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Shiga-like toxin 2 (Stx2)-producing enterohemorrhagic Escherichia coli (referred to as EHEC or STEC) strains
are the primary etiologic agents of hemolytic-uremic syndrome (HUS), which leads to renal failure and high
mortality rates. Expression of Stx2 is the most relevant virulence-associated factor of EHEC strains, and toxin
neutralization by antigen-specific serum antibodies represents the main target for both preventive and ther-
apeutic anti-HUS approaches. In the present report, we describe two Salmonella enterica serovar Typhimurium
aroA vaccine strains expressing a nontoxic plasmid-encoded derivative of Stx2 (Stx2�AB) containing the
complete nontoxic A2 subunit and the receptor binding B subunit. The two S. Typhimurium strains differ in
the expression of flagellin, the structural subunit of the flagellar shaft, which exerts strong adjuvant effects. The
vaccine strains expressed Stx2�AB, either cell bound or secreted into the extracellular environment, and
showed enhanced mouse gut colonization and high plasmid stability under both in vitro and in vivo conditions.
Oral immunization of mice with three doses of the S. Typhimurium vaccine strains elicited serum anti-Stx2B
(IgG) antibodies that neutralized the toxic effects of the native toxin under in vitro conditions (Vero cells) and
conferred partial protection under in vivo conditions. No significant differences with respect to gut colonization
or the induction of antigen-specific antibody responses were detected in mice vaccinated with flagellated versus
nonflagellated bacterial strains. The present results indicate that expression of Stx2�AB by attenuated S.
Typhimurium strains is an alternative vaccine approach for HUS control, but additional improvements in the
immunogenicity of Stx2 toxoids are still required.

Shiga-like toxins (Stx) play a crucial role in the pathogenesis
of enterohemorrhagic Escherichia coli (EHEC) strains, which
may lead to hemorrhagic colitis, central nervous system distur-
bances, and hemolytic-uremic syndrome (HUS) (27, 33). HUS
involves acute renal failure, thrombocytopenia, and microan-
giopathic hemolytic anemia, with mortality rates ranging from
1% to 4% (45, 50). EHEC strains may express different sero-
types, including the widely distributed O157:H7 serotype, and
infection correlates with the ingestion of contaminated ground
beef and cow manure-contaminated water, vegetables, juices,
and other products (13, 18). The incidence of EHEC-associ-
ated HUS cases is particularly high in developed countries, and
high incidence rates have been recorded in Argentina, where
cultural and diverse epidemiological factors contribute to the
widespread dissemination of the disease among children and
teenagers (38).

EHEC strains may express two different Stx types. Stx1 is
virtually identical to Stx produced by Shigella dysenteriae, while

Stx2 shows only 56% homology to Stx1 at the amino acid
sequence level (14, 33, 51). Both toxin types are formed by one
A subunit and five B subunits, which bind to glycosphingolipid
receptors, such as globotriaosyl ceramide (Gb3), on host cell
membranes and promote retrograde toxin transport through
the Golgi complex and endoplasmic reticulum. In the cell cy-
toplasm, Stx2 subunit A is processed into two fragments; one
of them (A1) is endowed with N-glycosidase activity, which
depurinates a specific adenine residue of the eukaryotic 28S
rRNA, inhibits protein synthesis, and induces apoptosis of the
target cell (18, 51).

After ingestion and gut colonization, Stx molecules are re-
leased by the bacterial cells and translocate across the gut
epithelium to reach, via the bloodstream, capillary endothelial
cells at renal glomeruli, where the most relevant tissue damage
occurs (33, 45, 50). Epidemiological data indicate that individ-
uals infected with Stx2-producing bacterial strains, and some
closely related variants, have a high probability of developing
HUS (45, 50). In addition, Stx2 expression has been shown to
increase gut colonization by bacterial cells due to induction of
increased receptor expression by enterocytes (39).

So far, there is no effective prophylactic or therapeutic ap-
proach for the prevention of HUS development among
EHEC-infected individuals. The treatments available involve
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platelet transfusion in cases of severe anemia, hemodialysis,
and supportive care (7, 50). A more direct anti-Stx treatment
under clinical or preclinical evaluation involves the use of
synthetic Stx glycolipid receptor analogs and humanized anti-
Stx monoclonal antibodies (44, 52).

Attempts to develop prophylactic anti-HUS vaccines are
focused on the generation of Stx-neutralizing antibodies or the
blockade of gut colonization. The vaccine strategies based on
Stx2 that have been tested under experimental conditions have
included DNA vaccines (5, 12), protein-conjugated polysac-
charides (28), purified recombinant B subunits (24, 25, 29, 30,
47, 53, 55, 58), and B-subunit-derived synthetic peptides (19,
20). Anti-EHEC vaccine approaches based on the blockade of
gut colonization have employed intimin and type III secreted
proteins, such as EspA and EspB (3, 37, 54).

