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Many animal studies investigating adaptive immune effectors important for protection against Pseudomonas
aeruginosa have implicated opsonic antibody to the antigenically variable lipopolysaccharide (LPS) O antigens
as a primary effector. However, active and passive vaccination of humans against these antigens has not shown
clinical efficacy. We hypothesized that optimal immunity would require inducing multiple immune effectors
targeting multiple bacterial antigens. Therefore, we evaluated a multivalent live-attenuated mucosal vaccina-
tion strategy in a murine model of acute P. aeruginosa pneumonia to assess the contributions to protective
efficacy of various bacterial antigens and host immune effectors. Vaccines combining 3 or 4 attenuated strains
having different LPS serogroups were associated with the highest protective efficacy compared to vaccines with
fewer components. Levels of opsonophagocytic antibodies, which were directed not only to the LPS O antigens
but also to the LPS core and surface proteins, correlated with protective immunity. The multivalent live-
attenuated vaccines overcame prior problems involving immunologic interference in the development of
O-antigen-specific antibody responses when closely related O antigens were combined in multivalent vaccines.
Antibodies to the LPS core were associated with in vitro killing and in vivo protection against strains with O
antigens not expressed by the vaccine strains, whereas antibodies to the LPS core and surface proteins
augmented the contribution of O-antigen-specific antibodies elicited by vaccine strains containing a homolo-
gous O antigen. Local CD4 T cells in the lung also contributed to vaccine-based protection when opsono-
phagocytic antibodies to the challenge strain were absent. Thus, multivalent live-attenuated vaccines elicit
multifactorial protective immunity to P. aeruginosa lung infections.

Pseudomonas aeruginosa lung infections cause substantial
morbidity and mortality in humans, manifesting as acute life-
threatening infection, often with bacteremia, in hospitalized
and/or immunocompromised patients or as chronic localized
lung infection in patients with cystic fibrosis (CF). In hospital-
acquired lung infections, which are most commonly ventilator-
associated pneumonias, P. aeruginosa is the leading Gram-
negative causative bacterial agent (31). In these infections, the
crude mortality rate associated with the bacterium is higher
than that due to other bacterial etiologies (30). Despite the
widespread and significant impact of P. aeruginosa infections,
along with the increasing rates of antibiotic treatment failure
due to drug resistance (33), vaccines and immunotherapeutic
agents for the disease are still in the early stages of preclinical
and clinical development (7).

In animal studies, lipopolysaccharide (LPS) O antigens of P.
aeruginosa induce potent serogroup-specific protection (i.e.,

protection against P. aeruginosa strains within the same LPS
O-antigen serogroup) (23, 24). However, even within a sero-
group there are structural, and hence antigenic, variants, re-
ferred to as subgroup or subtype antigens, giving rise to 20 to
30 different O antigens encountered in the clinical setting (23).
This necessitates a multivalent O-antigen vaccine strategy for
comprehensive coverage. This approach has been problematic
in that animals vaccinated with a multivalent LPS O-antigen
vaccine composed of antigens from serologically distinct
strains within the same overall serogroup (i.e., subtype-hetero-
logous strains) showed interference in the immunogenicity of
the individual components (11). Moreover, an octavalent O-
antigen-based immunoprophylaxis trial (passive immuniza-
tion) failed in a phase 3 clinical evaluation to reduce the
incidence and severity of P. aeruginosa infection (5), which may
indicate a limitation of protective immunity in humans if such
immunity is directed solely to the LPS O antigens.

Other vaccine candidates for P. aeruginosa infections include
outer membrane proteins (OMPs) (7), flagella (4, 6), flagellin-
OMP fusion proteins (36, 37), alginate (25, 34), and the PcrV
component of the type III secretion system (9). Some of these
antigens are more conserved among different strains than the
LPS O antigens, although in a clinical trial of a vaccine for
prevention of infection in CF using the two most common
flagellar antigens (types a and b) there was evidence for infec-
tion in vaccinated individuals by P. aeruginosa strains express-
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ing a flagellar antigen serologically distinct from the two vac-
cine antigens (6). Additionally, the actual genetic, protein, and
thus serologic variability in PcrV among diverse P. aeruginosa
isolates has not been studied. More importantly, the op-
sonophagocytic and/or protective activities of antibodies elic-
ited by OMPs, flagella, and PcrV are not as high as those
achieved by LPS O antigens. Finally, some of the conserved
antigens are not required for full virulence in acute pneumonia
or systemic dissemination, which raises a concern that vaccines
targeting one of these components may select for the emer-
gence of vaccine-resistant strains.

For the induction of full-fledged protection against various
P. aeruginosa clinical isolates, vaccine-based immunity should
ideally be induced against multiple bacterial antigenic compo-
nents, with diverse immunologic effectors generated by the
host. However, we have an incomplete understanding of the
range of effectors of acquired immunity that contribute to
protection against P. aeruginosa infections in humans and no
assurance that a limited array of effectors is sufficient to protect
against the range of clinically relevant strains and sites of
infection that are encountered by humans. Animal studies have
identified virtually all aspects of humoral and cellular effectors
as mediators of adaptive immune protection against P. aerugi-
nosa infection (17, 21, 22, 26). These findings suggest that
vaccine-induced immune effectors may need to encompass
multiple cellular and humoral activities in order to cover the
numerous manifestations of P. aeruginosa infections in differ-
ent tissues.

We previously reported that P. aeruginosa live-attenuated
vaccine strains confer protection against acute fatal pneumonia
in mice caused by serogroup-homologous strains (29) with
some limited protection against serogroup-heterologous highly
virulent ExoU-positive cytotoxic strains (26). The high viru-
lence of these strains allows the use of lower bacterial chal-
lenge doses during survival experiments, thereby allowing the
actions of less potent immune effectors to be observed. In the

present study, we used a mucosal vaccination route to deliver
monovalent to quadrivalent combinations of live attenuated P.
aeruginosa strains and found that a multifactorial immunity,
involving antibodies as well as T cells, is simultaneously in-
duced by this immunization strategy and targets diverse bac-
terial antigens. This multifactorial immunity was associated
with broad in vivo protection against acute fatal lung infection
caused by a variety of P. aeruginosa strains, including both
ExoU-negative and -positive strains.

