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Cystic Fibrosis Pseudomonas Opsonins

INHIBITORY NATUREIN AN IN VITRO PHAGOCYTICASSAY

ROBERTB. FICK, Jr., GARYP. NAEGEL, RICHARDA. MATrHAY, and
HERBERTY. REYNOLDS,Pulmonary Section, Department of Internal Medicine,
Yale University School of Medicine, New Haven, Connecticut 06510

A B S T RA C T Pseudomonas aeruginosa infection
plays a primary pathogenetic role in the chronic res-
piratory tract disease of cystic fibrosis (CF) patients.
Despite pronounced humoral immune responses,
reflected by high levels of antibodies against Pseudo-
monas in serum and in sputum, the antibodies do not
eliminate this bacterium. In the present study we have
used affinity chromatography with a lipopolysac-
charide substituted immunoadsorbent gel to isolate
high titers (meanCF = 1:256) of immunotype specific
Pseudomonas IgG antibodies from the sera of nine CF
subjects, and have evaluated the functional ability of
these antibodies to promote phagocytosis and intra-
cellular killing of P. aeruginosa in an in vitro human
alveolar macrophage culture system.

The phagocytic and intracellular bactericidal ki-
netics revealed that CF IgG antibodies function in an
inhibitory fashion. Both the rate of phagocytosis (rateCF
= 204 cpm/unit time) and absolute bacterial uptakes
maximal at 120 min (uptakecF = 18 x 103 14C cpm)
were inhibited compared with appropriate positive
controls (hyperimmune serum, HIS; [rateHIS = 399;
uptakeHIS = 29 x 103, P < 0.005]). The ability of such
CF-derived opsonins to potentiate macrophage intra-
cellular bactericidal processes was mildly impaired
(bacterial survivalcF = 15 x 103 colony forming units
(CFU)/min, survivalHIs = 9 x 103). Further charac-
terization of this defect, assessed with functional
studies of the Fab and Fc portions of the immunoglobu-
lin molecule, revealed an impairment in the attachment
of these specific antibodies to the alveolar macrophage

This work was presented in part at the American Thoracic
Society Meeting, 18-21 May 1980 and appeared in abstract
form in 1980. Am. Rev. Respir. Dis. 121: 68.

Dr. Fick is the recipient of a Francis B. Parker Foundation
Fellowship.

Address reprint requests to Dr. Robert B. Fick, Jr., LCI
109, Pulmonary Section New Haven, Connecticut 06510.

Received for publication 18 June 1981 and in revised form
24 June 1981.

J. Clin. Invest. The American Society for Clinical Investigai

membrane Fcy receptors. Preliminary studies of the
physical-chemical properties of these immunoglobu-
lins were normal. The expression of this inhibitory
activity in vivo may facilitate Pseudomonas coloniza-
tion and the subsequent established infections in the
respiratory tracts of CF subjects.

INTRODUCTION

Chronic, relentless pulmonary infection develops
in the vast majority of people with cystic fibrosis
(CF),1 frequently dominating the clinical picture, and
determining the fate of the majority of them. 70-90%
of CF patients are chronically colonized in the
respiratory tract with Pseudomonas aeruginosa (Pseu-
domonas), and >90% die of progressive pulmonary in-
sufficiency complicated by infection with the same
bacterium (1). Pulmonary infections in CF are often
associated with a distinctive and predictable bacterial
etiology, the mucoid colonial form of Pseudomonas.
The mucoid CF strain has a reproducible serotyping
pattem that is often immunotypes 4, 6 or type 8 when
the Fisher serotyping and Hommaschemes, respec-
tively, are applied to clinical isolates (2). At present,
the propensity for Pseudomonas to infect the respira-
tory tract of CF patients is inadequately explained.

'Abbreviations used in this paper: AM, alveolar macro-
phages; CF, cystic fibrosis; CFU, colony-forming unit; CML,
chronic myelocytic leukemia; COLD, chronic obstructive
lung disease; FITC, fluorescein isothiocyanate; F-Ps, fluores-
ceinated Pseudomonas immunotype 4; GVBS refers to a
standard solution of barbital buffered NaCl supplemented
with 1 MMgCl2 6H20, 0.3 MCaCl2 2H20, and 0.1% gelatin;
HA, hemagglutination; HIS, hyperimmune serum; LDH,
lactate dehydrogenase; LPS, lipopolysaccharide; PMN, poly-
morphonuclear granulocyte; Pseduomonas referes to the
bacterium Pseudomonas aeruginosa; Pseudomonas anti-
bodies refers to particular Pseudomonas aeruginosa lipo-
polysaccharide type specific IgG opsonins; SPA, Staphylo-
coccus aureus protein A; hIa, the compound, 1,3,4,6-tetra-
chloro-3a,6a-diphenylglycoluril.
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The cellular and humoral immune systems in sub-
jects with CFappear to function normally (1, 3-5) with
one major exception: whole serum appears to interfere
with the phagocytic function of alveolar macro-
phages (AM). Whole serum from homozygous CF pa-
tients inhibits the ability of rabbit and human AM
to ingest and destroy Pseudomonas bacteria (6-9).
This effect has been variously attributed to a serum
deficiency, to a heat-labile factor, or more recently, to
a heat-stable inhibitory factor in CF sera (6-9). "Bac-
tericidal blocking" antibodies have been suggested
as an explanation for the selective inability of CF
whole serum to support Pseudomonas bactericidal
activity (10).

Optimal phagocytosis of Pseudomonas by polymor-
phonuclear leukocytes (PMN) or AM requires the
presence of heat-stable opsonins (11, 12), and of the
heat-stable opsonins IgG has superior protective ac-
tivity when compared with secretory IgA or IgM (12-
14). Murphy et al. (15) have studied the role of comple-
ment in the phagocytosis of Pseudomonas by rabbit
AM. These authors concluded that specific antibody is
required for efficient phagocytosis but that in the
presence of an excess amount of antibody (as in CF)
complement was not essential to maximize phagocyto-
sis. Similarly, IgG antibodies in convalescent sera
have been shown to augment phagocytosis of Pseudo-
monas even in the absence of heat-labile (complement)
opsonins (16, 17). Because of the importance of im-
mune IgG in the phagocytic process, and special con-
straints in antibody binding to macrophages imposed
by specific cell surface receptors (18), it is likely that
such an opsonic antibody deficiency would be in the
IgG class.

While CF patients have a generous antibody re-
sponse in serum, sputum, and to a lesser degree, in lung
lavage fluid to P. aeruginosa somatic antigens, the
functional capacity of these specifically purified
antibodies has not been studied directly. To investigate
the opsonic, phagocytic, and bactericidal properties of
P. aeruginosa lipopolysaccharide type-specific IgG
opsonins (Pseudomonas antibodies), we used affinity
chromatography to isolate antibody from CF sera with
natural affinity for Pseudomonas lipopolysaccharide
(LPS) antigens. After isolation we examined the
immunological, functional, and physicochemical char-
acteristics of these CF antibodies, attempting to
explain the inhibitory nature of CF opsonins and thus
provide alternative methods for improving pulmonary
host defenses.

METHODS
Serum specimens and isolation of IgG. Peripheral blood

was obtained from nine patients (seven males, two females)
with an established diagnosis of CF (mean age 20 yr, range
17-31), and from one patient with intrinsic asthma and chronic

bronchitis (COLD). These subjects were clinically stable but
had experienced numerous respiratory infections with P.
aeruginosa, and their sputum remained colonized with
Pseudomonas organisms. Blood from actively immunized
subjects included pooled serum from normal volunteers
(hyperimmune serum, HIS) and individual sera from three
patients with chronic myelocytic leukemia (CML) in
remission; all were immunized with a heptavalent Pseudo-
monas lipopolysaccharide vaccine (19). Serum from a normal
volunteer who had no history of a previous Pseudomonas
infection and had not been immunized served as a negative
control. Serum was preserved at -35°C until assayed.

To obtain an IgG-enriched globulin fraction (20), serum was
precipitated with 30%ammonium sulfate. The precipitate was
dissolved in borate-saline buffer (0.2 M H3BO3 and 0.16 M
NaCl, pH 8.0) and dialyzed extensively until sulfate ions were
no longer detected in the dialysate. A Sephadex G-200 gel
(Pharmacia Fine Chemicals, Div. of Pharmacia Inc., Piscata-
way, N. J.) column (2.6 cm [i.d.] x 100 cm) was prepared in
borate-saline buffer, and the void volume determined with
5.0% Dextran Blue 2000 (2 x 106 daltons, Pharmacia). A
sample of the IgG-enriched fraction, equal to 2-3% of gel bed
volume, was applied to the top of the gel bed and the flow rate
was adjusted to 10 ml/h (Holter roller pump, model 907, Extra-
corporeal Medical Specialties, Inc., King of Prussia, Pa.).
Eluate fractions of 5 ml were collected and the elution position
of IgG was identified with rabbit antiserum specific for the
heavy chain of IgG by double radial immunodiffusion
precipitation.

