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The Pseudomonas aeruginosa major constitutive outer membrane porin protein OprF, which has previously
been shown to be a protective antigen, was targeted as a DNA vaccine candidate. The oprF gene was cloned into
plasmid vector pVR1020, and the plasmid vaccines were delivered to mice by biolistic (gene gun) intradermal
inoculation. Antibody titers in antisera from immunized mice were determined by enzyme-linked immunosor-
bent assay, and the elicited antibodies were shown to be specifically reactive to OprF by immunoblotting. The
immunoglobulin G (IgG) immune response was predominantly of the IgG1 isotype. Sera from DNA vaccine-
immunized mice had significantly greater opsonic activity in opsonophagocytic assays than did sera from
control mice. Following the initial immunization and two consecutive boosts, each at 2-week intervals, protec-
tion was demonstrated in a mouse model of chronic pulmonary infection by P. aeruginosa. Eight days post-
challenge, both lungs were removed and examined. A significant reduction in the presence of severe macro-
scopic lesions, as well as in the number of bacteria present in the lungs, was seen. Based on these findings,
genetic immunization with oprF has potential for development as a vaccine to protect humans against infection
by P. aeruginosa.

Pseudomonas aeruginosa, an opportunistic pathogen, is a
leading cause of life-threatening infections in immunocompro-
mised individuals. It is an etiological agent of bacteremia,
urinary tract infections, and pneumonia in such patients. The
mortality from bacteremia and pneumonia caused by P. aerugi-
nosa infections can exceed 50%. Each year, over two million
patients develop hospital-associated infections, and an esti-
mated 88,000 patients die as a result. A report on nosocomial
infection surveillance places P. aeruginosa among the three
most frequently reported nosocomial pathogens (26). P. aerugi-
nosa is also the cause of chronic, serious pulmonary infection
in cystic fibrosis patients. Recent reports list P. aeruginosa
among the most serious antibiotic-resistant bacteria and one
for which effective vaccines are needed (11, 42).

The observation that genetic immunization, more commonly
referred to as DNA vaccination, is able to elicit an immune
response has fostered a new generation in vaccine develop-
ment (37, 49, 50). Production of an effective immune response
against selected target antigens has been successfully demon-
strated using recombinant retroviral vectors, encapsulation of
DNA in liposomes, DNA-coated gold particles introduced by
particle bombardment (29, 54), and pure plasmid DNA (naked
DNA) injected into muscle tissue in mice (12, 49). DNA im-
munization has been used to elicit protective antibody and
cell-mediated immune responses in a wide variety of preclini-
cal animal models for viral and bacterial diseases (14, 15). The
antigen is produced in vivo by the host and is appropriately

presented on major histocompatibility complex I or II mole-
cules (2, 6, 8). DNA vaccination represents a novel way to
induce a specific immune response in a host organism. DNA
vaccines compared to earlier generations of vaccines have
many advantages, such as ease of construction, low cost of
mass production, high-temperature stability, and ability to in-
duce many different long-lasting immune responses, including
cytotoxic T cells as well as recognition by B cells to induce
antibody production.

Vaccination with outer membrane protein antigens has been
shown to be efficacious against P. aeruginosa infection in a
number of studies using killed whole cells (9), purified outer
membrane preparations (32, 33), isolated outer membrane
proteins (18, 20, 39, 53), protein fusions (38), or synthetic
peptides representing protective epitopes (22, 23). The P.
aeruginosa major constitutive porin protein, OprF, which has
previously been shown to be antigenic (3, 20, 25) and has high
homology among Pseudomonas strains (18, 34, 40), was chosen
as a vaccine target. This protein has been shown to provide
protection in a mouse model of systemic infection (20), a
mouse burn infection model (39), and rodent models of acute
(28) and chronic lung infection (18, 47). Based on these pre-
vious findings, we designed and tested the efficacy of a DNA
vaccine based upon outer membrane protein F for immuno-
protection against P. aeruginosa.

