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This study focuses on the development of a new clinical vaccine candidate (AdOprF.RGD.Epi8) against
Pseudomonas aeruginosa using an E1~ E3™ adenovirus (Ad) vector expressing OprF (AdOprF.RGD.Epi8) and
modifications of the Ad genome providing two capsid changes: (i) modification of the Ad hexon gene to
incorporate an immune-dominant OprF epitope (Epi8) into loop 1 of the hexon, enabling repeat administra-
tion to boost the anti-OprF immune response, and (ii) modification of the fiber gene to incorporate an
integrin-binding RGD sequence to enhance gene delivery to antigen-presenting cells. Western analysis con-
firmed that AdOprF.RGD.Epi8 expresses OprF, contains Epi8 in the hexon protein, and enhances gene
transfer to dendritic cells compared to AdOprF, a comparable Ad vector expressing OprF with an unmodified
capsid. Intramuscular immunization of C57BL/6 mice with AdOprF.RGD.Epi8 resulted in the generation of
anti-OprF antibodies at comparable levels to those induced following immunization with AdOprF, but immu-
nization with AdOprF.RGD.Epi8 was associated with increased CD4 and CD8 gamma interferon T-cell
responses against OprF as well as increased survival against lethal pulmonary challenge with agar-encapsu-
lated P. aeruginosa. Importantly, repeat administration of AdOprF.RGD.Epi8 resulted in boosting of the
humoral anti-OprF response as well as increased protection, whereas no boosting could be achieved with
repeat administration of AdOprF. This suggests that the capsid-modified AdOprF.RGD.Epi8 vector is a more
effective immunogen compared to a comparable wild-type Ad capsid, making it a good candidate for an anti-P.

aeruginosa vaccine.

Pulmonary infections with the gram-negative ubiquitous or-
ganism Pseudomonas aeruginosa are frequent in patients with
cystic fibrosis, immunodeficiency, and bronchiectasis (14, 15).
There is currently no vaccine against P. aeruginosa. One P.
aeruginosa component considered to be a promising candidate
for an anti-Pseudomonas vaccine is the P. aeruginosa major
surface-exposed outer membrane protein F (OprF) (13, 17, 20,
25, 26, 29). OprF is antigenically conserved in wild-type strains
of P. aeruginosa (31, 32) and appears to be invariant among P.
aeruginosa clinical isolates (31, 32). Antibodies against OprF
are associated with protection against Pseudomonas in animal
models and are induced by immunization with recombinant
OprF in experimental animals and humans (13, 17, 20, 25, 26,
29). Various immunogenic peptides have been identified in the
outer loops of the OprF protein, including the immune-dom-
inant 14-mer peptide Epi8 (16, 22, 55).

The present study evaluates a novel capsid-modified adeno-
virus (Ad) vector (AdOprF.RGD.Epi8) that expresses the
gene for OprF to induce protective immunity against P. aerugi-
nosa. The two capsid modifications of the AdOprF. RGD.Epi8
vector include the insertion of RGD into the fiber to enhance
the infection of dendritic cells (DCs) (34, 54) as well as the
insertion of the 14-mer OprF epitope Epi8 into hypervariable
region 5 of the Ad hexon to enable repeat administration of
the same vector to boost the anti-OprF humoral response (55).

* Corresponding author. Mailing address: Department of Genetic
Medicine, Weill Medical College of Cornell University, 1300 York
Avenue, Box 96, New York, NY 10021. Phone: (646) 962-4363. Fax:
(646) 962-0220. E-mail: geneticmedicine@med.cornell.edu.

¥ Published ahead of print on 17 October 2007.

Anti-Ad capsid immune responses are usually augmented by
repeated administration (12, 16, 17), and thus immune re-
sponses against epitopes that are part of the Ad capsid should
be augmented with repeated administration and would thus
allow boosting. In a murine model, AdOprF.RGD.Epi8 in-
duced increased anti-OprF cellular and protective immunity
compared to a non-capsid-modified vector expressing only OprF
(AdOprF). Furthermore, repeat administration of AdOprF.
RGD.Epi8 led to boosting of the anti-OprF humoral immunity
and resulted in increased survival following pulmonary challenge
with P. aeruginosa. Together, these data suggest that AdOprF.
RGD.Epi8 may be a valuable candidate for an anti-P. aeruginosa
vaccine.

