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ABSTRACT. Patients with cystic fibrosis (CF) whose
respiratory tracts are colonized with Pseudomonas aeru-
ginosa (PA) may develop a specific opsonic deficiency for
alveolar macrophage phagocytosis of PA. We examined
the possible role of altered antibody (Ab) isotype in this
phenomenom by measuring serum levels and distribution
of IgG and IgG subclass Ab (IgG1, IgG2, IgG3, and 1gG4)
to the major opsonic immunodeterminant, serotype-specific
lipopolysaccharide (LPS), by means of enzyme-linked im-
munosorbent assays employing monoclonal secondary an-
tibodies, and comparing these results to the serum opsonic
capacity in an in vitro murine alveolar macrophage phag-
ocytic assay. Twenty-one patients with CF who were colo-
nized with PA had approximately a 30-fold elevation of
PA LPS IgG Ab levels and higher IgG subclass 1-4 Ab
compared to 10 uncolonized patients with CF and 11
healthy controls (p < 0.05-0.0005 depending on the iso-
type). Colonized patients with CF had a shift in PA LPS
Ab distribution toward IgG3 compared to uncolonized pa-
tients with CF (p < 0.02). A surprising finding was that
uncolonized patients with CF had lower levels (p < 0.05)
and proportion (p < 0.002) of PA LPS IgG2 Ab than
controls, with an apparent shift to higher levels and pro-
portion of PA LPS IgG4 (p < 0.01). Serum from colonized
patients with CF showed diminished opsonic capacity for
phagocytosis of PA compared to uncolonized patients and
controls (p < 9.005), with 42% showing inhibitory activity.
Functional Ab was also found to be inhibitory at high
(> 500 ng/ml) concentrations. Serum opsonic capacity
appeared to include a noncomplement cofactor for optimal
activity. Levels of PA LPS IgG4 but not IgG1-3 subclass
Ab correlated inversely with opsonic capacity. We conclude
that high levels of PA LPS IgG4 Ab may be inhibitory to
normal pulmonary clearance of PA in colonized patients
with CF, and that high levels of functional antibodies may
also contribute to this specific acquired deficiency. The
role of deficient IgG2 Ab responses to PA LPS and pos-
sibly other polysaccharide antigens in CF requires further
study. (Pediatr Res 20: 453-459, 1986)
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Patients with CF are vulnerable to chronic endobronchial
colonization and subsequent persistent infection with PA. The
factors underlying this vulnerability are not understood. Various
PA surface or secretory properties have been proposed to play a
role in chronic pulmonary infection, including increased adher-
ence to CF respiratory epithelium (1), mucoid exopolysaccharide
production and subsequent microcolony formation (2), loss of
O-side chain determinants from surface lipopolysaccharide (3),
and production of a number of extracellular proteases or toxins
(4, 5). On the host side, no generalized immune deficiency has
been identified (6). However, a specific deficiency in serum and
respiratory fluid opsonizing capacity for alveolar macrophage
phagocytosis of PA has been described in colonized patients (7-
9). This deficiency can be duplicated using affinity-purified CF
serum and respiratory fluid IgG antibodies to PA lipopolysac-
charide (10, 11), which is the normally opsonic immunodeter-
minant (12). The clinical significance of this finding has not been
established.

Recently, Fick et al. (11) proposed that the mechanism of this
opsonic deficiency may be degradation of IgG into dysfunctional
fragments by PA-derived elastase, a proteolytic enzyme. This
hypothesis is supported by experiments showing degradation of
IgG by PA elastase in vitro (13, 14) and fragmentation of PA
LPS IgG antibody from bronchial lavage fluid of CF patients in
vivo (11).

There are, however, reasons to doubt proteolysis as the central
mechanism of opsonic deficiency in CF. The defect occurs in
serum and serum-derived antibodies where immunoglobulin
fragmentation cannot be detected by the most sensitive physi-
cochemical methods (7-10). In addition, Doring et al. (15, 16)
have shown that antibodies to PA elastase are present in high
titers in serum as well as bronchial fluid of colonized CF patients
and neutralize its proteolytic activity. Finally, and perhaps most
importantly, there is an apparent microbial antigenic specificity
in the defect, i.e. CF antibodies to other bacteria are fully opsonic
(8,9, 17, 18). It is difficult to see how proteolytic activity with
IgG as a substrate would exhibit a clonal specificity.

