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The polysaccharide moiety was isolated by mild acid hydrolysis from the slime
glycolipoprotein of Pseudomonas aeruginosa strain BL. After gel filtration, the
polysaccharide obtained from the carbohydrate peak fractions was found to be
lipid- and protein-free. Analyses indicated that the polysaccharide contained the
carbohydrate components of the parent glycolipoprotein. Molecular size of the
polysaccharide was estimated by gel filtration as 70,000 to 100,000. The polysac-
charide showed no indications of toxicity in mice at doses far in excess of the
lethal dose for the parent glycolipoprotein, nor did the mice develop the leuko-
penia that characteristically follows intraperitoneal injection of glycolipoprotein.
The polysaccharide acted as an inhibitor of indirect hemagglutination of glycoli-
poprotein-coated erythrocytes in the presence of anti-glycolipoprotein serum;
however, it was not antigenic itself in rabbits. Coupled with methylated bovine
serum albumin, the polysaccharide continued to lack the leukopenic and toxic
properties of the parent glycolipoprotein, but the coupled polysaccharide was
capable of stimulating indirect hemagglutinating antibody against both the
polysaccharide and the glycolipoprotein coating erythrocytes. Moreoever, the
antibody to the coupled polysaccharide protected mice against challenge with
lethal doses of viable P. aeruginosa with the same effectiveness as anti-glycoli-

poprotein serum.

Two decades ago, Pseudomonas aeruginosa
was commonly regarded as a saprophyte of little
clinical significance (14). Since then the organ-
ism has entered the ranks of formidable patho-
gens, at least in the context of certain patient
conditions. The most common of these are se-
vere burns, cancer, and cystic fibrosis (12). In
addition, Pseudomonas infections develop oc-
casionally in a wide range of other conditions
with consequences of varying degrees of serious-
ness (12). Infection is complicated by the fact
that, in many cases, available treatment is un-
reliable and often ineffectual (13).

The effects of P. aeruginosa itself on host
defense remain obscure, and this deficiency in
our knowledge effectively impedes progress in
the development of an adequate therapy. Suc-
cessful attempts have been made with other
pathogenic organisms to characterize chemically
the structural components that express immu-
nogenic activity, for example, the group-specific
carbohydrates of hemolytic streptococci (9) and
the capsular polysaccharides of Pneumococcus
(27). Furthermore, the mechanisms of bacterial
interference with host defenses have been iden-
tified for many species (30). Similar attempts
with P. aeruginosa remain on a primitive level.

However, the studies on the glycolipoprotein
(GLP) isolated from the extracellular slime of P.
aeruginosa represent a modest step in clarifying
the interaction of the surface of the infecting
organism with the host (2, 10, 11, 20, 28, 29). The
GLP has a demonstrated protective efficacy in
passive and active immunization (2), and the
antigenic specificity of the complex appears to
be located in the carbohydrate moiety (29). Fur-
thermore, GLP has a deleterious effect on the
host defenses, and this effect has been attributed
to an interaction with the circulating polymor-
phonuclear leukocytes that effectively removes
the neutrophil from participation in the first line
of host defense (20).

The present study attempts a further clarifi-
cation of aspects of the influence of the invading
P. aeruginosa on the host response and of the
degree to which the GLP is responsible for the
course of events. A polysaccharide fraction was
isolated from the GLP by mild acid hydrolysis
and characterized. When used as a primary im-
munogen, the polysaccharide failed to elicit a
detectable humoral response; however, as a con-
jugate of methylated bovine serum albumin
(MBSA), the polysaccharide fraction acted to
stimulate the production of protective anti-
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bodies. The possible significance of these results
as an explanation of irregularities in the host
response to infection by P. aeruginosa is dis-
cussed.

MATERIALS AND METHODS

Organism. The bacterium used in this study, P.
aeruginosa strain Bl, was originally isolated from a
clinical specimen and has been previously described
3.

GLP. As previously described (2, 28), the GLP of
the extracellular slime layer of strain BI was extracted
from 18-h cultures, precipitated with ethanol, and
dialyzed against distilled water. The dialyzed material
was centrifuged at 105,000 X g for 3 h, and the super-
natant fluid, which contained the GLP fraction, was
lyophilized. Purity and homogeneity were demon-
strated by chromatography, sedimentation pattern,
and immunodiffusion (28).