MATERIALS AND METHODS

Adenovirus vectors. The recombinant Ad vectors AdOprf and AdOprF.RGD.
Epi8 used in this study are Ela, partial E1b, and partial E3 vectors and are based
on the Ad5 genome. In both vectors, an OprF expression cassette was inserted
into the E1 region, containing the human cytomegalovirus intermediate-early
enhancer/promoter, the OprF ¢cDNA, and a simian virus 40 poly(A) stop signal.
A non-capsid-modified vector with no transgene (AdNull) was used as a control
(21). In addition to AdOprF, AdOprF.RGD.Epi8 contains the OprF epitope
Epi8 (NATAEGRAINRRVE) inserted into loop 1 of the hypervariable region 5
at residues 268 to 269 of the Ad5 hexon gene (the Epi8 insertion was derived
from the previously published AdZ.Epi8 vector [55]) and the high-affinity RGD
sequence GCDCRGDCFCA incorporated between the last codon (residue 585)
and the stop codon at the COOH-terminal end of the Ad5 fiber protein, as
previously described for AdZ.F.RGD (52, 54). The vectors were used on the
basis of equal number of particle units (pu) and were propagated and purified as
described previously (40, 41, 52, 54).

Production of recombinant OprF. The recombinant vector pSUMO-OprF
with an N-terminal His tag was constructed by cloning the PCR-amplified OprF
gene (forward primer, 5'-CCCGGATCCAGAATGCAGGGCCAGAAC-3'; re-
verse primer, 5'-CCCAAGCTTTTTACTTGGCCTCAGCCTCC-3") into the ex-
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pression vector pET SUMO (Invitrogen, Carlsbad, CA). The recombinant plas-
mid pSUMO-His-OprF was transformed into Escherichia coli BL21(DE3), and
the recombinant protein was purified by Ni-chelating affinity chromatography
from a single transformant under native conditions. Briefly, the cultures were
grown to an optical density at 600 nm of 0.8, stimulated with 0.5 mM isopropyl
thiogalactoside for 3 h at 27°C, and collected by centrifugation. The cell pellet
was washed and resuspended in TBS buffer I (50 mM Tris, 0.5 mM EDTA, 50
mM NaCl, pH 7.4). Cell lysis was induced by sonification, and the lysate was
cleared by centrifugation (18,000 X g, 4°C). Imidazole (10 mM) was added, and
the crude extract was placed on Ni-nitrilotriacetic acid—agarose (prebound; Qia-
gen, Valencia, CA) equilibrated with TBS buffer I. Unbound material was
washed out successively with 10 column volumes of TBS buffer I. The specific
protein was eluted with five column volumes of TBS buffer II (50 mM Tris, 0.5
mM EDTA, 50 mM NaCl, 300 mM imidazole, pH 7.4), and the positive fractions
were dialyzed against phosphate-buffered saline (PBS), pH 7.4.

Bacteria. The P. aeruginosa strain used in this study was the laboratory strain
PAOL1 (48). Bacteria were grown from frozen stocks in tryptic soy broth (Difco,
Detroit, MI) at 37°C to mid-log phase, washed three times with PBS, and
resuspended in PBS at the desired concentration as determined by spectropho-
tometry. Numbers of bacteria were confirmed by determining the CFU of diluted
aliquots on MacConkey agar plates (Difco). P. aeruginosa-containing agar beads
were prepared based on the method of Stevenson et al. (47) and used in a lethal
respiratory infection with P. aeruginosa as previously described (55). 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 cooled with ice. The P. aeruginosa-
impregnated beads were washed extensively with PBS, and the density of viable
bacteria enmeshed in agar beads was determined by plating serial dilutions of
homogenized beads.

Mice. Female C57BL/6 mice were obtained from Taconic Farms (Tarrytown,
NY). The animals were housed under specific-pathogen-free conditions and used
at 6 to 8 weeks of age. If not noted otherwise, the mice were immunized once
subcutaneously with the Ad vectors diluted in 50 ml PBS.

Infection of A549 and dendritic cells. To confirm the expression of OprF, A549
cells were infected with 1,000 pu/cell of AdOprF.RGD.Epi8 or AdNull. A549
cells (CCL185; American Type Culture Collection, Rockville, MD) were main-
tained in complete Dulbecco’s modified essential medium (10% fetal bovine
serum, 100 U of penicillin/ml, 100 mg of streptomycin/ml), and expression of
OprF was evaluated by Western analysis after 24 h.

