these 
studies was to determine if complement activation and 
complement-derived chemotactic activity are present in CF 
lung fluids. C3c peptide representing activation of C3 could 
not be identified in the bronchial-alveolar lung lavage fluids 
of normal subjects but was readily identified by means of 
crossed immunoelectrophoresis "in CF lung fluids (n = 9, 
mean 49% of C3); the mean level of C3 was decreased in 
CF lung specimens. Chemotactic activity was significantly 
elevated in lung fluids of the CF patients when compared 
to normal lung fluids. Using gel-filtration chromatography 
and a sensitive radioimmunoassay the chemotaxin present 
in CF specimens was identified as the anaphylatoxin C5a. 
C5a levels in the bronchial-alveolar lavage fluids of CF 
patients was inversely related to volume in liters expired 
in 1 s of a forced expiratory maneuver expressed as a 
percent of vital capacity determined from a forced expira- 
tory maneuver ( r  = -0.72). Because there was a direct 
relationship between the total elastolytic activity present 
in CF airways and the concentration of C5a ( r  = 0.97, p = 
0.03), it was postulated that airway proteases with elasto- 
lytic activity also cleave C5, nonimmunologically producing 
C5a. Detailed inhibition assays revealed that much of the 
total elastolytic activity had the inhibition profile of a 
serine proteinase. The levels of the serine proteinases were 
closely correlated with the numbers of neutrophilic leuko- 
cytes present per ml of lavage fluid ( r  = 0.7, p = 0.05). 
However, inhibitors of leukocyte serine proteases did not 
prevent the generation of additional chemotactic activity 
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and the proteolysis of radiolabeled C5 substrate was not 
prevented by inhibitors of neutrophil elastase. Although 
the purified metalloelastase of Pseudomonas aeruginosa 
was active on cell-bound and free C5 yielding C5a, inhibi- 
tion of this bacterial protease in CF lung fluids only par- 
tially blocked cleavage of the a- and /3-chains of C5. 
Simultaneous inhibition of the serine and metalloprotease 
activities of CF lung fluids effectively blocked the in vitro 
generation of C5a leukocyte chemotactic activity. We con- 
clude that CF lung fluids contain markedly increased levels 
of elastolytic activity which are closely linked to the extent 
of CF lung disease and which are capable of proteolytically 
generating C5a. Both a serine proteinase and a metalloen- 
zyme in these lung fluids contribute to the nonimmunologic 
generation of C5a. (Pediatr Res 20: 1258-1268,1986) 

Abbreviations 

BAL, bronchial-alveolar lavage 
BSA, bovine serum albumin 
CF, cystic fibrosis 
cpm, counts per minute 
DTT, dithiothreitol 
EDTA, ethylene diamine tetraacetic acid 
FEF 25-75% 
expiratory flow determined between 25 and 75% of vital 

capacity 
FEV], volume in liters expired in one second of a forced 

expiratory maneuver 
FEVI%, FEVl expressed as a percentage of FVC 
FVC, vital capacity determined from a forced expiratory 

maneuver 
HEPES, N-2-hydroxyethylpiperazine-N-2-ethane-sul- 

fonic acid 
Leu, leupeptin 
PAGE, polyacrylamide gel electrophoresis 
PM, pulmonary macrophages 
PI, protease inhibitor 
PMN leukocytes, polymorphonuclear leukocytes 
PMSF, phenylmethylsulfonylfluoride 
Pseudomonas, particular species Pseudomonas aeruginosa 
RIA, radioimmunoassay 
RV, residual volume 
STI, soybean trypsin inhibitor 
TCA, trichloroacetic acid 
TLC, total lung capacity 
TP, total protein 
TPCK, L-1-tosylamide-2-phenyl-ethylchloromethyl ketone 
Tris-HC1, hydroxymethylaminomethane buffer 
ZAS, zymosan-activated serum 
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Chronic pulmonary infection develops in the vast majority of 
patients with CF, frequently dominating the clinical picture and 
determining the fate of the majority. Particularly prominent early 
pathologic lesions are bronchiolitis, plugging of airways by in- 
flammatory cells and secretions, acute peribronchiolar inflam- 
mation and bronchiectasis (1). Destruction of respiratory bron- 
chioles and alveolar ducts leads to connective tissue deposition 
and interstitial fibrosis with the consequence that greater than 
90% of these patients die of progressive pulmonary insufficiency. 
Inflammatory secretions obtained from the lungs of patients with 
CF contain extraordinarily elevated levels of the neutral protease, 
elastase (2). Most of this elastolytic activity presents the inhibition 
profile of a serine proteinase, suggesting that it is derived from 
neutrophils which are present in the airways. It is generally 
accepted that such elastases contribute to the genesis of a destruc- 
tive lung lesion (3). Additional affects of these elastases may be 
to further amplify the inflammatory process by generating neu- 
trophil chemotactic activity by limited cleavage of C5 (4). 

The proteins of the complement system play a major biologic 
role as mediators of inflammation and opsonization. Despite 
recurrent and recalcitrant bacterial infections of the lung and the 
nature of the destructive lung lesion in cystic fibrosis, no con- 
sistent alterations in serum complement levels have been docu- 
mented (5). More recent studies have concluded that there is a 
uniform absence of C3 activation in CF sera (6), however, there 
is a paucity of information about the activation of complement 
proteins in vivo in CF airways. 

The purpose of this study was to determine if biochemical and 
functional evidence of complement activation was present in 
fresh lung secretions obtained from CF patients, and to relate 
these activities to impairment of lung function. We also explored 
the relationship between proteases present in these biologic fluids 
and the nonimmune generation of functional polypeptide frag- 
ments of complement proteins. 

METHODS 

Experimental specimens and bronchial-alveolar lavage. Bron- 
chial washings were performed on nine patients with CF (seven 
male, two female) with a mean age of 19 yr ? 5 SD (range 12- 
3 1 yr). Eight of the CF patients had chronic colonization of their 
sputa with Pseudomonas aeruginosa but they were clinically 
stable and had not experienced a recent exacerbation of their 
lung disease. Quantitative cultures of homogenized, serially di- 
luted sputa specimens employing selective and enriched media 
(7) had been routinely obtained from each of the CF patients. In 
brief, immediately following rinsing of the mouth with water 
sputum was collected into sterile containers, placed on ice, and 
transported to the microbiology laboratory within 20 min. Equal 
volumes of sputum and 2% N-acetylcysteine in PBS were mixed 
in sterile, thick-walled tubes containing acid-cleaned glass beads. 
The specimen was homogenized and serial 10-fold dilutions in 
PBS were prepared. Both selective and nonselective media are 
plated. 

Lung lavages were performed on five normal healthy subjects 
(three male, two female) with a mean age of 23 yr f 4 SD (range 
16-27 yr). None of these subjects smoked tobacco. These normal 
controls had no history of previous Pseudomonas infections and 
had not recently experienced respiratory infections. Blood was 
obtained from these 14 experimental subjects, serum was im- 
mediately separated by centrifugation at 4" C and stored at -78" 
C. Lung lavage to obtain respiratory secretions from CF patients 
and control subjects was performed and the fluids were processed 
as previously reported (8-10). The volume of the lung lavage 
fluid from each subject was recorded and split into two portions: 
to one aliquot both NaN3 and EDTA were added to final 
concentrations of 0.01% (w/v) and 10 mM, respectively. The 
second aliquot was not treated with EDTA. Total protein levels 
were determined by the method of Coomassie brilliant blue 
absorbance (1 1). The fluid was concentrated 10-fold at 4" C using 
positive pressure ultrafiltration (Diaflo YM5 membrane, Amicon 

Corp., Scientific Systems Div., Lexington, MA). The concen- 
trated BAL fluid was then frozen at -78" C until used in the 
assays to determine proteolytic and chemotactic activities and 
levels of complement components. 

