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The O antigen of the Pseudomonas aeruginosa lipopolysaccharide is the optimal target for protective anti-
bodies, but the unusual and complex nature of their sugar substituents has made it difficult to define the range
of these structures needed in an effective vaccine. Most clinical isolates of P. aeruginosa can be classified into
10 O-antigen serogroups, but slight chemical differences among O polysaccharides within a serogroup give rise
to subtype epitopes. These epitopes could impact the reactivity of O-antigen-specific antibodies, as well as the
susceptibility of a target strain to protective, opsonic antibodies. To define parameters of serogroup and
subtype-epitope immunogenicity, antigenicity, and surface expression on P. aeruginosa cells, we prepared
high-molecular-weight O-polysaccharide vaccines from strains of P. aeruginosa serogroup O2, for which eight
structurally variant O antigens expressing six defined subtype epitopes (O2a to O2f) have been identified. A
complex pattern of immune responses to these antigens was observed following vaccination of mice. The
high-molecular-weight O polysaccharides were generally more immunogenic at low doses (1 and 10 mg) than
at a high dose (50 mg) and usually elicited antibodies that opsonized the homologous strain for phagocytic
killing. Some of the individual polysaccharides elicited cross-opsonic antibodies to a variable number of strains
that express all of the defined serogroup O2 subtype epitopes. Combination into one vaccine of two antigens
that individually elicited cross-reactive opsonic antibodies to most members of the O2 serogroup inhibited,
instead of enhanced, the production of antibodies broadly reactive with most serogroup O2 subtype strains.
Thus, immune responses to P. aeruginosa O antigens may be restricted to a limited range of epitopes on
structurally complex O antigens, and combining multiple related antigens into a single vaccine formulation
may inhibit the production of those antibodies best able to protect against most P. aeruginosa strains within a
given O-antigen serogroup.

It has been established through animal and human experi-
mentation that the lipopolysaccharide (LPS) O antigen of
Pseudomonas aeruginosa is a target for protective antibodies
(3, 36, 38). The studies of Knirel and colleagues (17, 19) on the
chemical composition and structure of the major O-side-chain
polysaccharides have provided important insights into the im-
munochemical properties of these antigens, but our under-
standing of their antigenic and immunogenic properties is in-
complete. This point is highlighted by the inability to date to
develop effective, LPS-specific immunotherapies for human P.
aeruginosa infection (7).

Results obtained with animals by using immunogens and
antibodies specific to the O polysaccharides have indicated that
slight chemical differences among bacterial strains with other-
wise closely related O-side-chain structures can produce a
complex pattern of reactions between antibodies and related
antigens (13). With standard serologic methods using whole-
cell agglutinations, strains of P. aeruginosa can be classified as
members of one serogroup (serotype); members of each sero-
group share a group-specific antigen. Further subdivision into
subtypes, which correlate with structural variants determined
by Knirel and colleagues (17), can be accomplished with ap-
propriate antisera (22).

To develop safe and effective O-antigen-specific P. aerugi-
nosa vaccines, we have utilized the high-molecular-mass

(.100,000-Da) fraction of O polysaccharides. These antigens
are safe and immunogenic in humans and animals (13, 27, 37)
and elicit protective antibodies to the strains from which they
are isolated. However, in recent studies of animals immunized
with a heptavalent high-molecular-weight O-polysaccharide
vaccine whose individual components were isolated from single
strains representative of the major serogroups causing P.
aeruginosa infection, opsonic antibody responses to the group-
specific antigens were not commonly elicited (13). Thus, in
spite of chemical and serologic relatedness among subtype
strains within a P. aeruginosa serogroup, single antigens iso-
lated from one subtype strain do not always elicit opsonic
antibodies to all of the strains within the serogroup (13). Pre-
vious results showed that a particular O antigen from a given
serogroup may elicit group-specific immunity, while an O an-
tigen from another serogroup may elicit only immunity specific
to the subtype epitopes expressed on that particular O antigen.

