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The interaction of the macrophage cell line P388D, with Pseudomonas aeruginosa in the absence of
stimulators or opsonins led to substantial association of bacteria, as judged by visual counting and FACScan
assays. This association was observable within 5 min of addition of bacteria, could not be disturbed by
exhaustive washing, and occurred with pilus- or flagellum-deficient mutants but not with rpoN mutants, which
have been proposed to lack a secondary adhesin. In contrast, specific antibody was capable of causing similar
enhancement of bacterial uptake regardless of the rpoN phenotype. Fibronectin stimulated uptake of bacteria
with the pilus as an adhesin, and stimulation was observable within 5 min. Both fibronectin-enhanced and
antibody-opsonized uptake were susceptible to inhibition by pertussis toxin but not by cholera toxin. The
influence of fibronectin on P388D1 cells was distinguishable from that of lipopolysaccharide, which caused
substantial morphological changes in cells. Although lipopolysaccharide stimulated bacterial uptake, it actually
suppressed fibronectin-mediated enhancement of uptake at high concentrations.

Macrophages are an integral component of defenses
against bacterial colonization and infection (7, 23, 24). They
are involved in phagocytosis but also have an important role
in amplification of host immune responses, mediation of
inflammatory responses, and processing and presentation of
antigens. Pseudomonas aeruginosa is susceptible to phago-
cytic killing by macrophages in both the presence and
absence of opsonins, such as specific antibody (7, 15, 26). It
was previously demonstrated that exposure of macrophages
to fibronectin resulted in subsequent enhancement of nonop-
sonic phagocytosis of P. aeruginosa (14, 15, 29). This
occurred regardless of the fibronectin source and with the
P388D1 macrophage cell line, with nonelicited mouse perito-
neal macrophages, and with human monocyte-derived mac-
rophages (15). The tetrapeptide RGDS from the eukaryotic
cell-binding domain of fibronectin mimicked the action of
intact fibronectin, and stimulation resulted from the action of
fibronectin on macrophages and not from the direct involve-
ment of fibronectin as an opsonin (16).
The bacterial ligand involved in fibronectin-stimulated

nonopsonic phagocytosis was the bacterial pilus, and it was
proposed that fibronectin upregulated the exposure of pilus
receptors in macrophages and macrophage cell lines (14).
However, our previous studies suggested that there was a
substantial background association of P. aeruginosa with
macrophages that was not pilus mediated or stimulated by
fibronectin (14, 15). In this study, we have investigated the
mechanisms of nonopsonic phagocytosis, with particular
reference to fibronectin stimulation.

MATERIALS AND METHODS
Bacterial strains and growth conditions. The P. aeruginosa

strains used were the wild-type strain H103 (15) and its
nonmotile, rough, piliated derivative H237, kindly provided
by A. Kropinski (Department of Microbiology, Queen's
University, Ontario, Canada) and the PAK parental wild-
type strain and its rpoN mutant derivative NIG, which
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carries a gentamicin resistance cassette in the rpoN gene (4),
kindly provided by S. Lory (Department of Microbiology,
University of Washington, Seattle). The phenotypes of
strain H237 were confirmed on motility test medium and by
pilus-specific phage adsorption.

Strains were maintained on Trypticase soy broth agar
(Becton Dickinson & Co., Cockeysville, Md.) between
assays. Twenty-four hours prior to the FACScan and phago-
cytosis assays, the strains were spread-plated onto BM2-
glucose agar (8) with 0.02 mM (NH4)2SO4 (low-nitrogen
BM2) to increase piliation of the bacteria (13) and incubated
at 37°C. Twenty-four-hour cultures were resuspended to a
concentration of 109 bacteria per ml in phosphate-buffered
saline (PBS, pH 7.2) (14) for use in all phagocytosis assays.
To prepare bacteria for the FACScan assays, 1 mg of

