CLINICAL AND VACCINE IMMUNOLOGY, Apr. 2008, p. 590-597
1556-6811/08/$08.00+0 doi:10.1128/CVI1.00476-07

Vol. 15, No. 4

Copyright © 2008, American Society for Microbiology. All Rights Reserved.

Immunization with a Pseudomonas aeruginosa 1244 Pilin Provides
O-Antigen-Specific Protection”

Joseph Horzempa,'t Thomas K. Held,*} Alan S. Cross,”§ Dana Furst,’
Mohammed Qutyan,' Alice N. Neely,” and Peter Castric'*

Department of Biological Sciences, Duquesne University, Pittsburgh, Pennsylvania 15282"; Department of Bacterial Diseases,
Walter Reed Army Institute of Research, Washington, D.C. 20307 and Shriners Hospitals for Children, Cincinnati, Ohio 45229°

Received 3 December 2007/Returned for modification 24 January 2008/Accepted 1 February 2008

The O antigen is both a major structural outer membrane component and the dominant epitope of most
gram-negative bacteria. Pseudomonas aeruginosa 1244 produces a type IV pilus and covalently links an O-
antigen repeating unit to each pilin monomer. Here we show that immunization of mice with pure pilin from
strain 1244 by use of either the mouse respiratory model or the thermal injury model resulted in protection
from challenge with a pilus-null O-antigen-producing 1244 mutant. These results provide evidence that the
pilin glycan stimulates a protective response that targets the O antigen, suggesting that this system could be
used as the basis for the development of a variety of bioconjugate vaccines protective against gram-negative

bacteria.

With the widespread occurrence of antibiotic resistance
among many bacterial pathogens (29, 33, 47), it is increasingly
necessary to turn to vaccination to combat these disease-caus-
ing organisms. An important strategy for vaccine design in-
volves the synthesis of glycoconjugates, which are produced by
chemically cross-linking bacterial surface polysaccharides to
carrier proteins (2, 23). Saccharides linked to proteins invoke
T-cell-dependent immunity (4), which involves a memory re-
sponse, avidity maturation, and immunoglobulin class switch-
ing (46). Conversely, bacterial polysaccharides alone are usu-
ally associated with a T-cell-independent response, which does
not involve the induction of immunological memory (27).
However promising this technology is, expansion of the glyco-
conjugate vaccine technology has been hampered by the ex-
pense of purifying and characterizing surface polysaccharides
of bacterial pathogens, the selection of an effective carrier
protein, and maintenance of the quality and stability of cross-
linked products (23).

Several antibacterial glycoconjugate vaccines are commer-
cially available (23). Haemophilus influenzae type b glycocon-
jugate vaccines (39), in which the surface oligosaccharide of
this bacterium was conjugated to either diphtheria toxoid (3),
tetanus toxoid (22), or a meningococcal outer membrane
protein (15), were the first to be licensed (23). Currently,
numerous investigations are under way to test and develop
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polysaccharide-protein conjugate vaccines against bacterial
pathogens, including Francisella tularensis (9), Escherichia coli
0157 (24), Shigella sonnei (36), and the opportunistic pathogen
Pseudomonas aeruginosa (11).

The O antigen is the dominant surface polysaccharide of the
lipopolysaccharide (LPS) molecule of most gram-negative bac-
teria, and consequently, antibodies directed against this cellu-
lar component have been shown to protect against infection (9,
10, 13, 14, 17). Interestingly, P. aeruginosa 1244 covalently
attaches a single serotype O7 O-antigen repeating unit to
Ser'*® of the pilin (8), with no alternate glycoforms or evidence
of nonglycosylated forms of this protein (6). Pilin (encoded by
the pilA gene) is the monomeric subunit of the type IV pilus,
an immunogenic bacterial surface appendage utilized for ad-
hesion and surface motility (26). P. aeruginosa 1244 pilin gly-
cosylation is mediated by the oligosaccharyltransferase PilO (5,
12). This type of O-linked, PilO-mediated pilin glycosylation is
common among P. aeruginosa strains (7, 25, 41). Because the P.
aeruginosa 1244 protein glycosylation machinery covalently
links an O-antigen subunit and pilin, studies have suggested
the possibility for exploitation of this system to biologically
produce glycoconjugate vaccines (8, 20, 21).

