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To optimize antigen delivery by Salmonella vaccine strains, a system for surface display of antigenic
determinants was established by using the autotransporter secretion pathway of gram-negative bacteria. A
modular system for surface display allowed effective targeting of heterologous antigens or fragments thereof to
the bacterial surface by the autotransporter domain of AIDA-I, the Escherichia coli adhesin involved in diffuse
adherence. A major histocompatibility complex class II-restricted epitope, comprising amino acids 74 to 86 of
the Yersinia enterocolitica heat shock protein Hsp60 (Hsp6074-86), was fused to the AIDA-I autotransporter
domain, and the resulting fusion protein was expressed at high levels on the cell surface of E. coli and
Salmonella enterica serovar Typhimurium. Colonization studies in mice vaccinated with Salmonella strains
expressing AIDA-I fusion proteins demonstrated high genetic stability of the generated vaccine strain in vivo.
Furthermore, a pronounced T-cell response against Yersinia Hsp6074-86 was induced in mice vaccinated with a
Salmonella vaccine strain expressing the Hsp6074-86-AIDA-I fusion protein. This was shown by monitoring
Yersinia Hsp60-stimulated IFN-� secretion and proliferation of splenic T cells isolated from vaccinated mice.
These results demonstrate that the surface display of antigenic determinants by the autotransporter pathway
deserves special attention regarding the application in live attenuated Salmonella vaccine strains.

Besides the importance of generating defined attenuating
mutations for optimal induction of an immune response by
Salmonella vaccine strains (8, 44, 45), the mode of antigen
delivery by such vaccine strains has been shown to play a
crucial role for effective vaccination. One strategy of antigen
expression is the high-level production of recombinant anti-
gens in the cytoplasm of the vaccine strain. This basic approach
was successfully improved by the introduction of promoters
that are induced upon invasion of the host tissue (3, 17),
two-phase antigen expression continuously generating an an-
tigen-expressing subpopulation of the vaccine strains from a
nonexpressing population (26), and systems for the stable
maintenance of plasmid vectors encoding the heterologous
antigens (6, 11, 33). However, conventional antigen expression
in the cytoplasm of Salmonella vaccine strains might result in
insufficient stimulation of the immune system (15). This phe-
nomenon might be influenced by the intrinsic toxicity or rapid
degradation of the candidate antigen or by further factors that
remain to be determined. Several novel approaches have been
reported to improve antigen delivery by Salmonella vaccine
strains. The secretion of antigens by Salmonella vaccine strains
via type I and type III secretion systems has been shown to
induce protective immune responses against viral and bacterial
pathogens in vaccinated animals (15, 41).

The mechanism of protection against a number of gastroin-
testinal pathogens has been shown to depend on the induction
of protective CD4� T cells (9, 16, 29, 32, 36). For example,
peptides that bind to major histocompatibility complex (MHC)
class II molecules conferring at least partial protection have
been defined for rotavirus (4) and Yersinia enterocolitica (36).
A CD4�-T-cell dependent immune response is primarily induced
when exogenous antigens are taken up by antigen-presenting
cells, degraded in the phagolysosome and the derived peptide
fragments are subsequently presented by MHC class II mole-
cules to naive T cells (reviewed in reference 13). Based on this
rationale, we designed an expression system based on the au-
totransporter concept (21) that allows the display of antigens
or antigenic fragments on the surface of Salmonella vaccine
strains, which should result in efficient antigen presentation via
the MHC class II pathway. Autotransporter proteins are char-
acterized by the feature that a single polypeptide chain is able
to provide all functions necessary to translocate a “passenger
domain” across the gram-negative cell envelope and to display
this domain in a stable manner on the bacterial surface (21,
38). The natural passenger domains of several autotransporter
proteins have recently been replaced by heterologous proteins
or protein domains, resulting in display of these determinants
on the cell surface of gram-negative bacteria (23–25, 30, 42). In
the present study we generated a translational fusion of an
MHC class II-restricted epitope of the Y. enterocolitica heat
shock protein Hsp60 consisting of amino acids 74 to 86
(Hsp6074-86) (36) to the autotransporter domain of the E. coli
adhesin involved in diffuse adherence AIDA-I (1). Surface
localization of the Hsp6074-86 epitope in a Salmonella enterica
serovar Typhimurium vaccine strain and the in vivo stability of
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the generated constructs were analyzed. Furthermore, the
cellular immune response of mice was investigated after vac-
cination with the Salmonella vaccine strain expressing the
Hsp6074-86–AIDA-I fusion protein.

MATERIALS AND METHODS

Bacterial strains. All bacterial strains employed in the present study are listed
in Table 1. For all purposes (except preparation of frozen stocks), the bacteria
were grown at 37°C on Luria-Bertani (LB) agar plates or in liquid medium
supplemented with ampicillin or carbenicillin (ICN Pharmaceuticals, Irvine, Cal-
if.; 100 mg/liter) or thymine (50 mg/liter) when required.

