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To develop a Pseudomonas aeruginosa vaccine that allows the host immune system to select the antigens, we
hypothesized that dendritic cells (DC) pulsed with P. aeruginosa would induce protective immunity against
pulmonary infections with P. aeruginosa. Incubation of murine bone marrow-derived DC with P. aeruginosa in
vitro led to uptake of P. aeruginosa and activation of the DC. Spleen-derived CD41 cells from mice immunized
with P. aeruginosa-pulsed DC showed increased proliferation, demonstrating that DC pulsed with P. aeruginosa
were capable of eliciting a P. aeruginosa-specific immune response. To evaluate if P. aeruginosa-pulsed DC can
induce protective immunity against P. aeruginosa pulmonary infection, DC incubated with P. aeruginosa in vitro
were administered systemically to syngeneic mice, and the mice were then challenged by intrapulmonary
infection with P. aeruginosa (5 3 104 CFU/mouse) 13 days later. Unimmunized control mice and mice who had
previously received naive DC or DC stimulated with lipopolysaccharide or Escherichia coli died within 72 h. In
contrast, 45% of mice receiving P. aeruginosa-pulsed DC demonstrated prolonged survival (>14 days). Finally,
DC-pulsed with heat-inactivated P. aeruginosa protected CD82/2 but not CD42/2 mice, demonstrating that
CD41 T cells were required for the DC pulsed with P. aeruginosa to induce protective immunity.

Pseudomonas aeruginosa, an environmentally ubiquitous,
gram-negative, opportunistic pathogen, is commonly associ-
ated with progressive, chronic respiratory infection in patients
with cystic fibrosis (CF) and other causes of airway derange-
ment (6). Once colonization of the airways is established, P.
aeruginosa is rarely eliminated, despite an exuberant host in-
flammatory response (10). The treatment of P. aeruginosa in-
fection by antibiotic therapy is limited due to a high incidence
of drug resistance and the inability to completely eradicate
infection in CF patients (1, 6). Bacterial virulence factors (12),
as well as CF-specific host factors, may play a role in the
persistence of this organism (29, 35). Despite considerable
effort, vaccines against P. aeruginosa infection involving con-
ventional immunization strategies have not been efficacious
(18, 21, 33), although recent novel approaches show some
promise (14, 34, 36, 40). The lack of progress toward the
development of a vaccine against P. aeruginosa infection has
been due, in part, to an incomplete understanding of the op-
timal P. aeruginosa antigens for the vaccine, as well as of the
host immune mechanisms that mediate protective immunity
against this pathogen (5, 6, 10).

The focus of this study is to assess a new paradigm in the
development of a vaccine to protect against Pseudomonas in-
fection, using Pseudomonas-pulsed dendritic cells (DC) as the
immunizing biologic agent. DC are potent antigen-presenting
cells that play a central role in the induction of T-cell immunity
in vivo (2) and in lung host defense (9, 27). Large numbers of
DC with powerful in vivo antigen-presenting properties can be
propagated in vitro using recombinant cytokines (16). Ex vivo

antigen-pulsed DC are effective inducers of tumor-specific (25)
or antiviral (22) protective immunity, and a variety of bacterial
pathogens have been reported to be taken up and processed
for effective antigen presentation by DC (15, 24, 26, 39, 41).

The present study analyzes the interaction of P. aeruginosa
with DC and evaluates the use of DC pulsed with Pseudomonas
to induce protection against fatal pulmonary infections with P.
aeruginosa. The data presented here demonstrate that murine
bone marrow-derived DC interact with and are activated by P.
aeruginosa in vitro and that DC pulsed with P. aeruginosa
administered to syngeneic mice lead to induction of a CD41 T
cell proliferative response and prolonged survival following a
lethal intrapulmonary challenge with P. aeruginosa in a process
that is dependent on the presence of CD41 T cells.

MATERIALS AND METHODS

Experimental animals. Female C57BL/6 (He-2b) and CD4 and CD8 knockout
mice (both on the C57BL/6 background), 4 to 6 weeks old, were purchased from
Jackson Laboratories (Bar Harbor, Maine) and housed under pathogen-free
conditions.