To explore this situation further and gain additional insight
into the serologic diversity among P. aeruginosa LPS O anti-
gens, we prepared high-molecular-weight O-polysaccharide
immunogens from five strains of P. aeruginosa serogroup O2
that, together, express all six of the identified subtype antigens
(Table 1). These polysaccharides were used to immunize mice,
and the resultant sera were assessed by enzyme-linked immu-
nosorbent assay (ELISA) and for opsonic killing activity. The
results showed a complex interaction among the strains with
regard to high-molecular-weight O-polysaccharide immunoge-
nicity, antigenicity, serogroup and subtype epitope density, and
susceptibility to opsonic killing. These findings indicate that
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the current serogroup classifications of P. aeruginosa are prob-
ably inadequate to define the full range of LPS antigens
needed to elicit comprehensive immunity to a wide range of
clinical isolates.

MATERIALS AND METHODS

Bacterial strains. As representatives of serogroup O2, we utilized the P.
aeruginosa strains whose O-polysaccharide structures had been elucidated by
Knirel et al. (17, 18). The strains used to produce antigens for immunization are
listed with their associated subtype antigenic determinants in Table 1, which also
shows the structures of the associated O antigens (17, 19).

Antigen preparation. LPS and high-molecular-weight O polysaccharides were
prepared from strains 170003, 170006, 170007, Fisher IT-3, PAO1, Fisher IT-7,
and IATS O16 as described elsewhere (13).

Immunization of mice. Six- to 8-week-old female C3H/HeN mice (Harlan
Sprague-Dawley Farms, Chicago, Ill.) housed under virus-free conditions were
immunized intraperitoneally three times, 5 days apart, with a 1-, 10-, or 50-mg
dose of high-molecular-weight O polysaccharide dissolved in 0.2 ml of 0.1 M
phosphate–0.015 M sodium chloride, pH 7.2. Blood taken 12 days after the final
injection of antigen was used for analysis of immune responses.

ELISA. Binding of antibodies to the different LPS antigens was evaluated by
standard ELISA methods as described previously (13). For simplicity of analysis,
optical density (O.D.) values obtained with 1:10 dilutions of mouse antisera and
goat-anti-mouse immunoglobulin G (IgG) as the detection reagent are pre-
sented.

Opsonic assay. Opsonophagocytic killing of P. aeruginosa strains was deter-
mined as described previously (26). The negative control serum for each assay
was normal rabbit serum, and the positive control serum was a 1:10 dilution of
rabbit sera raised to boiled whole cells of Fisher strain IT-3. Results are given as
the mean of quadruplicate determinations of the maximal percentage of killing
obtained at a final mouse serum dilution of 1:8. Under routine conditions, killing
of .40% is considered statistically significant at the 0.05 level and thus serves to
classify a serum as positive for opsonic killing activity. For all of the values
presented, the standard error of the mean (SEM) was ,5%.

RESULTS

Properties of high-molecular-weight O polysaccharides.
Each high-molecular-weight O-polysaccharide antigen purified

from the strains listed in Table 1 contained low levels of pro-
tein and nucleic acid contaminants (,1%), and comparable
antigen concentrations reacted by immunodiffusion with anti-
sera raised to boiled whole cells of the Fisher IT-3 strain. This
rabbit serum contains high-titered antibodies to the shared
O2a determinant, indicating preservation of this epitope dur-
ing purification of the high-molecular-weight O-polysaccharide
antigens (36). The O polysaccharides had no detectable 2-keto-
3-deoxyoctonate. The LPS antigens generally contained be-
tween 2 and 5% 2-keto-3-deoxyoctonate. Chemical analysis
indicated the presence of the sugars given in Table 1 in each
antigen in the correct molar ratios.

Immune response to homologous antigens. We have previ-
ously published our results on the immune responses of mice
and rabbits following immunization with the Fisher IT-3 anti-
gen (serogroups O2a and O2c) (13, 31). This antigen elicited
good opsonic responses to the homologous strain. When this
antigen was used in a heptavalent vaccine that also contained
the high-molecular-weight O-polysaccharide antigen from a
clinical strain of the Fisher IT-7 serogroup with an unknown
array of subtype epitopes, there were no opsonic antibodies
produced in mice or rabbits to any of the heterologous strains
of serogroup O2 (13). The implication was that the Fisher IT-3
component of the vaccine principally elicited antibody to the
IT-3-specific subtype O2c epitope. We therefore assessed the
immunogenicity of high-molecular-weight O-polysaccharide
antigens isolated from the remaining strains of P. aeruginosa
serogroup O2 that express all of the other defined subtype
determinants for the ability to elicit opsonic antibodies. Pre-
liminary results comparing site of injection and number of
immunizations indicated that optimal antibody responses were
present in sera obtained 7 to 12 days after the last of three
closely spaced intraperitoneal immunizations.