fluorescein isothiocyanate (FITC; Sigma, St. Louis, Mo.) in
3 ml of PBS was spread onto low-nitrogen BM2-glucose agar
plates. Bacteria (109 cells per plate) were then plated onto
this medium, and the plates were wrapped in tin foil and
incubated for 24 h at 37°C. All FITC manipulations were
performed in a darkroom under safelight conditions. After
incubation, the FITC-labeled bacteria were suspended to a
concentration of 1010 bacteria per ml in 1% bovine serum
albumin (Boehringer, Mannheim, Germany) in PBS, pH 7.2,
and the free FITC was separated from that bound to bacteria
by sieving 1 ml of this suspension through a Sepharose 2B
column (Pharmacia, Uppsala, Sweden). The fractions were
collected in a darkroom under safelight conditions, and the
fractions containing FITC-labeled bacteria were determined
by their relative fluorescence with a Perkin-Elmer 650-1OS
fluorescence spectrophotometer. Fluorescence microscopy
indicated that all cells were labeled uniformly and did not
form aggregates. The labeled bacteria were resuspended to a
concentration of 109 bacteria per ml for use in the FACScan
assay.

Bacteria (at a concentration of 109/ml) were opsonized
prior to use in the phagocytosis and FACScan assays by
incubation with either antilipopolysaccharide (anti-LPS)
monoclonal antibody MA1-8 (immunoglobulin Gl [IgGlJ
isotype) (9) from ascites for strain H103 or anti-PAK LPS
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(i.e., anti-serotype 6) serum (Sigma), at dilutions (10-2 to
10-3) determined to be below the bacterial agglutination
concentration. The antibody and bacteria suspensions were
incubated with agitation for 30 min at 37°C prior to addition
to P388D1 cells in the assays.

Phagocytosis assays. A mouse macrophage cell line,
P388D1 (15, 17), was used in all experiments. The cells were
cultured in Nunc flat-bottomed tissue culture flasks (Gibco,
Burlington, Ontario, Canada) in RPMI 1640 medium plus
glutamine supplemented with 10% fetal calf serum (GIBCO),
10 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethane-
sulfonic acid; Terochem Laboratories, Vancouver, Canada),
44 mM sodium bicarbonate (Fisher Scientific, Vancouver,
Canada), 0.04% (vol/vol) beta-mercaptoethanol (GIBCO),
and 40 ,ug of gentamicin (Sigma; pH 7.2) per ml. The cells
were incubated at 37°C in 7% CO2.

Cells were gently scraped off the flask bottoms and resus-
pended at a concentration of 5 x 105 cells per ml in fresh
RPMI 1640 medium prior to each assay. Trypan blue dye
exclusion and a Petroff-Hauser chamber were used to count
viable cells in the suspensions. Aliquots (2 ml) were plated
into Nuclon 35-mm tissue culture dishes (GIBCO) and
incubated overnight to give a confluent monolayer of 106
cells. For early priming and time course experiments, 25-mm
sterilized glass coverslips (VWR Scientific Inc., San Fran-
cisco, Calif.) were placed in the dish bottoms before the cell
suspension was added. The overnight cultures were washed
three times with unsupplemented RPMI 1640 medium, pH
7.2, to remove nonadherent cells before use in the assays.
After removal of the nonadherent cells from the P388D1
monolayers, 1 ml of unsupplemented RPMI 1640 was added
to each tissue culture dish. Fifteen minutes prior to addition
of bacteria, 100 ,ug of purified bovine plasma fibronectin
glycoprotein, the cell-binding tetrapeptide RGDS (Sigma), or
100 pl of the pyrogen-free water used to resuspend the
fibronectin or RGDS (Sigma) was added to the P388D1 cell
monolayers to assess enhancement of nonopsonic phagocy-
tosis by the glycoprotein and its cell-binding region (16, 29).

Bacteria were added to the P388D1 cell monolayers at a
ratio of 20 bacteria per P388D1 cell. For the early priming
assays, the plates were swirled to distribute the bacteria, and
the coverslips were removed 5 min postaddition. The cov-
erslips were washed three times in unsupplemented RPMI
1640 medium, dried, fixed, and stained with Diff-Quik (Sci-
entific Products, Baxter-Canlab, Mississauga, Ontario, Can-
ada) for visual counting (30). In the other assays, the P388D1
cells were allowed to incubate with the bacteria for 15 or 90
min. All incubations were performed at 37°C in 7% CO2. The
monolayers were washed three times with unsupplemented
RPMI 1640, and the cells were lifted off the dish bottoms
with a rubber policeman and resuspended in 1 ml of fresh
RPMI 1640 by pipetting. Aliquots (100 ,ul) were spun at 450
rpm for 5 min onto glass microscope slides with a Cytospin
2 (Shandon Southern Instruments Inc., Sewickley, Pa.). The
slides were Diff-Quik stained for visual counting with an
Olympus BH-2 microscope (1,OOOx, oil immersion). For all
visual counting assays, the bacteria bound to or within 90
phagocytes were counted for each slide. Statistical analysis
of the data acquired was performed by Student's t test.