The eukaryotic expression plasmid pVR1020 (Vical, Inc.,
San Diego, Calif.) was used in this study (Fig. 1). This plasmid
contains an immediate-early cytomegalovirus promoter to en-
sure efficient expression in a eukaryotic host as well as the
human tissue plasminogen activator secretion signal to facili-
tate secretion of the target antigen (OprF) from the eukaryotic
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cell (31, 45). The 977-bp oprF gene was cloned from P. aerugi-
nosa PAO1 genomic DNA using a Taq polymerase core kit
(Qiagen, Inc., Santa Clarita, Calif.) with primers engineered
with BamHI- and BglII-cut sites at the 59 and 39 ends, respec-
tively. This PCR product and pVR1020 were digested with
BamHI and BglII. The plasmid was subsequently dephosphor-
ylated with calf intestinal alkaline phosphatase, and the result-
ing products were ligated with T4 DNA ligase (Life Technol-
ogies, Gaithersburg, Md.). The resulting plasmid, pVR1020/
oprF, was transformed into Escherichia coli DH5a, purified by
anion-exchange chromatography using Qiagen-tip 2500, and
resuspended in cell culture-grade phosphate-buffered saline
(PBS) (Life Technologies) to a final concentration of 1 mg/ml.

Initial experiments were performed to compare the effec-
tiveness of the pVR1020/oprF vaccine administered either by
gene gun or by intramuscular (i.m.) inoculation. Inoculation by
gene gun yielded results superior to i.m. inoculation in that i.m.
inoculation elicited reactive antibodies at a lower rate and to a
lower final titer, with the elicited antibodies being less opsonic
and nonprotective than gene gun-elicited antibodies. Thus, our
preliminary results agreed with previous reports (4, 5, 17, 55)
that gene gun inoculation is superior to i.m. inoculation. We
therefore adopted gene gun inoculation as the route of immu-
nization for our standard procedure.

Mice (5-week-old, female, specific-pathogen-free ICR mice)
were obtained from Harlan Sprague-Dawley, Indianapolis,
Ind. All mice were housed in the Animal Resources Facility at
Louisiana State University Health Sciences Center-Shreveport
and handled according to American Association for Labora-
tory Animal Sciences guidelines. At 14-day intervals, groups of
30 mice were inoculated a total of three times in the abdomen
via biolistic particle injection (Helios Gene Gun kit; Bio-Rad,
Richmond, Calif.) on days 0, 14, and 28 with 2 mg of either
pVR1020 (control) or pVR1020/oprF, which was used to coat
1-mm-diameter gold beads. Serum samples were taken from
nonimmunized mice on day zero and from each immunized
group on days 14, 28, and 42.

To obtain sera for use in the opsonophagocytic assays, mice
were immunized with protein F purified from the PAO1 strain
as previously described (20). Each mouse was immunized with

four doses of 10 mg of protein F given i.m. in alternate hips at
2-week intervals, with aluminum hydroxide used as adjuvant
for the first and second doses and no adjuvant included for the
last two doses. Two weeks after the last immunization, the
mice were bled and the serum samples obtained were pooled
for use in the assay.

To demonstrate that pVR1020/oprF was expressed in eu-
karyotic cells, human melanoma UM449 cells were transiently
transfected using Lipofectin (Life Technologies) (36). Briefly,
cells were transfected in duplicate with 2 mg of either
pVR1020/oprF or pVR1020. Following 48 h of incubation, the
culture medium was removed from the UM449 cell layers and
the supernatant fraction resulting from centrifugation (10,000
3 g for 10 min at 4°C) of that culture medium was used for
immunoblot analysis to detect in situ synthesis of OprF from
pVR1020/oprF. The cell layer was washed once in PBS. The
cells were resuspended in PBS and lysed in sodium dodecyl
sulfate-polyacrylamide gel electrophoreis sample buffer prior
to use in immunoblot analysis. The immunoblot protocol has
been described previously (24).

All bacterial strains used in this study were grown at 30°C
with shaking in BBL nutrient broth (Becton-Dickinson Micro-
biological Systems, Cockeysville, Md.) or on nutrient agar
(Difco Laboratories, Detroit, Mich.) plates. The following
strains of P. aeruginosa were used: Fisher-Devlin (FD) immu-
notype 1 (ATCC 27584; Difco 0–6), FD immunotype 2 (ATCC
27313; Difco 0–11), FD immunotype 3 (ATCC 27314; Difco
0–2), FD immunotype 4 (ATCC 27315; Difco 0–1), FD immu-
notype 5 (ATCC 27585; Difco 0–10), FD immunotype 6
(ATCC 27579; Difco 0–7 and 0–8), FD immunotype 7 (PAO1;
Difco 0–5), and KG1077, which is a protein F-deficient mutant
of PAO1.

