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Pseudomonas aeruginosa is an important opportunistic pathogen that can cause chronic and often life-threaten-
ing infections of the respiratory tract, particularly in individuals with cystic fibrosis (CF). Because infections 
with P. aeruginosa remain the major cause of the high morbidity and mortality of CF, a vaccine against P. aeru-
ginosa would be very useful for preventing this disorder. The outer membrane protein F (OprF) of P. aeruginosa 
is a promising vaccine candidate and various B cell epitopes within OprF have been identified. Given that 
adenovirus (Ad) vectors have strong immunogenic potential and can function as adjuvants for genetic vac-
cines, the present study evaluates the immunogenic and protective properties of a novel replication-deficient 
Ad vector in which the Ad hexon protein was modified to include a 14–amino acid epitope of P. aeruginosa OprF 
(Epi8) in loop 1 of the hypervariable region 5 of the hexon (AdZ.Epi8). Immunization of C57BL/6 mice with 
AdZ.Epi8 resulted in detectable serum anti–P. aeruginosa and anti-OprF humoral responses. These respons-
es were haplotype dependent, with higher serum anti-OprF titers in CBA mice than in BALB/c or C57BL/6 
mice. AdZ.Epi8 induced Epi8-specific IFN-γ–positive CD4 and CD8 T cell responses and resulted in protection 
against a lethal pulmonary challenge with agar-encapsulated P. aeruginosa. Importantly, repeated administra-
tion of AdZ.Epi8 resulted in boosting of the anti-OprF humoral and anti-Epi8 cellular response, whereas no 
boosting effect was present in the response against the transgene β-galactosidase. These observations suggest 
that Ad vectors expressing pathogen epitopes in their capsid will protect against an extracellular pathogen 
and will allow boosting of the epitope-specific humoral response with repeated administration, a strategy that 
should prove useful in developing Ad vectors as vaccines where humoral immunity will be protective.

Introduction
Pseudomonas aeruginosa is a ubiquitous Gram-negative pathogen 
that causes respiratory tract infection in individuals with cystic 
fibrosis (CF) and immunodeficiency (1). Although a variety of 
antibiotics is available to treat P. aeruginosa, chronic respiratory 
tract colonization with P. aeruginosa, with frequent exacerbations, 
is common in the populations at risk (1, 2). Because P. aeruginosa 
is an extracellular bacteria, anti-Pseudomonas humoral immunity 
should be sufficient to prevent infection, but an effective vaccine 
against P. aeruginosa is not yet available.

Given the concept that adenovirus (Ad) gene transfer vectors read-
ily infect DCs and thus act as immune system adjuvants (3–11), we 
have focused on the use of Ad as an effective genetic platform for 
an anti–P. aeruginosa vaccine. The disadvantage of using Ad as a vac-
cine carrier is that anti-Ad immunity after immunization abrogates 
the effectiveness of subsequent administration or boosting with an 
Ad vector of the same serotype due to lack of expression and pre-

sentation of the antigen encoded by the transgene (5, 12–16). One 
strategy to circumvent this challenge is based on the knowledge 
that anti–Ad capsid immune responses are augmented by repeated 
administration (12, 16, 17), and thus immune responses against 
epitopes that are part of the Ad capsid should be augmented with 
repeated administration and would thus allow boosting. Because 
epitope-based vaccine approaches usually need potent adjuvants to 
be effective (18), incorporation of an immunogenic peptide into the 
Ad capsid proteins theoretically would have the advantage of being 
processed as the other capsid proteins via the exogenous pathway 
and should result in a humoral response similar to that elicited by 
the capsid proteins (16, 17, 19, 20).

Based on those considerations, the present study analyzes a novel 
Ad-based vaccine with epitopes derived from P. aeruginosa outer 
membrane protein F (OprF) incorporated into the hexon. OprF has 
been shown to be immunogenic in laboratory animals and humans, 
and the sequence of OprF suggests that there are several extracellular 
loops that serve as good B cell epitopes (Figure 1) (21–29). The Ad 
hexon is the most abundant immunogenic of the Ad capsid pro-
teins (30–33). After genetic insertion of OprF epitopes into one of 
the external loops of the hexon, each Ad carries 720 epitopes (30). 
Because the OprF epitopes are incorporated into the Ad capsid, it 
should be possible to enhance anti–P. aeruginosa humoral immunity 
by repeated administration of the Ad vaccine. The data demonstrate 
that immunization with an Ad incorporating P. aeruginosa OprF 
epitopes into the Ad capsid induces antibodies against P. aeruginosa 
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in an MHC-dependent fashion, elicits epitope-specific CD4 and 
CD8 T cell responses, protects against a lethal pulmonary challenge 
with Pseudomonas, and, most importantly, boosted the anti-OprF 
immune response with repeated administration.

Results
Humoral immune response containing OprF epitope. To assess the 
humoral response against P. aeruginosa after immunization with 
vectors consisting of Ad expressing β-galactosidase (AdZ) plus 
epitope 1, 6, or 8 (Epi1, Epi6, or Epi8) of OprF (the AdZ.Epi1, AdZ.
Epi6, and AdZ.Epi8 vectors, respectively), we determined the serum 
IgG responses against the laboratory P. aeruginosa strain PAO1 in 
mice immunized by footpad administration of the 3 vectors. Anti-
PAO1–specific IgG antibodies were detected in mice immunized 
with 1 × 109 particle units (pu) of all 3 vectors at 28 days after 
administration (Figure 2). No significant titers of anti–P. aeru-
ginosa were detectable in naive or AdZ-immunized animals. The 
titers were higher with AdZ.Epi8 than with AdZ.Epi6 or AdZ.Epi1  
(P < 0.05, both comparisons). Based on these data, all subsequent 
studies were carried out with the AdZ.Epi8 vector.