DC. DC were generated from mouse bone marrow precursors harvested from
C57BL/6 mice in RPMI 1640 medium supplemented with 10% fetal bovine
serum (FBS), 100 U of penicillin per ml, and 100 mg of streptomycin, with
recombinant murine granulocyte-macrophage colony-stimulating factor (100
U/liter; Sigma, St. Louis, Mo.) and recombinant murine interleukin-4 (IL-4) (2
ng/ml; R&D Systems, Minneapolis, Minn.), for 8 days as previously described
(37).

Interaction of DC with P. aeruginosa in vitro. To analyze the interaction of DC
with P. aeruginosa in vitro, bone marrow-derived DC (2 3 105 cells) were
incubated with 20 CFU per cell of PAO1-GFP, a nonmucoid laboratory P.
aeruginosa strain that expresses green fluorescent protein (gift from Alice Prince,
Columbia University, New York, N.Y.). The bacteria were grown at 37°C in
tryptic soy broth (TSB) (Difco Laboratories, Detroit, Mich.) to the mid-log phase
and washed four times in phosphate-buffered saline (PBS [pH 7.4]). Following
incubation in RPMI 1640 for 3 h at 37°C, the DC were washed three times in PBS
and fixed with 4% paraformaldehyde in PBS (23°C, 15 min) on Cytospin prep-
arations. Nuclei were counterstained with the DNA dye 49,69-diamino-2-phe-
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nylindole (DAPI) (1 mg/ml; Molecular Probes, Eugene, Oreg.) in PBS with 0.1%
Triton X-100 for 5 min to visualize and quantify DC-associated bacteria. The DC
were then evaluated by fluorescence and differential interference microscopy
using a Nikon Microphot SA microscope and a 603 N.A. 1.4 objective.

Activation of DC incubated with P. aeruginosa in vitro. To assess whether
coincubation of P. aeruginosa with DC leads to activation of the DC, DC were
incubated for 3 h with 10 CFU of PAO1 per cell in RPMI 1640–10% FBS. The
DC were then washed and incubated for 3 h with 200 mg of gentamicin (Sigma)
per ml to kill live bacteria, and the cultures were contained for an additional 48 h
in RPMI 1640–10% FBS. The DC were then washed three times with PBS, and
4 3 105 cells were stained (30 min, 4°C) with fluorescein isothiocyanate (FITC)-
conjugated monoclonal antibodies (MAb) to the costimulatory molecule CD80
(B7.1, 16–10A1) or CD86 (B7.2, GL1). An isotype-matched FITC-labeled MAb
was used as a control (all antibodies from Pharmingen, San Diego, Calif.).
Stained DC were analyzed by flow cytometry (EPICS XL apparatus; Coulter
Corp., Miami, Fla.).

To analyze the secretion of IL-12 following coincubation of DC with PAO1,
DC were incubated with either live or heat-inactivated (1 h, 56°C) PAO1 (10
CFU/cell) for 3 h. The DC were then washed with PBS, incubated with genta-
micin for 60 min as described above, and cultured for 48 h in 48-well dishes with
RPMI 1640–10% FBS. The supernatants of the cultures were then harvested and
centrifuged to remove debris, and the amount of IL-12 remaining was assessed
by enzyme-linked immunosorbent assay (ELISA) for mouse IL-12 p40 (R&D
Systems).