Polyclonal antiserum specificity in immunized mice was sub-
jected to immunoblot analysis against P. aeruginosa PAO1 cell
lysates using antisera diluted 1:1,000 as previously described
(13). Nitrocellulose membranes were blocked in 2% (wt/vol)
nonfat milk in 0.1% Tween 20–Tris-buffered saline and probed
with polyclonal mouse sera from immunized mice. The mem-
brane was washed three times in 1% Tween 20–Tris-buffered
saline, and rabbit anti-mouse immunoglobulin (Ig) conjugated

FIG. 1. Construction of plasmids for DNA immunization. (a) Plasmid pVR1020, a eukaryotic expression vector, was used as the negative
control for immunization. Kanr, kanamycin resistance gene; CMV promoter, cytomegalovirus immediate-early promoter; CMV intron A, intron
A of the CMV immediate-early promoter; hTPA, human tissue plasminogen activator secretion signal; BGH term/p(A), bovine growth hormone
terminator and polyadenylation sequence. (b) oprF was cloned into pVR1020 using the BamHI restriction endonuclease site, resulting in the
plasmid pVR1020/oprF, which was used as the DNA vaccine for immunization.
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to horseradish peroxidase (Amersham Life Science, Arlington
Heights, Ill.) was added as a secondary antibody. Reactive
polypeptides were detected using a chemiluminescent sub-
strate (National Diagnostics, Inc., Atlanta, Ga.) and visualized
on film.

Sera recovered from DNA vaccine-immunized and control
mice were analyzed by enzyme-linked immunosorbent assay
(ELISA) for reactivity against bacterial cells, OprF peptides 9
(14 mer) and 10 (14 mer) (27), and purified protein F accord-
ing to published procedures (27, 39). The wells of microtiter
plates (polyvinyl chloride or Immulon 1 [Dynatech, Chantilly,
Va.]) were coated with either bacterial whole cells of KG1077
or each FD immunotype strain, 2.5 mg of synthetic peptide 9
(14 mer), 2.5 mg of synthetic peptide 10 (14 mer), or 10 mg of
protein F. Dilutions of sera pooled from similarly immunized
mice were incubated with the prepared microtiter plate at 37°C
for 1 h. Bound IgG was detected by alkaline phosphatase-
conjugated goat anti-mouse IgG (Southern Biotechnology As-
soc. Inc., Birmingham, Ala.) using p-nitrophenylphosphate
(Sigma-Aldrich, St. Louis, Mo.) as the substrate. Endpoint
titers for P. aeruginosa whole cell-, peptide-, or protein F-
specific antibodies were expressed as the inverse of the dilution
that gave a mean value for the optical density at 405 nm
(OD405) greater than the OD405 of a 1:50 dilution of normal
mouse serum obtained from unimmunized mice. All sera were
analyzed in at least two separate assays.

Antibody isotypes in antisera from immunized mice were
analyzed by ELISA as previously described (52) as modified by
Abdillahi and Poolman (1). Briefly, Immulon 3 plates (Dyna-
tech) were coated with 100 ml of whole P. aeruginosa PAO1
cells suspended in PBS at an OD620 of 0.09. Plates were then
placed at 37°C overnight to allow the buffer to evaporate.
Serum samples were serially diluted in PBS containing 0.025%
Tween 20 and added to the plate; anti-mouse IgG1 or anti-
mouse IgG2a conjugated to alkaline phosphatase was used as
the secondary antibody (Zymed Laboratories, Inc., San Fran-
cisco, Calif.). The presence of bound antibody was detected
using p-nitrophenylphosphate (Sigma) as the substrate, with
absorbance read at 410 nm on a Bio-Rad model 550 plate
reader. Antibody quantitation was determined by ELISA anal-
ysis using a standard curve with purified IgG2a and IgG1 an-
tibody reagents (Zymed Laboratories, Inc.).