An alternative mechanism involves an alteration in the isotypic
pattern of antibody response which might lead to inefficient
antigen-specific opsonization. Aalberse et al. (19) have described
such isotypic alterations in antibody responses following pro-
longed immunization with certain antigens iz vivo in humans,
in which production of IgG subclass 4 antibodies predominate.

We have previously described elevated serum IgG4 antibodies
to undefined PA antigens in colonized patients with CF (20).
Herein, we extend these findings to all IgG subclasses using new
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highly specific and sensitive monoclonal antibody-based immu-
noassays, focusing on the LPS antigen of PA, and comparing the
serum antibody isotypic response to opsonizing capacity in col-
onized and uncolonized CF patients and healthy controls.

METHODS

Serum samples. Serum samples were obtained by venipuncture
from 31 patients with CF attending the Stanford CF Center
clinic. Twenty-one patients (12 males, nine females, ages 4.8-
42.5 yr, mean 23.4) were classified as chronically colonized with
PA on the basis of three or more positive sputum cultures of at
least 1 yr duration. Ten patients without PA colonization (five
males, five females, ages 1.6-26.8 yr, mean 18.2) were also
studied. Only three of these patients were under 16 yr of age.
Eleven healthy controls consisted of adult hospital workers (phy-
sicians, nurses, and therapists) who had daily contact with CF
patients. Blood (10-20 ml) was collected in glass tubes, allowed
to clot at room temperature, centrifuged at 2000 rpm for 10 min,
and the serum decanted. Serum was aliquoted and frozen at
—70° C until tested.

Serum PA LPS IgG antibodies. Serum levels of IgG antibodies
were measured by quantitative microtiter plate ELISA standard-
ized by intraplate antiisotype curves (21). The LPS antigen
employed was the Parke-Davis vaccine containing the seven
Fisher-Devlin serotype-specific immunodeterminants (22). Po-
lyvinylchloride microtiter plate wells (Dynatech, Alexandria,
VA) were coated with 20 ug/ml PA LPS in normal saline for 1
h at 37° C and aspirated. For each pair of antigen-coated wells,
a pair of control wells received saline without antigen. After
blocking with 0.1% human serum albumin-PBS-0.01% thimer-
osal for 1 h at 37° C and aspiration, wells were washed three
times with PBS-0.05% Tween 20-thimerosal, aspirated, and air
dried. Test sera diluted 1:100, 1:500, and 1:1000 in 10% normal
goat serum-PBS-thimerosal (dilution buffer) were then incu-
bated for 2 h at 22° C. After aspiration and washing, wells were
incubated with affinity-purified goat antihuman IgG-peroxidase
conjugate (Sigma, St. Louis, MO) 1:1000 in dilution buffer for 1
h at 37° C. Following aspiration and washing, wells were then
developed with 0.5 mg/ml ortho-phenylenediamine, 0.012% hy-
drogen peroxide substrate in phosphate-citrate buffer pH 6 at 22°
C for 10 min. The reaction was stopped with 5 N sulfuric acid
and read at 490 nanometers in a microtiter spectrophotometer
(Bio-Tek, Burlington, VT). Net absorbance was calculated by
subtracting the mean absorbance of paired saline control wells
from each pair of antigen-coated wells.

Antibody levels were derived by interpolation of test serum
net absorbance values to a standard curve generated in two rows
of wells on each plate using 20 ug/ml affinity-purified goat
F(ab’), antihuman IgG F(ab’) , (Cappel, West Chester, PA) as
the antigen exposed to paired doubling dilutions (640-10 ng/ml)
of purified human polyclonal IgG (Miles Research Products,
Elkhart, IN) and developed identically to test sera. Linear paral-
lelism of test sera and standard curve dilutions were verified by
semilogarithmic plots and slope analysis. Final results in mass
units (ug/ml) were obtained by interpolation of absorbance val-
ues to the standard curve and multiplication by the appropriate
dilution factor. The coefficient of variation (using 1:500 and
1:1000 dilutions for high-titer sera, and 1:100 and 1:500 for low-
titer sera) was usually <20%. The intraplate coefficient of varia-
tion for standard curves was 16%.