CD41 T-cell proliferation following transfer of Pseudomonas-pulsed DC. To
analyze whether the transfer of DC pulsed with P. aeruginosa would lead to
Pseudomonas-specific proliferation of CD41 T cells in vivo, the proliferative
responses of CD41 cells derived from spleens of mice that were primed with
antigen (mice injected with DC pulsed with heat-inactivated or live PAO1) or not
primed with antigen (unstimulated mice or mice injected with naive DC) were
compared to those of PAO1-pulsed, irradiated DC. DC were incubated with live
or heat-inactivated PAO1 (10 CFU/cell) for 3 h, washed three times with PBS,
and incubated with gentamicin (200 mg/ml) for 1 h to kill remaining live bacteria.
The DC were then washed and resuspended in PBS, and 2 3 105 cells were
injected intravenously (via the internal jugular vein) into syngeneic 4-to-6-week-
old C57BL/6 mice. Naive animals and animals injected with naive DC served as
controls. To control for any remaining live bacteria, an aliquot of the DC
preparation was plated on MacConkey agar plates, with and without lysis of the
cells with 0.5% Triton-X (Sigma). No colonies were detected after 24 h of
incubation. After 14 days, the spleens were harvested and CD41 cells were
isolated using magnetic beads (Miltenyi, Auburn, Calif.). The purity of the
isolated CD41 cells was assessed by flow cytometry using FITC-labeled MAb to
murine CD4. The CD41 cells (2 3 105 cells) were cocultured in 96-well plates
with 2 3 104 irradiated DC (3,000 rad) that had been generated from naive
syngeneic mice and pulsed with heat-inactivated PAO1 (10 CFU/cell) for 60 min
prior to the culture with the CD41 cells. After 48 h, [3H]thymidine (90 Ci/mmol,
1 mCi/well; DuPont-NEN, Boston, Mass.) was added, and incubation was con-
tinued for 14 h at 37°C, after which the cells were harvested, and the [3H]thy-
midine incorporation was measured using a b-counter. Cell proliferation was
expressed as a stimulation index (disintegrations per minute [dpm] for CD41

cells cultured with Pseudomonas-pulsed DC/dpm for CD41 cells cultured with
unpulsed DC). Control experiments were carried out to determine the prolifer-
ative responses of CD41 cells derived from mice immunized with P. aeruginosa-
pulsed DC to irradiated DC pulsed with E. coli and of CD41 cells derived from
mice immunized with E. coli-pulsed DC to irradiated DC pulsed with P. aerugi-
nosa.

Serum antibody response following transfer of Pseudomonas-pulsed DC. To
assess if transfer of PAO1-pulsed DC would lead to a specific anti-Pseudomonas
antibody response, the sera of C57BL/6 mice which had received 3 3 105 DC
pulsed with heat-inactivated or live PAO1 were analyzed 14 days after immuni-
zation by ELISA. Sera obtained from naive control mice or from mice that had
received naive DC served as the controls. Flat-bottomed 96-well plates (Bio-Rad
Laboratories, Hercules, Calif.) were coated at 4°C with 107 CFU of heat-killed
PAO1 in 0.05 M carbonate buffer (pH 9.6; Sigma) with 0.2% sodium azide. Serial
dilutions of the serum samples were incubated at 23°C for 1 h following the
addition of 1% bovine serum albumin. The plates were washed with washing
buffer (0.05% Tween 20 in PBS), and rabbit anti-mouse subtype-specific immu-
noglobulin (immunoglobulin M [IgM], IgG1, IgG2a, IgG2b, IgG3, or IgA; Bio-
Rad) was added. After incubation for 1 h and rinsing with washing buffer, the
plates were incubated with diluted goat anti-rabbit IgG horseradish peroxidase-
conjugated antibodies (Bio-Rad) at 23°C for 1 h. After washing out unreacted
conjugated antibodies, the plates were developed with a peroxidase substrate

solution (Bio-Rad) for 30 min at 23°C and then evaluated in an ELISA reader at
425 nm.

