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Studies of immunity to Pseudomonas aeruginosa have indicated that a variety of potential immunogens can
elicit protection in animal models, utilizing both antibody- and cell-mediated immune effectors for protection.
To attempt to optimize delivery of multiple protective antigens and elicit a broad range of immune effectors,
we produced an aroA deletion mutant of the P. aeruginosa serogroup O2/O5 strain PAO1, designated
PAO1�aroA. Previously, we reported that this strain elicits high levels of opsonic antibody directed against
many serogroup O2/O5 strains after nasal immunization of mice and rabbits. Here, we assessed the protective
efficacy of immunization with PAO1�aroA against acute fatal pneumonia in mice. After active immunization,
high levels of protection were achieved against an ExoU-expressing cytotoxic variant of the parental strain
PAO1 at doses up to 1,000-fold greater than the 50% lethal dose. Significant protection against PAO1 and two
of four other serogroup O2/O5 strains was also found, but there was no protection against serogroup-
heterologous strains. The serogroup O2/O5 strains not protected against were killed in opsonophagocytic
assays as efficiently as the strains with which protection was seen, indicating a lack of correlation of protection
and opsonic killing within the serogroup. In passive immunization experiments using challenge with wild-type
PAO1 or other noncytotoxic members of the O2/O5 serogroup, there was no protection despite the presence of
high levels of opsonic antibody in the mouse sera. However, passive immunization did prevent mortality from
pneumonia due to the cytotoxic PAO1 variant at low-challenge doses. These data suggest that a combination
of humoral and cellular immunity is required for protection against P. aeruginosa lung infections, that such
immunity can be elicited by using aroA deletion mutants, and that a multivalent P. aeruginosa vaccine
composed of aroA deletion mutants of multiple serogroups holds significant promise.

Nosocomial infections due to the opportunistic pathogen
Pseudomonas aeruginosa are a significant clinical problem (10,
14, 53). These infections, as well as community-acquired cor-
neal infections in wearers of extended-use contact lenses (47,
56), are due to lipopolysaccharide (LPS)-smooth strains of P.
aeruginosa, which are distinct from the LPS-rough, mucoid
strains found in patients with advanced cystic fibrosis (18). It
should be noted, however, that the initial colonizing strains in
cystic fibrosis patients are typically LPS smooth (4). The diffi-
culties in treating P. aeruginosa infections are particularly note-
worthy. These difficulties stem not only from host factors, such
as immunocompromise or the presence of foreign material, but
also from bacterial factors such as biofilm formation and in-
trinsic antibiotic resistance, which have shown a disturbingly
rising frequency (16). The intrinsic antibiotic resistance of P.
aeruginosa is largely due to the presence of multiple drug efflux
pumps (49) and the low permeability of the outer membrane
(17). The prevalence of P. aeruginosa infections and the diffi-
culties encountered in treating these infections underlie the
need for an effective vaccine.

For LPS-smooth strains, numerous studies have docu-

mented the protective efficacy of opsonic antibodies specific
for the O-side chain polysaccharide portion of LPS (5, 6, 11,
34, 48). A significant limitation in the development of LPS-
specific immunotherapies is the need for multivalent vaccines
because of the structural diversity of the O antigens. Based on
chemical and serologic variations, the O antigens of P. aerugi-
nosa are currently classified into 20 serogroups, with many
serogroups possessing subtype strains having subtle variations
in the O antigen (28, 58). The O2/O5 serogroup is probably the
most complex and includes the common laboratory strain
PAO1, whose genome has been fully sequenced (60). While O
antigen-based vaccines have been found to mediate potent
protection in animal studies, this protection has, in general,
been seen only when the strains used to isolate the vaccine
antigen are also used in the challenge studies (6, 7, 45, 46).
Broad-based protection is not reliably generated, even against
subtype strains within the same serogroup (19, 20). Thus, the
serogroup variability of P. aeruginosa coupled with the sero-
group-specific nature of protective immune responses have
significantly hampered vaccine development.

Recent evidence that P. aeruginosa readily enters lung and
corneal epithelial cells during infection (12, 21, 44) raises the
possibility that cellular immunity might also be important for
the control of P. aeruginosa infections. Indeed, a number of
groups have demonstrated T-cell-based immune protection
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against P. aeruginosa infections (9, 29, 33, 35–38). We hypoth-
esized that a live, attenuated P. aeruginosa vaccine strain could
exploit the intracellular phase of P. aeruginosa to elicit a broad
immune response encompassing both cell-mediated and anti-
body-mediated effectors directed at a variety of in vivo-ex-
pressed microbial antigens. We previously reported (51) on the
construction of an unmarked aroA deletion mutant of PAO1
and found that it was auxotrophic for aromatic amino acids, it
had a propensity for intracellular growth, it was highly atten-
uated in a mouse model of acute pneumonia, and it elicited
high levels of opsonic antibody against multiple members of
the O2/O5 serogroup. In this report, we present data on the
protective efficacy against acute lethal pneumonia in mice after
intranasal (i.n.) immunization with the live, attenuated aroA
deletion mutant of P. aeruginosa PAO1.