Bone marrow-derived DC were generated from bone marrow precursors as
described previously (46). In brief, bone marrow cells harvested from C57BL/6
mice were grown in complete RPMI 1640 medium (10% fetal bovine serum, 100
U of penicillin/ml, 100 pg of streptomycin/ml; GIBCO BRL, Gaithersburg, MD)
supplemented with 10 ng/ml of recombinant mouse granulocyte-macrophage
colony-stimulating factor and 2 ng/ml of recombinant mouse interleukin-4 (IL-4)
(both from R&D Systems) for 8 days. The DC were then washed and resus-
pended in RPMI 1640 medium (2% fetal bovine serum, 100 U of penicillin/ml,
100 pg of streptomycin/ml) and infected with AdOprF, AdOprF.RGD.EpiS8, or
AdNull (10* pu/cell) for 4 h, washed, and maintained in complete medium. Cells
were then harvested after 24 h.

The expression of OprF in the cell lysates was determined by Western analysis
using sera from C57BL/6 mice collected 4 weeks after immunization with 50 mg
of recombinant OprF (rOprRF) in Freund’s adjuvant. Equal amounts of protein
per lane were confirmed by using an anti-glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) antibody (Abcam, Cambridge, MA).

Detection of Epi8 in Ad virions by Western analysis. To assess the presence
of the Epi8 epitopes in the hexon protein, AdOprF.RGD.Epi8, AdOprF, and
AdNull (10'° pu) were denatured by heating at 95°C for 5 min in NuPAGE
sample buffer (Invitrogen, Carlsbad, CA), separated on a 4 to 20% polyacryl-
amide gradient sodium dodecyl sulfate (SDS)-polyacrylamide gel (NuPAGE
System; Invitrogen) by electrophoresis, and transferred to a polyvinylidene di-
fluoride membrane (Bio-Rad Laboratories, Hercules, CA). Epi8 was detected by
1 h of incubation with anti-Epi8 serum. A peroxidase-conjugated goat anti-
mouse antibody (Sigma-Aldrich) was then added for 1 h, followed by detection
with chemiluminescent peroxidase substrate (ECL+ reagent; Amersham Bio-
sciences, Piscataway, NJ).

Anti-OprF and anti-Epi8 antibodies. To evaluate the anti-OprF humoral re-
sponse, C57BL/6 mice were immunized intramuscularly with AdNull, AdOprF,
or AdOprF.RGD.Epi8 at 2 X 10'° pu/mouse. Serum was collected from the tail
vein 14 and 28 days after immunization. Anti-OprF and anti-Ad antibodies were
determined in an enzyme-linked immunosorbent assay (ELISA). Microtiter
plates (Nunc, Roskilde, Denmark) were coated with 0.5 mg/well of purified
pSUMO-OprF or 10° AdNull particles in 0.05 M carbonate-bicarbonate buffer,
pH 9.6 (Sigma-Aldrich) at 4°C for 12 h. The plates were washed three times with
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PBS and blocked with 5% fat-free milk (Bio-Rad Laboratories) in PBS. After
three washes with 0.05% Tween 20 in PBS (PBST), the sera were added in
sequential twofold dilutions starting at 1:20 and incubated for 1 h. After three
washes with PBST, anti-mouse immunoglobulin G (IgG)-horseradish peroxidase
(Sigma-Aldrich) was added for 1 h. Detection was accomplished using the per-
oxidase substrate kit (Bio-Rad Laboratories), and absorbance was determined at
415 nm. Titers were calculated as reciprocal dilutions twofold above background
values (substrate only). For titer determinations, the absorbance values of all
dilutions were extrapolated to the twofold background value by using a linear fit
function.

OprF-specific cellular response. To assess the OprF- and Epi8-specific cellular
immune responses, C57BL/6 mice were immunized subcutaneously with 10'° pu
of AdNull, AdOprF, or AdOprF.RGD.Epi8. The frequency of OprF- or Epi8-
specific CD4 and CD8 T cells was determined with a gamma interferon (IFN-y)
enzyme-linked immunospot (ELISPOT) assay. CD4 and CD8 T cells were pu-
rified from the spleen by negative depletion using SpinSep T-cell subset purifi-
cation kits (StemCell Technologies). Splenic DC, to serve as antigen-presenting
cells, were purified from naive syngeneic animals by positive selection using
anti-CD11c magnetic-activated cell sorting (MACS) beads (Miltenyi Biotec) and
double purification over two consecutive MACS LS+ columns (Miltenyi Biotec).
Purity for CD4 and CDS8 T cells was generally >95% and for DC it was >90%,
as determined by flow cytometry. DC (5 X 10/ml) were incubated for 2 h with
purified pSUMO-OprF protein (100 pg/ml) in RPMI medium supplemented
with 2% fetal calf serum (HyClone, Logan, UT), 10 mM HEPES pH 7.5 (Bio-
Source International, Camarillo, CA), and 10> M B-mercaptoethanol (Sigma-
Aldrich). T cells (2 X10°) were incubated with splenic DC at a ratio of 4:1, with
or without pSUMO-OprF protein, on commercially available anti-IL-4- and
anti-IFN-y-coated plates (parts 890906 and 890894, respectively; R&D Systems)
for 48 h. The plates were then incubated with the biotinylated anti-IFN-y or
anti-IL-4 (both from R&D) detection antibodies for 14 h at 4°C. Following
incubation with streptavidin-alkaline phosphatase conjugate (R&D) and the
3-amino-9-ethylcarbazole substrate (R&D), the spots were counted by computer-
assisted ELISPOT image analysis (Zellnet Consulting, New York, NY).