TABLE 1. Strains used for immunogen production, their serologic classification by subtype epitope, and
chemical structures of the associated O antigens

Strain Subtype
epitope(s) O-antigen structurea

170003 O2a, O2b -4)-b-D-Man(2NAc3N)A-(1-4)-b-D-Man(NAc)2-A(1-3)-b-D-FucNAc-(1-
3u
CH3ANH

IATS O16 O2a, O2b, O2e -4)-b-D-Man(2NAc3N)A-(1-4)-b-D-Man(NAc)2-A(1-3)-b-D-FucNAc-(1-
3u 4z
CH3ANH OAc

Fisher IT-3 02a, O2c -4)-b-D-Man(2NAc3N)A-(1-4)-a-L-Gul(NAc)2A-(1-3)-b-D-FucNAc-(1-
3u
CH3ANH

PAO1 02a, O2d -4)-b-D-Man(2NAc3N)A-(1-4)-b-D-Man(NAc)2A-(1-3)-a-D-FucNAc-(1-
3u

CH3ANH
170006 02a, O2d, O2e -4)-b-D-Man(2NAc3N)A-(1-4)-a-L-Gul(NAc)2A-(1-3)-a-D-FucNAc-(1-

3u
CH3ANH

170007b 02a, O2d, O2f -4)-b-D-Man(2NAc3N)A-(1-4)-b-D-Man(NAc)2A-(1-3)-a-D-FucNAc-(1-
3u 4z

CH3ANH OAc
-4)-a-L-Gul(2NAc3N)A-(1-4)-b-D-Man(NAc)2A-(1-3)-a-D-FucNAc-(1-

3u 4u
CH3ANH OAc

Fisher IT-7 02a, ? -4)-a-L-Gul(2NAc3N)A-(1-4)-b-D-Man(NAc)2A-(1-3)-a-D-FucNAc-(1-
3u

CH3ANH

a Boldface type indicates a feature of a structure that distinguishes it from a related structure of the same serogroup. Abbreviations: FucNAc, 2-acetamido-2,6-
dideoxygalactose (N-acetylfucosamine); Man(NAc)2A, 2,3-diacetamido-2,3-dideoxymannuronic acid; Man(2NAc3N)A, 2-acetamido-3-acetamidino-2,3-dideoxyman-
nuronic acid; Gul(NAc)2A, 2,3-diacetamido-2,3-dideoxyguluronic acid.

b The lower structure is also part of the O antigen of strain 170007; there is about a 2:1 ratio of the upper and lower structures.
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We first analyzed the opsonic killing response of C3H mice
to the homologous strain in sera obtained 12 days after the last
of three intraperitoneal injections of antigen (Fig. 1). Opsonic
killing is considered to be an excellent in vitro correlate of
protective immunity to P. aeruginosa (14, 42, 43). Except for
the antigens isolated from strains PAO1 and 170006, each O
polysaccharide elicited excellent levels of opsonic antibodies to
the homologous strain. Although for most of the strains, the
lower doses (1 and 10 mg) were superior, for some strains (e.g.,
170007 and Fisher IT-7) a 50-mg dose was also highly effective.
Immune responses to strain 170006 were modest, and reason-
able killing was achieved only with the 10-mg dose. Overall, it
appeared that the 10-mg dose elicited nearly maximal immune
responses in mice with all but one of these chemically related
antigens.

Immune responses to heterologous strains. Seeking a clear
pattern of association between subtype determinants and im-
munogenicity, we next evaluated the immune sera for the abil-
ity to mediate opsonic killing of heterologous strains of sero-
group O2 P. aeruginosa. No serum mediated opsonic killing of
all of the strains. This result indicated that the serologically
defined, shared O2a epitope either was not immunodominant
in any high-molecular-weight O-polysaccharide antigen or was
not expressed on the surface of the target strains at a sufficient
density for effective antibody binding leading to opsonic killing.

