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Lipoprotein I (OprI) is one of the major proteins of the outer membrane of Pseudomonas aeruginosa. OprI
is a candidate for a vaccine against P. aeruginosa, because it cross-reacts antigenically in all serotype strains
of the International Antigenic Typing Scheme. We recently cloned and expressed the gene coding for OprI in
Escherichia coli. This heterologously expressed OprI was used successfully to immunize mice against P.
aeruginosa. In addition, OprI from serogroup 12 of P. aeruginosa was highly purified by preparative isoelectric
focusing and used for immunization of mice. Both vaccines protected the mice against a challenge with a four-
to fivefold 50% lethal dose of P. aeruginosa.

Outer membrane proteins of Pseudomonas aeruginosa
(OPRs) have been used successfully for the induction of in
vivo protective antibodies in experimental animal models (5,
13, 19). However, the extent to which protection is due to
contamination of OPRs by endotoxins is still a matter of
debate (5). To exclude the influence of lipopolysaccharide
(LPS)-directed antibodies in experimental protection studies
with OPRs, several approaches can be used.

Gilleland et al. used lipoprotein F (OprF) that was ex-
tracted from the separated protein bands after polyacryl-
amide gel electrophoresis for immunization (5). However,
even in this highly purified preparation, contamination with
endotoxin could be demonstrated with the induction of
LPS-specific antibodies. The problem of LPS contamination
in OPR preparations is the high toxicity of the lipid A portion
of the LPS molecule, which causes severe local and systemic
side reactions such as fever, chills, and pain at the site of
injection (14). Another approach was used recently in our
laboratory. Mice were immunized with OPRs from sero-
group 12 of P. aeruginosa, and protection experiments were
performed with all 17 serogroups that have been identified by
the International Antigenic Typing Scheme (19).
We have directed our attention towards cloning and

heterologous expression of OPR genes and have cloned and
characterized the genes coding for OprF and OprI (2, 3). The
gene coding for OprI was successfully expressed in Esche-
richia coli (2). In this paper we present evidence that the
antibody titers against P. aeruginosa which can be induced
by OprI expressed in E. coli are comparable to those
obtained after immunization with OprI isolated from P.
aeruginosa. Furthermore, by using an infected-mouse
model, we could prove that OprI which is free of P.
aeruginosa LPS contamination can be used successfully as a
protective vaccine.

MATERIALS AND METHODS
Bacterial strains and growth conditions. Strains of P.

aeruginosa serogroup 6 (ATCC 33354), serogroup 8 (ATCC
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33355), and serogroup 12 (ATCC 33359) were obtained as a
gift from A. Bauernfeind, Max von Pettenkofer-Institut,
Munich, Federal Republic of Germany. E. coli K-12 strain
JE5513 (7) was a gift of S. Mizushima, Nagoya University,
Aichi, Japan. The cloning and expression of the P. aerugi-
nosa OprI gene in E. coli have been described recently (2).
Bacteria were grown on Mueller-Hinton agar (Difco Labo-
ratories, Detroit, Mich.) or in Trypticase soy broth (BBL
Microbiology Systems, Cockeysville, Md.) for 18 to 20 h
with vigorous shaking at 37°C. Bacteria were harvested at
late log phase and washed three times with phosphate-
buffered saline. The density of the bacteria (in cells per
milliliter) was calculated from the optical density at 546 nm.
Additionally, serial 10-fold dilutions were performed, sam-
ples were plated on agar, and the colonies were counted. For
protection experiments, bacteria were harvested at mid-log
phase, and after the cells were washed with phosphate-
buffered saline, they were adjusted to the required concen-
tration with 0.9% saline.

Purification of OprI. P. aeruginosa OprI was purified from
serogroup 12 of P. aeruginosa and from transformed E. coli
JE5513 by the method of Inouye et al. (8). The E. coli-
derived OprI was further purified by a 12% trichloroacetic
acid precipitation step which removed mainly OmpF. After
centrifugation, the supernatant was treated with an equal
volume of acetone to precipitate OprI. The precipitated OprI
was washed three times with H20 and finally suspended in
0.9% saline. The OprI preparation that was purified from P.
aeruginosa serogroup 12 was subjected to preparative iso-
electric focusing as described by Gorg and co-workers to
reduce the amount of contaminating LPS (6).

