INFECTION AND IMMUNITY, May 2004, p. 2546-2555
0019-9567/04/$08.00+0 DOI: 10.1128/TAL.72.5.2546-2555.2004

Vol. 72, No. 5

Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Host and Bacterial Factors Affecting Induction of Immune Responses
to Flagellin Expressed by Attenuated Salmonella Vaccine Strains
M. E. Sbrogio-Almeida," T. Mosca,*> L. M. Massis,> I. A. Abrahamsohn,? and L. C. S. Ferreira®*

Division of Technological Development and Production, Butantan Institute," and Department of Microbiology* and

Department of Immunology,” Institute of Biomedical Sciences, Sdo Paulo University, Sao Paulo, Brazil
Received 24 April 2003/Returned for modification 3 September 2003/Accepted 4 February 2004

Previous observations demonstrated that the delivery of recombinant Salmonella enterica serovar Dublin
strains to mice via mucosal routes did not efficiently activate systemic and secreted antibody responses to either
type d flagellin or genetically fused heterologous B-cell epitopes, thus reducing the usefulness of the protein as
a carrier of epitopes for vaccine purposes. In this work, we investigated murine systemic and mucosal flagellin
immunogenicity after oral immunization with attenuated Salmonella strains. The reduced anti-type d flagellin
antibody responses in mice immunized via mucosal routes with three doses of flagellated S. enterica serovar
Dublin strains were not caused by oral tolerance and could not be restored by coadministration of a mucosal
adjuvant. The induction of antibody responses to Salmonella flagellins was shown to differ according to the
genetic background, but not the haplotype, of the mouse lineage. Moreover, BALB/c mice orally immunized
with S. enterica serovar Typhimurium strains developed anti-type i flagellin sera and secreted antibody
responses, which indicated that the serovar of the Salmonella vaccine strain also affected flagellin immunoge-
nicity. Analyses of cytokine responses of BALB/c mice immunized with three oral doses of flagellated S. enterica
serovar Dublin vaccine strains showed that, in spite of the lack of antibody responses, elevated type d
flagellin-specific CD4-cell-activation-dependent gamma interferon (IFN-y) and interleukin-10 responses were
elicited after the administration of the vaccine strains via either parenteral or mucosal routes. Similar cytokine
production patterns were detected to a T-cell heterologous epitope, derived from the CFA/I fimbriae of
enterotoxigenic Escherichia coli (ETEC), in mice orally immunized with a Salmonella vaccine strain expressing
hybrid flagella. These results indicate that the immunogenicities of Salmonella flagellins can differ significantly,
depending on the murine host and on the bacterial vector used, and demonstrate that the induction of
CD4-cell-activation-dependent IFN-y production represents a major immune response triggered by flagellin
and in-frame fused heterologous T-cell epitopes after the oral administration of recombinant S. enferica serovar

Dublin vaccine strains.

The Salmonella-flagellin system has been designed to acti-
vate immune responses to heterologous linear epitopes genet-
ically fused to flagellin, the structural subunit of the flagellar
filament, expressed by live Salmonella enterica serovar Dublin
vaccine strains (31). The vaccine strategy was based on the
cloning of the S. enterica serovar Miienchen fliC gene, which
belongs to the same serological type (d) of the human patho-
gen S. enterica serovar Typhi, followed by the removal of an
internal 48-bp EcoRV-EcoRV fragment located in hypervari-
able region IV which spans 350 bp at the central region of the
gene (31, 39). The resulting plasmid, pLS408, allowed the
in-frame fusion of heterologous sequences encoding up to 45
amino acids, in most cases without abolishing the motility func-
tion of the recombinant flagella (31-33, 39). The introduction
of pLS408 into a nonflagellated attenuated aroA S. enterica
serovar Dublin strain, SL5928, able to express a somatic anti-
gen (O antigen) similar to that found in S. enterica serovar
Typhi, represented a further step toward the development of
live bivalent Salmonella vaccine strains that are suitable for
human use (31, 39).

The first peptide to be expressed as a genetic fusion with
Salmonella flagellin was a B-cell epitope derived from the
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cholera toxin B subunit (31). After that, several other B-cell
epitopes, such as those derived from the hepatitis B virus
surface protein, the Streptococcus pyogenes type 5 M protein,
the human immunodeficiency virus gp160 surface protein, the
structural subunit of the enterotoxigenic Escherichia coli
(ETEC) colonization factor antigen I (CFA/I) fimbriae, influ-
enza virus hemagglutinin, the surface antigen of Schistosoma
mansoni, the class I outer membrane protein of Neisseria men-
ingitidis, the VP7 protein of rotavirus, and the Plasmodium CS
protein, among others, were expressed as fusions with the type
d Salmonella flagellin (2, 3, 5, 26-28, 32, 33, 45). Most of the
live vaccines were able to elicit specific serum antibody re-
sponses after parenteral immunization of mice. Nonetheless,
attempts to immunize mice with the same strains via mucosal
routes were frustrated by the reduced systemic and secreted
antibody responses to flagellin-fused heterologous epitopes (5,
26, 27, 32, 39).

Recently we showed that the low-level antibody responses to
peptides genetically fused to flagellin might be attributed, in
contrast to the case for mice immunized via parenteral routes,
to the reduced flagellin immunogenicity after delivery via mu-
cosal routes (10, 36). The contrasting immunological behaviors
of flagellin expressed by Salmonella vaccine strains delivered
via different immunization routes did not reflect reduced gene
expression or deficient host colonization-invasion by the bac-
terial vaccine strains (36). The elucidation of host and bacterial
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factors affecting the systemic and secreted immunogenicity of
Salmonella flagellin still needs to be done, therefore, as an
important step toward the more rational use of flagellin as a
carrier of epitopes in vaccine formulations.

In the last few years, bacterial flagellin has been shown to
possess strong immunostimulatory properties. Indeed, Salmo-
nella flagellin is a potent inducer of proinflammatory media-
tors, such as NO, interleukin-18 (IL-1B), IL-8, IL-6, and tumor
necrosis factor alpha, both in vitro and in vivo, in either ro-
dents or humans (6-8, 12, 13, 24, 41, 46). Flagellin also repre-
sents a major antigen for activated CD4™ T cells in mice after
oral infections with attenuated S. enterica serovar Typhi-
murium aroA strains, leading to CD4"-dependent gamma in-
terferon (IFN-y) production, a step required for the mounting
of protective immunity against a challenge with virulent Sal-
monella strains (9, 29).