Serum PA LPS IgG subclass 1-4 antibodies. Serum levels of
IgG subclass 1-4 antibodies were measured by amplifed micro-
titer plate ELISA employing high affinity, subclass-specific, non-
cross-reactive murine IgG1 monoclonal antibodies as described
in detail elsewhere (23). Of critical importance was verification
of subclass specificity and insensitivity to allotypic determinants,
which were demonstrated for the monoclonal secondary anti-
bodies used in this study by both direct binding and inhibition
experiments with a panel of purified human myelomas. In order
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to allow semiquantitative comparisons of relative amounts and
contribution of each subclass antibody to the total, the dilution
of each monoclonal antibody employed was adjusted to yield
identical net absorbance values (“equipotency”) in primary in-
teraction with a purified homologous human IgG subclass mye-
loma pool, adsorbed to wells at equal concentrations, when
simultaneously and identically developed (24). In brief, the
ELISA was performed as described above with the following
changes: 1) sera were diluted 1:10 and 1:50; 2) murine antihuman
IgG subclass 1, 2, 3 or 4 monoclonal antibodies were incubated
overnight at 22° C at equipotent dilutions; 3) goat antimouse
IgG-peroxidase conjugate 1:1000 (Boehringer Mannheim, Indi-
anopolis, IN) was the detector. The monoclonal antibodies and
dilutions employed were as follows: for anti-IgG1, clone 0912,
lot 360199 (Hybritech, La Jolla, CA), 1:6000; for anti-IgG2,
Seward clone GOM-1, lot 2 (distributed by Miles Laboratories,
Naperville, IL), 1:8000; for anti-IgG3, clone 68PCI1AIll, lot
40309 (Bethesda Research Laboratories, Gaithersburg, MD),
1:15000; and for anti-IgG4, clone Sk-44, lot 1 (Bio-Yeda, Re-
hovot, Israel), 1:2000.

Because myeloma-antibody subclass standard curves show
variable affinities and thus differing dilution slopes, standardi-
zation in mass units may not be accurate (25). Results are
therefore given in net absorbance values to yield comparable
estimates of IgG subclass antibody concentrations and contri-
bution to the class total.

Opsonophagocytosis assay. A phagocytic uptake assay of ra-
diolabeled PA by mouse alveolar macrophages adherent to glass
on short-term culture was modified from the methodology of
Reynolds and Thompson (12).

Radiolabeling of PA. For these studies a sputum isolate (HA1)
from a CF patient was employed. This strain was selected on the
basis of stability of the mucoid phenotype on repeated subcul-
turing, polyagglutinability by the Fisher-Devlin and IATS typing
schemes, and resistance to bactericidal activity of 5% fresh
normal human serum. The strain was stored in glycerol at —20°
C. For each opsonophagocytosis assay, an aliquot of stock culture
was thawed and grown overnight in a mixture of minimal
essential medium without leucine-10% newborn calf serum-2
mM L-glutamine-5 mcC/ml *H-leucine at 37° C with continuous
gentle shaking. After washing three times with phosphate buff-
ered saline and centrifuging 2500 rpm for 15 min, the cells were
suspended in PBS and diluted 10-fold serially to 10~°, One ml
per dilution from 107* to 10~° was plated on MacKonkey me-
dium to obtain bacterial density (cfu/ml). Fifty mcl was counted
in a scintillation counter to obtain labelling efficiency. Cells were
diluted to 10° cfu/ml for the assay.

Opsonization. One hundred mcl PA suspension (10% cells)
were incubated with 1 ml opsonin in Hanks’ balanced salt
solution-gel at 37° C for 30 min with continuous gentle shaking.
The solution was then centrifuged 2500 rpm for 15 min, followed
by decanting of the supernatant and suspension of the pellet to
1 mi (108 cells/ml) in Hanks’ balanced salt solution—gel.

Opsonins employed included serum at various dilutions, a
hyperimmune Pseudomonas globulin preparation kindly pro-
vided by Dr. Michael Collins at Cutter Laboratories, Berkeley,
CA (26), and purified IgG fractions of serum prepared by stand-
ard ammonium sulfate precipitation and DEAE ion exchange
chromatography. Purity of IgG fractions was assessed by double
diffusion and immunoelectrophoresis using appropriate antisera,
and sodium dodecyl sulfate-polyacrylamide gel electrophoresis.

