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Numerous studies have reported that asialo-GM1, gangliotetraosylceramide, or moieties serve as epithelial
cell receptors for Pseudomonas aeruginosa. Usually this interaction is confirmed with antibodies to asialo-GM1.
However, few, if any, of these reports have evaluated the binding of fresh clinical isolates of P. aeruginosa to
asialo-GM1 or the specificity of the antibodies for the asialo-GM1 antigen. We confirmed that asialo-GM1
dissolved in dimethyl sulfoxide could be added to the apical membrane of Madin-Darby canine kidney cells
growing as a polarized epithelium on Transwell membranes (J. C. Comolli, L. L. Waite, K. E. Mostov, and J. N.
Engel, Infect. Immun. 67:3207–3214, 1999) and that such treatment enhanced the binding of P. aeruginosa
strain PA103. However, no other P. aeruginosa strain, including eight different clinical isolates, exhibited
enhanced binding to asialo-GM1-treated cells. Studies with commercially available antibodies to asialo-GM1
showed that these preparations had high titers of antibody to P. aeruginosa antigens, including whole cells,
purified lipopolysaccharide (LPS), and pili. Inhibition studies showed that adsorption of an antiserum to
asialo-GM1 with P. aeruginosa cells could remove the reactivity of antibodies to asialo-GM1, and adsorption of
this serum with asialo-GM1 removed antibody binding to P. aeruginosa LPS. Antibodies in sera raised to
asialo-GM1 were observed to bind to P. aeruginosa cells by immunoelectron microscopy. Antibodies to asialo-
GM1 inhibited formation of a biofilm by P. aeruginosa in the absence of mammalian cells, indicating a direct
inhibition of bacterial cell-cell interactions. These findings demonstrate that asialo-GM1 is not a major cellular
receptor for clinical isolates of P. aeruginosa and that commercially available antibodies raised to this antigen
contain high titers of antibody to multiple P. aeruginosa antigens, which do not interfere with the binding of P.
aeruginosa to mammalian cells but possibly interfere with the binding of P. aeruginosa cells to each other.

Interactions of bacterial cells with host tissues initiates many
processes, including the anchoring of microbes to host cells
and extracellular matrices, the activation of innate host im-
mune responses, and changes in gene expression in both the
microbial and host cell (15, 25, 33, 48). A large array of ad-
hesins for host mammalian receptors have been described for
many bacterial species. Among the gram-negative bacteria, pili
and flagella often play a prominent role in anchoring bacterial
cells to host tissues (1, 45, 48). For Pseudomonas aeruginosa,
numerous studies have implicated flagella and pili as bacterial
adhesins that bind specifically to terminal or internal N-acetyl-
galactosamine (GalNAc) residues that are linked beta-1-4 to
galactose (Gal) residues unsubstituted with sialyl residues (30).
Such structures are found in the gangliotetraosylceramide
(asialo-GM1) receptor on host cells (2, 7, 9, 10, 24). The num-
ber of asialo-GM1 receptors is reported to be increased on
respiratory epithelial cells from patients with cystic fibrosis
(CF) who are homozygous for the DF508 allele of the CF
transmembrane conductance regulator (CFTR) (24, 39, 51). In
addition, some investigators have reported that asialo-GM1 is
a receptor for both pili and lipopolysaccharide (LPS) of P.
aeruginosa present on murine and bovine corneal epithelial

cells (16, 20, 47); others have disputed whether asialo-GM1 is
expressed in the human cornea (52). Some of these studies
confirmed that asialo-GM1 is a receptor for P. aeruginosa bind-
ing by using purified glycolipid to inhibit binding (24, 47) or
commercially prepared antisera to this antigen (7, 9, 10, 20,
24). Finally, a role has been proposed for a possible neuramin-
idase in generating asialo-GM1 tetrasaccharide from the pa-
rental sialylated GM1 molecule (3, 9), although to date the
only evidence for a gene that encodes a P. aeruginosa neur-
aminidase is the recent identification of a DNA sequence in P.
aeruginosa PAO1 that has some homology to other bacterial
neuraminidases (GenBank accession no. AAF60322).

Although the reports noted above suggest a strong case for
the involvement of asialo-GM1 as a receptor for P. aeruginosa
on mammalian cells, careful scrutiny of these studies indicates
that their general applicability to this host-pathogen interac-
tion may be limited. Few of the studies used clinical isolates of
P. aeruginosa (30); most used well-characterized laboratory
strains such as PAO1, PAK, ATCC 19660, and PA103 (7, 9, 10,
21, 24). Only two studies presented evidence that purified
asialo-GM1 ganglioside, or the purified tetrasaccharide, could
inhibit the adherence of P. aeruginosa to cells (24, 47). Fur-
thermore, Imundo et al. (24) found a very high concentration
of the asialo-GM1 ganglioside (25 mM) or tetrasaccharide (250
mM) was needed to inhibit binding to CF bronchial cells by
only 57 to 75%, and Singh et al. (47) noted only a transient
decrease in binding of P. aeruginosa to unwounded cornea
after premixing the bacteria with asialo-GM1. In the Singh et
al. study, monosialoganglioside (GM1), which is not considered
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a major receptor for P. aeruginosa, had efficacy comparable to
that of asialo-GM1, whereas in the Imundo et al. study GM1

was not an effective inhibitor of P. aeruginosa binding to cells
(24). Also, Davies et al. (9) could not inhibit binding of P.
aeruginosa to CF epithelial cells with the asialo-GM1 tetrasac-
charide.

Additional concerns center on the use of commercially pre-
pared polyclonal antibodies to asialo-GM1 in these studies.
Although numerous investigators have found these antibodies
to be effective at inhibiting the binding of P. aeruginosa to cells
(2, 7, 9, 10, 22), essentially none of the studies confirmed the
specificity of the antibodies by blocking the biologic activity of
the antibodies with appropriate adsorbing or inhibiting re-
agents to demonstrate the specificity of the antibodies to
asialo-GM1. Of even greater concern is that these polyclonal
antibodies are raised in rabbits to essentially a self-antigen
purified from bovine tissues emulsified in methylated bovine
serum albumin (BSA) and complete Freund’s adjuvant. Such
antisera would contain high levels of antibodies that would
react with the BSA and possibly with contaminants from the
bovine tissues used to purify the asialo-GM1. Since bovine
antigens are present in cell culture media that include fetal calf
serum (FCS), it is possible that antibodies raised under these
conditions could bind to bovine antigens adsorbed onto the
epithelial or bacterial cell surface. In addition, the presence of
mycobacterial antigens in the adjuvant could elicit antibodies
reactive with bacterial and mammalian cellular antigens,
readily perturbing experimental outcomes.