Sera from DNA vaccine-immunized mice taken 14 days after
the last immunization and from control mice were tested for
the ability to mediate the opsonophagocytic uptake of P.
aeruginosa by human polymorphonuclear leukocytes (PMNs)
as described previously (19). All sera were heated at 56°C for
30 min to inactivate complement. Cultures of FD immunotype
2 and 4 strains were diluted to a cell density of 108 cells/ml for
use in the assay. The reaction mixtures included 50 ml of
bacterial culture plus 50 ml of serum. These mixtures were
incubated for 30 min at 37°C with shaking. Then, 100 ml of
human venous blood was added to each mixture, and this final
combination was incubated for 30 min at 37°C with shaking.
Blood smears were prepared from each of the reaction mix-
tures and stained with Giemsa stain. For each assay three slides
per reaction mixture were examined microscopically, and the
number of bacterial cells contained within the first 75 isolated,
intact PMNs encountered (25 PMNs per slide) was determined
for each reaction mixture. Each assay was performed in trip-

licate and the results were combined to yield a total of 225
PMNs counted for each reaction mixture. The number
(mean 6 standard deviation) of bacterial cells per PMN was
calculated. Statistical analyses of the differences in the op-
sonophagocytic uptake of bacteria by PMNs were performed
by comparing the means by the unpaired two-tailed Student t
test using a Pro-Stat program.

The immunoprotective potential of the DNA vaccine was
tested in a mouse model of chronic pulmonary infection (7, 18,
47, 48). Two weeks after the final immunization, the mice were
challenged with agar beads containing the P. aeruginosa FD
immunotype 4 strain. The mice were first anesthetized with an
intraperitoneal injection of sodium pentobarbital and then in-
oculated via a tracheal incision with 50 ml of an agar bead
slurry encasing approximately 7 3 102 CFU of P. aeruginosa. A
beaded-tip 22-gauge needle was gently guided to favor inocu-
lation of the left lung. The incision was closed with sterile
wound clips. Eight days after the challenge, protection af-
forded to the immunized mice by the DNA vaccine was as-
sessed by two methods. First, the lungs were examined mac-
roscopically for the presence of lesions (7, 18, 47) according to
the following scoring scheme: 0, absense of any macroscopic
lesion; 11, presence of one or two small lesions not exceeding
1 mm in diameter; 21, presence of three or more small lesions
not exceeding 1 mm in diameter; 31, presence of a medium
lesion 2 to 5 mm in diameter; and 41, presence of a large
lesion exceeding 5 mm in diameter. Scoring of the pulmonary
lesions was done by an investigator with more than 15 years of
experience in macroscopic lung lesion scoring. Second, bacte-
rial quantitation of the number of P. aeruginosa cells present in
the lungs was performed as described previously (7, 18).
Briefly, both lungs were aseptically removed and homogenized
in a 1:10 (wt/vol) dilution of sterile saline with a tissue grinder.
Dilutions of these lung tissues were plated onto nutrient agar
for quantitative determination of the numbers of P. aeruginosa
cells present. The presence of fewer than 5 3 103 CFU was
selected as a significant cutoff value because previously it has
been shown to represent a .95% (or 2-log) reduction from the
mean number of bacteria found in the lungs of challenged
control mice 8 days after challenge (47). Duplicate experi-
ments were performed and the results were compiled for anal-
ysis. Statistical analyses of the differences in the number of
severe lung lesions and in bacterial quantitation between mice
immunized with pVR1020 or pVR1020/oprF were performed
with the IBM EpiStat Basic Statistics program. P values were
calculated by the Fisher exact test, and values of #0.05 were
considered to be significant.

Production of OprF by eukaryotic cells. To verify expression
of the target gene and synthesis of the target protein in mam-
malian cells, immunoblot analysis of transfected cells was per-
formed. The adherent human melanoma cell line UM449 was
transiently transfected with plasmid VR1020/oprF or pVR1020
(negative control). Following a 48-h incubation, culture super-
natants and cell lysates were examined by immunoblot analysis
with antisera to OprF to detect the presence of OprF. As
illustrated in Fig. 2, upon transfection with pVR1020/oprF, the
protein was found not only in the UM449 cells but also in the
supernatant fraction, which was expected since the pVR1020
plasmid is designed to include an N-terminal secretion signal
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sequence to facilitate translocation of OprF to the endoplas-
mic reticulum and eventual release from the cell.