In experiments to test the influence of pertussis toxin
(Sigma Chemical Co.) or cholera toxin (Calbiochem, San
Diego, Calif.) on phagocytosis, the toxins were added ac-
cording to previously published protocols (2, 3, 12). Purified
(8) LPS, when used, was added to P388D1 cells 30 min prior
to addition of bacteria.

Lyophilized fibronectin reconstituted with endotoxin-free

water was shown to contain less than 1 pg of endotoxin per
100 ,ug of sample by the Limulus amoebocyte lysate (LAL)
test. Therefore, any enhancement of uptake by the addition
of fibronectin was due to the influence of this molecule and
not to contamination by endotoxin. The RPMI medium
showed a strong positive reaction (>50 p,gllOO ml) in the
LAL test; however, the buffer did not appear to stimulate
the P388D1 cells, as judged from their lack of the morpho-
logical changes described in Results and the observation that
LPS added to a final concentration 10 ng/ml caused maximal
stimulation of phagocytosis, whereas concentrations higher
than 10 p,g/ml caused inhibition. Thus, we conclude that the
LAL-positive material in RPMI medium was not LPS.
Control experiments with dansyl polymyxin as an LPS probe
(19) failed to demonstrate any LPS in water that gave a
similar positive LAL test.
FACScan assay of phagocytic activity. To provide a rapid

phagocytosis assay with a greater population sampling ca-
pacity, a flow cytometry method was devised from published
procedures (1). P388D1 monolayers were prepared as previ-
ously described. For some assays, the cells were pretreated
with 1 ,ug of pertussis toxin as above. Antibody-opsonized or
nonopsonized FITC-labeled bacteria were added to the
monolayers at a ratio of 20 bacteria per phagocyte. All
manipulations were performed in a darkroom under safelight
conditions. The tissue culture dishes were wrapped in tin foil
and incubated at 37°C in 7% CO2 for 90 min. After incuba-
tion, the monolayers were washed three times with unsup-
plemented RPMI 1640 to remove uningested bacteria and
placed on ice to lift the cells from the plate bottoms. The
cells were resuspended by pipetting, and 400-pl aliquots
were placed in polystyrene round-bottomed tubes (12 by 75
mm; Becton Dickinson) in an ice bath. Two thousand cells
from each aliquot were assayed for cell-associated FITC
fluorescence as a measure of bacterial binding and uptake
with a FACScan flow cytometer (Becton Dickinson). An
internal standard of untreated P388D1 cells was used to set
the cytometry parameters for each assay.

RESULTS

Intrinsic binding ofP. aeruginosa to macrophages. Previous
studies indicated a substantial background level of bacterial
association with macrophages that was relatively indepen-
dent of experimental conditions (14-16). This binding of 3 to
5 bacteria per macrophage occurred regardless of the source
of the macrophages or the presence or degree of bacterial
piliation. The binding did not appear to be due to improper
washing techniques, since, in the studies reported here,
washing or not washing the macrophage monolayers that had
been incubated with bacteria prior to scraping off these
monolayers and cytocentrifugation did not alter (P > 0.5 by
Student's t test) the mean number of bacteria per cell or the
standard deviation of the mean (4.7 + 4.4 bacteria per
macrophage).
To eliminate the possibility that bacteria were being

trapped under the macrophages during cytocentrifugation,
assays were performed after plating monolayers of P388D1
cells onto glass coverslips (26), incubating these monolayers
directly with bacteria, and washing them extensively prior to
counting cell-associated bacteria. Although background
numbers of bound bacteria were not reduced in this assay, a
population of P388D1 cells which were apparently nonphago-
cytic was revealed by visual inspection (Fig. 1). These cells
were round, with little visible cytoplasm, which distin-
guished them from the rounded forms described by Stuart et
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TABLE 1. Effect of mutations influencing the expression of
surface ligands on nonopsonic phagocytosis of P. aeruginosa