MATERIALS AND METHODS

Bacterial strains. The bacterial strains used in these experiments, along with
their relevant characteristics and sources, are listed in Table 1. The aroA mutants
of the different P. aeruginosa strains were constructed as previously described
(27). These mutants are unable to synthesize aromatic amino acids and cannot
acquire them to any significant degree from the host and hence survive at
detectable levels for only 3 to 4 days following high-dose infection (27). Esche-
richia coli HB101 was used as a negative control in the vaccine studies. We
focused on the O2/O5, O6, O10, and O11 serogroups, since these are common
serogroups of non-CF clinical respiratory P. aeruginosa isolates (8).

Preparation of bacterial inocula for in vivo studies. A sample from a frozen
bacterial stock was plated directly onto tryptic soy agar (TSA) and grown over-
night at 37°C, except for strain PA103 galU, which was grown on TSA containing
150 �g gentamicin/ml. For intranasal immunizations with the attenuated vaccine
strains, bacteria were suspended in 0.9% NaCl, whereas for infection with wild-
type P. aeruginosa strains, bacteria were suspended in phosphate-buffered saline
(PBS) containing 1% heat-inactivated fetal calf serum (FCS) (HyClone). Bacte-
rial concentrations were adjusted spectrophotometrically, and the actual doses
administered to mice were confirmed by dilution and plating for enumeration of
CFU on TSA after overnight incubation at 37°C.

Immunization of mice. All animal experiments complied with the guidelines of
the institutional animal care and use committee. Six- to 8-week-old female
C3H/HeN mice were purchased from Harlan Laboratories. The mice were
housed under virus-free conditions in microisolator-topped cages. The mice were
anesthetized by injection of ketamine and xylazine (1.6 mg and 0.33 mg per
mouse, respectively) and then vaccinated by placing 10 to 15 �l of the live P.
aeruginosa �aroA vaccine strains, or live E. coli HB101 as a control, on each
nostril. Escalating doses of 1 � 108, 5 � 108, and 1 � 109 CFU (doses of
individual strains for monovalent, bivalent, and trivalent vaccines) were admin-
istered at weekly intervals, except for the quadrivalent vaccine preparation,
which was given at 5 � 107, 2.5 � 108, and 5 � 108 CFU per strain weekly due

TABLE 1. Bacterial strains used in this study

P. aeruginosa
strain Description Source and/or

reference

PAO1 Wild-type strain, LPS smooth, serogroup O2/O5 M. Vasil
PAO1�aroA aroA deletion mutant of PAO1 27
IT3 Wild-type strain, LPS smooth, serogroup O2/O5 11
IT3�aroA aroA deletion mutant of IT3 This study
Habs16 Wild-type strain, LPS smooth, serogroup O2/O5 11
Habs16�aroA aroA deletion mutant of Habs16 This study
170003 Wild-type strain, LPS smooth, serogroup O2/O5 11
170006 Wild-type strain, LPS smooth, serogroup O2/O5 11
170007 Wild-type strain, LPS smooth, serogroup O2/O5 11
IT7 Wild-type strain, LPS smooth, serogroup O2/O5 11
PAO6 Wild-type strain, LPS smooth, serogroup O6 1
6294 Clinical isolate (corneal infection), LPS smooth, noncytotoxic, serogroup O6 BPEIa,
PA14 Wild-type strain, LPS smooth, cytotoxic, serogroup O10 F. Ausubel
PA14�aroA aroA deletion mutant of PA14 26
PA14 galU galU transposon MAR2 � T7b insertion mutant, LPS rough with incomplete outer core F. Ausubel 20
PA14 wbpM wbpM transposon MAR2 � T7b insertion mutant, LPS rough with complete core F. Ausubel 20
PA103 Wild-type strain, LPS smooth, cytotoxic, serogroup O11 J. Goldberg
PA103 galU galU mutant of PA103 in which the galU gene is disrupted by an aacC1 cassette; Gmr 28
B312 Clinical isolate (blood), LPS smooth, cytotoxic, serogroup O11 R. Ramphal

a BPEI, Bascom-Palmer Eye Institute, Miami, FL.
b MAR2 � T7 (Gmr) is a Himar1 derivative that originates from the eukaryotic mariner transposon family (20). Gmr, gentamicin resistant.
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to the viscosity of the preparation when 4 individual bacterial strains were
combined. The mice were rested for 3 weeks after the final dose to allow
nonspecific immune activation to subside.

Murine acute pneumonia model. We used our previously described model of
acute fatal pneumonia following intranasal inoculation (1). In this model, 67 to
100% of the bacterial inoculum is consistently and rapidly translocated to the
lungs from the noses of anesthetized mice (1). The mice were followed for
survival for 7 days after the bacterial challenge. Mice were sacrificed when they
reached a moribund state (ruffled fur, shaking, and loss of mobility) and counted
as dead for the purposes of these experiments.

In vivo CD4 depletion. Seventy-two and 24 h prior to bacterial challenge, mice
were given 500 �g intraperitoneally (i.p.) and 100 �g intranasally (i.n.) per dose
of a monoclonal antibody (MAb) to CD4 (clone GK1.5; BioXCell). Intranasal
administration was performed after the mice were anesthetized as described
above. Normal rat IgG (Sigma-Aldrich) at the same doses was used as a control.