Western analysis of serum from mice immunized with AdZ.Epi8 
showed bands corresponding to OprF with PAO1, the outer mem-
brane fraction of PAO1, and recombinant OprF (Figure 3, lanes 4–6). 
In contrast, no signal was detectable in the serum of mice immunized 
with Ad expressing no transgene (AdNull) (Figure 3, lanes 1–3).

MHC dependency of the humoral response. To evaluate whether 
the humoral immune response after immunization with AdZ.
Epi8 was dependent on the MHC haplotype of the immunized 
mice, we administered AdZ.Epi8 subcutaneously to 3 strains of 
mice with different MHC haplotypes. Compared with those of 
C57BL/6 and BALB/c mice, the IgG anti-OprF titers were higher 
in CBA mice (P < 0.01, both comparisons; Figure 4A), suggest-
ing that Epi8 functions in a haplotype-dependent manner. The 
predominant IgG subclass response generated against Epi8 in 
C57BL/6 mice was IgG2b; in BALB/c mice, it was IgG2b more 
than IgG2a; and in CBA mice, it was IgG2a more than IgG2b, 
which was more than IgG3 (Figure 4B). Epi8 not only is well 
characterized as a B cell epitope (21) but also represents a T 
helper epitope required for a strong humoral response against 
OprF, more prevalent in CBA mice with a H-2k haplotype than in 
C57BL/6 (H-2b) or BALB/c (H-2d) mice (34, 35).

Cellular response to AdZ.Epi8. To evaluate the recognition of Epi8 
in the cellular immune response, we tested T cells of immunized 
C57BL/6 mice for their responsiveness to Epi8. CD4 and CD8 
Epi8-specific IFN-γ responses were detected in spleen cells of 
mice 10 days after immunization with AdZ.Epi8 (Figure 5). Mice 
immunized with AdZ.Epi8 demonstrated an increased frequency 
of Epi8-specific IFN-γ–positive CD4 (18%) and CD8 (36%) T cells, 
compared with AdZ-immunized or unimmunized mice (10% 
CD4 and 13% CD8, and 5% CD4 and 6% CD8, respectively). The 
β-galactosidase–specific IFN-γ–positive CD4 and CD8 cells were 
increased above the background of unpulsed DCs in the spleens 
of mice immunized with AdZ (24% and 35%, respectively) or AdZ.
Epi8 (20% and 32%, respectively) but not those of unimmunized 
mice (5% and 3%, respectively). Together, these observations 
are consistent with the conclusion that AdZ.Epi8 induced an 
Epi8-specific cellular response demonstrated by the presence of  
IFN-γ–secreting CD4 and CD8 T cells specific for the OprF 

Figure 1
Schematic of the P. aeruginosa outer membrane protein OprF. The amino acid sequences of OprF epitopes Epi1, Epi6, and Epi8, which were incor-
porated into the Ad hexon protein of the Ad vectors used in the present study, are shown in bold (figure modified with permission from ref. 21).

Figure 2
Humoral response to P. aeruginosa after immunization with Ad vectors 
with OprF epitopes in the hexon protein of the Ad capsid. C57BL/6 mice 
were either not immunized (Naive) or immunized via the subcutaneous 
route with AdZ.Epi1, AdZ.Epi6, AdZ.Epi8, or AdZ at a dose of 1 × 109 
pu/animal. Total IgG antibodies against P. aeruginosa were determined 
by ELISA at 0, 2, and 4 weeks after administration, using the laboratory 
P. aeruginosa strain PAO1 as the antigen. Data are shown as a single 
measurement of pooled sera obtained from 5 individual mice per group.
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epitope. No significant Epi8-specific IL-4 staining was detected 
in CD4 T cells (not shown).

Protection against pulmonary infection with P. aeruginosa. To evaluate 
the protective effect of immunization with AdZ.Epi8 against pul-
monary infection with P. aeruginosa, we challenged mice with a lethal 
dose (5 × 105 CFUs) of agar-encapsulated PAO1 5 weeks after sub-
cutaneous immunization. This model usually results in death 2–4 
days after challenge and has been used to evaluate the protective 
effects of immunization (36–38). The mice typically start to appear 
moribund 24–48 hours after infection. Bacteremia was detected at 
48 hours after administration in 2 of 5 mice (not shown), indicating 
that part of the morbidity observed may be due to sepsis.

Unimmunized mice or mice infected with AdZ died within the first 3 
days after challenge with PAO1 (Figure 6A). Histological analysis of the 
lungs after 48 hours showed bacteria with inflammation (Figure 6B).  
In contrast, 80% of the mice immunized with AdZ.Epi8 survived 
more than 2 weeks (P < 0.05). All the mice immunized with a high 
dose of heat-inactivated PAO1 survived, suggesting that protective 
immunity comparable to that of immunization with the whole 
organism can be elicited by immunization with the epitope-express-

ing Ad. Similar protective effects of immunization with AdZ.Epi8 
were observed when mice were challenged with the clinical P. aerugi-
nosa isolate MI6 (P < 0.05 compared with AdZ; Figure 6C) or PA514 
(P < 0.01 compared with AdZ; Figure 6D). To ensure that OprF is 
conserved among clinical isolates of P. aeruginosa, we sequenced the 
OprF gene from 10 different clinical P. aeruginosa isolates derived 
from individuals with CF, including MI6 and PA514. The nucleotide 
and the derived protein sequence of OprF were identical among the 
strains and the Epi8 sequence was present in all isolates.

