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Environmental shedding of genetically manipulated microorganisms is an issue impeding the development
of new live vaccines. We have investigated the immunogenicity of a number of novel Salmonella enterica serotype
Typhimurium oral vaccine candidates that express the fragment C (TetC) component of tetanus toxin and
harbor combinations of additional mutations in genes shdA, misL, and ratB that contribute to the persistence
of serotype Typhimurium’s colonization of the intestine. Serotype Typhimurium arod (TetC) derivatives
harboring additional mutations in either shd4 or misL or combinations of these mutations exhibited a marked
decrease in shedding of the vaccine strain in the feces of orally vaccinated mice. However, equivalent levels of
anti-TetC and anti-Salmonella lipopolysaccharide immunoglobulin G (IgG), IgG1, IgG2a, and IgA were de-
tected in sera of the vaccinated but not of the control mice. Cellular immune responses to TetC were detected
in all vaccinated mice, regardless of the presence of the additional mutations in shdA or misL. Further,
immunization with serotype Typhimurium aroA candidate vaccines harboring shdA and misL afforded complete
protection against challenge with a virulent strain of serotype Typhimurium.

Genetically manipulated, attenuated microorganisms are
emerging as candidates for the development of live vaccines.
However, there are health and safety concerns associated with
the release of genetically modified microorganisms into the
environment (15). Ideally, it is desirable to limit the number of
genetically modified microorganisms entering the environ-
ment, without decreasing vaccine immunogenicity or efficacy.
Derivatives of Salmonella enterica that express heterologous
antigens are promising candidate polyvalent live oral vaccines.
The degree to which viable Salmonella cells are shed with feces
after oral inoculation varies considerably between different
Salmonella serotypes. S. enterica serotype Typhi (serotype
Typhi) and S. enterica serotype Typhimurium cause diseases in
humans that represent two ends of the spectrum in this respect.
Serotype Typhi is the causative agent of typhoid fever, a syn-
drome characterized by systemic spread of the microorganism
(20). A licensed live oral typhoid vaccine, serovar Typhi Ty21a,
is shed in the stools of most vaccinees for 1 to 4 days (21). The
results of volunteer studies with novel live oral serovar Typhi
vaccine candidates, such as a phoP-phoQ deletion strain (10),
an aromatic amino acid auxotroph strain (17), and a serovar
Typhi derivative harboring mutations in aroC and ssal/, reveal
similar durations of fecal shedding. In contrast to serovar
Typhi, serotype Typhimurium causes a disease typified by a
high level of colonization of the intestine and associated in-
flammatory diarrhea in humans and some farm animals. The
results of volunteer trials of candidate serotype Typhimurium
live oral vaccine strains show markedly greater intestinal col-
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onization and shedding with feces for these strains than for
serovar Typhi strains. For example, a serotype Typhimurium
phoP-phoQ strain was shed with feces for at least 10 days in
some cases, at which stage antibiotic therapy was used to clear
the vaccine bacteria (3). In the results of a second volunteer
study with a serotype Typhimurium aroA ssal’ vaccine candi-
date, heavy colonization of the intestine and shedding of the
vaccine-associated bacteria with feces for 2 to 3 weeks were
reported (9). Similar findings were reported in a third study
using a serotype Typhimurium AphoP-phoQ AaroA Aasd
AstrA-strB strain (16). The high levels of shedding exhibited by
genetically manipulated candidate serotype Typhimurium vac-
cine strains have precluded both their development as live
Salmonella vaccines in humans and their use as live vectors for
delivering heterologous antigens.