Preparation of immunoadsorbent. Monovalent P. aeru-
ginosa somatic antigens, Fisher immunotypes one to seven,
were provided by C. L. Heifetz, Warner-Lambert/Parke-
Davis, Pharmaceutical Research Division, Detroit, Mich.
These complex LPS antigens contained 2.7-7.6% protein as
measured by the Lowry method, and 15-32% carbohydrate
as determined with a phenol-sulphuric acid reagent (21).
Pseudomonas LPS immunotype 4 was radioiodinated by
modifying the method of Fraker and Speck (22) and the LPS
was used in preparation of an affinity gel. 4 ,ug of 1,3,4,6-
tetrachloro-3a, 6a-diphenylglycoluril ("Ila," Pierce Chemi-
cal Co., Rockford, Ill.) and 20-gl aliquots of methylene
chloride were dispensed into 10 x 75-mm borosilicate glass
tubes. The tubes were placed in a 37°C water bath, and
rotated by hand until the methylene chloride evaporated.
These Ila-coated tubes were stored in a desiccator and
protected from light. For iodination of type-specific LPS,
50 ,Al of 4.8 mg/ml LPS stock suspension; 5 u1 of KI, as a
2.2 j,g/ml solution; and 5 ,ul of 1251, as Nal125 5 mCi/
50 .ul solution (New England Nuclear, Boston, Mass.), were
added to a Ila-coated glass tube. The final volume in the
tube was adjusted to 100 ,ul with phosphate-buffered saline,
pH 6.8; then the tube was rotated by hand on crushed ice for
20 min. and transferred to an uncoated tube. Gel filtration
(Sephadex G25 Coarse, Pharmacia) was used to remove
unbound Nal125. Labeling of the complex bacterial cell wall
LPS achieved an activity for the type 4 LPS-I125 of 2.3-4.4
x 106 cpm/mg which allowed quantitation of the percent LPS
bound to the Sepharose gel matrix.

The procedure for c upling type 4 Pseudomonas LPS
to Sepharose gel, detailed previously (23), can be sum-
marized as follows: CNBr-activated Sepharose 4B (Phar-
macia) was added to a coupling solution of 0.1 M NaHCO3
and 0.5 M NaCl, pH 8.0, with 20 mg of LPS. The type-
specific LPS had been mixed with a trace amount of 1251_
labeled LPS obtained by radiochromatography. The mixture
was tumbled, excess (unbound) LPS was removed, and the
remaining active groups on the gel were blocked. A 0.5-ml
aliquot of the final affinity gel and aliquots from each wash
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solution were counted to determine the fraction of labeled
LPS which bound. The affinity gel was stored at 4°C in the
borate salt working buffer.

The IgG-rich fractions obtained previously from CF and
various immune or control sera were added to the LPS
affinity gel. Bound antibodies were eluted with 0.05 M gly-
cine-HCl buffer pH 2.4 and were collected in a flask con-
taining 5%NH4HCO3solution. The concentrations of both the
eluted Pseudomonas-specific antibodies and the nonadsorbed
antibodies were determined by radial immunodiffusion (Tri-
Partigen RID plates, Calbiochem-Behring Corp., American
Hoechst Corp., San Diego, Calif.) or by a quantitative
immunofluorescent assay (Bio-Rad Laboratories, Richmond,
Calif.). Antibody activity against the individual Pseudo-
monas immunotypes was screened by a slide agglutination
method (2), by double radial immunodiffusion precipitation
tests performed in 1.2% Noble Agar (Difco Laboratories,
Detroit, Mich.) in borate-buffered saline, and quantitated by a
passive microhemagglutination (HA) assay. Additionally, we
performed microimmunoelectrophoresis, using 1.2% agar
("low ion," Difco Laboratories) in 0.03 M barbital buffer to
test antibody purity.

Lung lavage and establishment of short-term in vitro cell
cultures. Informed consent for lung lavage was obtained
from 15 normal, healthy adult volunteers. The subjects, both
smokers and nonsmokers, had no history of a recent acute
respiratory illness nor chronic pulmonary disease. Trans-
nasal fiberoptic bronchoscopy (model 5 BF2, Olympus
Corporation of America, Hyde Park, N. Y.) was performed
using a previously described method (24). For subsegmental
lavage, 200-300 ml of sterile normal saline in 50-ml aliquots
were instilled into the lingula and then into the right mid-
dle lobe and aspirated by syringe. The lavage fluid return
was 67%±+10 (mean±SD). Lavage fluid was centrifuged
at 500 g for 10 min at 4°C to sediment the respiratory cells.
The supernatant fluid was decanted and the cell pellet
was washed twice in modified Hanks' balanced salt solu-
tion (Ca++ and Mg++ free, Grand Island Biological Co.,
Grand Island, N. Y.). The respiratory cell pellet was re-
suspended in serum-free McCoy's 5A medium (Grand Island
Biological Co.) supplemented with 100 U penicillin and
100 ,ug streptomycin. A cell count by hemocytometer,
viability by trypan blue dye exclusion, and differential
count of Wright's-stained cytocentrifuge-prepared cells
were performed (25). The cells were then adjusted to a con-
centration of 1 x 106 viable cells/ml in the antibiotic sup-
plemented McCoy's 5A medium; 1 ml was placed into 4 cm2-
glass-bottom tissue culture chambers (Lab-Tek Products, Div.
Miles Laboratories, Inc., Naperville, Ill.) and incubated 16 h
in an humidified air and 5%CO2atmosphere at 37°C. In the
performance of a single phagocytic and bactericidal experi-
ment we simultaneously tested the function of Pseudo-
monas opsonins derived from several clinical sources;
however, the AMwere derived from one healthy volunteer.

Radioactive bacteria. A mucoid strain of P. aeruginosa
isolated from a patient with CF was immunotyped by R. A.
Baltimore, M.D. (Yale University School of Medicine, New
Haven, Conn.). To prepare a stock culture, these immuno-
type 4 reference organisms were grown in a humidified air
and 5% CO2 environment at 370C on tryptic soy agar
(Pfizer Diagnostics Division, Pfizer, Inc., NewYork) for 20 h.
Individual colonies were harvested, distributed into 5-ml
vials of 20% (vol/vol) sterile glycerol-enriched tryptic soy
broth and frozen immediately at -70°C.

Before each phagocytic assay, a vial of the type 4 Pseudo-
monas was thawed and inoculated into a 125-ml Erlen-
meyer flask containing 50 ml of tryptic soy broth and 0.05
mCi 14C-L-amino acid mixture (New England Nuclear). The

culture media was rotated for 16 h in a humidified air and 5%
CO2 environment at 37°C. Then bacteria were sedimented
by centrifugation at 2,000 g for 15 min and resuspended in 40
ml of sterile 0.9% saline by vigorous mixing; such washings
were repeated four times until the radioactivity in the super-
natant fluid was minimal. The bacterial pellet was resus-
pended in sterile saline to concentrations from 106-108
colony forming units (CFU)/ml by adjusting the optical
density of the suspension at 620 nm; concentrations were
confirmed by quantitative pour plate cultures. Throughout
the phagocytic and bactericidal assays representative 100-1,u
samples of the original inoculum of Pseudomonas were
counted to assure that the bacteria remained in lag-phase
growth.

Opsonization of Pseudomonas. Pseudomonas IgG ag-
glutinins derived by affinity chromatography were used as
sources of opsonic antibodies. For opsonic experiments these
antibodies were adjusted either to equititered LPS type 4
HA levels, when derived from immunized subjects and those
with chronic Pseudomonas infections; or to equivalent
milligram per milliliter protein concentrations when the
immunoglobulins were derived from negative controls.
Washed suspensions of 14C-labeled Pseudomonas organisms
in saline (108/ml) were added to equal volumes of the Pseudo-
monas antibodies and incubated at 380C for 30 min. During
the incubation of Pseudomonas with the IgG opsonins,
samples were examined periodically using phase-contrast
microscopy (Invertoscope, D. Zeiss, Oberkochen, West
Germany) and incubation times were limited so that visible
aggregation of bacteria would not occur. These opsonized
and washed bacteria in 200-,l aliquots were dispensed into
the human AM monolayer cultures. Pseudomonas antisera
from four of the CF subjects were heat inactivated at 56°C
for 30 min before performing the opsonophagocytic assay.