Mean no. of bacteria/phagocyte
Strain Description + SD" with:

No addition Fibronectin Antibodyb

H103 Parental 9.0 ± 5.8 17.1 ± 10.5c 17.6 ± 8.5c
H237 Flagellum deficient 6.0 ± 6.3 13.9 ± 8.4c NDd
PAK Parental 10.6 ± 6.7 20.7 ± 11.6c 22.7 ± 12.3c
NIG rpoN mutante 0.6 ± 0.9f 1.5 ± 0.9f 10.2 ± 5.7c

I Data are from three separate experiments.
b Antibodies used were anti-LPS monoclonal antibody MA1-8 for strain

H103 and polyclonal antibody specific for PAK LPS for strains PAK and NIG.
c Significantly (P < 0.01) different from the equivalent no-addition control

value.
d ND, not determined.
e rpoN mutants lack flagella, pili, and a secondary adhesin.
f Significantly (P < 0.001) different from the value for the parent strain

PAK.
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FIG. 1. Flow cytometry of FITC-labeled P. aeruginosa H103
association with P388D1 cells. (A) Sample FACScan histogram of
antibody-opsonized uptake. Two thousand phagocytes were as-
sayed, and the dashed vertical line demonstrates the delineation
between background fluorescence to the left and enhanced fluores-
cence due to bacterial association to the right, as determined
statistically from controls without added bacteria. (B) Enhanced
fluorescence due to bacterial association in the presence of water as
a control, after 15 min of treatment with fibronectin or after
incubation of bacteria with monoclonal antibody MA1-8. Statistical
gating was used to eliminate the nonphagocytic population seen in
panel A.

al. (27) as one of two morphological types seen in phagocytic
cell cultures. Cytocentrifugation would flatten these cells,
making them indistinguishable from spreading cells under
the original protocol. Eliminating these cells from the visual
counting process substantially lowered the standard devia-
tion of the means for both the control and treated samples.
This population of nonphagocytic cells was also observed in
the FACScan assay of bacterial association with macro-
phages (Fig. 1A), with some variation between different
phagocyte cultures in the number of nonphagocytic cells
present. Such nonphagocytic cells have also been observed
by other authors for P388D1 cells (17) and alveolar macro-
phages (6), and FACScan analyses of IgG-mediated P388D1
cell interaction with spleen cells have also indicated two
populations of cells (25). Nevertheless, FACScan assays
performed on suspended cells still revealed a level of nonop-
sonic association of bacteria that was approximately equal to
that due to fibronectin stimulation or antibody opsonization
(Fig. 1B). Control strain H103 cells grown under conditions
that did not result in piliation (14, 15) prior to fluorescent
labeling resulted in only a single peak of fluorescence that
fell below the background value in the FACScan analysis.

Evidence for involvement of a secondary adhesin. It has

been demonstrated that pili mediate binding ofP. aeruginosa
to macrophages and epithelial cells (4, 14, 26). However,
pilus-deficient mutants still demonstrate significant binding
(4), as also demonstrated for binding of pilus-deficient mu-
tants to macrophages (14). From the data obtained with an
rpoN regulatory mutant in which the gene had been inter-
rupted by a gentamicin resistance gene cassette, Chi et al. (4)
postulated the existence of a secondary adhesin for epithelial
cells. Thus, rpoN mutants lacking pili, flagella, and this
secondary adhesin demonstrated no binding to epithelial
cells. We considered here the possibility that the background
nonopsonic association discussed above was due to this
secondary adhesin. The rpoN mutant strain NIG was signif-
icantly deficient in its ability to bind to or be ingested by
P388D1 cells (P < 0.001 by Student's t test) compared with
the wild-type PAK1 (Table 1). As expected (14), because of
their inability to produce pili, fibronectin could not stimulate
binding of these bacteria. However, opsonization by a
polyclonal serum specific for strain PAK LPS resulted in
uptake levels comparable to the antibody-enhanced levels
(i.e., after background subtraction) of the wild-type PAK
strain (P > 0.5 by Student's t test).
The question arose whether the absence of flagella could

account in part for the reduction in binding. Motility ap-
peared not to be a factor in the kinetics of uptake at 90 min,
since nonmotile mutants of strain H103 which expressed pili
but not flagella were not significantly reduced in their ability
to bind to P388D1 cells (P > 0.5 by Student's t test) (Table 1).
Uptake of these mutants was subject to enhancement by
fibronectin treatment of the P388D1 cells. These data sug-
gested that background uptake may result from attachment
via the secondary rpoN-controlled adhesin.