For this work, we investigated the immunogenicity of Sal-
monella flagellin following the administration of attenuated
bacterial strains via mucosal or parenteral routes to mice of
different lineages. The present observations show that the abil-
ity to mount systemic and secreted antibody responses to
flagellin after oral immunization with Salmonella vaccine
strains is affected by several factors concerning the genetic
background of both the mammalian host and the bacterial
vector. Moreover, we demonstrate that the type d Salmonella
flagellin, as well as a genetically fused heterologous T-cell
epitope, can elicit strong CD4-cell-activation-dependent IFN-y
and IL-10 production, irrespective of the administration route,
in mice immunized with a live S. enterica serovar Dublin strain,
which suggests that T-cell-dependent responses constitute a
major aspect of the antiflagellin responses elicited in mice
orally immunized with Salmonella vaccine strains. Such an
observation should contribute to a better use of the Salmonel-
la-flagellin expression system as a bivalent mucosal vaccine
approach and to a more detailed knowledge of Salmonella-
induce immune responses in mouse models.

MATERIALS AND METHODS

Bacterial strains and growth conditions. S. enterica serovar Dublin SL5928 is
a nonflagellated derivative of the S. enterica serovar Dublin aro4 SL1438 strain,
while the SL5930 strain is SL5928 transformed with pL.S408, which promotes the
expression of a type d flagellin encoded from an S. enterica serovar Miienchen
fliC gene carrying a 48-bp deletion at the central hypervariable region of the gene
(31). S. enterica serovar Dublin strain ICBS is a flagellated derivative of the aro4
SL7379 strain carrying a single copy of the same deleted version of the fliC (d)
gene integrated into the chromosome (36). S. enterica serovar Dublin strain
FLAII is a derivative of the SL5928 strain transformed with plasmid pLG302,
which encodes a hybrid flagellin genetically fused to a 15-amino-acid peptide,
representing the major T-cell epitope of the structural subunit (CfaB) of the
CFA/I fimbriae produced by some ETEC strains (26, 27). S. enterica serovar
Typhimurium strain SL3261, a flagellated aroA strain, was kindly supplied by B.
Stocker. S. enterica serovar Typhimurium strain LM408 was generated after the
electroporation of pLS408 into strain SL3261. ETEC strain 258909-3 (CFA/I,
O128:H?, ST/LT) and the corresponding isogenic CFA/I-negative strain,
258909-3 M, were kindly offered by A. M. Svennerholm (Goéteborg University,
Goteborg, Sweden). All Salmonella strains were grown in Luria-Bertani (LB)
broth at 37°C with aeration. Cultures of strains harboring pLS408 or pLG302
were supplemented with ampicillin (100 pg/ml). The ETEC strains were culti-
vated on CFA agar plates (25). All strains were stored at —70°C in LB medium
containing 20% glycerol. Bacteria used as stimulants in cell cultures were inac-
tivated by suspension in 70% ethanol and were kept overnight at 4°C before
being added to cell cultures, at which time the suspensions were washed three
times with excess sterile 0.01 M phosphate-buffered saline (PBS) in order to
remove the ethanol.
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Mice and immunization protocols. Specific-pathogen-free isogenic female
mice of 8 to 12 weeks old from lineages BALB/c (H2), C57BL/6 (H2"), B10A
(H2%), DBA/2 (H2%), A/J (H2%), CBA/J (H2*), and C3H/HePas (H2¥) were
supplied by the Isogenic Mouse Breeding Facility of the Department of Immu-
nology, Institute of Biomedical Sciences, Sao Paulo University (USP). Biozzi
albino mice, genetically selected (selection III) from outbred populations for
high and low levels of antibody responsiveness to Salmonella antigens, were
described previously (4, 37) and were kindly supplied by O. Ibanez from the
Laboratory of Immunogenetics at the Butantan Institute (Sdo Paulo, Brazil). All
procedures were done in accordance with the principles of the Brazilian code for
the use of laboratory animals and were approved by the Ethics Committee on
Use of Laboratory Animals from the Institute of Biomedical Sciences, USP.
Immunizations were carried out using viable bacterial strains harvested during
the exponential growth phase (optical density at 600 nm of 0.8). Bacteria were
washed once by centrifugation with PBS and were suspended in sterile saline
solution, for intraperitoneal (i.p.) and intranasal (i.n.) inoculations, or in 0.1 M
sodium bicarbonate, for intragastric (p.o.) inoculations, to final concentrations
ranging from 5 X 10* CFU ml™! to 2 X 10'® CFU ml~'. Mice were immunized
p.o. with 0.5-ml aliquots of bacterial suspensions containing approximately 10'°
CFU by use of a stainless steel round-tip gavage cannule on days 0, 21, and 35.
The same immunization schedule was followed for the i.p. immunizations, but
the bacterial loads were reduced to 107 CFU per dose. When performed, i.n.
immunizations were performed in mice under light anesthesia, with 20 wl of
bacterial suspension containing 107 CFU applied into the nostrils with the aid of
a micropipette on days 0, 21, and 35. Blood collected from the retro-orbital
plexus, feces, and lung washes were harvested 1 week after the last immunization
dose. Fecal homogenates and lung washes were prepared as previously described
(36). Serum, fecal, and lung wash samples were collected individually, but sam-
ples belonging to the same immunization groups (with 5 to 10 individuals) were
pooled before the determination of antibody titers. All harvested biological
samples were stored at —20°C until testing.

Detection of Salmonella in mouse tissues. Groups of three female BALB/c or
C3H/HePas mice, with ages ranging from 8 to 12 weeks, were inoculated p.o.
with a single dose of 10'° CFU of S. enterica serovar Dublin (strains ICB5 and
SL5930) or S. enterica serovar Typhimurium (strains LM408 and SL3261). The
animals were sacrificed 7 days after the inoculation and the small intestines and
spleens were removed under aseptic conditions. Five Peyer’s patches (PP) and
the whole spleen from each mouse were homogenized and serially diluted in
PBS. Aliquots were plated on novobiocin-Luria plates and bacterial colonies
were counted after 24 h of incubation at 37°C. pLS408 stability in the different
bacterial hosts was evaluated after the inoculation of bacterial colonies onto L
agar plates with or without added ampicillin (100 wg/ml). Flagellin expression in
strain ICB5 was monitored by Western blotting of isolated bacterial colonies,
using antiflagellin H1-d serum raised in rabbits and peroxidase-conjugated anti-
rabbit immunoglobulin G (IgG) antibodies, as previously described (36).