MATERIALS AND METHODS

Bacterial strains. The bacterial strains used in these experiments, along with
their phenotypes and sources, are listed in Table 1.

Preparation of bacterial inocula. Frozen bacterial stocks were plated and
grown overnight on tryptic soy agar at 37°C. For immunization, bacteria were
suspended in either normal saline or phosphate-buffered saline (PBS). For chal-
lenge experiments, bacteria were suspended in PBS containing 1% heat-inacti-
vated fetal calf serum (HyClone). Concentrations were adjusted spectrophoto-
metrically and confirmed by viable counts after serially diluting in PBS containing
1% heat-inactivated fetal calf serum and plating on tryptic soy agar.

Immunization of mice and rabbits. Six- to eight-week-old female C3H/HeN,
C57BL/6, FVB/N, or BALB/c mice (Harlan Sprague-Dawley Farms, Chicago,
Ill., or Jackson Laboratory, Bar Harbor, Maine) were housed under virus-free
conditions. Before immunization, mice were first anesthetized with 0.2 ml of a
mixture of ketamine (6.7 mg/ml) and xylazine (1.3 mg/ml) in 0.9% saline injected
intraperitoneally (i.p.). Immunization consisted of placing 10 �l of the live P.
aeruginosa �aroA vaccine strain, or live Escherichia coli HB101 as a control, on
each nostril (total 20 �l per mouse). Escalating doses of 1 � 108 CFU, 5 � 108

CFU, and 1 � 109 CFU were administered at weekly intervals. For studies of i.p.
immunization, mice were given similar doses but in 100 �l administered i.p.
without prior anesthesia. New Zealand White rabbits (Millbrook Breeding Labs,
Amherst, Mass.) were immunized i.n. initially on a similar schedule, followed by
repeated i.n. boosting with doses of 109 CFU every 2 to 4 weeks, all with inocula
of 100 �l (50 �l per nostril). Rabbits were anesthetized with 2 ml of a mixture of
atropine (0.4 mg), ketamine (80 mg), and xylazine (10 mg) injected subcutane-
ously prior to each i.n. immunization. Rabbits were also immunized with E. coli
HB101 as control, with identical schedules and doses. All animal experiments

complied with institutional and federal guidelines regarding the use of animals in
research.

Challenge studies. We used our previously described acute fatal pneumonia
model after i.n. application of P. aeruginosa in mice sedated with ketamine and
xylazine (1). For one experiment, we used an intratracheal challenge route. For
challenge experiments after active immunization, infections were performed 3 to
4 weeks after the last dose of vaccine. Mice were followed at least daily for
mortality. Moribund animals were sacrificed and considered nonsurvivors. Data
are shown as survival to day 5 after challenge. Passive immunization studies
utilized immunoglobulin G (IgG) purified with protein G affinity chromatogra-
phy (Sigma Chemical Co., St. Louis, Mo.) from sera of rabbits immunized i.n.
with either E. coli HB101 or PAO1�aroA. IgG concentrations were measured by
enzyme-linked immunosorbent assay. For passive immunization, IgG was admin-
istered i.p., i.n. (after anesthesia with ketamine and xylazine), or both i.p. and i.n.,
24 h prior to challenge.

Histological analysis of lungs of immunized mice after challenge. Adult C3H/
HeN mice were immunized and then challenged with ExoU� PAO1 as de-
scribed. Mice were sacrificed at 4, 10, and 24 h after challenge. The lungs were
immediately instilled with 1 ml of PBS containing 1% paraformaldehyde by
means of a tracheal catheter after exposure with a midline neck incision. The
lungs were removed, fixed in PBS with 1% paraformaldehyde for 1 h at room
temperature, and then placed in 70% ethanol in water at 4°C overnight prior to
paraffin embedding. Sections were stained with hematoxylin and eosin.