Opsonophagocytic assays. Antibody-dependent opsonophagocytic killing was
evaluated as described previously (29). Briefly, a 100-�l aliquot of 10% infant
rabbit serum as a complement source (Accurate Chemical), polymorphonuclear
leukocytes (PMNs) (2 � 107 cells/ml) from human volunteers, a P. aeruginosa
target strain (5 � 106 CFU/ml), and antisera were mixed in a sterile microcen-
trifuge tube and incubated at 37°C for 90 min with end-over-end rotation. The
opsonophagocytic activity of each antiserum was calculated as the percent de-
crease in bacterial levels in the experimental tube compared to bacterial levels in
tubes incubated with complement, neutrophils, and media without antisera. Sera
were pooled from 8 to 32 mice per immunization group. For comparing the
killing activities of different sera that have sufficiently high killing activities to
calculate the concentration of serum required to kill 50% of the bacteria (EC50),
serial 2-fold dilutions of antisera from 1:10 to 1:640 or 1:1,280 were tested. For
comparing the killing activities of different antisera that have positive but rela-
tively low killing activities, 1:10 dilutions of antisera were used. In some of the
opsonophagocytic assays, LPS was added as an inhibitor to antisera (see below);
in other studies, antiserum adsorbed by different bacterial strains to remove
antibodies to specific P. aeruginosa antigens was added to the assay mixture (see
below). In these assays, the dilution factor that was previously determined to give
60% to 90% opsonic killing was used, as indicated in Results. By convention, we
report the serum concentrations as the input dilutions rather than the final
concentrations (the initial serum dilution is further diluted 4-fold in the assay
tube). P. aeruginosa mutant strains PA103 galU, PA14 wbpM, and PA14 galU
were grown on TSA with gentamicin (150 �g/ml) overnight at 37°C and then
subcultured into tryptic soy broth (TSB) with 1% glycerol and also gentamicin
(150 �g/ml). We confirmed that revertant mutations of these strains do not occur
during the 90 min of the assay by plating bacteria on both TSA and TSA with
gentamicin and obtaining identical counts. When the opsonophagocytic activities
of different antisera against the same P. aeruginosa strain are compared, the data
shown are from the same experiment. Assays were performed in duplicate for
each sample, except for the experiments testing the bacterium-adsorbed antisera,
which were performed in triplicate.

Antibody adsorption by P. aeruginosa strains. A single colony of P. aeruginosa
strain PA14 wbpM (serogroup O10 antigen deficient with intact outer LPS core),
PA14 galU (O antigen and outer LPS core deficient), or Habs16 (serogroup
O2/O5; LPS smooth) were taken from overnight cultures on TSA (containing
150 �g gentamicin/ml for strains PA14 galU and PA14 wbpM), suspended in TSB
(for strain Habs16) or TSB with 150 �g gentamicin/ml (for strains PA14 galU and
PA14 wbpM), and grown overnight at 37°C with shaking at 250 rpm. The con-
centrations of the bacteria in the overnight culture were 2 � 1010 CFU/ml for
strains PA14 galU and PA14 wbpM and 3 � 1010 CFU/ml for strain Habs16. The
bacterial cells were recovered from 2 ml of the overnight culture by centrifuga-
tion, washed twice with PBS, and resuspended in 500 �l of test antiserum for
antibody adsorption. Before antibody adsorption, the test antiserum was diluted
in RPMI (Invitrogen) with 10% FCS to a concentration previously determined to
give 60 to 90% killing in the opsonic assay. For some experiments, adsorptions
were performed using strain PA14 wbpM or Habs16, which was first heated at
100°C for 20 min to destroy protein antigens. Bacteria suspended in the anti-
serum were incubated for 30 min at 4°C with gentle mixing by tumbling, the
bacterial cells were removed by centrifugation, and the serum was transferred to
a tube with a second aliquot of identical adsorbing cells that were resuspended
for a second adsorption step. After this procedure, the bacteria were removed by
centrifugation and the serum was filter sterilized through 0.22-�m centrifuge
tube filters (Costar) twice, followed by a 0.22-�m syringe filter (Millipore). Lack
of viable bacteria was confirmed by plating 10-�l aliquots of this filtered anti-
body-adsorbed serum onto TSA.

Inhibition of opsonophagocytic killing by purified LPS. For inhibition assays,
we used LPS purified as described previously (10) from P. aeruginosa strain

AK1401, a phage-selected smooth/rough (S/R) O-antigen variant of strain PAO1
(18). LPS from strain AK1401 contains a single O-antigen trisaccharide in which
the terminal N-acetyl fucosamine linked to the LPS core is in a different con-
formation than the linkage in the O-antigen repeat unit (12). This LPS also
contains some D-rhamnan neutral polysaccharide, which is not a target for op-
sonic antibody (10). LPS was added to a concentration of the test antisera that
was previously determined to give 60% to 90% opsonic killing starting at an
initial concentration of 100 �g LPS/ml, with 2-fold serial dilutions of the inhibitor
added to additional tubes. The opsonophagocytic activities of these LPS-inhib-
ited antisera were compared to those of antisera without added LPS. To ensure
that adding LPS to the opsonophagocytic assay did not interfere with the bio-
logical activities of PMNs and complement, we added the AK1401 LPS to an
opsonophagocytic assay that used an antiserum raised to the P. aeruginosa alg-
inate antigen conjugated to keyhole limpet hemocyanin that mediates opsonic
killing of alginate-expressing P. aeruginosa strains (34).

Statistical analyses. All analyses were performed using Prism software
(GraphPad Software). Survival data were analyzed by Fisher’s exact test and/or
by Kaplan-Meier survival analysis with a log rank test incorporating Bonferroni’s
correction for multiple comparisons. Opsonophagocytic activities of different
antisera against the same P. aeruginosa strains were compared by determining
the EC50 with the 95% confidence interval (CI) calculated from a sigmoidal
dose-response curve or by a t test for specific pairwise comparisons. Opsono-
phagocytic activities of the same antisera that were adsorbed by different P.
aeruginosa strains were compared by analysis of variance (ANOVA) with the
Newman-Keuls multiple-comparison test used for pairwise comparisons.
ANOVA with Dunnett’s multiple-comparison test was used in comparing the
opsonophagocytic activities of the antisera without added LPS versus those with
different concentrations of LPS added as an inhibitor.

RESULTS

Immunity induced by multivalent live attenuated P. aerugi-
nosa vaccines within the O2/O5 serogroup. We first tested
whether immunization with live attenuated P. aeruginosa
strains representing subtype variants within the O2/O5 O-an-
tigen serogroup overcame the interference in immunogenicity
and generation of opsonic-killing antibodies that we previously
observed following vaccination with a multivalent preparation
of purified high-molecular-weight, lipid-free LPS O antigens
from strains 170007 (serogroup O2/O5; epitopes O2a, -d, and
-f) and Habs16 (serogroup O2/O5; epitopes O2a, -b, and -e)
(11). In vitro opsonic killing and in vivo protection using a
model of acute pneumonia were compared among antisera
obtained following vaccination with (i) the monovalent live
attenuated P. aeruginosa strain Habs16�aroA or 170007
�aroA, (ii) a bivalent vaccine combining both of these strains,
or (iii) a trivalent vaccine containing �aroA strains represent-
ing a broader array of O-antigen epitopes within the O2/O5
serogroup, strains Habs16(O2a, -b, and -e), IT3(O2a and -c),
and PAO1(O2a and -d).