Boosting of the anti-OprF immune response. Repeated immunization 
with AdEpi8 resulted in boosting of the anti-OprF humoral and 
cellular response. Mice immunized twice with AdZ.Epi8 2 weeks 
apart had anti-OprF IgG titers present in the serum at 2 weeks after 
the second immunization 7-fold higher than those of mice who had 
only received a single dose of AdEpi8, and anti-OprF titers 10-fold 
higher than those of mice immunized with a single dose of AdZ.
Epi8 followed by AdNull (P < 0.05, both comparisons; Figure 7A).  
No significant anti-OprF IgG was detected after 2 immuniza-
tions with AdNull or AdNull followed by AdZ.Epi8 (P > 0.1). In 
contrast, the anti–β-galactosidase IgG titers were comparable in 
all groups that had received immunization with AdZ.Epi8 first  
(P > 0.1, all comparisons; Figure 7B). No anti–β-galactosidase IgG 
was detected after immunization with AdNull, whereas a small 
response (titer less than 100 compared with that of groups with 
immunization with AdZ.Epi8 first) was detected in the mice immu-
nized with AdNull followed by a second immunization with AdZ.
Epi8 2 weeks after the first (P < 0.05 compared with mice immu-
nized with AdZ.Epi8 first). To evaluate whether immunization with 
the Epi8 peptide alone or after immunization with AdZ.Epi8 would 
elicit anti-OprF humoral immune responses, we used Epi8 peptide at 

Figure 3
Anti–P. aeruginosa and anti-OprF after immunization with AdZ.Epi8. 
Sera from C57BL/6 mice immunized subcutaneously with AdZ.Epi8 
(lanes 4–6) or AdNull (lanes 1–3) at a dose of 1 × 1010 pu/mouse were 
analyzed by Western blot for the presence of antibodies against whole 
PAO1 (lanes 1 and 4), the outer membrane of PAO1 (OM; lanes 2 and 
5), or purified OprF (OprF; lanes 3 and 6). The bands representing OprF 
in the PAO1 preparation and recombinant OprF (rOprF) are shown.

Figure 4
MHC haplotype influences the humoral response to OprF after immunization with AdZ.Epi8. (A and B) C57BL/6 (H2-Ab), BALB/c (H2-Ed), or 
CBA (H2-Ek) mice were immunized via the subcutaneous route with AdZ.Epi8 or AdZ at a dose of 1 × 1010 pu/animal. (A) Total anti-OprF IgG 
titers determined at 2 weeks by ELISA. (B) IgG subclasses of antibodies against Epi8. Data are shown as single measurement of pooled sera 
obtained from 5 individual mice per group. The dashed lines indicate the limit of detection.
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a dose equimolar to the number of Epi8 epitopes administered with 
the 1 × 1010–pu dose of AdZ.Epi8 (720 Epi8 per capsid = 12 pmol)  
and administered this subcutaneously to C57BL/6 mice, followed 
by a boost with Epi8 peptide or AdZ.Epi8 2 weeks later. Antibod-
ies against OprF IgG were again detectable after single administra-
tion of AdZ.Epi8 and were boosted after a second administration 
of AdZ.Epi8 (P < 0.05; Figure 8). However, immunization with Epi8 
once or twice, either before or after immunization with AdZ.Epi8, 
did not induce significant anti-OprF IgG titers (Figure 8).

To evaluate the recognition of Epi8 in the cellular immune 
response after repeated administration with AdZ.Epi8, we tested 
T cells of immunized C57BL/6 mice for their responsiveness to 
Epi8. CD4 Epi8-specific IL-4 (Figure 9A) as well as CD4 (Figure 9B)  
and CD8 (Figure 9C) Epi8-specific IFN-γ were significantly 
increased in spleen cells of mice 10 days after 
repeated immunization with AdZ.Epi8 com-
pared with that after single administration 
of AdZ.Epi8 (32 versus 45 spots per 105 cells 
for CD4 IL-4, 102 versus 202 spots per 105 
cells for CD4 IFN-γ and 49 versus 118 spots 

per 105 cells for CD8 IFN-γ; determined by enzyme-linked immu-
nospot [ELISPOT] assay; P < 0.05 for all comparisons; Figure 9). 
The β-galactosidase–specific IL-4 CD4 and IFN-γ CD4 and CD8 
responses were not increased after repeated administration com-
pared with single administration.

These data are consistent with the concept that immunization 
with Ad of the same serotype induces anti-Ad immune responses 
that prevent productive infection and expression of the transgene 
with subsequent administrations. Because expression of an epitope 
as part of the Ad capsid does not require gene expression, repeated 
administration results in an increased immune response against 
the epitope and overcomes the MHC class II haplotype restriction 
after single administration. Furthermore, the data demonstrate 
that the adjuvant effect of Ad surpasses the effect of using an 
equimolar amount of the Epi8 peptide and a common adjuvant 
such as complete Freund’s adjuvant.

Discussion
The present study describes a novel strategy for using capsid-
modified Ad vector expressing immunogenic peptides of P. aerugi-
nosa OprF to immunize against lung infections with P. aeruginosa. 