GLP polysaccharide. The GLP polysaccharide
was obtained after subjecting GLP to mild acid hy-
drolysis (22). The method consisted of boiling purified
GLP (1%, wt/vol) in 1% acetic acid for 90 min. After
centrifugation at 27,000 X g for 20 min, the superna-
tant fluid was removed and the aqueous phase was
then dialyzed extensively against distilled water and
lyophilized. Total recovery of material from the GLP
was approximately 90%. Forty-five milligrams of the
lyophilized aqueous-phase material in 3 ml of 0.056 M
phosphate-buffered saline (PBS), pH 7.4, was applied
to a Sephadex G-100 column, and fractions were col-
lected at the rate of 8 drops/min and monitored for
carbohydrate and protein content. Fractions contain-
ing the peaks were pooled, dialyzed against distilled
water, and lyophilized. The major carbohydrate peak,
peak I, was designated GLP polysaccharide. For some
experiments, the GLP polysaccharide was coupled to
MBSA. MBSA was prepared by the method of Sueoka
and Cheng (32). After methylation, the washed meth-
anol precipitates were dissolved in water, neutralized,
dialyzed against distilled water, and lyophilized. The
dried product was stored in vacuo over KOH. Coupling
was accomplished by mixing the protein carrier to the
GLP polysaccharide in a ratio of 3:1 (wt/wt) according
to the method of Kozel and Cazin (17).

Molecular weight. The molecular weight of the
GLP polysaccharide was estimated by gel filtration as
described by Andrews (1). Dextran standards (Phar-
macia Fine Chemicals, Uppsala, Sweden) were applied
to Sephadex G-200 in a column (2.5 by 91 cm). The
samples were washed with a 0.5 M phosphate buffer,
pH 7.4, at a flow rate of 8 drops/min at 4°C and
monitored by the anthrone reaction.

Chemical analyses. Chemical determinations
were made on at least three independently prepared
lots of GLP and GLP polysaccharide; average values
are presented. Hexoses were determined by the an-
throne method with glucose standards (31), protein
was determined by the method of Lowry et al. with
bovine serum albumin standards (10), total amino
sugars were determined by the method of Belcher et
al. (5), lipid was determined by the method of Itaya
and Ui with palmitic acid standards (16), N-acetyl was
determined according to the procedure of Belcher and
Godbert (4), and uronic acid was determined by the
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method of Bitter and Muir with glucuronolactone
standards (6).

Animals. White male rabbits weighing 3 to 4 kg
were housed individually. White male Swiss mice
weighing 18 to 20 g were housed 5 to 10 per cage. All
animals were supplied with water and Purina chow ad
libitum.

Animal challenge. Bacterial cells were prepared
for challenge as described previously (11). Briefly, 18-
h cultures were washed from Trypticase soy agar
(BBL Microbiology Systems, Cockeysville, Md.)
slants, sedimented, washed once, and suspended fi-
nally in 0.01 M PBS (pH 7.2) at a turbidity equivalent
to 10" to 5 x 10" viable cells per ml. Colony counts
on Trypticase soy agar were made on each suspension
to determine the numbers of viable bacteria. Groups
of 10 mice were injected intraperitoneally with 0.5 ml
of each of three twofold dilutions of bacteria or other
material being administered. Mice were observed daily
for up to 5 days. In passive immunization experiments,
mice received 0.5 ml of antiserum intraperitoneally 2
h before bacterial challenge. The protective capacity
of a serum is expressed as the percentage of survival
4 to 5 days after bacterial challenge. All experiments
were repeated three times, and results are presented
as arithmetic means.

Leukocyte counts. Leukocyte counts of mouse
peripheral blood were established by standard tech-
niques of dilution with 0.1 N HCI followed by enumer-
ation of the total leukocyte count in a Neubauer
hemacytometer (18). The results are presented as
average leukocyte counts for groups of six mice.