Animals. Six- to eight-week-old female C57BL/6 mice (Harlan Winkelmann,
Borchen, Germany) were kept under a 12-h light-dark schedule in an air-condi-
tioned animal facility in individually ventilated cages (Tecniplast) under specific-
pathogen-free conditions. Mice were kept on a lattice, and sterile food and water
was provided ad libitum.

Construction of an expression vector for surface display. E. coli JK321 (22)
was used for all cloning procedures. A PCR fragment was generated by using
pJM7 (Table 1) (30) as the template with primers EF16 and LAT65 encoding the
nine amino acid epitope YPYDVPDYA of the hemagglutinin (HA) of the
influenza virus (Table 2). The plasmid vector pJM7 encodes a fusion protein of
a modified Vibrio cholerae ctxB gene that contains no cysteine residues (30) and
the autotransporter domain of AIDA-I (CTB-AIDA) (30), which is transcrip-
tionally controlled by the constitutive promoter PTK (23). With EF16 and LAT65
for PCR with pJM7 as the template, the resulting fragment contains the pro-
moter region of CTB-AIDA and the signal peptide of the ctxB gene that is used
to drive secretion of CTB-AIDA into the periplasm, followed by the HA encod-
ing sequence. Immediately upstream of the HA encoding portion, a BglII re-
striction site permits further insertion of additional antigenic determinants. The
EF16/LAT65 PCR fragment was hydrolyzed with the restriction enzymes ClaI
and BamHI and inserted into the plasmid pLAT231 (C. T. Lattemann, unpub-
lished data) treated with ClaI and BglII. The plasmid pLAT231 represents a
modification of pJM7, containing an additional BglII recognition site introduced
into the ctxB gene immediately downstream of the sequence encoding the CTB
leader peptide. This unique BglII site permits insertion of heterologous deter-
minants that will be displayed at the N terminus of the mature fusion protein.
The resulting plasmid vector, pLAT260, encodes a translational fusion of the HA

epitope and CTB-AIDA. Subsequently, a similar PCR fragment was generated
from pJM7 with primers EF16 and LAT64 encoding the Hsp6074-86 epitope. This
fragment was cleaved with ClaI and BamHI and inserted into pLAT260 treated
with ClaI and BglII, resulting in plasmid pEGE2. The vector pEGE2 encodes a
translational fusion of the ctxB leader peptide, Hps6074-86, HA, and CTB-AIDA
displaying the Hps6074-86 epitope on the N terminus of the mature fusion pro-
tein. According to the predicted molecular weight of the mature fusion proteins
encoded on pLAT260 and pEGE2, the fusion proteins were termed FP63 and
FP64, respectively. In order to stabilize the expression vectors without antibiotic
selection and to provide a postsegregational killing signal, the expression cas-
settes encoded on pLAT260 and pEGE2 were transferred onto the plasmid
vector pLAT378 (Lattemann, unpublished), a derivative of pJM7 that carries the
thyA gene of S. enterica serovar Typhimurium. In a strain devoid of a functional
thyA gene, a plasmid-encoded thyA allele functionally complements the thymi-
dylate synthase function and stabilizes expression vectors both in cultivation
medium lacking thymine and in vivo (33). A PCR fragment encoding FP63 was
amplified from pLAT260 by using the primers KRI64 and KRI65 hydrolyzed
with XbaI and NcoI and transferred into pLAT378, yielding pKRI22. To transfer
FP64 into the thyA stabilized vector backbone, a ClaI-KpnI restriction fragment
of pEGE2 containing the ctxB leader sequence, Hps6074-86, HA, and the ctxB
gene, was inserted into the ClaI-KpnI-treated pKRI22, resulting in pKRI43. The
genetic integrity of the constructs was verified by dideoxy chain termination
sequencing (4baselab GmbH, Reutlingen, Germany).

Protein techniques. The expression of the AIDA-I fusion proteins was ana-
lyzed by the separation of whole-cell lysates or outer membrane fractions of S.
enterica serovar Typhimurium by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and, when appropriate, this was followed by immuno-
blotting with a monoclonal antibody against the HA epitope conjugated to
horseradish peroxidase (Roche Diagnostics, Penzberg, Germany) diluted 1:500
in Tris-buffered saline (TBS; 150 mM NaCl, 50 mM Tris-HCl; pH 7.4) supple-
mented with 5% skim milk powder. Unbound antibodies were removed by
washing with TBS-T (0.05% Tween 20 in TBS), and bound antibodies were
detected by enhanced chemiluminescence (Amersham, Freiburg, Germany).