Determination of OprI. The concentrations of P. aerugi-
nosa OprI during purification and in the final sample used for
immunization were determined by rocket electrophoresis by
the method of Laurell (9) with the monoclonal antibody 2A1,
which is specific for P. aeruginosa OprI (12). Isoelectric
focusing-purified OprI was used as a standard. The protein
content of the standard preparation was determined by a
Lowry assay with bovine serum albumin as the standard
(10).
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SDS-polyacrylamide gel electrophoresis and Western blot-
ting (inmunoblotting). Sodium dodecyl sulfate (SDS)-poly-
acrylamide slab gel electrophoresis was performed under
reducing conditions, as described by Lugtenberg et al. (11).
For Western blotting, proteins were transferred after SDS-
polyacrylamide gel electrophoresis to nitroceilulose by the
method of Towbin et al. (18). OPRs were visualized with
specific polyclonal and monoclonal antibodies from mice, as
described recently (12).

Enzyme-linked immunosorbent assay. Antibody titers
against P. aeruginosa in the sera of mice were measured by
enzyme-linked immunosorbent assay in microtiter plates
coated with sonicated P. aeruginosa serogroup 12, 8, or 6
(0.45 ,ug per well), as described in detail in a previous paper
(19). A polyclonal antiserum against OPRs induced in mice
(enzyme-linked immunosorbent assay titer, 1:100,000) was
used as a standard.

Protection experiments. Female BALB/c mice, 12 to 16
weeks old, received 100 p,l (27 ,ug) of OprI suspended in 100
p,l of 1.5% Al(OH)3 intraperitoneally on days 0, 14, 35, and
63. Controls received Al(OH)3 only. Animals were bled from
the tail vein for serum collection to determine antibody titers
in individual mice. Groups of 20 to 24 immunized or control
mice were challenged intraperitoneally 10 days after the last
immunization with 200 p.1 of a P. aeruginosa serogroup 6
suspension. Mice vaccinated with OprI that was isolated
directly from P. aeruginosa received 2 x 107 to 5 X 108 living
organisms each. Mice vaccinated with recombinant OprI
received 6 x 106 to 1 x 108 living organisms each. Survival
rates after challenge were monitored for 7 days.

Statistics. Fisher's exact test (20) was used to calculate
two-tailed P values for significant levels of protection. Val-
ues ofc0.5 were considered significant. The 50% lethal dose
(LD50) values were calculated by the method of Reed and
Muench (16).

RESULTS

P. aeruginosa OprI was expressed in the lipoprotein-
negative E. coli K-12 strain JE5513. Bacteria (4 x i0'3, 40 g
[wet weight]) produced 3.5 mg of P. aeruginosa OprI, as
measured by rocket electrophoresis and staining with the P.
aeruginosa OprI-specific monoclonal antibody, 2A1 (12).
After purification by the method of Inouye et al. (8) and a
12% trichloroacetic acid precipitation which removed resid-
ual contaminating outer membrane proteins of high molecu-
lar weight, such as OmpF, OmpG, and OmpH, the final yield
of OprI contained 2 mg of protein, present in one double
band in SDS-polyacrylamide gel electrophoresis (Fig. 1).
Forty percent of this preparation was identified (by rocket
electrophoresis) as P. aeruginosa OprI. After purification of
OprI from P. aeruginosa serogroup 12, 9 mg of OprI was
obtained from 40 g (wet weight) of bacteria. After prepara-
tive isoelectric focusing, 8 mg of electrophoretically pure
OprI was isolated. The endotoxin contamination, as mea-
sured by the Limulus assay (4), was 10 ,ug/mg of protein. In
order to test the ability of both preparations to induce
antibodies against P. aeruginosa, BALB/c mice received
four injections of 27 ,ug each of either P. aeruginosa OprI or
E. coli-derived OprI suspended in Al(OH)3 on days 0, 14, 35,
and 63. Antibody titers against P. aeruginosa serogroup 6
were measured by enzyme-linked immunosorbent assay.
The median antibody titers in the groups immunized with