Comolli et al. (7) showed that asialo-GM1 ganglioside dis-
solved in dimethyl sulfoxide (DMSO) could be transferred
onto the surface of polarized epithelial monolayers of Madin-
Darby canine kidney (MDCK) cells in culture, thereby increas-
ing the level of asialo-GM1. These cells normally express little
asialo-GM1 on their surface. Cells with increased asialo-GM1,
but not those with increased GM1, bound more P. aeruginosa
PA103 to their surface, were more susceptible to the ExoU-
bacterial cytotoxic factor, and internalized a noncytotoxic mu-
tant of strain PA103 better than those without the increased
asialo-GM1. This all required intact type IV pili; a nonpiliated
P. aeruginosa mutant had little interaction with the MDCK

cells with asialo-GM1. However, as with the other studies, the
effect was measured with only one laboratory strain and related
isogenic mutants, and confirmation of the role of asialo-GM1

in this system that used commercially provided antibody to
asialo-GM1 did not include studies that showed the specificity
of the inhibiting antibodies to asialo-GM1. Nonetheless, using
cells with increased levels of asialo-GM1 provides a robust
system for comparing P. aeruginosa adherence to cells treated
with asialo-GM1, other gangliosides, or with delivery vehicle
only. In an attempt to determine the role of asialo-GM1 in the
binding of clinical isolates of P. aeruginosa to mammalian cells
and the value of the commercially available antibodies to
asialo-GM1 for confirming this phenomenon, we analyzed the
binding of typical laboratory strains of P. aeruginosa to asialo-
GM1-treated MDCK cells growing in Transwells and mini-
mally passaged clinical isolates from P. aeruginosa corneal and
respiratory infections, including isolates obtained from pa-
tients with CF early in the course of infection that were thus
representative of the initial, colonizing strain. We also charac-
terized the binding activity of commercially available antisera
to asialo-GM1 against asialo-GM1 and GM1 gangliosides and
P. aeruginosa antigens. The overall findings indicated that one
laboratory strain, but no clinical isolates, of P. aeruginosa use
asialo-GM1 to bind to cells and that the cell-binding-inhibitory
effects of antisera to asialo-GM1 are due not to antibodies to
asialo-GM1 but rather to high titers of antibodies to multiple P.
aeruginosa antigens, including LPS and pili, that are present in
these antisera.

MATERIALS AND METHODS

Bacterial strains. The strains of P. aeruginosa used in this study are listed in
Table 1.The clinical isolates were obtained directly from the microbiology lab-
oratory of the indicated hospital, stored frozen at 280°C, and used as stocks to
prepare inocula for the assays. Escherichia coli DH5a was used as a control in
serum adsorption experiments.

LPS and pilus antigens. LPS was purified from strains PAC557 and PAO1
algC::tet as previously described (18). LPS purified from P. aeruginosa serogroup
O6 was purchased from List Biochemicals (Campbell, Calif.). Purified pili from
strain PAK was provided by Reuben Ramphal (Gainesville, Fla.).

Cell culture and bacterial adherence experiments. MDCK type 1 cells (105)
cultured in minimal essential medium (MEM) with Earle’s balanced salt solu-
tion, 2 mM L-glutamine, 10% FCS, 50 Units of penicillin/ml, and 50 mg of

TABLE 1. P. aeruginosa strains used in this study

Isolate Phenotype Source or reference

Laboratory strains
PAO1-V Chloramphenicol sensitive M. Vasil, Denver, Colo.
PAO1-I Chloramphenicol resistant B. Iglewski, Rochester, N.Y.
PA103 lasR mutant; exoU1; serogroup O11 14
PAK Serogroup O6 S. Lory, Seattle, Wash.
PAC557 Complete-core LPS; no O side chains 29
PAO1 algC::tet algC mutant; incomplete-core LPS 8

Clinical isolates
149 CF patient Children’s Hospital, Boston, Mass.
324 CF patient Children’s Hospital, Boston, Mass.
383 CF patient Children’s Hospital, Boston, Mass.
6294 Ulcerative keratitis patient Bascom-Palmer Eye Institute, Miami, Fla.
6206 Ulcerative keratitis patient Bascom-Palmer Eye Institute, Miami, Fla.
6487 Ulcerative keratitis patient Bascom-Palmer Eye Institute, Miami, Fla.
2BI Pneumonia patient Beth Israel Hospital, Boston, Mass.
10CH Pneumonia patient Children’s Hospital, Boston, Mass.
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streptomycin/ml were seeded onto 6.5-mm-diameter, 0.4-mm-pore-size polycar-
bonate Transwell filters (Corning Costar Corporation, Cambridge, Mass.) and
grown to confluency. Polarized monolayers were tested for confluency by exclu-
sion from the basal side of .98% of tritiated mannitol applied to the apical side
of the cell cultures and by measurement of the transepithelial cellular resistance.

The addition of gangliosides and bacteria for the measurement of adherence
was performed as previously described by Comolli et al. (7). Asialo-GM1 and
GM1 were purchased from Matreya Inc. (Pleasant Gap, Pa.) and Wako Pure
Chemicals (Richmond, Va.). The free carboxyl group on the sialic acid residue of
GM1 was reduced by incubation in 0.1 M 2-(N-morpholino)ethanesulfonic acid
(pH 7.0) at a concentration of 1 mg/ml and 10 mg of 1-ethyl-3-(3-dimethylamino-
propyl)carbodiimide hydrochloride (Sigma-Aldrich, St. Louis, Mo.) per ml for
4 h at room temperature, followed by the addition of 20 mg of sodium borohy-
dride/ml. This solution was dialyzed for 72 h against distilled water using a 1,000
molecular weight cutoff membrane and then lyophilized. The degree of reduction
was verified by a thiobarbituric acid assay (28), which demonstrated reduction of
the carboxyl group of the sialic acid in .50% of the GM1 molecules. GM1,
reduced-GM1, and asialo-GM1 were suspended at 10 mg/ml in DMSO. DMSO
alone served as an additional control. Then 14.8 mg of gangliosides, correspond-
ing to the previously described concentration per surface area (7), was added to
100 ml of MEM–5% FCS–20 mM HEPES (pH 7.4) (MEM-lite). The 100 ml was
added to the apical surface of the MDCK monolayer and incubated at 37°C for
1 h with gentle rocking and then washed twice with MEM-lite.