Surface accessibility of Hsp6074-86 to proteases. Bacteria were collected from
agar plates, resuspended in phosphate-buffered saline (PBS; pH 7.4), and ad-
justed to an optical density at 575 nm (OD575) of 10.0 before surface-exposed
protein domains were cleaved by incubation of the suspension at 37°C for 10 min

TABLE 1. Bacterial strains and plasmids used in this study

Plasmid or strain Genotype or phenotype Source or reference

pEGE2 Addition of Hsp6074-86 amino terminal to HA-CTB-AIDA encoded on
pLAT260

This study

pJM7 Fusion protein of CTB and the autotransporter domain of AIDA-I,
constitutive promoter PTK

30

pKRI22 Fusion protein encoded on pLAT260 in a thyA stabilized backbone This study
pKRI43 Fusion protein encoded on pEGE2 in a thyA stabilized backbone This study
pLAT231 CTB-AIDA, novel unique BglII site C. T. Lattemann, unpublished results
pLAT260 Addition of the HA amino terminal to CTB-AIDA encoded on pLAT231 This study
pLAT378 pJM7 derivative containing a functional thyA gene C. T. Lattemann, unpublished results

CREA0293 S. enterica serovar Typhimurium ATCC 14028 aroA E. A. Freissler, unpublished results
CREA1323 CREA0293 thyA E. A. Freissler, unpublished results
JK321 azi-6 fhuA23 lacY1 leu-6 mtl-1 proC14 purE42 rpsL109 thi-1 trpE38 tsx-67

�(ompT-fepC) zih::Tn10 dsbA::Kan
22

TABLE 2. Oligonucleotides used in this study

Oligonucleotide Sequence Features

EF16 5�-TGTAAAACGACGGCCAGTATCACGAGGCCCTTTCGT-3� Sense
KRI64 5�-TTTTTTTCTAGATAAGGATGAATTATGATTAAATT-3� Sense, XbaI site (italics)
KRI65 5�-TTTTTTCCATGGTCAGAAGCTGTATTTTATCC-3� Antisense, NcoI site (italics)
LAT64 5�-GATCAGATCTCTCGAGACCCGCAGCGTCGTTCGCTTTAGA

GGCAACTTCTTTAACAGGTGTTCCGTGTGCAT-3�
Antisense, BglII site (italics),

Hsp6074-86 (boldface)
LAT65 5�-GATCGGATCCAGCGTAATCTGGCACGTCGTATGGATAAG

ATCTAGGTGTTCCGTGTGCAT-3�
Antisense, BamHI and BglII sites

(italics), HA epitope (boldface)
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with trypsin (50 mg/liter). Trypsin was removed after the reaction by gently
washing the cells twice with PBS and then subjected to further manipulations.

Preparation of outer membranes. Bacterial outer membranes were prepared
as described elsewhere (25) with minor modifications. Briefly, bacteria grown
overnight were harvested from agar plates and resuspended in PBS as described
above. The suspension was sonicated on ice with 30 pulses (1 s each) at maximum
intensity (Branson Ultrasonics Corp., Danbury, Conn.) to lyse the cells. Debris
was removed from the lysate by centrifugation at 5,000 � g for 5 min. L-
Laurylsarcosinate (1% [vol/vol]) was added to the cleared solution to solubilize
the inner membrane. Subsequently, the outer membrane was separated from the
cytoplasm and inner membrane by centrifugation at 20,000 � g for 30 min.

Indirect immunofluorescence. For indirect immunofluorescence, overnight
bacterial cultures were harvested from agar plates, resuspended in PBS, and fixed
on coverslips with paraformaldehyde (2.5%) for 20 min. Blocking was performed
for 10 min in PBS containing 1% fetal calf serum (FCS). The coverslips were
washed twice in 500 �l of PBS and incubated with a mouse monoclonal antibody
against HA (New England Biolabs, Beverly, Mass.; 1:500 in PBS containing 1%
FCS) for 1 h. Unbound antibodies were removed by three washes with 500 �l of
PBS for 10 min each, and the detection of surface-bound antibodies was carried
out by incubation with a Cy3-conjugated goat anti-mouse immunoglobulin G
(IgG) secondary antibody. The coverslips were washed again three times for 10
min with 500 �l of PBS, and the labeled bacteria were visualized by oil immersion
fluorescence microscopy at an excitation wavelength of 540 nm.

Preparation of freeze stocks. To ensure reproducibility between different im-
munization experiments, frozen inocula of the vaccine strains were prepared as
suggested by Igwe et al. (18) for Y. enterocolitica. Briefly, a single colony of
Salmonella from LB agar was resuspended in cultivation medium (LB medium
plus 50 �g of carbenicillin/ml), and 10-fold serial dilutions were subsequently
prepared and incubated overnight at 27°C with shaking (200 rpm). A culture with
an OD600 of ca. 0.5 was diluted to an OD600 of 0.1 and incubated until an OD600

of 0.8 to 1.0 was attained. The bacteria were harvested, resuspended in LB
medium–10% glycerol, and stored at �80°C. The quality of each batch was
controlled by comparing the viable cell count of an aliquot before and after
freezing; the count was determined to be at least 90% in each case.