As an example of an opsonic antibody response restricted to
shared subtype determinants, we found that antisera raised
against 1- and 10-mg doses of the high-molecular-weight O
polysaccharide from strain 170003 had high levels of opsonic
killing activity (.60% killing) against strain IATS O16, which
shares the subtype O2b epitope with strain 170003. For strain
170003, antibodies to the O2b epitope are both immunodom-
inant and targets of opsonic antibodies. Opsonic killing of
other strains by antibodies in sera raised to strain 170003 was
minimal.

Strain IATS O16 elicited the highest level of cross-reactive
opsonic killing of strain 170003 at the 10- and 50-mg doses,
whereas homologous strain killing was highest at the 1- or
10-mg dose (Fig. 2). Thus, for strain IATS O16, the immuno-
genicity of the O2b epitope was maximal at 10 to 50 mg, but the

O2b-specific antibodies were not the most effective ones giving
opsonic killing of the homologous strain. In addition, immuni-
zation with IATS O16 elicited excellent opsonic killing of the
Fisher IT-3 strain and good (40 to 85%) levels of killing of the
Fisher IT-7 and PAO1 strains. Examination of the O-antigen
structures of the five strains killed well (.40% killing) by
antisera to IATS O16 revealed no clear chemical structure
shared by these strains that was absent from less susceptible
strains. Overall, the antigen from strain IATS O16 elicited a
broader range of opsonic antibodies able to mediate the killing
of five of the seven chemically distinct serogroup O2 strains.

The serogroup O2d epitope is expressed by three strains
(PAO1, 170006, and 170007), and results of studies with these
strains emphasized the complex nature of the serology of P.
aeruginosa LPS O antigens. Although antisera raised to strain
PAO1 exhibited a high level of binding to the homologous
antigen by ELISA (data not shown), the sera were poorly
opsonic for the homologous strain, suggesting that the immu-
nodominant epitopes for this strain were not good targets for
opsonic antibody (Fig. 3A). The high-molecular-weight O
polysaccharide from strain PAO1 was, however, able to elicit
opsonic antibodies to the other two strains expressing the O2d
epitope. It was interesting that the polysaccharide doses result-
ing in maximal killing of the two strains expressing the O2d
epitope occurred in sera from animals given different doses.
This result suggested that epitopes other than the O2d epitope
were targets of opsonic antibodies in sera from mice immu-
nized with the strain PAO1 high-molecular-weight O polysac-
charide. Strain IATS O16 was also modestly killed by antisera
to PAO1. This result probably represents one of the more
confusing aspects of P. aeruginosa O-antigen immunology; i.e.,
immunodominant epitopes are not necessarily sufficiently
available on the surface of the bacterial strain from which they
were isolated to serve as a target for opsonic antibodies.

The high-molecular-weight O polysaccharide from strain
170006 was poorly immunogenic and failed to elicit opsonic
antibodies that killed any strain at a level of .50% (Fig. 3B).
This antigen elicited high levels of IgM antibodies to itself at

FIG. 1. Opsonic antibody responses elicited by three different doses of high-
molecular-weight O-polysaccharide antigens isolated from the individual strains
designated on the y axis and tested against the homologous target strain. The
bars indicate mean results of quadruplicate determinations. The SEM was ,5%
for all determinations.

FIG. 2. Opsonic antibody responses elicited by three different doses (50 mg
[f], 10 mg [^], and 1 mg [1]) of the high-molecular-weight O-polysaccharide
antigen isolated from P. aeruginosa IATS O16 tested against the target strains
indicated on the y axis. The bars indicate mean results of quadruplicate deter-
minations. The SEM was ,5% for all determinations.

VOL. 66, 1998 P. AERUGINOSA SEROGROUP O2 VACCINES 3721



all three doses (O.D. at 450 nm of a 1:10 serum dilution, .1.0),
but IgG antibodies were not elevated over those in preimmune
sera. This result provides an example of an immunogen with
poor overall immunogenicity in mice which therefore might
not be considered to be a strong candidate for inclusion in a
multivalent vaccine.