The bivalent-vaccine-containing strains Habs16�aroA and
170007 �aroA induced opsonophagocytic activities against
strain 170007 (EC50, 381; 95% CI, 303 to 480) comparable to
those induced by vaccination with strain 170007�aroA only
(EC50, 397; 95% CI, 333 to 472). However, the bivalent vaccine
generated better survival of mice against lung infection with
strain 170007 than did the monovalent, homologous vaccine (P
� 0.05, by log rank test with Bonferroni’s correction) (Fig. 1A),
indicating enhanced protective efficacy not readily associated
with the level of opsonic-killing antibody.

We next evaluated the opsonophagocytic-killing activities
against strain Habs16 in sera of mice given either a monovalent
vaccine containing only Habs16�aroA, a bivalent vaccine con-
taining strains Habs16�aroA and 170007�aroA, or a trivalent
vaccine containing the three �aroA strains Habs16�aroA,
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IT3�aroA, and PAO1�aroA. There was a progressive increase
in the opsonic-killing activity with increased numbers of vac-
cine components (Fig. 1B) (EC50 [95% CI], 55 [48 to 63], 160
[116 to 219], and 486 [438 to 540] for the monovalent, bivalent,
and trivalent vaccines, respectively). However, the mice immu-
nized with the bivalent vaccine were not protected against
lethal pneumonia caused by strain Habs16 (Fig. 1C). These
findings led us to abandon the incorporation of strain
170007�aroA in the vaccine, as it did not seem to appreciably
increase protection against the heterologous Habs16 strain,
and instead, we immunized mice with a trivalent vaccine com-
posed of �aroA P. aeruginosa strains Habs16, IT3, and PAO1.
This trivalent vaccine elicited the highest opsonic-killing activ-
ity against strain Habs16 (Fig. 1B) and also conferred protec-
tion against challenge with strain Habs16. The 75% survival
seen with the trivalent vaccine was nearly double the survival

we had previously observed in mice vaccinated with the sero-
group O2/O5 monovalent vaccine PAO1�aroA (29). Vaccina-
tion with the trivalent Habs16/IT3/PAO1�aroA vaccine strains
induced opsonophagocytic activity against all the O2/O5
strains tested (Fig. 1D), which was associated with in vivo
protection against acute lung infection caused by these strains
(Table 2).

Immunity induced against O-antigen-heterologous strains
following vaccination with a multivalent live-attenuated P.
aeruginosa vaccine. We next tested a multivalent vaccine com-
posed of two live-attenuated O-antigen-heterologous strains,
PA14 (serogroup O10) and IT3 (serogroup O2/O5), to see if
this combination could induce protection against vaccine-ho-
mologous, as well as vaccine-heterologous, strains. We selected
IT3 as one of the vaccine components to represent serogroup
O2/O5 strains because initial experiments found that IT3

FIG. 1. Multivalent live attenuated P. aeruginosa vaccines confer improved protective efficacy and opsonophagocytic-killing activity compared
with monovalent vaccines. (A) Survival of C3H/HeN mice immunized with either monovalent P. aeruginosa strain 170007�aroA vaccine, bivalent
P. aeruginosa strain Habs16/170007�aroA vaccine, or equivalent CFU of E. coli HB101 (control), followed by challenge with P. aeruginosa strain
170007 (5 � 108 CFU). (B) Levels of opsonophagocytic-killing activities against P. aeruginosa strain Habs16 in sera of mice immunized with either
trivalent, bivalent, or monovalent vaccines, as indicated, that all contain a Habs16�aroA vaccine component. The bars represent EC50s and the
error bars 95% CIs. (C) Survival of C3H/HeN mice immunized with either the trivalent Habs16/IT3/PAO1 �aroA vaccines, the bivalent
Habs16/170007�aroA vaccine, the Habs16�aroA monovalent vaccine, or equivalent CFU of E. coli HB101 (control), followed by challenge with
strain Habs16 (6 � 108 CFU). (D) Opsonophagocytic-killing activities in mouse antisera raised to the Habs16/IT3/PAO1�aroA trivalent vaccine
against P. aeruginosa serogroup O2/O5 subgroup-heterologous strains. The points represent means and the error bars the 95% CIs. Error bars for
the points without them are contained within the represented point. The �aroA strains included in the vaccine used to generate the antiserum are
shown in boldface.
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�aroA alone elicited protection within this serogroup broader
than that elicited by strain PAO1�aroA (Table 3) (29). Immu-
nization with this bivalent vaccine engendered either signifi-
cant protection against (Table 3) or longer survival after (Fig.
2A) acute lethal pneumonia due to the vaccine-homologous
strains PA14 and IT3, as well as the LPS-heterologous strains
PAO6 (serogroup O6), B312 (O11) (Table 3), and PA103 galU
(O11 antigen deficient and serum sensitive due to galU muta-
tion [28]) (Fig. 2A). Immunization with the PA14�aroA/
IT3�aroA bivalent vaccine did not protect mice against an-
other O6 strain, 6294, or the O11 strain PA103. Protection by
the bivalent vaccine against vaccine-homologous strains PA14
and IT3, as well as against vaccine-heterologous strains PAO6
and PA103 galU, was associated with the presence of opsono-
phagocytic-killing activity in the sera of the immunized mice
(Fig. 2B). Notably, while significant protection against strain
B312 was achieved with the bivalent vaccine (Table 3), it was
not associated with measurable opsonic-killing activity (Fig.
2B), further indicating nonopsonic immune effectors might be
operative against some P. aeruginosa strains in this setting.

