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Hyperimmune rabbit flagellar antisera were shown to enhance opsonophagocytosis of Pseudomonas
aeruginosa by mouse peritoneal polymorphonuclear leukocytes. This response was specific for flagellar
immunoglobulin G as indicated by cross-opsonization experiments.

Phagocytosis of bacteria by polymorphonuclear leuko-
cytes (PMNs) is enhanced by antibodies to bacterial cell
envelope components. These antibodies constitute one im-
portant class of opsonins (9). With gram-negative bacteria,
including Pseudomonas aeruginosa, complement is opsonic
(5) but seems more critical in the opsonization of rough
strains than it is in the opsonization of smooth clinical
isolates (5, 14). In experiments with P. aeruginosa, the
evidence favors a role for PMNs in efficient protection with
cell-surface-derived antibodies (2, 4, 15). Studies to date
have concentrated on polysaccharide components, including
lipopolysaccharide and mucoid exopolysaccharide (2, 5, 10,
11, 14), as opsonin-generating antigens. Recently, interest
has turned to evaluating some P. aeruginosa proteins which
generate antibodies as opsonins (6, 12). Stimulation of
nonopsonic phagocytosis, particularly in cystic fibrosis iso-
lates, may involve the presence of pili and other attachment
factors (13).
Our studies have focused on protection derived from

flagellum-stimulated antibody. It has been shown that the
major types of flagellins are a homologous b type (53
kilodaltons) and a heterologous a type (45 to 52 kilodaltons),
with possible subtypes ao, a1, a2, a3, and a4 (1). Both types of
flagellum elicit immunoglobulin G antibodies in rabbits, and
these antibodies provide flagellum-specific protection in two
burned-mouse models (D. Drake and T. C. Montie, Can. J.
Microbiol., in press). Recent enzyme-linked immunosorbent
assay data show that the a-type strains tested, including
strains with different subtypes, show a dominant cross-
reacting common epitope (T. C. Montie and T. R. Anderson,
submitted for publication).

It has been suggested, from passive immunization exper-
iments with flagellar antisera, that treatment with cyclophos-
phamide of mice already immunosuppressed by burn injury
severely reduces the protective effectiveness of hyperim-
mune antisera (Drake and Montie, in press). Depression of
PMN levels therefore apparently contributes to loss of
protection, and this information suggests that flagellar anti-
body may contribute to opsonization of serum-resistant,
virulent challenge strains. To test this hypothesis, we iso-
lated mouse peritoneal PMNs and examined the opsonizing
capacity of hyperimmune serum. The results of these studies
are reported here.

* Corresponding author.

Six smooth strains of P. aeruginosa were used. Their
serotypes were determined according to the International
Antigenic Typing System system. Flagellar-antigen type was
designated by the method of Ansorg (3), by Mrs of the
flagellin (1), and by enzyme-linked immunosorbent assay
(Montie and Anderson, submitted). Strain PAO1 (b type)
and strain AK1152, an ethyl methanesulfonate Fla- mutant
of PAO1 used for removing antibodies to somatic antigens,
were from A. Kroprinski, Queen's University at Kingston,
Ontario, Canada. Strains SBI-N and 1210 (a types) and M-2
(b type) were provided by I. A. Holder, Shriners Burn
Institute, Cincinnati, Ohio. Strain 170018 (a type) was ob-
tained from B. Lanyi, National Institute of Hygiene, Buda-
pest, Hungary. Stocks were maintained at 40C as dilute
suspensions in brain heart infusion broth. Bacteria were
grown in brain heart infusion broth at 37°C for 15 h,
harvested by centrifugation at 4,100 x g for 15 min at 25°C,
washed twice with 0.85% saline, and suspended at 108
bacteria per ml in Hanks balanced salt solution with 0.1%
gelatin, unless otherwise noted.

Fetal calf serum was purchased from HyClone Laborato-
ries, Logan, Utah. Rabbits were prebled for normal rabbit
serum. Antisera to crude flagellar antigens from strains M-2,
1210, and 170018 were raised in female New Zealand rabbits
as previously described (1; Drake and Montie, in press). To
remove antibodies to somatic antigens, serum samples were
adsorbed on Formalin-killed and lyophilized P. aeruginosa
AK1152 (Fla-) or heat-treated (1000C, 1 h) strain M-2 cell
suspensions. Adsorbed antisera were shown to consist pre-
dominantly of immunoglobulin G antibodies and were free of
reactivity to lipopolysaccharide 0 antigen (Drake and
Montie, in press). Antisera typically had a titer by enzyme-
linked immunosorbent assay of >1/128,000 against homolo-
gous flagella. Rabbit serum was frozen in portions at -70°C.
For preparation of PMNs, female CF1 mice were injected

intraperitoneally with 2 ml of 10% Proteose Peptone (Difco
Laboratories, Detroit, Mich.) 18 h before harvest to elicit
PMN production. Animals were sacrificed by CO2 asphyxi-
ation, injected intraperitoneally with 4 to 5 ml of Hanks
balanced salt solution, and massaged, and the intraperitoneal
fluid was removed. Cells were pelleted by centrifugation at
110 x g for 10 min at 25°C and suspended at a final
concentration of 107 PMN per ml in RPMI medium (GIBCO
Laboratories, Grand Island, N.Y.) with 5% fetal calf serum.
Viability, as measured by trypan blue exclusion, was typi-
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FIG. 1. Opsonizing capacity of antiflagellar rabbit serum. NRS,
Normal or preimmune rabbit serum; FCS, fetal calf serum.