The degree of opsonization was assessed in two ways:
qualitatively by using the indirect immunofluorescent method
of Thomas (26) with fluorescein isothiocyanate (FITC) con-
jugated to rabbit anti-human IgG (Bio-Rad Laboratories)
and adsorbed with type 4 Pseudomonas; and quantitatively
by using 1251-labeled Staphylococcus aureus protein A
(SPA). The Iodogen method (22) proved effective for la-
beling SPA, achieving an activity for the "25I-SPA of 3.6-
6.9 x 108 cpm/mg. The iodinated SPAeluted as a sharp peak
from a Sephadex G-25 column and was easily separated from
the unbound Nal. To test for the degree of antibody coating,
aliquots of opsonized Pseudomonas type 4 were centrifuged
at 2,000 g for 15 min, the supematant fluid containing excess
IgG was decanted, and the bacterial pellet washed in 3 ml of
0.9% NaCl. SPA with a binding capacity of 9 mg human
IgG/mg (Sigma Chemical Company, St. Louis, Mo.) was
labeled with 1251 by the Iodogen method of Fraker and Speck
(22). Excess radioactive SPA, determined by a quantitative
agglutination reaction in a modified Farr test (27), was added
to the Pseudomonas-opsonin pellet and incubated at 370C
for 60 min with occasional vortexing to disperse the mixture.
The bacteria-IgG-SPA complexes were centrifuged at 2,000 g
x 15 min and washed twice with 0.9% NaCl before counting
duplicate specimens in a gamma counter. Opsonization, as
well as the phagocytic and bactericidal assays, were per-
formed using both saline and HA negative IgG for controls.

Pseudomonas phagocytic assay. The "4C-labeled Pseudo-
monas immunotype 4 uptake by human AMwas evaluated
with a phagocytic assay used by Reynolds and Thompson
(12). In brief, the adherent macrophage monolayers were
washed twice in Hanks' balanced salt solution decanted,
reconstituted to a volume of 1.8 ml of Hanks' balanced
salt solution and allowed to acclimate in a humidified en-
vironment containing air and 5% CO2 at 370C for 15 min.
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200 ,l of opsonized radiolabeled Pseudomonas was added to
the macrophage monolayers (10:1 ratio of bacteria: macro-
phages), and the tissue culture chambers were reincubated at
37°C with continuous rotation. As a further test of cell
viability during the assay, duplicate monolayers were
selected and the cytosolic enzyme lactate dehydrogenase
(LDH) was measured in aliquots of the culture medium and
monolayer homogenate (28). At predetermined intervals
chambers were selected, the supematant fluids were decanted
and the cell layers washed three times with 2 ml of sterile
Hanks' balanced salt solution. The cell layers were disrupted
by the addition of 2 ml of distilled water, scraped with a
rubber policeman, and examined using phase-contrast micros-
copy to assure complete lysis. A 100-tid aliquot of this
homogenate was used to determine intracellular bacterial
survival and to calculate bactericidal rates as detailed below.

To determine the phagocytic rates, supernatant fluids,
cell washes and all but 100 Al of the cell lysates were trans-
ferred to individual 17 x 58-mm scintillation vials and dried
in an 80°C water bath under a stream of nitrogen on an
analytical evaporator. The dried supernatant fluids and cell
lysates were digested at 37°C for 12 h with 0.4 ml of a tissue
solubilizer (Protosol, New England Nuclear) and 25 ,ul dis-
tilled water. After adding 5.5 ml of a premixed scintillation
solution (Econofluor, New England Nuclear) and vortexing
vigorously, the vials were counted for 14C activity in a liquid
scintillation spectrometer (LS-100C, Beckman Instruments,
Inc., Fullerton, Calif.). The counting efficiency of this
scintillation counter was monitored with 14C radioactivity
standards (New England Nuclear). The scintillation vials
were counted twice for 10 min at a time and the net counts
expressed as counts per minute. The percent of the total
bacterial inoculum that was associated with the monolayer
or "phagocytosed" at a particular sampling time (percent
uptake) was calculated using the formula: % uptake = ("4C
cpm in monolayer lysate/14C cpm in bacterial inoculum).

Duplicate AMmonolayers inoculated, incubated, and then
washed in a comparable manner were selected for deter-
mination of phagocytic indices. Cell chambers were air-dried,
stained with Wright's stain, and 200 macrophages chosen at
random from at least four oil-immersion fields (x 1,000) were
counted for the presence or absence of intracellular bacteria.
Phagocytic indices are expressed as the percent of AMwith
intracellular bacilli. Those AMwith engulfed bacteria were
further divided into those with less than five and those with
five or more organisms per cell.

Pseudomonas bactericidal assay. At various times after the
opsonized bacterial challenge, the cell monolayers were
carefully washed and lysed with distilled water. 100 ,ul of the
cell homogenate was aspirated, serially diluted in sterile
distilled water, and inoculated into petri dishes (100 x 15 mm)
containing 10 ml of liquid tryptic soy agar. After incubation
for 36 h these quantitative pour plates were examined under
a dark field colony counter and the number of CFUelectroni-
cally recorded. Throughout the assay representative 100-
,ul samples of the original inoculum of Pseudomonas were
counted to assure that the bacteria remained in the lag-
phase growth. The killed population of bacteria was derived
according to the formulae: total number of intracellular
bacteria = % uptake x CFU in original inoculum. Number
of killed bacteria = uptake number - CFU in monolayer
lysate.

Scanning electron microscopy. Scanning electron micros-
copy was used to examine the AM monolayers at varying
intervals after inoculation and ingestion of Pseudomonas (29).
The macrophages were washed as described for the intracellu-
lar bactericidal assay, duplicate chambers were fixed for 15
min in 1.5% (vol/vol) glutaraldehyde in 0.1 M sodium

cacodylate buffer (pH 7.4), and dehydrated in graded solu-
tions of ethanol. Before scanning electron microscopy
(ETEC, Perkin-Elmer Corp. Norwalk, Conn.), the bacteria-
inoculated AMmonolayers were critical point dried. In each
experiment at least 50 AM were examined to derive the
adherent but not internalized fraction of Pseudomonas
associated with the monolayers.

AMreceptor binding. The opsonin-coated Pseudomonas
complexes attached to AMsurface receptors were quantitated
by an immunofluorescent assay. P. aeruginosa immuno-
type 4 was prepared with a direct fluorescein label by the
method of Gelfand (30). Pseudomonas reference organisms
(see above) were thawed and inoculated into 150 ml tryptic
soy broth (Pfizer) at 37°C for 18 h, centrifuged at 2,000 g
for 15 min, and the bacterial pellet resuspended in 5 ml
0.9% NaCl. The bacteria were heat killed at 60°C for 45
min, washed three times in normal saline and this slurry was
incubated with a 0.03% solution of FITC for 2 h at room
temperature. The fluoresceinated Pseudomonas organisms
(F-Ps) were washed three times in a veronal-buffered
saline solution supplemented with 1 M MgCl2 6H20, 0.3 M
CaCl2 2H2O and 0.1% gelatin (GVBS), and stored at 700C for
later use.

HumanAMwere harvested, prepared, dispensed into tissue
culture chambers and incubated at 370C for 16 h as described
above (24, 25). F-Ps bacteria were coated with IgG opsonins
derived from CF and HIS sources, and inoculated into the
washed macrophage monolayers exactly as described in the
phagocytic assay earlier. The CF- and HIS-derived opsonins
were used in equivalent HA titers and GVBS-fixed bacteria
served as a negative control. The ratio of F-Ps to AM was
constant at 10:1 for all of the assays. After challenge with
opsonized bacteria, the AMmonolayers were incubated at
370C, and at various intervals the supernatant fluids from
duplicate monolayers were decanted and the cell layers
washed three times in GVBS. Before reading, the culture
chambers were lifted from the glass slide bottom (Lab-Tek,
Miles Laboratories, Inc., Naperville, Ill.) and the mono-
layers covered with 22-mm square glass cover slips. The
total number of AMper high power field and the number
with associated F-Ps were determined under visible and
ultraviolet illumination, respectively. The ratio of AM
binding F-Ps to total AM was determined in triplicate for
the opsonin samples at each time interval after macrophage
inoculation.

Physicochemical studies of IgG anti-Pseudomonas anti-
body. We have prepared antisera to the four human IgG
y-chain subtypes by immunizing primates (Macaca fasci-
cularis) with purified IgG Fc subtype heavy chain frag-
ments derived from a monoclonal myeloma plasma, kindly
provided by Richard Wistar, M.D., Naval Medical Research
Institute, Bethesda, Md. Individual antiserum specimens,
adsorbed with various Fc'y fragments until monospecific,
have been used in double diffusion immunoprecipitation
assays to identify the y-subclass of the Pseudomonas anti-
bodies. Light chain subtypes were assayed with K and X-
chain specific rabbit antisera (Behring Diagnostics, American
Hoechst Corp., Somerville, N. J.).

The immunotype specific Pseudomonas IgG opsonins were
layered on 10-40% linear sucrose density gradients, and
subjected to density gradient ultracentrifugation at 37,000
rpm at 40 for 21 h (L5-50 ultracentrifuge, Beckman Instru-
ments). Normal human 7S IgG labeled with 125I by the
methods of Fraker and Speck (22) served as a sedimentation
marker.