Laboratory and clinical P. aeruginosa strains were grown overnight in tryptic
soy broth without shaking to enhance pilus expression (23), diluted in MEM-lite
to a multiplicity of 10 bacteria to 1 MDCK cell, added in a volume of 100
ml/Transwell, and incubated for 2 h at 37°C. The monolayers were then washed
eight times with 1 ml of MEM-lite; the number of washes was determined after
preliminary studies showed that fewer washes left a significant number of non-
adherent bacteria in the cell culture wells. With eight washes, ,0.01% of the
remaining bacterial cells were being removed in washes 6 through 8. The Trans-
well membranes were then cut from their support, incubated for 15 min at 22°C
in MEM-lite with added 0.5% Triton X-100, and vortex mixed for 2 min. The
solutions were then serially diluted and plated onto MacConkey agar plates for
bacterial enumeration.

Immunofluorescence studies of asialo-GM1 binding to MDCK cells. Immu-
nofluorescence experiments with polarized MDCK cell monolayers treated with
gangliosides in DMSO were performed as previously described (7), with the
following modifications. A 1:500 dilution of rabbit antisera raised to asialo-GM1,
GM1, or normal rabbit serum was made into phosphate-buffered saline (PBS)
with 0.7% fish-skin gelatin, and 100 ml was added to the apical surface of the
MDCK monolayers for 1 h at 37°C. After the monolayers were washed, a 1:1,000
dilution of goat-anti rabbit immunoglobulin G (IgG) conjugated to fluorescein
isothiocyanate (FITC) was added for 30 min at 37°C. After extensive washing of
the monolayers, immunofluorescence images were obtained with a Nikon Dia-
phot fluorescent microscope with a 340 objective and a Bio-Rad MRC-1024/2P
multi-photon confocal laser array interfaced with a Zeiss Axiovert microscope
using a 3100 C-Apochromat/1.2 NA water-immersion objective (Bio-Rad, Her-
cules, Calif.). Bound FITC was excited with the 488-nm line of a krypton-argon
laser, and the emissions were collected with a DF bandpass filter of 522 6 35 nm.

Antibodies. Polyclonal antibodies to LPS purified from P. aeruginosa strains
PAC557 and PAO1 algC::tet were generated in rabbits by subcutaneous immu-
nization with the purified LPS emulsified in incomplete Freund’s adjuvant for
two doses administered 1 week apart, followed by a series of three intravenous
immunizations of 10 mg in 0.5 ml of saline given 2 days apart. Normal serum was
obtained from the corresponding rabbits before the immunization procedure,
and immune serum was obtained multiple times after completion of the immu-
nization schedule. Antibody to asialo-GM1 was purchased from Wako Pure
Chemicals, and antibody to GM1 was purchased from Matreya. According to the
manufacturer (Wako), the antibody to asialo-GM1 is a gamma globulin fraction
derived from antisera raised in rabbits by “repeated immunization{with purified
asialo-GM1 from bovine brain tissue, in conjunction with methylated bovine
serum albumin and complete Freund’s adjuvant.” For some experiments, anti-
sera were adsorbed twice with lyophilized cells of P. aeruginosa strain PAC557 or
PAO1 algC::tet bacteria (5 mg/ml of serum) or with asialo-GM1 (0.2 mg/ml)
overnight at 4°C and then sterile filtered (0.45 mm, pore size).

ELISA. Immulon II flat-bottom enzyme-linked immunosorbent assay (ELISA)
plates were sensitized either with lyophilized whole bacteria (108 CFU/well) or
purified LPS, BSA, asialo-GM1, GM1, or reduced GM1 at a concentration of 1
mg/well or with purified P. aeruginosa strain PAK pili at 50 ng/well. The coating
buffer was 0.04 M phosphate (pH 7.0), and sensitization was done by overnight
incubation at 4°C. The plates were washed three times in PBS with 0.05% Tween
20 (PBS-T). Unoccupied binding sites were blocked with 3% skim milk added in

PBS and incubated for 2 h at 37°C. The different antisera were diluted 1:100 to
1:51, 200 in PBS-T with 1% skim milk and incubated for 1.5 h at 37°C. The plates
were then washed again three times with PBS-T. Bound antibodies were detected
with an alkaline phosphatase-conjugated goat anti-rabbit IgG antibody (whole
molecule; Sigma), diluted 1:1,000 in PBS-T with 1% skim milk. The optical
density at 405 nm (OD405) was measured after incubation for 1 h at room
temperature in the dark. Titers and 95% confidence intervals (CI) were then
determined as the serum dilution giving a reading of 0.2, as calculated from
linear regression analysis of log-transformed serum dilutions and OD readings.
All titers were calculated using regression analyses with a P . F value of #0.03
derived by analysis of variance (ANOVA). The smaller the P value the better the
fit of the linear regression curve relating binding of the antibody over the range
of dilutions used to the antigen, and thus it is a measure of the effectiveness of
antibody binding.

Immunoelectron microscopy. The electron microscopic visualization of anti-
body bound to bacteria was performed as previously described (23). In brief,
bacteria were grown overnight at 37°C in tryptic soy broth. Next, 200-mesh
Formvar-carbon-coated copper grids (Electron Microscopy Sciences, Fort Wash-
ington, Mass.) were put on top of 5-ml drops of bacterial growth solutions that
had been placed on Parafilm paper. The grids were rinsed in PBS and blocked by
placing them on top of 5 ml of a solution of 0.7% fish-skin gelatin for 10 min,
washed again three times, and then placed on top of a 5-ml drop containing 1:50
dilutions of the antisera to PAC557 LPS or asialo-GM1 and incubated for 20 min
at room temperature. Preimmune rabbit sera served as controls. After the grids
were rinsed in PBS, gold-conjugated protein A (2-nm-diameter gold particles)
was added. After 30 min of incubation at room temperature followed by washing,
the preparations were visualized in the electron microscope (JEOL 1200EX).
Photographs were taken at magnifications of 310,000 to 325,000.