Live bivalent anti-Stx vaccines based on genetically modi-
fied, attenuated Vibrio cholerae or Salmonella enterica serovar
Typhimurium strains have been reported to induce anti-StxB
antibody responses following oral administration to mice or
rabbits (1, 10, 49). Attenuated Salmonella strains, used as
orally administered vaccine vectors for the expression of het-
erologous antigens, show several advantages over conventional
parenterally delivered cellular or acellular vaccine formula-
tions (15, 16). Attenuated Salmonella strains are safe, are easily
administered by untrained personnel, and, more relevantly,
may induce systemic and secreted antigen-specific antibody
and cell-based immune responses against self and heterolo-
gous antigens. In addition, whole bacterial cells carry on their
surfaces several molecular structures known to activate both
innate and adaptive immune responses. These molecules, such
as lipopolysaccharide and flagellin, act as strong adjuvants,
both systemically and at mucosal surfaces.

Flagellins, the structural subunit of flagellar filaments, con-
tribute both to the virulence of bacterial pathogens and to the
activation of inflammatory responses in mammalian hosts.
Bacterial flagellins have been shown to bind both extracellular
and intracellular receptors of antigen-presenting cells, leading

to inflammation and increased adaptive immune responses,
including the generation of antigen-specific antibodies and T
cells (2, 26). The strong adjuvant effects of Salmonella flagel-
lins, either when admixed with purified antigens or when used
as hybrid proteins genetically fused to the target antigens, have
been demonstrated recently (4, 8, 22, 23, 36). However, there
is no clear evidence that the expression of flagellin affects the
immunogenicity of heterologous antigens expressed by atten-
uated Salmonella vaccine strains.

In the present study, we generated new experimental anti-
HUS vaccine formulations based on two recombinant attenu-
ated S. Typhimurium aroA vaccine strains differing in the ex-
pression of flagellin. The two strains were genetically modified
in order to express a nontoxic Stx2 derivative consisting of the
whole Stx2 B subunit and a partially deleted A subunit encom-
passing the first amino acid of the A1 subunit genetically fused
to the whole A2 subunit (Stx2�AB). The Stx2�AB protein was
previously tested in mice immunized with a DNA vaccine (5).
The results of the present study show that the S. Typhimurium
vaccine strains express and secrete the recombinant toxin and
induce both systemic and mucosal anti-StxB antibodies with
anti-Stx2 neutralization activity, conferring partial protection
against intravenous (i.v.) challenge with Stx2.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The bacterial strains employed in the
present study are listed in Table 1. S. Typhimurium SL3261 and LDV321 are
isogenic strains differing in the expression of the fliC and fljB genes, which were
specifically deleted by nonpolar site-directed mutagenesis (31). The S. Typhi-
murium aroA strains were routinely cultivated in Luria-Bertani (LB) broth or on
LB agar plates containing 100 �g of dihydroxybenzoic acid (DHB) in the culture
medium. Plasmid-transformed bacterial strains were cultivated in medium with
ampicillin added (100 �g/ml). All cultures were grown at 37°C with shaking.

Generation of recombinant S. Typhimurium strains encoding Stx�AB2. The
complete nucleotide sequence of the gene encoding Stx2, including the native
promoter region, was amplified by PCR from total DNA from E. coli O157:H7
with primers Ds (5�-GAATTCATTATGCGTTGTTAG-3�) and R1 (5�-GAAT
TCTCAGTC ATTATTAAACTG-3�), each containing an EcoRI restriction site,
and the product was cloned into the EcoRI-cleaved pGEM-T Easy vector. The

TABLE 1. Bacterial strains and plasmids used in the present study

Strain or plasmid Genotype or characteristics Source or reference

Strains
S. Typhimurium

SL3261 aroA his 21
LDV321 aroA his �fliC �fljB 31
LDV326 LDV321(pGEM-T) This study
LDV327 LDV321(pCVT-2) This study
LDV328 SL3261(pGEM-T) This study
LDV329 SL3261(pCVT-2) This study

E. coli
JM109 recA1 supE44 endA1 hsdR17 gyrA96 relA1 thi�(lac-proAB) F

�traD36 proAB� lacIq lacZ�M15�
Stratagene

LDV15 JM109(pCVT-1) This study
DH5� recA1 endA1 gyrA96 glnV44 supE44 relA1 deoR �(lacZ-argF)U169

hsdR17 thi-1 �	 
80dlac �(lacZ)M15 F	
Invitrogen

Plasmids
pGEMT Ampr Promega
pCVT-1 pGEM-T with complete stx2 operon sequence This study
pCVT-2 pGEM-T with cloned sequence encoding Stx�AB2 This study
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selected recombinant vector was named pCVT-1 and encompassed the complete
stx2 operon, including the promoter sequence. After the transformation of E. coli
strain DH5� and the selection of a recombinant clone, the plasmid was digested
with AvaI and StuI, treated with Klenow DNA polymerase, and ligated with T4
DNA ligase to produce the vector named pCVT-2. This vector encodes the Stx2
B subunit (signal peptide and mature protein sequences) plus the A2 subunit
fused to the signal sequence and the first N-terminal amino acid of the A1
subunit. The experimental steps related to the cloning and construction of the
genes encoding Stx2 and Stx2�AB, as well as the final nucleotide sequences of
these constructs, have been reported previously (5). After screening and selec-
tion of a clone with the desired genes, the purified pCVT-2 vector was electro-
porated into S. Typhimurium strain SL3261 and the nonflagellated strain
LDV321, resulting in strains LDV329 and LDV327, respectively.