Antisera. For the production of antisera, two im-
munization schedules were used. In schedule 1, which
was used routinely for the production of antisera, on
day O the rabbits received subcutaneous injections in
four separate sites for a total of 2 mg of the appropriate
preparation in an equal volume of 0.1 M PBS, pH 7.4,
and Freund incomplete adjuvant. Groups of three
rabbits were bled before immunization and 18 to 20
days afterwards. In schedule 2, the rabbits were given
an initial intramuscular injection of 1.0 mg of the GLP
polysaccharide in Freund incomplete adjuvant; addi-
tional intravenous injections of 1 mg of material in 1
ml of saline were given on days 7, 10, 13, 20, 23, and
26. Serum was collected 7 days after the last injection.
Pooled sera were stored in 1-ml portions at —20°C.

Indirect hemagglutination. Hemagglutination
activity of the sera was determined indirectly as de-
scribed previously (11). Formalinized sheep erythro-
cytes (SRBC; Difco Laboratories, Detroit, Mich.) were
sensitized by incubating a 5% suspension of cells in
PBS with an equal volume of GLP (200 ug/ml) or GLP
polysaccharide (1 mg/ml) at room temperature for 30
min. The sensitized cells were then washed three times
in PBS and resuspended to a concentration of 5% in
PBS. Sensitized cells (0.05 ml) were added to 0.5-ml
serial dilutions of antiserum, mixed well, allowed to
settle at room temperature for 2 h, and read. The titer
was expressed as the reciprocal of the highest serum
dilution resulting in a positive hemagglutination pat-
tern.

Indirect hemagglutination inhibition (HAI).
The preparation to be tested for inhibitory activity
was added (10 ug in 0.1 ml of PBS) to 0.5-ml serial
dilutions of antiserum. After incubation at room tem-
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perature for 60 min, 0.05 ml of the sensitized SRBC
was added to each tube, and the hemagglutination
titer was determined after a 2-h incubation period at
room temperature.

RESULTS

Isolation of the GLP polysaccharide.
After mild acid hydrolysis of the GLP, a lipid-
free, aqueous phase was collected, and the elu-
tion characteristics of this phase were studied
on Sephadex G-100 (Fig. 1). A major (I) and a
minor (II) peak were detectable. The major peak
consisted entirely of carbohydrate, whereas the
minor peak contained carbohydrate and all of
the small amount of protein (0.7%, dry wt/wt)
that remained in the aqueous phase. Calibration
of the column by means of known substances
allowed for an estimation of the molecular
weight of the material in the two peaks. Accord-
ingly, the molecular weight of peak I was esti-
mated at from 70,000 to 100,000, and that of
peak II was estimated as less than 15,000.

Because of the absence of lipid or protein from
peak I, it offered the interesting possibility of
studying the biological activity of the carbohy-
drate moiety of the GLP in isolation. A more
precise analysis of the chemical components
(Table 1) showed that peak I retained all the
carbohydrate components of the parent mole-
cule, indicating that it was indeed representative
of the polysaccharide of the GLP. Thus, hexoses
and hexosamines constituted the major carbo-
hydrate components of the GLP polysaccharide,
as they do of the parent GLP (2). An earlier
study has shown that the hexoses are rhamnose,
mannose, glucose, and galactose, and that the
hexosamines are glucosamine and galactosamine

(2).
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Lethality and leukopenia. The injection of
GLP intraperitoneally at appropriate concentra-
tions produced lethal effects in mice (Fig. 2), as
reported previously (28). The 50% lethal dose of
the GLP of strain BI was approximately 30 ug
per g of body weight, and this value agrees well
with previously reported values. In contrast, the
GLP polysaccharide showed no lethal effects
throughout the range of values tested. The 50%
lethal dose of the GLP expressed in terms of its
total carbohydrate content (32%) was approxi-
mately 10 ug per g of body weight. Therefore,
based on the total carbohydrate of the GLP
polysaccharide (68%), a challenge dose of GLP
polysaccharide equivalent to 10 50% lethal doses
of GLP showed no lethality. Furthermore, the
appearance of the mice injected with the highest
dose of the GLP polysaccharide was indistin-
guishable from that of the control mice injected

TABLE 1. General chemical analyses of the
extracellular slime fractions of P. aeruginosa strain

BI
Extracellular slime fraction
(% dry wt)
Component
Peak I
GLP (GLP polysaccharide)
Hexose 12 31
Hexosamine 20 37
Uronic acid 4 4
Protein 18 0
Lipid
Colorimetric 22 0
Precipitate® 30
N-acetyl 13 24

“ Precipitate was collected after mild acid hydrolysis
of GLP.