Biofilm formation assay. P. aeruginosa PAO1-V was grown in polyvinylchlo-
ride (PVC) microtiter dishes for biofilm formation, using a modification of a
previously described assay (34). The antibodies to asialo-GM1 were then tested
for their ability to inhibit biofilm formation. Bacteria were first grown overnight
in 5 ml of M9 medium at 37°C. PVC microtiter plates were filled with 50 ml of
a 1:50 dilution of this bacterial culture. The antibodies were added at 1:400 in an
equal volume of M9 broth. The plates were incubated for 10 h at 37°C without
shaking and then washed twice in distilled water before the addition of 125 ml of
1% crystal violet for 10 min at room temperature for staining the biofilm. The
plates were then rinsed with water, and 100 ml of 95% ethanol was pipetted in the
wells to release the crystal violet dye from the biofilm; the OD590 was measured.
Additional evaluations were with PAO1-V grown without antibodies, with nor-
mal rabbit serum, with anti-asialo-GM1 adsorbed with 2 mg of asialo-GM1/ml,
with anti-asialo-GM1 adsorbed with P. aeruginosa strain PAC557, or with anti-
asialo-GM1 adsorbed with E. coli DH5a.

Statistical analysis. Multigroup comparisons were made with ANOVA, and
post hoc, pairwise comparisons between the groups were made by using the
Fisher probable least-square differences (PLSD) method. Two-group compari-
sons were by unpaired t-tests. Simple regression was used in analysis of the
results from the ELISA inhibition assays.

RESULTS

Effect of adding gangliosides to MDCK cells on P. aerugi-
nosa binding. We initially examined the adherence of six
strains of P. aeruginosa to MDCK type 1 cells treated with one
of three gangliosides dissolved in DMSO—asialo-GM1, GM1,
or reduced GM1—or with DMSO only. Figure 1 confirms the
prior finding of Comolli et al. (7) that the addition of asialo-
GM1 to MDCK cells in DMSO increases the level of this
material on the cell surface, as documented by immunofluo-
rescence. Although, as noted below, the antisera to asialo-GM1

contains high levels of antibodies to both asialo-GM1 and
other antigens, the background level of fluorescence obtained
with the control cells indicates that these other antibodies do
not bind strongly to non-asialo-GM1 antigens in this system
(Fig. 1). The patchy nature of the immunofluorescence was
attributed to aggregation of the asialo-GM1 by the antibody
used for visualization. Comparable findings were obtained with
GM1 and reduced GM1 using antibody to GM1 (not shown).
We also confirmed the finding of Comolli et al. (7) that the
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addition of asialo-GM1 to MDCK cells significantly (P , 0.001,
ANOVA and Fisher PLSD) increased the binding of P. aerugi-
nosa strain PA103 to these cells (Fig. 2), but that addition of
either GM1 or reduced GM1 had little effect. With asialo-GM1,
we achieved a fourfold increase in binding of strain PA103 to
MDCK cells, which was not quite as high, but nevertheless in
the same range, as the eightfold increase reported by Comolli
et al. (7). However, when we examined the binding of six to
nine replicates of five additional P. aeruginosa strains to
MDCK cells treated with the different gangliosides, none
showed statistically significant changes in binding to any of the
gangliosides (Fig. 2), including strains 149 and 324 obtained
from two patients with CF early in the course of infection.
Strain PAO1-I, a chloramphenicol-resistant derivative of
PAO1 (grows in 50 mg of chloramphenicol/ml, whereas
PAO1-V and other PAO1 isolates we tested only grow at
chloramphenicol concentrations of #3 mg/ml) showed about a
50% increase in binding to asialo-GM1 (from 2.2% of the
inoculum adhering to 3.3%), but this difference did not reach
statistical significance. However, this difference in binding is
comparable to that reported by Prince and colleagues for ad-

herence of P. aeruginosa PAO1 to CF cells compared with
non-CF cells (24, 51) and may have been the strain of PAO1
used in these studies. Also, strain PAO1-I was even more
adherent (about twofold) to reduced GM1, a ganglioside that
was never examined in the other studies.

Further studies were conducted with six additional mini-
mally passaged clinical isolates of P. aeruginosa to determine if
binding to MDCK cells increased after the augmentation of
asialo-GM1 levels on the cell surface. The P. aeruginosa strains
were three isolates from human corneal infections and three
from the respiratory tract (one additional strain from a patient
with CF early in the course of infection, two strains from
patients with acute pneumonia; Fig. 3.) As with the other
studies, there was no increased binding of P. aeruginosa to
MDCK cells with elevated levels of asialo-GM1 compared to
the cells treated with DMSO alone. All P values for differences
by t tests were 0.2 to 0.9.

Titer and specificity of antibodies in antisera raised to
asialo-GM1. A commercially available antibody preparation
(Wako) raised to asialo-GM1 was examined by ELISA for the
titer of antibodies to the immunizing antigen, BSA (included in

FIG. 1. Demonstration by immunofluorescence and confocal microscopy of the presence of asialo-GM1 on the surface of MDCK cells growing
in Transwells. After the addition of asialo-GM1 in DMSO to the cells, followed by incubation, washing, and staining with antibody to asialo-GM1,
ganglioside was seen in cells treated with asialo-GM1 in DMSO but not in cells treated with DMSO only. Magnification, 3400.
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the immunizing mixture), and P. aeruginosa LPS antigens. Be-
cause antibodies to asialo-GM1 are often added to P. aerugi-
nosa adherence experiments to block bacterial binding to
asialo-GM1 and thus confirm the specificity of the interaction,
it is critical to know if the antisera contain antibodies to either
P. aeruginosa antigens or other antigens such as BSA that
might be present in the cell culture medium. As shown in Table
2, antibodies raised to asialo-GM1 had high titers to itself, to
BSA, to LPS from P. aeruginosa serogroup O6, and to the
complete-core LPS from strain PAC557. There were modest
titers of antibody to GM1 and reduced GM1. The relative
width of the 95% CI is also an indicator of the antibody affin-
ity—the narrower the relative width, the steeper the binding
curve and the higher the affinity of the antibody (41). The
relatively narrow CI for the binding of antibody to asialo-GM1

to itself, to BSA, and to the two P. aeruginosa LPS indicates the

presence of a population of mostly high-affinity antibodies in
the preparation.