Detection of Stx (Stx2�AB) by immunoblot and dot blot assays. Whole-cell
protein extracts and concentrated culture supernatants of the recombinant S.
Typhimurium strains were sorted in 15% polyacrylamide gels and were electro-
transferred to nitrocellulose sheets (pore size, 0.45 �m) at 200 mA for 1 h. After
being blocked overnight with 1% (wt/vol) bovine serum albumin (BSA) in phos-
phate-buffered saline (PBS) at 4°C, the nitrocellulose sheets were probed with
mouse anti-Stx2 B subunit sera, followed by secondary antibodies (horseradish
peroxidase-conjugated rabbit antibodies against mouse IgG [Sigma]), according
to procedures described previously (43). The membranes were developed with a
chemiluminescent kit (Pierce) and were exposed to Kodak X-Omat film. Dot
blot assays were performed with culture supernatants or with whole-cell extracts
of cultures at the exponential-growth phase. The quantity of Stx2�AB produced
by each vaccine strain was determined by dot blot assays using purified recom-
binant Stx2B as a standard. Aliquots containing approximately 108 CFU (10 �g
of total protein) were 2-fold serially diluted in PBS and were subsequently
spotted (10 �l) onto nitrocellulose sheets using a vacuum manifold device (Mil-
lipore). Aliquots of bacterial culture supernatant were collected, precipitated
with 10% trichloroacetic acid (TCA), washed with cold acetone, and suspended
in PBS (pH 7.4). An aliquot (2 �l) of each sample was spotted onto nitrocellulose
sheets and was subsequently incubated with mouse anti-Stx2 B subunit sera,
followed by secondary antibodies (horseradish peroxidase-conjugated rabbit an-
tibodies against mouse IgG [Sigma]). Mouse anti-Stx2B sera have been gener-
ated in our laboratory by producing the recombinant Stx2 B subunit in E. coli and
purifying it by affinity chromatography with a nickel-containing resin. The blots
were developed by the same procedure used for Western blots.

Motility of S. Typhimurium vaccine strains. Motility assays with the recom-
binant S. Typhimurium strains were carried out by stabbing cells at the centers
of motility agar plates, followed by inoculation at 37°C for 24 h, as described
previously (31).

Determination of in vitro and in vivo stabilities of recombinant plasmids
carried by the S. Typhimurium vaccine strains. The in vitro segregational sta-
bilities of the pGEM-T and pCVT-2 vectors in the transformed S. Typhimurium
strains were measured during growth in LB medium supplemented with DHB
but without ampicillin. The strains were cultivated for 18 h, and aliquots were
diluted in PBS and plated onto LB agar plates without ampicillin. After overnight
incubation, colonies were replica plated onto LB agar plates containing 100
�g/ml of ampicillin, and the number of resistant colonies was determined. The
initial culture was repeated daily over a period of 5 days in LB medium without
ampicillin. The numbers of antibiotic-resistant colonies were determined daily.
The in vivo plasmid stabilities of S. Typhimurium strains were determined with
bacterial colonies recovered from female BALB/c mice orally inoculated with a
single 1010-CFU dose of one of the recombinant S. Typhimurium vaccine strains.
The animals were euthanized 24, 48, and 72 h after oral administration of the
bacterial strains, and their small intestines and spleens were removed under
aseptic conditions. Five Peyer’s patches (PP) and whole spleens from each mouse
were homogenized and serially diluted in PBS. Aliquots were plated onto Mac-
Conkey agar or LB agar supplemented with novobiocin (5 �g/ml) and strepto-
mycin (50 �g/ml) and were incubated at 37°C for 24 h to select for the S.
Typhimurium colonies. Recovered colonies were replica plated onto LB agar
plates containing 100 �g/ml of ampicillin, and the number of ampicillin-resistant
colonies was determined after overnight incubation at 37°C.

Mouse immunization with S. Typhimurium vaccine strains. BALB/c mice
were supplied by the Isogenic Mouse Breeding Facility of the Department of
Parasitology, Institute of Biomedical Sciences, São Paulo University (USP). All
animal-handling procedures were in accordance with the principles of the Bra-
zilian code for the use of laboratory animals and were approved by the ethics
committee on the use of laboratory animals of the Institute of Biomedical
Sciences at the University of São Paulo. Oral immunizations were carried out
using viable bacterial cells harvested during the exponential-growth phase (op-
tical density at 600 nm, 0.8). Bacteria were washed once with PBS and were

resuspended in sodium bicarbonate at a concentration of 1010 CFU/ml. Mice
were immunized with 0.5-ml aliquots of the bacterial suspensions with a stainless-
steel round-tip gavage cannula on days 1, 22, and 36. Blood, collected from the
retro-orbital plexus, and feces were collected on day zero (preimmune samples)
and on days 21, 35, and 50 after immunization. Fecal homogenates were pre-
pared as described previously (42).