Isolation and culture of mouse alveolar macrophages. Twenty
Swiss-Webster mice (30 g) were sacrificed per experiment. Lungs
were excised, dissected, and the parenchyma carefully minced
for 10 min at room temperature (27). The minced tissue was
then mixed in medium 199-100 U/ml of penicillin-streptomy-
cin-heparin 10 U/ml (“complete M199”) for 20 min at room
temperature and passed through a fine screen mesh. Cells were
then centrifuged 1000 rpm for 10 min and the supernatant
decanted. After addition of 5 ml 0.83% ammonium chloride,
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recentrifugation and three washings of the pellet with complete
M 199, the final pellet was resuspended in 20 ml complete M 199-
10% heat-inactivated mouse serum. The cell count was adjusted
to yield a final concentration of 1-5 X 10° mononuclear cells per
culture chamber. After adjustment, the cells were incubated 3 h
at 37° C and washed twice with M199. Then 0.5 ml complete
M199 was added to each chamber and the cells cultured over-
night at 37° C in a 5% CO2 incubator.

Phagocytosis assay. After overnight incubation, chambers
were microscopically inspected for macrophage adherence, num-
ber, and viability. The cells were then washed twice with M199.
After 250 mcl/chamber of Hanks’ balanced salt solution was:
added, 100 mcl/chamber of the bacterial preparation was added
(bacteria: macrophage ratio approximately 10:1) and incubated
for the desired time, usually 30 min, at 37° C. An aliquot was
sampled at the beginning of the experiment to determine the
bacterial counts per minute added per chamber. Following in-
cubation of bacteria with macrophages, the chambers were vig-
orously washed seven times with PBS. The chambers were then
placed upon an ice bed and macrophages lysed with distilled
water. (In some experiments, PBS-1% Triton X-100 was used.)
The chambers were then thoroughly scraped with a rubber
policeman to remove any adherent unlysed cells and 200 mcl of
the solution transferred to a scintillation fluid vial. All assay
samples were run in duplicate with each experiment incorporat-
ing a nonopsonic uptake baseline and negative controls (bacteria
with medium alone). The percent phagocytic uptake was calcu-
lated as cpm in the final cell chamber lysate/cpm of bacteria
added x100.

To assess possible error due to adherence of uningested bac-
teria, sample chambers were air-dried, stained with Wright-
Giemsa stain, and examined by oil-immersion microscopy
(1000x) for presence of intracellular bacteria. Bacteria were
visualized within macrophages in samples with positive radiola-
bel uptake and not seen in negative control samples without
uptake. Also, independent analysis of this methodology by scan-
ning electron microscopy showed only a small number (6%) of
adherent, uningested bacteria (10).

Statistical methods. Data were analyzed using the two-tailed
paired ¢ test for sample means, the x? test for proportions, and
Spearman’s rank correlation coefficient. P values of less than
0.05 were considered significant. Variance is expressed through-
out this report as the SEM. To increase the sensitivity of opson-
ophagocytosis data for statistical analysis of antibody correla-
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tions, results were expressed as the percent change from the
nonopsonic uptake of unopsonized bacteria by macrophages for
each serum opsonic source in the experiment.

RESULTS

Serum levels of IgG antibodies to PA LPS were highly elevated
(p < 0.0005) in colonized CF patients. The mean level in this
group, 161 £ 30 pug/ml, was elevated approximately 30-fold over
uncolonized CF patients and healthy hospital personnel controls
(4.3 £4.2 and 2.6 * 2.7 ug/ml, respectively).

Serum IgG1-4 subclass PA LPS antibody levels were compared
semiquantitatively using net absorbance values in ELISA. The
summated PA LPS IgG1-4 subclass antibody values correlated
strongly with independently determined PA LPS IgG levels (r =
0.85, p < 0.0001). As shown in Table I, colonized CF patients
had significantly elevated antibody levels of all four IgG sub-
classes when compared to either uncolonized CF patients or
controls. Uncolonized CF patients were found to have signifi-
cantly lower serum levels of PA LPS IgG?2 antibodies (p < 0.05)
and higher levels of PA LPS IgG4 antibodies (p < 0.01) than
normal controls (Table 1).