Opsonophagocytic assays. Opsonophagocytic assays were conducted as previ-
ously described (2, 43), with some modifications. The assay consists of a P.
aeruginosa target strain (5 � 106 CFU/ml), dextran-purified human leukocytes (5
� 106 cells/ml), 2.5% infant rabbit serum (Accurate Chemical, Westbury, N.Y.)
as the complement source, and test sera. The bacteria were grown in tryptic soy
broth containing 1% glycerol as a supplemental carbon source, with the addition
of carbenicillin (400 �g/ml) for ExoU� PAO1. The complement source was not
adsorbed with bacteria. Negative controls in all assays included antisera from
mice immunized i.n. with E. coli HB101. Tubes with PAO1�aroA antisera but
without leukocytes served as additional negative controls to help distinguish
killing from agglutination. After active immunization, mouse sera were collected
and pooled (four mice per immunization group) 3 weeks after the third immu-
nization. For passively immunized mice (n � 5), sera were collected and pooled
22 h after i.p. administration of 1 mg of purified anti-PAO1�aroA rabbit IgG.

Statistical analyses. Survival data were analyzed by Fisher exact test by using
Statview (SAS Institute, Cary, N.C.). The 50% lethal doses (LD50s) were deter-
mined by probit or logit analysis by using SYSTAT (SYSTAT Software, Inc.,
Richmond, Calif.). Opsonophagocytic titers, defined as the reciprocal dilution of
serum-mediating 50% killing, were calculated by linear regression by using
GraphPad Prism (GraphPad Software, San Diego, Calif.). By convention, the
concentrations in serum that were used in the calculations were the input rather
than the final concentrations, since the initial serum dilution is further diluted
fourfold in the assay tube. Under routine conditions, killing of �50% is consid-
ered biologically significant and therefore serves to classify a serum as positive

TABLE 1. Strains used in this study

Strain Description Source and/or
referencea

P. aeruginosa
PAO1 Wild-type strain, LPS-smooth, serogroup O2/O5; subtype epitopes O2a and O2d M. Vasil
PAO1�aroA aroA deletion mutant of PAO1, LPS-smooth, serogroup O2/O5; subtype epitopes O2a and O2d 51
ExoU� PAO1 PAO1(pUCP19exoUspcU), cytotoxic variant of PAO1 carrying the exoU gene and its chaperone

gene, spcU, on plasmid pUCP19; carbenicillin resistant
1

170003 Wild-type strain, LPS-smooth, serogroup O2/O5; subtype epitopes O2a and O2b 20
IATS O16 Wild-type strain, LPS-smooth, serogroup O2/O5; subtype epitopes O2a, O2b, and O2e 20
Fisher IT-3 Wild-type strain, LPS-smooth, serogroup O2/O5; subtype epitopes O2a and O2c 20
170006 Wild-type strain, LPS-smooth, serogroup O2/O5; subtype epitopes O2a, O2d, and O2e 20
170007 Wild-type strain, LPS-smooth, serogroup O2/O5; subtype epitopes O2a, O2d, and O2f 20
Fisher IT-7 Wild-type strain, LPS-smooth, serogroup O2/O5; subtype epitope O2a 20
Fisher IT-4 Clinical isolate (bacteremia) designated Rhodes, LPS-smooth, serogroup O1 50
6294 Clinical isolate (corneal infection), LPS-smooth, noncytotoxic, serogroup O6 BPEI (13, 50)
6206 Clinical isolate (corneal infection), LPS-smooth, cytotoxic, serogroup O11 BPEI (13, 50)

E. coli HB101 supE44 hsdS20 (rB
� rB

�) recA13 ara-14 proA2 lacY1 galK2 rpsL20 xyl-5 mtl-1 3

a BPEI, Bascom-Palmer Eye Institute, Miami, Fla.
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for opsonic killing activity. Although killing �50% is sometimes statistically
significant, this level of killing is not considered biologically significant.

RESULTS

When mice were immunized i.n. with 3 weekly doses of
PAO1�aroA and then challenged i.n. 3 weeks after the final
immunization (Table 2), we observed a high level of protection
against lethal pneumonia caused by a cytotoxic variant of
PAO1, denoted ExoU� PAO1. ExoU� PAO1 expresses the
type III secretion system cytotoxin ExoU from a plasmid that
includes the ExoU chaperone protein. ExoU is not encoded in
the genome of PAO1. We used this strain because we previ-
ously found that its i.n. LD50 of 7 � 105 CFU is much lower
than that of the parental PAO1 strain (3 � 107 CFU), thereby
allowing assessment of protection against very high challenge
doses (1). In this acute murine pneumonia model, most mice
die within 72 h of challenge with a virulent strain and have
evidence of systemic spread of bacteria at the time of death (1).
In the present study, if the immunized mice were challenged
earlier than 3 weeks after the last immunization, we observed
some survival in the E. coli-immunized control groups, likely
due to nonspecific activation of immune effectors in the lung
after i.n. immunization.