Protection against pulmonary challenge with P. aeruginosa. To determine if
immunization with AdOprF.RGD.Epi8 resulted in protective immunity against a
lethal pulmonary challenge with P. aeruginosa, C57BL/6 mice were immunized
subcutaneously with AdOprF.RGD.Epi8, AdOprF, or AdNull at 10'° pu/mouse.
Five weeks after immunization, the mice were challenged with P. aeruginosa
encapsulated in agar beads. Fifty pl of agar beads containing the laboratory
strain PAO1 (5 X 10° CFU) was intratracheally inoculated into the lungs. All
mice were monitored daily for 14 days after the infection. Animals that appeared
moribund were sacrificed, and this was recorded as the date of death.

Statistical analysis. The data are presented as means = standard errors of the
means (SEM). Statistical analysis was performed using the nonpaired two-tailed
Student’s ¢ test assuming equal variance. Statistical significance was determined
at a P level of <0.05. Survival estimates and median survivals were determined
using the method of Kaplan and Meier.

RESULTS

Expression and presentation of OprF and Epi8 epitope in
AdOprF.RGD.Epi8. To verify the expression of OprF between
AdOprf and AdOprF.RGD.Epi8 and the presence of the Epi8
epitope in an intact hexon protein of the modified capsid,
Western analysis was performed. Serum from OprF-immu-
nized mice confirmed the expression of the OprF transgene in
cell lysates of A549 cells infected with AdOprf and AdOprF.
RGD.Epi8 (Fig. 1A, lanes 2 and 3, respectively); no signal was
detected in the AdNull-infected cell lysates (Fig. 1A, lane 1).
Western analysis of AdOprF.RGD.Epi8 viral particles using
serum from OprF-immunized mice confirmed the position of
the Epi8 epitope at the corresponding size of the hexon protein
(120 kDa) (Fig. 1B, lane 5), with no detectable signal for
AdNull and AdOprf (Fig. 1B, lanes 3 and 4, respectively).

Enhanced expression of dendritic cells with AdOprF.RGD.
Epi8. Comparison between AdOprF.RGD.Epi8 and AdOprf
revealed the same OprF expression levels after infection in
A549 cells, a cell line that is easily infectible in an integrin-
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FIG. 1. OprF expression following infection with AdOprF and
AdOprF.RGD.Epi8 in A549 cells and detection of Epi8 in the AdOprF.
RGD.Epi8 hexon. (A) OprF expression. A549 cells were infected with
AdNull, AdOprF, or AdOprF.RGD.Epi8 (1,000 pu/cell, 24 h). Cell
lysates were separated in a 10% SDS gel, and expression of OprF was
assessed by Western analysis using sera from C57BL/6 mice immu-
nized with recombinant OprF. Lane 1, AdNull; lane 2, AdOprF; lane
3, AdOprF.RGD.Epi8. The band representing OprF is indicated.
(B) Epi8 in the AdOprF.RGD.Epi8 hexon. AdNull, AdOprF, and
AdOprF.RGD.Epi8 (both 10'° particles) were assessed in a 4 to 12%
gradient SDS gel, and the Epi8 epitope in the capsid was assessed by
Western analysis using sera from C57BL/6 mice immunized with OprF.
Lane 3, AdNull; lane 4, AdOprF; lane 5, AdOrpF.RGD.Epi8. The
band visualized in lane 4 represents the 130-kDa hexon containing the
Epi8 epitope.