Enzyme-linked immunosorbent assays (ELISA). MaxiSorp microtiter plates
(Nalge Nunc) were coated with the purified recombinant Stx2 B subunit (1
�g/ml) in PBS (pH 7.4) and were incubated overnight at 4°C, as previously
described (17). The plates were blocked with PBS with 1% BSA for 1 h at 37°C,
and aliquots of serum and fecal extracts, previously diluted in PBS with 0.05%
Tween 20 (PBST), were added to the plates in a series of 2-fold dilutions,
followed by incubation for a further 2 h at 37°C. The plates were washed twice
with PBST and were incubated for 1 h with a peroxidase-conjugated rabbit
antibody specifically reacting with mouse IgG or IgA isotypes and IgG1 or IgG2a
subclasses (Southern Biotechnology). After being washed with PBST, plates were
developed with O-phenylenediamine dihydrochloride and with H2O2 as a sub-
strate. Reactions were stopped with H2SO4, and absorbance values were mea-
sured at 492 nm in a microtiter plate spectrophotometer (Multiscan MS; Lab-
Systems). Endpoint titers were automatically calculated with the Microcal Origin
(version 6.0) Professional program as the reciprocal values of the last dilutions
with an optical density of 0.1. Results are expressed as arithmetic means of at
least duplicate determinations of the endpoint titers and standard errors of the
means (SEM).

In vitro and ex vivo Stx2-neutralizing tests and challenge assay. Both in vitro
and ex vivo Stx2 neutralization activities of sera collected from mice immunized
with the different S. Typhimurium vaccine strains were determined as described
previously (5, 12, 17). The in vitro test was carried out with equal volumes of
whole E. coli LDV15 extracts containing twice the dose of Stx2 that leads to 50%
cytotoxicity (CD50) in Vero cells, as described previously (5, 12). Ex vivo Stx2
neutralization tests with immune sera were carried out after incubation of Stx2
aliquots with diluted serum samples for 1 h at 37°C and 1 h at 4°C before i.v.
inoculation into naïve nonimmunized mice. The in vivo lethality studies were
carried out with Stx2 aliquots inoculated i.v. at a dose corresponding to 53
ng/mouse, which resulted in 100% mortality in nonvaccinated mice 4 days after
injection.

Determination of blood urea nitrogen and creatinine levels. Concentrations of
blood urea nitrogen and creatinine in serum samples from mice challenged with
Stx2 were determined with a colorimetric-enzymatic kit (Labtest, Brazil). Results
were measured in an Ultrospec 2100 Pro spectrophotometer (Amersham Bio-
sciences).

Statistical analysis. Immunized mouse groups were compared using unpaired
t test analysis. To estimate P values, all statistical analyses were interpreted in a
two-tailed manner. P values of �0.05 were considered statistically significant.

RESULTS

Construction of S. Typhimurium vaccine strains encoding a
nontoxic form of Stx2 (Stx2�AB). A nontoxic genetically en-
gineered form of Stx2, named Stx2�AB, encompassing the
complete Stx2 B subunit (signal peptide and mature protein
sequences) plus the A2 subunit fused to the signal sequence of
the A1 subunit, was generated as a nontoxic antigen with
enhanced immunogenicity with regard to the purified B sub-
units (5). Initial attempts to clone the gene encoding Stx2�AB
under the control of the nirB promoter, activated by low oxy-
gen levels (35), resulted in extensive cell death and plasmid
segregation in S. Typhimurium strains under both in vitro and
in vivo conditions (data not shown). On the other hand, cloning
of the DNA fragment containing the native stx2 promoter and
the gene encoding Stx2�AB into the pGEM-T vector allowed
expression of the heterologous antigen without affecting the
cell viability and plasmid stability of the transformed S. Typhi-
murium aroA strains. The recombinant plasmid, named
pCVT-2, was electroporated into the attenuated S. Typhi-
murium strains SL3261 and LDV321, differing in the expres-
sion of flagellin, resulting in the selection of the two vaccine
strains, named LDV329 and LDV327, respectively. S. Typhi-
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murium strains LDV326 and LDV328 were obtained after the
introduction of the pGEM-T vector into strains LDV321 and
SL3261, respectively. No significant growth delay was detected
in S. Typhimurium strains harboring pCVT-2 relative to the
growth of strains transformed with pGEM-T (data not shown).
Moreover, S. Typhimurium strain LDV329 showed complete
plasmid stability after continuous growth for 4 days under
nonselective conditions, while 52% of the LDV327 colonies
retained the plasmid after the same period (Table 2). As ex-
pected, flagellin was detected in whole-cell extracts of strains
LDV328 and LDV329 but not in extracts of strains LDV326
and LDV327 (Fig. 1A). A 7.5-kDa band reacting with an anti-
Stx2B serum was detected in whole-cell extracts and culture
supernatants of both S. Typhimurium LDV327 and S. Typhi-
murium LDV329 (Fig. 1B). Seeding of the vaccine strains in
soft agar plates showed that strains LDV328 and LDV329 were
motile while strains LDV326 and LDV327 were nonmotile
(Fig. 1C).