Immunization experiments. Prior to oral immunization the mice were left for
12 to 18 h without food and water. Salmonella stocks were thawed prior to use,
washed three times with PBS, and diluted to a concentration of 5 � 1010 CFU/ml.
Doses were confirmed by plating of serial dilutions of frozen stocks. Then, 1010

CFU bacteria in 200 �l of PBS or 200 �l of PBS alone was applied intragastrically
by using Minnesota olive-tipped feline catheters (Eickemeyer, Tuttlingen, Ger-
many). Water and food were returned 2 h after immunization. For all studies,
mice were immunized once. Salmonella stocks were diluted to a concentration of
5 � 106 CFU/ml of PBS for intravenous immunization. The tail veins of the mice
were dilated by irradiation with red light, and 200 �l of the bacterial suspension
was injected into the vein by using a 0.4-by-20-mm syringe.

In vivo colonization and stability tests. Seven days after immunization the
mice were sacrificed and the respective organs were removed. The organs were
homogenized in sterile PBS with 0.5% (vol/vol) Tergitol (Fluka, Buchs, Switzer-
land) and 0.5% (wt/vol) bovine serum albumin (Biomol, Hamburg, Germany) by
using Tenbroeck homogenizers (Wheaton Science Products). The number of
viable bacteria present in the organs was determined by counting serial dilutions
on LB agar plates with or without carbenicillin (50 �g/ml) antibiotic selection.

T-cell assays. All cell cultures were carried out in Click-RPMI 1640 cell culture
medium supplemented with 100 U of penicillin/ml, 10 �g of streptomycin/ml, 10
mM HEPES, 7.5% sodium bicarbonate, 5 � 10�5 M �-mercaptoethanol, 2 mM
L-glutamine, 1 mM sodium pyruvate, 1% (vol/vol) nonessential amino acids, and
10% heat-inactivated FCS (all materials were from Biochrom, Berlin, Germany).
Mice were sacrificed and splenectomized 21 days after immunization. Single cell
suspensions were prepared from pooled spleens of four mice from each group by
passing them through a steel mesh. Erythrocytes were lysed by incubation in 0.15
M NH4Cl solution (pH 7.2), and mononuclear cells were enriched by centrifu-
gation at 1,000 � g for 20 min in Ficoll 1:1 (density, 1.077:1.090; Biochrom,
Berlin, Germany). B cells were eliminated by performing two subsequent 30-min
incubation steps on petri dishes coated with 1,000 �g of goat anti-rat IgG (Dako).
The nonadherent cell fraction contained ca. 70% CD3� T cells. Enriched splenic
T cells (5 � 104 per well) were cultured in the presence of 2 � 105 mitomycin C
(Sigma, St. Louis, Mo.)-treated splenic mononuclear cells and antigen in 0.2 ml
of cell culture medium in round-bottom 96-well microculture plates (Nunc,
Wiesbaden, Germany). The Y. enterocolitca Hsp6074-86-peptide antigen and the
ovalbumin-peptide antigen Ova323-339 (both synthesized by D. Palm, University
of Würzburg, Würzburg, Germany) were used at concentrations of 10 �g/ml.
Controls included cells that were stimulated with medium, concanavalin A (3
�g/ml; Amersham Pharmacia), or Ova323-339 as an irrelevant peptide. T-cell

proliferation was measured by incorporation of bromodeoxyuridine (BrdU) or
[3H]thymidine (ICN). Cultures were pulsed with BrdU during the final 16 h of a
3-day culture, and the incorporation of BrdU was measured by using a cell
proliferation enzyme-linked immunosorbent assay (ELISA) kit according to the
manufacturer’s intructions (Roche Molecular Biochemicals, Mannheim, Germa-
ny). Alternatively, cells were pulsed during the final 16 h of a 3-day culture with
18.5 kBq of [3H]thymidine per well. Cultures were harvested by using an auto-
matic cell-harvester (Packard, Meriden, Conn.), and radioactivity was counted in
a �-counter (Packard). Proliferative responses were expressed as stimulation
indexes (SI) calculated as follows: SI � [3H]thymidine uptake (counts per
minute) in the presence of the indicated antigen/[3H]thymidine uptake (counts
per minute) without antigen.

Cytokine ELISA. ELISA plates (Greiner, Nürtingen, Germany) were incu-
bated at 4°C overnight with 0.5 �g of AN-18.17.24 monoclonal antibody for
gamma interferon (IFN-	) or the monoclonal antibody 11B11 for interleukin-4
(IL-4) in 50 �l of PBS per well. Plates were washed, blocked with 0.5% bovine
serum albumin in PBS for 1 h at 37°C, washed, and incubated overnight at 4°C
with 50 �l of test solution per well. The following day, the plates were incubated
with 0.1 �g of the monoclonal antibody R4-6A2 for IFN-	 or antibody 24G2 for
IL-4 in 50 �l of PBS per well for 1 h at 37°C. After a further washing, plates were
incubated with a streptavidin-biotin alkaline phosphatase-conjugate solution
(Dako) for 60 min at 37°C, washed, and developed with a p-nitrophenyl phos-
phate solution (Sigma). The plates were read with a Sunrise ELISA reader
(TECAN, Männedorf, Switzerland) at 405 nm (reference at 490 nm). Known
concentrations of IL-4 and IFN-	 were included as positive controls to determine
the amount of cytokines secreted by the restimulated T cells.