Immunization with Pseudomonas-pulsed DC. To evaluate whether P. aerugi-
nosa-pulsed DC would lead to protective responses against intrapulmonary in-
fection with P. aeruginosa, DC generated as described above were incubated with
live or heat-inactivated PAO1 for 3 h, washed, and then administered intrave-
nously to syngeneic mice (2 3 105 cells/mouse). Naive mice, mice receiving naive
DC, or mice receiving DC that had been incubated with either lipopolysaccha-
ride (LPS) (200 ng/ml; Sigma) or heat-inactivated E. coli strain ATCC 25922 (50
CFU/cell) for 3 h intravenously were used as controls. Additional control exper-
iments were done with intravenous injection of heat-inactivated PAO1 (2 3 106

CFU). After 14 days, the animals were challenged by an intratracheal injection
of 5 3 104 CFU of agarose-encapsulated PAO1, as described by Stevenson et al.
(38). For encapsulation in agarose, PAO1 cells were grown in TSB (Difco
Laboratories) to mid-log phase, washed in PBS, and mixed (dilution ratio, 1:9)
with 2% TSB agar in PBS at 52°C. This mixture (10 ml) was added to 100 ml of
preheated (52°C) heavy mineral oil under constant stirring for 5 min, followed by
rapid cooling to 4°C. After being washed three times in PBS, the beads were
evaluated for size using a hemocytometer; only preparations with beads having
diameters that were ,100 mm were used. The number of bacteria encapsulated
in the agarose was evaluated by 18-h cultures of serial dilutions at 37°C on 1.5%
MacConkey agarose plates (Difco Laboratories). Following intratracheal admin-
istration of the Pseudomonas beads, the survival of the animals was assessed over
time.

Role of CD41 T cells. To evaluate the role of CD41 and CD81 T cells in
establishing immunity by P. aeruginosa-pulsed DC, CD42/2, CD82/2, and wild-
type C57BL/6 mice were immunized with 105 DC which had been pulsed with
heat-killed P. aeruginosa (10 bacteria/cell) for 3 h. Wild-type mice without im-
munization were included as controls. Mice were challenged intratracheally with
105 CFU of PAO1 enmeshed in agar beads 3 weeks after the immunization, as
described above. Survival was evaluated over time, and the results were averaged.

Statistical analysis. All data reported here are means 6 standard errors of the
means. Statistical comparisons were made using the unpaired Student’s t test.
Survival evaluation was carried out using Kaplan-Meier analysis (Statview; SAS
Institute, Cary, N.C.).

RESULTS

Interaction of P. aeruginosa with DC. Following incubation
of DC with PAO1 at 20 CFU/cell, GFP-expressing PAO1 could
be seen associated with or in the DC, but no fluorescence was
visible in naive cells (data not shown). Although the determi-
nation of the localization of the bacteria within or at the cell
surface was not possible using this technology, the data dem-
onstrate that the PAO1 was associated with the DC.

Activation of DC following incubation with P. aeruginosa. To
analyze whether coincubation of P. aeruginosa with DC leads
to activation of the DC, the surface expression of the costimu-
latory molecules relevant to the interaction of DC with T cells
(CD80 and CD86), as well as the secretion of the cytokine
IL-2, was evaluated. DC incubated with PAO1 demonstrated
an increase in the expression of the costimulatory molecules
CD86 (74% increase) and CD80 (67% increase) that was even
greater than that observed with naive DC (31% increase for
CD86 and 40% increase for CD80 [Fig. 1]). Analysis of the
culture supernatants showed increased secretion of IL-12 in
DC coincubated with PAO1 (152 6 18 ng/ml) or heat-inacti-
vated PAO1 (253 6 42 ng/ml) compared to controls (71 6 13
ng/ml) (for both comparisons, the P value was ,0.001). The
IL-12 levels in the supernatants of the DC incubated with
heat-inactivated PAO1, which were increased compared to
those in the supernatants of the DC incubated with viable
PAO1, may be a reflection of some toxic effects of the high
dose of live bacteria on these cells. Analysis of the number of
nonviable DC using trypan blue exclusion showed 9% 6 4%
dead cells for the control DC versus 13% 6 2% dead cells for
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DC incubated with heat-inactivated PAO1 and 24% 6 4%
dead cells for DC incubated with live PAO1 (for both com-
parisons, the P value was .0.05). In our system, IL-12 served
as a marker for the activation of the DC. Overall, these data
demonstrate that coincubation of DC with P. aeruginosa leads
to activation of DC, presumably priming them for interaction
with CD41 T cells.