Early priming effects of fibronectin. In an attempt to
minimize the background and study fibronectin's influence
on early binding kinetics, monolayers of P388D1 cells on
25-mm coverslips were sampled at an early time point, 5 min
after addition of bacteria. Cells were treated for 15 min with
either pyrogen-free water or 100 ,ug of purified bovine
plasma fibronectin reconstituted with the same pyrogen-free
water. After 5 min of incubation with P. aeruginosa PAO
strain H103, the coverslips were removed, washed, and
stained for visual counting of cell-associated bacteria. These
experiments demonstrated that binding of P. aeruginosa
H103 by these phagocytic cells was an early phenomenon
influenced by the presence of fibronectin (Table 2). Fi-
bronectin increased not only the number of bacteria bound
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TABLE 2. Influence of fibronectin treatment on association of
P. aeruginosa H103 with P338D1 celisa

No. of Mean no. of % of P388D1
Treatment P388D1 cells bacteria/P388Dl cells binding

counted cell t SD' bacteria

PBS 258 1.6 ± 1.6 72
Fibronectin 239 3.4 t 2.1C 94

a P388D1 cells were treated with 100 p.g of bovine plasma fibronectin in 100
p1l of PBS or with 100 p,l of PBS. The assay was performed 5 min after the
bacteria were added to the cells.

b Means + standard deviations for all cells observed in three independent
experiments. Nonphagocytic cells with rounded shapes (see text) were

deleted from consideration.
c Significantly higher than value for PBS control (P < 0.001 by Student's t

test).

by each phagocyte but also the overall percentage of P388D1
cells binding bacteria at 5 min. Thus, fibronectin appeared to
enhance phagocytosis of bacteria by "priming" the phago-
cytic cells for increased binding, possibly through upregula-
tion of their pilus receptors. However, even at this earliest
time point, the background nonopsonic association de-
scribed above was observed. Similar data were also re-
corded for strain PAK.
Comparison with LPS. The bacterial component LPS has

potent biological activity, and its effects on several immune
functions and their underlying mechanisms, including mac-
rophage activation, have been described (10, 20, 30). To test
whether fibronectin manifested its stimulatory effects on

nonopsonic phagocytosis via mechanisms independent of
the LPS pathway, comparative studies of the stimulation of
phagocytosis by fibronectin and LPS purified from the P.
aeruginosa wild-type strain H103 were performed.

Addition of Pseudomonas LPS to phagocytes enhanced
uptake of strain H103 (Fig. 2). Enhancement of uptake was
influenced by the LPS concentration and did not exceed that
by fibronectin (P > 0.2 by Student's t test). Maximal
enhancement of uptake occurred at all concentrations tested
between 10 ng/ml and 10 ,ug/ml (including 100 ng/ml and 1
p,g/ml), with greater concentrations (100 p,g/ml) actually
decreasing uptake (P < 0.001) (Fig. 2). The effects of LPS
and fibronectin did not appear to be significantly additive (P
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FIG. 2. Comparison of the effects of treatment with either puri-
fied P. aeruginosa H103 LPS for 30 min, bovine plasma fibronectin
for 15 min, or both LPS and fibronectin for 30 min prior to addition
of P. aeruginosa H103 on bacterial uptake by P388D1 cells. Open
bars, no fibronectin; shaded bars, 100 pLg of fibronectin per ml. The
level of LPS used is presented on the x axis. The bacteria-to-
phagocyte input ratio was 20:1, and the incubation time was 90 min.
Data are representative of three separate experiments measuring
bacterial association by direct counting.