The limited intestinal persistence of serovar Typhi during
infection may result from the degradation of its genome com-
pared to the genomes of nontyphoidal serotypes, such as se-
rotype Typhimurium. Several genes implicated in intestinal
colonization and persistence in serotype Typhimurium, includ-
ing shdA, ratB, sivH (12, 14), misL (8), and some fimbrial
operons (22), are pseudogenes in serovar Typhi (19). Serovar
Typhi has 12 putative usher-chaperone-family fimbrial operons
(22), of which 5 (bcf, stb, stc, std, and sth) have homologous
operons in serotype Typhimurium that are required for pro-
longed intestinal colonization (24). Two of these, bcf and sth,
contain one or more pseudogenes in the operon that are likely
to abrogate fimbrial biogenesis (22). The shdA and misL genes
encode proteins of the autotransporter family of secreted pro-
teins. Both ShdA and MisL bind fibronectin but differ in their
binding to additional extracellular matrix proteins, collagen I
and collagen IV, respectively (8, 13). The ratB gene of serotype
Typhimurium is predicted to encode a secreted protein of
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unknown function that has a profound effect on persistence in
the ceca of genetically resistant mice (12).

Here, we address the hypothesis that prolonged intestinal
colonization is required for a robust immune response to the
vector and heterologous antigen expressed from a plasmid. We
determined the immune response to a heterologous antigen
(TetC) expressed by live serotype Typhimurium vaccine strains
containing mutations in a subset of the genetic loci previously
implicated in shedding of serotype Typhimurium with feces in
the murine host. Our aim was to test a proof in principle that
vaccines with reduced shedding levels could still make effective
vaccines. These considerations are important for the develop-
ment of improved live attenuated multivalent vaccines with a
reduced impact on the environment.

MATERIALS AND METHODS

Bacterial strains and culture conditions. SL.3261 is an aroA hisS vaccine strain
(11). AH9 (AshdA::aph) has been described previously (12). Bacteria were cul-
tured aerobically at 37°C in Luria-Bertani (LB) broth or LB with 1% agar
supplemented with antibiotics as appropriate at the following concentrations:
ampicillin (Amp), 100 mg/liter (LB + Amp); chloramphenicol (Chl), 30 mg/liter
(LB + Chl); and kanamycin (Kan), 30 mg/liter (LB + Kan). Bacteriophage P22
HT105/1 int was used for generalized transduction of antibiotic resistance genes,
the Chl acetyltransferase (cat) gene, or the aminoglycoside phosphotransferase
(aph) gene between serotype Typhimurium strains. Transductants were routinely
purified of contaminating phage by streaking the strain twice for single colonies
on Evans blue uridine plates (4).

A serotype Typhimurium aroA strain in which the misL gene was replaced with
a cat gene was constructed by allelic exchange using a method previously de-
scribed, with minor modifications (7). Primers 5" TTATTGCGATGTGGAAG
ACGCTTTACGCCATAATGCAGGAGGCAGATGTGTAGGCTGGAGCT
GCTTC 3’ and 5" TCCGGGTAAAAGCCGCTGAAGATCAGCGGCTCTGT
TGTTACCTGAACATATGAATATCCTCCTTAG 3’ were used to amplify the
cat gene from pKD3 (7). These primers contain a 46-nucleotide sequence that is
identical to the flanking sequence of the intended deletion (+1 to +3116 of the
misL open reading frame). The resulting PCR product was introduced by elec-
trotransformation into serotype Typhimurium strain SL3261 containing plasmid
pKD46. Recombination of the PCR product into the serotype Typhimurium
chromosome was selected for by plating transformants on LB + Chl agar. The
cat gene was transferred to serotype Typhimurium SL3261 by P22 transduction.
One colony was selected and designated serotype Typhimurium MFA12. Colony
PCR using primer pairs that annealed within the deletion and flanking the
deletion was used to confirm the correct structure of the mutation (data not
shown). In addition, genomic DNA prepared from MFA12 was digested with
restriction endonuclease EcoRV, transferred to a nylon membrane by Southern
transfer, and probed with a cloned fragment of misL. These data also confirmed
the misL deletion in MFA12 (data not shown).