Ll
4 6 8
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FIG: 1. Fractiona{ion of the GLP of P. aeruginosa strain BI on Sephadex G-100 after mild acid hydrolysis.
Fractions were monitored for carbohydrate (®) and for protein (O). Fractions indicated by the horizontal

bars were pooled.
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F16. 2. Lethality of extracellular slime fractions
of P. aeruginosa strain BI. Groups of mice were
challenged intraperitoneally at the indicated con-
centrations of GLP (@—®), GLP polysaccharide
(@- - -®), and GLP polysaccharide coupled with
MBSA (O).

160

with PBS alone; that is, the mice showed none
of the clinical manifestations, such as ocular
discharge, ruffled pelt, lethargy, diarrhea, and
spastic movement, that many surviving mice
showed after injection with sublethal doses of
GLP.

Peripheral leukopenia has been well docu-
mented as a concomitant of injection of a lethal
dose of GLP (28, 29). As expected from the
results of the lethality studies, the intraperito-
neal injection of up to 50 ug of the GLP polysac-
charide per g of body weight did not result in
leukopenia (Fig. 3), whereas the same dose of
GLP produced the characteristic decline. In ex-
periments not shown, concentrations of the GLP
polysaccharide as high as 160 ug/g did not pro-
duce leukopenia.

Immunogenicity. GLP stimulates the pro-
duction of hemagglutinating antibody, and the
carbohydrate moiety of the GLP has been sug-
gested as the active antigenic site (29). This
hypothesis was supported by the finding that
the GLP polysaccharide could act as an inhibitor
of the interaction anti-GLP serum with the GLP
antigen (Table 2). In these experiments, the
presence of the isolated GLP polysaccaride was
as effective in blocking the interaction of specific
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Flf;. 3. Leykopenia in the peripheral circulation
of.mwe after intraperitoneal injection of extracellular
slime fractions (50 pg per g of mouse) of P. aeruginosa
strain BI.

TABLE 2. Antigenic relatedness of the extracellular
slime fractions of P. aeruginosa strain BI, as
determined by indirect hemagglutination

Indirect hemag-
Inhibitor glutination HAI index’
titer®
None (PBS) 320 1
GLP 320 160
GLP polysaccharide 320 160

® Reciprocal of the indirect hemagglutination titer
without inhibitor.

® The index was calculated by dividing the recipro-
cal of the indirect hemagglutination titer by the recip-
rocal of the indirect HAI titer. Both titers were deter-
mined as described in the text.

anti-GLP serum with GLP as the intact GLP.
Peak II showed considerably less inhibitory ca-
pacity than the GLP polysaccharide (data not
shown); consequently, this peak was not further
studied. However, in spite of its inhibitory ca-
pacity, the GLP polysaccharide, when used as
an antigen in the routine immunization schedule,
failed to elicit detectable hemagglutinating an-
tibody, as tested against sensitized SRBC coated
with either GLP or the GLP polysaccharide
(Table 3). When a more extensive immunization
schedule was followed, the same negative results
were produced. Conversely, anti-GLP serum ag-
glutinated SRBC to the same degree whether
they were coated with GLP or with GLP poly-
saccharide.

In a further attempt to investigate its anti-
genic capacity, the GLP polysaccharide was cou-
pled with MBSA. The coupled GLP polysaccha-
ride continued to lack the leukopenic, lethal, and
toxic properties associated with the parent GLP;
ie., no evidence of these properties was mani-
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TaABLE 3. Immunogenicity of the extracellular slime
fractions of P. aeruginosa strain BI
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TABLE 4. Passive protection of mice challenged
with viable cells of P. aeruginosa strain BI

Hemagglutination titer . . . Survivors
Immuni-  (SRBC coating) Antiserum raised to®: %)
Antiserum raised to: zation
a GLP ... ... 80
schedule GLP Sa&fhggilg; GLP polysaccharide .. ... .. ... .. ... .. ... .. 0
GLP polysaccharide coupled with MBSA® . . .. 80
GLP 1 320 320 Normal rabbitserum . ... ... ... ... ... . .. 0
GLP polysaccharide 1 0 0 P " - N .
GLP polysaccharide 2 0 0 Mice received 0.5 ml of antiserum intraperitoneally 2 h
GLP polysaccharide 1 80 80 before challenge. Experimental details are described in the
coupled with text. ,
MBSA® Coupling of the GLP polysaccharide is described in the

¢ Immunization schedule 1 was a routine procedure con-
sisting of a one-time subcutaneous injection on day 0 and
bleeding 18 to 20 days later; schedule 2 consisted of an intra-
muscular injection followed by a series of intravenous injec-
tions over a period of 26 days. Details are described in the
text.