Clinical scoring and extent of lung disease. The CF patients 
selected for this study had been longitudinally followed for at 
least 3 yr by the staff of the University of Iowa Cystic Fibrosis 
Center. These patients were interviewed and examined in the CF 
center on a regular basis, not less frequently than at 6-month 
intervals. Chest radiographs were obtained annually; quantitative 
cultures of sputum and pulmonary function testing were per- 
formed at each visit. Spirometry was performed with a Med 
Science spirometer (Med Science Electronics, Inc., St. Louis, 
MO) and FEV,% and FEF 25-75% were recorded from the 
spirometry (12). Lung volumes were determined in a pressure 
plethysmograph (model 2000, Cardio-Pulmonary Instrument 
Corp., Houston, TX) by a standard technique (1 3) and data were 
transmitted to a Tektronic computer (model 4052). The pre- 
dicted values by the methods of Polgar and Promadhat (14) and 
Nelson et al. (1 5), the measured values, and flow-volume curves 
were automatically computed and recorded (Tektronix 463 1). 
Chest radiographs and clinical pulmonary disease were scored 
using the scoring system originally proposed by Taussig et al. 
(16) and later modified (17). Interpretation of radiographs was 
performed in a blinded fashion noting degree of pulmonary 
markings, mucus plugging, over aeration, cyst formation, and 
the presence or absence of acute infiltrates. Parameters important 
to the calculation of pulmonary clinical scores included vital 
capacity and FEVI, recent relapses, a history of pneumothorax, 
hemoptysis, or cor pulmonale. 

Enzyme assays. Elastolytic activity in the BAL fluids was 
measured by modification of a standard method (2, 9) using a 
microtube technique and I4C-labeled soluble elastin as the sub- 
strate. Soluble elastin substrate was prepared from bovine neck 
ligament elastin (Sigma, St. Louis, MO) by partial elastolysis in 
the presence of SDS using the method of Hall and Czerkawski 
(18). It was then labeled with 14C-formaldehyde by reductive 
alkylation using sodium cyanoborohydride and the technique of 
Dottavio-Martin and Ravel (19). This method provided soluble 
elastin with radioactivity 25,000-35,000 cpm. mg-I. Porcine 
pancreatic elastase (Sigma type 111, 120 U .  mg-' solid) was used 
as the standard. A working substrate solution was prepared 
containing 0.5 mg- ml-I soluble elastin unlabeled carrier in 0.1 
M Tris-HC1 buffer pH 8.8, and a minimum of I4C-labeled soluble 
elastin was added to give a final radioactivity of approximately 
10,000 cpm 100 .pl-'. 

Labeled substrate mixture (100 p1) was dispensed into all tubes 
followed by 100 p1 0.1 M Tris-HC1 buffer. One hundred p1 of 
similar calcium-containing buffer (0.05 M Tris-HC1, 0.005 M 
CaCl,, 0.2 M NaCl, pH 7.4) were then dispensed into all tubes 
followed by 100 p1 elastase standards ( 10- 1000 ng - 100 pl-' 
calcium buffer) or BAL samples in duplicate to be tested for 
elastolytic activity. Tubes were capped, mixed well, incubated in 
a water bath at 37" C for 18-24 h and the reaction was stopped 
by cooling to 0" C in an ice bath for 20 min. One hundred p1 
cold 2% (w/v) bovine serum albumin in 0.1 M Tris-HC1 buffer 
pH 8.8 were then added to each tube as a protein carrier, followed 
by 100 p1 cold 30% (v/v) TCA. The tubes were capped and 
mixed and allowed to stand on ice for 15 min. Undigested elastin 
substrate was then removed by centrifugation at 12,000 X g 
(Beckman Microfuge 12) for 3 min. Supernates were mixed with 
10 ml scintillation cocktail (Ready-Solv HP, Beckman, St. Louis, 
MO) and counted in a scintillation counter (Beckman LS 6800) 
for 5 min each. 

Enzyme inhibition studies. For elastolytic activity inhibition 
studies test samples (100 pl) or enzyme standards were preincu- 
bated for 30 min at 37" C with 100 p1 of an inhibitor in 0.1 M 
Tris-HC1 pH 8.8 and 100 p1 calcium-containing buffer pH 7.4, 
prior to the addition of 100 p1 labeled elastin substrate mixture. 
The assay was then performed as usual. Inhibitors were used at 
the following final assay concentrations: a- 1-proteinase inhibitor 
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(a-I-PI, 0.25 mg.ml-l) ST1 (1 mg-ml-'), PMSF (1 mM), phen- 
anthroline (1 mM), phosphoramidon (0.06 mM), EDTA (50 
mM), and Leu (1 mM). The serine protease inhibitors a-1-PI, 
STI, and PMSF are used to inhibit proteases most frequently 
arising from neutrophils; the metalloprotease inhibitors, phen- 
anthroline, phosphoramidon, and EDTA are known to block the 
activity arising from P. aeruginosa and, in part, pulmonary 
macrophages; Leu inhibits another class of proteolytic enzymes, 
the thioproteases, including collagenase, papain, and the cathep- 
sins. In all cases the final assay volume was 400 p1, the final 
assay pH of the two mixed buffers was 8.4 and the final calcium 
concentration was 2.5 mM. Results were graphed and expressed 
as ng porcine pancreatic elastase equivalent per 1 pg protein in 
the sample tested. Protein was estimated by the Lowry method 
using bovine serum albumin as the protein standard. 

Complement studies. Sera specimens, preserved at -78" C, 
were thawed and immediately applied in the assays measuring 
C3 and C3c. Serum C3 levels were determined by means of the 
radial immunodiffusion technique of Mancini et al. (20). The 
level of C3 in concentrated EDTA-treated bronchial-alveolar 
lavage fluid was assayed by rocket immunoelectrophoresis and 
was expressed as percent of BAL total protein. The C3c fragments 
in both sera and BAL fluids were determined by the standard 
method of crossed-immunoelectrophoresis (2 1) employing 1 % 
agarose containing a 1:5000 dilution of goat IgG antihuman C3 
(Atlantic Antibodies, Westbrook, ME). Fresh normal human 
serum and ZAS were used as controls. The percentage of C3c 
was determined by measuring the area under the C3c peak and 
dividing by the sum of the area under the C3 and C3c peaks. 

The C5 component of complement was isolated from normal 
human serum by a modification of the methods of Tack and 
Prahl (22) and then this protein was employed in the cleavage 
and polyacrylamide gel electrophoresis experiments detailed be- 
low. C5a was determined by means of a radioimmunoassay 
(Upjohn Diagnostics, Kalamazoo, MI) following the methods of 
Hugli and Chenoweth (23). The useful range of this assay is from 
10 n g  ml-' to 400 n g  ml-I . Specimens giving values r 400 ng . 
ml-' were diluted and the assay was repeated. 