Pseudomonas-specific CD41 T-cell proliferation following in
vivo immunization with P. aeruginosa-pulsed DC. To analyze if
DC pulsed with PAO1 were capable of eliciting a P. aerugi-
nosa-specific immune response, CD41 T cells were harvested
from spleens of mice 10 days after immunization with PAO1-
pulsed DC. The CD41 cells were coincubated with sensitized
and irradiated syngeneic DC pulsed with PAO1 and analyzed
for proliferation of the CD41 cells. Spleen-derived CD41 T
cells from mice immunized with live PAO1 or heat-inactivated
PAO1-pulsed DC showed increased proliferation compared to
T cells from naive mice or mice that had received naive DC (in
comparison with controls, the P value was ,0.002 [Fig. 2]).
However, the CD41 cells of all four groups (i.e., cells derived
from naive animals, from animals that had received naive DC,
from animals that had received DC pulsed with heat-inacti-
vated PAO1, and from animals that had received DC pulsed
with live PAO1) incubated with syngeneic unstimulated DC
showed no proliferation (data not shown). The absolute counts
of unstimulated CD41 were low (,500 dpm) and comparable
for all groups. These results demonstrate that immunization
with P. aeruginosa-pulsed DC leads to induction of a CD41

T-cell proliferative response against DC presenting a P. aerugi-
nosa antigen(s). However, CD41 cells derived from mice im-
munized with DC pulsed with PAO1 previously exposed to
irradiated, E. coli-pulsed DC and CD41 cells derived from
mice immunized with DC pulsed with E. coli previously ex-
posed to irradiated, PAO1-pulsed DC showed levels of prolif-
eration (stimulation index values, 3.01 6 0.2 and 3.2 6 0.2,
respectively) even lower than those shown by CD41 cells de-
rived from mice immunized with DC pulsed with PAO1 ex-

posed to irradiated, PAO1-pulsed DC (stimulation index,
4.4 6 0.2, P , 0.001). This suggests that, in part, the prolifer-
ative in vitro responses could be due to endotoxin adjuvant
effects. As seen with the secretion of IL-12, the heat-inacti-
vated PAO1 leads to a higher proliferation response than does
live PAO1, which may be a reflection of some toxicity of the
live bacteria on the DC during the 3-h incubation period.

Pseudomonas-specific antibody response following immuni-
zation with P. aeruginosa-pulsed DC. To analyze whether DC
pulsed with PAO1 induced an increase in Pseudomonas-spe-
cific antibodies in the serum, the sera of the mice were evalu-
ated 14 days following immunization with PAO1-pulsed DC
for the presence of Pseudomonas-specific IgM, IgG1, IgG2a,
IgG2b, IgG3, and IgA by ELISA. Although increased levels of
IgM and IgA were found in the sera of mice immunized with
DC pulsed with live or heat-inactivated PAO1, the differences
were not statistically significant when data were compared to
those of either control group (mice not immunized or immu-
nized with naive DC [Fig. 3]).

Protection against P. aeruginosa following immunization
with P. aeruginosa-pulsed DC. To determine whether mice
immunized with P. aeruginosa-pulsed DC were protected
against a lethal, intratracheal dose of P. aeruginosa, the survival
of mice that had been immunized intravenously with P. aerugi-
nosa-pulsed DC (2 3 105) were analyzed following intrapul-
monary infection with a lethal dose of P. aeruginosa encapsu-
lated in agarose beads. Naive mice and mice receiving naive
DC, DC pulsed with LPS, or DC pulsed with E. coli all died
within 72 h following intrapulmonary challenge with PAO1
(Fig. 4). However, the animals which had previously been im-
munized with DC pulsed with either live or heat-inactivated
PAO1 demonstrated prolonged survival (45% survived for
more than 10 days; for both, comparison with the controls
resulted in a P value of ,0.0001 [Fig. 4]). Animals which had
received heat-inactivated PAO1 without DC did not survive
longer than 72 h following intrapulmonary challenge with
PAO1 (data not shown).