® Coupling of the GLP polysaccharide is described in the
text.

fested in mice. However, the MBSA-coupled
polysaccharide did stimulate the production of
rabbit antiserum capable of agglutinating SRBC
coated with either GLP or the GLP polysaccha-
ride (Table 3).

Antiserum raised to the MBSA-coupled GLP
polysaccharide was then used in mouse protec-
tion tests, using viable bacteria as a challenge.
The results (Table 4) showed that MBSA-cou-
pled GLP polysaccharide was capable of stimu-
lating protective antibody, whereas the GLP
polysaccharide alone failed to do so. Moreover,
antiserum to MBSA-coupled GLP polysaccha-
ride conferred levels of protection equivalent to
those of antiserum to the parent GLP.

DISCUSSION

In the present work, a polysaccharide com-
posed largely of hexoses and acetylated hexosa-
mines was isolated from the GLP of P. aerugi-
nosa strain Bl by means of dilute acetic acid
hydrolysis. This treatment cleaves ketosidic and,
to a degree, pyrophosphate linkages (21). We
have previously reported (8, 29) the presence of
low amounts of a 2-keto-3-deoxy sugar acid in
GLP, as indicated by its positive reaction with
thiobarbituric acid. It is highly likely that the
reactive material represents the ketosidic link-
age cleaved by this treatment, possibly a linkage
between the lipid and the carbohydrate moieties.
In addition, the appearance of two peaks indi-
cates that pyrophosphate bonds may also have
been cleaved.

Earlier studies from this laboratory have sug-
gested that the carbohydrate moiety is the basis
of GLP antigenic specificity (29). Although the
GLP polysaccharide was of relatively high mo-
lecular weight, it was incapable of inducing an
antibody response in rabbits. However, coupled

text.

to a bovine serum albumin carrier, the GLP
polysaccharide elicited the production of anti-
body in rabbits. When passively transferred to
mice, this antibody protected them against a
lethal challenge by viable cells of the homolo-
gous strain. Furthermore, preliminary results
(not presented) indicate that the coupled GLP
polysaccharide may be capable of functioning as
an active protective antigen.

Pier et al. (24, 25) have isolated a similar high-
molecular-weight polysaccharide (which they
called PS) from the slime of P. aeruginosa.
However, GLP polysaccharide differed from it
in at least one significant respect: GLP polysac-
charide required a protein carrier before its an-
tigenicity could be expressed, whereas PS alone
was antigenic. Differing methods of extraction
may have exerted a significant influence on the
final products obtained. GLP is produced from
slime that is gently separated from the viable
cell after only 18 h of growth, when very little
disruption of the cell wall has occurred. Conse-
quently, contamination of the slime with lipo-
polysaccharide (LPS) would be very slight. In
fact, GLP has been differentiated from LPS on
the basis of electrophoresis, immunodiffusion,
ultracentrifugation, and protective antibody
(28). By contrast, the PS isolated by Pier and
his co-workers is derived from old cultures (48
to 72 h) and is processed without attempting to
avoid further cellular disruption. Consequently,
their PS is extracted from a mixture of slime,
LPS, and intracellular products. Although they
present evidence indicating that PS is derived
from LPS, the possibility exists that the LPS
preparation may be in fact contaminated with
slime. Supporting this view is the fact that PS
disaggregates spontaneously from LPS, indicat-
ing a loose association. Moreover, as they ob-
serve, the chemical differences between PS and
LPS suggest a different origin for the two mol-
ecules. Thus, GLP polysaccharide and PS may
represent two forms of a polysaccharide derived
in common from slime, differing sufficiently in
configuration to affect their behavior as anti-
gens.
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The relationship between GLP and LPS has
been studied in detail in this laboratory (28).
First, the homogeneity of GLP has been dem-
onstrated by several methods: GLP elutes as a
single peak from diethylaminoethyl in a contin-
uous KCl gradient of increasing molarity; after
ultracentrifugation, GLP produces a single peak,
as visualized by Schlieren optics; purified GLP
produces a single precipitin band against anti-
serum raised to crude preparations of slime. In
addition, we found that GLP is clearly distin-
guishable from LPS in terms of activity: when
GLP and LPS are run together in double diffu-
sion against anti-GLP serum, a band is produced
by GLP but not by LPS; the protection con-
ferred by anti-GLP serum against challenge with
viable cells is removed by adsorption with GLP
but not with LPS. Major chemical differences
between GLP and LPS have also been reported
(8), notably in sugar composition.