The high-molecular-weight O polysaccharide from strain
170007 showed good opsonic killing against itself at all three
antigen doses and even somewhat higher killing of the IATS
O16 strain (Fig. 3C). The low killing of the two other strains
expressing the O2d epitope (PAO1 and 170006) indicates that

this epitope is either not very immunogenic on the antigen
obtained from strain 170007 or not expressed on strain PAO1
or 170006 as a target for opsonic antibodies. There was good
killing of the Fisher IT-3 strain following immunization with 50
mg of the O polysaccharide from strain 170007. Strain IATS
O16 was killed at a level of .40% by at least one serum from
each group of mice immunized with a representative strain
carrying the O2d epitope. This result suggests some cross-
reactivity or additional shared antigenicity between IATS O16
and the O2d-expressing strains.

The final antigen we evaluated as a monovalent preparation
was isolated from the Fisher IT-7 strain, which, in addition to
the O2a epitope, expresses a strain-specific epitope not defined
by the Lanyi serotyping system (18, 22; designated by a ques-
tion mark in Table 1). This antigen elicited high levels of
opsonic killing (.90% of bacterial cells killed [Table 1])
against itself at all three doses examined, and a 50-mg dose of
this antigen elicited a high level of opsonic killing of strain
PAO1 (90% of cells killed; data not shown). When P. aerugi-
nosa serogrouping is performed with antisera to the prototypic
Fisher IT strains, PAO1 is classified as an IT-7 strain. Thus,
these two strains appear to share an immunogenic and anti-
genic epitope. Opsonic killing of the homologous IT-7 strain by
sera from mice given any of the three doses of antigen suggests
maximal immunogenicity of additional epitopes expressed only
on the IT-7 strain and not shared by the other serogroup O2
strains. These IT-7-specific epitopes likely form the basis for
classifying this strain separately from IT-3 in the Fisher immu-
notyping system (9).

In all of the opsonic assays using serogroup O2 strains, each
strain was killed at a level of .90% when a 1:10 dilution of
rabbit serum raised to boiled cells of strain IT-3 was used as a
positive control. Normal rabbit serum always exhibited no kill-
ing activity. Thus, in hyperimmune rabbit sera raised to boiled
cells, opsonic antibodies with high levels of activity against all
of the strains could be elicited. This finding suggests that the
form, route, and dose of an antigen, along with the species
used to produce antibodies, can give rise to different popula-
tions of antibodies with various abilities to mediate opsonic
killing of related P. aeruginosa strains.

ELISA responses to antigens. There was a weak (r 5 0.367)
but significant (P , 0.001, analysis of variance) correlation
between ELISA values obtained with a 1:10 serum dilution and
opsonic killing (Fig. 4). All of the strains but one that was killed
at a level of .80% had an LPS antigen that gave a high ELISA
reading (O.D. of .1.5) when tested against the opsonically
active antiserum, although a fair number of strains had high
O.D. values but only modest levels of killing (30 to 70%).
These results indicate that antibody binding to the antigen was
necessary but not sufficient for a high level of opsonic killing.
Sera with high levels of binding but poor-to-modest killing
most likely contained antibodies directed at epitopes that were
not good targets for opsonic antibodies. Antibody isotype may
also have been a factor, as previously reported by Schreiber et
al. (39), and analysis of five selected sera representing a cross-
section of highly to poorly opsonic sera confirmed a restriction
of the mouse IgG response to high-molecular-weight O poly-
saccharides to the IgG3 subclass.

However, we did not determine the subclass-specific im-
mune responses in all of the sera and thus cannot totally
exclude the possibility of an effect of subclass on some of the
opsonic activities measured. We did measure IgM responses in
all of the sera and found no correlation between IgM responses
and opsonic activity. As one might expect from classic immu-
nologic teaching, most of the strains that bound antibodies in
immune sera poorly also were not killed in the opsonic assay by

FIG. 3. Opsonic antibody responses elicited by three different doses of high-
molecular-weight O-polysaccharide antigens isolated from three P. aeruginosa
strains carrying the O2d subtype epitope and tested against the target strains
indicated on the y axis. The bars indicate mean results of quadruplicate deter-
minations. The SEM was ,5% for all determinations.
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these antisera. However, we did note that three strains for
which good levels of opsonic killing (.60%) were obtained
had relatively low ELISA readings (O.D. of ,0.75), indicating
the existence of modest levels of potent antibodies in some
sera. The ELISA results are consistent with the opsonic results
in that there is no obvious relationship among the chemical
structure, antigenic epitopes, and immunogenicity of high-mo-
lecular-weight O-polysaccharide antigens expressed by strains
representing the P. aeruginosa O2 serogroup.