Determination of oral tolerance and LTg,q, adjuvant effects. The induction
of immunological tolerance to Salmonella flagellin was monitored in groups (5 to
10 animals) of BALB/c mice orally immunized with three doses (10'° CFU) of S.
enterica serovar Dublin ICBS on days 0, 21, and 35. Two weeks later, mice were
injected i.p. with 10 g of purified flagellin combined with 1 mg of aluminum
hydroxide or with 107 CFU of the Salmonella ICBS strain, and this was repeated
once after 2 weeks. Serum (IgG) and mucosal (IgA) antiflagellin antibody levels
were measured 1 week after the last i.p. boost. Control groups included p.o.
immunized animals receiving three doses of live Salmonella and animals that had
been immunized i.p. with two doses of purified flagellin or Salmonella cells. The
nontoxic derivative of the ETEC heat-labile toxin, LTg;9,5, Was obtained by
site-specific mutagenesis (11) and was kindly supplied by J. Clements (Tulane
University). BALB/c mice were immunized with Salmonella cell suspensions
containing 25 or 1 wg of LTg; ¢, for p.o. or i.n. immunizations, respectively.
Sera, fecal extracts, and lung washes were collected 1 week after the last immu-
nization and stored at —20°C until they were tested by enzyme-linked immu-
nosorbent assay (ELISA) for antiflagellin and anti-LT antibody responses.

Detection of antibody responses. All reagents and antisera for ELISAs were
obtained from Sigma. Microtiter plates (Nalge Nunc, Roskilde, Denmark) were
coated with purified Salmonella flagellins (0.1 pg/well) and Salmonella group D
or group B lipopolysaccharide (LPS) (100 ng/well) in 0.05 M sodium bicarbonate
buffer at pH 9.6 and were incubated overnight at 4°C. The plates were blocked
with 1% gelatin in PBS for 1 h at 37°C, and serum, fecal extract, and lung wash
pools, previously diluted in PBS with 0.05% Tween 20 (PBST), were added to the
plates in series of twofold dilutions, followed by incubation for a further 2 h at
37°C. The plates were washed twice with PBST and incubated for 1 h with
mouse-specific IgG or IgA isotypes. After being washed with PBST, plates were
developed with O-phenylenediamine dihydrochloride, with H,O, as a substrate.
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Reactions were stopped with H,SO, and absorbance values were measured at
492 nm in a microtiter plate spectrophotometer (Multiscan MS; LabSystem).
Endpoint titers were automatically calculated with the Microcal Origin 6.0 Pro-
fessional program as the reciprocal values of the last dilutions with an optical
density of 0.1. Results are expressed as arithmetic means * standard errors of
the means (SEM) of the endpoint titers of at least duplicate determinations.

Purification of Salmonella flagellin and ETEC CFA/I fimbriae. Salmonella
flagellins expressed by S. enterica serovar Dublin ICB5 (type d flagellin) and S.
enterica serovar Typhimurium SL3261 (type i and FljB flagellins) were purified by
mechanical shearing and/or the acid monomerization procedure (23, 38). The
CFA/I fimbriae were harvested from ETEC cells grown on CFA plates and were
purified by ammonium sulfate precipitation, followed by DEAE-cellulose chro-
matography, performed according to previously described procedures (14).

T-cell assays. Spleens from immunized BALB/c mice were removed and sin-
gle-cell suspensions were prepared in RPMI 1640 medium supplemented with
5% fetal calf serum, 2 mM L-glutamine, 0.05% 2-mercaptoethanol, penicillin
(100 U/ml), and streptomycin (100 pg/ml) as previously described (16). Spleen
cells were distributed (5 X 10%well) in 24-well cell culture plates (Costar, Cam-
bridge, Mass.) and cultured at 37°C in a 5% CO, enriched atmosphere in
duplicate for 24 h (for IL-2 or IL-4 determinations) or 72 h (for IFN-y or IL-10
determinations) in the presence of purified Salmonella type d flagellin (25 g/
ml), ethanol-inactivated Salmonella or ETEC cells (107 bacteria/well), or purified
CFA/I fimbriae (25 pg/ml). For some experiments, polymyxin B (40 pg/ml), an
inhibitor of LPS activity, was added to the cultures together with the purified
flagellin preparations in order to demonstrate the lack of LPS contamination. At
the end of the incubation periods, the supernatants were removed and stored at
—20°C for the determination of cytokine levels by ELISA.

Cytokine ELISAs. The IFN-vy, IL-10, IL-2, and IL-4 levels were determined by
using two-site sandwich ELISAs with duplicate splenocyte culture supernatants,
as previously described (1). Detection limits for the cytokine ELISAs were 0.78
ng/ml for IFN-y, 3.125 U/ml for IL-10, 0.156 ng/ml for IL-4, and 0.391 ng/ml for
IL-2. The results from representative experiments are expressed as the arith-
metic means of determinations from duplicate cultures = SEM. Each experi-
ment was performed independently at least three times.

T-cell population involved in cytokine responses elicited by flagellin. The
identification of CD4- or CDS8-cell-activation-dependent IFN-y and IL-10 pro-
duction in spleen cell cultures from mice immunized with flagellated Salmonella
strains was done with specific neutralizing monoclonal antibodies (MAbs) to
mouse CD4 (MAb GK 1-5, isotype IgG2b) or CD8 (MAb TIB103, isotype
1gG2a). Anti-CD4 and anti-CD8 MAbs, as well as a control anti-B-galactosidase
MAD (GL 117, isotype 1gG2a), were used at a final concentration of 20 wg/ml.
Splenocyte cultures were prepared in RPMI medium, as described above, added
to the MAbs, and incubated for a further 24 h (for IL-2 and IL-4) or 72 h (for
IFN-vy and IL-10). Culture supernatants were harvested by centrifugation and
kept frozen at —20°C until the determination of their cytokine contents.

Statistical analyses. Results were analyzed by Student’s ¢ test. Statistical sig-
nificance was defined as occurring when P values were <0.05.