> 0.1); indeed, it appeared that LPS suppressed fibronectin
enhancement. Similar results were observed when RGDS
was substituted for fibronectin. P388D1 cells treated with
LPS or LPS and fibronectin displayed morphologies unlike
those of cells treated with fibronectin alone. The majority of
LPS-treated phagocytes were highly vacuolated, with most
of the cell-associated bacteria contained intracellularly
within these vacuoles (Fig. 3). However, LPS had no effect
on cell viability in the time span of these experiments, as
judged from continued adherence and phagocytic ability.
Large numbers of vacuolate cells were not present in fi-
bronectin-treated cells, and bacterial binding was evident
without this characteristic. Thus, it appeared that fibronectin
was acting on the phagocytes via mechanisms separate from
those of LPS.
Toxin inhibition. Many signal transduction pathways of

macrophage maturation and activation have been shown to
involve guanine nucleotide-binding proteins (G proteins).
Many of these G proteins are substrates for cholera and/or
pertussis toxin. Administration of these toxins to phagocytic
cells either inhibits or promotes cellular responses for sys-
tems which utilize their substrate G proteins as the signal
transducers (11). For example, Brown et al. (3) demon-
strated the involvement of G proteins in opsonic phagocyto-
sis by monocytes.
To probe for G protein function in fibronectin-stimulated

nonopsonic phagocytosis, P388D1 monolayers were incu-
bated for 2 h with either cholera toxin or pertussis toxin prior
to addition of P. aeruginosa. Cholera toxin at 5 ,g/ml did not
significantly alter the number of bacteria taken up by P388D1
cells by either the opsonic, background nonopsonic, or
fibronectin-stimulated nonopsonic mechanisms (Table 3).

Addition of 1 to 10 ,ug of pertussis toxin per ml signifi-
cantly reduced the levels of both opsonic and fibronectin-
stimulated nonopsonic uptake of bacteria for the phago-
cytes. At 1 pg of pertussis toxin per ml, the background
nonopsonic uptake was also somewhat reduced, but the
greatest reductions in uptake were seen for the fibronectin-
treated and antibody-opsonized P388D1 cells (P < 0.001 by
Student's t test) (Table 3). There was no apparent decrease
in viability after toxin treatment at these concentrations, as
judged from the continued adherence and normal morphol-
ogy of the P388D1 cells, in contrast to the results obtained in
control experiments with cytocidal concentrations (100 ,ug/
ml) of cytochalasin b, which caused morphological changes
and cell liftoff. The visual assay results were confirmed by
FACScan analysis, with substantial reductions in cell-asso-
ciated fluorescence seen for both the fibronectin-treated and
antibody-opsonized conditions.

DISCUSSION

In this study, we explored the mechanisms involved in
non-opsonic phagocytosis of P. aeruginosa with the mouse
macrophage cell line P388D1 as a model. Earlier studies (15)
showed that this cell line provides an adequate model for
unelicited mouse peritoneal macrophages and human mono-
cyte-derived macrophages. It was previously demonstrated
that fibronectin can stimulate macrophages to take up P.
aeruginosa by a nonopsonic mechanism involving the bac-
terial pilus (14) and presumably the as yet unidentified
macrophage pilus receptor. This fibronectin-stimulated,
nonopsonic uptake likely equates to the nonopsonic uptake
of P. aeruginosa observed by Speert et al. (26) with human
monocyte-derived macrophages, since this also appears to
be pilus-mediated uptake.
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FIG. 3. Influence of LPS on P388D1 cell morphology. (A) Control P388D1 cell. (B) LPS (10 ng/ml)-treated P388Dl cells. Arrowheads point
to internalized P. aeruginosa bacteria.

TABLE 3. Effect of toxin treatment of P388D1 cells on their
ability to phagocytose P. aeruginosa H103

Treatment Mean no. of bacteria/phagocyte ± SDI with:
(.g/ml) No addition Fibronectin Antibody

None (control) 11.6 ± 6.8 19.7 + 10.7b 17.6 ± 8.1b
Cholera toxin (5) 13.4 ± 8.8 20.0 + 12.0c 18.9 ± 9.1C
Pertussis toxin (1) 7.2 ± 5.6d 10.9 + 7.5d,e 9.7 9.5d,e

a Means + standard deviations. Data are from three separate experiments.
b Significantly different (P < 0.05 by Student's t test) from no-addition

values.
c Significantly different (P < 0.05 by Student's t test) from no-addition

values.
d Significantly different (P < 0.05) from no-toxin values.
e Not significantly different (P > 0.5) from no-addition values.