The resistance to lethal pneumonia after immunization was
remarkably robust, as challenge doses in up to 1,100-fold
greater than the LD50 were protective after immunization of
BALB/c mice with PAO1�aroA. C3H/HeN mice were com-
pletely protected at doses 70-fold greater than the LD50 but
not at 700-fold greater than the LD50 (Table 2). The efficacy of
high-dose protection in BALB/c mice but not in C3H/HeN
mice indicates murine strain-specific differences in their re-
sponse to the vaccine and the challenge organism. The com-
plete protection against lethal pneumonia due to ExoU�

PAO1 at 70-fold above its LD50, with 100% of PAO1�aroA-
immunized mice surviving and 100% of E. coli-immunized
control mice dying, was also seen with the C57BL/6 and
FVB/N strains of inbred mice (Table 2). Protection was not
dependent on the route of immunization, since mice immu-
nized i.p., followed by intratracheal challenge were also fully
protected (Table 2). Furthermore, the protection was not de-
pendent on route of challenge since mice immunized i.n., fol-
lowed by i.p. challenge were also significantly protected (Table

2). When we evaluated the duration of protection in BALB/c
mice, we found, remarkably, that 100% (four of four) of
PAO1�aroA-immunized mice challenged 10 months after the
final immunization survived after i.n. challenge with ExoU�

PAO1 at 5 � 107 CFU (70-fold above the LD50), whereas the
control E. coli-immunized mice all died (P � 0.05 by Fisher
exact test, data not shown).

We next assessed the protective efficacy of i.n. immunization
of C3H/HeN mice with PAO1�aroA against other P. aerugi-
nosa strains, including the noncytotoxic parental strain PAO1;
other serogroup O2/O5 strains, which are considered sero-
group-homologous, subtype-heterologous strains (170003,
IATS O16, Fisher IT-3, and Fisher IT-7); and serogroup-het-
erologous strains (Fisher IT-4 [serogroup O1], 6294 [serogroup
O6], and 6206 [serogroup O11]) (Table 3). Surprisingly, the
protection against lethal pneumonia due to PAO1, the homol-
ogous parental strain, was only 70%, even at a dose only
20-fold above the LD50 for this strain, which is nearly 900-fold
higher than the LD50 for the ExoU� PAO1 strain. We also
found modest, but significant (P � 0.01), protection against
challenge with the subtype-heterologous strains 170003 and
Fisher IT-7 at doses from 6- to 29-fold above the LD50s, as well
as borderline-significant (P � 0.09) protection against the sub-
type-heterologous strain IATS O16 at a dose 17-fold above its
LD50. There was no protection against the subtype-heterolo-
gous, serogroup-homologous strain Fisher IT-3 at a dose only
fourfold above its LD50. We were unable to test the other two
prototypic serogroup O2/O5 strains (170006 and 170007) due
to insufficient virulence of these strains in this infection model.
When PAO1�aroA-immunized mice were challenged with the
serogroup-heterologous P. aeruginosa strains Fisher IT-4,
6294, and 6206, there was no protection (Table 3).

Opsonophagocytic assays were used to test whether the ti-
ters of opsonic antibody in the sera from PAO1�aroA-immu-
nized mice correlated with the in vivo protection results. We
previously reported that a 1:8 dilution of immune mouse an-
tisera mediated high-level killing of five of the seven prototypic
serogroup O2/O5 strains, including Fisher IT-3, but was not
active against serogroup-heterologous strains (51). Strains
170006 and 170007 were the two serogroup O2/O5 strains not
killed well in those experiments. Using immune antisera ob-
tained from the mice after immunization and prior to chal-

TABLE 2. Protective efficacy against acute fatal pneumonia due to ExoU� PAO1 after active immunization with PAO1�aroA using different
strains of inbred mice and different routes of immunization and challenge

Mouse
strain

Immunization
route

Challenge
route

Inoculum
(CFU)

Multiple
of LD50

No. of surviving mice/no. of mice
challenged in vaccine group:

E. coli
HB101 PAO1�aroA

C3H/HeN i.n. i.n. 5 � 107 70 0/16 16/16b

C3H/HeN i.n. i.n. 5 � 108 700 0/6 1/5
BALB/c i.n. i.n. 8 � 108 1,100 0/15 15/15b

C57BL/6 i.n. i.n. 5 � 107 70 0/9 9/9c

FVB/N i.n. i.n. 5 � 107 70 0/5 5/5c

C3H/HeN i.p. i.t.a 5 � 107 70 0/4 4/4c

C3H/HeN i.n. i.p. 1 � 108 5 1/8 7/8c

a i.t., intratracheal.
b P � 0.001 (Fisher exact test).
c P � 0.05 (Fisher exact test).
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lenge, we found high levels of opsonic antibody against PAO1,
the parental strain, and its cytotoxic variant, ExoU� PAO1
(Fig. 1). The levels of opsonic killing of the other serogroup
O2/O5 strains were markedly less than that of PAO1 and
showed no consistent pattern to suggest that there was less
activity against Fisher IT-3, the strain not protected against
after in vivo challenge. In all experiments, the titers of sera
from E. coli-immunized controls were less than 8 (data not
shown).