cally 95%. Cytocentrifuge smears, prepared by centrifuging
preparations at 700 rpm for 5 min in a Shandon cyto-
centrifuge and staining with Wright stain, indicated 73%
PMNs and 27% macrophages. Bacteria were opsonized by
the addition of 0.1% serum and incubation for 30 min at 37°C
on a rotary shaker at 175 rpm. Enumeration of bacteria prior
to and after opsonization showed that bacteria were not
lysed by serum. Equal volumes of opsonized bacteria in
Hanks balanced salt solution with 0.1% gelatin and PMNs in
RPMI medium with 5% fetal calf serum were mixed at time
zero to give a ratio of 10 bacteria to 1 PMN. Prior to mixing,
a sample of bacteria was taken, serially diluted, and plated to
determine the number of bacteria at time zero. Cultures were

incubated at 37°C on a rotary shaker at 175 rpm. At various
times, portions were mixed with an equal volume of ice-cold
Hanks balanced salt solution and centrifuged at 130 x g for
7 min at 25°C. The supernatant was diluted appropriately
with 0.85% saline and plated on brain heart infusion agar
plates for bacterial enumeration. Plates were incubated
overnight at 37°C, and bacterial colonies were counted.

Experiments were performed to compare the opsonizing
capacity of flagellar hyperimmune serum with that of normal
rabbit serum (Fig. 1). The maximum number of cell-
associated bacteria was recorded after 10 to 20 min. The
hyperimmune serum showed greater opsonizing activity,
since 75% of bacteria treated with antiflagellar serum was

removed by PMNs, compared with 45% of bacteria opson-
ized by normal rabbit serum. The results were essentially the
same whether or not fetal calf serum was present during
opsonization. Similar results were obtained in three replicate
experiments. These data are consistent with results showing
that flagellar antigen or antibody is highly protective in a

burned-mouse model (7, 8; Drake and Montie, in press). The
opsonizing properties of hyperimmune serum would also

TABLE 1. Opsonic activity related to homology between
flagellar antigen and antiserum typea

Expt Bacterial Opsonizing serum % Leukocyte
strain (type) (type) associated

1 PAO1 (b) Normal rabbit serum 5
M-2 (b) 89
170018 (ao, a3, a4) 25

2 SBI-N (a) Normal rabbit serum 25
M-2 (b) 22
1210 (ao, a,, a2) 76

a Incubation times for experiments 1 and 2 were 10 and 15 min, respec-
tively. Analyses by Student t test of the mean value differences between M-2
and 170018 (experiment 1) and between M-2 and 1210 (experiment 2) gave
significant t values beyond the 0.001 level.

explain the lack of invasion of burn wound bacteria into the
blood and organ systems of passively immunized animals
(Drake and Montie, in press).
To ascertain the specificity of flagellar antibody in enhanc-

ing phagocytosis, antisera specific for each of the two
flagellar types, a and b, were compared (Table 1). In exper-
iment 1, b-type strain PAO1 was mixed with either an a-type
or a b-type serum for opsonization. Opsonic activity for
strain PAO1 treated with b-type flagellar antiserum was over
twice that obtained for bacteria treated with an a-type-
specific serum (heterologous). Analogous data were ob-
tained with a-type bacteria (strain SBI-N) treated with an
a-type-specific antiserum.
Although P. aeruginosa may be isolated in the 0-antigen-

deficient form from infected patients with cystic fibrosis or in
patients exhibiting chronic infections, bacteremic isolates
are generally serum-resistant, smooth strains containing 0
antigen. The focus of these experiments, therefore, was on
opsonophagocytosis of bacteremic type strains. Initial ex-
periments involved high concentrations of antiserum in the
opsonizing system. However, bacteria aggregated, and re-
sults were therefore difficult to interpret. When antiserum
was diluted 1,000-fold, opsonization was retained without
aggregation interference.
These experiments constitute the first report of the opson-

izing capability of flagellar antisera. That the,'activity ob-
served was due to flagellar antibody was reinforced by the
data in Table 1, which show that serum (a or b type) will
opsonize only the bacterium of the corresponding flagellar
type. It is notable that the antiserum to strain 1210 flagellar
immunotype (ao, a1, a2) opsonized the incompletely charac-
terized a-type strain SBI-N. Recently, the above-mentioned
results have been confirmed by a radiolabeled assay. Results
from preliminary opsonophagocytosis experiments with
[3H]thymidine-labeled bacteria showed that bacteria opson-
ized with homologous antiserum bound to phagocytes seven-
fold more than did normal rabbit serum controls (T. C.
Montie, T. R. Anderson, and H. Sellin, manuscript in
preparation). The opsonization results are in complete agree-
ment with data demonstrating 100% protection against top-
ical challenge of the human burn isolate, strain SBI-N, by
strain 1210 flagellum-specific antiserum as well as antiserum
to flagella from a second clinical a-type isolate, strain 7191
(Montie et al., in preparation). Neither of these a-type
strains, SBI-N and 7191, has been completely characterized
with respect to a subtype, but both demonstrate strong
cross-reactivity in enzyme-linked immunosorbent assay
(Montie and Anderson, submitted). These data are consist-
ent with the proposal that only two antigens are needed for
a potential vaccine, i.e., one a type and one b type.
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