The distribution of antibody isotype is independent of anti-
body concentration (i.e. there will be a certain distribution at
any given set of concentrations) and represents a potentially
important opsonic variable. We therefore also analyzed PA LPS
IgG1-4 antibodies by comparing the percent of the total IgG
antibody contributed by each subclass. As shown in Table 2,
colonized CF patients had a significantly greater portion of their
IgG antibodies in the IgG3 subclass as compared to uncolonized
patients (25 + 4 versus 7.2 = 4.5%, p < 0.02) as well as healthy
controls, whose mean PA LPS IgG3 portion was 3.6 = 1.9%.
When uncolonized CF patients were compared to controls, they
were again found to have relatively less IgG2 and more 1gG4
antibody as determined by distribution of the subclasses (for
1gG2, 29.6 * 8.5 versus 68.5 + 6.1%, p < 0.002; for IgG4, 53.6
+ 6.7 versus 25.5 £ 5.5%, p < 0.01). Thus, differences in
distribution of antibody isotypes between study groups. were
similar to differences in concentrations of antibody isotypes.

The opsonizing capacity of serum was assessed using an assay
of mouse alveolar macrophage uptake of radiolabeled mucoid
PA. Preliminary experiments established that the optimal con-
centration of opsonin varied depending on the antibody titer of
the source. For example, Figure 1 shows a representative exper-

Table 1. Serum IgG subclass 1-4 antibody levels to PA lipopolysaccharide in colonized and uncolonized CF patients and controls

(net absorbance + SEM)
Group 1gG1 Ab 18G2 Ab 18G3 Ab 18G4 Ab 18G Ab

CF, colonized 0.103 % 0.020 0.459 £ 0.050 } . 0.305 £ 0.053 0244 +0043) | 1110 £ 0.107

(n=21) . t f
CF, not colonized ~ 0.020 % 0,001 0.054 +0.018 0014 = 0001 0.105 0.025 « 0.193 0028

(n=10) 0.005 + 0.003 0.199 + 0.041
Controls 0.009 + 0.004 0.159 % 0.041 0.026 % 0.004

(n=11) .

(b < 0.05) (p<001)

*p<00l.

t9<0.001.

Fp<0.05.

Table 2. Distribution of serum IgG subclass 1-4 antibodies to PA lipopolysaccharide in colonized and uncolonized CF patients and
controls (% total IgG Ab + SEM)

Group IgGl Ab IgG2 Ab IgG3 Ab IgG4 Ab
CF, colonized 88x1.6 447 £ 43 25.0+£4.0(, 45325
CF, not colonized 9.5+4.0 29.6 + 8.5 + 72+45 53.6 +6.7
Controls 7.5+323 68.5 + 6.1 3.6+ 1.9 255+55[F
*p<0.02.
Tp<0.002.

1p<0.01.
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Fig. 1. Murine alveolar macrophage phagocytosis of PA with serially
diluted sera from three colonized patients with CF (LT, DB, and DS)
and two controls (YP, RM) compared with a Pseudomonas hyperim-
mune vy-globulin preparation (Ps-ivIG) as opsonins in one experiment.
Note that at 5% dilution of opsonins the Ps-ivIG is inhibitory, and that
optimal opsonization occurs at varying dilutions for different antibody
sources; these optimal dilutions appear primarily dependent upon the
level of PA LPS IgG antibody (see text).
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Fig. 2. Phagocytic kinetics of murine alveolar macrophage phagocy-
tosis of PA with opsonins prediluted to equal (50 ng/ml) antigen-binding
titers of PA LPS IgG antibody. Serum from a colonized patient with CF
remained inhibitory despite removal of prozone effect by equalization of
antibody titer to optimal concentration. NHS, normal control serum;
Ps-ivIG, Pseudomonas hyperimmune y-globulin; no opsonin, uptake of
unopsonized PA.

iment comparing five sera and Pseudomonas hyperimmune
globulin at various concentrations: in general, low titer PA LPS
IgG antibody sources showed optimal opsonizing capacity in the
range of 0.5-5% while high titer sources needed further dilution
to achieve maximal uptake.