Figure 5
CD4 and CD8 T cell IFN-γ response after immunization with AdZ.Epi8. 
(A and B) C57BL/6 mice were immunized with AdZ.Epi8 or AdZ at a 
dose of 1 × 1010 pu/animal via the subcutaneous route. Ten days after 
immunization, CD4 and CD8 cells were isolated from spleens and the 
IFN-γ response after in vitro stimulation with Epi8 or β-galactosidase 
was determined by intracellular cytokine staining. Shown are data for 
CD4 (A) and CD8 (B) cells after immunization with nothing (Control), 
AdZ, or AdZ.Epi8 and in vitro stimulation with DCs alone (DC), DCs 
plus β-galactosidase (DC + β-gal) or DCs plus Epi8 (DC + Epi8). Data 
represent the mean of pooled cells from 5 individual mice per group 
from 3 separate experiments.

Figure 6
Ability of immunization with AdZ.Epi8 to pro-
tect against pulmonary challenge with P. aeru-
ginosa. (A–D) C57BL/6 mice were immunized 
via the subcutaneous route with AdZ.Epi8 at a 
dose of 1 × 1010 pu/animal. Immunization with 
AdZ or heat-inactivated PAO1 (1 × 108 CFU/
mouse) served as the control. Five weeks after 
immunization, the mice were challenged with a 
lethal intratracheal dose of agar-encapsulated 
P. aeruginosa and survival was monitored for 
2 weeks (A, C, and D) or lungs were assessed 
by histology (B). (A) Challenge with labora-
tory strain PAO1. (B) Lung morphology 48 
hours after challenge with agar-encapsulated 
PAO1 compared with lung morphology of an 
uninfected mouse. Shown are hematoxylin and 
eosin–stained sections of formalin-fixed lungs. 
Scale bar: 0.5 μm. (C) Challenge with the clini-
cal isolate MI6. (D) Challenge with the clinical 
isolate PA514.
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Immunization with Ad expressing a predominant B cell epitope of 
OprF in the Ad hexon resulted in anti–P. aeruginosa and anti-OprF 
humoral as well as peptide-specific cellular responses. Immu-
nization with AdZ.Epi8 induced sufficient immunity to protect 
against a lethal intrapulmonary challenge with 3 different strains 
of P. aeruginosa (1 laboratory strain and 2 clinical isolates derived 
from CF patients). Most importantly, this strategy enabled repeat-
ed administration of the same vector with resultant boosting of 
the anti–P. aeruginosa immune response.

OprF peptides as a vaccine against P. aeruginosa. P. aeruginosa is a com-
mon respiratory pathogen present in the respiratory tracts of patients 
with CF, bronchiectasis, and immunodeficiency. The host response 
to P. aeruginosa is a complex immune and inflammatory reaction 
that results in damage to the respiratory tract (1, 2). Antibodies as 
well as cell-mediated immunity seem to be associated with protective 
immunity, but an efficient vaccine against pulmonary colonization 
with P. aeruginosa is not yet available (39–46). Various components of  
P. aeruginosa have been tested as vaccine candidates in animal studies 
and humans, among them the outer membrane protein OprF. OprF 
is a major outer membrane protein with porin activity (47, 48) that 
is surface exposed and is antigenically conserved in wild-type strains 
of P. aeruginosa (49, 50). Antibodies against OprF are associated with 
protection in animal models and human infection and are pres-
ent in the serum of individuals with CF chronically colonized with  
P. aeruginosa in the lung (22–28, 51, 52). Immunization with recom-
binant OprF has been shown to generate protective immune 
responses, and recombinant OprF is being tested as a vaccine can-
didate against infections with P. aeruginosa in animals and humans 
(22–28). Genetic immunization with DNA encoding an OprF/OprI 
hybrid via a gene gun in mice resulted in humoral immunity against 
P. aeruginosa (29). Various immunogenic peptides have been identi-
fied in the outer loops of OprF, among them the B cell epitopes 
TDAYNQKLSERRAN (peptide 9, identical to Epi6) and NATAE-
GRAINRRVE (peptide 10, identical to Epi8) (21). Immunization 
with a modified cowpea mosaic virus expressing peptide 9 or 10 
induced IgG-binding antibodies against OprF and opsonizing anti-
bodies against P. aeruginosa in mice (22). Similar results were report-

ed with the use of OprF peptides expressed by 
recombinant influenza virus (53).

Ad as a base for a genetic vaccine. Ad vec-
tors have been successfully used as vaccines 
against a variety of microorganisms and 
tumors (54–57). Ad immunization strategies 
are usually based on the efficient infection 
of a variety of cells by Ad in vivo, resulting in 
expression of an antigen encoded by the Ad 
expression cassette, and on Ad functioning 
as an adjuvant (5, 7, 12, 16). Relevant for the 
use of Ad vectors as a vaccine is their ability to 
infect DCs, as the interaction of Ad with DCs 
is critical for the induction of a strong anti-
Ad and anti-transgene immune response (3–6, 
8–11). Depending on the microorganisms or 
tumor targeted by the vaccination, the genera-
tion of humoral and/or cellular responses are 
the major goal. The generation of protective 
immunity against extracellular bacteria such 
as P. aeruginosa requires the generation of 
humoral immunity against the organism by 
the vaccine. One attractive feature of the use 