RESULTS

Immunization with attenuated S. enferica serovar Dublin
strains did not induce oral tolerance to flagellin. In contrast to
the case for parenterally immunized mice, the administration
of attenuated aroA S. enterica serovar Dublin strains to
BALB/c or C57BL/6 mice via mucosal routes did not elicit
significant serum (IgG) or secreted (IgA) antibody responses
to type d flagellin, even with the stabilization of flagellin ex-
pression following integration of the fliC gene into the chro-
mosome of the vaccine strain (36). One possible explanation
for the reduced antiflagellin antibody responses elicited in
mice immunized via mucosal routes with attenuated Salmo-
nella strains could be the induction of an unresponsive immu-
nological state, or tolerance, to specific bacterial antigens such
as flagellin. To evaluate whether oral tolerance was the cause
of the apparent low level of immunogenicity of Salmonella
flagellin after delivery via mucosal routes, we first immunized
BALB/c mice p.o. with three doses of the flagellated S. enterica
serovar Dublin ICBS strain and then immunized them i.p. with
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FIG. 1. Evaluation of whether immunological tolerance to flagellin
occurs in BALB/c mice immunized by the oral route with S. enterica
serovar Dublin ICB5. Mouse groups 1 and 3 were immunized with
three doses of 10'® CFU of the ICBS strain on days 0, 21, and 35.
Mouse group 2 was maintained as a control and was not immunized by
the oral route. One week after the last immunizing dose, mice in
groups 2 and 3 were injected i.p. with two doses of the ICBS strain
(SD) (107 CFU) (A) or two doses of 10 pg of purified flagellin (FLA)
(B) separated by a 2-week interval (group 3). Antiflagellin (IgG) an-
tibody responses in sera were measured 1 week after the last i.p.
immunization. Five animals were used for each immunization group.
Values are expressed as means of end point titers = SEM for serum
pools prepared from each mouse group.

purified flagellin or live ICBS cells. As shown in Fig. 1, control
groups of mice that were only immunized i.p. with purified
flagellin or live bacteria developed elevated systemic antiflagel-
lin IgG titers (Fig. 1A, group 2), whereas mice that were only
immunized p.o. with live Salmonella failed to develop serum
antiflagellin IgG responses (Fig. 1, group 1). In a third group,
mice that were previously immunized p.o. with the ICBS strain
generated robust anti-type d flagellin-specific IgG responses in
serum after parenteral immunization with purified flagellin or
with the ICBS strain (Fig. 1, group 3). Similar results were
obtained for the antiflagellin IgA responses in fecal extracts
collected from the same mouse groups (data not shown), thus
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TABLE 1. Adjuvant effects of LTy ¢, on the serum anti-flagellin IgG and secreted IgA responses in BALB/c mice immunized with
attenuated S. enterica serovar Dublin ICBS delivered via different routes

Antibody titer”

Immunization

Vaccine route? Serum IgG Fecal IgA Lung wash IgA
FLA LT FLA LT FLA LT
ICBS i.p. 32,180 = 2,574 ND ND ND ND ND
Oral 506 <2 <2 <2 ND ND
Nasal 16 £2 <2 ND <2 82+9 ND
ICBS plus LT Oral 514 10,683 = 961 3+1 414 ND ND
Nasal 10x2 2% 10° = 1.6 x10* ND ND 104 = 12 8,000 = 796

“ Immunizations were carried out with three doses of 10'° CFU (p.o.) or 107 CFU (i.n. or i.p.) on days 0, 21, and 35. Serum, fecal, and lung wash samples were

collected 1 week after the last immunization dose.

® Titers were determined in ELISA plates treated with type d flagellin (FLA) or purified LTg ;9. (LT). Values are means of endpoint titers = SEM of serum pools
prepared from each mouse group. Data are based on two independent experiments. ND, not done.

indicating that immunological tolerance does not contribute to
the reduced immunogenicity of type d Salmonella flagellin as
observed in mice immunized via the p.o. route with flagellated
S. enterica serovar Dublin vaccine strains.

Coadministration of a mucosal adjuvant (LTg,q,) did not
increase flagellin immunogenicity expressed by orally deliv-
ered S. enterica serovar Dublin strains. LT and cholera toxin
are the most potent and deeply studied mucosal adjuvants
described thus far (44). LT enhances secreted and systemic
antibody responses to coadministered soluble or particulate
antigens, such as live Salmonella cells, delivered via the oral
route (19). In an attempt to enhance flagellin immunogenicity
relative to its ability to induce secreted and systemic antibody
responses, we orally or nasally immunized BALB/c mice with
three doses of live ICBS5 strain coadministered with LTz 45, @
nontoxic LT derivative with preserved immunomodulatory
properties (11). None of the mouse groups that were coimmu-
nized with LTy, and strain ICB5 showed a significant en-
hancement of antiflagellin IgG in serum or of fecal or lung
wash IgA responses (Table 1). The detection of high levels of
serum LT-specific IgG and IgA in samples collected from the
same mouse groups confirmed that the immunizations were
correctly performed. These results suggest that, unlike the case
for other antigens, the reduced immunogenicity of type d

flagellin expressed by flagellated S. enterica serovar Dublin
strains delivered via the oral route cannot be efficiently rescued
by the incorporation of a mucosal adjuvant.

Role of mammalian host and Salmonella strain on flagellin
immunogenicity. For an evaluation of the contribution of
the genetic background of the murine host to the immunoge-
nicity of Salmonella flagellin, mice belonging to seven isogenic
strains, expressing different haplotypes (B10A [H2%], A/J
[H2°], CL57BL/6 [H2"], BALB/c [H2“], DBA/2 [H2"], CBA/J
[H2*], and C3H/HePas [H2"]) and carrying Ity (Nramp) alleles
conferring susceptibility or resistance to Salmonella infection,
were immunized with three doses of live S. enterica serovar
Dublin ICBS via the i.p. or p.o. route. Upon parenteral immu-
nization with the ICBS strain, flagellin was shown to be a
strong immunogen to all tested mouse lineages, as measured
by the specific IgG responses in sera, with reverse titers ranging
from 2 X 10° (A/J) to 2.5 X 10* (C57BL/6) (Table 2). On the
other hand, one priming dose followed by two oral boosting
doses with the same Salmonella strain gave variable results.
Most of the tested mouse strains expressed reduced or no
systemic IgG responses to flagellin, but C3H/HePas mice de-
veloped significant antiflagellin serum IgG responses (reverse
titer of 2,312 + 221) (Table 2). Similar results were also found
for the secreted antiflagellin IgA responses in feces of mice

TABLE 2. Genetic backgrounds of different mouse strains affect the serum (IgG) responses to flagellin and LPS after immunization with

attenuated S. enterica serovar Dublin

ICBS delivered by the oral or i.p. route

IgG antibody titer in serum”

Mouse strain Ity allele” Haplotype Oral route i.p. route
LPS FLA LPS FLA

C57BL/6 S H2° 10,376 = 1,350 345 =20 9,108 = 978 25,053 = 2,455
BALB/c S H2¢ 5,155 = 495 <2 40,930 = 6,300 32,180 = 2,574
B10A S H2? 3,638 = 436 <2 7,315 = 790 13,977 = 1,257
CBA/J R H2k 8,605 = 798 160 = 14 11,585 = 1,056 150,132 = 16,564
DBA/2 R H2¢ 4,770 = 548 <2 6,653 * 678 152,568 = 13,731
A/l R H2?* 6,936 = 716 <2 14,655 = 1,575 207,522 + 20,863
C3H/HePas R H2k 33,147 = 3,140 2,312 = 221 54,064 = 6,100 108,948 = 12,560
Biozi/High R Outbred 42,675 £ 4,050 10,613 = 1,230 24,976 = 2,789 312,837 £ 25,890
Biozi/Low R Outbred 7,634 + 852 56 =8 1,081 = 124 78,591 = 9,683

“ Allele of the Ity (Nramp) gene conferring resistance (R) or susceptibility (S)

to Salmonella infection.