To minimize the prozone effect, several experiments were
conducted using opsonic sources prediluted to yield equivalent
PA 1gG LPS antigen-binding titers. Figure 2 illustrates such an
experiment using approximately 50 ng/ml PA LPS IgG antibody
(optimal opsonic range in the assay was 25-250 ng/ml). Despite
ablution of the prozone effect, the PA-colonized CF serum source
was inferior to both normal serum and Pseudomonas hyperim-
mune globulin as an opsonin and at 30 min showed a mild
inhibitory effect. In general, sera from colonized patients showed
quite variable opsonic capacity, ranging from inhibition to sub-
stantial enhancement, after equititer predilution.

MOSS ET AL.

The effect of complement was examined in experiments in
which fresh serum (n = 12) was compared to autologous serum
heat-inactivated at 56° C for 30 min. No significant reduction in
opsonizing capacity was noted, indicating that the assay was
relatively complement-independent for the bacterial strain and
phagocyte employed. In contrast, phagocytic uptake by human
peripheral blood leukocytes (primarily neutrophils) was found to
be complement dependent (data not shown).

Serum from 19 PA-colonized CF patients, nine noncolonized
patients, and nine controls were compared for opsonic capacity
using a 5% dilution and 30-min uptake time (9). Although we
had determined that antibody concentration does have an effect
on phagocytosis (Fig. 1), a uniform dilution (i.e. containing
different antibody concentrations from different individual sera)
was chosen to more closely simulate iz vivo conditions, where
different concentrations of opsonins are available to phagocytic
cells in lungs of different individuals. Figure 3 shows the results
of these experiments. Phagocytosis was significantly depressed in
the colonized CF patients (mean 30-min uptake = 10.7 £ 0.9%
cpm added) as compared with the uncolonized CF patients and
controls (whose sera had similar opsonic activity, combined
mean uptake = 17.7 + 1.1%, p < 0.005). Eight of 19 colonized
CF sera showed 30-min uptake values below the unopsonized
control, i.e. they were inhibitory, as compared to one of 18
uncolonized CF patient and control sera (x%, p < 0.05). The
single CF patient not colonized with PA whose serum showed
inhibitory activity was colonized with Pseudomonas cepacia.

IgG was purified by ammonium sulfate precipitation and ion
exchange chromatography from serum of six colonized CF pa-
tients, four uncolonized patients, and one healthy control. The
isolates in all cases showed two bands on sodium dodecyl sulfate—
polyacrylamide gel electrophoresis with molecular weights cor-
responding to intact heavy and light IgG chains. PA LPS IgG in
isolates reconstituted to original volume showed about 40% of
the serum antibody level as determined by ELISA of samples
before and after isolation. (This was nonspecific protein loss as
indicated by paired Lowry total protein determinations.) The
opsonic capacity of IgG fractions from the colonized and unco-
lonized patients was now similar (12.0 + 1.2 versus 13.1 = 0.4%,
respectively), indicating loss of opsonizing capacity with no effect
on the inhibitory factor(s). These results suggest possible non-
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Fig. 3. Opsonization of PA by 5% sera from 19 colonized patients
with CF (I, filled circles), nine uncolonized patients with CF (1I, open
triangles), and nine healthy controls (II, open circles). Points represent
murine alveolar macrophage phagocytosis at 30 min, expressed as cpm
associated with macrophage/cpm added to chamber x100. The mean
uptake in group I was 10.7 £ 0.9 versus 17.7 + 1.1% in group II (p <
0.005). The mean PA LPS IgG Ab level in group [ was 168 + 34 versus
4.4 + 0.7 ug/ml in group II (p < 0.0005).
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complement serum opsonic cofactors for optimal alveolar mac-
rophage phagocytosis of mucoid PA.

Twenty-four CF patients for whom PA LPS IgG1-4 subclass
antibody levels and opsonic data were determined were divided
into two groups based on enhancement or inhibition of phago-
cytosis. As shown in Table 3, the nine CF patients with inhibitory
serum activity for PA phagocytosis had significantly higher levels
of PA IgG4 Ab (p < 0.05) but not other subclasses when
compared to the 15 patients whose serum enhanced phagoycto-
sis. This suggested an inhibitory effect of IgG4 antibody, which
appeared to be a function of concentration rather than distribu-
tion of antibody isotype because differences in phagocytosis were
not reflected in distribution as they were in concentration.