Antisera raised to GM1 had modest titers of antibody to
itself, to asialo-GM1, and to reduced GM1 and had a high titer
with a narrow CI to BSA (Table 2). The modest (1.8-fold) but
significant (nonoverlapping 95% CI) decrease in titer of anti-
body to reduced GM1 indicates that the sialic acid residue on
GM1 contributed to binding for about half of the antibodies in
this antiserum. The serum raised to GM1 had an even higher
titer to the P. aeruginosa LPS antigens from serogroup O6 and
strain PAC557 than to itself, but the somewhat wider CIs
suggested that these were not all high-affinity antibodies. As
expected, antisera raised to the P. aeruginosa LPS core had a
high titer and narrow CI to itself and cross-reactive antibodies
to shared antigens in the serogroup O6 LPS but low antibody
titers to both BSA and asialo-GM1 and modest titers to GM1.

FIG. 2. Binding of strains of P. aeruginosa to MDCK cells treated with gangliosides (identified in the legend at the top of figure). Strains PA103,
PAO1-I, PAO1-V, and PAK are laboratory strains. Strains PA149 and PA324 are clinical isolates obtained early in the course of infection from
patients with CF. Only PA103 showed significantly increased binding to cells treated with asialo-GM1 by ANOVA and Fisher PLSD (P , 0.01).
Bars represent the means of six to nine replicates; error bars represent the standard deviations.
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The wide relative CI (.8-fold) for the titers to the gangliosides
is indicative of relatively low affinity, cross-reactive antibodies
in the serum. Normal rabbit sera had titers of ,100 to all of the
antigens except the complete-core LPS from P. aeruginosa
strain PAC557. Overall, the antibody titers indicate that some
component of the asialo-GM1 immunogen (which included
asialo-GM1 prepared from bovine brain, methylated BSA, and
complete Freund’s adjuvant) elicited high-affinity antibodies to
epitopes in P. aeruginosa LPS but that antigenic determinants
capable of eliciting antibody to asialo-GM1 were present at low
levels or were poorly immunogenic in the P. aeruginosa com-
plete-core LPS immunogen, eliciting only low-affinity antibod-
ies.

Further investigations into the reactivity of the antibodies
raised to asialo-GM1 showed extensive, high-titered binding to
P. aeruginosa pili from strain PAK, incomplete-core LPS iso-
lated from strain PAO1 algC::tet, and whole cells of P. aerugi-
nosa strains PAO1 algC::tet and PAC557 (Table 3). Anti-
asialo-GM1 bound strongly to pili, whereas antisera raised in
rabbits to P. aeruginosa LPS from strains PAC557 and PAO1
algC::tet were only slightly more reactive than normal rabbit
serum. Antibody to asialo-GM1 bound strongly to purified
incomplete core LPS from P. aeruginosa strain PAO1 algC::tet,
and higher titers were achieved with antisera to strain PAC557
LPS and homologous antibody to PAO1 algC::tet LPS. Anti-

bodies to asialo-GM1 had high levels of binding to whole bac-
teria of P. aeruginosa strains PAC557 and PAO1 algC::tet, with
essentially superimposable results, as evidenced by the nearly
identical titers and identical CIs. The narrow CIs for the cal-
culated titer of anti-asialo-GM1 antibody to the P. aeruginosa
antigens indicate that these are high-affinity antibodies. As
expected, antisera to purified LPS bound best to lyophilized
bacteria expressing the immunizing LPS antigen, with good
cross-reactivity between the antisera raised to the two different
LPS and the heterologous P. aeruginosa strain.

Adsorption studies confirmed that antisera raised to asialo-
GM1 contained a heterogeneous mixture of antibodies to both
the immunizing antigen and P. aeruginosa and that a significant
portion were not only high-affinity, but also cross-reactive, an-
tibodies. Twofold dilutions of anti-asialo-GM1 from 1:200 to
1:1,600 were adsorbed with the homologous immunogen or
with whole cells of P. aeruginosa strains PAC557 or PAO1
algC::tet and then tested by ELISA for residual binding to
asialo GM1 (Fig. 4). Although asialo-GM1 adsorbed out the
reactivity to itself best at all of the serum dilutions tested, both
P. aeruginosa strains also adsorbed out significant amounts of
antibody specific to asialo-GM1. Comparisons of the goodness
of fit (R2) values for the regression curves plotting the ratios of
the OD405 of the adsorbed to unadsorbed serum versus the
serum dilutions gave values of 0.84 for the asialo-GM1 inhib-

FIG. 3. Binding of six clinical isolates of P. aeruginosa to MDCK cells treated with the asialo-GM1 ganglioside. None of the strains showed a
significantly increased binding to cells treated with asialo-GM1 by (P 5 0.2 to 0.9, unpaired t tests). Bars represent the means of six to nine
replicates; error bars represent the standard deviations.