Metabolically, the pilin glycan originates in the O-antigen-
biosynthetic pathway (12). In accordance, expression of exog-
enous O-antigen gene clusters in P. aeruginosa 1244 allowed
pilin to be glycosylated with the heterologous O-antigen re-
peating unit (12). Furthermore, expression of plasmid-borne
pilAO 54, in nonserotype O7 P. aeruginosa strains resulted in
pilin glycosylation, in which the glycan consisted of the host’s O
subunit (12). These experiments indicated that all nine P.
aeruginosa O subunits tested and the E. coli O157 O subunit
could serve as the 1244 pilin glycan (12). As a variety of O
subunits could be conjugated to pilin, this indicated that the
PilO glycan specificity was low, an extremely promising phe-
nomenon in terms of exploiting the 1244 glycosylation machin-
ery for the generation of glycoconjugate vaccines. Moreover,
recent studies defined the substrate specificity of the 1244
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TABLE 1. Animal strains, bacterial strains, and plasmid used in this study

Organism or plasmid Description® Source or reference
Animals
Mice
ICR Age, 9-16 wk Charles River Laboratories, Wilmington, MA
C3H/Hel Age, 9-16 wk Jackson Laboratories, Bar Harbor, ME
BALB/c Female; age, 6-8 wk Hilltop Lab Animals, Scottdale, PA
CF-1 Female; wt, 22to 25 g Carworth Farms, New York, NY

New Zealand White rabbits Female, adult

Bacterial strains
P. aeruginosa

Covance Research, Denver, PA

1244 Wild type, IATS O7 35

1244N3 1244 rpoN (Tc") 34

1244.47 1244 pilA (Hg") 20
PAK Wild type, IATS O6 7
9D2 Wild type, IATS O6 7

K. pneumoniae B5055 Serotype O1:K2 19
Plasmid pPAC46 pPMMBO66EH with P. aeruginosa 1244 5

pilAO Ap* Cb*

“ IATS, International Antigenic Typing System.

glycosylation reaction (20, 21). Those studies indicated that
PilO recognizes the sugar at the reducing end of the O-antigen
repeating unit precursor (21) and that successful transfer of
this carbohydrate is contingent upon the positioning of Ser at
the pilin C terminus, as this configuration is essential for rec-
ognition by the glycosylation machinery (20). While no other
specific pilin recognition features were present, the charge of
the pilin surface must be compatible with the glycosylation
apparatus (20). Application of these data may allow the use of
O subunits of diverse gram-negative bacteria to be covalently
linked to a variety of engineered proteins, including toxoids,
likely expanding the potential breadth of protection. However,
it is first necessary to test if the P. aeruginosa 1244 glycosylated
pilin can provide O-antigen-specific protection, which is the
objective of this study.

The current investigation shows that a bacterial protein gly-
cosylation system is capable of biologically producing effica-
cious glycoconjugate vaccines. The work presented here dem-
onstrates that the pilin glycan is a major immunogenic epitope,
directing the production of antibodies against O antigen com-
posed of analogous subunits. Vaccination with the 1244 pilin
provided significant protection, with immunological specificity
for the O polysaccharide, in two separate infection models.
These results suggest that the pilin glycosylation system of P.
aeruginosa 1244 may be useful for the biological production of
anti-O-antigen glycoconjugate vaccines against a variety of
harmful gram-negative bacterial pathogens.

MATERIALS AND METHODS

Animals. The mice and rabbit strains used in this study are listed in Table 1.
Immunizations involving female New Zealand White rabbits were conducted by
Covance Research (Denver, PA). All animal experiments complied with federal
and institutional specifications regarding the use of animals in research.

Bacterial strains and media. The bacterial strains and plasmid used in this
study are listed Table 1. For general culturing, the bacteria were grown aerobi-
cally at 37°C on LB agar plates or in LB broth shaken at 250 rpm. LB broth was
used for cell growth for the preparation of strain 1244 pili glycosylated with the
O7 repeating unit. For cell growth for the preparation of strain 1244 pili glyco-
sylated with the O6 repeating unit, CAYE (2% agar, 0.75% Casamino Acids,

0.15% yeast extract) was used. These media contained carbenicillin (250 pg/ml)
and/or tetracycline (50 pg/ml), as needed. When it was necessary, the medium
was supplemented with 5 mM isopropyl-B-p-thiogalactopyranoside (IPTG).

Isolation of pili and purification of pilin. The glycosylated 1244 pili used for
vaccination were produced from P. aeruginosa 1244N3/pPAC46, as described
previously (5, 12). Briefly, cell cultures were grown in LB broth supplemented
with carbenicillin, tetracycline, and 5 mM IPTG at 37°C with shaking at 250 rpm
for 14 h. The pili were isolated from the supernatant after centrifugation at
16,000 X g for 30 min at 4°C. The pili were purified by repeated precipitation in
the presence of 0.5 M NaCl and 3% polyethylene glycol 8000 (40, 41). When it
was required, traces of LPS were removed by first depolymerizing purified pili in
1.0% B-octylglucoside followed by gel filtration and chromatofocusing, as previ-
ously described in detail (8). No contaminating protein or LPS could be detected
by polyacrylamide gel electrophoresis followed by silver staining or by Western
blotting with an O-antigen-specific monoclonal antibody as a probe. The product
of this procedure was referred to as chromatographically pure pilin (CPP).
Samples of CPP bearing the glycan identical to the O7 LPS O-antigen subunit
(CPP;) were subjected to overnight dialysis against 6 liters H,O at 4°C, during
which the subunits reaggregated into pilus-like, nonnative fibers (43). The LPS
level of this preparation was measured by using the Limulus Gel-Clot test
(Associates of Cape Cod). In these assays, in which strain 1244 LPS prepared by
an established protocol (44) was used as a standard, a contamination level of less
than 0.0004% (wt/wt) was detected. This material was lyophilized, resuspended
in sterile phosphate-buffered saline (PBS), and filter sterilized. The bicinchoninic
acid protein assay (Pierce) was used according to the manufacturer’s protocol to
determine the protein concentration.