of Ad for genetic vaccination is the possibility of modifying the Ad 
capsid to enhance immune responses or change the Ad tropism. 
Targeting Ad to antigen-presenting cells by adding the integrin-
binding motif RGD to the fiber knob enhances anti-transgene 
cellular immune responses after a single dose in mice (10, 58).  
However, anti-Ad immune responses impair the efficacy of Ad vec-
tors of the same serotype, as pre-existing neutralizing antibodies 
against Ad prevent the cellular uptake of Ad and expression of 
the transgene in a previously immunized host (5, 12, 14–16). In 
contrast, anti-Ad immunity can be boosted by repeated infection 
with wild-type Ad or Ad vectors, leading to an increase in anti-Ad 
humoral responses with subsequent infections (11, 12, 16). With 
the incorporation of peptides into the Ad hexon, the peptide-specif-
ic immune response should be boosted similar to the boosting seen 

Figure 7
Repeated administration of AdZ.Epi8 results in boosting of the anti-OprF immune response. 
(A and B) C57BL/6 mice were immunized via the subcutaneous route with AdZ.Epi8 (Epi8), 
AdNull (Null) or nothing (–) at a dose of 1 × 1010 pu/animal followed by a second immunization 
2 weeks later. Total IgG antibodies against OprF (Anti-OprF; A) or β-galactosidase (Anti– 
β-gal; B) were assessed by ELISA at 4 weeks after the first immunization. Data are shown as 
mean ± SEM of 5 mice per group of 1 representative of 3 independent experiments.

Figure 8
Anti-OprF humoral response after administration of Epi8 peptide 
compared with AdZ.Epi8. C57BL/6 mice were immunized via the 
subcutaneous route with AdZ.Epi8 or AdZ (1 × 1010 pu/animal) or 
with an equimolar amount of Epi8 peptide (12 pmol = 3.6 ng/mouse) 
in complete Freund’s adjuvant, followed by a second immunization 
2 weeks later. Total IgG antibodies against OprF were assessed by 
ELISA at 4 weeks after the first immunization. Data are shown as 
mean ± SEM of 4 mice per group.
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with the anti-Ad responses. Of the Ad outer capsid proteins, hexon 
is the most abundant and is the protein against which the majority 
of the anti-Ad immune responses are generated. An 8–amino acid 
sequence from the major antigenic site in the VP1 capsid protein 
of poliovirus type 3 engineered into loop 1 of the Ad hexon protein 
elicited neutralizing antibodies against poliovirus in rabbits (19). 
Heterologous peptides have been inserted into hypervariable region 
5 of the hexon without loss of infectivity (59, 60).

Immunization with the AdEpi8 vector induces immunity. Immunization 
with the Ad.Epi vectors in the present study induced humoral and 
cellular responses. The serum IgG response was detected using either 
the whole P. aeruginosa organism or OprF as an antigen. Although 
the humoral response in the C57BL/6 strain was less than that of 
CBA mice, Epi8-specific CD4 and CD8 responses were induced. 
The CD4 IFN-γ response was about twice as high as the CD4  
IL-4 response, as measured by ELISPOT assay. This pattern stayed 
consistent after repeated immunization with AdZ.Epi8, indicating 
Epi8 is an powerful epitope for the Th1 response in C57BL/6 mice. 
The low amount of IL-4 secretion in the intracellular staining and 
ELISPOT analysis was also reflected in the low antibody titer against 
Epi8 in this mouse strain. The role of T cell–mediated immunity has 
received less attention than the humoral immunity in the develop-
ment of a vaccine against P. aeruginosa but is part of the response 
against natural infection with the organism. Normal human T cells 
proliferate in response to P. aeruginosa (39), and intestinal immuni-
zation of rats with P. aeruginosa results in protective T cell–depen-
dent immunity (41). Protective T cell responses have been described 
in mice after low systemic doses of live P. aeruginosa, and protection 
against P. aeruginosa is transferred by CD4 and CD8 T cells (41, 43). 
The induction of protective immunity against pulmonary challenge 
with P. aeruginosa after immunization with P. aeruginosa–pulsed DCs 

has been shown to be dependant on the presence of CD4 T cells (38). 
Although both humoral and cellular responses were induced after 
immunization in the present study, it is not clear what their indi-
vidual contribution to the protection against the lethal challenge 
model is, a model frequently used to evaluate protective immunity 
against P. aeruginosa (61).

MHC dependence of the humoral response. Ad-based vaccines usually 
express the antigen in the Ad expression cassette, resulting in a T 
helper cell–dependent humoral and cellular response against the 
transgene (54–57). Furthermore, the generation of peptide-specific 
antibodies is influenced by several factors, including the MHC-type 
genotype, the avidity of the peptide for the MHC, and the strength 
of interaction formed with the T cell receptor, with high affinity 
favoring predominantly cellular responses and low affinity favor-
ing humoral responses (62). The humoral response to AdZ.Epi8 
was dependent on the MHC background of the immunized mice. 
Our epitope analysis of Epi8 using the 2 databases Rankpep and 
SYFPEITHI revealed a strong binding activity to H-2Ek, suggesting 
that antibody production may be based on the repertoire of MHC 
class II haplotypes in different mice strains (63, 64). The higher 
titer in CBA mice (H-2Ek) confirmed this prediction, in spite of the 
effect of Ad’s functioning as a global adjuvants, indicating genetic 
restriction in the B cell response to peptides incorporated in viral 
envelopes (34, 65). The predominance of the Th1 type IgG subclass 
IgG2a as the dominant response in C57BL/6 mice may be a reflec-
tion of the adjuvant effect of the Ad vector. The development of 
high-affinity antibodies is strongly related to early B cell activa-
tion events (66). Continuous B cell stimulation by the antigen and 
maturation of high-affinity antibodies depend on the presence of 
T helper cells via the presentation of related peptides to the B cells 
(14). As we have shown in our model with Epi8, the absence of such 
a helper effect results in the development of low-titer antibodies in 
the serum of mice with less optimal MHC haplotype (C57BL/6 and 
BALB/c), suggesting that the T helper epitope is required for high 
antigen-specific IgG production. Furthermore, the presence of a 
strong IFN-γ–mediated Th1 response in the absence of a strong Th2 
type component (IL-4) appears to suppress high-titer Epi8-specific 
antibody production. To further optimize this model for immuni-
zations of humans, OprF peptides must be further identified that 
are recognized in a more genetically unrestricted manner.