the OprI derived from E. coli and the OprI purified from P.
aeruginosa were 20 and 60.5%, respectively, of those ob-
tained with polyclonal antiserum (data not shown). To test
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FIG. 1. SDS-polyacrylamide gel electrophoresis of purified OprI
from E. coli. Lane A, Fraction after the last purification step by the
method of Inouye et al. (8). Beside OprI, two bands of higher
molecular weight (20 and 35 kilodaltons [KD]) can be seen. Lane B,
Supernatant of fraction in lane A after precipitation with 12%
trichloroacetic acid. Lane C, Fraction in lane A precipitated by 12%
trichloroacetic acid.

the protective ability of the induced antibodies against
infection with P. aeruginosa serogroup 6, groups of immu-
nized and control mice (n = 20) received between 6 x 106
and 5 x 108 live P. aeruginosa organisms intraperitoneally
on day 73. Survival was monitored for 7 days. An LD50 of 5
x 107 bacteria was observed for nonimmunized control mice
(Fig. 2).
Immunization with OprI purified from P. aeruginosa in-

creased the LD50 up to fivefold of that of the control (Fig.
2A), and immunization with the heterologously expressed
OprI increased the LD50 up to fourfold of that of the control
(Fig. 2B). The results of the group challenged with 108
bacteria were found to be significant, as analyzed in a Fisher
exact test (Table 1).

DISCUSSION

LPS-based vaccines against P. aeruginosa have been used
successfully in animals (15) as well as in humans (17).
However, in spite of convincing results in burn patients, the
clinical use of LPS-based vaccines has been questioned
because of the toxicity of the lipid A portion of the LPS
molecule (14).

In other studies, OprF or nonpurified OPRs were used
successfully (5, 19). Until now, OprI has not been consid-
ered as a candidate for vaccine, since its surface accessibility
to antibodies has been questioned (1). Our recent work with
monoclonal antibodies against P. aeruginosa OprI (12) has
clearly shown that epitopes of OprI are accessible for
antibodies. This result was confirmed by this study. Since
the isolation of LPS-free OPRs is extremely difficult, the
contribution of antibodies against P. aeruginosa LPS to the
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FIG. 2. Shift of LD50 and survival rate of BALB/c mice after
immunization with OprI from P. aeruginosa serogroup 12 (PA 12)
followed by challenge with P. aeruginosa serogroup 6 (A) and after
immunization with recombinant derived OprI followed by challenge
with P. aeruginosa serogroup 6 (B).

observed protection could not be excluded until now. We
have used two different approaches to obtain OprI which is
free of P. aeruginosa LPS: isoelectric focusing of P. aerug-

inosa OprI and heterologous expression of the P. aeruginosa
OprI gene in E. coli.
The protection experiments carried out with mice showed

that mice vaccinated with OprI that was purified by isoelec-
tric focusing were protected against a challenge of P. aerug-

inosa that was five times the LD50. Mice which were
vaccinated with the E. coli-derived P. aeruginosa OprI were
protected against challenge that was four times the LD50.
The observed slight differences in the degrees of protection
after immunization with E. coli-derived OprI and P. aerug-

TABLE 1. Statistical analysis of survival rates of micea

No. of survivors/no. tested
Vaccine (% survival) in group

Immunized Control

OprI from PA 12 23/24 (95.8) 0/24 (0)
Recombinant OprI 17/20 (85) 3/20 (15)

a Mice were vaccinated with OprI purified from P. aeruginosa serogroup 12
(PA 12) and with recombinant heterologously expressed OprI purified from
E. coli K-12 JE5513. P < 0.005 for values in the same row.

inosa-derived OprI could be explained by slight differences
in the posttranslational observed acylation or by the different
purification procedures. The results obtained with the heter-
ologously expressed OprI are the first proof that an OPR
which is free of P. aeruginosa LPS can provide significant
protection against fatal P. aeruginosa infection.
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