We next prepared a quadrivalent vaccine containing live-
attenuated strains. Habs16�aroA (serogroup O2/O5),
IT3�aroA (O2/O5), PAO1�aroA (O2/O5), and PA14�aroA
(O10). Immunization with the quadrivalent vaccine conferred
increased time of survival (compared to E. coli-immunized
controls) after challenge with strain 6294 (O6) (Fig. 2C), but
not against strain PA103 (O11) (data not shown). Relatively
low opsonic-killing activities of the antisera against strain 6294
were induced by the quadrivalent and bivalent vaccines (39%
and 28%, respectively), which were not significantly different
from each other (not shown). Opsonophagocytic-killing activ-
ity against strain PA103 was not present in immune sera from
mice immunized with either the bivalent or the quadrivalent
vaccine (not shown).

Opsonic-killing activity against non-LPS O-antigen compo-
nents. To determine if there was a contribution to protection
by opsonic antibodies elicited to antigens other than LPS O
side chains, we evaluated the opsonophagocytic-killing activi-
ties in different immune mouse sera against an LPS O-antigen-
deficient strain, PA14 wbpM, which lacks the serogroup O10 O
antigen but, unlike the galU mutant, has an intact LPS outer

core (2, 3, 30). Sera from mice that had been immunized with
monovalent live-attenuated strains (Habs16�aroA [serogroup
O2/O5], IT3�aroA [O2/O5], PAO1�aroA [O2/O5],
170007�aroA [O2/O5], or PA14�aroA [O10]), with bivalent
vaccines (IT3/PA14�aroA or Habs16/170007�aroA), or with a
trivalent vaccine (Habs16/IT3/PAO1�aroA) were tested. All of
these antisera had opsonophagocytic-killing activity against the
O10 antigen-deficient strain PA14 wbpM (Fig. 3). The levels of
killing of this strain in antisera raised to either Habs16�aroA
or PAO1�aroA were similar and were about half the activity
obtained with antisera raised to the Habs16/IT3/PAO1�aroA
trivalent vaccine (Fig. 3A). Surprisingly, the activity in sera
raised to the monovalent vaccine strain IT3�aroA was more
than double that of opsonic-killing activity in antisera raised to
the trivalent vaccine (Fig. 3A). In separate assays, the opsonic-
killing activity (EC50) against strain PA14�wbpM in the anti-
sera raised to strain Habs16�aroA was approximately 75%
lower than the EC50 in antisera raised to strain 170007�aroA
or the combination of strains Habs16/170007�aroA (Fig. 3B).
Finally, the opsonic-killing activity against strain PA14�wbpM
in antisera to strain IT3�aroA was approximately 50% lower
than that achieved by immunization with the parental
PA14�aroA strain or a combination of strains PA14/IT3�aroA
(Fig. 3C). Overall, these various combinations of vaccine
strains and target organisms indicated that the use of multiva-
lent vaccines did not generate interference in opsonic-antibody
responses, as had been observed with purified high-molecular-
weight O antigens (11), and also that, in general, the multiva-
lent vaccines elicited higher opsonic-killing activity than did
the monovalent vaccines. Additionally, while clear increases in
opsonic activity were achieved in some instances with the mul-
tivalent preparations, this was not always the case, indicating
that superior opsonic killing against antigens other than the
LPS O side chain was not necessarily just due to higher overall
bacterial doses administered in the multivalent preparations.

Opsonic-killing activity against LPS core antigens. We next
evaluated how much of the opsonic-killing activity was directed
to LPS outer-core epitopes by using LPS antigen inhibition.
We were unable to do a comparative analysis of the opsonic
killing of the outer-core-proficient P. aeruginosa wbpM mutant
and the outer-core-deficient P. aeruginosa galU mutant, as the

TABLE 3. Protection from acute lethal pneumonia by live
attenuated monovalent or multivalent P. aeruginosa vaccines

after challenge with vaccine-homologous or -heterologous
P. aeruginosa strains

Challenge
strain Serogroup Inoculum

(CFU)

No. surviving/no. challenged
with vaccine

E. coli
HB101

PA14
�aroA

IT3
�aroA

PA14/IT3
�aroA

bivalent

PA14 O10 3 � 108 3/16 8/12a 7/15 12/13a

IT3 O2/O5 4 � 108 4/16 6/13 9/15 11/14a

PAO1 O2/O5 7 � 108 0/6 6/6a

PAO6 O6 8 � 108 0/8 4/8a

6294 O6 7 � 108 2/8 2/8
B312 O11 3 � 106 3/8 8/8a

PA103 O11 4 � 106 0/10 0/10

a P � 0.05 by Fisher’s exact test compared to E. coli HB101 control group.
Bonferroni’s correction was performed in multiple comparisons.

TABLE 2. Protection from acute lethal pneumonia by the live
attenuated P. aeruginosa trivalent vaccine Habs16/IT3/PAO1

�aroA against P. aeruginosa serogroup O2/O5 strains

Challenge
strain Serogroup Subtype epitopes Inoculum

(CFU)

No. surviving/no.
challenged with

vaccine

E. coli
HB101

Habs16/IT3/
PAO1
�aroA

trivalenta

IT3 O2/O5 O2a, O2c 3 � 108 1/10 9/9
PAO1 O2/O5 O2a, O2d 4 � 108 1/10 8/8
170003 O2/O5 O2a, O2b 4 � 108 2/9 8/8
170006 O2/O5 O2a, O2d, O2e 2 � 108 0/8 4/8
170007 O2/O5 O2a, O2d, O2f 5 � 108 0/10 4/9
IT7 O2/O5 O2a, ?b 2 � 108 4/9 8/8

a P � 0.05 by Fisher’s exact test compared to E. coli HB101 control group.
b ?, subtype epitopes not defined.
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latter strain was readily killed by PMNs and complement in the
absence of added antibody. Among the LPS antigens of P.
aeruginosa, the outer core is produced in two distinct glyco-
forms, one of which can bind the high-molecular-weight O
antigen while the other glycoform remains unsubstituted with
O antigen (15). While there is some limited structural variation
in these two LPS outer cores across serogroups, there also
appears to be a strong conservation of sugar substituents, sug-

FIG. 2. Increased time of survival and opsonophagocytic-killing ac-
tivities of the immune sera against vaccine-heterologous strains in-
duced by multivalent live attenuated vaccines. (A) Survival of C3H/
HeN mice immunized with either the PA14/IT3�aroA bivalent vaccine
or E. coli HB101 (control), followed by challenge with the LPS-rough,
vaccine-heterologous strain PA103 galU (4.0 � 107 CFU). (B) Opsonic
killing in sera of mice immunized with the PA14/IT3�aroA bivalent
vaccine against vaccine-homologous strains (PA14 and IT3) and vac-
cine-heterologous strains (PAO6, B312, and PA103 galU). Zero per-
cent killing was assigned to any calculated negative-percentage kill
achieved, which occurred when there was a bacterial count higher than
that of the control tubes (antisera without PMNs). The bars are means
and the error bars the standard errors of the mean (SEM). (C) Survival
of C3H/HeN mice immunized with either the PA14/Habs16/IT3/PAO1
�aroA quadrivalent vaccine or E. coli HB101 (control), followed by
challenge with the vaccine-heterologous strain 6294 (7.8 � 108 CFU).