TABLE 2. Calculated antibody titers in antisera raised to asialo-GM1, GM1, or the P. aeruginosa complete-core LPS from strain PAC 557

Antigen

Titera (95% CI)
in antisera raised to:

Asialo-GM1 GM1 PA complete core LPS Normal rabbit serum

Asialo-GM1 91,833 (86,657–97,095) 2,113 (1,432–4,442) 719 (630–5,175) ,100
GM1 4,550 (4,029–7,592) 4,842 (4,029–5,123) 3,908 (1,070–14,328) ,100
Reduced GM1 853 (467–11,239) 2,685 (1,763–3,607) ,100 ,100
BSA 38,815 (35,793–41,957) 32,734 (30,535–35,108) 455 (148–1,389) ,100
PA serogroup O6 LPS 21,627 (17,037–26,546) 8,299 (3,822–18,030) 136,773 (126,067–148,593) ,100
PA complete-core LPS 17,140 (10,607–27,708) 16,218 (4,684–56,208) 106,414 (106,316–153,108) 454 (150–1,379)

a Titer and 95% CI values were calculated by linear regression. All titers are based on a significant dose-response effect, as determined by the F . t value of the
associated ANOVA calculation with P values of 0.009 to 0.0001.
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itor, 0.87 for P. aeruginosa strain PAC 557, and 0.77 for strain
PAO1 algC::tet. Thus, the P. aeruginosa strains were compara-
ble to asialo-GM1 in their ability to adsorb out specific anti-
bodies to this antigen in its homologous antiserum. Similarly,
when the same adsorbed sera were tested for binding to LPS
from strain PAC557 LPS, there was a significant reduction in
binding when the serum was absorbed with asialo-GM1 (R2 5
0.87). This analysis indicates the ability of asialo-GM1 antigen
to elicit antibodies with a high degree of cross-reactivity be-
tween itself and P. aeruginosa LPS, although there are clearly
non-cross-reactive antibodies specific to asialo-GM1 present as
well (see titers in antisera to asialo-GM1 given in Table 2).
Interestingly, there may be a better ability of asialo-GM1 to
elicit antibodies to P. aeruginosa LPS than there is for the LPS
to elicit antibodies to asialo-GM1, since there are no apprecia-
ble titers of antibody to asialo-GM1 (Tables 2 and 3) in anti-
sera raised to the LPS. Alternately, the methylated BSA and
components of complete Freund’s adjuvant present in the
asialo-GM1 immunizing mixture may be responsible for elicit-
ing antibodies to P. aeruginosa antigens. Electron microscopic
studies confirmed that antibodies raised to asialo-GM1 bound
to P. aeruginosa cell surface antigens (Fig. 5).

Effect of antibodies to asialo-GM1 on formation of P. aerugi-
nosa biofilms. Binding of antibody to P. aeruginosa antigens by
antibodies in the serum raised to asialo-GM1 suggested that
inhibition of binding of P. aeruginosa to eukaryotic cells by
such sera (9, 11, 24, 37, 39) might be confounded by a factor
such as the inhibition of bacterial cell-cell interactions rather
than to the inhibition of bacterial cell interactions with mam-
malian cells. Using the method of O’Toole and Kolter (34), we
evaluated this possibility by adding the antibody to asialo-GM1

to cultures of P. aeruginosa PAO1-V forming a biofilm and
measuring the results 10 h later. Antibody to asialo-GM1

readily reduced the formation of a P. aeruginosa biofilm, and
this effect was not abrogated by adsorption with either asialo-
GM1 antigen (P 5 0.2, Fisher PLSD) or E. coli (P 5 0.7, Fisher
PLSD; Fig. 6.) In contrast, adsorption of this antiserum with
the heterologous P. aeruginosa strain PAC557 eliminated the
biofilm-reducing capacity of antibody to asialo-GM1 (P ,
0.001, Fisher PLSD). This result indicates that the antisera
raised to asialo-GM1 in methylated BSA and complete
Freund’s adjuvant reduces P. aeruginosa cell-cell interac-
tions—a possible basis for the apparent inhibition of P. aerugi-
nosa binding to mammalian cells in the presence of these
antibodies.

DISCUSSION

Although numerous studies have implicated asialo-GM1 as a
cellular adhesin for P. aeruginosa (7, 10, 16, 20, 22, 24, 37, 39,
42, 44, 47, 52), involving flagella (13), pili (38, 42, 50), and
possibly LPS (16), almost all of these studies have been con-
ducted with laboratory strains PA103, PAO1, and PAK. Some
studies have also used two other laboratory strains, ATCC
19660 and PA1244, but the latter strain was observed to be
hyperpiliated (21), a phenotype that decreases the cellular
adherence of P. aeruginosa. Few, if any, studies have been
carried out with minimally passaged clinical isolates. Using the
recently described technique of Comolli et al. (7), we con-
firmed that asialo-GM1 can be added to the surface of MDCK
cells growing in Transwells and that this treatment significantly
enhanced binding of strain PA103 to the cells. However, no
such enhancement was obtained with any other strain, partic-
ularly fresh clinical isolates. While it is possible than endoge-
nous expression of asialo-GM1 residues on cells is different
from what we achieved by membrane incorporation, it is dif-
ficult to see how this difference would manifest itself in the
outcomes from simple adherence assays. Even if true, studies
testing P. aeruginosa binding to endogenous asialo-GM1 on
cells have, for the most part, not used clinical isolates. We
therefore conclude that asialo-GM1 serves as an epithelial cell
receptor principally for some laboratory passed strains of P.
aeruginosa but not for clinical isolates.

Several studies have identified asialo-GM1 and, to a lesser
extent, GM1 as receptors for P. aeruginosa pili (12, 19, 32, 38,
39, 44, 49), and Comolli et al. (7), whose system we used in the
present study, previously found that P. aeruginosa adherence,
cytotoxicity, and invasion of MDCK cells treated with asialo-
GM1 were dependent on expression of type IV pili. However,
the recent reporting of the crystal structure of the pilin of
strain PAK (19), which is highly homologous to that of strain
PAO1 (31, 44), and other P. aeruginosa strains (5), including
PA103 (26), reveals that the previously identified disulfide-
folded C-terminal tip of the pilin that binds to the GalNAc-Gal
disaccharide in asialo-GM1 is either not surface exposed at all
or not surface exposed as a multivalent polymer needed for
high-affinity binding to the GalNac-Gal residues. While these
authors are careful to point out that there are potential con-
formational or other changes that could occur in the pilin
subunit to bring multivalent GalNac-Gal binding sites to the
surface, Hazes et al. state that “given the current data, we
cannot conceive of a pilus model that would provide a multi-

TABLE 3. Calculated antibody titers to P. aeruginosa pili, incomplete core LPS, and whole bacterial cells in antisera raised to asialo-GM1,
the P. aeruginosa complete-core LPS from strain PAC 557, or the incomplete core from P. aeruginosa PAO1 algC::tet

Antigen

Titera (95% CI)
in antisera raised to:

Asialo-GM1 PA complete-core LPS PA incomplete-core LPS Normal rabbit serum

P. aeruginosa pili 10,116 (6,051–18,923) 692 (391–1,225) 521 (20–1,361) ,200
Incomplete-core LPS 26,363 (22,646–30,690) 97,949 (93,541–102,329) 117,490 (109,144–126,474) ,200
PAC 557 whole cells 19,320 (15,776–23,659) 5,834,451 (4,174,457–8,143,292) 36,644 (33,497–40,087) ,200
PAO1 algC::tet whole cells 19,275 (15,776–23,659) 26,915 (22,699–31,989) 66,096 (60,674–71,779) ,200

a Titer and 95% CI values were calculated by linear regression. All titers were based on a significant dose-response effect, as determined by the F . t value of the
associated ANOVA calculation with P values of 0.03 to 0.0001.
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valent membrane-proximal binding surface” (19) to interact
with GalNAc-Gal residues.