Neutrophil chemotaxis. The presence of a chemotactically 
active factor in BAL was assessed with the in vitro assay of Gallin 
et al. (25) employing "Cr-labeled granulocytes. Fresh BAL spec- 
imens with 10 mM EDTA from CF patients and normal subjects 
were adjusted to a uniform protein concentration [l mg.ml-I, 
placed in the lower well of a blindwell chemotaxis chamber 
(Neuro Probe, Inc., Bethesda, MD)] and assayed in triplicate. 
Two hundred p1 of the "Cr-tagged PMN leukocyte cell suspen- 
sion were separated from 125 p1 of a chemotactic stimulus or 
control buffer by two filters in a blindwell chemotaxis chamber. 
The lower chemotaxis filter was 3 pm nitrocellulose (Membra- 
Fil, Nucleopore Corp., Pleasanton, CA) and the upper filter 
directly in contact with the 51Cr-PMN leukocyte cell suspension 
was 5 pm polycarbonate (Nucleopore Corp.). The chambers were 
incubated (37" C, humidified air and 5% C02) for 1 h and the 
experiment was terminated by aspirating the cell suspension and 
discarding the upper (polycarbonate) filter. The lower (nitrocel- 
lulose) filter was rinsed in cold 0.9% saline, and counted in a -y 
counter (model 5500, Beckman Instruments, Inc., Palo Alto, 
CA). 

ZAS served as the positive chemotaxin and was prepared by 
incubating fresh serum in the presence of zymosan particles 
(Difco Laboratories, Detroit, MI) and diluting to 5% using a 
standard method (26). Previous experiments with this assay 
showed that 5% ZAS yielded maximal chemotaxis. For these 
studies 1:2 dilution of 5% ZAS resulted in half maximal (ED50) 
values (1 170 corrected counts at 5% versus 527 cpm at 1:2). 
Similarly, all concentrated CF BAL samples were used at maxi- 
mal activ~ties: 1:l or 1:2 dilutions yielded counts similar to 1 
ED50 U of 5% ZAS. Chemotaxis was calculated by subtracting 
the cpm in the buffer control filters from the cpm in the experi- 
mental filters and dividing that number by the cpm in the positive 
control (ZAS) filter; results were expressed as a percentage. 

The in vitro generation of additional chemoattractant activity 
from C5 by CF lung fluids was sought. In these experiments 
concentrated whole CF BAL specimens containing known 
amounts of a chemotaxin and, in some cases, inhibitors of 
metalloproteinases, serine proteases, or thioproteases were incu- 
bated at 37" C for 15 min with unlabeled C5 substrate. The 
chemoattractant activity in these lung secretions was then reas- 
sessed and results were expressed as a percent of the positive 
control, ZAS. 

Column chromatography. The molecular weight of a chemo- 
tactically active factor present in CF lung fluids was determined 
by means of gel filtration chromatography. Fresh BAL fluids 
were prepared with 10 mM EDTA and concentrated as described 
above. The BAL samples were applied in a volume equal to 
1-4% of the gel bed volume on a column of polyacrylamide and 
agarose gel matrix (AcA 54 in 1.6 cm X 40 cm column, LKB, 
Bromma, Sweden). The presence of a chemotactic substance was 
identified by employing eluate fractions in the chemotactic assay 
described above. Previously, a molecular weight calibration curve 
had been prepared by measuring the elution volumes of several 
standard proteins under identical running conditions. Calibra- 
tion proteins were obtained from Sigma Chemical Co. and 
included: human serum albumin (68,000 D), ovalbumin (48,000 
D), a-lactalbumin (14,200 D), cytochrome C (12,400 D), and 
bovine insulin (5,000 D). 

PAGE and autoradiography. Methods designed to document 
the ability of CF BAL fluids to generate additional chemotactic 
activity from C5 substrates were described in "Neutrophil chemo- 
taxis." The ability of CF BAL fluids to proteolytically generate 
additional amounts of C5a, the chemotactically active compo- 
nent of complement proteins, was demonstrated in vitro using 
the technique of autoradiography and protease inhibitors. The 
C5 was radiolabeled with Hunter-Bolton reagent (27) and exten- 
sively dialyzed against phosphate-buffered saline to remove un- 
bound radiolabel. 1251-C5 (25,000 dpm) was added to 40 p1 of 
each CF and normal BAL fluid specimen and incubated for 15 
min at 37" C. 

In an attempt to identify the source of this proteolytic activity, 
selected CF BAL specimens were incubated at 37" C for 30 min 
in the presence of protease inhibitors EDTA, PMSF, a- 1-PI, and 
Leu (see "Enzyme inhibition studies") prior to the addition of 
radiolabeled C5 substrate. PAGE were utilized to identify C5 
cleavage (2, 28). Samples were applied to 7.5% or 10% SDS- 
polyacrylamide gels after reduction with 0.1 M DTT. Normal 
human plasma and human serum albumin were used as camer 
proteins. Electrophoresis was performed at 45 mA constant 
current per slab for 2.75 h. The gels were dried on filter paper 
and autoradiography performed for 48 h at -70" C using X-AR2 
film (Kodak, Inc., Rochester, NY). C5a was identified by com- 
parison of the electrophoretic migration of CF BAL-derived C5 
fragments with C5a standards purified from trypsin digested C5 
and with 12.4 KD purified cytochrome C. 

Enzymic activity in lung Jluids producing C5a. The nature of 
the enzymic activity in CF BAL fluids producing C5a by the 
limited proteolysis of C5 was investigated by employing recog- 
nized inhibitor compounds of the serine protease released from 
PMN leukocytes (a-1-PI, PMSF, STI), inhibitors of the metal- 
loproteinase of Pseudomonas (EDTA, phenanthroline, phos- 
phoramidon) and a thioprotease inhibitor (Leu). In a protocol 
similar to the "PAGE and autoradiography" experiments dis- 
cussed immediately above, these protease inhibitors were added 
to lung fluids of three CF patients prior to the addition of C5 
substrate. However, the amount of C5a generated was measured, 
not by PAGE but in a specific radioimmunoassay and the results 
were expressed as both C5a produced (ng) and the percent of 
inhibition of C5a production. 

C5a buffer - C5a inhibitor 
Inhibition (%) = x 100% 

C5a buffer 
Limited proteolysis of C5 by purified Pseudomonas elastase. 

The neutral metalloenzyme with elastolytic activity was purified 
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from clinical isolates of P. aeruginosa by the methods of Mori- 
hara et al. (24). In brief, bacteria suspensions were sonicated, 
centrifuged to remove bacterial cell wall debri, and dialyzed 
extensively against 0.01 M Tris-HC1, 0.5 mM CaC12, pH 7.5. 
The dialyzed solutions were applied to a series of DEAE-cellulose 
(Whatman, Maidstone, UK) columns. The active fractions were 
pooled and concentrated by positive pressure ultrafiltration (UM 
10 membrane, Diaflo, Amicon). The bacterial enzyme isolated 
was characterized by a single band on PAGE and a high specific 
activity in an assay employing soluble I4C-labeled elastin sub- 
strate (see above). Purified C5 substrate vide supra was added to 
increasing concentrations of this purified bacterial enzyme and 
incubated at 37" C for 30 min. EDTA (50 mM) was used to 
inhibit the reaction prior to measuring the quantity of C5a 
produced in a RIA. 

Cell-associated C5 and generation of chemotactic activity and 
C5a. The experiments detailed above examined the effect of CF 
BAL fluids, with and without protease inhibitors, and purified 
Pseudomonas elastase on isolated C5. Because it has been sug- 
gested that pulmonary macrophages may synthesize C5 (29), we 
examined the influence of CF BAL fluids and the bacterial 
elastase on the release of C5a from normal human PM and the 
production of chemotactic factor(s) for neutrophils. PM were 
obtained from healthy normal nonsmoking volunteers who 
underwent transoral flexible fiberoptic bronchoscopy and lung 
lavage as described above. The lavage fluid cell pellet (93% 
macrophages, 7% lymphocytes) was then processed in a standard 
fashion for short-term cell cultures (2, 8, 10, 26). Sixteen hours 
later, culture media was removed and replaced with 1 ml aliquots 
of CF lavage fluid ( n  = 5), lavage fluid specimens from normal 
volunteers ( n  = 4), and CF BAL fluid specimens with added 
PMSF (1 mM) or EDTA (50 mM). 