> Immunizations were carried out with three doses of 10'° CFU (p.o.) or 107 CFU (i.n. or i.p.) on days 0, 21, and 35. Serum samples were collected 1 week after the
last immunization dose. Titers were determined in ELISA plates treated with type d flagellin (FLA) or group D Salmonella LPS. Values are means of endpoint titers
+ SEM of serum pools prepared from each mouse group. Data are based on two independent experiments.
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TABLE 3. Immunogenicity of flagellins expressed by different S. enterica serovar Dublin and S. enterica serovar Typhimurium strains, as
measured by antiflagellin systemic (IgG) and secreted (IgA) antibody responses elicited in BALB/c mice immunized
via the parenteral or mucosal route

Antibody titer”

Bacterial strain Immruorlllitz:tion Serum IgG Fecal sIgA Lung wash sIgA
FLA-SD FLA-ST FLA-SD FLA-ST FLA-SD FLA-ST

S. enterica serovar Dublin SL.5930 i.p. 24,454 + 2,689 <2 ND ND ND ND

Nasal 64 =7 <2 ND ND 46 =5 <2

Oral 36 =4 <2 15+3 <2 ND ND

S. enterica serovar Typhimurium LM408 i.p. 203 61,078 = 7329 ND ND ND ND
Nasal 304 15,409 + 1694 ND ND <2 48+ 5

Oral 25*2 6,051 = 617 4=*1 64 £7 ND ND

“ Immunizations were carried out with three doses of 10'° CFU (p.o.) or 107 CFU (i.n. or i.p.) on days 0, 21, and 35. Serum, fecal, and lung wash samples were
collected 1 week after the last immunization dose. Titers were determined in ELISA plates treated with type d flagellin isolated from strain ICBS (FLA-SD) or with
flagellins isolated from strain SL3261 (FLA-ST). Values are means of endpoint titers = SEM of serum pools prepared from each mouse group. Data are representative

of two experiments. ND, not done.

immunized with S. enterica serovar Dublin ICBS (data not
shown). All tested mouse strains developed anti-LPS IgG re-
sponses after immunization with strain ICBS via either the i.p.
or p.o. route (Table 2). Such evidence indicates that flagellin
immunogenicity can be affected by the genetic composition of
the vaccinated mouse strains. Since the C3H/HePas strain ex-
presses the same haplotype (H2") and Ity” allele as other mouse
strains that failed to respond to flagellin, we conclude that type
d flagellin immunogenicity following the delivery of attenuated
S. enterica serovar Dublin strains via mucosal routes relies on
the action of different genetic loci. The polygenic nature of the
immune response to Salmonella type d flagellin in mice was
further demonstrated by similar immunization experiments us-
ing outbred Biozzi mouse lines specifically selected for high
(H) and low (L) levels of immunological responsiveness to
Salmonella antigens (4, 37). The hyperresponsive outbred
mouse H strain developed high-level systemic anti-type d
flagellin IgG responses (reciprocal titer of 10,613 + 1,230)
after p.o. immunization with the ICBS strain, while the hypo-
responsive L strain developed meager anti-type d flagellin se-
rum IgG responses (reciprocal titer of 56 = 8) under the same
conditions (Table 2). Similar results were found for fecal IgA
responses to type d flagellin in the outbred Biozzi mice after
oral immunization with the S. enterica serovar Dublin ICBS
vaccine strain (data not shown).

To test the role of the Salmonella vaccine strains on the
immunogenicity of flagellin, we immunized unresponsive
BALB/c mouse groups via different routes with S. enterica
serovar Typhimurium strain LM408, a pLS408-transformed
derivative of the aroA S. enterica serovar Typhimurium SL3261
vaccine strain, which simultaneously expresses type d flagellin
and type I (type i) and type II (FIjB) flagellins, encoded by
chromosomal genes of the strain. As shown in Table 3, mice
immunized via the i.n. or p.o. route with S. enterica serovar
Typhimurium LM408 were capable of developing high-level
systemic and secreted antibody responses to S. enterica serovar
Typhimurium flagellins, but not to the type d flagellin encoded
by pLS408. Curiously, antibodies raised in mice immunized
with S. enterica serovar Dublin SL5930 did not react with
flagellins isolated from the S. enterica serovar Typhimurium
SL.3261 strain, which shows that, despite their significant amino
acid similarities, the different Sa/monella flagellin types do not

share immunologically dominant B-cell epitopes. Irrespective
of that observation, these results show that the immunogenici-
ties of Salmonella flagellins in the murine model are affected by
the genetic background of the flagellated vaccine strain deliv-
ered via mucosal routes.

Colonization and invasive properties of S. enterica serovar
Dublin and S. enferica serovar Typhimurium strains. The dis-
tinct immunogenicities of Salmonella flagellins were not as-
cribed to different colonization and invasion abilities of the
bacterial strains. The results presented in Table 4 indicate that
the S. enterica serovar Dublin SL5930 strain was recovered
from PP and spleens of inoculated BALB/c mice in higher
numbers than the S. enterica serovar Typhimurium SL3261
strain after a single oral administration of the bacterial strains.
Moreover, S. enterica serovar Dublin SL.5930 was detected for
up to 45 days in mouse tissues, while under our assay condi-
tions, S. enterica serovar Typhimurium LM408 was detected for

TABLE 4. Colonization and invasive properties of S. enterica
serovar Dublin and S. enterica serovar Typhimurium vaccine
strains and pL408 stability after oral administration to mice

. Colonization o .
Bacterial pouse, (CEUJ5 PP)/invasion 7 fagellin
strain’ meage (CFU/spleen)c expression
SL5930 BALB/c 3.5 X 10%1.1 x 10? 83

C3H/HePas 1.1 X 10%9.5 x 10! 79
LM408 BALB/c 4.1 X 10%8 x 10 5
C3H/HePas 9.1 X 10%2.5 x 10! 7

“ The Salmonella strains were given as a single oral dose (10'° CFU).