FIG. 1. Activation of DC following infection with P. aeruginosa. DC were incubated with PAO1 at 10 CFU/cell for 2 h. The DC were then
incubated with gentamicin to kill live bacteria. After 48 h, the DC were stained with anti-B7.2–FITC (CD86) and anti-B7.1–phycoerythrin (CD80).
Shown are results of flow cytometry of naive DC (A) and PAO1-pulsed DC (B). The gates were set at ,1% positive cells for DC stained with an
FITC-labeled isotype control IgG.
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Role of CD41 T cells. To evaluate the role of CD41 and
CD81 T cells in the induction of protective immunity following
immunization with P. aeruginosa-pulsed DC, immunization
with P. aeruginosa-pulsed DC was analyzed in CD4 and CD8
knockout mice. Twenty-one days after immunization, the mice
underwent intratracheal infection with agarose-encapsulated
PAO1 at a dose of 105 CFU. Immunized wild type mice and
CD8 knockout mice showed prolonged survival (percent sur-
vival, 40 and 30%, respectively), whereas nonimmunized mice
and CD4 knockout mice all died within the first 96 h (P , 0.005
[Fig. 5]). These data demonstrate the necessity of the presence
of CD41 T cells for the protective effect of the immunization
of DC pulsed with P. aeruginosa, whereas the presence of
CD81 cells seems to be negligible for the induction of the
protective immune response using PAO1-pulsed DC.

DISCUSSION

The present study describes a new strategy to induce immu-
nity against pulmonary infections with P. aeruginosa utilizing
the potent antigen-presenting potential of DC. DC activated in
vitro with whole P. aeruginosa organisms induced systemic
Pseudomonas-specific CD41 T-cell proliferation in vivo. Im-

portantly, intravenous vaccination of DC pulsed with P. aerugi-
nosa was able to improve survival following a lethal intrapul-
monary infection with P. aeruginosa, a process that was
dependent on the presence of CD41 T cells.

Protective immunity against P. aeruginosa. P. aeruginosa is
the most common respiratory pathogen found in CF patients
and is thought to play a major role in eliciting damage to the
pulmonary tract (6, 10). The host response to P. aeruginosa is
a complex immunoinflammatory interaction that results in
damage to the airways and lung parenchyma. Opsonizing an-
tibodies, as well as cell-mediated immunity, seem to be asso-
ciated with protective immune responses (3, 5, 11, 17, 18, 20,
21, 28, 33), although an effective vaccine for protection against
chronic pulmonary colonization has not been developed. Al-
though the present study does not define all of the mechanisms
of DC-pulsed Pseudomonas induction of Pseudomonas-specific
protective immunity, there is a clear demonstration of some
protection of systemic administration of Pseudomonas-pulsed
DC against intrapulmonary infection with P. aeruginosa. Im-
munization with heat-killed PAO1 at a comparable dose did
not lead to protection, suggesting that DC were necessary for
the observed effect. CD41 T cells likely play an important role,
as no survival advantage was observed in CD4 knockout mice.
Consistent with this observation, mice with an intact immune
system immunized with Pseudomonas-pulsed DC had primed
CD41 cells which proliferated in response to Pseudomonas
antigens presented by DC in vitro, although part of the in vitro
proliferative response could be due to an endotoxin adjuvant
effect. Serum anti-Pseudomonas IgM and IgA antibody levels

FIG. 2. Levels of T-cell proliferation in mice immunized with P.
aeruginosa-pulsed DC CD41 cells who also received P. aeruginosa-
pulsed DC of spleen-derived CD41 cells of mice which were primed
with antigen (mice injected with DC pulsed with heat-inactivated or
live PAO1) were increased compared to those of similarly immunized
mice who received DC of spleen-derived CD41 cells of mice which
were not primed with antigen (unstimulated mice or mice injected with
naive DC). C57BL/6 mice were injected intravenously with 2 3 105 DC
previously pulsed in vitro with live or heat-inactivated PAO1 (10 CFU/
cell). Controls included naive mice or mice receiving naive DC. Two
weeks following immunization, CD41 cells were isolated from the
spleens and coincubated for 48 h with irradiated DC previously pulsed
with PAO1 for 48 h. CD41-cell proliferation was evaluated by [3H]thy-
midine incorporation during incubation for 12 h. Proliferation is ex-
pressed as a stimulation index calculated in relation to CD41 cells
cultured with unpulsed DC.