To evaluate the production of chemotactic activity these PM 
monolayers were incubated at 37" C in 5% C 0 2  with humidified 
air for 60 min. PM monolayer supernatants were then placed in 
duplicate in blindwell chemotaxis chambers and chemotaxis was 
evaluated in a leading front assay as previously described (30). 
Results were expressed as corrected cells . h p f  l: Corrected cells/ 
hpf = cells/hpf (stimulus) - cells/hpf (buffer salt solution). 
Results were compared to directed movement in response to 
10% lipopolysaccharide-activated serum. In order to determine 
if chemotactic activity was attributable to C5a equal volumes of 
supernatants from cultures of PM were incubated with Fab 
fragments of anti-C5a antibody (1 mg-ml-I) raised in rabbits to 
human C5a and the assay for chemotactic activity was then 
repeated. 

In addition, normal human PM were incubated at 37" C for 
30 min in the presence of selected concentrations of purified 
elastase from P. aeruginosa. Enzyme activity was inhibited at 
the end of the incubation period with the addition of EDTA to 
a final concentration of 50 mM. The assay tubes were centrifuged 
at 2000 x g for 3 min to pellet cells and the supernatants were 
assayed for C5a by a competitive radioimmunoassay (Upjohn 
Diagnostics). Results are expressed as C5a produced (ng) per lo6 
cells or per ml supernatant. 

Statistical methods. Arithmetic means and SDs of the cell 
differential counts, levels of elastolytic activity, and the comple- 
ment components in BAL specimens were calculated and ana- 
lyzed by Student's t test for compared data. p values reported are 
for a two-tailed test. The relationships of protein and protease 
values to clinical parameters (age, lung function, Pseudomonas 
colony counts, clinical scores) were determined by multivariant 
analysis employing standard regression equations. The correla- 
tion coefficients reported are partial correlation coefficients with 
the controlled variables defined. Standard error of estimate, 
Pearson's correlation coefficients, and the F ratio were used to 
evaluate these data. 

RESULTS 

Overview. It was hypothesized that free chemotactic activity 
for PMN leukocytes is present at elevated levels in CF airway 

fluids and that airway proteases nonimmunologically generate 
C5a chemotactic activity. In order to support these hypotheses 
the levels of chemotactic and elastolytic activities were measured 
and the identity of the chemotaxin was sought. It was reasoned 
that the generation of additional chemotactic activity after adding 
C5 substrate to CF airway fluids supported the notion that 
chemotaxin-generating activity existed in these biologic fluids. 
Finally, the proteases yielding chemotactic C5a polypeptides 
from cell-bound and free C5 proteins were characterized. 

Lung lavage fluid elastolytic activity and cell differential. Fluid 
return from CF patients during the lung lavage procedure was 
uniformly greater than 55% of that instilled, attaining a mean of 
122 ml f 10 (SD). This value of fluid return did not differ in a 
statistically significant fashion when compared to healthy normal 
subjects. The levels of elastolytic activity in CF BAL fluids (17.7 
ng. pg TP-', range 0.72-62.4 ng. pg TP-I) were significantly 
elevated when compared to levels in BAL fluids obtained from 
normal volunteers (0.2 ng.pg TP-', p = 0.001) as previously 
reported (2). Although the elastolytic activity present in respira- 
tory secretions of healthy control subjects is largely a metallopro- 
teinase (87% mean inhibition by 50 mM EDTA) (9, 31), 83% a 
8 SD of the elastolytic activity in CF lung fluids had the inhibition 
profile of a serine proteinase (inhibited by 1 mg.ml-I soybean 
trypsin inhibitor). Additionally, CF BAL fluid elastase was 77% 
inhibited by 1 mM PMSF (a serine protease inhibitor) and 19% 
inhibited by EDTA (a metalloproteinase inhibitor). 

In the lung lavage fluids of normal volunteers it is unusual to 
find that PMN leukocytes comprise greater than 3% of the 
respiratory cell pellet (32). Nevertheless, BAL fluids obtained 
from these stable CF patients contained 39% a 16 SD PMN 
leukocytes. Numbers of PMN leukocytes present in CF lung 
fluids [mean 27 a 33 ( lo5). ml lung fluid-'] were directly related 
to the percent of elastolytic activity that was a serine protease 
(STI-inhibitable, r = 0.71, p = 0.05). Additionally, the total 
elastolytic activity present in CF lung secretions was positively 
correlated with the numbers of Pseudomonads cultured (r  = 
0.8 1, p = 0.03, the numbers of PMN leukocytes controlled during 
the analysis) (Fig. 1). 

Chemotactic activity present in CF lung secretions and in vitro 
generation of this activity from C5. The chemotactic activity 
present in CF lung fluids and BAL fluids obtained from normal 
volunteers, each adjusted to a uniform protein concentration, 
are compared in Figure 2. A standard checkerboard experiment 
proved that this heightened cell mobility in response to CF lung 
fluids did indeed represent true chemotaxis in response to a 
chemical gradient and not simply heightened random movement 
(chemokinesis). Movement of the PMN leukocyte indicator cells 
into the chemotactic filter was inversely related to the percent 
(v/v) of diluted CF BAL added to the upper chamber. The CF 

0' Pseudomonas 

( I o ~ * M L - ~  ) 

10 
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Elastase (pg* rng~~- l )  

Fig. I .  Pseudomonas colonization of CF sputum and levels of elas- 
tolytic activity in bronchoalveolar lung lavage fluids. As the numbers of 
colony forming units of P. ueruginosu sputa samples (ordinate) increased, 
the concentration of elastase (relative to total protein) (abscissa) in- 
creased (p  = 0.03). Ninety-five percent confidence intervals are given by 
the broken lines. 
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Fig. 2. Chemotactic activity present in lung lavage fluids obtained 
from CF patients (n = 9) and normal volunteers (n = 5) (uhscissa). 
Specimens have been concentrated. 10 mM EDTA was added and 
aliquots were applied to blindwell chemotactic chambers at a uniform 
concentration of total protein ( I  m g  ml-I). The ordinate rcyesents "Cr- 
labeled PMN leukocytes in cpm present in a 3 pM nitrocellulose filter 
expressed as a percent of the cpm in the positive control. 5% ZAS. Each 
har represents the mean of three experiments. 

patients with the lowest levels of relative chemotactic activity in 
BAL fluids (both 56% relative to ZAS control, Fig. 2) also 
contained the lowest elastolytic activities (0.72 and 0.88 ng.pg 
TP-'). 

Additional chemotactic activity could be generated in vitro by 
incubating CF BAL specimens of established chemotactic activ- 
ities with exogenously applied C5 protein (Fig. 3). Chemotactic 
activity already present at significantly elevated levels in CF lung 
fluids was further augmented in the presence of additional C5 
substrate, demonstrating the presence of substances in CF airway 
fluids which act on C5, generating a chemotaxin. BAL specimens 
obtained from normal volunteers did not contain this chemo- 
taxin-generating activity because incubation with C5 did not 
result in the appearance of significant levels of leukotactic activ- 
ity, p > 0.2 (see Fig. 3). 