independent manner (Fig. 1A). To evaluate if the RGD mod-
ification to the fiber of AdOprF.RGD.Epi8 enhances the ex-
pression of the OprF transgene in DC in vitro, murine bone
marrow-derived DC infected with either AdOprF.RGD.Epi8
or AdOprF were analyzed for OprF expression (Fig. 2A).
Western analysis of the cell lysates of the infected DC showed
expression of OprF for DC infected with either AdOprF or
AdOprF.RGD.Epi§8 (Fig. 2A, lanes 2 and 3) and no OprF
expression in the DC infected with AdNull (Fig. 2A, lane 1).
Interestingly, the DC infected with AdOprF.RGD.Epi8
showed higher expression of OprF than those infected with
AdOprF, indicating that the gene transfer to DC and therefore
the expression of the transgene OprF was increased for
AdOprF.RGD.Epi8 compared to the vector with the wild-
type fiber AdOpF. GAPDH expression was equal for all
groups (Fig. 2B).

Humoral immune responses. To assess the humoral re-
sponse against OprF following immunization with the capsid-
modified AdOprF.RGD.Epi8 vector, mice were immunized
with either AdOprF, AdOprF.RGD.Epi8, or AdNull, and the
serum anti-OprF and anti-Ad IgG responses were determined.
Mice immunized with AdOprF and AdOprF.RGD.Epi8 had
anti-OprF IgG antibodies present 2 and 4 weeks after immu-
nization; no anti-OprF antibodies were detected in the serum
of the AdNull group (Fig. 3A). The levels of the anti-OprF
antibodies were comparable between animals immunized with
either AdOprF or AdOprF.RGD.Epi8 at both time points
(P > 0.2). The humoral response against the Ad capsid was
also determined in these mice. Anti-Ad antibody titers were
comparable in the AdOprF, AdOprF.RGD.Epi8, and AdNull
groups at 4 weeks (P > 0.4, all comparisons), with no anti-Ad
antibodies detected in naive mice (Fig. 3B). These data suggest

MODIFIED ADENOVIRUS VECTOR AS ANTIPSEUDOMONAS VACCINE
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FIG. 2. Enhanced OprF expression in dendritic cells by AdOprF.
RGD.Epi8 compared to AdOprF (shown are the results of one out of
three experiments). Murine bone marrow-derived dendritic cells were
infected with AdNull, AdOprF, or AdOprF.RGD.Epi8 at 10* pu per
DC for 24 h. Lysates of infected DC were separated in a 10% SDS gel,
and OprF expression was analyzed by Western analysis using sera from
C57BL/6 immunized with recombinant OprF protein. (A) OprF ex-
pression; (B) expression of cellular GAPDH. Lanes in both panels: 1,
AdNull; 2, AdOprF; 3, Ad OprF.RGD.EpiS.

that immunization with the capsid-modified AdOprF.RGD.
Epi8 leads to anti-Ad capsid and antitransgene humoral re-
sponses comparable to those of a non-capsid-modified vector.

Cellular immune responses. To assess the cellular immune
responses, the frequencies of CD4 and CD8 T-cell responses to
OprF in mice immunized with AdOprF.RGD.Epi8 or AdOprF
were analyzed in an ELISPOT assay (Fig. 4). Ten days after
immunization, purified splenic CD4 and CD8 T cells from
vaccinated mice were stimulated with syngeneic DC pulsed
with recombinant OprF protein. As the level of humoral im-
mune response by B cells is dominantly supported by IL-4
secretion of CD4 Th2 helper cells in an antigen-dependent
manner, we analyzed if CD4 IL-4 responses against OprF were
increased in the mice immunized with AdOprF.RGD.EpiS8 or
AdOprF compared to the naive controls. AdOprF.RGD.Epi8
and AdOprF did induce IL-4 secretion in CD4 cells compared
to the naive controls (P < 0.01) (Fig. 4A); however, they were
not significantly different between the AdOprF.RGD.Epi8-
and AdOprF-immunized animals (P > 0.2). No IL-4 was stim-
ulated following exposure to unstimulated DC or in the
AdNull controls. This is consistent with the humoral response
against OprF following immunization with AdOprF.RGD.
Epi8 and AdOprF as described above. The IFN-y CD4 (Fig.
4B) and CDS8 (Fig. 4C) responses were increased in the ani-
mals immunized with AdOprF or AdOprF.RGD.Epi8 com-
pared to the AdNull group (P < 0.01 for CD4 and P < 0.03 for
CD8). Interestingly, there was a significant increase in the
IFN-y CD4 and CDS8 responses against OprF in the animals
immunized with AdOprF.RGD.Epi8 compared to AdOprF
(P < 0.01 for CD4 and P < 0.01for CDS). Taken together,
these data suggest that immunization with the capsid-modified
AdOprF.RGD.Epi8 vector leads to increased anti-OprF cellu-
lar Th1 immune responses due to enhanced presentation of the
transgene protein and/or the Epi8 peptide.