To determine the contribution of humoral immunity toward
the high-level protection seen against ExoU� PAO1 (Table 2),
we performed passive immunization studies by using IgG pu-
rified from antisera of hyper-immunized rabbits given multiple
i.n. doses of PAO1�aroA or, as a control, E. coli HB101. As
shown in Table 4, we found that after i.p. doses of 1.0 mg or

after i.n. doses of 0.25 mg of rabbit IgG given 24 h prior to
challenge, high-level protection was achieved, but only if chal-
lenge doses lower than those used in the active immunization-
challenge experiments were used. In these passive transfer
studies, there was no protection against a challenge dose of 5
� 107 CFU, but there was 100% protection against a lower
challenge dose of 107 CFU after i.p. administration of rabbit
IgG. However, improved protection against an inoculum of 5
� 107 CFU of ExoU� PAO1 was realized when 0.25 mg of the
anti-PAO1�aroA IgG was administered i.n. in addition to giv-
ing 1 mg of IgG i.p. (Table 4), although this was not statistically
significant (P � 0.14).

Surprisingly, there was no protection against the parental
strain PAO1 after passive immunization with very high doses
of IgG (up to 5 mg i.p. and 0.5 mg i.n.) prior to the same

FIG. 1. Opsonophagocytic titers against P. aeruginosa serogroup O2/O5 strains in pooled sera from actively or passively PAO1�aroA-
immunized C3H/HeN mice. Titers were determined by linear regression and are expressed as the reciprocal dilution of sera mediating 50% killing.
Error bars represent the 95% confidence intervals. n.d., not determined.

TABLE 3. Protective efficacy against acute fatal pneumonia due to P. aeruginosa after active nasal immunization of C3H/HeN mice
with E. coli HB101 or PAO1�aroA

Challenge
strain Serogroup LD50(CFU) Inoculum

(CFU)
Multiple
of LD50

a

No. of surviving mice/no. of mice
challenged in vaccine group:

E. coli
HB101 PAO1�aroA

PAO1 O2/O5 3 � 107 6 � 108 20 0/10 7/10b

170003 O2/O5 8 � 107 5 � 108 6 0/10 7/12b

IATS O16 O2/O5 6 � 107 1 � 109 17 0/10 4/10c

Fisher IT-3 O2/O5 1 � 108 4 � 108 4 0/6 1/7
Fisher IT-7 O2/O5 7 � 106 2 � 108 29 2/10 9/10c

Fisher IT-4 O1 6 � 108 7 � 108 1.2 0/5 0/6
6294 O6 5 � 107 3 � 108 6 1/6 0/6
6206 O11 4 � 106 3 � 108 75 0/10 0/10

a The LD50 values were determined by probit or logit analysis.
b P � 0.01 (Fisher exact test).
c P � 0.09 (Fisher exact test).
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challenge inoculum used in active immunization experiments.
Furthermore, we found no protection against P. aeruginosa
strains 170003, IATS O16, or Fisher IT-7 after passive immu-
nization, again with the same challenge doses as those used in
active immunization studies. When we tested the mouse sera
for opsonic activity following i.p. administration of the anti-
PAO1�aroA rabbit IgG, there was high-level killing of all four
of the challenge strains (Fig. 1), in many cases higher than the
level of killing seen in the active immunization experiments in
which significant protection was seen. These results imply that
a nonhumoral component of immunity elicited by active im-
munization significantly contributed to the protection against
P. aeruginosa acute lung infection.

Histological analysis of lungs after i.n. challenge with ExoU�

PAO1 in mice immunized i.n. with either E. coli HB101 (as
control) or PAO1�aroA showed similar degrees of mild, pri-
marily peri-airway inflammation at 4 h (Fig. 2). However, by
10 h and particularly 24 h after inoculation, the lungs of E. coli
HB101-immunized mice had multifocal areas of pneumonia
characterized by neutrophil infiltration, alveolar hemorrhage,
and the filling of alveoli with proteinaceous debris and bacte-
ria. On the other hand, at 24 h, the lungs of mice that had been
immunized with PAO1�aroA had only mild to moderate in-
flammation restricted to the regions near the airways, with
overall preservation of normal alveolar architecture. Later
time points were not performed since mice in the control group
died soon after the 24-h time point.