Complement activation in vivo. Evidence for in vivo activation 
of the complement cascade was sought. Generation of the C3c 
polypeptide fragment of C3 was present in some CF sera and all 
CF respiratory secretions (Table 1). Compatible with an earlier 
report (2) noting increased levels of C3c determined by radial 
immunodiffusion in CF BAL are the observations that C3 levels 
are decreased in CF BAL (Table I) ,  and C3c determined by 
crossed immunoelectrophoresis (Fig. 4) is strikingly increased 
when compared to the values in respiratory secretions obtained 
from normal volunteers (Table 1). Such evidence of complement 
activation is not normally present in the sera and lung fluid of 
healthy subjects. Small peaks of C3c were observed in the sera 
ofthree of the nine CF patients. The CF patients with measurable 
amounts of C3c in serum (4.18, 4.33, and 9.53% of serum C3) 
were those individuals with the highest BAL fluid C3c levels (87, 
100, and 100% of C3, respectively). The high degree of comple- 
ment activation, represented by C3c, in CF lung fluids was 
directly related to: 1) the numbers of PMN leukocytes present in 
these fluids ( p  = 0.002) and 2) to total BAL elastolytic activity 
( p  = 0.020). 

Levels of C5a polypeptide determined by RIA were also sig- 
nificantly increased in CF lung secretions (258 ng.ml-' + 69 
SEM, n = 7) when compared to normal volunteers (<lo ng. 
ml-I, p < 0.001). The highest levels of C5a (472 and 590 ng. 
ml-I) were found in those CF patients with the highest elastase 

C5 C5 PMSF EDTA PMSF 

C5 C5 EDTA 
C5 

Fig. 3. Chemotaxin generating activity present in CF BAL fluids is 
represented in this bar graph displaying mean chemotactic activity pres- 
ent in lung fluids with and without C5 substrate added. Chemotaxis of 
51Cr-labeled PMN leukocytes is expressed as percent + SEM of the 
positive control, ZAS (ordinate). Bronchial-alveolar lavage samples (ab- 
scissa) obtained from normal volunteers (NL, n = 6) contained a low 
level of chemotactic activity which was not significantly increased by 
coincubation with C5 substrate, bar 3, p > 0.2. Lung lavage fluids from 
CF patients (CF, har 4, n = 6) displayed a significantly elevated level of 
chemoattractant activity ( p  = 0.001, cp to NL, bar 2) which was increased 
further with the addition of C5 (bar 5, p = 0.01, cp to CF, bar 4). 
Inhibitors have been employed (bars 6-8) in an attempt to better 
characterize the protease responsible for the cleavage of C5, generating 
chemotactic activity. The addition of the serine proteinase inhibitor 
PMSF (column 6)  and the metalloproteinase inhibitor EDTA (column 
7) did not significantly alter the percent chemotaxis. However, adding 
inhibitors of both serine proteases and metalloproteinases (column 8, n 
= 4) caused a significant reduction in the chemotaxin-generating activity 
in CF BAL fluids: CF  + PMSF + EDTA + C5 57% + 10.6 versus CF  + 
C5 (bur 5) 87% + 4.1, p = 0.001; CF  + PMSF + EDTA + C5 versus CF 
(har 4) 60% + 3.4, p > 0.2. 

Table 1. C3 levels and comulement activation 
Total protein* C3t 

Group (n) Source (mg/ml) (pg/mg) C3c(%)f 

Normal subjects (5) Serum 80.6 + 19 13.5 + 1.2 0 
B AL 3.6 + 2 6.6 + 2 0 

CF  (9) Serum 53.2 -1- 39 18.6 + I$ 2.6 + 1.35 
BAL 1.4 + 0.3 4.1 + 2.9 49 + 1.56 

* Determined by Coomassie brilliant blue absorbance and expressed 
as a mean value. 

t Mean value expressed in pg/total protein (mg). 
$ % of total C3 + SD. 
§ p  < 0.01 for comparable specimens, NL versus CF; p < 0.05 for 

comparable specimens, NL versus CF. 

activities (Fig. 5). There was a direct relationship between the 
total elastolytic activity present in CF airways and the concentra- 
tion of C5a ( r  = 0.97, p = 0.03, controlling for PMN leukocytes 
and Pseudomonas burden). Omitting the addition of 10 mM 
EDTA to the fresh lung lavage fluids did not alter the percent 
C3c or the concentration of C5a detected, suggesting these bio- 
logically important fragments were generated in vivo. 

Identification of a chemotaxin in CF respiratoryfluids. Chem- 
otactic activity for neutrophils was found to be strikingly elevated 
in CF lung fluids (vide supra) but the identity of this chemotaxin 
was unknown. Therefore, fresh, concentrated, EDTA-treated 
lung fluids obtained from CF patients with known chemotactic 
activity (see above Fig. 2) were subjected to gel filtration chro- 
matography. The chromatogram determined spectrophotomet- 
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Fig. 4. Complement activation 
fluid. Normal serum ((I) and BAL 
into agar and then electrophoresed 

in CF lung fluids. A representative crossed immunoelectrophoresis demonstrating cleavage of C3 in CF  BAL 
fluid from a healthy normal volunteer ( c )  at equivalent protein concentrations have been placed into wells cut 
. Normal serum contains a higher concentration of C3 than lung fluids from such normal volunteers. However, 

neither specimen contains cleavage products of C3. Fresh serum from a normal volunteer when activated by incubation in the presence of zymosan 
( h )  results in activation of C3. A large second immunoprecipitin peak represents C3c. Similarly, activation of C3 in CF BAL fluid is demonstrated 
(4. 

(590) 8 0 
(472) 

3 0 0  6 0 

C 5 a  ELASTASE 

BAL CF (a), NL (0)  

Fig. 5. Levels of the complement component C5a and elastolytic 
activity in BAL fluids of CF  patients (0) and normal volunteers (0). The 
C5a polypeptide fragment of C5 was present in CF  lung fluids and was 
not identified in BAL obtained from normal nonsmoking volunteers. 
Similarly, elastolytic activities were elevated in the CF  fluids; elastolytic 
activity in normal BAL was uniformly less than 1 &.mg-'. CF patients 
with the highest concentrations of this proteolytic activity had the highest 
C5a levels; those with the lowest elastolytic activity also had the lowest 
levels of C5a polypeptide. 

rically reproducibly resulted in two peaks of absorbance 
(Fig. 6). The first peak of absorbance was at the void volume 
and represented substances with molecular weights of 68,000 D 
and greater. The second, smaller peak of absorbance occurred at 

the end of the linear fractionation range for the acrylamide- 
agarose gel matrix (5000 D). Chemotactic activity was identified 
in the tubes collecting elution volumes 28 to 34 ml (Fig. 6). 
During experiments to calibrate the column cytochrome C 
(12,400 D) and a-lactalbumin (14,200 D) were reproducibly 
recovered at the same elution volumes. A sensitive RIA con- 
firmed the identity of C5a in these column fractions containing 
chemotactic activity. 

Potential sources of the proteolytic activity which generates 
leukocyte chemotactic activity in lungfluids. The activity present 
in CF fluids which acted on C5 producing increased polymor- 
phonuclear leukocyte chemotaxis (vide supra, Fig. 2 )  can be 
attributed to both serine and metalloproteases. Addition of 
PMSF (an inhibitor of neutrophil elastase) to CF lung fluids 
prior to the addition of C5 substrate (column 6, Fig. 3) did not 
ablate the chemotaxin generating activity. Similarly, the chelator 
EDTA, a metalloprotease inhibitor of Pseudomonas elastase, 
used in an identical fashion did not prevent an increase in 
chemotactic activity (Fig. 3, 6 1 % in column 4 increased to 84% 
in column 7). Only by the simultaneous application of PMSF 
and EDTA could the chemotaxin-generating activity of CF BAL 
be successfully blocked (column 8). 