The amounts of antigen expressed by the S. Typhimurium
vaccine strains were determined in exponentially growing cells
cultivated in LB medium at 37°C using both whole-cell extracts
and culture supernatants. Under such conditions, 1010 CFU of
S. Typhimurium strain LDV327 or LDV329 accumulated ap-
proximately 3.5 �g of Stx2�AB intracellularly. In addition, for
both strains, the amount of secreted antigen detected in cul-
ture supernatants of spent medium following incubation for
12 h was approximately 150 ng/ml.

In vivo plasmid stability of, and gut colonization by, S.
Typhimurium strains expressing Stx2�AB. Mice were orally
administered a single dose containing 1010 CFU of each S.
Typhimurium vaccine strain. S. Typhimurium colonies recov-
ered from Peyer’s patches were replica plated onto a medium
with ampicillin for determination of the number of plasmid-
containing ampicillin-resistant clones. The numbers of S. Ty-
phimurium colonies recovered from mice orally inoculated
with a strain expressing Stx2�AB (LDV327 or LDV329) were
significantly higher than those detected in the Peyer’s patches

of mice inoculated with LDV326 or LDV328, strains that do
not express Stx2�AB (Fig. 2). No statistically significant dif-
ference was observed between the numbers of bacterial colo-
nies recovered from the guts of mice inoculated with flagel-
lated versus nonflagellated bacterial strains (Fig. 2). No
statistically significant differences were observed in the num-
bers (�10 CFU) of bacterial colonies detected in the spleens of

TABLE 2. In vitro and in vivo stabilities of recombinant plasmids
carried by S. Typhimurium vaccine strains

Condition and
time

Plasmid stabilitya

LDV326 LDV327 LDV328 LDV329

In vitrob

1 day 50/50 (100) 50/50 (100) 50/50 (100) 50/50 (100)
2 days 43/50 (86) 35/50 (70) 45/50 (91) 50/50 (100)
3 days 40/50 (79) 32/50 (64) 45/50 (90) 50/50 (100)
4 days 32/50 (63) 26/50 (52) 43/50 (86) 50/50 (100)

In vivoc

24 h 46/50 (92) 50/50 (100) 50/50 (100) 50/50 (100)
48 h 34/50 (68) 36/50 (72) 36/50 (72) 46/50 (92)
72 h 21/50 (42) 31/50 (62) 35/50 (70) 39/50 (78)

a Expressed as number of Ampr colonies/total number of colonies tested
(percentage of Ampr colonies).

b S. Typhimurium strains transformed with pGEM-T (strains LDV326 and
LDV328) or pCVT-2 (strains LDV327 and LDV329) were screened for ampi-
cillin resistance on LB plates following daily cultures carried out under nonse-
lective conditions.

c S. Typhimurium colonies isolated from 5 Peyer’s patches recovered from
inoculated mice were screened for ampicillin resistance following oral adminis-
tration of 1010 cells of the vaccine strains tested.

FIG. 1. Expression of FliC flagellin and Stx2�AB by the S. Typhi-
murium vaccine strains. (A) Detection of FliC expression in the S.
Typhimurium vaccine strains. FliC was detected in Western blots de-
veloped with polyclonal anti-FliC antibodies and whole-cell extracts of
the bacterial strains. Lanes: 1, LDV326; 2, LDV327; 3, LDV328; 4,
LDV329. (B) Detection of Stx2�AB, encoded by the S. Typhimurium
vaccine strains, in culture supernatants (lanes 2, 4, 6, and 8) and
whole-cell extracts (lanes 3, 5, 7, and 9) of the strains. Lanes: 1, purified
recombinant StxB; 2 and 3, LDV326; 4 and 5, LDV327; 6 and 7,
LDV328; 8 and 9, LDV329. (C) In vitro motilities of recombinant S.
Typhimurium vaccine strains LDV326 (Œ), LDV327 (�), LDV328 (f),
and LDV329 (}) at 37°C measured by the diameter of the bacterial
growth halos.

FIG. 2. Colonization of mouse guts by the S. Typhimurium vaccine
strains. Five Peyer’s patches (PP) obtained from each mouse orally
dosed with 1010 bacterial cells were homogenized and serially diluted
in PBS before being plated onto ampicillin-LB plates. The graph rep-
resents the number of CFU obtained 72 h after the initial inoculation
of the S. Typhimurium strain. Asterisks indicate statistically significant
differences from results for mice immunized with S. Typhimurium
strain LDV326 or LDV328 (P � 0.05).
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mice 24 h after oral administration of the bacterial strains
tested (data not shown). The in vivo stabilities of plasmids in
the S. Typhimurium LDV327 and LDV329 cells recovered
from Peyer’s patches of inoculated mice, measured by the
antibiotic resistance phenotype, ranged from 100%, after 24 h
postinoculation, to approximately 65%, 72 h after oral admin-
istration. Similar results were also obtained with strains
LDV326 and LDV328, which had been transformed with the
pGEM-T vector (Table 2).