Isoelectric focusing was performed in 250-mm thin layer
5% polyacrylamide gels (Eastman Kodak Co. Rochester,
N. Y.) with carrier ampholyte gradients having a pH range of
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5-8 (Pharmalyte, Pharmacia). The anode solution was 0.04 M
L-glutamic acid and 0.1 MNaOHwas at the cathode. The gel
was prefoctused with 5 Wfor 30 min and then electrophoresis
was performed for 2 h at 30 Wconstant power at 7°C constant
temperature. The CF and control Pseudomonas opsonins,
as well as reference IgG subtype immunoglobulins, were
dialyzed against distilled water before electrofocusing, and
applied to the gel in equivalent quantities. The pH gradients
were measured by a flat surface electrode (Orion Research,
Incorp., Cambridge, Mass.), and with the assistance of pI
marker proteins (Pharmacia). After fixing, the gel was stained
in 0.2% Coomassie Brilliant Blue and specificity of the iso-
electric bands was determined by either autoradiography
using 125I-LPS 4, or by LPS-coated erythrocytes (31).

Scintillation autoradiography was performed by modifying
the method of Bonner and Laskey (32). 50 ,ul of Pseudomonas
LPS 4 in a 4.8 mg/ml solution was labeled with 125I, as
described earlier, resulting in an activity of 1.59 x 107 cpm/mg.
Before focusing, the antisera were incubated at 37°C for 30
min in the presence of this LPS antigen (105 cpm/IgG
sample). After isoelectric focusing as detailed above, the
gel was dehydrated in dimethyl sulphoxide and covered
overnight with a 20% (wt/wt) solution of 2,5-diphenyloxazole
in dimethyl sulphoxide. The gel, now impregnated with the
scintillator 2,5-diphenyloxazole, was lyophilized at -700C
and exposed to X-Omat film (Eastman Kodak). With the use of
an image intensifier screen, 30 min of exposure at room
temperature was found to be optimal. The x-ray film was
developed in a standard x-ray developer (Eastman Kodak).

Statistical analyses. Arithmetic means and standard
deviations of the phagocytic and bactericidal data for each
source of opsonin or negative control were calculated and
analyzed by Student's t test for compared data. P values re-
ported are for a two-tailed test. Slopes were calculated from
the mean curves by using the method of least squares and

linear regression analysis. The r values reported are Pearson's
correlation coefficients (33).

RESULTS

Immunoadsorption and elution of type 4 Pseudo-
monas antibodies. HA titers of the serum specimens
are given in Table I. Anti-Pseudomonas type 4 LPS
titers were uniformly present and high in all but the
normal (negative) control serum; titers against other
somatic types were elevated as well. With type 4 LPS
as a ligand and passage of the serum gammaglobulin
concentrates through the affinity gel, IgG antibody in
high titer against type 4 P. aeruginosa was isolated.
Other individual immunotype HA titers were measured
for the specifically prepared IgG antibody specimens
("mg-ml," Table I) as well. No significant antibody
reactivity (titer >4) against other LPS antigens existed
in the final antibody preparations, so that further
adsorption of the antibody samples was not needed to
remove antibodies cross-reacting with other LPS im-
munotypes. As a further test of purity, the final anti-
body preparations were assessed for residual IgM
content by reduction with 2-mercaptoethanol. There
were no demonstrable changes in the HA titers before
and after reduction. Microimmunoelectrophoresis of
all the Pseudomonas specific antisera showed a single
precipitin arc against anti-whole serum antibody.

Functional assays of Pseudomonas opsonins with

TABLE I
Type-specific Anti-Pseudomonas Titers by Passive Microhemagglutination

After affinity chromatography with type 4 LPS antigen
Before affinity chromatography

Reciprocal HA titers in immunoglobulin fraction
Reciprocal HA titers for Pseudomonas immunotypes Pseudomonas immunotypes

Serum specimens 1 2 3 4 5 6 7 IgG 1 2 3 4 5 6 7

mg/mi

1. CF 24 256 32 1,024 16 128 64 2.6 <4 <4 <4 512 <4 <4 <4
2. CF 16 512 512 1,024 64 512 256 2.3 <4 <4 <4 512 <4 8 <4
3. CF <4 1,024 512 1,024 64 512 128 1.9 <4 <4 8 256 4 <4 4
4. CF <4 512 256 1,024 512 1,024 2,048 1.4 <4 <4 <4 256 8 - -

5. CF <4 64 4 256 4 64 8 1.3 - 4 <4 128--
6. CF <4 <4 64 1,280 <4 * <4 1.6 <4 <4 <4 64 <4 4 -
7. CF 16 8 4 64 4 16 4 1.7 4 <4 <4 32 <4 <4 <4
8. CF <4 256 64 128 4 128 64 1.7 <4 <4 <4 64 <4 4 <4
9. CF 16 1,024 64 256 128 256 256 1.8 - - <4 256 8 -

10. COLD <4 128 64 128 8 256 32 1.4 4 4 4 64 <4 8 <4
11. CML 64 64 - 1,024 32 0.8 <4- 16 16 <4 8-
12. CML 32 128 - 1.3 <4 8 <4 64 - <4
13. CML <4 <4 1,024 32 <4 0.9 <4 4 <4 64 <4 <4 -

14. Hyperimmunized
normal 128 1,024 2,048 4,096 512 512 8,192 1.7 <4 4 <4 128 <4 <4 4

15. Normal control <4 4 <4 4 <4 4 4 0.8 <4 <4 <4 8 <4 <4 <4

* Not determined.
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AM. AM, obtained from healthy tobacco smoking or
nonsmoking subjects, were maintained in short-term
cultures to assess the effectiveness of anti-Pseudomonas
opsonins to facilitate phagocytosis and subsequent
intracellular killing of a clinical isolate of viable P.
aeruginosa. Six nonsmoking volunteers, mean age 27
yr (range 19-48), participated in the study. An average
of 49 x 106 respiratory cells were recovered with mean
differential cell counts of 93%AM, 6%lymphocytes, and
1%PMN. Nine smokers participated with a mean age
of 33 yr (range 20-41). This group was a 26-pack/yr
history of cigarette use yielded a mean of 122 x 106
respiratory cells from lavage and had mean differential
cell counts of 90% AM, 7% lymphocytes, and 3%
PMN. Mean cell viabilities (83%±8 SD) and the per-
cent recoveries of lung lavage fluids (67%± 10 SD) were
identical in the two groups. The macrophage yield from
a single lavage provided a sufficient number of cells
to assess the function of IgG opsonins derived from at
least two immunized subjects and a negative control.
Thus, any slight variation in AMfunction or in the ratio
of bacteria to AM did not affect the comparison of
phagocytosis in the presence of different opsonins,
since the source of cells for each experiment was
constant.

AMphagocytosis of opsonized Pseudomonas. Type
4 reference organisms, originally a mucoid CF clinical
isolate, had been stored at -70°C in an enriched broth
and were used for the opsonic, phagocytic, and bac-
tericidal assays. Periodically, a vial of this reference
Pseudomonas was studied and the bacterial serotype
remained stable. Although the bacterial colonies re-
verted to the nonmucoid state and did not produce a
pigment, they remained consistently immunotype 4.
These standardized organisms grew vigorously in
tryptic soy broth and readily incorporated the 14C-L-
amino acid label (mean CFU/14C cpm = 615±100
SEM, n = 9). After washing three or four times, 98.6%
±0.7 SD of the remaining radioactivity was asso-
ciated with the bacteria and the radioactivity in the
supematant fluid was minimal.

A representative experiment used alveolar macro-
phages from a nonsmoker, and cell monolayers (1 x 106
macrophages/culture) inoculated with 1 x 107 viable
type 4 Pseudomonas opsonized with IgG from either a
CF specimen (A) or from a immune normal source (0).
At varying intervals after the monolayers were inoc-
ulated with opsonized bacteria, 14C counts were deter-
mined in the monolayer supernatant and wash fluids,
and in the cell layer homogenates. The counting ef-
ficiency of the liquid scintillation spectrometer was
90.2% and the SE of the cpm was uniformly <1.5%.
Descending dashed lines of 14C activity depict
residual bacterial counts in supernatant media and
collected in wash fluids from the monolayers (Fig. 1).
These curves are essentially reciprocal values of the
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FIGURE 1 Representative phagocytic experiment. A rep-
resentative experiment shows the partitioning of opsonized
14C-labeled Pseudomonas organisms (ordinate) between the
supernatant fluids (-----) and the homogenized AM mono-
layer lysates (-) at various intervals after inoculation
(abscissa). The sums of radioactivity (-) from AMmono-
layers inoculated with HIS (0), and CF (A) IgG opsonins
were equivalent.

cell homogenate radioactivity, and their sums (dark
solid lines) are equal and account for >85% of the 14C
cpm originally added. Recovery of radioactivity was
similar within the experiment and constant in our
subsequent assays.