> The C3H/HePas and BALB/c mouse strains were chosen for their ability to
develop antibody responses to type d flagellin after p.o. immunization with S.
enterica serovar Dublin vaccine strains.

¢ Colonization was measured as the number of colonies detected on Luria-
novobiocin plates inoculated with five homogenized PP collected 7 days after
oral inoculation of the animals with one of the tested Salmonella strains. Simi-
larly, invasion was determined after plating of the spleen homogenates of inoc-
ulated mice. Numbers represent the total number of bacteria recovered from five
PP (colonization) or the whole spleen (invasion) and are the means for three
inoculated female mice.

“ Flagellin expression was measured indirectly by measuring pL.S408 stability
in the two Salmonella hosts. Colonies recovered from plates inoculated with
spleen or PP homogenates were replica plated in ampicillin-containing LB agar
plates. Values are percentages of ampicillin-resistant colonies compared to the
total number of tested colonies.
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FIG. 2. Flagellin-specific cytokine responses elicited in BALB/c mice immunized with three doses of S. enterica serovar Dublin ICB5 via
different administration routes. IFN-y (A), IL-10 (B), IL-2 (C) and IL-4 (D) production was measured in supernatants of splenocyte cultures kept
in RPMI medium or stimulated with inactivated nonflagellated (SL5928) or flagellated (ICB5) bacteria at 107 cells/ml or with purified type d
flagellin (25 pg/ml). Mice were immunized via the p.o. (black bars) or i.p. (gray bars) route or were not immunized (white bars). Data from a
representative experiment are expressed as means = SEM of duplicate cultures. *, significant differences (P < 0.05) between immunized and
nonimmunized mouse groups; **, significant differences (P < 0.05) between stimulation levels with flagellated and nonflagellated Salmonella.

a maximum of 21 days (data not shown). Similar colonization
(PP) and invasion (spleen) numbers were obtained with C3H/
HePas mice, which were able to develop anti-type d flagellin
antibody responses upon oral immunization with flagellated S.
enterica serovar Dublin and S. enterica serovar Typhimurium
strains (Table 4). Approximately 80% of the colonies recov-
ered from PP and spleens of mice 7 days after inoculation with
S. enterica serovar Dublin SL5930 were able to express flagel-
lin, as measured by the presence of pL.S408, while <10% of the
colonies recovered from mice inoculated with S. enterica sero-
var Typhimurium LM408 maintained the plasmid (Table 4).
Moreover, S. enterica serovar Dublin ICB5, which carries the
fliC gene (type d) integrated into the chromosome, does not
lose the ability to express flagellin after several passages in
mouse tissues (data not shown). Taken together, these results
indicate that the reduced B-cell responses to Salmonella flagel-
lins are not due to an impaired ability of the Salmonella strains
to infect and/or persist in host tissues. Moreover, the low level
of immunogenicity of type d flagellin in the S. enterica serovar
Dublin genetic background is not a consequence of the unsta-
ble nature of flagellin expression in this bacterial host.
Flagellin-specific cytokine responses elicited in mice orally
immunized with S. enterica serovar Dublin vaccine strains.
Previous reports have described the activation of flagellin-
specific CD4™ T lymphocytes after oral administration of at-
tenuated S. enterica serovar Typhimurium strains to BALB/c
and C57BL/6 mice (9, 29). To determine whether attenuated S.
enterica serovar Dublin ICBS could also promote the activation

of cell-mediated cytokine responses in vaccinated mice, we
measured [FN-v, IL-10, IL-2, and IL-4 production by spleno-
cytes isolated from BALB/c mice immunized p.o. or i.p. with S.
enterica serovar Dublin ICBS. As shown in Fig. 2, splenocytes
isolated from BALB/c mice immunized via parenteral or mu-
cosal routes with the S. enterica serovar Dublin ICBS5 strain
produced high levels of IFN-y and IL-10 and moderate
amounts of IL-2, but very little IL-4, when stimulated with
purified type d flagellin. The amounts of IFN-y production
after flagellin stimulation were similar for the i.p. and p.o.
immunized groups, whereas IL-10 levels were twofold higher
in splenocyte cultures derived from i.p. immunized mice (Fig.
2). Similar results were observed for cultures treated with poly-
myxin B, confirming that the cytokine responses to flagellin
preparations were not due to residual LPS contamination
(data not shown). When inactivated bacteria were used as an
antigenic stimulus, IFN-y production, but not that of IL-10 or
IL-2, was significantly enhanced in splenocyte cultures stimu-
lated with flagellated Salmonella compared to the levels ob-
tained in cultures stimulated with nonflagellated bacteria (Fig.
2). Identical results were observed in assays performed in the
presence of polymyxin B to avoid possible splenocyte stimula-
tion by LPS contamination in the flagellin preparations (data
not shown). In order to determine the T-lymphocyte popula-
tion involved in the activation of IFN-y production as a recall
response to flagellin, we treated splenocyte cultures with MAbs
that block either CD4- or CD8-dependent T-cell activation.
The addition of an anti-CD4 MAb (GK 1-5) to the splenocyte
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FIG. 3. CD4 cell activation dependence of flagellin-specific IFN-y and IL-10 production in BALB/c mice immunized with three doses of S.
enterica serovar Dublin ICBS via the oral route. IFN-y (A) and IL-10 (B) were measured in supernatants from splenocyte cultures stimulated with
purified flagellin (25 pg/ml), and an anti-CD4 MADb (GK 1.5), an anti-CD8 MAb (TIB105), or both were added at the beginning of the culture.
Controls were splenocyte cultures without an added antibody (medium) and cultures treated with an anti-B-galactosidase MAb (GL 117) (control
antibody). Mice were immunized via the p.o. (black bars) or i.p. (gray bars) route. Data from a representative experiment are expressed as means

+ SEM of duplicate cultures.

cultures suppressed IFN-y production about 90%, while an
anti-CD8 MAb (TIB105) did not modify the IFN-vy production
pattern (Fig. 3A). Regarding IL-10 production, the results
depicted in Fig. 3B show that the GK1-5 MAD treatment re-
duced IL-10 levels about 50%, whereas the TIB105 MAD did
not have an effect. Therefore, IFN-y production in ICB5-im-
munized mice was primarily CD4-cell-activation dependent,
whereas 50% of the IL-10 production was independent of CD4
cell activation. Taken together, these results indicate that, in
spite of the reduced antibody responses, mice immunized via
the oral route with S. enterica serovar Dublin ICBS develop
strong flagellin-specific CD4-dependent IFN-y and IL-10 re-
sponses.