Immune response to divalent IATS O16 and 170007 vaccine.
Examination of our opsonic activity and ELISA results indi-
cated that the level of killing of all of the representative strains
of the P. aeruginosa O2 serogroup was reasonable in antisera
raised to 10 mg of strain IATS O16 or 170007. In addition,
these two strains expressed all but one (O2c) of the subtype
epitopes defined among the serogroup O2 strains. We there-
fore combined these two immunogens and vaccinated mice
three times with the optimal 10-mg dose of each to see if we
could obtain antisera capable of mediating opsonic killing of
all or most of the serogroup O2 strains. When combined into
a divalent vaccine, the IATS O16 and 170007 antigens elicited
good levels of opsonic antibodies only to strain IATS O16 and
not to the other serogroup O2 strains (Fig. 5). Thus, combining
what appeared to be the best formulation of serogroup O2
immunogens into a single vaccine resulted in antagonistic as
opposed to additive or synergistic immunogenicity, consistent
with the previous result obtained with a heptavalent vaccine
containing two serogroup O2 antigens. ELISA analysis closely
followed the opsonic pattern, wherein high levels of IgG anti-
bodies were only elicited to the IATS O16 component of the
vaccine (data not shown).

DISCUSSION

The quest for an O-antigen-specific P. aeruginosa vaccine is
nearing the 30-year mark (1, 2, 9) with little evidence of success
in human clinical trials. It now appears clear that serogroup
definitions of O-antigenic activity do not correlate with the
range of antigens needed for an effective vaccine based on
immunogenic, nontoxic, high-molecular-weight versions of the

O polysaccharides (13, 33). The Fisher immunotyping schema
was based on definitions of protective antigens obtained by
immunization of mice with over 200 strains of P. aeruginosa
and subsequent challenge with live organisms, but these studies
used an extract later shown to be composed mostly of LPS
(15). Detoxification of LPS by acid hydrolysis to eliminate the
lipid A portion and isolation of the immunogenic high-molec-
ular-weight polysaccharide O antigens, originally described in
1978 (33, 35), have consistently resulted in monovalent prep-
arations of O antigens that are immunogenic in mice (30, 31,
34, 35) and humans (26, 28). These antigens elicit protective
immunity in a variety of animal models (23, 29, 30, 31, 37)
when the challenge strain is the one from which the immuno-
gen was obtained. However, combining multiple high-molecu-
lar-weight O polysaccharides into one heptavalent preparation
has resulted in only limited levels of opsonic antibodies to
nonvaccine strains. The goal of our investigation was to eluci-
date the basis for this restricted immunogenicity.

While, on the surface, our results seem somewhat confusing,
their importance lies in the demonstration of the fallibility of
using serogroup classifications of P. aeruginosa as a basis for
vaccine formulations. While most high-molecular-weight sero-
group O2 polysaccharides elicited antibodies to themselves
when used as monovalent preparations, their ability to elicit
opsonic antibodies to other serogroup O2 strains was not
readily correlated with either subtype epitope expression or
chemical relatedness. Most critically, combining two related
serogroup O2 antigens into one vaccine and immunizing mice
with the dose of each individual component determined to be
optimal when used as a monovalent preparation inhibited the
production of broadly reactive opsonic antibodies to other
serogroup O2 strains. Although we did not evaluate other dose
combinations of these related immunogens, our results indi-
cate that for the formulation of a vaccine for human use it will
be necessary to evaluate both various combinations of antigens
and various combinations of doses of chemically related O
antigens to define the optimal formulation for generating an-
tibodies able to protect against a sufficient array of clinically
important strains.

Obvious candidates for the underlying mechanism include

FIG. 4. Antibody responses in a 1:10 dilution of serum from mice immunized
with one of three different doses of high-molecular-weight O polysaccharide
correlated with the percentage of target P. aeruginosa bacteria killed in an
opsonophagocytosis assay. Each O.D. value represents IgG reactivity (measured
by ELISA) to the LPS antigen expressed by different serogroup O2 target strains.