FIG. 3. Levels of opsonophagocytic-killing activity against strain
PA14 wbpM in sera of mice immunized with either a trivalent, bivalent,
or monovalent vaccine constructed from serogroup O2/O5 strains
(Habs16, IT3, PAO1, and 170007) or from the serogroup O10 strain
PA14. (A) Opsonic-killing activities in the sera of mice induced by the
Habs16/IT3/PAO1�aroA trivalent vaccine, the Habs16�aroA monova-
lent vaccine, the IT3�aroA monovalent vaccine, or the PAO1�aroA
monovalent vaccine. (B) Opsonic killing in sera of mice immunized
with the Habs16/170007�aroA bivalent vaccine, the Habs16�aroA
monovalent vaccine, or the 170007�aroA monovalent vaccine. (C) Op-
sonic-killing activity elicited by the PA14/IT3�aroA bivalent vaccine,
the PA14�aroA monovalent vaccine, or the IT3�aroA monovalent
vaccine. The bars are EC50s and error bars 95% CIs. N.S., not signif-
icant.
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gesting that the serologic diversity in the LPS core is minimal
(14, 15). To determine the proportion of opsonic antibodies
directed to the LPS core epitopes in the various immune sera
elicited by the different live attenuated vaccines, we measured
the opsonic-killing activity against the O10 antigen-deficient
strain PA14 wbpM in the presence of the LPS purified from
strain AK1401 (S/R LPS with one O2/O5 antigen repeat to
ensure both variant LPS outer-core glycoforms were present,
and which also contained the D-rhamnan neutral polysaccha-
ride that is not a target for opsonic antibody [10]). To ensure
that this LPS did not have inhibitory effects on the PMNs or
complement components of the opsonophagocytic assay, we
mixed various concentrations of LPS with an immune serum
raised to P. aeruginosa alginate and found no reduction in
activity when 6.25 to 100 �g LPS/ml was added to the assay
mixture (Fig. 4A).

The opsonic-killing activities of antisera raised to the mono-
valent serogroup O2/O5 strains Habs16�aroA, IT3�aroA, and
PAO1�aroA and antisera raised to serogroup O10 strain
PA14�aroA vaccines, as well as the killing activity in the anti-
sera raised to the trivalent Habs16/IT3/PAO1�aroA vaccine,
were all inhibited by addition of the S/R LPS (Fig. 4B to E).
This result identified opsonic antibodies to the LPS core that
could represent a component of the opsonic-killing or protec-
tive response to P. aeruginosa strains following immunization
with live attenuated vaccine strains that do not contain the
homologous O antigens. Of note, addition of 100 �g LPS/ml to
immune sera inhibited the opsonic activities of all the antisera
tested except that of the antisera raised to the PA14�aroA
parental strain, which maintained 70% of the killing activity
compared to the serum without added LPS (Fig. 4F). This may
be due to either an incomplete inhibition of the core-targeted

FIG. 4. Inhibition of the opsonophagocytic-killing activities against the LPS O-antigen-deficient strain PA14 wbpM in antisera raised to
different live attenuated vaccines. (A to F) Opsonic-killing activities elicited by the indicated live attenuated vaccine against strain PA14 wbpM as
determined in the presence of variable concentrations of LPS purified from strain AK1401, an LPS S/R variant of serogroup O2/O5 strain PAO1.
Panel A shows no effect of the LPS on killing mediated by an antibody to P. aeruginosa alginate. (G) Opsonic killing of strain PAO6 by antisera
raised to the PA14/IT3�aroA bivalent vaccine in the presence of variable concentrations of AK1401-derived LPS. The bars are means and the error
bars the SEM.
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antibodies by the heterologous AK1401-derived LPS, the pres-
ence of PA14-specific epitopes not inhibited by the AK1401-
derived LPS, or the presence of opsonic antibody against other
antigens in the antisera raised to the PA14�aroA vaccine.

The bivalent PA14/IT3�aroA vaccine also showed some pro-
tective efficacy against serogroup O6 strain PAO6 (Table 3),
and we found that antibody to this bivalent vaccine had opsonic
killing of strain PAO6 that was inhibited by the S/R serogroup
O2/O5 LPS from strain AK1401 (Fig. 4G). This indicated the
presence of core-specific opsonic antibody in this LPS-heter-
ologous protective serum that was associated with the protec-
tive efficacy.

Opsonic-killing activity against bacterial surface proteins.
Next, we evaluated the relative contribution to opsonic killing
of LPS-rough strain PA14 wbpM by antibody to heat-labile
surface antigens in an antiserum raised to serogroup O10
strain PA14�aroA. The antiserum elicited by the PA14�aroA
vaccine was adsorbed with strain PA14 galU (which lacks the
outer LPS core and thus would primarily remove antibodies to
non-LPS surface antigens) or with boiled cells of strain PA14
wbpM (which would remove antibodies to heat-stable antigens,
such as LPS, and leave behind antibodies to heat-labile anti-
gens, such as surface proteins). The controls were serum ad-
sorbed by intact cells of the target strain, PA14 wbpM. Both
PA14 galU-adsorbed antisera and antisera adsorbed by the
heated PA14 wbpM strain possessed opsonophagocytic-killing
activity lower than that of the unadsorbed sera, while adsorp-
tion with intact PA14 wbpM cells, as expected, removed all of
the opsonic activity (Fig. 5A) (P � 0.05 by ANOVA with a
Newman-Keuls multiple-comparison test). No significant dif-
ferences were observed between the killing activity of the se-
rum raised to strain PA14�aroA adsorbed by either heated
PA14 wbpM cells or cells of strain PA14 galU (Fig. 5A). These
data indicate that immunization with strain PA14�aroA elic-
ited opsonic antibody to both the LPS core and surface pro-
teins of the vaccine-homologous strain PA14 wbpM.