Salmonella flagellin has been intensively used as a carrier of
heterologous B-cell epitopes, either as a purified protein in
acellular formulations or as a particular antigen expressed by
attenuated vaccine strains. The present results indicate that the
production of IFN-y and IL-10 prevails as the immune re-
sponse elicited against flagellin in mice orally immunized with

S. enterica serovar Dublin strains and suggest that similar im-
munological responses could be triggered by heterologous T-
cell epitopes genetically fused to flagellin. To test this hypoth-
esis, we immunized BALB/c mice with S. enterica serovar
Dublin FLA II, which expresses a hybrid flagellin genetically
fused to a 15-amino-acid T-cell epitope derived from the struc-
tural subunit of the CFA/I fimbriae produced by some ETEC
strains (26). As shown in Fig. 4, splenocytes harvested from
mice immunized with S. enterica serovar Dublin FLA II deliv-
ered i.p. or p.o. produced significant IFN-y levels in cultures
stimulated with purified CFA/I fimbriae. Similar to the results
obtained with flagellin, IFN-y production secondary to in vitro
stimulation with CFA/I fimbriae was primarily CD4-cell-acti-
vation dependent since the addition of an anti-CD4 MAD al-
most completely suppressed it, whereas no significant suppres-
sion was detected in cultures treated with an anti-CD8 MAD.
These results indicate that CD4-cell-activation-dependent IFN-y
production after exposure to flagellin and fused heterologous
T-cell epitopes represents a major immune response elicited in
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FIG. 4. Determination of CFA/I-induced IFN-y production and
CD#4 cell activation dependence in mice immunized with S. enterica
serovar Dublin Flall. IFN-y production was measured in supernatants
of splenocyte cultures derived from BALB/c mice immunized via the
i.p. (gray bars) or p.o. (black bars) route with S. enterica serovar Dublin
Flall. Splenocyte cultures were kept in RPMI medium or stimulated
with 25 pg of purified CFA/I fimbriae/ml. Cultures were further
treated with neutralizing MAb GK 1.5 (anti-CD4), TIB105 (anti-CD8),
or both (anti-CD4 + anti-CDS8). Control cultures were treated with the
anti-B-galactosidase GL 117 MAb (control antibody). Data from a
representative experiment are expressed as means = SEM of duplicate
cultures.

mice immunized via the oral route with flagellated S. enterica
serovar Dublin vaccine strains.

DISCUSSION

Flagellin represents one of the most active bacterial immu-
nogens described thus far, both for innate and adaptive mam-
malian immune systems (6-8, 12, 13, 17, 18, 21, 46). Reports on
the reduced systemic and secreted antibody-inducing proper-
ties of Salmonella flagellin following mucosal administration of
flagellated attenuated S. enterica serovar Dublin strains to iso-
genic mice were thus intriguing (10, 36). In the present report,
we have shown that the ability of mice to elicit secreted and
systemic antibody responses to flagellin after mucosal admin-
istration of attenuated Salmonella strains is affected by both
host and bacterial factors. Moreover, we showed that, in con-
trast to the humoral responses elicited by flagellin and heter-
ologous B-cell epitopes genetically fused to it, mice orally
immunized with attenuated S. enterica serovar Dublin strains
expressing a hybrid type d flagellin genetically fused with a
T-cell epitope derived from the CFA/I fimbriae of ETEC de-
veloped a strong induction of CD4-dependent IFN-y and
IL-10 production against both flagellin and the heterologous
epitope. Although at the moment we cannot explain the ge-
netic and molecular bases of specific mechanisms involved in
the control of B-cell immunogenicity of Salmonella flagellin in
the murine model, the present work has unveiled so far unno-
ticed complex host-parasite relationships affecting the devel-
opment of specific immune responses to flagellin expressed by
vaccine strains after the oral administration of live bacterial
cells. Therefore, these results have important implications for
the understanding of Salmonella pathogenicity and the devel-
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opment of vaccines based on flagellin as a carrier protein of
heterologous epitopes.

Orally administered vaccines have numerous advantages
over parenterally delivered formulations. Nonetheless, the de-
velopment of a T-cell tolerance state, measured as unrespon-
siveness to the antigen delivered via parenteral routes in ani-
mals previously immunized with the same antigen via the oral
route, usually restricts the development of effective mucosal
vaccines (43). In fact, recent results indicated that a previous
exposure of cultured human monocytes to purified flagellin
reduces the activation of the innate immune response to a
subsequent exposure to the same antigen due to a stabilization
of binding between the flagellin receptor TLR-5 and the inter-
leukin-1 receptor-associated kinase (30). The reduced flagel-
lin-specific antibody responses elicited in mice immunized via
mucosal routes with live Salmonella strains could therefore
reflect continuous exposure to flagellin due to the maintenance
of Salmonella cells in host tissues favoring the establishment
of immunological tolerance. Nonetheless, our experiments
showed that oral administration of live S. enterica serovar Dub-
lin strains did not reduce the immunogenicity of parenterally
delivered flagellin, either as a purified protein or in flagellated
Salmonella cells, thus indicating that the tolerogenic state was
not established in the immunized animals. The recent finding
that the S. enferica serovar Enteritidis flagellin can induce
efficient systemic and secreted antibody responses when incor-
porated into biodegradable microparticles administered orally
to mice further demonstrates that the Salmonella flagellin by
itself does not lead to oral tolerance (40). Taken together, the
available evidence indicates that the low antibody levels in-
duced by orally delivered type d flagellin are not due to a
tolerogenic state to this protein, but rather may reflect the
activation of an immunological response pattern which would
favor immune responses other than the production of systemic
and secreted antibodies.