Boost of humoral and cellular responses. Anti-Ad immunity after admin-
istration of Ad vectors generally does not allow subsequent produc-
tive infection with an Ad vector based on the same serotype (5, 12, 
14–16). Usually thought to be a hurdle for the use of Ad as a gene 
therapy tool, repeated administration of the same vector would be 
helpful in the development of Ad-based vaccines to enable boosting 

Figure 9
Repeated administration of AdZ.Epi8 results in boosting of the Epi8-
specific cellular immune response. (A and B) C57BL/6 mice were 
immunized via the subcutaneous route with AdZ.Epi8 or AdZ at a 
dose of 1 × 1010 pu/animal. Some mice were not immunized further 
(×1); others received a second immunization 2 weeks later (×2). Ten 
days after the second immunization, CD4 and CD8 cells were isolated 
from spleens and the IL-4 and IFN-γ responses after in vitro stimula-
tion with Epi8 or β-galactosidase were assessed by ELISPOT assay. 
Shown are data for CD4 IL-4 (A), CD4 IFN-γ (B), and CD8 IFN-γ (C) 
after in vitro stimulation with DCs plus β-galactosidase or DCs plus 
Epi8. For each condition, data were normalized to the total number of 
polyclonal cells stimulated with PMA/ionomycin.
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of antigen-specific immune responses. In our study, repeated immu-
nization with AdZ.Epi8 resulted in boosting of the anti-epitope and 
not the anti-transgene IgG and cellular response. The potent adju-
vant effect of using an Ad vector with the OprF peptides incorpo-
rated into the capsid was demonstrated by the lack of a significant 
humoral response after immunization with an equimolar amount of 
the Epi8 peptide alone with complete Freund’s adjuvant. Administra-
tion of a control AdNull vector followed by immunization with AdZ.
Epi8 resulted in a decreased but detectable response against OprF 
with no detectable response against the transgene, suggesting that 
the vector is removed to some extent before recognition by antigen-
presenting cells. The strategy of incorporating epitopes into the Ad 
capsid, perhaps combined with expression of cDNA encoding the 
same antigen in the expression cassette, will also be valuable in the 
development of Ad-based vaccines against other pathogens.

Methods
Adenovirus vectors. The recombinant Ad vectors used in this study are E1a, 
partial E1b, and partial E3 vectors based on the Ad5 genome. The expres-
sion cassettes were inserted into the E1 region and contained the human 
cytomegalovirus intermediate early enhancer/promoter, the transgene, 
and a simian virus 40 poly(A)/stop signal. The vectors expressed either  
β-galactosidase, referred to as “Z” in the vector (AdZ), or no transgene 
(AdNull) (67). The OprF epitope Epi1 (QYGLEKRDNGHQGE), Epi6 
(TDAYNQKLSERRAN), or Epi8 (NATAEGRAINRRVE) was inserted into 
loop 1 of the hypervariable region 5, residues 268–269, of the Ad5 hexon gene 
(Figure 1). The vectors were used with equal physical particle concentrations 
(pu) and were propagated and purified as described previously (68–70).

Bacteria. The P. aeruginosa strains used in this study were the laboratory 
strain PAO1 and the clinical strains MI6 (provided by J. Burns, University of 
Washington, Seattle, Washington, USA) and PA514 (provided by A. Prince, 
Columbia University, New York, New York, USA) (37, 71). Bacteria were 
grown from frozen stocks in tryptic soy broth (Difco) at 37°C to mid-log 
phase, were washed 3 times with PBS, pH 7.4, and were resuspended in PBS 
at the desired concentration as determined by spectrophotometry. Num-
bers of bacteria were confirmed by determination of the CFU of diluted 
aliquots on MacConkey agar plates (Difco). Bacteria were heat-inactivated 
at 56°C for 1 hour. P. aeruginosa–containing agar beads were prepared based 
on the method of Starke et al. (72) and were used in a lethal respiratory 
infection with P. aeruginosa as described previously (37, 38). Briefly, a log-
phase culture of P. aeruginosa suspended in warm tryptic soy agar (52°C) 
was added to mineral oil with vigorous stirring and the mixture was cooled 
on ice. The P. aeruginosa–impregnated beads were washed extensively with 
PBS, and the density of viable bacteria enmeshed in agar beads was deter-
mined by plating of serial dilutions of homogenized beads.