Opsonic antibodies with multiple specificities associated
with in vivo protection generated by the trivalent vaccine. The
range of antigenic targets for the antibodies induced by the
Habs16/IT3/PAO1�aroA serogroup O2/O5 trivalent vaccine,
which elicited the most potent in vivo protection against the
vaccine-homologous P. aeruginosa strain Habs16 (Fig. 1C), was
determined by measuring the opsonophagocytic activities of
the trivalent-vaccine antisera adsorbed by intact or heated cells
of strain Habs16, as well as opsonic killing of this antiserum in
the presence or absence of AK1401-derived S/R LPS. The
AK1401-derived S/R LPS inhibited the opsonic activity by 30%
(Fig. 5B), suggesting the trivalent-vaccine-based immunity
against the vaccine-homologous strain Habs16 is partly tar-
geted against the bacterial LPS core. Moreover, adsorption
with strain Habs16, which removed the antibodies against the
serogroup O2/O5 LPS O antigen, outer core, and surface pro-
teins, led to more than a 97% decrease in the opsonic activity
of the antisera, whereas adsorption with heat-treated strain
Habs16 cells, which left behind the antibodies against the heat-
labile surface proteins, decreased the killing level by 50% (Fig.
5B), suggesting that the trivalent-vaccine-based immunity
against the vaccine-homologous strain Habs16 is also in part
associated with antibodies against the heat-labile bacterial sur-
face proteins.

Vaccine-heterologous protection associated with CD4 T cell-
mediated immunity. An antiserum raised to the bivalent vac-
cine containing the PA14 (serogroup O10) and IT3 (serogroup
O2/O5) �aroA strains did not have opsonophagocytic-killing
activity against P. aeruginosa strain B312 (O11) (Fig. 2B);
nonetheless, the vaccine protected mice from acute lethal
pneumonia due to this strain. We hypothesized that a contri-
bution from CD4 T cell-mediated immunity might be present
in this setting. Following immunization and a 3-week rest pe-
riod, we administered a MAb to CD4 both i.n. and i.p. to
deplete systemic and local CD4 T cells. Preliminary experi-

FIG. 5. Relative contribution of LPS core-targeted or bacterial sur-
face protein-targeted immunity induced by immunization with live
attenuated P. aeruginosa vaccines. (A) Opsonophagocytic-killing activ-
ities induced by strain PA14�aroA vaccine against the LPS O-antigen-
deficient strain PA14 wbpM. The bars are means and the error bars
SEM. The antisera were either untreated, adsorbed by the target strain
PA14 wbpM (control), adsorbed by the outer-core-deficient mutant
strain PA14 galU, or adsorbed by the heat-treated target strain PA14
wbpM. (B) Opsonophagocytic-killing activities of the Habs16/IT3/
PAO1�aroA trivalent-vaccine antisera against one of the vaccine-ho-
mologous strains, Habs16. The antisera were either untreated, treated
with the S/R LPS from strain AK1401, adsorbed by the target strain
Habs16 (control), or adsorbed by heat-treated target strain Habs16.
The bars are means and the error bars SEM.
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ments showed that i.p. administration of the anti-CD4 anti-
body depleted CD4 T cells in the spleen, but not in the lung, if
measured after lung challenge (G. P. Priebe, unpublished ob-
servations). After combined i.p. and i.n. administration of the
anti-CD4 MAb, flow cytometric analysis showed that more
than 98% of CD4� T cells in the lung were depleted when
measured 24 and 72 h after live-bacterial challenge (data not
shown). Depletion of CD4 cells in this manner just prior to
challenge resulted in attenuated protection by the PA14/
IT3�aroA vaccine (P � 0.05 by log rank test followed by
Bonferroni’s correction) (Fig. 6A). However, the same CD4
depletion strategy did not change the survival of Habs16/IT3/
PAO1�aroA-immunized mice challenged with one of the vac-
cine-homologous strains, PAO1 (Fig. 6B), suggesting that op-
sonic antibody and/or cell-mediated immunity not involving
CD4 T cells was the major effector of immunity in this setting.

DISCUSSION

One of the biggest challenges for developing P. aeruginosa
vaccines or immunotherapies is the antigenic variation found

among clinical isolates. Although P. aeruginosa components,
such as LPS O antigens (23, 24), outer membrane proteins
(35), flagella (4, 6), flagellin-OMP fusion proteins (36, 37),
alginate (2, 3), and the PcrV component of the type III secre-
tion system (9), have been studied as vaccine candidates, none
of these, targeting a single type of bacterial antigen, has so far
demonstrated broad protection against infection with multiple
strains. We hypothesized that the use of live-attenuated bac-
teria as vaccine antigens could induce the most comprehensive
immunity against multiple protective targets, as well as elicit
diverse immunologic effectors and thus expand the spectrum of
protection and/or the potency of vaccines for P. aeruginosa.

In the present study, we utilized a multivalent live-attenu-
ated mucosal vaccination strategy to assess the relative contri-
butions of various P. aeruginosa antigenic components to pro-
tective immunity in a murine model of acute pneumonia. We
found that multivalent live-attenuated vaccines can induce op-
sonophagocytic antibodies, not only against LPS O antigens,
but also against the LPS core and bacterial surface proteins.
We also found that multivalent vaccines elicited a broader
spectrum of in vivo protection than monovalent vaccines. With
the bivalent vaccine, we also observed in vivo protection
against a noncytotoxic O-antigen-heterologous strain—a de-
gree of efficacy not previously achieved in our published stud-
ies with the monovalent PA14�aroA vaccine (26), which
engendered heterologous protection only against cytotoxic
strains (which in general require lower challenge doses in this
infection model to achieve lethality). We also found that CD4
T cells are required at the time of infection for vaccine-based
protection when opsonophagocytic antibodies to the challenge
strain are absent. Overall, the live attenuated multivalent vac-
cine successfully protected mice from acute fatal pneumonia
caused by a broad range of LPS-homologous and LPS-heter-
ologous strains of P. aeruginosa. These findings indicate that
multifactorial immunity targeted against multiple bacterial fac-
tors may be a means to induce full-fledged protection against
diverse clinical isolates of P. aeruginosa.