Induction of anti-Stx2 antibodies in mice orally immunized
with the S. Typhimurium vaccine strains. The immunogenicity
of Stx expressed by the S. Typhimurium vaccine strains was
determined in mice after three oral administrations given on
days 1, 22, and 36. Following immunizations, serum and fecal
samples from vaccinated mice were analyzed for the presence
of anti-Stx2B antibodies (IgG in serum and IgA in fecal ex-
tracts) by using ELISA plates treated with purified Stx2 B
subunits (Fig. 3). As shown in Fig. 3A, anti-StxB serum IgG
responses were detected in mice orally immunized with three
doses of S. Typhimurium strain LDV327 or LDV329, express-
ing the recombinant Stx2�AB antigen. The average serum
anti-Stx2B IgG titer in mice immunized with three doses of S.
Typhimurium strain LDV327 or LDV329 reached 931.15 �
274 or 1,654.7 � 252, respectively (Fig. 3B; Table 3). Low fecal
anti-Stx2B IgA responses were detected only in mice orally
immunized with S. Typhimurium strain LDV327 or LDV329
(Fig. 3C).

Stx2 neutralization effects of antibodies raised in mice im-
munized with S. Typhimurium vaccine strains. Stx2 aliquots
promoting cytotoxic effects on in vitro-cultured Vero cells or
causing 100% lethality in BALB/c mice were incubated with
different dilutions of serum samples collected from vaccinated
mice in order to evaluate the anti-Stx2 neutralization titers. As
indicated in Table 3, pooled serum samples collected from
mice immunized with S. Typhimurium strain LDV327 or
LDV329 neutralize the toxic effects of Stx2, as evaluated with
Vero cells, up to a final dilution of 30 or 60, respectively. In
addition, incubation of Stx2 aliquots with diluted serum pools
collected from mice immunized with S. Typhimurium strain

LDV329 protected 3 out of 12 (25%) mice inoculated with a
lethal Stx2 load. On the other hand, no in vivo protection was
observed in mice inoculated with Stx2 incubated with serum
samples from mice immunized with S. Typhimurium strain
LDV327. Similarly, no Stx2 neutralization activity was detected
in serum samples collected from mice immunized with S. Ty-
phimurium strain LDV326 or LDV328 (Table 3).

The protective anti-Stx2 immunity raised in mice immunized
with the S. Typhimurium vaccine strains was determined after
challenge of vaccinated mice with Stx2. Two out of 8 mice
(25% protection level) vaccinated with three doses of strain
LDV329 were protected from a lethal Stx2 challenge for more
than 15 days, while 1 out of 8 (12.5%) mice immunized with

FIG. 3. Serum IgG and fecal IgA responses to Stx2B elicited in mice orally immunized with the recombinant S. Typhimurium vaccine strains.
The anti-Stx2B antibody titers were determined by ELISA using the purified recombinant Stx2 B subunit. (A) Kinetics of anti-Stx2B IgG responses
detected in pools of sera from mice immunized with one of the three S. Typhimurium strains. Mice immunized with one (open bars), two (shaded
bars), or three (filled bars) doses of the vaccine strain are distinguished. (B) Individual serum anti-Stx2B IgG titers elicited in mice immunized with
three doses of one of the tested S. Typhimurium vaccine strains. (C) Fecal anti-Stx2B IgA titers detected in mice immunized with three doses of
one of the tested S. Typhimurium vaccine strains. Fecal IgA levels were measured in sample pools collected from animals of the same immunization
group. Asterisks indicate statistically significant differences from results for mice immunized with S. Typhimurium strain LDV326 or LDV328
(P � 0.05).

TABLE 3. Anti-Stx2 neutralization activities of recombinant
S. Typhimurium vaccine strains measured under in vitro,

ex vivo, and in vivo conditions

Vaccine strain In vitro anti-Stx2
neutralization titera

Neutralization effect (no.
of mice surviving

challenge/total no. of mice
�%�)

Ex vivob In vivoc

LDV326 �5d 0/12 0/8 (0)
LDV327 30 (931.1 � 274.2) 0/12 1/8 (12.5)
LDV328 �5 0/12 0/8 (0)
LDV329 60 (1,654.7 � 252.4) 3/12 (25) 2/8 (25)

a Anti-Stx2 neutralizing titers of pooled sera harvested from mice immunized
with one of the different S. Typhimurium vaccine strains and measured by the
Vero assay. The Stx2 neutralization titer was defined as the maximal serum
dilution that abolished the cytotoxic effects of Stx2-containing bacterial extracts
on in vitro-cultured Vero cells. Values in parentheses are mean titers of IgG
antibodies in the sera of mice (n  8) immunized with the indicated recombinant
strain � standard deviations.

b Mice were challenged with Stx2 that had previously been incubated with
pooled sera harvested from mice immunized with one of the S. Typhimurium
vaccine strains. Toxin samples were incubated with serum samples at a final
dilution of 1:10, as described in Materials and Methods. Survivors were moni-
tored up to 96 h after challenge.

c Mice were challenged i.v. with Stx2. Each group of mice was vaccinated with
three doses of the indicated S. Typhimurium vaccine strain.

d There was no visible Stx2 neutralization activity at the lowest serum dilution
tested (1:5).
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three doses of strain LDV327 survived the same lethal chal-
lenge (Table 3). No protection was recorded for animals im-
munized with S. Typhimurium strain LDV326 or LDV328.