Proteolytic generation of C5a and potential sources of this 
proteolytic activity. Because C5a was shown to be a major com- 
ponent of the chemotactic activity in CF BAL fluids, a mecha- 
nism generating this polypeptide was directly examined. Radio- 
labeled C5 was incubated with normal and CF BAL fluids, 
electrophoresed on 7.5% SDS-polyacrylamide gels and developed 
by autoradiography (Fig. 7). Lung lavage fluid from a normal 
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Fig. 6. Characterization of the chemotactic substance present in CF  lung lavage fluids. Shown are representative results ofcolumn chromatography 

in which concentrated, EDTA-treated CF  respiratory secretions have been fractionated on AcA-54 acrylamide-agarose gel. This gel matrix has a 
void volume of 16 ml and a linear fractionation of 5,000 D to 68,000 D for globular proteins. Shown are the absorbance determined 
spectrophotometrically ( l ~ j ?  ordinale) and the elution volume (abscissa). The locations at which protein standards were eluted are indicated by 
arroul.y (68,000 D human serum albumin, 45,000 D ovalbumin, 14,200 D a-lactalbumin, 12,400 D cytochrome C, and 5,000 D bovine insulin). 
Chemotactic activity determined by means of 51Cr-labeled neutrophils and expressed as percent of the positive control (right ordinate) was detected 
at elution volumes 28-34 ml. This is the elution volume at which proteins with molecular weights of 12,400 D to 14,200 D eluted. A specific RIA 
reproducibly identified antigenic C5a in the same fractions (lower abscissa). 

volunteer and human serum albumin served as negative controls 
with only the a and (3 chains of C5 detectable in these experi- 
ments (Fig. 7, columns 1 and 2).  In contrast, CF BAL resulted 
in a limited proteolysis of the alpha chain and the generation of 
a 12 KD peptide fragment compatible with C5a (arrow, columns 
3 and 4). This was most marked with the CF BAL fluids with 
the highest elastolytic activity, suggesting a proteolytic mecha- 
nism. Experiments designed to study the kinetics of C5 proteol- 
ysis in CF BAL fluids demonstrated insignificant differences in 
cleavage when 1 min of incubation was compared to 45 min of 
incubation at 37" C. Trypsin (0.3 pg.ml-I) digestion of reduced 
C5, known to produce the C5a fragment, resulted in the same 
electrophoretic pattern as CF specimens shown in Figure 7, 
columns 3 and 4. 

Inhibitors of the serine proteinase released from PMN leuko- 
cytes were employed in an attempt to delineate the source of this 
C5 proteolytic activity. PMSF and a-1-PI did not ablate this 
activity (Fig. 7). In each case, 12,000 mol wt and smaller frag- 
ments resulted. Only by simultaneously blocking both serine and 
metalloproteases with EDTA and PMSF could the reduced C5 
substrate be preserved and the generation of a 12KD polypeptide 
be blocked. 

These observations were confirmed in a separate series of 
experiments in which C5a levels were directly quantitated (Table 
2). The serine protease inhibitors a-1-PI, STI, and PMSF inhib- 
ited the generation of C5a from C5 substrate in the presence of 
CF BAL specimens: mean 5 1 % a 3.1 inhibition, 59% a 4.1, and 
39% a 3.9, respectively. Similarly, the metalloproteinase inhib- 
itors phenanthroline, phosphoramidon, and EDTA resulted in 
inhibitions of 33 a 3.5%, 33 k lo%, and 32a 4.1%, respectively. 
In contrast, the thioproteinase inhibitor, Leu, had little effect on 
C5a generation (Table 2): 3.03 to 4.14 ng C5a were produced 
from C5 in the presence of CF BAL specimens and buffer salt 
solution control; a range of 3.02 to 3.93 ng of C5a resulted when 
Leu was added (1 mM inhibits 92% of the proteolytic activity of 
1 mM papain). 

CF lung fluids contain many potential sources of elastolytic 
activity. The elastase purified from P. aeruginosa was substituted 
for CF BAL specimens in the experiments above. In these studies 
purified C5 substrate was enzymically altered by the elastase 

produced by P. aeruginosa yielding fragments recognized as C5a 
in a RIA (Table 3). As the amount of purified Pseudomonas 
elastase increased from 10 to 300 ng, C5a levels increased ac- 
cordingly: 5.9 mg-ml-I f 0.3 to 10.1 ng.ml-I a 1.8. 

Role of pulmonary macrophages in the production of C5a 
chemotaxins. Pulmonary macrophages possess C5 polypeptides 
attached to surface membranes (Robbins RA, Russ WD, Thomas 
KR, Rasmussen J, Kay HD, unpublished data) and when stim- 
ulated are known to release chemotactic substances for neutro- 
phils (10). In order to investigate the role PM might play in the 
generation of C5a anaphylatoxins normal human PM were cul- 
tured in the presence of CF and normal BAL fluids and then 
supernatant fluids were assayed for chemotactic activity. CF BAL 
fluid specimens ( n  = 5) assayed in duplicate produced a leading 
front of 27 + 3.7 cells.hpf (corrected a SEM) and after 
incubation with macrophages CF BAL samples yielded chemo- 
tactic activity attracting 77 + 18 cells - h p f '  (corrected). Controls 
in these experiments included 10% lipopolysaccharide-activated 
serum (mean 14 1 k 5 cells. h p f  '), lung lavage fluid from normal 
volunteers (mean 5 + 4.1 cells.hpf I), and normal human PM 
cultured in lung lavage fluid from healthy normal volunteers 
(mean 15 f 2.6 cells. h p f  I). Addition of polyclonal serum 
against C5a removed 66% of the chemotactic activity so that the 
leading front went from 77 k 18 to 26 a 1 1 cells. h p f '  after the 
addition of anti-C5a. When the serine and metalloproteinase 
inhibitors (PMSF 1 and EDTA 50 mM, respectively) were added 
to CF lung fluids, the generation of chemotactic activity was 
partially blocked: PM + CF BAL 77 5 18 cells. h p f  I; PM + CF 
BAL + PMSF 5 1 a 12 cells h p f  I; PM + CF BAL + EDTA 49 
a 8 cells. h p f '  attracted. 

It seems likely that the metalloproteinase of P. aeruginosa in 
CF airway secretions contributes to the generation of the C5a 
chemotactic activity released from PM. Purified bacterial elastase 
released C5a from PM in a concentration and temperature- 
dependent fashion (Fig. 8). Normal human pulmonary macro- 
phages released 38 ngml- '  C5a after 30 min in the presence of 
100 ng of purified Pseudomonas elastase. Lowering the reaction 
temperature to room temperature (22" C) significantly reduced 
the amount of C5a detected in the RIA. 