In contrast to our previous findings utilizing multivalent
purified LPS O-antigen vaccines (11), we did not observe dim-
inution of the opsonophagocytic-killing activities against com-
ponent strains when the live attenuated vaccines from closely
related LPS O-antigen subgroup-heterologous strains were in-
corporated together as a multivalent vaccine. The possible
mechanisms of interference in those prior studies (11) included
decreased immunogenicity in the absence of conjugation of the
polysaccharide O antigen to a carrier; competition among re-
lated polysaccharide antigens for a limited repertoire of mem-
brane immunoglobulin on B cells; in vivo antigenic variation of
the O antigen during infection, leading to diminished effec-
tiveness of opsonic antibodies; and/or evolutionary selection
for P. aeruginosa strains making O antigens that elicit antibody
primarily to nonprotective epitopes. Theoretically, the live-
attenuated vaccines described here can circumvent most of
these limitations, other than the last.

We also found an association between the presence of op-
sonic antibodies to the LPS core and protection against some
strains. There are four LPS outer-core structural variants syn-
thesized by P. aeruginosa (13), as opposed to 20 to 30 variations
in O antigens, indicating that if a properly formulated attenu-
ated vaccine can be made that elicits the needed range of LPS

FIG. 6. Role of CD4 T cells at the time of infection in vaccine-
based protection against vaccine-heterologous or -homologous strains.
(A) Survival of C3H/HeN mice immunized with either the PA14/IT3
�aroA bivalent vaccine or E. coli HB101 (control), followed by chal-
lenge with the vaccine-heterologous strain B312 (4.3 � 106 to 4.5 � 106

CFU). Prior to infection, mice were given either anti-CD4 monoclonal
antibody (GK1.5) or normal rat IgG. (B) Survival of C3H/HeN mice
immunized with either the Habs16/IT3/PAO1�aroA trivalent vaccine
or E. coli HB101 (control), followed by challenge with a vaccine-
homologous strain, PAO1 (5 � 108 CFU). Prior to infection, the mice
were given either anti-CD4 monoclonal antibody (GK1.5) or normal
rat IgG.
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core-targeted immunity, then a more expansive level of pro-
tection might be achieved. However, achieving this formula-
tion may rely primarily on empirical determinations of anti-
body specificity following vaccination. For example, the
opsonophagocytic activities against the LPS O10 antigen-defi-
cient strain PA14 wbpM (i.e., LPS core- or surface-protein-
targeted immunity) induced by live-attenuated vaccines con-
structed from strains within the heterologous O2/O5 serogroup
varied significantly depending on the vaccine strains used. Sim-
ilarly, the bivalent vaccine composed of the PA14�aroA and
IT3�aroA strains protected mice from infection with the O11
strain B312, but not from another O11 strain, PA103. As the
O11 serogroup is one of the most clinically relevant because
most of the strains expressing the ExoU cytotoxin are sero-
group O11 strains (8), it seems that the O antigen and/or other
components from some serogroup O11 strain should be incor-
porated into future multivalent-vaccine candidates.

Although here we demonstrated that LPS core-targeted an-
tibodies with opsonic-killing activity were associated with bet-
ter protection against acute fatal lung infection, it is not clear
whether antibodies with this specificity would also help prevent
and/or eradicate chronic P. aerguinosa infection in CF patients.
Based on cross-inhibition enzyme-linked immunosorbent assay
(ELISA) analysis, it has been reported that antibodies induced
by a P. aeruginosa LPS O-antigen-based octavalent conjugate
vaccine that was tested in CF patients bound monospecifically
to individual O antigens of each serotype, but during chronic
lung infection with the pathogen, there was acquisition of an-
tibodies that bound to common epitopes within the core region
of LPS (19, 32, 38). As neither the LPS O-antigen-based oc-
tavalent vaccine nor the induced core-specific antibodies con-
fer protection against either acquisition or progression of
chronic infection, it appears unlikely that targeting these
epitopes with a vaccine would have a high chance of success in
the setting of CF.

Finally, CD4 T cell depletion performed after immunization
but prior to infection diminished the vaccine-based protection
during challenge with vaccine-heterologous strains when op-
sonophagocytic-killing activity against the strain was absent.
Notably, this treatment did not affect protection during chal-
lenge with a vaccine-homologous strain when high opsono-
phagocytic-killing activity against the challenge strain was
present in the immune sera. These findings highlight the fact
that optimal adaptive immunity against the diverse P. aerugi-
nosa strains requires both cellular and humoral effectors. In-
deed, we previously showed that IL-17, a neutrophil-recruiting
cytokine, plays a critical role in antibody-independent LPS-
heterologous protection against P. aeruginosa lung infection
after immunization with the monovalent vaccine PA14�aroA
(26). Thus, cooperation of adaptive (CD4 T cells and antibod-
ies) and innate (neutrophils and complement) immunity can be
optimized by vaccination with live-attenuated P. aeruginosa
cells.

In conclusion, our multivalent live-attenuated vaccines in-
duced humoral effectors with multiple specificities, as well as
effector CD4 T cells. This multifactorial immunity was associ-
ated with a broader range of protection than previously
achieved in animal studies and more potent protection than
our monovalent live-attenuated vaccine candidates. Produc-
tion of these vaccine strains is straightforward, and the strains

appear to have a high margin of safety in terms of attenuation
of pathological consequences in both intact (29) and neutro-
penic (16) mice. Multivalent live-attenuated vaccines appear to
induce multiple types of immune protection, increasing the
likelihood that such an approach will be useful against the wide
variety of infections P. aeruginosa can cause. While use of live
attenuated bacterial vaccines in humans has only been vali-
dated using the Ty21A strain of Salmonella enteritidis serovar
Typhi, this is an area of vaccinology that could expand with the
development of the proper means to attenuate virulence while
maintaining immunogenicity. Under such circumstances, an
inexpensive and effective P. aeruginosa vaccine might be real-
ized.
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