Mice. Female C57BL/6 (H-2b), BALB/c (H-2d), or CBA (H-2k) mice were 
obtained from Taconic Farms. The animals were housed under specific patho-
gen–free conditions and were used at 6–8 weeks of age. The mice were immu-
nized by subcutaneous footpad injection of 30 μl of Ad diluted in PBS or of 
Epi8 peptide (AnaSpec) in complete Freund’s adjuvant (Sigma-Aldrich).

Preparation of P. aeruginosa outer membrane fraction. Outer membranes of P. 
aeruginosa PAO1 were prepared by the method of Shand et al. (73). PAO1 grown 
to stationary phase at 37°C overnight were harvested by centrifugation. The 
pellet was resuspended in water and was broken by sonication. Unbroken cells 
were removed by centrifugation at 5,000 g for 10 minutes. N-laurylsarcosine, 
sodium salt (Sigma-Aldrich), was added to the supernatant to a concentration 
of 2% and then samples were incubated at 20°C for 30 minutes. The broken 
cells were then ultracentrifuged 38,000 g for 1 hour, resuspended in PBS.

Expression of OprF. The recombinant vector Smt3-OprF with an N-termi-
nal histidine tag was constructed by cloning of the PCR-amplified OprF 

gene (forward primer, 5′-CCCGGATCCAGAATGCAGGGCCAGAAC-3′; 
reverse primer, 5′-CCCAAGCTTTTTACTTGGCCTCAGCCTCC-3′) into the 
expression vector Smt3 (Invitrogen Corp.). The recombinant vector Smt3-
His-OPRF was transformed into Escherichia coli strain BL21. The recombinant 
fusion protein was purified by nickel-chelating affinity chromatography 
from a single transformant. Briefly, the cultures were grown to an OD600 of 
0.8, were stimulated with 0.5 mM isopropyl β-D-thiogalactopyranoside for  
3 hours at 27°C and were collected by centrifugation (3000 g). The cell pellet 
was washed and resuspended in TBS buffer I (50 mM Tris, 0.5 mM EDTA, 
and 50 mM NaCl, pH 7.4). Cell lysis was induced by sonication 3 times (each 
a 10-second pulse with a 1-minute interval) and the lysate was cleared by 
centrifugation (18,000 g at 4°C). Imidazol (10 mM) was added and the crude 
extract was placed on nickel-bound resin agarose (Prebound; QIAGEN) 
equilibrated with the TBS buffer I described above. Unbound mate-
rial was washed out successively with 10 column volumes of TBS buffer I.  
The specific protein was eluted in with 5 column volumes of TBS buffer II  
(50 mM Tris, 0.5 mM EDTA, 50 mM NaCl, and 300 mM imidazol, pH 7.4) 
and dialyzed extensively against PBS. The recombinant vector Smt3-Epi8 
was constructed and purified accordingly.

Anti–P. aeruginosa humoral responses. For evaluation of the humoral 
response against P. aeruginosa after immunization with the 3 AdZ.Epi vec-
tors, C57BL/6, BALB/c, or CBA mice were immunized subcutaneously with 
AdZ.Epi1, AdZ.Epi6, or AdZ.Epi8 at a dose of 1 × 109 or 1 × 1010 pu/mouse.  
Mice injected with AdZ or AdNull at an equal dose or naive mice (PBS 
injected) served as controls. Serum was collected from the tail vein 14 and 
28 days after immunization. Total IgM and IgG antibodies specific for  
P. aeruginosa or OprF were determined by ELISA. Microtiter plates (Nunc) 
were coated at 4°C for 12 hours with 1 μg/well of heat-inactivated laborato-
ry P. aeruginosa strain PAO1 or OprF in PBS. The plates were washed 3 times 
with PBS and were blocked for 30 minutes with 1% BSA (Sigma-Aldrich) in 
PBS. After 3 washes with 0.05% Tween 20 in PBS (TBST), sera were added 
in sequential 2-fold dilutions starting at 1:20 and plates were incubated for 
1 hour. After 3 washes with TBST, goat anti-mouse IgG (Caltag Laborato-
ries) was added at a concentration of 0.5 μg/ml and plates were incubated 
for an additional 1 hour. After 5 washes with TBST, swine anti-goat IgG 
(Caltag) was added at a concentration of 0.2 μg/ml for 1 hour and detection 
was accomplished using the Peroxidase Substrate Kit (Bio-Rad Laborato-
ries). Absorbance at 415 nm was measured after 15 minutes. Titers were 
calculated as reciprocal dilutions 2-fold above background values (substrate 
only). For titer determination, the absorbance values of all dilutions were 
extrapolated to the 2-fold background value using a linear-fit function. The 
IgG subclass antibodies IgG1, IgG2a, IgG2b, and IgG3 against Epi8 were 
assessed on histidine-tagged Epi8-coated plates (1 μg/well) using goat IgG 
subclass antibodies against mouse (Bio-Rad Laboratories).