We therefore correlated PA LPS IgG4 subclass antibody levels
to phagocytic uptake results (Fig. 4). An inverse correlation was
found between PA LPS IgG4 subclass Ab level and phagocytic
uptake in these 24 patients and six controls for whom complete
data was determined (R; = —0.38, p = 0.02). A slightly weaker
but significant inverse correlation was found between PA LPS
IgG level and phagocytic uptake (R; = —0.32, p = 0.04). No
significant positive or negative correlations were found between
uptake and PA LPS IgG1-3 levels.

DISCUSSION

Chronic bronchopumonary disease in CF can be divided into
two related processes, initial endobronchial colonization and
subsequent infection primarily confined to conducting airways
and surrounding tissues. The initial process probably involves a
change in adherence properties relatively specific for the respi-
ratory epithelial cells or secretions and microbial pathogens
involved (28). The reasons for this remain obscure but presum-
ably reflect the underlying molecular pathobiology of the disease.
After initial colonization, the second process, characterized by
local inflammation and an immune response, raises a new ques-
tion of failed pulmonary clearance mechanisms in the face of
intact systemic immunity (6).

Pulmonary clearance of PA in mammalian models depends
on an interaction of opsonic antibody directed primarily against
immunodeterminants on the cell wall LPS and resident alveolar
macrophages (12). This opsonic antibody is initially secretory
IgA but is soon superseded by more effective IgG antibody (29).
Much of the IgG antibody is probably produced by plasmacytes
in regional lymph nodes and arrives in the bronchial lumen via
transudation from serum which is enhanced by inflammation
(30). As failed pulmonary clearance in CF does not appear to be
due to alterations in intrinsic mucociliary clearance or macro-
phage function (6, 17), the opsonic antibody response has been
implicated.

In 1971, Biggar et al. (7) described an opsonic defect for PA
in the serum of CF patients with rabbit alveolar macrophages
but not normal human neutrophils as the phagocytic cells. This
has been subsequently confirmed with other mammalian (in-
cluding human) alveolar macrophages (8, 9), and shown to be
specific for PA. Fick et al. (10, 11) have implicated deficient
interaction of LPS-specific IgG antibodies with alveolar macro-
phage receptors as a likely source of the deficiency and have
extended earlier work with serum to bronchial lavage-derived
antibodies. This interaction occurs between the CH2 domain of
the Fc portion of the IgG molecule and corresponding Fci
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receptors on the phagocytic cell surface (31). In a cat model of
chronic bronchopulmonary PA infection, Winnie ez al. (32) have
described the development of specific opsonic deficiency in
infected animals in association with development of high titers
of PA LPS IgG antibodies (33).

Our interest in the possibility that isotypic antibody alterations
could play a role in the opsonic defect in CF was awakened by
reports of altered immunoglobulin isotypes, particularly eleva-
tion of IgG4 subclass protein (34). Our preliminary findings of
elevated PA-specific IgG4 subclass antibody in colonized patients
(20) led us to examine the IgG1-4 subclass antibody response to
PA LPS in relation to opsonic deficiency. We hypothesized that
the IgG4 subclass isotype was the best candidate for defective
antibody for a number of reasons: prominence in high-dose,
prolonged immunization situations (19); poor complement ac-
tivating and Fc receptor binding abilities (31, 35, 36); and by
analogy to recent findings in other clinical conditions of chronic
antigenemia such as filariasis, schistosomiasis, hypersensitivity
pneumonitis, and allergic aspergillosis (37-40). We found that
while colonized CF patients demonstrated elevated serum levels
of all four IgG subclass antibodies to PA LPS, only IgG4 subclass
antibody concentration correlated inversely with opsonic defi-
ciency for mouse alveolar macrophage phagocytosis of PA, sug-
gesting that this isotype may in fact be inhibitory to optimal
pulmonary clearance of PA.