DISCUSSION

In the current study, we evaluated the protective efficacy of
nasal immunization with an aroA deletion mutant of the P.
aeruginosa serogroup O2/O5 strain PAO1 against acute lethal
pneumonia in mice. We previously reported that nasal immu-
nization of mice and rabbits with this strain is well tolerated
and generates high levels of opsonic antibody active against
serogroup-homologous strains and, in rabbits, even against
some serogroup-heterologous strains (51). We found that the
opsonic antibodies elicited by the live, attenuated vaccine are

primarily directed against the LPS O antigen, since adsorption
of the rabbit antisera with O antigen-deficient mutants had no
effect on the level of opsonic killing (51). In the present study,
we observed high levels of protection (typically with 100%
survival in the PAO1�aroA-immunized mice and 100% mor-
tality in the E. coli-immunized mice) when immunized inbred
mice of several strains were challenged i.n. with ExoU� PAO1,
a cytotoxic variant of the parental strain PAO1 that expresses
the type III secretion system cytotoxin ExoU. Immunity did not
involve responses to the ExoU protein, given that the vaccine
strain does not carry the exoU gene.

The importance of showing that protection extends to mul-
tiple strains of inbred mice lies in the observations that during
P. aeruginosa infections some strains of inbred mice (e.g.,
C57BL/6 and C3H/HeN) have been reported to have a pro-
pensity toward T helper cell type 1 (TH1) immune responses,
characterized by predominant secretion of gamma interferon
by T cells, whereas other strains (e.g., BALB/c) show biases
toward TH2 immune responses, characterized by predominant
secretion of interleukin-4 and interleukin-10 by T cells (22, 29,
30, 41, 42, 59, 61). C57BL/6 mice were found to have increased
susceptibility toward chronic bronchopulmonary pneumonia
with mucoid P. aeruginosa (29, 59, 61) and corneal infections
with LPS-smooth P. aeruginosa (22, 30) compared to BALB/c
mice. Other studies, however, have demonstrated that TH1-
responding C3H/HeN mice were more susceptible than the
TH2-responding BALB/c mice to chronic bronchopulmonary
pneumonia with mucoid P. aeruginosa (41, 42). Thus, although
the relative importance of TH1 versus TH2 responses in immu-
nity to P. aeruginosa infections is not clear at this time, it is
evident that different strains of inbred mice have different
immune responses to P. aeruginosa. Despite this, we found
high levels of protection against homologous challenge with
every strain of inbred mice tested. Our immunized BALB/c
mice were somewhat more resistant to P. aeruginosa pneumo-
nia, supporting the results of Stevenson and coworkers (59,
61).

After active immunization, mice challenged with the paren-
tal strain PAO1 with an inoculum 20-fold above the LD50 were

TABLE 4. Protective efficacy against acute fatal pneumonia due to P. aeruginosa after passive immunization of C3H/HeN mice with rabbit
IgG specific for E. coli HB101 or PAO1�aroA

Challenge strain Inoculum
(CFU)

IgG dose (mg)
(route)

No. of surviving mice/no. of mice challenged in
IgG group:

E. coli HB101 PAO1�aroA

ExoU� PAO1 1 � 107 1 (i.p.) 0/5 5/5a

1 � 107 0.25 (i.n.) 0/4 4/4a

5 � 107 1 (i.p.) 0/5 0/5
5 � 107 1 (i.p.), 0.25 (i.n.) 0/4 3/4b

PAO1 6 � 108 1 (i.p.) 0/4 0/4
6 � 108 1 (i.p.), 0.25 (i.n.) 0/4 0/4
6 � 108 2 (i.p.), 0.5 (i.n.) 0/4 0/4
6 � 108 5 (i.p.), 0.5 (i.n.) 0/2 0/2

170003 5 � 108 1 (i.p.) 0/5 0/5

Fisher IT-7 2 � 108 1 (i.p.) 0/5 0/5

a P � 0.05 (Fisher exact test).
b P � 0.14 (Fisher exact test).
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significantly, but not completely, protected. This finding is in
contrast to the complete protection achieved when actively
immunized mice were challenged with the more virulent
ExoU� PAO1 strain with an inoculum 70-fold greater than the
LD50. This difference was observed despite very high titers of
opsonic antibody to PAO1 in the immune mouse sera. Al-
though the reasons for this are not completely clear, it is likely
that the large inoculum of PAO1 (6 � 108 CFU per mouse)
needed in these studies to obtain high levels of lethality in
control mice may have overwhelmed the immune effectors
generated by the vaccine. To address this issue, we are cur-
rently investigating protective efficacy against lethal pneumo-
nia in mice made neutropenic by cyclophosphamide, which
vastly reduces the challenge doses of P. aeruginosa needed for
mortality, even with strains poorly virulent in intact mice. Pre-
liminary results suggest a more broadly protective immune
response is observed when lower challenge doses can be used
and also indicate that the level of neutropenia induced by the
cyclophosphamide leaves a sufficient number of functional leu-

kocytes to mediate immune protection. In addition, studies of
the efficacy of PAO1�aroA vaccination in protecting mice
against corneal infections, which require a lower challenge
dose to elicit significant pathology, show evidence of high lev-
els of protection against multiple challenge strains, even when
they are from heterologous serogroups (T. S. Zaidi, G. P.
Priebe, and G. B. Pier, Abstr. 101st Gen. Meet. Am. Soc.
Microbiol. 2001, abstr. D-8, 2001).