Epi8-specific cellular responses. After initial studies showed that the best 
humoral responses were with AdZ.Epi8, all subsequent studies were car-
ried out with this vector. For assessment of the Epi8-specific cellular 
immune response, C57BL/6 mice were immunized subcutaneously with 
1 × 1010 pu of AdZ.Epi8 or AdZ; unimmunized mice served as controls. 
The frequency of antigen-specific T lymphocytes was determined by IFN-γ– 
specific intracellular cytokine staining 10 days after Ad administration. T 
cells and DCs were isolated from spleen by passing of the spleen through 
nylon gauze (100 μm). Subsequently, CD4 or CD8 T cells were purified by 
negative depletion using SpinSep T cell subset purification kits (StemCell 
Technologies). The purity of CD4 and CD8 T cells was generally more than 
95%. Splenic DCs were purified from naive animals to serve as antigen-
presenting cells by positive selection using CD11c MACS beads (Miltenyi 
Biotec) and double purification over 2 consecutive MACS LS+ columns 
(Miltenyi Biotec). The purity of DCs was more than 90%. DCs (5 × 106/ml) 
were pulsed for 3 hours with Epi8 peptide (100 μM) or were incubated with 
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β-galactosidase (100 μg/ml; Roche Molecular Biochemicals) in full RPMI 
medium supplemented with 10 mM HEPES, pH 7.5 (BioSource Interna-
tional) and 50 μM β-mercaptoethanol (Sigma-Aldrich). CD4 (2 × 105) or 
CD8 (1 × 105) T cells were incubated with splenic DCs, either pulsed with 
β-galactosidase or Epi8 or left untreated, at a ratio of 6:1 in flat-bottomed 
96-well plates (Nunc). Cell counts were performed using a FACSCalibur 
flow cytometer (BD Biosciences) running at a constant flow rate, cali-
brated using QuantiBRITE Beads (BD Biosciences). After incubation for 
48 hours, cells from triplicate wells were combined, washed, resuspended 
in PBS and 2% FCS, and incubated for 30 minutes on ice with FITC-con-
jugated monoclonal antibodies against CD4 and CD8 (BD Biosciences) 
for the identification of CD4 and CD8 T cells, respectively. The cells 
were then fixed and permeabilized for 20 minutes at 4°C with Cytofix/
Cytoperm reagent (BD Biosciences) and were washed twice in Perm/Wash 
solution (BD Biosciences). The cells were then stained (30 minutes at 4°C) 
for intracellular cytokines using PE-conjugated monoclonal antibodies 
against murine cytokine IFN-γ. PE-conjugated isotype controls were used 
in parallel. After 2 washes, the cells were suspended in PBS with 0.1% BSA 
(Sigma-Aldrich) and were analyzed by flow cytometry.

For evaluation of the cellular response after repeated administration of 
AdZ.Epi8, the frequency of Epi8- and β-galactosidase–specific CD4 and 
CD8 T lymphocytes was determined with an IFN-γ– and IL-4–specific 
ELISPOT assay 10 days after the second immunization. MAIPS-45 plates 
(Millipore) were coated overnight at 4°C with 5 μg/ml of the cytokine-spe-
cific capture antibodies AN18 (IFN-γ) or 11B11 (IL-4; Mabtech). CD4 and 
CD8 T cells from the spleen were purified by negative depletion using Spin-
Sep T cell subset purification kits (StemCell Technologies). The purity of 
the T cell subsets was generally more than 95%. Splenic DCs were purified 
from naive animals to serve as antigen-presenting cells by positive selection 
using CD11c MACS beads (Miltenyi Biotec) and double-purification over 
2 consecutive MACS LS+ columns (Miltenyi Biotec); the purity was more 
than 90%. Prior to the addition of responder T cells and DCs, plates were 
blocked for 3 hours with full RPMI medium, supplemented with 10 mM 
HEPES, pH 7.4 (BioSource International), and 50 μM β-mercaptoethanol 
(Sigma-Aldrich). T cells (1 × 105) were incubated with splenic DCs at a ratio 
of 6:1 with or without β-galactosidase or Epi8 peptide and were incubated 
for 20 hours (IFN) or 48 hours (IL-4). After plates were washed, 1 μg/ml 
biotinylated anti-IFN or anti–IL-4 (both from Mabtech) detection antibod-
ies were added and the plates were incubated for 2 hours at 37°C. Plates were 
then washed and the streptavidin–alkaline phosphatase conjugate (Vecta-
stain ABC peroxidase kit; Vector Laboratories) was added. For final spot 
detection, 3-amino-9-ethylcarbazole substrate (Sigma-Aldrich) was added 
for 4 minutes and plates were rinsed with H2O. The spots were counted by 
computer-assisted ELISPOT image analysis (Zellnet Consulting).

Protection against pulmonary challenge with P. aeruginosa. For determining 
if immunization with AdZ.Epi8 resulted in protective immunity against a 
lethal pulmonary challenge with P. aeruginosa, C57BL/6 mice were immunized 
subcutaneously with AdZ.Epi8 at a dose of 1 × 1010 pu/mouse. Mice injected 
with AdZ at equal doses or naive mice served as negative controls; mice immu-
nized subcutaneously with 1 × 108 CFU of heat-killed PAO1 served as posi-
tive controls. Five weeks after immunization, the mice were challenged with 
P. aeruginosa encapsulated in agar beads. Fifty microliters of the laboratory 
strain PAO1 (5 × 105 CFU) or the clinical strains MI6 (1 × 108 CFU) or PA514 
(5 × 107 CFU) enmeshed in agar beads was inoculated intratracheally into the 
lungs of mice placed in a supine position. All mice were monitored daily for 
14 days after infection. Animals that appeared moribund were sacrificed, and 
this was recorded as the date of death.

Statistical analysis. The data are presented as mean ± SEM. Statistical anal-
ysis was performed using the nonpaired 2-tailed Student’s t test assuming 
equal variance. Statistical significance was determined at P values of less 
than 0.05. Survival estimates and median survivals were determined using 
the method of Kaplan and Meier.
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