Blood urea nitrogen and creatinine levels in mice challenged
with native Stx2. Blood urea nitrogen and creatinine levels
were determined in mice immunized with the S. Typhimurium
vaccine strains and challenged with native Stx2. The increased
levels of urea and creatinine in serum are indicative of defec-
tive renal function caused by Stx2 (9, 41) Significant increases
in serum urea and creatinine concentrations were observed
after administration of Stx2 to mice immunized with strain
LDV326 or LDV328. On the other hand, mice surviving the ex
vivo Stx2 challenge after immunization with S. Typhimurium
strain LDV327 (one animal) or LDV329 (two animals) had
normal serum urea and creatinine levels (Table 4).

DISCUSSION

Attenuated S. Typhimurium aroA vaccine strains have been
intensively investigated as safe and effective mucosally deliv-
ered bivalent immunization vectors leading to activation of
both humoral (mucosal and systemic) and cellular immune
responses against self and passenger antigens following oral
administration and transient colonization of the intestinal mu-
cosa (15, 48). In this study, we generated two S. Typhimurium
aroA strains, genetically modified to express a nontoxic Stx2
derivative (Stx2�AB), as orally delivered vectors for the con-
trol of HUS associated with Stx2-producing EHEC strains.
Our experiments are the first to successfully report that a
genetically modified Stx2 toxoid can be expressed and actively
secreted by S. Typhimurium strains under conditions leading
to specific immunologic responses among orally vaccinated
mice. More relevantly, the S. Typhimurium vaccine strains
induced systemic and mucosal Stx2-specific antibody responses
with toxin neutralization activity following oral administration
to mice. The present evidence demonstrated that the bivalent
Salmonella-EHEC vaccine strains are potential tools for the
generation of preventive or therapeutic strategies against Stx-
associated sequelae, but further improvements in the genera-
tion of toxin-neutralizing antibody titers are required.

Bacterial flagellins show strong adjuvant effects when deliv-

ered to mammalian hosts, via mucosal or parenteral routes,
either in the form of purified protein admixed with target
antigens or as hybrid proteins genetically fused to the antigen
(4, 8, 22, 23, 36). Our results demonstrate that derivatives of S.
Typhimurium strain SL3261, proficient in the expression of
both FliCI and FljB, and strain LDV321, in which the expres-
sion of both flagellar phases is specifically blocked (31), did not
differ significantly in their immunogenicity as vaccine vectors
for passenger antigens regarding activation of either Stx2-spe-
cific systemic or mucosal antibody responses in orally vacci-
nated mice. Since the adjuvant effects of bacterial flagellins
require the depolymerization of flagella into monomers (46),
we can assume that during transit through the gastrointestinal
tract, the number of released flagellin monomers is not suffi-
ciently high to promote a strong inflammatory response and,
consequently, to exert adjuvant effects for a target heterolo-
gous antigen carried by the attenuated Salmonella strain. In-
deed, our own observations and results reported by other
groups indicate that oral administration of flagellated Salmo-
nella vaccine strains, in contrast to parenteral delivery of bac-
teria, did not activate antibody responses to flagellin and ge-
netically fused heterologous antigen (31, 40, 43). Such
immunological behavior is coherent with the evolution of an
immunologically suppressive environment in the mouse gas-
trointestinal tract that, under healthy conditions, did not allow
the activation of strong inflammatory responses by flagellin, a
highly conserved protein found among several enterobacterial
species (32, 40, 56, 57).

Stx2�AB expression resulted in increased colonization of
the mouse gastrointestinal tract by S. Typhimurium strains
LDV327 and LDV329, as determined by the number of bac-
teria recovered from Peyer’s patches of mice orally inoculated
with one of the tested vaccine strains. Stx2 expression has been
shown to enhance gut colonization by EHEC O157:H7 strains
due to the increased expression by mouse enterocytes of
nucleolin, which, together with the bacterially derived Tir pro-
tein, acts as a surface-exposed receptor for intimin-mediated
adhesion of EHEC as well as of other pathogenic intimin-
expressing enteric bacteria (34, 39). The observation that
Stx2�AB expression suffices to enhance gut colonization
and/or invasion by S. Typhimurium strains suggests that the

TABLE 4. Blood urea nitrogen and creatinine levels after challenge with Stx2 in mice immunized with the different S. Typhimurium vaccine
strainsa

Substance
and time

Concn in serum (mg/dl) for mice immunized with:

LDV326 LDV327 LDV328 LDV329

Blood urea nitrogen
0 h 33.3 � 2.4 29.54 � 3.45 35.19 � 3.58 34.3 � 4.62
24 h 43.9 � 7.4 34.49 � 6.49 37.28 � 6.2 45.06 � 6.72
72 h 204.71 � 21.8 197.09 � 67.80b 199.09 � 27.20 148.52 � 58.96b