In all previous experiments reported from our laboratory,
a substantial background association of P. aeruginosa with
macrophages was observed that was independent of fi-
bronectin stimulation and unaffected by an insertion muta-
tion leading to loss of pili (14, 15). This background associ-
ation of bacteria with macrophages was not disturbed by
washing, increased as a function of time, and was indepen-
dent of growth under conditions that influenced the degree of
bacterial piliation and hence fibronectin-stimulated non-
opsonic phagocytosis (15). It was observed for both in vitro-
and in vivo-grown bacteria (15). However, the results de-
scribed here indicate that it was eliminated in an rpoN
mutant which was reported to have lost a secondary non-
pilus adhesin involved in binding of P. aeruginosa to epithe-
lial cells (4). This was not due to an intrinsic inability ofrpoN
mutants to be phagocytosed, since antibody-opsonized
phagocytosis was unaltered by this mutation. Although rpoN
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mutants, which are defective in the sigma factor involved in
low-nitrogen regulation, also lack pili and flagella, control
experiments indicated that pili have no role (14), whereas
flagellum deficiency resulted in only a 33% decrease in
nonopsonic association of P. aeruginosa with cells (Table 1).
Therefore, we propose that this background nonopsonic
uptake is mediated by binding of P. aeruginosa via a
nonpilus adhesin. Interestingly, this ipoN-regulated adhesin
has been proposed to be involved in binding to respiratory
mucins and thus may have a role in lung colonization by P.
aeruginosa (22).

Fibronectin treatment was shown to influence the level of
bacterial association with macrophages at the earliest sam-
pling time (5 min). Therefore, we assume that fibronectin is
acting to upregulate macrophage pilus receptors, as shown
previously for complement receptors (28, 29), rather than
influencing, for example, receptor recycling. The actual
mechanism of stimulation and nonopsonic phagocytosis has
received little attention to date, although fibronectin has
been demonstrated to stimulate the movement of K+ across
the macrophage plasma membrane in a concentration-depen-
dent manner (16). Previous studies (16) indicated that the
effects of fibronectin were not explained by contamination
with LPS, as confirmed here. However, this possibility was
examined in more detail in the present study.
LPS has been shown by others to activate macrophages

and to have more-global stimulatory effects on the mamma-
lian immune system (10, 30). Comparison of the effects of
fibronectin on P388D1 cells with those of purified P. aerugi-
nosa LPS showed that both molecules enhanced bacterial
uptake when administered separately. Fibronectin (and its
cell-binding region RGDS) were able to enhance bacterial
association with P388D1 cells to levels similar to those seen
after LPS treatment; however, it appeared to function via a
mechanism separate from that of LPS. This was evidenced
by the antagonistic effects of LPS on fibronectin stimulation
of phagocytes and by the gross morphological changes
apparent in the LPS-treated cells. P388D1 cells receiving
LPS appeared to be highly vacuolated, whereas cells receiv-
ing fibronectin differed little morphologically from untreated
cells.
The studies described here and previously have indicated

four types of phagocytic interaction that must be considered
in any circumstance in which P. aeruginosa interacts with
macrophages. One, called here background nonopsonic as-
sociation, occurs with P388D1 cells grown in tissue culture,
with nonelicited mouse peritoneal macrophages, and with
human monocyte-derived macrophages (15). This associa-
tion appears to involve an rpoN-controlled nonpilus bacte-
rial adhesin and is somewhat sensitive to inhibition by
pertussis toxin but not by cholera toxin. Such nonopsonic
association occurs very soon after mixing of bacteria and
macrophages. A second, LPS-stimulated nonopsonic asso-
ciation may be related to the first, although no specific
studies were performed here. However, LPS-stimulated
macrophages had striking morphological changes not ob-
served under the other circumstances studied here. The third
mechanism, fibronectin-stimulated nonopsonic uptake, in-
volves pilus as the adhesin (14). It was sensitive to inhibition
by pertussis toxin and to suppression by LPS treatment but
was unaffected by cholera toxin. The fourth mechanism of
phagocytic interaction, antibody-opsonized uptake, also
showed inhibition by pertussis toxin in previous studies (3),
as confirmed here. Thus, macrophages demonstrate a great
deal of flexibility in dealing with P. aeruginosa. This may

help to explain why infections by this bacterium are rarely
observed in healthy individuals.
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