A number of other salient findings have emerged from these
studies. First, we have extended the demonstration of the serum
opsonic deficiency in colonized CF patients to the murine alveo-
lar macrophage using a convenient lung mince preparative pro-
cedure. Previously, rabbit, rat, cat, and human alveolar macro-
phages have been employed.

Second, we have confirmed a potentially important prozone
phenomenom in which high concentrations of functional anti-
body decrease phagocytosis. This may have implications for in
vivo pulmonary clearance of PA, as colonized CF patients de-
velop extreme (ca. 30-fold) elevations of LPS IgG antibody. Such
prozone effects have been reported in phagocytic assays with
functional monoclonal antibody opsonins (41). Our phagocytic
studies were conducted with a uniform 5% dilution of sera (i.e.
varying antibody concentrations from different subjects) to con-
serve this effect which probably is operative in vivo.
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Fig. 4. Phagocytosis of PA (abscissa) in relation to levels of PA LPS
IgG subclass 4 antibody (ordinate). Phagocytic uptake at 30 min for each
serum opsonic source is expressed as a percent of uptake by macrophages
of unopsonized PA (baseline, 7.e. <100% is inhibitory).

Table 3. Serum IgG subclass 1-4 antibodies to PA lipopolysaccharide in CF patients in relation to serum opsonizing capacity
(inhibitory or enhancing) for mouse alveolar macrophage phagocytosis of PA (net absorbance + SEM)

Group IgG1 Ab IeG2 Ab IgG3 Ab IgG4 Ab
Inhibitory 0.118 +0.036 0.378 = 0.099 0.235 + 0.094 0.224 + 0.048

(n=9) *
Enhancing 0.050 = 0.015 0.297 + 0.076 0.176 = 0.020 0.126 = 0.020

(n=15)

*p <0.05.
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Third, we have noted a decrease in the opsonic capacity of
IeG isolated from serum which does not appear to be due to
complement, implying the possible need for noncomplement
serum cofactors for optimal opsonization of PA for alveolar
macrophage phagocytosis. Such cofactors have been described,
e.g. fibronectin (42), and might explain puzzling discrepancies
in prior studies of opsonization by CF sera (7-9).

A surprising finding in this study was that uncolonized CF
patients appear to mount a subnormal IgG2 and supranormal
IgG4 PA LPS subclass antibody response whether analyzed in
terms of quantity or proportion (Tables 1 and 2). As these were
mainly older patients, it is doubtful that the lower IgG2 subclass
antibody responses were a result of maturational effects on the
isotypic pattern (43). If these results are confirmed in larger
sample sizes, a number of intriguing possibilities would be raised:
could the changes noted be due to immunogenetic differences
between CF patients and normals? Immunoglobulin isotype
levels are affected not only by antigenic exposure and age, but
also gender, race, and genetic differences detectable with immu-
noglobulin allotypic markers (44). Could the changes observed
reflect suboptimal responses to other IgG2-restricted polysaccha-
ride antigens, indicating a subtle underlying humoral immune
deficiency? There are no data on IgG subclass antibody responses
to other protein or polysaccharide antigens in CF patients, but
such studies could quickly shed light on these intriguing possi-
bilities.

It is important to note that while this report has focused on
PA LPS and the corresponding immune response, other PA
antigens and antibodies may play a key role in overall clearance.
For example, Ames et al. (45) have recently shown that rabbit
antibodies to purified PA mucoid exopolysaccharide can effi-
ciently opsonize PA for phagocytosis by human peripheral blood
leukocytes.

In conclusion, we have found that CF patients who are not
colonized with PA have lower IgG2 and higher IgG4 subclass
antibody responses to PA LPS than healthy controls despite
similar overall levels of IgG antibodies. Colonized CF patients
develop elevated levels of all four IgG subclass antibodies, espe-
cially IgG3, along with deficient opsonic capacity for alveolar
macrophage phagocytosis of PA in many. Serum levels of IgG4
subclass antibodies to PA LPS correlate inversely with phagocy-
tosis, suggesting that this antibody isotype may block efficient
uptake of PA by macrophages. This possibility adds further
complexity to a situation where other factors may be at work,
including the inhibitory role of inappropriately high concentra-
tions of antibody as well as the potential role of proteolytic
enzymes in the respiratory tract.
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