Characteristics of elicited antibodies. Sera from pVR1020/
oprF-immunized mice were evaluated for the ability to react
specifically with protein F from P. aeruginosa strain PAO1.
Whereas sera from vector-immunized mice did not react, sera
from DNA-vaccinated animals reacted with protein F, F9, and
protein H (Fig. 3). Cross-reaction with protein H has been
shown previously with sera from mice immunized with protein
F (25, 39). Antibody responses induced by gene gun inocula-
tion were predominantly of the IgG1 isotype, indicating a Th2
(humoral) type of immune response as the calculated IgG1:
IgG2a ratio was 10.33 (93 ng of IgG1/ml of serum versus 9 ng
of IgG2a/ml of serum). This is in agreement with the findings
of previous reports (4, 13, 35) that gene gun inoculation with
various antigens results in a predominant IgG1 response.

The sera from the vector control-immunized mice had no
reactivity by ELISA with any of the whole cells of the various
strains of P. aeruginosa, with peptides 9 and 10, or with purified
protein F. The sera from mice biolistically immunized with the

pVR1020/oprF vaccine reacted strongly by ELISA with whole
cells of each of the seven FD immunotype strains, with a titer
of IgG antibodies against each in the range of 12,800 to 25,600.
The sera did not react significantly (titer of 50) with the protein
F-deficient KG1077 strain or with protein F peptide 9 or 10
(titer of 100). The sera did react well against purified intact
protein F, with titers in the range of 51,200 to 102,400. Thus,
biolistic inoculation of mice with the pVR1020/oprF vaccine
did elicit a strong IgG antibody response to purified protein F
and whole cells of heterologous immunotypes of P. aeruginosa.

Sera from vector control- and pVR1020/oprF-immunized
mice were tested for opsonic activity in an opsonophagocytic
assay. P. aeruginosa cells were mixed with undiluted heat-inac-
tivated sera obtained from the control- and pVR1020/oprF-
immunized mice and incubated with human whole blood. The
sera recovered from mice immunized with the pVR1020/oprF
vaccine mediated opsonophagocytic uptake of P. aeruginosa by
PMNs significantly greater than that following exposure to the
vector-immunized mouse sera. As shown for the FD 4 strain
(Table 1), the sera from pVR1020/oprF-immunized mice had
an opsonic ratio of 1.34 compared to that of the sera from
vector control-immunized mice. This ratio compares favorably
with the opsonic ratio of 1.56 obtained for sera from mice
immunized with purified protein F versus normal mouse sera
(P value for the mean for sera from pVR1020/oprF-immunized
mice compared to the mean for sera from protein F-immu-
nized mice is 0.084; i.e., there is no statistically significant
difference between these two values). Similar results were ob-
tained for FD 2 cells, which yielded an opsonic ratio of 1.37 for
sera from pVR1020/oprF-immunized mice compared to sera
from vector control-immunized mice (data not shown).

Protection in the murine chronic pulmonary infection model.
The immunoprotective potential of the pVR1020/oprF vaccine
was tested in a mouse model of chronic pulmonary infection.
Eight days after challenge with approximately 7 3 102 agar-
encased P. aeruginosa FD 4 cells delivered via intratracheal
inoculation into the left lung of each mouse, the lungs were
removed and examined for evidence of vaccine protection by
two means. First, the presence of severe lung lesions, i.e. le-
sions scored as $21, was determined (Table 2). Second, the
lungs were assayed to quantitate the number of P. aeruginosa
cells present in the lungs (Table 3). The pVR1020/oprF-immu-
nized mice had significantly fewer severe lung lesions (43.2%)
than did the vector control-immunized mice (76.2%). A similar
reduction in the number of lungs containing .5 3 103 CFU of

FIG. 2. Immunoblot of eukaryotic cells with polyclonal anti-OprF
mouse sera. Lanes (labeled as follows): Cells, lysed UM449 cells that
had been transfected with pVR1020/oprF, incubated for 48 h, washed
in PBS, and then resuspended in PBS for lysis; Sup., the initial 48-hour
culture supernatant from UM449 cells transfected with pVR1020/
oprF; and Control, lysed UM449 cells transfected with pVR1020. Note
that OprF was seen predominantly in the pelleted cell fraction but was
also found in the supernatant.

FIG. 3. Immunoblot of proteins extracted from whole cells of the
PAO1 strain of P. aeruginosa with polyclonal anti-OprF sera obtained
from DNA-immunized (pVR1020/oprF) mice. Note that the antisera
reacted at bands corresponding to F (OprF), F9 (denatured OprF), and
H (OprH).