Fig. 2 depicts composite curves for mean values
found from 12 duplicate experiments in which each of
the nine CF-prepared IgG opsonins (Table I) were
compared with positive HIS and negative control
opsonins. Repeat studies were done with CFspecimens
1, 4, and 9 (Table I). Bacteria as shown by 14C counts,
were taken up by the cell monolayers in roughly
linear fashion over the first 60 min of the assay (Fig. 2,
lower panel). Linear regression analysis gave r values
of 0.99 for both mean CF (A) and mean HIS (0) phago-
cytic curves. Despite equivalent Pseudomonas HA
titers, the CF-derived opsonins (A) produced a phago-
cytic rate significantly less than opsonins derived from
immunized normal subjects (0). Over the first 60 min of
the assay the CF-opsonin-induced uptake rate of
Pseudomonas 14C was 204 cpm/unit time, while HIS
opsonins facilitated an uptake rate of 399 14C cpm/
unit time (P < 0.005 at 60 min). The absolute bacterial
uptake, maximal at 60 and 120 min, was also much less
than CF opsonins when compared to equititered HIS-
derived antibodies (at both times, P < 0.005). The
phagocytic indices (in parentheses) for the monolayers

904 R. B. Fick, Jr., G. P. Naegel, R. A. Matthay, and H. Y. Reynolds



z

-J

cr 106

w

CD)

z

cJ
0

C-)

z

32

28

24

"" 20

q

0

> 16
C-)
-

t 2

8

4

2 30 60 120 160
MINUTES AFTER INOCULATION

FIGURE 2 Upper panel: mean bacterial survival curves.
Viable bacteria (ordinate) were grown from AM cellular
homogenates. These Pseudomonas survival curves represent
mean numbers of viable bacteria cultured at various time
intervals (abscissa). Pseudomonas were opsonized with equal
HA titers of HIS (0, 11 experiments), CF, (A, 12 experi-
ments) IgG antibodies, and HA negative controls (0, 8
experiments). Within the first 60 min, linear regression

challenged with Pseudomonas opsonized with HIS
antibodies were more than twice the indices achieved
with CF opsonins (Fig. 2, lower panel).

Even more striking was the comparison of CF
opsonins to negative controls (0). When compared to
the negative controls (bacteria not coated with opsonic
antibody), the CF bacterial uptake was less at each
point in time, particularly within the first 45 min and
at 120 and 160 min of the assay (P < 0.05). Both 0.9%
saline and IgG derived from a healthy normal subject
with the protein concentration adjusted to equal the
protein concentrations of the CF opsonins were used
as negative controls. Despite the absence of Pseudo-
monas HA titers, the negative controls achieved a rate
of phagocytosis of 188 14C cpm/unit time, r = 0.94. This
is compatible with earlier reports that AMare good
phagocytes in the absence of any opsonins (12). In
fact, the saline control opsonins achieved a phagocytic
rate and absolute bacterial uptake equivalent to our
nonimmune IgG fraction, and produced a greater up-
take than the high-titered CF antibodies. It is remark-
able that despite the absence of Pseudomonas anti-
body and presumably no bacterial opsonization, the
uptake of nonopsonized Pseudomonas was better than
CF IgG-coated bacteria. For all opsonin specimens
the phagocytic indices increased over time and tended

analysis of the bacterial colony counts gave r > 0.96 for all
three curves, and the bactericidal rates were similar. Over the
last 100 min of the assay, HIS Pseudomonas opsonins pro-
moted a cumulative bactericidal effect as the survival slope
became negative and CFUdecreased from 6 x 105 to 3 x 105
during this interval. The bacterial inocula incubated with
the opsonin preparations are shown above the break in the
ordinate's log scale. These opsonized bacteria remained in
lag-phase growth over the course of the assay.
FIGURE 2 Lower panel: mean phagocytic curves. The inoc-
ulum of viable 14C-labeled Pseudomonas organisms (left
ordinate) and the percent uptake, expressed as a ratio of
bacterial CFU (right ordinate), are shown for homogenized
AM monolayer lysates, depicted at various intervals after
inoculation (abscissa). The composite curves represent
mean bacterial uptake of Pseudomonas opsonized with
equivalent titers of CF-derived type 4 LPS-specific IgG
molecules. Results from 12 experiments using CF (A) IgG
antibody specimens, 14 experiments with IgG specimens
from HIS (0), and 11 assays using control (0) IgG specimens
without type 4 antibody activity are shown. IgG without
Pseudomonas type 4 HAtiters isolated from normal serum was
used in protein concentrations equivalent to the CF and HIS
opsonins. The mean number of AMin the monolayers having
ingested bacteria (-1) at 30 and 60 min is given in parentheses
(phagocytic indices). Phagocytosis over the first 60 min of the
assay was linear (r > 0.94 for all three opsonin sources) but
the rate of bacterial uptake expressed as "4C cpm/unit time
was less in the presence of CF opsonins [slopecF = 204],
when compared to HIS opsonins [slopeHjs = 399]. Absolute
bacterial uptakes were greater for HIS and the negative con-
trol specimens at each point in the assay and reached
statistical significance (P < 0.05) when compared with the CF
opsonins at the points indicated (*).
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to parallel the changes in CFUingested (right ordinate,
Fig. 2, lower panel). Heat inactivation of the opsonins
at 56°C for 30 min did not alter the results. Moreover
CF IgG opsonins derived from fresh, frozen, and heat-
inactivated sera were compared in this phagocytic
assay and gave the same results.

For contrast, Pseudomonas uptake experiments with
immune opsonins prepared from three patients with
CML(U) and one with COLD(C) are each compared
with HIS (0) in Fig. 3. For all, bacterial uptakes were
initially brisk and then rates plateaued. Equivalent
titers of IgG opsonins for type 4 Pseudomonas antigen
from the patient with COLD, representing chronic
respiratory tract Pseudomonas colonization and natural
immunization, supported a rate of phagocytosis over
the first 60 min of the assay and attained a maximal
phagocytic uptake that were both intermediate to HIS
and negative control opsonins (SlopecOLD = 229 cpm/
unit time, SlopeHIs = 293, and SlopeNEG = 140; for all,
r > 0.94). When COLDand HIS opsonins were com-
pared, no statistically significant differences were
noted in their absolute maximal uptakes. Pseudomonas
IgG antibodies from CMLsubjects (assays, n = 4) im-
munized with the Pseudomonas heptavalent vaccine
functioned poorly, despite adjustment of Pseudomonas
HAtiters to be equivalent with HIS and natural COLD-
derived specimens (Fig. 3). The phagocytic rate was
137 '4C cpm/unit time with r = 0.96 during the first 60
min of the assay (equivalent to SlopeNEG = 140 cpm/
unit time, despite absence of HAtiters in the negative
control). Over the last 100 min of the assay, IgG
opsonins derived from CMLsubjects also produced a
bacterial uptake significantly less than HIS or COLD
antibodies (P < 0.05 at all points). However, CML
opsonin-mediated macrophage phagocytosis improved
slightly during the last 100 min of the assay when
compared with negative controls.

In performing these experiments no significant dif-
ference was noted between the phagocytic uptake by
macrophages obtained from smokers and nonsmokers.
AM from tobacco smokers had no apparent enhance-
ment or decrement in either the rate of opsonin-
mediated phagocytosis or the absolute maximal up-
take attained. Furthermore, in agreement with pub-
lished reports (28), we could discern no differences
between the viabilities of AMfrom smokers and non-
smokers. To assess the viability of the cell cultures,
the cytosolic enzyme LDH was monitored. Measure-
ments of the percentage of cellular LDH released into
the supernate during the first 16 h in culture and then
over the time-course of the phagocytic and bactericidal
assays are shown for nonsmoker AM in Table II.
Assuming the release of LDH reflects leakage of cyto-
sol enzymes through disrupted membranes, we con-
cluded that the viability of the AMremained constant
during the uptake and killing assays.
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FIGURE 3 Mean phagocytic curves are shown for uptake of
bacteria (ordinate) by macrophage monolayers at various time
intervals (abscissa). IgG opsonins used at equivalent titers,
derived from COLD(O, n = 2), CML(U, n = 4), and HIS
(0, n = 3) sources, are contrasted. Once again the HA-
negative control IgG (0, n = 3) was used in protein con-
centrations equal to that of the HA-positive opsonins. At a
time when all rates of phagocytosis were linear (r > 0.94 over
first 60 min), the naturally acquired COLDopsonins pro-
duced a rate (229 14C cpm/unit time) intermediate to those
of the HIS opsonins (293) and the negative control (140).
While the CMLopsonins, derived from Pseudomonas LPS-
vaccinated CMLpatients, depressed the rate of phagocytosis
over the first third of the assay (slopecML = 137 14C cpm/unit
time), maximal phagocytosis eventually did surpass that of the
negative control. Statistically significant differences (P
< 0.05) for absolute bacterial uptakes when compared to
CMLopsonins are indicated (*).