P. aeruginosa 1244 pili glycosylated with the serotype O6 repeating unit were
produced in two ways. In one, P. aeruginosa PAK, which produces O-antigen
serotype O6 and a pilus which is antigenically distinct from that produced by
strain 1244, was grown so that it contained pPAC46. This arrangement has
previously been shown to produce 1244 pilin glycosylated with the O6 repeating
unit (12). In the second situation, P. aeruginosa 9D2, which also produces O-
antigen serotype O6, was also grown so that it contained pPAC46. Although this
strain produces limited amounts of pili, the primary structure of the fibers
produced is nearly identical to that of the fibers of strain 1244, differing only at
residue 92 (7). This residue is situated in a region found to be poorly immuno-
genic (7, 8). Overexpression of pPAC46 resulted in large amounts of pilin
glycosylated with the O6 repeating unit. For pilus production, a 5-ml LB culture
inoculated with one of these strains containing pPAC46 was grown in the pres-
ence of carbenicillin at 37°C for 8 h. This suspension was used to inoculate
aluminum foil-covered 68- by 28- by 3-cm metal pans containing 500 ml of
solidified CAYE agar medium, carbenicillin, and IPTG, after which it was incu-
bated at 37°C for 14 h. Cells were removed by scraping and were suspended in
50 ml of 40 mM sodium phosphate buffer, pH 7.2, per pan. This cell suspension
was subjected to vigorous stirring for 30 min at room temperature to detach the
pili and was then centrifuged at 16,000 X g for 30 min. Pili were isolated from the
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supernatant and purified by the procedure described above. CCP was produced
as described above.

Protocols for determination of immunogenicity. Two New Zealand White
rabbits were injected intradermally in the back at multiple sites with a total of 250
g of CPPy; with Freund’s complete adjuvant on day 1. On day 21, the rabbits
received subcutaneous (s.c.) and intramuscular boosts containing 125 ug of
CPPg, with Freund’s incomplete adjuvant (FIA). On day 42, the rabbits received
s.c. boosts containing 125 pg of pilin administered in the rear flanks. On day 63,
the rabbits were injected s.c. with 125 g pilin with FIA. On day 84, the rabbits
received s.c. dorsal injections containing 100 pg pilin and FIA. The final boost
consisted of a s.c. injection in the neck region containing 100 pg pilin with FIA.
On days 31, 52, 73, 94, and 115, sera were collected and analyzed for antibody
production (data not shown). On day 118, approximately 50 ml of serum was
collected in the terminal bleed and was used for subsequent assays. Adsorption
of this serum was carried as follows. Six 82-mm nitrocellulose circles (Schleicher
& Schuell) were incubated with stirring overnight at room temperature with 1.6
mg heterologously glycosylated (serotype O6 O-antigen subunit) 1244 pili
(CPPg) suspended in 15 ml deionized water. These circles were then treated
with blocking buffer (12). Ten milliliters of serum recovered from one of the
animals was incubated in succession overnight at room temperature with each of
these circles.

To evaluate the induction of murine antibodies corresponding with acute-
pneumonia protection studies, we used the following immunization schedule
(first/second dose): intranasal (i.n.)/i.n. or i.n./s.c. At each immunization, a total
dose of 5 pg of native 1244 pili diluted to the appropriate volume in sterile
physiologic saline was administered to ICR mice. The time interval between the
doses was 7 days. For i.n. immunization, the mice were anesthetized intraperi-
toneally with ketamine HCI (80 mg/kg of body weight; Aveco Co., Fort Dodge,
IA) and xylazine HCI (8 mg/kg; Mobay Corporation, Shawnee, KA) prior to the
instillation of the pili. The pili were delivered i.n. in a final volume of 25 pl by the
use of individual sterile aerosol-resistant pipette tips for each mouse to prevent
contamination. The final volume for s.c. injection was 100 wl. Control mice
received sterile physiologic saline at exactly the same volume and by exactly the
same route. At 3, 7, 10, and 14 days after the second dose of vaccine, the mice
were killed by CO, inhalation to obtain serum samples via cardiac puncture.