TABLE 1. Quantitation of phagocytic uptake by PMNs of
P. aeruginosa FD 4 cells exposed to antisera from immunized mice

Test serum No. of bacteria/PMN
(mean 6 SD)

Opsonic ratioa

(P)

Vector control 9.48 6 7.46
DNA-protein F 12.69 6 9.31 1.34 (,0.00001)
NMSb 9.21 6 8.32
Protein F 14.41 6 11.56 1.56 (,0.00001)

a Opsonic ratio is the mean number of bacteria associated with test sera per
PMN divided by the mean number of bacteria associated with the appropriate
control sera per PMN. P values were determined by unpaired two-tailed Student
t test.

b NMS, pooled normal mouse sera collected from nonimmunized, specific-
pathogen (P. aeruginosa)-free mice.
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P. aeruginosa was seen (40.9 and 69% for pVR1020/oprF-im-
munized mice and vector control-immunized mice, respective-
ly). The number of lungs from which P. aeruginosa had been
completely cleared, as indicated by no growth upon quantita-
tion, also was significantly higher in the pVR1020/oprF-immu-
nized mice than in the vector control-immunized mice. Thus,
the pVR1020/oprF vaccine afforded significant protection to
the immunized mice against subsequent pulmonary challenge
with P. aeruginosa.

Potential of an oprF DNA vaccine against P. aeruginosa
infections in humans. Herein, we have reported the successful
construction of a DNA vaccine using the oprF gene of P.
aeruginosa (Fig. 1). The efficacy of this vaccine in eliciting
anti-OprF (Fig. 3), whole cell-reactive, opsonic (Table 1) IgG
antibodies of the IgG1 isotype and in affording protection
(Tables 2 and 3) in a mouse model of chronic pulmonary
infection was demonstrated. The DNA vaccine produced re-
sults comparable to previously published results for protection
obtained in rodent models of chronic pulmonary infection fol-
lowing immunization with purified protein F from P. aerugi-
nosa (16, 18, 21, 47).

Protection in animal models provides only a suggestion of
the potential effectiveness of that vaccine in humans. In the
case of a pVR1020/oprF vaccine specifically, additional vaccine
components, such as P. aeruginosa PcrV (43), outer membrane
protein I (30, 53), or elastase epitopes (46), all of which have
previously been shown to be antigenic, might be combined with
oprF to augment the final vaccine’s effectiveness. Moreover,
the effectiveness of the final vaccine in humans may depend on
determining the optimal vaccination protocol. This may re-
quire using a different DNA vector delivery system or using a
combination of delivery systems, such as an attenuated Salmo-
nella strain (10) or chimeric virus to maximize the immuno-

genic response in humans. Alternatively, a combination of ini-
tial immunization with a DNA oprF vaccine followed by
booster immunization(s) with a protein F or protein F epitope
peptide vaccine might be required for optimal effectiveness of
the vaccine in humans (41, 44). Another consideration is that
treatment of Pseudomonas infections in humans will no doubt
involve other simultaneous therapeutic modalities, such as an-
tibiotics and pulmonary or respiration therapy, and these ad-
ditional treatments will influence the outcome of human infec-
tions in vaccinated individuals. The results presented in this
report using a DNA oprF vaccine for protection against P.
aeruginosa in a mouse model of chronic pulmonary infection
indicates that a DNA vaccine for protection of humans against
P. aeruginosa infection warrants continued development.
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presence of a medium lesion 2 to 5 mm in diameter; 41, presence of a large
lesion exceeding 5 mm in diameter. The P value was 0.002 as determined by
Fisher’s exact test.

TABLE 3. Quantitation of P. aeruginosa present in the lungs of
immunized mice following challenge with FD 4 P. aeruginosa

in a chronic pulmonary infection model

Immunization
group

No. of mice with lungs
yielding no growth/

total no. of mice (%)a

No. of mice with lungs
yielding .5 3 103

CFU/total no. of mice (%)b

Vector control 12/42 (28.6) 29/42 (69.0)
DNA-protein F 22/44 (50.0) 18/44 (40.9)

a P value was 0.035 as determined by Fisher’s exact test.
b The P value was 0.008 as determined by Fisher’s exact test.
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