Statistical analysis. Paired and unpaired two-tailed Student t tests were used
to determine the statistical significance. The level of significance was set at 0.001.

RESULTS

Construction of Salmonella vaccine strains displaying anti-
genic determinants on the cell surfaces. The autotransporter
secretion pathway of gram-negative bacteria was employed to
direct the MHC class II restricted epitope Hsp6074-86 of the Y.
enterocolitica heat shock protein 60 to the surface of Salmo-
nella vaccine strains. The autotransporter domain of the
AIDA-I adhesin has been shown to efficiently target heterol-
ogous passenger domains, such as defined epitopes, CTB, and
�-lactamase, to the surfaces of E. coli cells (24, 25, 30). A series
of plasmid vectors was generated as described in Materials and
Methods to target antigenic determinants to the surface of
Salmonella vaccine strains so that the heterologous antigenic
determinant would be surface displayed at the N terminus of a
respective translational fusion to CTB-AIDA. To improve the
accessibility of the antigenic epitope to phagolysosomal pro-
teases, CTB was kept as a spacer element in between the
autotransporter domain and the epitope. Expression of CTB-
AIDA fusion protein is controlled at the transcriptional level
by the constitutive promoter PTK (23). Plasmid vector
pLAT260 encodes a translational fusion of the HA epitope to
CTB-AIDA, whereas pEGE2 encodes a translational fusion of
the Hsp6074-86 epitope to HA-CTB-AIDA (Fig. 1A). Accord-
ing to the predicted molecular weight, the HA-CTB-AIDA
fusion was termed FP63, and the fusion protein of Hsp6074-86

to HA-CTB-AIDA was termed FP64. To guarantee genetic
stability of the Salmonella vaccine strain, DNA fragments en-
coding both fusion proteins encoded on pLAT260 and pEGE2
were transferred into a plasmid vector backbone carrying a
thyA allele of S. enterica serovar Typhimurium, yielding
pKRI22 and pKRI43, respectively. For vaccination purposes,
pKRI22 and pKRI43 were introduced into the aroA-attenu-
ated live vaccine strain S. enterica serovar Typhimurium
CREA1323 carrying an inactivated thyA allele (E. Freissler,
unpublished data). The thyA allele encoded on pKRI22 and
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pKRI43 functionally complements the inactivated thyA gene
present in CREA1323, resulting in an efficient stabilization of
the vaccine strain due to postsegregational killing of plasmid-
less bacteria (data not shown). Figure 1A schematically illus-
trates the constructed plasmid vectors, and Fig. 1B depicts the
putative membrane phenotypes of the vaccine strains con-
ferred by the corresponding plasmids according to the study by
Maurer et al. (30).

FP63 and FP64 were found to be strongly expressed in E.
coli JK321 transformed with the respective plasmid vectors
migrating to 63 and 64 kDa (data not shown). To demonstrate
outer membrane targeting of both fusion proteins in the Sal-
monella vaccine strain CREA1323, outer membranes were pre-
pared from CREA1323(pKRI22) and CREA1323(pKRI43)
(Fig. 1C). FP63 and FP64 represent highly abundant proteins
in the outer membrane fractions of CREA1323(pKRI22) and
CREA1323(pKRI43), respectively, as assessed by SDS-PAGE
(Fig. 1C, upper panel) and Western blot with a specific mono-

clonal antibody against the HA tag (Fig. 1C, lower panel),
demonstrating efficient outer membrane targeting of the re-
spective fusion proteins in these strains.

Surface localization of FP63 and FP64. Monitoring of sur-
face localization of FP63 and FP64 in CREA1323(pKR22) and
CREA1323(pKRI43) was achieved by the treatment of viable,
physiologically intact cells with trypsin. This treatment selec-
tively removes surface-exposed protein domains, while not
affecting cytoplasmic and periplasmic proteins or proteins em-
bedded in the outer membrane that do not expose protease-
sensitive structures, thus allowing to discriminate between sur-
face and cytoplasmic or periplasmic localization of passenger
domains fused to autotransporters (25, 31). Whole-cell lysates
derived from overnight plate cultures of CREA1323(pKR22)
and CREA1323(pKRI43) treated with or without trypsin were
subjected to SDS-PAGE and immunoblot analysis. FP63 and
FP64 are expressed efficiently in CREA1323 as visualized by
Coomassie brilliant blue staining (Fig. 2A) and immunoblot anal-