Preparation of challenge. Overnight broth cultures of P. aeruginosa 1244,
Klebsiella pneumoniae B5055, or the 1244 isogenic pil4 mutant, P. aeruginosa
1244.47, were used to streak a lawn on Trypticase soy agar plates, which were
incubated at 37°C for 12 to 18 h. The cells were suspended in sterile PBS, and a
spectrophotometer (4450) or a Klett colorimeter was used to estimate the cell
density on the basis of the previously determined counts of CFU. These cells
were serially diluted and plated to determine viable-cell counts, which were used
to more accurately determine the inoculum density.

Acute-pneumonia model. For the pilus-specific-protection studies, ICR mice
were immunized by either the i.n./i.n. or the i.n./s.c. route with purified 1244 pili,
as described above. Seven days after the second vaccination, anesthesia was
administered and the mice received an i.n. challenge of a lethal dose (approxi-
mately 4.3 X 10° CFU) of P. aeruginosa 1244 in a final volume of 50 pl (25 ul per
nostril). Morbidity, mortality, and body weight were monitored daily for 8 days.
The control mice were vaccinated with sterile physiologic saline as described
above. In order to determine persistence and dissemination, in a separate ex-
periment immunized and challenged mice were killed at 4, 24, and 48 h after
bacterial treatment. The presence of bacteria in bronchoalveolar lavage (BAL)
fluid at 4 and 24 h postchallenge was determined by a single washing with sterile
physiologic saline via a 25-gauge hypodermic needle inserted into the trachea. In
addition, the lungs, livers, and spleens from the animals were excised aseptically,
weighed, and homogenized at 4, 24, and 48 h. The CFU counts in BAL fluid and
organ homogenates were determined by previously described methods (19). The
K. pneumoniae B5055 control challenge employed the same procedure used for
P. aeruginosa 1244 and used a dose of 1.4 X 10* CFU.

In the glycan-specific-protection studies, BALB/c mice were used, and the
vaccine consisted of CPPg;. CPPg; (9 pg in 20 wl PBS; 10 wl per nostril) was
administered i.n./i.n., as described above. As a control, mice received CPPqq
(purified from P. aeruginosa 9D2/pPAK46) to which purified strain 1244 LPS,
prepared as described above, was added to a level 0.0004% (wt/wt) of that of
pilin. Seven days following the second vaccination, the mice were anesthetized
and were challenged with 3.8 times the 50% lethal dose (LDs; 4.9 X 107 CFU)
of strain 1244.47, which was administered i.n. in 20 I PBS (10 pl per nostril). In
a separate trial, mice immunized with CPP 4 were challenged with 2.6 times the
LDy, (3.4 X 107 CFU) of strain 1244.47. The LDs, of strain 1244.47 was
determined to be 1.3 X 107 CFU by using the probit analysis of StatPlus 2007
software (data not shown). Following the challenge, the mice were closely mon-
itored for 96 h, during which time morbidity and mortality were recorded.
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Burned-mouse model. Tests with the burned-mouse model were conducted as
described previously (28). On day 0, CPP,, was diluted to a concentration of 40
1.g/100 pl with saline and mixed 1:1 with FIA, resulting in a solution with a pilus
concentration of 20 pug/100 pl. A total of 27 mice were immunized with 100 .l of
this material via the s.c. route (in the back). A control group (containing the
same number of animals) was treated in the same manner with the same solution,
except that the pili were absent. This treatment was repeated on day 7. On day
14, the mice were subjected to a nonlethal thermal injury of 15% of the body
surface. which caused host immunosuppression, and were challenged with a
subeschar injection of approximately 5 X 107 CFU of P. aeruginosa 1244.47.
Additionally, eight untreated mice were challenged in the same manner. Follow-
ing the challenge, mice were observed for 5 days, during which time morbidity
and mortality were recorded.

ELISA. Antibody titers in serum and BAL fluid were determined by an en-
zyme-linked immunosorbent assay (ELISA) with 96-well plates coated with pili
from either P. aeruginosa 1244 or strain PAK/pPAC46 at a concentration of 2
pg/ml (50 pliwell, with incubation overnight at 4°C) or P. aeruginosa 1244 LPS at
a concentration of 1 pg/ml (100 pl/well, with incubation overnight at 4°C). After
the wells were treated with blocking buffer and washed, samples were serially diluted
(twofold) in blocking buffer and incubated overnight in duplicate at 4°C. Bound
antibodies were detected by using goat anti-mouse immunoglobulin G (IgG), alka-
line phosphatase-labeled goat anti-mouse IgM, goat anti-mouse-IgA, or alkaline
phosphatase-labeled goat anti-rabbit secondary antibodies (Kirkegaard & Perry,
Gaithersburg, MD) diluted appropriately in blocking buffer; and the plates were
developed with p-nitrophenylphosphate (Sigma, St. Louis, MO) in diethanolamine
buffer (pH 9.8). The reaction was stopped by adding 50 wl of 3 M NaOH to each well
after 30 min. The ELISA titers were defined as the dilution which gave a change in
the A 45 of 0.200 at room temperature. The background 4,5 in all control wells was
always less than 0.050.