FIG. 3. Pseudomonas-specific antibody response in serum follow-
ing immunization with P. aeruginosa-pulsed DC. DC were incubated
with heat-inactivated (solid bars) or live (hatched bars) PAO1 for 3 h,
washed, and then readministered intravenously to syngeneic mice.
Naive mice (grey bars) and mice receiving naive DC (open bars) served
as controls. Two weeks following immunization, the sera of the mice
were collected and analyzed for the presence of Pseudomonas-specific
antibodies by ELISA.
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were found to be slightly but not statistically significantly ele-
vated, and thus, these antibodies do not seem to play the major
role in the observed protective effect, although the presence of
mucosal antibodies in the respiratory tract, which was not
evaluated in the present study, could theoretically play a role.
Nonspecific cross-reactivity to anti-LPS cannot be completely
excluded for the ELISA assay used in the present study; how-
ever, with the use of the identical assay, no anti-P. aeruginosa
antibodies were detected in mouse serum immunized with E.
coli (19). The presence of antibodies in the nonimmunized
mice is most likely due to background levels of antibody to P.
aeruginosa, due to the ubiquitous nature of this organism. We
have recently demonstrated that using DC genetically modified
to express CD40 ligand and pulsed with heat-inactivated P.
aeruginosa induced protective immunity independent of CD41

T cells (19). In that study, a lower dose of DC (5 3 104

DC/animal) and a subsequent higher dose of P. aeruginosa
(2 3 105 CFU/animal) for the intratracheal challenge were
used. Interestingly, we observed a protective effect of DC
pulsed with P. aeruginosa modified with a control Ad vector
(AdNull) for 10% of the immunized animals.

Investigation of the immune mechanisms leading to host
resistance to bronchopulmonary infection with P. aeruginosa
have focused on humoral immunity and nonspecific inflamma-
tory responses, such as neutrophil and macrophage responses
(3, 11, 17, 20, 21, 28, 33). For humans, a vaccine directed
against Pseudomonas have failed to be effective, despite good

antibody responses to the vaccine (21, 33). Passive immuniza-
tion with mucoid exopolysaccharide-specific opsonizing anti-
body protects against chronic P. aeruginosa infection in rats.
Association between the presence of opsonizing mucoid ex-
opolysaccharide antibodies and a lack of colonization with P.
aeruginosa in elderly, relatively healthy patients suggests that
this antibody plays a protective role (30). Recently, various
novel approaches to vaccination, including the use of human
MAb against LPS, elastase peptidase, or catalase and genetic
vaccination against exotoxin A have demonstrated promising
results (14, 34, 36, 40).

The role of T-cell mediated immunity has received less at-
tention in efforts to develop a vaccine against P. aeruginosa (7).
T cells are responsible for many host responses against pulmo-
nary infections, and T cells are necessary to provide help for
most antibody responses (8). Normal human T cells proliferate
in response to P. aeruginosa (31). Intestinal immunization of
rats with killed P. aeruginosa protected the lung against bacte-
rial infection in a T-cell-dependent process (7, 8). The pres-
ence of protective T-cell responses in the absence of detectable
antibody responses have been described in mice following low
systemic doses of live P. aeruginosa (23), and protection against
Pseudomonas could be transferred to nonimmune mice by
CD81 and CD41 T cells (32). Immunized animals demon-
strated enhanced macrophage activation and neutrophil re-
cruitment and activation, i.e., Pseudomonas-related immune T
cells may enhance elimination of P. aeruginosa from the lung
via recruitment and activation of macrophages and neutrophils
(32).