Protection against pulmonary infection with P. aeruginosa.
To evaluate the protective effect of immunization with
AdOprF.RGD.Epi8 against pulmonary infection with P.
aeruginosa, immunized mice were challenged with a lethal dose
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FIG. 3. Humoral response to OprF and Ad capsid following immunization with AdOprF.RGD.Epi8 compared to immunization with AdOprF.
C57BL/6 mice were immunized via the intramuscular route with AdNull, AdOprF, or AdOprF.RGD.Epi8 at a dose of 10'° pu/mouse. (A) Total
IgG antibodies against OprF were determined by ELISA at 0, 2, and 4 weeks after administration, using purified recombinant OprF protein as the
antigen. (B) Antiadenovirus response. Total IgG antibodies against the Ad capsid were determined by ELISA 4 weeks after administration, using
AdNull capsids as the antigen. Data are shown as means = SEM from five mice per group.

of agar-encapsulated PAO1 (10° CFU) 5 weeks after immuni-
zation. This model usually results in death in unimmunized
mice 2 to 4 days after challenge and has been used to evaluate
the protective effects of immunization (47, 55). All mice in-
fected with AdNull died within the first 5 days after challenge
(Fig. 5). In contrast, more mice immunized with AdOprF.
RGD.Epi8 (80%) survived than those immunized with AdOprF
(22%; P < 0.05). These data suggest that immunization
with AdOprF.RGD.Epi8 induced enhanced protective im-
munity compared to immunization with the wild-type capsid
AdOprF vector.

Boosting of the AdOprF immune response by repeated ad-
ministration. A second administration with AdOprF.RGD.
Epi8 resulted in boosting of the anti-OprF humoral immune
response. Mice immunized twice with AdOprF.RGD.Epi8 2
weeks apart had higher anti-Oprf IgG titers detectable at 2
weeks, and this titer reached an eightfold increase at 4 weeks
after the second immunization compared to mice immunized
once with AdOprF.RGD.Epi§ or AdOprF or twice with
AdOprF (P < 0.05, all comparisons) (Fig. 6). No anti-OprF
titers were detected in mice immunized twice with AdNull.
Compared to the anti-Ad IgG titer after a single immunization
(Fig. 3B), the anti-Ad IgG titer after the second immunization
was increased in all groups (data not shown). To evaluate if
repeat administration of AdOprF.RGD.Epi8 resulted in im-
proved survival following pulmonary challenge with P. aerugi-
nosa, the immunized mice were challenged 5 weeks after the
second immunization with a lethal intratracheal dose of PAO1
(Fig. 7). Mice that had been immunized twice with the control
AdNull vector died within the first 5 days. In contrast, mice
that received AdOprF.RGD.Epi8 twice all survived the chal-
lenge, whereas mice that received AdOprF.RGD.Epi8 only
once showed 67% survival (P < 0.05 compared to two immu-
nizations with AdOprF.RGD.Epi8). Mice that had been im-
munized with AdOprF once or twice showed decreased
survival compared to the AdOprF.RGD.Epi8 (single immuni-
zation, P < 0.05) or AdOprF.RGD.Epi8 (repeat immuniza-

tion, P < 0.01) group. These data suggest that repeat admin-
istration of the capsid-modified AdOprF.RGD.Epi8 Ad vector
results in boosting of the anti-OprF immune response and
results in enhanced protective anti-P. aeruginosa immunity.

DISCUSSION

The present study describes a novel Ad vaccine strategy
using a dual capsid-modified Ad vector with an RGD peptide
on the fiber to enhance OprF expression in dendritic cells and
incorporation of an epitope of the transgene into the hexon to
enable boosting of the antitransgene response with repeat ad-
ministration. The dual capsid-modified AdOprF.RGD.Epi8
showed enhanced expression of the OprF transgene in den-
dritic cells in vitro compared to the wild-type capsid AdOprF,
with both vectors expressing the same OprF transgene at equal
levels in the integrin-negative cell line A549. A single immu-
nization with AdOprF.RGD.Epi8 induced higher anti-OprF
CD4-specific and CDS-specific IFN-y responses and enhanced
protection following pulmonary infection with P. aeruginosa
compared to immunization with AdOprF, but in both vectors
no difference was observed in the anti-OprF humoral and
CD4-specific IL-4 responses following a single administration.
Furthermore, repeat administration with AdOprF.RGD.Epi8
resulted in boosting of the anti-OprF humoral response and
increased protection compared to repeat administration of
AdOprF.