Statistics. Differences in survival between the groups were analyzed by the log
rank test. For comparison of CFU counts, the two-tailed Mann-Whitney U test
was used. The statistical analyses were done with either Statistica software
(version 4.5) for Windows, StatSoft software, or GraphPad Prism software (ver-
sion 4.02).

RESULTS

Pilus vaccine protection from lethal challenge. It was im-
portant to establish a model to determine an effective route of
immunization and an appropriate challenge with wild-type P.
aeruginosa 1244 as a precedent for subsequent studies. As P.
aeruginosa is a leading cause of nosocomial pneumonia (30),
the murine acute-pneumonia model was used to determine the
protective efficacy of a vaccine composed of strain 1244 pili. An
in./in. or in./s.c. (first/second dose) immunization schedule
was used, with 7 days between doses. At each immunization,
the mice received 5 pg of native 1244 pili diluted in sterile
physiologic saline. Serum from both i.n./i.n.- and i.n./s.c.-im-
munized mice contained high titers of LPS-specific antibodies
(IgG and IgM) (Table 2). These results indicated that a specific
immune response was well established at 1 week following the
second vaccination, as evidenced by a high serum IgG titer with
specificity for the serotype O7 O antigen (Table 2). If this
response could sufficiently mediate clearance of the infection,
then strain 1244 glycosylated pili may provide O-antigen-spe-
cific immunity (8).

Because a specific immune response was established 1 week
following the second pilus immunization (Table 2), the mice
were challenged with a lethal dose of wild-type P. aeruginosa
1244 at this time point. The mice that received the pilus vac-
cine i.n./i.n. exhibited significant survival compared to the sur-
vival of the mice that received saline following an i.n. challenge
of a lethal dose of strain 1244 (P < 0.0001) (Fig. 1). Although
the mice that received the pilus vaccine i.n./s.c. showed re-
duced survival compared to the survival of the mice immunized
with the pilus vaccine i.n/i.n., these mice still exhibited signif-



VoL. 15, 2008

TABLE 2. Systemic antibody responses of mice specific for P. aeruginosa
O7 LPS after immunization with strain 1244 pili

Mean ELISA antibody titer on the indicated
day after the second immunization”

Route? Ig class
3 7 10 14
in./in. IeG 112 79.4 58.9 234
IeM 479 269 91.2 93.3
IgA ND ND ND ND
in./s.c. IeG 166 269 135 123
IeM 617 794 676 490
IgA ND ND ND ND

“ The routes denoted are for the first/second immunization, in which the time
between each immunization was 7 days.

> Mean ELISA antibody titer (dilution) which gave a change in the A,ys of
0.200 after 30 min. Each value shown is the mean of the individual titers from
three mice. ND, none detected, as these values were below the limits of detection
(A405 = 0.050).

icantly increased survival compared to the survival of the sa-
line-vaccinated mice (P = 0.0030) (Fig. 1). Compared to the
saline-immunized controls, mice immunized with either regi-
men had significantly fewer bacteria in their BAL fluid at 4 h
after infection (Fig. 2A). These data suggest that immunization
with strain 1244 pili either prevents the adherence of the bac-
teria to epithelial surfaces or promotes the clearance of the
bacteria from the airways. P. aeruginosa 1244 consistently dis-
seminated from the site of infection, as evidenced by the cul-
ture of bacteria from homogenates of extrapulmonary organs,
but only mice immunized twice i.n. were capable of lowering
the numbers of bacterial CFU in the lungs as well as keeping
bacterial multiplication in the liver and spleen at steady levels
between 4 and 24 h after challenge (Fig. 2B). In addition, a
significant decrease in the bacterial CFU from the BAL fluid
over time (4 h versus 24 h after bacterial challenge) was ob-
served only when the animals were immunized in./i.n. (Fig.
2A). Mice immunized in./s.c. and saline-immunized control
mice showed increasing CFU counts in the lungs, liver, and
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=t i n./i.n. (n=15)
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FIG. 1. Survival after P. aeruginosa 1244 challenge following immu-
nization with pili in the acute-pneumonia model. Mice exhibited sig-
nificantly increased survival when they were immunized in./in. or
i.n./s.c. with strain 1244 pili compared to the survival of mice immu-
nized with saline (control) following i.n. administration of a lethal dose
of P. aeruginosa 1244. Results are shown as Kaplan-Meier survival
curves, and differences in survival were calculated by log rank analysis.
Results for i.n./i.n versus results for the control, P < 0.0001; results for
i.n./s.c. versus results for the control, P = 0.0030; results for i.n./i.n.
versus results for i.n./s.c., P = 0.1449.
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FIG. 2. P. aeruginosa 1244 growth in BAL fluid (A) or the lungs,
livers, and spleens (B) of strain 1244 pilus-immunized and saline-
immunized mice. The graphed values are medians, and error bars
represent quartiles. Data are from two independent experiments (n =
4 mice per group per experiment). (A) *, P = 0.0062 for the counts in
mice immunized i.n./i.n. and P = 0.0015 for the counts in mice immu-
nized i.n./s.c. compared to the counts for the corresponding times
postinfection of saline-immunized (control) animals (Mann-Whitney
U test). (B) P. aeruginosa 1244 CFU counts from organ homogenates
at 4, 24, or 48 h postinfection of mice immunized i.n./i.n., i.n./s.c., or
with saline (control) are shown for all time points except for control
mice at 48 h, as these mice were dead, making statistical analysis
infeasible.