DC and immunity. DC pulsed ex vivo with various protein
antigens have the capacity to prime naive T cells in vivo and
induce protective immunity against various tumors and micro-
bial infections (2, 22, 24–26, 39, 41). The use of antigen-pulsed
DC for the induction of protective immunity against bacteria
has been assessed against intracellular pathogens, where a Th1
T-cell-dominant response is thought to be important in con-
trolling the infection (15, 24, 26, 39, 41). Consistent with the
observations of the present study, experimental murine eye
infection with P. aeruginosa is associated with increased accu-
mulation of DC at the site of infection (13).

FIG. 4. Immunization with P. aeruginosa-pulsed DC partially pro-
tects against subsequent infection with a lethal dose of P. aeruginosa
pulmonary infection. DC were incubated with live (F) or heat-inacti-
vated (M) PAO1 for 3 h, washed, and then readministered intrave-
nously to syngeneic mice. Naive mice (E) and mice receiving naive DC
(f), LPS-stimulated DC (‚), or DC pulsed with E. coli (Œ) served as
controls. Two weeks later, PAO1 encapsulated in agarose beads (2 3
104 CFU) was administered to the animals intratracheally and survival
was evaluated over time (n 5 15 animals/group for animals who re-
ceived PAO1-pulsed or naive DC, n 5 5 animals/group for animals
who received LPS-stimulated or E. coli-pulsed DC).

FIG. 5. Role of CD41 and CD81 T cells to establish immunity by
P. aeruginosa-pulsed DC. CD42/2 (E), CD82/2 (‚), or wild-type (f)
C57BL/6 mice were immunized with 105 DC which had been pulsed
with heat-inactivated P. aeruginosa (10 CFU/cell, 3 h). Controls in-
cluded wild-type mice who were not immunized (M). Three weeks
after the immunization, mice were challenged intratracheally with 105

CFU of P. aeruginosa enmeshed in agar beads. Survival was recorded
as the percentage of surviving animals (n 5 10 animals/group).
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Incubation of DC with heat-inactivated PAO1 was as effec-
tive as using live bacteria in the induction of a protective effect,
suggesting that the processing of the antigens in the DC rele-
vant to induction of anti-Pseudomonas immunity was indepen-
dent of the viability of the bacteria. Using killed PAO1 in
conjunction with DC may be more immunostimulatory, poten-
tially due to lysis or denaturation of immunogens. Studies
using DC pulsed with Chlamydia trachomatis to induce protec-
tive immunity against genital or pulmonary infection with this
organism also used inactivated bacteria (39). As we did not
observe any antigen processing and presentation in the PAO1-
pulsed DC, the possibility that the observed protective effect
might be based on a superantigen effect cannot be ruled out.

The usage of DC pulsed with the intact P. aeruginosa organ-
ism as a vaccination strategy has the potential advantage of
inducing immunity against multiple antigens simultaneously, as
opposed to vaccination strategies using single antigenic com-
ponents of P. aeruginosa. This is especially relevant in the light
of the capacity of P. aeruginosa to commonly mutate in vivo
into a mucoid form (10). The appearance of mucoid forms
includes overproduction of the polysaccharide alginate, lead-
ing to increased bacterial adherence and thus imposing a bar-
rier for phagocytosis, and usually correlates with the formation
of a bacterial biofilm containing microcolonies (4). There is
genetic diversity among P. aeruginosa strains isolated from
patients with CF, with various patterns of colonization, such as
colonization with multiple resistant strains, a single strain, or
periodically changing dominant strains (10). A vaccination
strategy utilizing the whole Pseudomonas organism presented
by DC may be able to induce immunity to multiple Pseudomo-
nas antigens before the appearance of a bacterial biofilm. The
P. aeruginosa strain used in the present study, PAO1, is a
nonmucoid laboratory isolate. Future studies will have to use
mucoid strains and various clinical isolates recovered from
infected patients with CF at various times during the progres-
sion of their disease to further evaluate the efficacy of this
strategy.
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