It is noteworthy that active immunization with the single
strain PAO1�aroA conferred protection against the subtype-
heterologous strains 170003 and Fisher IT-7 and nearly signif-
icant protection against the subtype-heterologous strain IATS
O16. In general, O-antigen-based vaccine candidates evaluated
to date have elicited protection only when the strains used to
isolate the vaccine antigen are used in the challenge studies (6,
7, 45). Thus, it is a step forward to observe protection with
subtype-heterologous strains even if it is only partial protec-
tion. There was no protection against the subtype-heterologous
strain Fisher IT-3, a finding which is consistent with the initial

FIG. 2. Low-power views (�10) of hematoxylin-and-eosin-stained sections of lungs removed at the indicated time points from C3H/HeN mice
infected i.n. with ExoU� PAO1 after i.n. immunization with E. coli HB101 (left column) or PAO1�aroA (right column).
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studies performed to define the Fisher immunotyping system
that showed that IT-3 and IT-7 strains were not cross-protec-
tive (11). Although strains 170003, IATS O16, and PAO1 all
share a similar carbohydrate backbone in the O-antigen trisac-
charide repeat composed of 2-acetamido-3-acetamidino-2,3
dideoxymannuronic acid [Man(2NAc3N)], 2,3-diacetamido-
2,3-dideoxymannuronic acid [Man(NAc)2A], and N-acetylfu-
cosamine, the Fisher IT-3 strain has the 5� epimer of
Man(NAc)2A, i.e., 2,3-diacetamido-2,3-dideoxyguluronic acid,
in the middle position of its trisaccharide repeat unit (20, 28).
Possibly, the Man(NAc)2A residue forms an epitope critical
for recognition by protective antibody, but this remains to be
determined. This conjecture is further supported by our find-
ing of protection against challenge with the prototype Fisher
IT-7 strain after immunization with the PAO1�aroA strain.
The O antigen of strain Fisher IT-7 differs from PAO1 in that
the first sugar in the O-antigen trisaccharide repeat unit,
Man(2NAc3N), is replaced by the 5� epimer, 2-acetamido-3-
acetamidino-2,3 dideoxyguluronic acid, indicating that the
epitopes formed by this component of the trisaccharide repeat
are not involved in binding protective antibody.

An alternative explanation of our protection results is that
the O antigen of P. aeruginosa strains of the O2/O5 serogroup
undergoes modifications during infection in the host, allowing
the challenge strain to generate chemical, and thus serological,
changes in the O antigen to avoid preexisting host antibody
induced by immunization. Indeed, it was hoped that if this
were the case, a live, attenuated vaccine might undergo similar
changes and elicit a greater repertoire of antibodies to the O
side chains. However, a single vaccine strain may not be able to
produce all of the possible variants that can occur in the O side
chain of P. aeruginosa strains in a similar serogroup. It has been
suggested that in fact all of the related serogroup O2/O5
strains can produce the same, basic trisaccharide repeat unit
and that modifications such as O acetylation, monosaccharide
epimerization, and variation in linkages that distinguish the
subtypes may actually be postsynthetic modifications. A recent
study by Raymond et al. (52) has shown that the members of
the O2/O5 serogroup, which includes strains serologically des-
ignated O16, O18, and O20, have a highly related genetic
organization for the genes encoding the O-antigen biosynthetic
locus. Strains of different serogroups have highly divergent
genes in these places. Structural analysis of the O antigens of
several P. aeruginosa O2/O5 strains revealed that the LPS
molecular structures from some strains can even be comprised
of mixed repeat units representative of different structures
within the O2/O5 serogroup (54). If this is the case, then it may
be possible that in the presence of protective antibody to one
variant structure, strains producing an altered structure that
does not bind the antibody will be selected for under immu-
nologic pressure.