FIG. 1. Construction of a vector for surface display of antigenic determinants in Salmonella vaccine strains. (A) Schematic illustration of
generated plasmid vectors. (B) Proposed membrane phenotype conferred by generated constructs. CP, cytoplasm; IM, inner membrane; PP,
periplasm; OM, outer membrane. (C) Membrane preparations of Salmonella vaccine strains expressing AIDA fusion proteins FP63 and FP64
(arrowhead) analyzed by Coomassie blue-stained SDS-PAGE (upper panel) and immunoblotting, including a monoclonal antibody against the HA
tag (lower panel).
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ysis (Fig. 2B) of SDS-PAGE-separated cell lysates of the corre-
sponding strains. In addition, trypsin treatment of physiolgically
intact CREA1323(pKR22) and CREA1323(pKRI43) led to
the disappearance of FP63 and FP64 (Fig. 2), confirming
surface exposure of the Hsp6074-86 epitope in CREA1323
(pKRI43). Surface exposure of FP64 was further confirmed by
indirect immunofluorescence (Fig. 3). The HA specific mono-
clonal antibody bound selectively to CREA1323(pKRI43) cells
expressing FP64 but did not label the plasmidless parent strain.

Stability of FP63- and FP64-expressing vaccine strains in
vivo. Mice were immunized intravenously with 5 � 106 CFU
CREA0293(pLAT260), CREA0293(pEGE2), or CREA1323
(pKRI43), and the persistence of the vaccine strains was de-
termined 7 days postimmunization (dpi) in the spleens and
livers of the immunized animals by agar plating homogenized
suspensions of these organs. The stability of the heterologous
plasmid vectors was determined by cultivation of isolated bac-
teria on selective and nonselective agar plates. A difference in
the ability to grow on antibiotic-selective agar compared with
growth on antibiotic-free agar served as a measure for the
stability of the plasmids that coded for the AIDA fusion pro-
teins. Figure 4 shows that for all vaccine strains the mice
showed a pronounced colonization, and all expression vectors
were propagated in a stable manner, regardless of whether the
postsegregational killing system was present. The mean plas-
mid carriage rates in the spleen were 98, 109, and 116% for
pLAT260, pEGE2, and pKRI43, respectively. Likewise, the
mean rates in the liver were 108, 106, and 109%, respectively.
No significant differences between the carriage rates of the
different strains were observed. There were also no significant
differences between the CFU of bacteria recovered from the
organs when we compared different strains or when we com-
pared carbenicillin-resistant or -sensitive CFU of the same
strain. Notably, CREA0293(pEGE2) and CREA1323(pKRI43)
expressing FP64 showed the same colonization efficacy and
genetic stability, indicating that (i) the thyA system does not
interfere with the colonization properties of the vaccine strain
and (ii) the AIDA autotransporter system does not represent a
selective disadvantage for bacterial cells bearing plasmids en-
coding such fusion proteins.

Stability of CREA0293(pEGE2) was also monitored by us-
ing an oral immunization regimen analyzing colonization and
genetic stability 3 and 7 dpi in Peyer’s patches (PP), mesenteric
lymph nodes (MLN), and spleens (Fig. 5). Bacteria colonized
mice after oral immunization and showed a genetic stability
that was as high as that following intravenous immunization.
The mean carriage rates on day 3 were 106 and 79% in the
MLN and spleens, respectively. Likewise on day 7, the rates

FIG. 2. Expression and surface accessibility of AIDA-I fusion proteins to exogenous proteases. The Salmonella vaccine strain CREA1323 was
transformed with pKRI22 and pKRI43 encoding the AIDA-I fusion proteins FP63 and FP64, respectively. Expression and surface localization of
FP63 and FP64 (arrowheads) in S. enterica serovar Typhimurium CREA1323 was analyzed by SDS-PAGE (A) and immunoblotting with an
monoclonal antibody against the HA tag (B). Surface accessibility was monitored by tryptic digestion of viable physiologically intact cells as
described in Materials and Methods.

FIG. 3. Surface exposure of FP64 in the S. enterica serovar Typhi-
murium vaccine strain CREA1323(pKRI43). Indirect immunofluores-
cence of Salmonella strains CREA1323(pKRI43) (A and B) and
CREA1323 (C and D). Physiologically intact bacteria were labeled
with a monoclonal antibody against the HA epitope and a Cy3-conju-
gated goat anti-mouse secondary antibody. Labeled bacteria were vi-
sualized by fluorescence microscopy (A and C) or transmission light
microscopy (B and D).
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were 109 and 92%, respectively. The determination of exact
carriage rates in the spleen on day 3 was difficult due to the low
numbers of CFU recovered. There were no significant differ-
ences between the CFU counted on carbenicillin-containing
plates and antibiotic-free plates. Furthermore, the genetic sta-
bility was confirmed by SDS-PAGE and immunoblot analysis,
demonstrating correct expression of FP64 in five randomly
selected clones from a nonselective plate after recovery from
the spleens of vaccinated animals (data not shown).