spleen at 24 h after infection (Fig. 2B). At 48 h after infection,
all saline-immunized mice were dead; however, the surviving
mice immunized either in./in. or in/s.c. showed low CFU
counts in all three organs investigated (Fig. 2B), indicating
vaccine-induced clearance. Thus, survival correlated with de-
creasing bacterial counts both locally and systemically over the
initial 48 h of infection.

Analysis of vaccine specificity. It was necessary to investigate
if the immune response elicited by immunization with P.
aeruginosa 1244 pili conferred specific protection or if the
protection was due to a generalized inflammatory response
caused by the administration of pili or trace LPS contamina-
tion. Therefore, by use of the respiratory model, mice that
were immunized twice i.n. with strain 1244 pili were subse-
quently challenged with a heterologous bacterium (K. pneu-
moniae B5055) that did not produce pili and that was serolog-
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TABLE 3. Vaccine specificity

No. of surviving mice/no. of total mice
after challenge with:
Immunization”

P. aeruginosa :
8! K. pneumoniae

1244
P. aeruginosa 1244 pili 4/4 0/8
Saline 0/6 0/6

“ Mice were immunized i.n./i.n.

ically distinct from strain 1244. Neither immunized nor control
mice survived a lethal challenge with K. pneumoniae, indicating
that vaccination with P. aeruginosa 1244 pili protects only
against a homologous challenge (P = 0.0027 and P = 0.0009,
respectively) (Table 3). These data suggest that the protection
described here (Fig. 1 and 2) was a result of a specific immune
response and was not due to nonspecific inflammation from
the pilus vaccine. LPS contamination was not likely responsible
for this protection, as a previous study showed that mice im-
munized s.c. with upwards of 200% of the contaminant level of
strain 1244 LPS present in the current pilus dose did not
induce a detectible anti-LPS response (8).

Immunogenicity of the pilin glycan. To better ascertain the
immunogenicity of the pilin glycan, it was necessary to remove
traces of LPS contamination. This was accomplished by depo-
lymerization of the pili in the presence of B-octylglucoside,
followed by chromatographic purification of the pilin produced
(8). Detergent was removed upon dialysis of the purified pilin,
which allowed reaggregation of the pilin subunits into nonna-

A. CPPy pilin

—A- Untreated
~®- Adsorbed

0-
2 3 4 5 6
-log (Dilution)
C.
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3 -
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<
1
0 T T T —
2 3 4 5 6
-log (Dilution)
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tive pilus-like fibers (43). The Limulus assay showed that fol-
lowing this chromatographic purification, reaggregated pilin
was contaminated with LPS to a level of less than 0.0004%
(wt/wt). This substance, referred to as CPPg,, was used to
immunize rabbits. One serum sample that was produced was
adsorbed with CPP in order to remove pilin protein-specific
antibodies and retain those that were glycan specific. Adsorbed
sera were unresponsive to CPP.,, while untreated sera had
high titers of antibodies specific for these pili, suggesting that
the adsorption had successfully removed pilin protein-specific
antibodies (Fig. 3A). The sera that were adsorbed with CPP
had slightly lower titers of antibodies specific for CPPy, than
untreated serum (Fig. 3B). This difference was probably due to
the absence of a pilin protein-specific response. Recognition of
glycosylated pili by a serum sample that lacked a pilin protein-
specific response suggested that the strong antipilus reaction
was directed to the pilin glycan. Both the adsorbed and the
untreated sera exhibited equal responses to serotype O7 LPS,
showing that animals immunized with CPPg, are capable of
eliciting a strong anti-LPS response (Fig. 3C). Notably, the
dominant antibody type produced by these rabbits was IgG, as
determined by ELISA. Here, a 4-log-unit difference between
the IgG and the IgM titers was seen (E. Jewell and P. Castric,
unpublished observations), suggesting the involvement of T
cells in the antiglycan response. These results confirm that
CPP,,, is capable of stimulating a specific B-cell response
against both the pilin glycan and the structurally similar O-
antigen repeating unit of LPS (8) and suggest that the pilin
glycan is a major pilin epitope.
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FIG. 3. ELISAs with sera from rabbits that had been immunized with CPP,. Untreated or CPP4-adsorbed rabbit serum was used as the
primary antibody, and CPPy; (A), CPPq (B), or serotype O7 LPS (C) was used as the antigen. Error bars represent standard deviations.
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FIG. 4. Survival after P. aeruginosa 1244.47 challenge following im-
munization with CPPg, in the acute-pneumonia model (A) and
burned-mouse model (B). Results are shown as Kaplan-Meier survival
curves, and differences in survival were calculated by log rank analysis.
(A) Mice were immunized i.n./i.n. with either CPPq,, PBS, or CPP .
Mice immunized i.n./i.n. with CPP,, exhibited significantly increased
survival compared to the survival for mice immunized with PBS or
CPP following a lethal dose of the pil4 mutant, strain 1244.47. =, P =
0.0375 for the results for mice immunized with CPP, versus the
results for mice treated with PBS; #*, P = 0.0080 for the results for
mice immunized with CPPg, versus the results for mice immunized
with CPP . (B) Mice were immunized s.c. with either FIA mixed with
CPPg, or FIA alone or were untreated. Significant survival for mice
that received the pilus vaccine compared to the survival for adjuvant-
treated mice (**, P = 0.0087) or untreated mice (*+*, P = 0.0001) was
observed.