Pseudomonas bactericidal assay. During the above
phagocytic experiments (Fig. 2, lower panel, and Fig.
3), aliquots of the macrophage monolayer lysates were

TABLE II
LDHEnzyme Determinations*

LDH supernatet
_x 100

Time Relation to assay LDH cell + supernate§

h %

0 Harvest by lavage 5
16 Beginning of assays 25
24 Assay @120min 30
24.6 Termination 27

* Representative experiment performed on normal human
nonsmoker AM (1 x 106 macrophages per culture chamber).
t LDH assay performed on AMmonolayer supemate.
§ Assay performed upon AM supematant and lysed AM
monolayer.
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serially diluted and the viable bacteria enumerated at
36 h by quantitative pour plate cultures. The number of
colony forming bacteria was obtained in duplicate from
two consecutive dilutions; these counts approximated
each other closely. Fig. 2, upper panel, presents com-
posite mean survival curves comparing Pseudomonas
coated with CF (A, n = 12), HIS immune opsonins
(0, n = 11) and the negative control IgG (, n = 8).
Over the first 60 min of this assay the bactericidal rates
(CFU/min) were similar for all three curves (slopecF
= 15 x 103 CFU/min, slopeHls = 9 x 103, slopeNEG = 8
x 103); linear regression analysis of all three yielded
r > 0.96. This suggested that initially, after ingestion
had occurred, intracellular killing of the bacteria
proceeded at about the same rate, irrespective of the
opsonin source used. However, over the last 100 min
of the bactericidal assay, the number of viable bacteria
cultured from the homogenates of the cell layers ex-
posed to the CF opsonins (A) was consistently higher
than either the HA-matched normal positive (0) or
negative (0) controls. Pseudomonas type 4 IgG
opsonins, when derived from CF sera, did not support
significant intracellular killing at later points in the
assay because this bacterial survival curve rises
linearly (slopecF = 6 x 103 CFU/min, r = 0.93) during
last 100 min. Normal hyperimmune opsonins, on the
other hand, facilitated a brisk intracellular bactericidal
function over the last 100 min of the assay for the slope
of this survival curve became negative (slopeHIs = -2
x 103 CFU/min, r = 0.90) and was significantly lower
than the CF opsonins at each point (P < 0.02 at each
point).

To more thoroughly quantitate the number of bac-
teria killed at a specific point in the bactericidal assay,
the number of Pseudomonads phagocytized by AM
cell cultures was determined from "4C cpm and then
the number of viable monolayer-associated bacteria
was subtracted (Table III). WhenAMwere incubated
for 120 min with pre-opsonized bacilli, 97% of the
monolayer-associated bacteria were no longer viable if

HIS opsonins were used; 89%were killed if originally
opsonized with CF-derived antibodies. However CF
opsonins promoted uptake of only 26% of the original
inoculum, a percentage similar to the negative control
but substantially less than achieved by HIS opsonins
(42%). From the results it may be concluded that it is
mainly the rate of bacterial uptake that is defective
when CF opsonins are used.

To demonstrate that most of these cell-associated
bacteria were in fact intracellular and not simply
attached to the AM membranes, scanning electron
microscopy of the cells was performed. In duplicate
experiments 50 cells were examined at random from a
monolayer of 106 nonsmoker AM after 120 min of
incubation with HIS-opsonized Pseudomonas. For an
AMmonolayer that was not washed after incubation,
the AM had a mean of 2.7 bacteria associated with
each macrophage. Whenthe usual monolayer washing
procedure was performed, a mean of 1.1 bacteria (range
0-2 bacteria) were adherent to each macrophage and
not internalized. Thus, routine washing of the cell
layers did remove some surface adherent, non-
ingested bacteria. Because 17.6 (106) bacteria were
determined by "4C cpm to be "intracellular" after
carefully washing the macrophage monolayers (Table
III), this represents an error of 6.2% (1.1 [106]/17.6
[106]). Similar percentages of nonspecifically adherent
but not engulfed bacteria were derived when saline
was used as a negative control opsonin.

The shape of the mean bacterial survival curves re-
sulting from use of COLDand CML IgG opsonins
(data not shown) resembled the HIS opsonin bacterici-
dal curve (Fig. 2): initially increased CFUwere noted
and then at 60 min bactericidal activity was observed.
Although the contour of these bacterial survival curves
differed from the constant linear increase in CFU
obtained with CF opsonins, no statistically significant
differences were noted when the numbers of viable
bacteria were compared from monolayers exposed to
CML, COLD, and HIS opsonin sources.

TABLE III
Opsonin-mediated Intracellular Killing of Pseudomonas after 120 min*

Number of Uptake of Number of viable
Opsonin bacteria the original intracellular Remaining

source phagocytozedt inoculum bacteria§ viable Killed

HIS 17.6 (106) 42 5.9 (105) 3 97
CF 10.8 (106) 26 1.2 (106) 11 89
NEG 11.9 (106) 28.7 9.8 (105) 8 92

* Phagocytosis performed at a bacteria: macrophage ratio of 10:1 with a mean inoculum
of 4.2 x 107 CFU.
t Determined from 14C cpm uptake and CFU/cpm ratios.
§ Cultured from the lysate of washed macrophage monolayers.
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While the 14C label and quantitative pour plate cul-
tures permitted separate determinations of numbers of
bacteria taken up and numbers killed, in an in vivo
situation phagocytic and bactericidal processes would
be dynamic and would occur simultaneously. This also
occurred in our series of in vitro cultured cell experi-
ments. The functional defect consistently noted in all
nine CF anti-Pseudomonas opsonin preparations was
striking when the phagocytic curves (Fig. 2, lower
panel) and the bactericidal curves (Fig. 2, upper panel)
are compared with respect to the ratio of viable CFU
to 14C cpm of total bacteria (Fig. 4). Despite the rapid
Pseudomonas uptake achieved with HIS opsonins, the
macrophage bactericidal mechanism kept pace as in-
tracellular killing proceeded rapidly and viable intra-
cellular bacterial counts fell over the last 100 min of the
assay. This normal, intracellular accommodative mech-
anism with HIS opsonins (0) is reflected in Fig. 4 as the
ratio (CFU/14 cpm) for HIS IgG is low and decreases
slightly over the course of the assays. With CF
opsonins (A), despite an overall poorer uptake of
opsonized bacteria, there is a constant increase in the
number of viable bacteria cultured from lysed cell
monolayers. This is demonstrated by the increasing
ratio seen at each point that is much greater than either
normal hyperimmune opsonins or negative control
nontitered IgG (0). Thus, AM bactericidal function
fails to keep pace in the presence of CF IgG opsonins.
These intracellular bactericidal kinetics were not
altered when smoker AM were compared with non-
smoker AM. In fact, one smoker was lavaged twice
providing AM monolayers that produced similar op-
sonin-mediated phagocytic and bactericidal results
each time.

Physicochemical properties of Pseudomonas IgG
opsonins. Initially, in preparing CF, normal hyper-
immune, and negative control opsonins, sera were
gel filtered through a Sephadex G200 column (ex-
clusion limit 6 x 105 daltons) and the IgG fractions con-
taining the Pseudornonas opsonins eluted cleanly and
reproducibly at 49-57% of gel bed volume, irrespec-
tive of the serum source. After passage through the
type 4 affinity column, the Pseudomonas IgG anti-
bodies, whether obtained from CF or control sera,
reacted with both K- and X-light chain specific anti-
sera. Similarly, these IgG antibodies were heteroge-
neous with respect to the heavy chain subtypes, as all
four subtypes were present and there did not appear to
be a significant difference in the relative proportion of
IgG subtypes when the opsonins were analyzed semi-
quantitatively using human IgG y-chain subtype spe-
cific antisera.

The Pseudomonas IgG antibody samples were
examined further for sedimentation characteristics by
ultracentrifugation in sucrose density gradients. The
radioactivity of the 125I-7S marker of purified human
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FIGURE 4 Efficacy of IgG opsonins (CF [A], HIS [0]) to
sustain the combined effect of phagocytic uptake and intra-
cellular killing. Opsonin-mediated phagocytic and bacterici-
dal curves presented in Fig. 2 are shown here as the ratio of
viable bacteria cultured from the monolayer (CFU) compared
with the total bacteria uptake (14C cpm) at various intervals
after cell culture inoculation. With HIS-derived IgG opsonins,
intracellular bactericidal mechanisms match total uptake
and over the duration of the assay killing of Pseudomonas
exceeds uptake and the CFU/cpm ratio falls. In constrast,
CF opsonins produce a ratio that is steadily increasing and is
greater at every point than the HAnegative "opsonins" (@) or
HIS samples. Bacterial survival in these CF cell cultures
far exceeds actual Pseudomonas uptake, suggesting that less
phagocytic uptake and macrophage ingestion is occurring.