FIG. 5. Opsonic antibody responses elicited by combining 10-mg doses of
high-molecular-weight O-polysaccharide antigens isolated from P. aeruginosa
IATS O16 (O2a, O2b, and O2e) and 170007 (O2a, O2d, and O2f) against the
target strains indicated on the y axis. The bars indicate mean results of quadru-
plicate determinations. The SEM was ,5% for all determinations.
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limited immunogenicity in the absence of conjugation to a
carrier, competition among related antigens for a limited mem-
brane immunoglobulin (mIg) repertoire on B cells, evolution-
ary pressures on the organism to select for strains making O
antigens with immunodominant but nonprotective epitopes,
and antigenic variation by which opsonic antibodies are ren-
dered ineffective. Addition of a carrier protein might change
the immunodominant epitopes on high-molecular-weight O
polysaccharides. However, the results of Cryz and colleagues,
who have prepared a multivalent P. aeruginosa O-antigen con-
jugate (6), suggest that conjugation does not enhance the im-
munogenicity of serogroup-specific epitopes. These investiga-
tors found that an octavalent O-antigen conjugate vaccine was
not effective in eliciting antibodies that protected humans at
risk for P. aeruginosa infection following passive transfer of
IgG (7). While failure in a clinical trial can be due to a mul-
titude of factors, one possible basis for the clinical failure of
this vaccine was insufficient coverage against the protective
epitopes of common clinical isolates of P. aeruginosa. Pub-
lished results from preclinical evaluations of this octavalent
conjugate vaccine documented opsonic antibody responses and
protective efficacy only against strains used to manufacture the
vaccine (4–6).

Evolutionary pressure to select for immunodominant but
nonprotective epitopes on O antigens could explain some of
the results we obtained, but this is a difficult hypothesis to test.
Along these lines, we have proposed that the mucoid exopo-
lysaccharide or alginate antigen that coats the isolates of P.
aeruginosa obtained from cystic fibrosis patients principally
elicits nonopsonic, nonprotective antibodies in patients (32).
The evidence that this scenario might also apply to some P.
aeruginosa O antigens consists of results obtained with the
high-molecular-weight O-polysaccharide antigen from strain
PAO1, which did not elicit a good opsonic antibody to itself but
did elicit a good one to strain 170006. Overall, we consider it
unlikely that production of immunodominant but nonprotec-
tive O-antigen epitopes is a common mechanism of immune
evasion by P. aeruginosa.

Antigenic variation is the basis for the classification of P.
aeruginosa into subtypes within serogroups, but whether a
given strain can change its major protective epitopes during
infection is unknown and is also difficult to ascertain. The fact
that strain 170007 produces two variant O-antigen structures
suggests that antibody-mediated selection could promote the
survival of a variant of this strain expressing an O antigen that
evades antibodies to a related structure. Mucoid isolates from
cystic fibrosis patients are well known to lose the ability to
produce LPS O antigens and a complete outer core oligosac-
charide (10, 12) during chronic infection; the same has been
reported to occur in a rat model of chronic P. aeruginosa
infection (41). In vitro conversion of the O-antigen structure of
P. aeruginosa PAO1 by bacteriophage D3 has been reported
(20), but this is also unlikely to be a common mechanism for in
vivo changes in O antigens.

An explanation most consistent with our results regarding
the complex serology of P. aeruginosa O antigens and their
interaction with the mammalian immune system relates to the
binding of polysaccharide antigens to mIg on B cells with the
consequent activation and differentiation of these cells into
antibody-secreting plasma cells. Usually, polysaccharides acti-
vate B cells by cross-linking mIg via the presentation of the
same epitope multiple times on the same molecule (25). How-
ever, if similar epitopes are present on related but distinct
molecules, then cross-linking of the mIg would be less efficient.
Thus, combining chemically related antigens into one vaccine
could result in suboptimal immune responses to epitopes

shared by O antigens from different strains. This would occur
if B cells bound identical epitopes on different polysaccharide
molecules, resulting in less cross-linking of mIg and decreased
B-cell activation. Consistent with this explanation is the obser-
vation that, for most of the serogroup O2 high-molecular-
weight O polysaccharides, immune responses were optimal at
a dose of 1 or 10 mg and not at a dose of 50 mg. Presumably,
there was more binding of antigen to mIg but less cross-linking
at the higher dose due to the presence of a greater number of
molecules with relevant epitopes. Similarly, simultaneous im-
munization with multiple serogroup O2 antigens inhibits anti-
body production to shared epitopes, leaving only highly re-
stricted, strain-specific epitopes to activate their cognate B
cells to a sufficient degree to drive them into becoming plasma
cells. We obtained this result when we combined the antigens
from strains IATS O16 and 170007, which individually gave
rise to antibodies opsonic against most of the O2 strains. As
noted above, lower doses or a different ratio of these two
antigens might be more immunogenic, but this could only be
determined in a large-scale trial of multiple combinations of
these vaccine components.