Interestingly, within the O2/O5 serogroup, protective effi-
cacy did not correlate with opsonic titer. This might reflect the
fact that the P. aeruginosa strains used in vitro did not generate
O-antigen variants during the short, 90-min opsonic assay and
thus appeared to be highly susceptible to opsonic killing,
whereas in vivo O-antigen variants were generated that were
not susceptible to the opsonic antibody raised by the attenu-
ated vaccine. Alternately, in addition to opsonic antibody,
other immune effectors may be required for protection. A

number of studies have implicated that T cells play a significant
role in the control of P. aeruginosa infections (9, 29, 33, 35–38,
62), and it is likely that the previously described (51) propen-
sity toward intracellular growth of the aroA deletion mutant
would generate some cellular immunity. It might be expected
that a cytotoxic strain such as ExoU� PAO1 would not be
susceptible to the typical cellular immune effectors because it
would presumably be rapidly released from host cells, as has
been suggested by in vitro studies. However, our prior studies
with this murine model (1) showed that in vivo a cytotoxic
strain was actually better able to survive intracellularly in the
lungs than was the noncytotoxic strain PAO1. The contribution
of T cells to the protection in this lethal pneumonia model
after nasal immunization with PAO1�aroA is under active
investigation, with current avenues of pursuit including analy-
sis of the protective efficacy in various T cell-knockout mice
(G. P. Priebe and G. B. Pier, Abstr. 102nd Gen. Meet. Am.
Soc. Microbiol. 2002, abstr. D-74, 2002).

Our finding that protection after active immunization with
the live, attenuated strain was most efficacious with the homol-
ogous PAO1 strain further supports prior findings (20) that P.
aeruginosa vaccines are usually most effective against challenge
with the homologous strain from which the vaccine was derived
and much less efficacious against challenge even with closely
related strains of the same serogroup. This represents a major
barrier to developing O-antigen-specific vaccines. Although
cross-protection has been achieved by other, non-LPS vac-
cines, it is notably low in comparison to the level of protection
achieved by LPS immunization and homologous-strain chal-
lenge (39). We had hoped to overcome this restriction by use
of a live, attenuated vaccine. Although there was some success
in protection against other strains of the O2/O5 group, the
protection was still fairly narrow. However, as opposed to the
use of purified LPS O antigens, which interfere with each
other’s immunogenicity when combined into a multivalent vac-
cine (20), a multivalent live, attenuated vaccine may be more
feasible.

In our passive immunization studies, we found that mice
could be protected from challenge with ExoU� PAO1, but
only with relatively high doses of parenteral or nasal IgG and
only when relatively low challenge doses were used. There was
absolutely no protection in passive immunization studies with
PAO1 or other serogroup O2/O5 strains as the challenge strain
despite the use of the same inocula as were used in the chal-
lenge studies after active immunization (in which significant
protection was observed). The inoculum size is likely to be an
important factor. It is also possible that the rabbit IgG used in
these experiments is not recognized by mouse Fc receptors as
effectively as is mouse IgG and is thus able to mediate protec-
tion only against the lower challenge doses. However, no such
problem with rabbit IgG was encountered in a similar P. aerugi-
nosa pneumonia model after passive immunization with poly-
clonal rabbit IgG specific for PcrV (55).

The histological studies of lungs after challenge of immu-
nized mice (Fig. 2) show that i.n. immunization did not com-
pletely prevent pneumonia but did attenuate its severity. Our
previous studies of this acute pneumonia model indicated that
death from pneumonia was highly correlated with systemic
spread of bacteria (1). It therefore follows that survival of the
PAO1�aroA-immunized mice is due to prevention of the dis-
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semination of bacteria rather than to the prevention of pneu-
monia altogether.

A number of P. aeruginosa antigens other than LPS have
been investigated as potential vaccines, with most attention
being focused on flagella (8, 23, 31), on outer membrane pro-
teins (27, 32, 40) and, more recently, on the PcrV antigen
component of the type III secretion system (15, 24, 55, 57). We
note that, in these later studies, protection against lethal pneu-
monia has only been demonstrated with P. aeruginosa strain
PA103, a highly virulent, ExoU� strain that can be given to
mice at a relatively low inoculum to generate lethality. Other
workers have focused on dendritic-cell-based immunization
(25, 26, 62), although the clinical applicability of this approach
is questionable. Although protection against heterologous se-
rogroups has sometimes been seen with these vaccines, the
protection afforded by non-LPS-based immunotherapeutics
has, as a rule, been of only modest potency and is far less than
that achieved with LPS-based vaccines and homologous chal-
lenge strains.

The present study suggests that nasal immunization with
aroA deletion mutants of P. aeruginosa engenders high-level
protection against acute lethal pneumonia caused by a homol-
ogous challenge strain and a modicum of protection against
that caused by subtype strains possessing variations in O anti-
gen structure. These data also indicate that a multivalent vac-
cine containing aroA deletion mutants of multiple P. aerugi-
nosa serogroups might offer a broadly protective vaccine for P.
aeruginosa.
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