Others also have found pili to be important in the overall
adherence of P. aeruginosa to mammalian cells (6, 17, 27, 46),
and our results do not contradict this finding, except in the
context of the pilus–asialo-GM1 interaction, which does not
appear to be a primary mediator of adherence of clinical iso-
lates of P. aeruginosa to epithelial cells. Two reports of the

potential protective efficacy of antibodies to P. aeruginosa pili
in murine models of infection have indicated that antibodies
directed to epitopes that interrupt bacterial adherence in vitro
are also protective (4, 43). However, there are no indications
that these antibodies work by interrupting bacterial adherence
in vivo. An analogous receptor-ligand interaction found in
Staphylococcus aureus, that of fibronectin-binding protein and
fibronectin, has also shown protective efficacy against S. aureus
infection in mice (40), but these antibodies were shown to
function as opsonins for phagocytosis. Thus, protection by an-
tibody to P. aeruginosa pili does not necessarily indicate that
the antibodies function by interrupting bacterial cell-epithelial
cell interactions. Also, we found that antibodies to LPS, but
not to pili, prevent colonization by P. aeruginosa of the murine
gastrointestinal tract following antibiotic treatment to deplete
resident aerobic microbes (35).

A prominent hypothesis to explain the hypersusceptibility of
CF patients to infection has proposed that asialo-GM1 recep-
tors are increased on the surface of respiratory epithelial cells
of CF patients, allowing for increased binding of P. aeruginosa
to these cells (2, 24, 37, 39). The studies reporting increased
binding of P. aeruginosa to CF cells have not evaluated clinical
isolates of P. aeruginosa obtained from patients with CF early
in the course of infection. Almost all of the studies have been

FIG. 4. Inhibition of binding of rabbit antibodies raised to asialo-
GM1 to asialo-GM1 antigen or P. aeruginosa complete-core LPS from
strain PAC557. The antigen (whole bacteria or purified asialo-GM1)
used to adsorb antibody preparation is indicated in the legend to the
figure. The bars represent the means; the error bars are the standard
errors. Regardless of the target antigen, all adsorbing antigens reduced
the antibody binding significantly (P , 0.001, ANOVA and Fisher
PLSD). The binding of unabsorbed normal rabbit serum is shown for
comparison.

FIG. 5. Demonstration by immunoelectron microscopy of binding
of antibodies in antisera raised to asialo-GM1 plus adjuvants to P.
aeruginosa strain PAO1-I.

726 SCHROEDER ET AL. INFECT. IMMUN.



carried out with strain PAO1, and we found one variant of this
strain, PAO1-I, that showed about a 50% increase in binding to
MDCK cells treated with asialo-GM1, an increase in the range
reported by Prince and co-workers in their studies, (2, 24, 39).
Thus, the lack of statistical significance to our results could
reasonably be attributed to greater variation in our outcomes
compared with those of other investigators. However, we also
showed that reduced GM1, lacking the carboxylic acid moiety
of the sialic acid, promoted even greater adherence of PAO1-I
to MDCK cells, thus causing us to question the specificity of
this interaction for asialo-GM1. de Bentzmann et al. (10) have
reported that expression of asialo-GM1 on intact CF respira-
tory epithelium is not increased compared with that on non-CF
tissues but that expression of asialo-GM1 is increased on in-
jured, regenerating CF epithelium compared with that on
non-CF epithelium. They proposed that damage to respiratory
tissues in CF sets the stage for P. aeruginosa colonization, but
there are no data to support this idea. In addition, they carried
out these studies using only strain PAO1 to document the role
of asialo-GM1 receptors in the binding of P. aeruginosa to
respiratory epithelium. Of additional interest is the finding by
this same group that a clinical isolate of P. aeruginosa uses
integrins and fibronectin to adhere to the dedifferentiated ep-
ithelial cells undergoing migration for repair after injury and
during epithelial surface regeneration (36).

Our results clearly show the need to evaluate clinical isolates
of P. aeruginosa in experiments designed to determine a role
for adhesins in pathogenesis. Prior to this report, there were
two major reasons to question the role of asialo-GM1 receptors
on CF cells as a contributor to increased binding and suscep-
tibility of patients with CF to infection. One was the rather

modest differences in binding of P. aeruginosa to CF and
non-CF cells that occurred only when the ratio of bacteria to
mammalian cells was very high. For example, Bryan et al. (2)
reported no difference in the binding of 106 CFU of P. aerugi-
nosa to a wild-type respiratory cell line and one with a “CF
phenotype” caused by overproduction of the regulatory do-
main of CFTR. Significant differences were noted only at in-
ocula of 107 or 108 CFU, and only two- to threefold more CF
epithelial cells than wild-type cells bound P. aeruginosa. Similar
small differences of two- to threefold-increased binding of P.
aeruginosa PAO1 to CF compared with non-CF cells were
found when using determinations of the number of bound P.
aeruginosa per cell; again, this was evident only with a high
inoculum (107 CFU) (24). Also, a difference in binding of P.
aeruginosa PAO1 to cultured nasal epithelial cells for CF pa-
tients homozygous for the DF508 CFTR allele was barely two-
fold greater than binding to cells from heterozygous carriers or
normal subjects, and an inoculum of 5 3 108 CFU/ml was
necessary for this difference to be observed. It seems highly
unlikely that humans are ever naturally exposed to the doses of
P. aeruginosa required to demonstrate differences in binding
between CF and non-CF cells, meaning that at lower, more
realistic, inocula, the binding of P. aeruginosa to CF and
non-CF epithelial cells would be comparable, thus eliminating
any colonization advantage for the bacterium in the CF lung
due to increased levels of asialo-GM1. A second major concern
is that Zar et al. (51) clearly showed no difference in the
binding of P. aeruginosa PAO1 to cultured epithelial cells from
CF patients who were not homozygous for the DF508 CFTR
allele but had other mutations. Nonetheless, P. aeruginosa dis-
ease in these CF patients was comparable to that in CF pa-
tients homozygous for this allele (51). It is difficult to accept a
role of increased binding of P. aeruginosa to asialo-GM1: in the
pathogenesis of CF lung disease if this difference is manifest in
only one subset of CF patients: the 49% who are homozygous
for theDF508 CFTR allele.