The discovery of mucosal adjuvants, such as the cholera or
heat-labile toxins, has led to a renewed interest in the devel-
opment of effective oral vaccines based either on acellular
formulations or whole live or inactivated microorganisms (11,
19, 44). In the present work, the incorporation of LTg;4,, an
LT derivative with reduced toxic effects but preserved adjuvant
effects, did not enhance type d flagellin immunogenicity with
regard to the production of systemic and secreted antibody
responses in mice immunized via mucosal routes with flagel-
lated S. enterica serovar Dublin strains. Such a finding further
supports the assumption that low-level antibody responses af-
ter flagellin delivery by mucosal routes are not a consequence
of low antigen loads or an inefficient activation of mucosa-
associated lymphoid tissues but rather reflect an intrinsic char-
acteristic of the immune response by the murine host. These
results also emphasize that, in contrast to the case for other
antigens, coadministration of a mucosal adjuvant most proba-
bly would not overcome the reduced immunogenicity of re-
combinant flagellins genetically fused to heterologous B epi-
topes expressed by orally delivered bivalent S. enferica serovar
Dublin vaccine strains.

Previous evidence indicated that the genetic background of
the murine host can modulate the immunological responsive-
ness to heterologous antigens expressed by parenterally deliv-
ered Salmonella vaccine strains (15). In an attempt to evaluate
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the role of the genetic composition of the murine host on the
immunogenicity of type d flagellin expressed by attenuated S.
enterica serovar Dublin strains delivered via mucosal routes, we
tested seven mouse strains expressing four different haplotypes
and harboring alleles of the /ty (Nramp) gene conferring re-
sistance or sensitivity to Salmonella infection. Our results con-
firmed the role of the host genetic background on the immu-
nogenicity of flagellin delivered by attenuated Salmonella
strains. Our data indicate that the ability to mount secreted
and systemic antibody responses to the Salmonella type d
flagellin after the oral delivery of attenuated strains is not
related to specific H2 mouse haplotypes or the presence of Iy
alleles, but rather reflects the interplay of genes located out-
side the H2 complex. An additional piece of evidence of the
polygenic nature of antibody responsiveness to Salmonella
flagellin in the murine model came from experiments using
selection III Biozzi mice, which are outbred lines genetically
selected for high- and low-level antibody responsiveness to the
Salmonella flagellar antigen (4, 37). Originally derived from
Swiss albino mice, such mouse lines are considered homozy-
gous for the relevant alleles involved with the generation of
antibody responses, which are considered to comprise 4 to 10
independently segregating loci responsible for the interline
differences (35). As expected, high- and low-level responders
showed distinct immunological behaviors toward type d flagel-
lin after the administration of attenuated S. enterica serovar
Dublin strains via mucosal and parenteral routes. Although the
genetic basis of the distinct antibody responsiveness of the two
Biozzi strains is still unknown, previous evidence indicates that
the T-cell proliferative responses and altered T-helper func-
tions, leading to different types of regulation of T-helper sub-
sets under antigenic stimulation, could be responsible for the
interline difference in antibody responsiveness to flagellin (34).
These data also stress the importance of a careful interpreta-
tion of results based on the use of murine models for the
evaluation of vaccine formulations based on attenuated Sal-
monella strains administered via different inoculation routes.
The various Salmonella serological flagellin types, although
sharing significant amino acid homologies, have specific se-
quence domains that are able to elicit non-cross-reacting an-
tibodies, which are the basis of the immunological typing of
numerous Salmonella serovars (22). Indeed, antibodies raised
in mice immunized i.p. with type d or type i (or FIjB) flagellin
did not show a significant cross-reaction with each other, fur-
ther supporting the notion that the immunodominant B-cell
epitopes of Salmonella flagellins lie at the hypervariable central
domain of the protein. The detection of secreted and systemic
antiflagellin antibody responses in BALB/c mice orally immu-
nized with a derivative of the §. enterica serovar Typhimurium
SL3261 strain showed that bacterium-associated factors can
also affect flagellin immunogenicity in the mouse model. At-
tempts to evaluate the role of the bacterial host on the immu-
nogenicity of type d flagellin were not conclusive due to the
unstable behavior of pLS408 in S. enterica serovar Typhi-
murium. However, our results clearly demonstrate that the
distinct immunogenicities of type d, type i, and FljB flagellins
do not correlate with the colonization and invasive abilities of
the Salmonella serovars. Further investigations of the differen-
tial immunogenicities of the different Salmonella flagellin types
and the role of the bacterial host on the antibody responses
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elicited in mice immunized with different vaccine strains are
currently under way.

BALB/c mice immunized p.o. with S. enterica serovar Dublin
strains had enhanced CDA4-cell-activation-dependent IFN-y
and IL-10 production upon stimulation with purified flagellin
or flagellated bacterial cells. Previous work demonstrated that
flagellin represents a major antigen that stimulates murine
CD4"-T-cell clones after p.o. immunization with S. enterica
serovar Typhimurium SL3261 (9, 29). Flagellin is also known
to be an important antigen for the generation of protective
responses in mice orally immunized with attenuated Salmo-
nella strains (20, 29). Indeed, the induction of IL-2 production
has also been detected against a T-cell epitope inserted at the
hypervariable region of Salmonella flagellin delivered paren-
terally to mice (42). These results further support the hypoth-
esis that antiflagellin cell-mediated immune responses prevail
in most mouse lineages exposed to attenuated S. enterica se-
rovar Dublin strains via the intestinal mucosa. The observation
that orally delivered S. enterica serovar Dublin strains can elicit
strong CD4-cell-activation-dependent IFN-y responses to type
d flagellin or genetically fused heterologous epitopes suggests
that T-cell epitopes derived from antigens of pathogens requir-
ing cell-dependent protective responses would be particularly
interesting to test by the Salmonella-flagellin bivalent vaccine
approach.

Our results showed that the predominant antiflagellin re-
sponse in BALB/c mice immunized with S. enterica serovar
Dublin vaccine strains via the p.o. route is the activation of
IFN-y production, which may lead to macrophage activation,
and not a B-cell-mediated antibody response. However, an
intense antibody response to the T-cell-independent antigen
LPS was observed in these vaccinated mice, indicating that the
B-cell compartment is also activated by this oral immunization
protocol. Further experiments to evaluate the protective im-
mune responses leading to protection against Salmonella chal-
lenges in the murine model are necessary and will contribute to
the elucidation of the mechanisms involved in the protection of
animals immunized via the natural port of entry of the patho-
gen.

During the last three decades, the remarkable immunolog-
ical properties of bacterial flagellins have contributed to the
understanding of different aspects of mammalian innate and
adaptive immune systems. Some of the evidence reported in
the present work will contribute to the elucidation of new
aspects of bacterial flagellins as immune system modulators
and will contribute to a more rational use of Salmonella flagella
as carriers of heterologous epitopes in bivalent vaccine ap-
proaches.
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