CREA1323(pKRI43) expressing surface-displayed Hsp6074-86

induces an antigen-specific immune response in vaccinated
animals. Although high genetic stability of AIDA fusion pro-
teins was demonstrated independently of the presence of the
thyA stabilization system, the strains CREA1323(pKRI22) and
CREA1323(pKRI43) bearing the stabilization system were
selected for vaccination experiments. C57BL/6 mice were im-
munized orally with 1010 CFU of CREA1323(pKR22) or

CREA1323(pKR43), and the cellular immune response was
determined 21 dpi. Splenic T cells were isolated and investi-
gated for epitope-specific proliferation in the presence of mi-
tomycin C-treated antigen-presenting cells and Hsp6074-86-
peptide as a test antigen or Ova323-339 as a negative control.
Vaccination of mice with CREA1323(pKRI43) resulted in spe-
cific proliferation of the isolated T cells in response to
Hsp6074-86 (Fig. 6A). No proliferation was observed in the
presence of the irrelevant Ova223-339 peptide or in control
animals vaccinated with CREA1323(pKRI22) or treated with
PBS. To analyze the type of immune response in more depth,
IFN-	 and IL-4 secretion of restimulated T cells was moni-
tored (Fig. 6B and C). In the presence of the Hsp6074-86 pep-
tide, the T cells isolated from CREA1323(pKRI43)-vaccinated
mice secreted high amounts of IFN-	. In contrast, no IFN-	
secretion was observed in control groups or in the presence of
Ova223-339. Furthermore, IL-4 secretion could not be demon-

FIG. 4. Persistence and genetic stability of Salmonella vaccine strains expressing AIDA fusion proteins in vivo. Groups of three C57BL/6 mice
were immunized intravenously with S. enterica serovar Typhimurium CREA0293(pLAT260), CREA0293(pEGE2), or CREA1323(pKRI43). The
mice were sacrificed 7 dpi, and bacterial numbers present in the spleen and liver of each animal were determined by plating of the homogenized
organs on LB agar alone (E) or on LB agar containing carbenicillin (F).

FIG. 5. Persistence and genetic stability of Salmonella vaccine strains expressing AIDA fusion proteins in orally immunized mice. C57BL/6 mice
were immunized orally with 1010 CFU of CREA0293(pEGE2). At 3 and 7 dpi, colonization and genetic stability of the vaccine strain in Peyer’s
patches (PP), MLN, and spleens were assessed by plating homogenized organs on selective (E) and nonselective (F) media.
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strated in any group, indicating a bias of the Hsp6074-86-specific
immune reponse toward the Th1 type.

DISCUSSION

We have successfully engineered the autotransporter path-
way of gram-negative bacteria to display antigenic peptides on
the cell surface of a Salmonella vaccine strain. The Y. entero-
colitica Hsp6074-86 epitope was translocated as part of a tripar-
tite fusion to CTB and the AIDA-I autotransporter domain
across the cell envelope of the Salmonella vaccine strain
CREA1323 and presented in a stable manner on the cell sur-
face. The AIDA-I fusion proteins FP63 and FP64 were ex-
pressed efficiently in CREA1323 and were found to localize in
the outer leaflet of the outer membrane, exposing the antigenic
peptide to the environment. Our approach has been designed
for the delivery of MHC class II-restricted epitopes by live
attenuated vaccine strains. Indeed, antigen-specific prolifera-
tion of T cells isolated from mice vaccinated with CREA1323
(pKRI43) expressing the Y. enterocolitica Hsp6074-86 peptide as
part of a tripartite fusion with CTB and the AIDA-I autotrans-
porter was demonstrated. The observed T-cell proliferation
was accompanied by high-level IFN-	 secretion, illustrating an
effective immune stimulation by the vaccine strain. No antigen-
specific secretion of IL-4 was detected. This indicates a bias of
the antigen-specific immune response toward the Th1 type and
is in accordance with results obtained with attenuated Salmo-
nella vaccine strains harboring a mutation in the aroA gene (8,
46). Furthermore, preliminary immunization experiments in-
dicate that the Hsp6074-86-specific IFN-	 secretion could be
augmented by a booster immunization at day 21 and isolation
of splenic T cells 35 dpi. Since antigen processing for MHC
class I pathway by antigen-presenting cells infected with Sal-
monella strains has been demonstrated (37), it is tempting to
speculate that an efficient cytotoxic immune response might
also be induced by surface-displayed antigens.