The other major experimental protocol used to document a
role for binding of P. aeruginosa to asialo-GM1 involves the
inhibition of binding to target cells with antibodies to asialo-
GM1. These antibodies are available from commercial suppli-
ers but were never reported to have been tested for specificity
or titer. We found that antibodies from Wako Pure Chemicals,
used in numerous other studies (2, 10, 24, 39), had high levels
of antibody to multiple P. aeruginosa antigens and to BSA.
None of the previous studies (7, 10, 16, 20, 22, 24, 37, 39, 42, 44,
47, 52) that used antibodies to asialo-GM1 to confirm the
involvement of this receptor in P. aeruginosa binding con-
ducted specificity studies whereby the antisera were adsorbed
or inhibited with purified asialo-GM1, and none measured
antibodies to P. aeruginosa antigens in the antiserum to asialo-
GM1. It is abundantly clear how the antisera raised to multiple
doses of asialo-GM1 purified from bovine brain emulsified in
complete Freund’s adjuvant and methylated BSA could con-
tain high titers of antibodies cross-reactive to bacterial antigens
or to BSA or other bovine antigens present in FCS and ad-
sorbed onto bacterial surfaces. In both cases, the antibodies to
P. aeruginosa antigens or to bovine antigens in the antisera
could easily agglutinate the P. aeruginosa organisms, and if the
agglutinated organisms are not fully dispersed prior to diluting

FIG. 6. Effect of antibodies in sera raised to asialo-GM1 plus ad-
juvants on formation of a biofilm by P. aeruginosa PAO1-V. The
addition of antibody to asialo-GM1 significantly (P 5 0.003, ANOVA
and Fisher PLSD) reduced the formation of the biofilm compared with
the formation in the absence of antibody or in the presence of normal
serum. Adsorption of antibody with either asialo-GM1 antigen or E.
coli DH5a, but not adsorption with P. aeruginosa strain PAC557,
abrogated the inhibition of biofilm formation (P , 0.001, Fisher PLSD
compared to unabsorbed serum). Bars represent the means; error bars
are the standard errors.
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and plating them for enumeration, there will be an apparent
reduction in bacterial binding to cells.

Another possible way in which antisera raised to asialo-GM1

and containing high titers of antibody to P. aeruginosa could
function to give an apparent reduction in P. aeruginosa adher-
ence in epithelial cell binding assays is to interrupt bacterial
cell-cell interactions. We thus used a biofilm assay to measure
the effects of antibodies in sera raised to asialo-GM1 on cell-
cell interactions. We showed that antibody to asialo-GM1 in-
hibited biofilm formation by P. aeruginosa and that the inhib-
itory antibodies were not neutralized when free asialo-GM1

was added to the serum but were removed by adsorption of the
antiserum with P. aeruginosa cells.

Some assays showing inhibition of P. aeruginosa binding to
epithelial cell surface asialo-GM1 add the antibodies to the
cells to block the receptor that are then washed away prior to
the addition of bacteria. In spite of this methodologic ap-
proach, it is possible that antibodies in asialo-GM1 antisera to
other antigens could perturb the bacterial-mammalian cell in-
teraction in ways other then by blocking P. aeruginosa access to
asialo-GM1, e.g., by binding to a different receptor on the
epithelial cell surface. Interestingly, we did not observe any
binding of antibodies to the surface of MDCK cells by immu-
nofluorescence in sera raised to asialo-GM1. However, immu-
nofluorescence may not be a sensitive enough technique to
detect antibodies to mammalian epithelial cell antigens or low
levels of BSA bound to the cell surfaces. Along these lines,
recent reports indicating that antibodies to asialo-GM1 could
mimic the epithelial responses achieved when P. aeruginosa is
added to the cells also lacked any specificity controls (11), and
the possibility that the antisera reacted with cellular antigens
or with BSA bound to the cultured cells was not adequately
excluded. Thus, the contention that differences in P. aeruginosa
binding and activation of CF cell compared to non-CF cells (2,
24, 37, 39) involve asialo-GM1 are not supported by studies
that show that the differences were due to antibodies specific to
asialo-GM1. Clearly, the antiserum raised to asialo-GM1 by
commercial vendors needs to be checked for antigenic speci-
ficity in any assay in which it is used.

Overall, our results indicate that asialo-GM1 is a receptor
for one laboratory strain of P. aeruginosa but not for fresh
clinical isolates. We confirmed that the method of Comolli et
al. (7) for adding asialo-GM1 to the surface of MDCK cells was
effective, as well as their report that this treatment increased
the binding of strain PA103 to these cells. The addition of the
asialo-GM1 to the cell surface should readily increase binding
of other P. aeruginosa strains to the cell, yet this was not found.
Furthermore, we documented the presence of high titers of
antibody to P. aeruginosa and BSA in commercially obtained
antisera to asialo-GM1, showing the requirement for specificity
studies when using these reagents. Few, if any, other studies
evaluating P. aeruginosa adherence to epithelial cells and
asialo-GM1 used strains other than laboratory ones. The need
to be sure that any experimental results obtained with labora-
tory strains can also be obtained with fresh clinical isolates is
clear. In the absence of bacterial adherence studies using fresh
clinical isolates of P. aeruginosa and well-characterized anti-
bodies, conclusions regarding a role for asialo-GM1 as a re-
ceptor for P. aeruginosa binding cannot be supported.
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