IgG coincided with the position of the purified
Pseudomonas IgG antibody detected in gradient frac-
tions by immunoprecipitation, regardless of its source.
No smaller subunits of IgG were detected. To analyze
further the purity and to investigate microhetero-
geneity of the IgG antibodies, analytical isoelectric
focusing was performed in thin-layer 5% polyacryl-
amide gels. After staining the gels with 0.2% Coomassie
Brilliant Blue, all specimens produced four distinct
protein bands. The isoelectric points of these bands
were equivalent from sample to sample and corre-
sponded to the four control gammasubtypes of IgG.
The microheterogeneity of the IgG opsonins with a
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high affinity for Pseudomonas became apparent when
the isoelectric spectra were detected by use of radio-
labeled LPS antigen and autoradiography (Fig. 5). The
CF spectra (positions 1, 3-5, and 7) differ from the
GOLD(positions 2 and 6) and HIS (position 8) control
in both the number of bands detected by this method
and their relative intensity of radioactivity. A third band
with a higher isoelectric potential and greater affinity
for the iodoinated LPS is present in CF specimens but
not in the controls. This may represent an additional
IgG subtype with lipopolysaccharide reactivity present
in CF sera preparations but absent in HIS specimens.
If confirmed with purified IgG subclasses and formal
Km determinations the improved bacterial coating
demonstrated in Fig. 6 would be readily explained.

Functional segments of the Pseudomonas antibody
molecules. The abnormality in the phagocytic func-
tion of Pseudomonas IgG antibodies isolated from CF
sera may be explained by either a defect in the coating
of the Pseudomonas organism by this IgG (opsoniza-
tion), or an inability of the opsonin-bacterial complex
to attach properly to the AM cell membrane. The
bacterial coating property of an antibody is attributed
to its F(ab')2portion whereas optimal engulfment of the
opsonized bacterium requires binding to the AM sur-
face receptor that is mediated by the Fc portion of the
IgG molecule. Accordingly, we next examined the
functional integrity of both the Fab and Fc segments.

Pseudomonas opsonization. As expected all CF
and hyperimmune control antisera when incubated
with Pseudomonas type 4 and counterstained with
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FIGURE 6 Effectiveness of bacterial "coating" with CF (A)
and HIS (0) opsonins is shown to assess the F(ab') function
of the IgG molecules. This opsonic function was compared
in a radioimmunoassay using Pseudomonas immunotype 4 as
the solid phase and labeling the adherent CF and HIS
opsonins with 12.51_SPA. The CF opsonins demonstrated a
greater affinity for the bacteria in that every milligram of CF
Pseudomonas specific IgG used in the assay (abscissa) re-
sulted in a higher 12.51 cpm (ordinate) than the comparably
titered HIS derived antibodies. The r values represent the
calculated Pearson's correlation coefficients.

FITC-conjugated anti-IgG produced positive fluores-
cence of the bacteria. Both the IgG fraction from a
healthy adult without Pseudomonas precipitins (Table
I) and a 0.9% saline solution served as negative con-
trols. Immunofluorescence was present and opsoniza-
tion was equally effective, whether the antiserum was

1G, lkk ~~~heat inactived before incubation with Pseudomonas or
*tthe antiserum was originally derived from fresh or

frozen sera. CF and HIS derived antisera had no

1 2 3 4 5 6 7 8 9 inhibitory effect (judged by agglutination) on the
number of viable bacteria in the inocula. The survival
of such immunoglobulin-coated bacteria is shown in

.soelectric focusing and autoradiography. For Fig. 2 (upper panel).
ing of CFand control Pseudomonas IgG opsonins, The degree of opsonization produced was quanti-
-eapplied in equivalent protein concentrations to tated by a SPA assay using 1251- labeled SPA. The
tin layer of 5%polyacrylamide gel with a cam'er
radient of pH 5-8. After treatment of the gel 1251_ bacterial "coating" activity of various antisera, when
electrofocused antibodies were visualized by mixed with Pseudomonas type 4 organisms and de-

phy. The five CF opsonins (positions 1, 3-5 and tected by 1251-SPA, are compared in Table IV. For every
Lte three bands with specificity for LPS 4, all of a microgram of type 4 spcfi g antibody frmCFisity of radioactivity than COLD(positions 2 and

spcmn deoteaspecmific re, foreP omnyve control (position 9) opsonins. Only two bands seiesaddt h sa itr,mr P on
elineated in the HIS (position 8)-derived Pseudo- than for each microgram of antisera derived from stand-
fic opsonins. ard hyperimmune sera. Moreover, the superior affinity
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TABLE IV
Representative Experiment of Pseudomonas IgG

Opsonin-Bacterial Adherence Using 1251-SPA

IgG "25I-SPA
Antibody antibody '25I-SPA bound/

source used bound Corrected ,g IgG

jig cpm X 104 cpm x 104* cpm x 105

Saline 0 0.74 0 0
Normal 52 4.31 3.57 6.87

HIS 9 4.02 3.27 36.38

CF1 11 7.25 6.51 59.72
CF2 15 8.36 7.62 51.47
CF3 12 6.73 5.99 49.88
CF4 30 16.09 15.35 51.15

COLD 21 11.69 10.95 52.13
CML 31 10.82 10.08 32.50

* Corrected for the nonspecific binding demonstrated in the
saline control.

of CF opsonins could be demonstrated at various con-
centrations of IgG used in the assay (Fig. 6). This dif-
ference is reproducible, and shows a high level of
statistical significance (P < 0.01) when 1251-SPA cpm/
mgIgG of HIS and CF are compared. Thus, coating or
antibody attachment to the Pseudomonas strain was
superior for CF IgG, and comparable for all of the
other type-specific antibody preparations.

AM binding. The heat-killed Pseudomonas bac-
teria were directly labeled with FITC (F-Ps) without
difficulty and retained the label when stored at -70°C
for 14 d. The bacilli were brightly fluorescent and as a
result binding of F-Ps to AMwas easy to discern and
unequivocal. Confirming the scanning electron micros-
copy data above, very few bacteria were visualized free
in the AM monolayer after the routine washing
procedure was performed just before the phagocytic-
bactericidal assays. The mean percentage total AMper
high power field that had F-Ps (.1) associated with
them at various points in the assay are diagrammed in
Fig. 7. Although not systematically studied, few AM
had >3 associated bacteria and neither the CF nor the
HIS antisera resulted in >5 F-Ps/AM. Fluorescently
labeled bacteria were taken up by the cell monolayers
in a pattern similar to the 14C-labeled bacteria (Fig. 1
and Fig. 2, lower panel). Despite adjustment to
equivalent LPS HA titers, about twice as many F-Ps-
AM complexes resulted when HIS-derived opsonins
(n = 3) were used as compared to the CF IgG opsonins
(n = 6). These differences were significant at 15- and
120-min intervals, (P < 0.005 for each). Despite high
anti-Pseudomonas titers in the CF opsonic antibody
samples, there were no statistically significant differ-
ences in the percentage of rosettes formed when
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FIGURE 7 Binding of fluorescently labeled type 4 Pseudo-
monas (F-Ps) to AM membrane receptors are depicted. A
representative experiment shows the effect of different IgG
opsonins upon the percentage of F-Ps AMcomplexes formed
(ordinate) at different periods of incubation (abscissa). The
mean percentage of human alveolar macrophages per high
power field (x 630) binding labeled Pseudomonas coated with
CF (n = 6), HIS (n = 3) equititered IgG opsonins, and nega-
tive control (n = 3) are compared. SEMis shown for each
opsonin, and statistically significant differences (P < 0.01)
when compared to CF IgG antibodies are designated (*).

compared to the GVBSbuffer controls (n = 3) until 120
min. Whereas antibody coating (Table IV) had been
found to be greater for the CF-derived IgG opsonins
when compared to other immune opsonins, antibody
attachment to the AMcell surface appeared less avid for
the CF specimens.

DISCUSSION

The unusual predilection of CF patients to respiratory
tract colonization with P. aeruginosa remains poorly
understood. Because of reports concluding that whole
serum from homozygous CF patients was deficient
or inhibitory as a source of opsonins for phagocytosis
and killing of Pseudomonas (6-9), we wished to pre-
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pare IgG molecules with specific Pseudomonas LPS
immunotype antibody activity. This opsonic defect
seemingly was restricted to Pseduomonas organisms
and to AM, for other gram-negative bacteria and normal
peripheral PMNwere unaffected by the presence of
CF whole serum. Our assumption that IgG opsonins
are inhibitory was bolstered by reports that demon-
strated, convincingly, that serum factors are necessary
for optimal phagocytosis of P. aeruginosa, and that in
the presence of excess amounts of antibody, comple-
ment has no apparent role in the phagocytosis of
Pseudomonas by rabbit AM(15). Boyden et al. (16) have
reported that IgG antibodies in covalescent sera
augment phagocytosis even in the absence of heat-
labile opsonins. Some clinical data suggest the im-
portance of the complement system in defense against
bacteria, but the role of complement in pulmonary
defense against Pseudomonas has not been convinc-
ingly demonstrated experimentally (34). Many in vitro
and in vivo models have been used to analyze the role
of complement in bacterial defense, but seldom has
Pseudomonas been included. The CF strain of mucoid
Pseudomonas has not been studied. These investiga-
tions have not been performed using human AM for
phagocytic cells nor have they been performed in the
complex milieu of the CF respiratory tract (35). No con-
sistent alteration in serum complement levels have
been documented in CF subjects and the amount in
CF respiratory secretions is unknown (36,37). Further-
more, IgG is superior to any of the other immuno-
globulins in its bacterial opsonizing potential (11-
14). Our assumption is further supported by the
knowledge that immunoglobulin receptors on human
AMare of the Fcy class (18).