We tested the vaccines on only one strain of mouse. The
results might be different with other mouse strains or other
animal species. We have previously shown the disparity of
mouse and rabbit responses to high-molecular-weight O poly-
saccharides (13). However, there is no way to know which
animal will yield results most predictive of human immune
responses to these antigens; thus, immunizing additional strains
of mice or different species of animals would not reveal which
system would be most useful for formulating a human vaccine.
Indeed, the results obtained with C3H mice are probably the
most important and relevant to human vaccine design. Both
the complexity of the response and the antagonistic immuno-
genicity obtained when two serogroup O2 vaccines were com-
bined suggest that comprehensive coverage of P. aeruginosa
strains by an O-antigen-specific vaccine may require multiple
immunizations, with the serologically related components sep-
arated into different vaccine formulations in order to avoid
competition and inhibition of the antibody response. Alterna-
tive approaches include vaccinating different humans with dif-
ferent noninterfering polysaccharide antigens and combining
immune IgG from these individuals into a pool of hyperim-
mune IgG for passive therapy or use of lymphocytes from
immunized individuals for development of human monoclonal
antibodies directed at important protective epitopes.

Several additional aspects of our findings are relevant to the
development of a vaccine for LPS-smooth P. aeruginosa. While
none of the serogroup O2 vaccines we tested elicited sero-
group-specific opsonic activity directed at the shared O2a
epitope, this result does not rule out this epitope as a target for
opsonic antibody. It is possible that the conditions or doses we
evaluated affected the immunogenicity of the O2a epitope.
Thus, strategies evaluating either different monovalent anti-
gens from serogroup O2 strains in humans or monoclonal
antibodies to this epitope may identify broadly reactive and
protective antibodies with potential as immunotherapeutic
agents. Alternative antigenic targets to LPS O antigens have
been intensely investigated, with outer membrane proteins
(OMPs) (8, 11, 16, 40) and flagella (21) receiving the most
attention. However, levels of antibodies to O antigens are
clearly correlated with resistance to lethal outcomes during
human infection (38). In a comparison of the efficacy of anti-
body to OMP F and LPS, OMP F-specific antibodies protected
only 30 to 95% of burned mice against P. aeruginosa challenge
doses of 2 3 105 to 2 3 106 CFU (2 to 8 50% lethal doses),
whereas an anti-O-antigen LPS vaccine gave 90% protection
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against a challenge dose of 3 3 1011 CFU of the O-antigen-
homologous strain (24). Thus, while OMP-directed vaccines
offer broader coverage of strains, it is not clear that they elicit
antibodies of sufficient potency to protect humans against in-
fection. Given the obvious superiority of O-antigen-specific
antibodies in providing protection against P. aeruginosa, it
seems reasonable to continue to pursue the development of
vaccines that elicit serogroup- or subtype-specific immunity.
However, our results suggest that to be most effective, O-
antigen-specific P. aeruginosa immunization may require (i) the
administration to a given individual of multiple vaccine formu-
lations at different injection sites with no related serogroup
antigens in the same injection and/or (ii) the administration of
related antigens at different times to the same individual or
(iii) the administration of different antigen formulations to
different individuals for manufacture of a hyperimmune IgG
product for passive immunotherapy. Trials of polysaccharide
vaccines involving multiple structurally and serologically re-
lated antigen components needed for comprehensive immu-
nity to the common serologic variants of the pathogen that
cause disease have been rare. Insights gained from murine
immunization studies using P. aeruginosa high-molecular-
weight O polysaccharides should provide guidance for the for-
mulation of future vaccines incorporating multiple variants of
antigens with slight but important structural differences that
relate to antigenicity and immunogenicity of the polysaccha-
ride.
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