Immunization with CPP, followed by a lethal P. aeruginosa
1244 pilA-null challenge. To determine the capacity of O-
antigen-specific protection generated by a vaccine composed of
CPPy,, we again employed the acute-pneumonia murine
model but with a pil4-negative strain (P. aeruginosa 1244.47) as
a challenge. This bacterial strain is an isogenic mutant of strain
P. aeruginosa 1244 that does not produce pilin (20). However,
strain 1244.47 produced wild-type levels of O7 LPS, as deter-
mined by Western blot analysis with a serotype O7-specific
monoclonal antibody as a probe (data not shown). Mice re-
ceiving an i.n./i.n. administration of 9 pg CPP., exhibited
significant survival compared to the survival of PBS-immu-
nized mice (P = 0.0375) (Fig. 4A) following an i.n. challenge
with a lethal dose of strain 1244.47, suggesting that this vaccine
provides O-antigen-specific mucosal protection. Since CPP,
may have contained a very small amount of remnant LPS
following purification, the possibility remained that this mate-
rial could have provided the protection seen here, as a previous
study showed that intraperitoneal injection of 50 ng P. aerugi-
nosa LPS could completely protect against a lethal challenge
(32). To ensure that contaminant LPS did not provide the
protection seen in the current study, mice were immunized
in/in. with 9 pg CPP, that had been supplemented with
serotype O7 LPS at an amount equivalent to that in the CPP,
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vaccine. This LPS-supplemented CPP,, was therefore identi-
cal to the CPP, in both protein primary structure and maxi-
mum potential serotype O7 LPS contamination and differed
only by the moieties of the glycan. Following an i.n. challenge
with a lethal dose of strain 1244.47, the mice that were immu-
nized with CPP had significantly reduced survival compared
to that for the mice immunized with CPP, (P = 0.0080) (Fig.
4A). These data indicate that the potentially minute levels of
LPS present in CPP, were not responsible for the protection
observed (Fig. 4A). Moreover, this control confirmed that the
general inflammation generated by the pilin vaccine was not
conferring protection. Therefore, this mucosal protection was
elicited by the O7 pilin glycan, which is identical in structure to
the O-antigen subunit of the challenge strain. Notably, isolated
bacterial clones from tissues did not produce pilin, as deter-
mined by Western blot analysis with a pilin-specific monoclo-
nal antibody as a probe, indicating that that this mutant did not
revert to the wild type during infection (data not shown).

To determine if the vaccination with CPP, could provide
protective systemic immunity, we employed the burned-mouse
model. Mice that were immunized twice with a mixture of 40
pg CPP,; and FIA exhibited significant survival compared to
that for the mice that received the control (P = 0.0042) (Fig.
4B) following a subeschar challenge with a lethal dose of strain
1244.47, indicating vaccine-induced, O-antigen-specific sys-
temic protection. Because the challenge strain lacked pili but
expressed the same O antigen as strain 1244, it is proposed that
immunization with CPP, can provide O-antigen-specific pro-
tection and that the pilin glycan is a protective epitope. It
should be noted that significant survival was observed in adju-
vant-treated mice compared to the survival of the untreated
mice (Fig. 4B). This is likely due to an inflammatory response
and the attenuation of strain 1244.47 due to the absence of pili.
However, as the survival of the mice that received the pilus
vaccine was significantly higher than that of the adjuvant-
treated mice, this suggests that this additional protection was
due to specific immunity.