Creatinine
0 h 0.25 � 0.09 0.27 � 0.01 0.32 � 0.09 0.29 � 0.01
24 h 0.24 � 0.01 0.35 � 0.01 0.43 � 0.01 0.34 � 0.01
72 h 1.67 � 0.13 1.34 � 0.36b 1.54 � 0.04 1.18 � 0.50b

a Blood urea nitrogen and creatinine levels in serum were analyzed in groups of mice (n  8) before the Stx2 challenge (0 h) and 24 h and 72 h after the toxin
challenge. Values are averages � standard deviations for individually tested sera in each immunization group.

b The blood urea nitrogen concentration in the sera of mice immunized with strain LDV329 that survived the Stx2 challenge (n  2) was 36.05 � 1.07 mg/dl, while
that for the surviving mouse immunized with strain LDV327 (n  1) was 39.13. The creatinine concentrations in the same serum samples were 0.37 � 0.015 mg/dl (for
animals immunized with strain LDV329) and 0.47 mg/dl (for the animal immunized with strain LDV327).
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presence of an active A1 subunit is not required for the up-
regulation of nucleolin or of other, undetermined host cell
proteins. Since S. Typhimurium strains, in contrast to EHEC
and other enteropathogenic E. coli strains, do not express
intimin, the enhanced gut colonization by Stx2�AB-expressing
S. Typhimurium vaccine strains was an unexpected finding and
raises interesting questions regarding the role of Stx2 in bac-
terial adhesion to mouse epithelial cells. Certainly, further
studies addressing this interesting observation are warranted.

Oral administration of the recombinant S. Typhimurium
strains LDV327 and LDV329 resulted in systemic and secreted
anti-Stx2 antibody responses in all vaccinated mice. Mice im-
munized with S. Typhimurium strain LDV327 showed lower,
but not statistically different, serum anti-Stx2 antibody re-
sponses than mice immunized with the S. Typhimurium vac-
cine strain LDV329. In both groups, the anti-Stx2B titers de-
tected did not rise above 2,000, which may reflect the low
intrinsic immunogenicity of Stx2, particularly the B subunit, in
different mammalian hosts (6, 11, 29, 30). Our previous at-
tempts to use the same target antigen encoded by a DNA
vaccine also resulted in rather low specific serum anti-Stx2
responses in vaccinated mice (5). Based on the available evi-
dence, the concomitant expression of the A2 and B subunits
(as represented in Stx2�AB), although A1 subunit-dependent
toxicity is lacking, does not enhance the immunogenicity of
Stx2 in mammalian hosts. Stx2-derived toxoids with reduced
toxicity but preserved immunogenicity in mice have been gen-
erated by in vitro mutagenesis (47). The expression of Stx2
toxoids containing a nontoxic A1 subunit derivative by Salmo-
nella vaccine strains may thus represent an alternative way to
enhance both the immunogenicity and the toxin-neutralizing
activities of anti-Stx2 antibodies induced in vaccinated animals.

Anti-Stx2 antibodies induced in mice immunized with S.
Typhimurium strains LDV327 and LDV329 inhibited Stx2 tox-
icity toward Vero cells. Nonetheless, sera harvested from mice
immunized with S. Typhimurium strain LDV329 conferred
only partial (25%) protection on mice challenged with Stx2
previously treated with the lowest tested dilution of the im-
mune sera. In addition, no protection was recorded for mice
inoculated with native Stx2 incubated with sera from mice
immunized with S. Typhimurium strain LDV327. The differ-
ences observed under in vitro and ex vivo conditions may be
explained by the higher sensitivity of Vero cells to the cytotoxic
effects of Stx2 and, therefore, higher sensitivity for the detec-
tion of toxin-neutralizing antibodies. In contrast, the lethal
challenge assay requires higher toxin loads and consequently
needs Stx2-neutralizing antibody concentrations not achieved
in the sera of mice immunized with strain LDV327 or LDV329.
The same interpretation applies to the partial protection ob-
served in i.v. challenged mice following immunization with the
S. Typhimurium vaccine strains. Further studies should also
evaluate putative differences in the quality of the induced Stx2-
specific antibody responses regarding antigen avidity and ca-
pacity to form immune complexes. It should also be empha-
sized that the i.v. challenge with Stx2 that was used does not
reproduce the actual conditions observed during bacterial in-
fection, in which secreted anti-Stx2 IgA antibodies may reduce
the amount of toxin reaching the circulation.

Comparison of anti-Stx2B IgG titers and Stx2 neutralization
titers shows that only a small fraction of the antibodies elicited

in mice vaccinated with the S. Typhimurium vaccine strains
effectively bind and inactivate the native toxin. Such a func-
tional feature may reflect not only the low immunogenicity of
Stx2-derived toxoids but also the absence of epitopes of the A1
subunit that play a relevant role in the generation of antibodies
required for inactivation of the native toxin. Collectively, these
results indicate that further attempts to improve the perfor-
mance of attenuated S. Typhimurium strains as bivalent vac-
cine vectors for the control of Stx2-associated HUS should
include the expression of the detoxified A1 subunit as a target
antigen. In conclusion, the present results demonstrated that
the bivalent Salmonella-EHEC vaccine formulations are po-
tential tools for the generation of preventive or therapeutic
strategies for EHEC infection-associated sequelae but that
further improvements in the generation of toxin-neutralizing
antibodies among vaccinated mice are still required.
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