Adenovirus vaccines. Ad vectors are suitable as platforms
for vaccines due to their potential to induce robust antivector
and antitransgene immunity in preclinical studies, and they are
currently being evaluated in preclinical and clinical studies as
vaccines against human immunodeficiency virus type 1 and
other infectious organisms (1-4, 6, 8, 12, 18, 23, 33, 36, 39, 44,
45, 49, 53, 58). A potential limitation in the use of Ad vectors
as vaccines, however, is the high prevalence of preexisting
immunity to Ad in the human population (10, 11). Preexisting
anti-Ad5 immunity has been shown to suppress the immuno-
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FIG. 4. CD4 and CDS8 T-cell IL-4 and IFN-y responses following
immunization with AdOprF.RGD.Epi8. C57BL/6 mice were immu-
nized with AdOprF and AdOprF.RGD.Epi8 at a dose of 10' pu/
mouse via the subcutaneous route. Ten days after immunization, CD4
and CDS8 cells were isolated from spleens and incubated in vitro with
DC alone or DC pulsed with recombinant OprF (DC+OprF), and the
IL-4 and IFN-y responses were determined in an ELISPOT assay.
(A) CD4 IL-4 production; (B) CD8 IFN-vy production; (C) CD8 IFN-y
production. The data represent the means of pooled cells from five
mice per group (n = 5) from three separate experiments.
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genicity of Ad5 vaccines in both preclinical studies and clinical
trials (8, 19, 28, 30). To overcome this problem, numerous Ad
vector prime-protein boost regimens and combinations of plas-
mid DNA and Ad as immunogen have been assessed in a wide
variety of animal models (5, 7, 27, 37, 42, 50, 56) and have
entered phase I and II human testing (4, 8, 12). To further
improve the potency or durability of the immune response to
an antigen, several groups have developed novel Ad vaccine
vectors with capsids derived from rare human or nonhuman
Ad serotypes that evade anti-AdS immunity (35). All of these
Ad capsid modification strategies, however, generate potent
antivector immunity that diminishes the utility of vector read-
ministration. Other strategies include heterologous Ad prime-
boost regimens that include two different serotype Ad vectors
to enhance antigen-specific responses, although the optimal
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FIG. 5. Ability of immunization with AdOprF.RGD.EpiS8 to pro-
tect against pulmonary challenge with P. aeruginosa. C57BL/6 mice
were immunized via the subcutaneous route with AdOprF.RGD.Epi8
or AdOprF at 10" pu/mouse (7 = 9 to 10 animals per group). Immu-
nization with AdNull at equal doses or PBS served as negative con-
trols. Five weeks after immunization, the mice were challenged with a
lethal intratracheal dose of agar-encapsulated P. aeruginosa, and sur-
vival was monitored for 15 days.

combination of those vectors has yet to be defined (5, 27, 37,
50, 56).

Incorporation of RGD. Although the exact mechanism of
the induction of immune responses against foreign antigens
expressed by Ad vectors is not fully understood, it likely in-
volves infection of DC by the Ad facilitating antigen presen-
tation and prolonging the immune response (24, 51, 54, 57). Ad
vectors, however, do not productively infect DC well in vitro,
probably due to the low numbers of the Ad receptor (CAR) on
these cells (9, 51, 54). One strategy to enhance DC infection is
to modify the Ad vector capsid proteins for targeting DC
populations. One such capsid modification has been the addi-
tion of an integrin-binding motif RGD to the fiber knob (34,
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FIG. 6. Anti-OprF humoral response after a single administration
of AdOprF.RGD.Epi8 or AdOprF compared to boost administrations
of the same vectors. C57BL/6 mice were immunized via the subcuta-
neous route with AdOprF.RGD.Epi8, AdOprF, AdNull (10'° pu/ani-
mal), or no vector, followed by a second immunization of the same
vector at an equal dose 2 weeks later (or first immunization if no vector
was given at week zero). Total IgG antibodies against OprF were
assessed in an ELISA at 2, 4, and 6 weeks after the first immunization.
Data are shown as means = SEM from five mice per group. —, no
vector given at the first immunization (vector administration at week 2
is labeled as the second immunization for these groups).
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FIG. 7. Comparison of abilities of boost immunizations with AdOprF.
RGD.Epi8 or AdOprF to protect against a lethal pulmonary challenge
with P. aeruginosa. C57BL/6 mice were immunized via the subcutane-
ous route with AdOprF.RGD.Epi8, AdOprF, AdNull (10" pu/ani-
mal), or no vector, followed by a second immunization of the same
vector at an equal dose 2 weeks later (» = 9 animals/group). Five
weeks after immunization, the mice were challenged with a lethal
intratracheal dose of agar-encapsulated P. aeruginosa, and survival was
monitored for 15 days. —, no vector given at the first immunization.