The GLP polysaccharide in uncoupled form
was capable of inhibiting the indirect hemagglu-
tination capacity of the anti-GLP serum. This
interaction of GLP polysaccharide with specific
antibody may have important implications for
the explanation of several clinical phenomena
related to host response to P. aeruginosa infec-
tion. A high level of antibody has been identified
as the most common detectable host response
leading to recovery of patients suffering from P.
aeruginosa infection (34). Conversely, weak or
no antibody response on the part of patients
usually accompanies a fatal outcome (33). Weak
antibody response, of course, can occur as a
result of a defect in the patient’s capability to
respond, as in agammaglobulinemic patients or
those under immunosuppressive therapy. How-
ever, interestingly, in chronically infected pa-
tients who will eventually demonstrate a strong
antibody response, the development of precipi-
tin antibody is usually slow (15). Furthermore,
P. aeruginosa-infected patients are found who,
although they show levels of antibody to P.
aeruginosa, lack antibody to the serotype of the
infecting strain (15). Even patients who do re-
spond to immunization to P. aeruginosa may
experience a precipitous decline in levels of cir-
culating antibody in association with the onset
of bacteremia. This has been observed in burn
patients and in patients with neoplasms (33).
Some investigators have suggested that a circu-
lating antigen may cause these observed fluctu-
ations in antibody titers (26, 34). A circulating
antigen has been found, for example, in the
Haemophilus infection of children (23). Al-
though interaction of the circulating Haemophi-
lus polysaccharide with antibody has not been
demonstrated in vivo, its appearance in high
levels in the bloodstream correlates strongly
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with the delayed appearance of antibody to the
organism. We did not determine the occurrence
of the GLP polysaccharide in vivo; however, it
is conceivable that a circulating antigen such as
the GLP polysaccharide may be released from
the surface of the infecting P. aeruginosa into
the circulation during the course of infection.
The production of slime GLP in vivo has been
demonstrated in the experimental infection (11).
Its degradation by enzymes in vivo is highly
probable; in that case, GLP polysaccharide may
be released from the GLP into the circulation
and effectively block the appearance of detect-
able antibody.

Curtailed macrophage function has been im-
plicated by Boxerbaum et al. (7) as a factor in
the establishment of P. aeruginosa infection in
the lungs of cystic fibrosis patients. Interestingly,
these investigators found a selective incapacity
for the phagocytosis of P. aeruginosa by mac-
rophages in the presence of sera from cystic
fibrosis patients who had P. aeruginosa in their
respiratory tracts, the phagocytic capacity of the
macrophages being otherwise normal. The au-
thors suggest that the serum itself of these pa-
tients is inhibitory. Another interpretation is
possible: the formation of a soluble polysaccha-
ride released into the peripheral circulation or
neighboring tissue by the infecting strain of P.
aeruginosa could also function as such an inhib-
itor. Earlier studies from our laboratory have
demonstrated the inhibitory activity of the GLP
on phagocytosis (28). Furthermore, the existing
evidence indicates that the inhibiting property
depends on the presence of the carbohydrate
portion of the GLP molecule (29). Derived as it
is from the GLP molecule, the polysaccharide
identified in this study may have the capability
of acting as a circulating inhibitor of macrophage
activity.

Further studies on the kinetics of interaction
between the GLP polysaccharide and circulating
antibody and phagocytic cells are planned. The
outcome of these studies may clarify the molec-
ular basis of the clinical phenomena. In addition,
it may be possible to compare the chemical
composition of GLP polysaccharides from mu-
tant strains as a basis for defining the chemical
determinants of the humoral response.
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