We chose a phagocytic assay composed only of
human components so that proteins and cells from dif-
ferent animal species were not crossed. Biggar et al. (6)
employed rabbit AMto judge the adequacy of human
serum opsonins, concluding that CF serum was de-
ficient in a phagocytic factor, probably IgA. Boxerbaum
and co-workers (7) used a similar in vitro phagocytic
assay comprised of rabbit AM and CF whole serum
supplemented with rabbit immune serum. Their con-
clusion that a labile inhibitor was present in CF
serum has been modified by more recent publications
from their laboratory which report that this CF phago-
cytic inhibitor is heat stable (8, 9). When rabbit im-
munoglobulins have been used to opsonize Pseudo-
monas, which were then assayed in both mouse and
canine phagocytic systems, there was an apparent loss
in the potency of the opsonins (38). This may indicate
a species specificity or sensitivity for cells and pro-
teins. Therefore, the use of rabbit AM to assay the
adequacy of human opsonins may not be an optimal
combination.

To isolate anti-Pseudomonas IgG opsonins from CF

patients, we chose an affinity chromatography method
to enrich the antibody activity against naturally
occurring Pseduomonas antigens in these subjects. Use
of an LPS/substituted gel permitted the extraction of
specific antibody from sera, providing an antibody re-
agent that theoretically does not contain extraneous,
nonreactive, or nonimmune IgG molecules. The
major immunodeterminant of opsonization of nonmu-
coid strains appears to be the immunotype antigen,
and the use of type 4 LPS antigen in these experi-
ments was particularly important because it represents
one of the most frequent Pseudomonas immunotypes
to which CF patients are exposed (2, 19). This somatic
antigen is contained in the mucoid slime variant of P.
aeruginosa that colonizes the respiratory tract of the
majority of CF subjects and causes most of their lung
infections.

Wehave chosen phagocytic and bactericidal assays
that are well accepted and have been used extensively
by many investigators (39-42). This dual assay of
phagocytosis and intracellular killing measures both
of these processes at the same time; it is the sum or
outcome of these combined effects that may determine
the morbidity and mortality from infection in CF pa-
tients. With the use of scanning electron microscopy
these assays were modified to permit detection of the
attached, but not internalized, fraction of the mono-
layer associated bacteria. Our result at 120 min of 6.2%
is very similar to the 10% figure of Verhoef (43) and the
4%figure of Leijh and co-workers (29). This percentage
is further supported by our studies employing Pseudo-
monas with a direct fluorescent label that allowed
determination of monolayer associated background
bacteria.

The results of the phagocytic and intracellular
bactericidal kinetics potentiated by the various IgG
opsonins were interesting. All of the bacterial uptake
curves, irrespective of the opsonin source, demon-
strated a brisk linear uptake over the first 60 min and
then a slowing. This "satiety" effect may reflect what
is already known about macrophage metabolism and
antimicrobial mechanisms (35). Even under optimal
conditions in vitro, no more than 50 or 60%of AMingest
viable Pseudomonas organisms (12). For this function-
ally active subpopulation, phagocytosis is an energy-
dependent process requiring reactants that need to be
regenerated and hence could be a rate-limiting process.
Additionally, macrophage membrane receptors for the
crystallizable fragment of IgG (Fcy) are important in
particle attachment and ingestion. During the uptake
of large numbers of particles, phagocytes internalize
a substantial quantity of plasma membrane. Although
these receptors can be stimulated to increase in num-
ber by chronic antigen administration (44), time is
necessary for membrane renewal. Use of CF-derived
IgG opsonins specific for Pseudomonas immunotype
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4 resulted in both decreased phagocytic rates and ab-
solute bacterial uptakes that were depressed when
compared to HA-matched positive controls and to nega-
tive controls matched in protein concentrations. The
fact that bacterial phagocytosis accomplished with nor-
mal saline, also used as a negative control, was greater
than the nine high titered CF opsonins, permitted us
to conclude that CF IgG opsonins acted in an
inhibitory fashion.

Another functional defect of CF opsonins, un-
covered in the intracellular bacterial survival curves, is
less impressive than the inhibition of bacterial phago-
cytosis, but seems distinctive. Despite the fact that
CFopsonins depressed bacterial uptake, once internal-
ization of CF opsonized bacteria had occurred, intra-
cellular killing was sluggish. Total numbers of viable
bacteria cultured from AMmonolayer lysates exposed
to the CF IgG antibodies were consistently higher
than either positive or negative controls. The sum of
these two effects, diminished uptake and less bac-
terial killing, was very significant (Fig. 4). The demon-
stration that intracellular bactericidal mechanisms are
influenced by characteristics of the immunoglobulin
serving as the opsonin has been reported recently by
others (29) and is supported by current concepts of
degranulation and secondary phagosome function. In
contrast, the HIS-derived opsonins with equivalent
type 4 HA titers facilitated a brisk intracellular bac-
tericidal process. Once the HIS-opsonized bacteria had
been internalized, the AM monolayers were able to
attain an apparent equilibrium, allowing intracellular
killing to keep pace with further ingestion of bacteria.

Two possible explanations for the diminished ac-
tivity noted with the CF IgG opsonins encompass
both functional ends of the molecule: (a) that the
F(ab')2 portion of the molecule has a low avidity for
binding to Pseudomonas organisms, or (b) that the Fc
portion attaches poorly to AM membrane surface re-
ceptors. Our radioimmunoassay using 1251-labeled
SPAas the marker and Pseudomonas type 4 as the solid
phase demonstrated somewhat superior coating of the
bacteria by the CF-derived molecules. However,
when the opsonized bacteria were observed to inter-
act with AMwith the assistance of a direct fluorescent
label, fewer bacteria were attached to AM mem-
branes. This suggests that a defect in the Fc-y portion
of the CF Pseudomonas-specific IgG is interfering
with phagocytic function by preventing proper re-
ceptor attachment and subsequent triggering of in-
ternalization. IgG heavy chain subtypes 2 and 4 are
not known to bind to mononuclear cells (45). There-
fore, if the CF IgG opsonins were homogeneous,
and comprised chiefly of one of these subtypes, no AM
receptor binding would be expected. However, our
immunochemical analysis of IgG subtypes revealed
that the CF opsonin population is heterogenous and

contains all four subtypes. An alteration, it should be
noted, in the normal ratio of IgG1 to IgG2 to IgG3
etc. could alter both the amount of SPA binding to
total IgG and macrophage surface receptor attachment
to such a degree that overall phagocytosis would be
affected. Accordingly, we are developing an enzyme-
linked immunoadsorbent assay to permit quantitation
of IgG heavy chain subtypes.

These results may help to explain several clinical
observations about CF. Although the exact role of bac-
teria in the initial pathogenesis of the CF pulmonary
lesion has not been defined, it is clearly recognized
that Pseudomonas infection is a major participant in
the eventual pathologic lesion and hastens irreversible
changes. In fact, evidence is accumulating that the
pulmonary pathology is initiated by infection (46, 47).
Pseudomonas colonization and the CF patient's clin-
ical state are intimately related. Many clinicians have
reported a direct correlation between the incidence of
colonization and age, clinical score, extent of pul-
monary disease, severity of radiographic changes, and
level of serum immunoglobulins. There is a direct
correlation between the presence, number, and titers of
Pseudomonas precipitins and the severity of CF pul-
monary disease. In spite of a pronounced humoral
immune response, reflected by high levels of anti-
bodies against Pseudomonas in serum and in sputum
(48), these do not effectively promote elimination of
the bacteria from the CF lung. Enhancement of these
antibody titers by vaccination against Pseudomonas
(19) does not alter the clinical course. It may be that
in vivo these CF agglutinins inhibit macrophage
phagocytosis, allowing Pseudomonas to persist in the
respiratory tract and contribute to the well-char-
acterized pathogenetic sequence of infection, obstruc-
tion, and atelectasis.

In addition immune complexes, both circulating
and extravascular, have been described in CFby many
groups (49). The possibility has been suggested that
immune complexes might mediate pulmonary inflam-
mation because the high antibody levels do not ef-
fectively clear the lungs of Pseudomonas and there is
a strong correlation between this antibody response
and the severity of the pulmonary disease. It may be
that a defect in IgG Fc function with consequent de-
creased bacterial clearance could lead to prolonged
circulation of such immune complexes in CF, thereby
contributing to tissue deposition and damage.
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