DISCUSSION

Like P. aeruginosa 1244, other bacteria such as Campy-
lobacter jejuni and Neisseria gonorrhoeae possess molecular mech-
anisms that mediate the covalent linkage of surface oligo-
saccharides to proteins (1, 16, 42). Because of this peculiar
phenomenon, all of these systems have been proposed to have
the potential for use in the generation of bioconjugate vaccines
(1, 8, 16). The current study was a necessary first step toward
the assessment of the potential of a bacterial glycosylation
system to generate an effective anti-O-antigen glycoconjugate
vaccine. This work established that immunization with strain
1244 pilin, a glycoprotein in which the carbohydrate portion is
an O subunit, provides O-antigen-specific protection against a
P. aeruginosa challenge. By using both the P. aeruginosa acute-
pneumonia and the thermal-injury models, we present evi-
dence suggesting that glycosylated pili provide O-antigen-spe-
cific protection via the mucosal and systemic routes of
immunity (Fig. 4). The results presented here are important
because they show that a biological glycosylation system can be
used to produce protective glycoconjugate vaccines that target
the O antigen of a gram-negative bacterial pathogen. This
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work provides a foundation for the development of the 1244
pilin glycosylation technology to produce vaccines against
many gram-negative bacterial pathogens. Future studies
should focus on expanding the application of this technology
by testing the protective efficacies of vaccines composed of
strain 1244 pilin glycosylated with O subunits from highly vir-
ulent bacteria, such as E. coli O157. Fortuitously, O-antigen-
biosynthetic genes are clustered on bacterial chromosomes
(38), allowing ease of cloning (18). As shown previously, when
P. aeruginosa 1244 expresses the E. coli O157 O-antigen bio-
synthesis genes in frans, the pili from the strain produced are
decorated with the O157 O subunit (12). The present study
would suggest that O157-glycosylated pilin should protect
against challenge; however, this remains to be determined.

In current chemically cross-linked glycoconjugate vaccines,
two purification steps must be performed, including isolation
of an appropriate carrier protein, in addition to refinement of
the bacterial surface polysaccharide. For gram-negative bacte-
ria, this involves separation of the LPS O antigen from the lipid
A portion. Following purification, these molecules are sub-
jected to coupling chemistry. Altogether, these procedures are
time-consuming and expensive. However, the production of
large amounts of glycosylated pili can be accomplished quickly,
is relatively inexpensive, and requires only common laboratory
procedures. Moreover, it is well known that pili are immuno-
genic in humans, and their ability to generate protective im-
munity is documented (31). The immunogenicity of pili is
partly due to the polymeric display of subunits in the pilus fiber
(37). The arrangement of the glycan in a polymeric form both
in native pilus fibers and in reaggregated pilin subunits (43)
might promote expedient B-cell proliferation due to the prox-
imity of adjacent glycan epitopes. Previous data from our lab-
oratory indicated that the pilin glycan is exposed along the
surface of the pilus fiber and can easily be accessed by anti-
bodies (41) and, presumably, by B-cell membrane-bound Ig. If
glycan recognition by membrane-bound Ig molecules leads to
the internalization and major histocompatibility complex class
II presentation of pilin peptides, this may stimulate the in-
volvement of helper T cells, resulting in the proliferation and
differentiation of the B cells producing glycan- and O-antigen-
specific Ig. Additional subsequent work should explore the use
of a mucosal adjuvant, such as the oligonucleotide CpG1826
(48), as well as the effect of additional boosts, in an effort to
increase glycan-specific antibody production and protection. It
will also be important to discern which antibody types are
essential for the success of this vaccine.

Future studies should focus on optimizing this biological
system for the production of glycosylated pili to be used as
vaccines. For instance, although P. aeruginosa 1244 produces
large yields of pili, the efficiency of pilus production may be
increased by mutating pilT (45). As PilT is a pilus motor pro-
tein that mediates pilus retraction, mutational inactivation of
this gene results in hyperpiliation (45). Additionally, a previous
study has defined the pilin substrate of the 1244 glycosylation
reaction, in which a C-terminal Ser or Thr and a compatible
pilin surface charge are important (20). A gene encoding a
normally nonglycosylated pilin (from P. aeruginosa PA103) was
mutated to contain these characteristic structures and was
made capable of glycosylation by the 1244 machinery (20).
Although the current study essentially showed that pilin is an
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effective carrier protein for a glycoconjugate vaccine, other
carriers, such as toxoids, may invoke a better response. It is
therefore important to test the capacity of this glycosylation
system to modify nonpilin proteins for use as vaccines. A re-
cent study revealed that the glycan substrate recognition fea-
tures lay within the reducing-end moiety of the O repeat (B-
D-FucNAc) and that carbohydrates in this O-subunit position
from many gram-negative bacteria are structurally similar (21).
However, it is essential that more O-antigen-biosynthetic clus-
ters be cloned and their products tested for compatibility with
the 1244 glycosylation machinery to maximize its vaccine pro-
duction potential.
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