52, 54). RGD-modified Ad vectors enhance infection of inte-
grin-expressing cells such as DC and have been shown to en-
hance immune responses against the transgene in vivo in ani-
mals (34, 54). The AdOprF.RGD.Epi8 vector used in the
present study led to enhanced expression of OprF in bone
marrow-derived dendritic cells in vitro and in higher anti-OprF
CD4 and CDS responses following intramuscular immuniza-
tion in vivo, suggesting that the addition of the RGD motif to
the fiber enhanced antigen presentation of the OprF transgene
and the Epi8 peptide. As the main focus of this study was to
create an Ad vector with enhanced OprF expression in DC and
anti-Epi8 immunity that enables repeat administration and
boosting of the immune response, the individual contribution
of the two capsid modifications was not individually studied,
e.g., by creating an AJRGD.Epi8 vector as a additional con-
trol. The humoral anti-OprF or anti-Ad IgG titers were not
significantly different following administration of AdOprF.
RGD.Epi8 compared to the unmodified AdOprF vector, sug-
gesting that the initial antitransgene and anticapsid humoral
immune responses are not altered by the addition of RGD.
This is consistent with previous observations using an RGD-
modified vector expressing B-galactosidase, where no increase
in the humoral anti-Ad antibody titers was observed (54). The
present study demonstrates that RGD-modified Ad can be
used to enhance cellular immunity against an infectious patho-
gen. Previous studies have demonstrated enhanced cellular
immunity against model antigens (B-galactosidase and ovalbu-
min), resulting in enhanced antitumor immunity against tu-
mors expressing that antigen on the cell surface (34, 54).
Incorporation of an epitope into the Ad capsid. The incor-
poration of an epitope against the P. aeruginosa OprF protein
into loop 1 of hypervariable region 5 of the Ad hexon protein
has been shown to induce antiepitope humoral and cellular
immunity to protect against infections with P. aeruginosa in a
murine model (55). The advantage of incorporating an epitope
into the Ad hexon is that this strategy enables repeat admin-
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istration with the same vector to boost the antiepitope immu-
nity (12, 16, 17). Another Ad capsid modification to circumvent
preexisting anti-Ad immunity has been the use of hexon loops
or fibers derived from different Ad serotypes (38, 43). Re-
cently, a chimeric Ad vector with all extracellular loops of the
hexon protein replaced with hexon loops of the rare human
serotype 48 has been shown to be able to circumvent anti-AdS
immunity. Incorporating the OprF epitope into the Ad hexon
in addition to expression of the entire protein as transgene did
not increase the anti-OprF humoral response. Consistent with
this finding was the finding that the anti-OprF CD4 IL-4
response was not increased following immunization with
AdOprF.RGD.Epi8 compared to AdOprF. However, the anti-
OprF CD4 and CD8 IFN-y responses were increased following
administration of AdOprF.RGD.Epi8 compared to AdOprF.
Whether this increased CD4 and CD8 IFN-vy response was due
to the addition of RGD to enhance antigen presentation, the
addition of Epi8 to the hexon, to both, or to other combina-
tions cannot be stated so far. Most importantly, anti-OprF IgG
titers and protective immunity as assessed by survival following
challenge with P. aeruginosa were increased following repeat
administration of AdOprF.RGD.Epi8 compared to single ad-
ministration of AdOprF.RGD.Epi8 and AdOprF or repeat
administration of AdOprF.

Taken together, addition of RGD to the Ad fiber to enhance
transgene expression in antigen-presenting cells plus incorpo-
ration of an epitope of the antigen transgene into the Ad hexon
in addition to expression of the antigen gene as a transgene
creates a novel Ad vaccine vector that not only successfully
induces robust anti-OprF humoral and cellular immunity but
also allows repeat administration of the same vector to further
boost the immune response, resulting in increased protection.
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