Foreign genetic elements encoding heterologous proteins
represent a metabolic burden for the vaccine strain, often
resulting in further attenuation of the strain or in downregu-
lation of antigen expression and suboptimal antigen delivery
(reviewed by Galen and Levine [10]). This is exemplified by the
rapid loss of expression vectors in Salmonella vaccine strains
devoid of genetic stabilization systems when heterologous an-
tigens at high levels or toxic antigens are expressed. It is note-
worthy that the AIDA autotransporter system presented here
displays a high degree of intrinsic genetic stability. Indepen-
dent of the presence of the thyA system providing postsegre-
gational killing, nearly 100% of the reisolated bacteria propa-
gated the expression vector. Thus, the presence of high levels

FIG. 6. Antigen-specific proliferation and cytokine production of
restimulated T cells isolated from mice immunized with S. enterica
serovar Typhimurium strain expressing AIDA-I fusion proteins.
Groups of four C57BL/6 mice were immunized orally with 1010

CFU of the Salmonella vaccine strains CREA1323(pKRI22) and
CREA1323(pKRI42) or with PBS. Splenocytes were harvested 21 dpi
and pooled for each group. T cells were enriched by panning by using
goat anti-rat IgG-coated petri dishes and restimulated in vitro for 3
days with 10 �g of either Y. enterocolitica Hsp6074-86 peptide ( )

or the unrelated ovalbumin-peptide Ova323-339 (�)/ml. (A) Antigen-
specific proliferation was measured by calculating the SI. IFN-	 secre-
tion (B) and IL-4 secretion (C) were measured by a cytokine-specific
capture ELISA as described in Materials and Methods. The bars
represent the means of quadruplicate wells, and error bars represent
the standard deviation. The results are representative of three inde-
pendent experiments. The differences between the values obtained
from the vaccine group and those obtained from the control groups
were statistically highly significant at P 
 0.001) (❋❋❋ ) for the pro-
liferation and the IFN-	 assays.
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of the AIDA autotransporter domain in the outer membrane is
apparently well tolerated by the vaccine strain and does not
impose a selective pressure on plasmid-bearing cells.

Our data are supported by the recent report of Ruiz-Perez et
al. (39), who demonstrated the induction of a strong humoral
immune response in mice immunized with a Salmonella vac-
cine strain expressing an immunodominant epitope of the Plas-
modium falciparum circumsporozoite protein displayed by the
Salmonella MisL autotransporter. This system requires multi-
ple immunizations due to the instability of the plasmid vector,
as indicated by the necessity for the addition of ampicillin to
the drinking water of immunized mice to avoid plasmid loss in
vivo by the vaccine strain (39). Thus, it might be crucial to
balance a high level of antigen expression with a well-tolerated
level for the bacteria in order to achieve optimal antigen de-
livery.

Further systems for surface display of antigenic determi-
nants in Salmonella vaccine strains comprise the insertion of
heterologous antigenic peptides into the hypervariable region
of FliC, the main flagellar component (35), or surface-exposed
loops of outer membrane proteins such as the E. coli proteins
LamB (2) or PhoE (43). However, drawbacks of these systems
include the constrained conformation and the size limitation of
the heterologous insert (5). The insertion of heterologous
epitopes into surface-exposed loops of PhoE has been reported
to be influenced by the importance of flanking amino acid
residues on the processing of the fusion protein (20). A large
number of promising results with intravenous or parenteral
immunization protocols have been obtained; however, oral
immunization regimens for Salmonella vaccine strains express-
ing such fusion proteins remain to be optimized (7, 14, 19, 27,
34). Recently, surface display of a translational fusion of a part
of the hepatitis B virus surface antigen and the ice nucleating
protein of Pseudomonas syringae (lnp) has been reported in the
S. enterica serovar Typhi vaccine strain Ty21a (28). In vacci-
nated mice, antibody responses against the insert peptide were
demonstrated after the cultivation of the vaccine strain at a
temperature of 25°C prior to immunization.

Several other approaches to optimize antigen delivery by
Salmonella vaccine strains based on the manipulation of bac-
terial secretion systems have been reported (10, 15, 41). These
systems provide means to secrete antigens into the surrounding
environment (10, 15) or to translocate the antigenic fusion
protein into the cytoplasm of host cells (41). The E. coli alpha-
hemolysin pathway has primarily been employed for the secre-
tion of full-length antigens by Salmonella vaccine strains and
has demonstrated its efficacy in several animal models of in-
fectious diseases (12). These include the type III secretion
system located in the Salmonella pathogenicity island 1 of S.
enterica serovar Typhimurium, which has successfully been em-
ployed for the delivery of MHC class I-restricted epitopes (41).
Interestingly, this type III secretion system shows some degree
of promiscuousness allowing the translocation of large antigen
fragments fused to the amino terminus of YopE, a secreted
virulence factor of Y. enterocolitica (40).

In conclusion, surface display of antigenic determinants by
autotransporter proteins has been demonstrated to be an ef-
fective approach for antigen delivery by Salmonella vaccine
strains, eliciting strong humoral (39) and Th1-biased MHC
class II-restricted cellular immune responses (the present

study) in vaccinated animals and thus merits further investiga-
tion to improve surface display with respect to the expression
of full-length antigens or MHC class I-restricted epitopes.
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