Extent of lung disease. Others have noted the important rela- 
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Fig. 7. In vitro cleavage of "'1-C5 substrate by CF  BAL fluids is demonstrated on these autoradiographs of 7.5% sodium dodecyl sulfate- 
polyacrylamide gels. Dithiothreitol reduced and radiolabeled C5 has been added to each of the columns. The a -  (1 15 KD) and P- (75 KD) chains of 
the reduced C5 substrate are clearly shown in columns 1 and 2 in which C5 has been incubated in the presence of BAL from a normal volunteer 
(column 1 )  and 1.0 mgml-I human serum albumin (HSA, column 2). CF  lung lavage fluids reproducibly resulted in the limited proteolysis of the 
a-chain (columns 3 and 4) and the generation of a new 12 KD molecular weight peptide (arrow). A third CF BAL specimen has been incubated 
with the radiolabeled and reduced C5 substrate in the presence of inhibitors of neutrophil proteinase. a-I-PI (120 pg.ml-I) and PMSF (2 mM) did 
not inhibit the C5 proteolytic activity present in CF  lung fluids. 

Table 2. Generation of CSa by CF BALjluids: inhibition profile 

Inhibitor (mM)* CF  BAL I CF  BAL 2 CF  BAL 3 

Buffer solution 3.03 (0)t 3.74 (0) 4.14 (0) 
a-1-PI (0.25 mg/mL) 1.30 (57) 2.11 (44) 1.99 (52) 
ST1 (1 mg/mL) 1.03 (66) 1.92 (49) 1.6 1 (61) 
PMSF ( I )  1.58 (48) 2.40 (36) 2.82 (32) 
Phenanthroline ( I) 2.26 (25) 2.28 (39) 2.65 (36) 
Phosphoramidon (0.06) 2.83 (7) 1.95 (48) 2.36 (43) 
EDTA (50) 1.77 (42) 2.78 (26) 2.98 (28) 
Leu ( I )  3.02 (0) 3.50 (6) 3.93 (5) 

* Concentration (mM) added to BAL and then incubated with 200 ng 
C5 substrate. 

buffer - inhibitor 
f C5a in ng produced (% inhibition = x 100%). 

buffer 

tionship between pulmonary pathology in CF and infection with 
P. aeruginosa (33). In this study increasing numbers of Pseudo- 
monads in CF sputum samples were closely associated with 
increased numbers of PMN leukocytes in the lavage fluids ( p  = 
0.03, controlling for total elastolytic activity and C5a concentra- 
tions). The CF subjects participating in this study had mild to 

Table 3. Pseudomonas elastase generation of C5a 

Repeated Mean C5a 
Experiment (n) by RIA* 

C5f + phosphate-buffered saline, 6 2 a 0.5 
Ca++ 

C5 + Pseudomonas elastase ( I0  4 5.9 k 0.3 
ng) 

C5 + Pseudomonas elastase (100 4 9.1 -t 2.5 
ng) 

C5 + Pseudomonas elastase (300 8 10.1 & 1.8 
ng) 

* Expressed in ng/ml k SEM. 
t 240 ng C5 substrate. 

moderate pulmonary disease as evidenced by the mean x-ray 
score (seven points deducted from possible 17) and clinical score 
(19 points deducted from a possible 75). Age of the CF patients 
participating in this study tended to vary directly with worsening 
radiology scores ( r  = 0.62, p = 0.055). A poor prognosis is 
associated with an x-ray score of more than 13 points deducted 
(34). Values for FEV, and FVC were those of patients with mild 
to moderate obstructive airways disease as well: mean FEV, 2.9 
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Pseudomonas Elastase (ng) 

Fig. 8. Pseudomonas elastase generation of C5a from pulmonary 
macrophages. Pulmonary macrophages obtained from the airways of 
normal healthy volunteers cultured in the presence of elastase (abscissa) 
purified from P. c/o-~rgino.cu released C5a (ordinates) expressed as C5a 
released. ml-' or C5a released per 10-%ells. C5a is released from PM in 
proportion to increasing elastase levels and the proteolysis yields greater 
amounts of C5a at 37" C compared to 22" C. At  37" C I00 ng of enzyme 
resulted in a 71.4% increase. and 1000 ng caused a 149.8% increase in 
C5a released into culture supernatant compared to control cultures in 
the absence of purified bacterial enzyme. 

liter + 0.4 (SEM) range 1.5 1-5.36 liter; mean FVC 3.7 liter ? 
0.5, range 2.04-6.06 liter. 

Increased elastolytic activity in CF respiratory secretions was 
associated with a loss of lung function. Each 10 ng-pg TP-' 
increase in BAL elastolytic activity was associated with a fall in 
FEV, of 0.16 liter and a fall in FVC of 0.20 liter. The closest 
correlation between this proteolytic activity and the basic indices 
of lung function was obtained with the STI-inhibitable or serine 
proteinase fraction of elastolytic activity (for both FEVl and 
FVC, r > -0.93 and p < 0.002). Two of the CF patients 
demonstrated normal spirometry and lung volumes on routine 
testing. These were also the individuals with the lowest recorded 
concentrations of elastase (0.72 and 0.88 ng. pg TP-') and lowest 
degree of complement activation (< 10 and 19 ng . ml-I C5a; 0 
and 26% C3c). 

DISCUSSION 

In these studies it was shown that: 1) chemotactic activity for 
neutrophils is significantly elevated in the lung fluids of patients 
with CF; 2) complement is activated in fresh lung fluids obtained 
from CF patients and activated complement components were 
absent in fluids from normal control subjects; 3) the anaphyla- 
toxin C5a is generated in CF fluids; 4) this complement polypep- 
tide accounts, in part, for the elevated levels of leukoattractant 
activity present in these biologic fluids; and 5) both metalloen- 
zymes and serine proteases contribute to the nonimmune pro- 
teolysis of free and cellbound C5. 

Previous studies performed in this laboratory and a number 

of experiments reported herein support these conclusions. Work 
detailing decreased levels of C3 and increased relative amounts 
of C3c in CF respiratory secretions (2) provided preliminary 
support for the contention that complement was activated in 
these airways. Both column chromatographic techniques and a 
sensitive RIA for C5a showed that C5a is a chemoattractant 
present in CF specimens and additional chemotactic- and C5a- 
generating activities are present in CF lung fluids. By supple- 
menting CF  lung lavage fluid specimens containing high levels 
of chemoattractant activity with more C5 substrate additional 
chemotactic activity was successfully generated. Adding CF BAL 
specimens to C5 resulted in cleavage of the a-chain of this 
complement protein and the release of a 12,000 mol wt fragment; 
a polypeptide with the same mol wt as C5a generated by tryptic 
digestion of C5. Finally, Pseudomonas elastase and the proteo- 
lytic activity present in CF lung fluids released C5a and chemo- 
tactic activity from normal PM monolayers. 

These studies demonstrate a direct relationship between total 
elastolytic activity present in CF lung fluids and complement 
activation. Significant correlations observed between both the 
numbers of PMN leukocytes and the colony forming units of P. 
aeruginosa and the concentration of C5a present in CF speci- 
mens suggest that both Pseudomonas and neutrophils are possi- 
ble sources of C5a-generating activity. In fact, it seems likely that 
the neutral metalloenzyme of Pseudomonas and the serine pro- 
tease contained within the azurophil granules of neutrophils 
contribute to the cleavage of C5 yielding, in part, the active 
anaphylatoxin C5a. This conclusion is supported by the experi- 
ments showing that only by simultaneously employing both 
metalloproteinase inhibitors and serine proteinase inhibitors was 
it possible to: 1) block the chemotaxin-generating activity present 
within CF BAL fluids; and 2) prevent cleavage of the a- and /3- 
chain of reduced C5, preventing generation of the chemotactic 
12KD polypeptide. The thioproteinase inhibitor leupeptin used 
alone or in combination with other inhibitors did not have a 
similar effect. A thorough examination of agents known to 
inhibit the serine, thio-, and metalloproteinases did not identify 
a single agent capable of inhibiting the nonimmunologic produc- 
tion of C5a from C5 by proteolytic activity contained within CF 
lung fluids (Table 2). 

These results could have been predicted from previous obser- 
vations that CF lung fluids contain increased numbers of PMN 
leukocytes, high levels of elastase, increased C3c (2) and the 
work, serving as a precedent, and performed in vitro by Orr et 
al. (4) and Ward and Hill (36). These investigators successfully 
demonstrated that C5 chemotactic fragments were produced by 
an enzyme in lysosomal granules of PMN leukocytes. The neu- 
trophil-generated leukotactic activity was thought to be transient 
and rapidly replaced by chemotactic activity for tumor cells (4). 
Furthermore, the generation of these chemotactic activities from 
C5 was blocked by prior treatment of leukocyte preparations 
with the neutral protease inhibitor, trasylol. Presumably, leuko- 
cytic enzymes directly cleave C5 into the anaphylatoxin C5a, 
however, the chemotaxin generated in vitro by neutrophil en- 
zymes (4, 36) was not definitely identified. 

The upper and lower airways of patients with CF are obstructed 
by inflammatory secretions and mucopurulent plugging, and the 
lung disease is characterized by bronchiectasis with acute inflam- 
matory cells obstructing the airways, ulcerating the mucosa, and 
infiltrating the submucosa. Bronchial-alveolar lavage fluid cell 
differential from CF specimens is inverted when compared to 
normal BAL specimens: greater than 60% of the cells obtained 
from CF airways are PMN leukocytes (2). Compatible with this 
leukocytosis in CF airways are two observations: 1) the levels of 
elastolytic activity present in CF respiratory secretions are strik- 
ingly elevated and 2) 70-80% of this proteolytic activity is a 
serine proteinase. The in vitro studies of Orr et al. (4) and Ward 
and Hill (36) would predict that such a milieu should favor the 
generation of C5 chemotactic activity. 

A question has been raised as to whether elastase is anti- or 
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proinflammatory. The work of Orr et al. (4) suggests that the C5 
chemotactic activity generated with PMN leukocyte proteases is 
rapidly lost. The leukotactic activity produced by a 2-min diges- 
tion of C5 by crude granule lysates was no longer present after a 
60-min incubation. However, it was demonstrated above that in 
these biologic fluids, CF lung lavage specimens, chemoattractant 
activity remained significantly elevated. Additionally, in vitro 
experiments employing the inhibitors of leukocyte serine pro- 
teinases (PMSF, a 1 -PI, STI) suggest that a nonserine protease 
contributes to the limited proteolysis of the cx chain of C5 
resulting in C5a generation (Fig. 7). P. aeruginosa is known to 
synthesize and release a metalloenzyme (24) which is capable of 
cleaving IgG opsonins (37,38) in addition to providing the well- 
known elastolytic properties of this bacterial protease. Schultz 
and Miller (39) convincingly demonstrated that a purified elas- 
tase from P. aeruginosa generated and then less rapidly inacti- 
vated a chemotactic factor from C5. Chemotactic activity gen- 
erated from C5 by Pseudomonas elastase peaked at 60 min and 
was decreased when next measured at 120 min (39). Noting that 
C5 elastase-induced chemotactic activity was detectable only 
during incubations lasting less than 60 min these authors argued 
that this bacterial exoproduct had a potential antiinflammatory 
activity. 

If, as suggested by Schultz and Miller (39), higher Pseudo- 
monas enzyme concentrations inactivate C5 chemotactic activity 
and are antiinflammatory, one would predict very low levels of 
the chemotaxin C5a and, hence, low numbers of PMN leukocytes 
in these CF airways which are characterized by secretions with 
elevated levels of elastase activity. Such does not appear to be 
the case. Lung fluids obtained from CF patients contain high 
levels of chemotactic activity when compared to lung secretions 
from normal volunteers and the neutrophil is the predominant 
cell identified in the airway fluids. It seems likely that the in vitro 
systems of Orr et al. (4) and Schultz and Miller (39) are not 
analogous to the dynamic process in vivo. Rather than limited 
neutrophilic (4) or bacterial (39) proteases and complement 
components the CF airways are replenished by fresh neutrophils 
and complement proteins from the circulation. An additional 
explanation for the apparent discrepancy noted above is the 
existance of multiple nonproteolytic mechanisms for the gener- 
ation of C5a chemotaxins. Gram-negative bacteria, such as P. 
aeruginosa, activate complement by both the classical and alter- 
native pathways in the absence of antibody (40), and the classical 
pathway may be activated by bacterial-IgG and IgG immune 
complexes (6, 23). 

Pulmonary macrophage proteolytic enzymes which are unique 
to this phagocytic cell have been incompletely studied, and 
therefore, specific inhibitors of macrophage proteases have not 
been identified. Accordingly, it is not possible to attribute in vivo 
nonimmune cleavage of C5 substrates to pulmonary macro- 
phage-derived proteases. It is known that stimulated PM secrete 
a protease (41) capable of cleaving C5, but whether this is a 
unique protease synthesized by PM or an enzyme released by 
PMN leukocytes and then pinocytozed by PM as suggested by 
Campbell et al. (42) remains to be determined. However, the 
role of macrophage-derived proteins in the generation of C5a 
leukoattractant activity was examined (Fig. 8). These isolated 
cell culture experiments strongly suggest that PM possess C5 
polypeptides which are released when acted on by whole CF  
BAL fluids and the purified elastase of P. aeruginosa. The report 
of Sundamo and Gotze (43) and Robbins et al. (unpublished 
data) that cultured blood monocytes and pulmonary macro- 
phages possess C5 bound to the surface of these cells serves as a 
precedent and suggest that the proteases in CF lung fluids cleave 
cell-bound C5 in a fashion similar to that demonstrated for C5 
in solution (Table 3). 

Complement activation by both neutrophil and bacterial pro- 
teases is of potential importance in a disease, such as CF, in 
which upper and lower airways are filled with Pseudomonas and 
PMN leukocytes. P. aeruginosa respiratory infections occur in 

58 to 85% of all CF patients (44). Colonization in the respiratory 
tracts of patients with CF by this persistent pathogen correlates 
with the progression of bronchial airway pathology (33). Pseu- 
domonas infections and the patients' clinical states are also 
intimately related. Many clinicians have reported a direct corre- 
lation between the incidence of Pseudomonas colonization and 
age, clinical score, extent of pulmonary disease, and severity of 
changes on chest radiographs (45, 46). Indeed the number of 
colony forming units of P. aeruginosa present in the sputa of CF 
patients is closely related to the concentration of C5a present in 
BAL fluids. C5a and neutrophil elastolytic activity (STI-inhibit- 
able) correlated in an inverse fashion with the tests of pulmonary 
function, FEV, and FVC. 

Recent studies from Switzerland have examined the possible 
role of granulocyte neutral proteases as mediators of airway 
destruction in patients with CF who were infected with Pseudo- 
monas (47). They concluded that granulocyte neutral proteases 
and Pseudomonas may act synergistically in CF airways to 
contribute to the breakdown of elastin which occurs in progres- 
sive bronchiolar destruction. The present work demonstrates a 
~ersistent elevation of C5a leukoattractant in CF airways and 
provides a pathogenetic mechanism for the generation bf this 
important mediator of inflammation. We suggest that both neu- 
trophil serine proteases and Pseudomonas metalloenzymes act 
together, contributing to the direct nonimmune cleavage of C5. 
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