A serotype Typhimurium aroA strain in which the ratB gene was replaced with
an aph gene was constructed by a methodology similar to that described above.
Primers 5 AGCTGGCGCTGTTCCGGTAGCGATGTATTTTTACGTTTTT
GTATTGTGTAGGCTGGAGCTGCTTC 3’ and 5" GCGTCGCCGCGGGTA
ATCACGAAATCAACGTTGCCCTCCGGTTCGCCTTACATATGAATATC
CTCCTTAG 3’ were used to amplify the aph gene from pKD4 (7). These
primers contain a 46-nucleotide sequence that is identical to the flanking se-
quence of the intended deletion (—50 to +752 of the ratB open reading frame).
The resulting PCR product was introduced by electrotransformation into sero-
type Typhimurium SL3261 containing plasmid pKD46. Recombination of the
PCR product into the serotype Typhimurium chromosome was selected for by
plating transformants on LB + Kan agar. The aph gene was transferred to
serotype Typhimurium SL3261 by P22 transduction. A colony was selected and
designated serotype Typhimurium MFA16. Colony PCR using primer pairs that
annealed within the deletion and flanking the deletion was used to confirm the
correct structure of the mutation (data not shown). In addition, genomic DNA
prepared from MFA16 was digested with restriction endonuclease EcoRYV,
transferred to a nylon membrane by Southern transfer, and probed with a cloned
fragment of ratB. These data also confirmed the ratB deletion in MFA16 (data
not shown).

Serotype Typhimurium strain AH9, in which the shdA gene has been replaced
by the aph gene, was previously described (12). A serotype Typhimurium aroA
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strain in which the shdA gene was replaced by the aph gene was constructed by
transferring the aph gene from AH9 into SL3261 by P22 transduction. This strain
was designated MFA13. Serotype Typhimurium strain AJB715, in which the
phoN gene has been replaced by the aph gene, was previously described (12). A
serotype Typhimurium aroA strain in which the phoN gene was replaced by the
aph gene was constructed by transferring the aph gene from AJB715 into strain
SL3261 by P22 transduction. This derivative was designated MFA25. A serotype
Typhimurium aroA strain in which the shdA gene was replaced by the aph gene
and the misL gene with the cat gene was constructed by transferring the cat gene
from MFA12 into MFA13 by P22 transduction. This derivative was designated
MFAI7.

Determination of TetC expression. Serotype Typhimurium strains were trans-
formed with pTetCnirB15 by electroporation. In order to determine the expres-
sion of TetC from pTetCnirB15-containing strains, LB broth cultures were har-
vested by centrifugation and suspended in phosphate-buffered saline (PBS) (pH
7.4) to an optical density at 600 nm (ODy) of 1. This suspension was mixed with
an equal volume of 2X sodium dodecyl sulfate loading buffer and separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis using a 4- to 20%-
gradient gel (Bio-Rad). Proteins were transferred to polyvinylidene fluoride
membranes (Immobilon-P) by Western transfer and detected with rabbit anti-
TetC antibody.

Experimental infections of mice. For inoculation of mice, serotype Typhi-
murium strains were grown statically in LB broth supplemented with Amp as
appropriate. Bacteria were harvested by centrifugation, washed, and then sus-
pended in PBS (pH 7.4) to approximately 1 X 10° CFU per ml. Groups of 6- to
8-week-old female BALB/c ByJ mice were inoculated orally by gavage with 0.2
ml of bacterial suspension each. Viable counts were determined in the inoculum
and on days 2, 4, 7, 11, and 14 in freshly recovered fecal pellets suspended in 0.5
ml PBS (pH 7.4) by serial 10-fold dilution and culture on LB agar supplemented
with the appropriate antibiotic. Serotype Typhimurium cells were selectively
cultured and distinguished from normal flora by the addition of Kan or Chl
(MFA12) to the culture medium. For the calculation of the means of the CFU,
in cases where no CFU were detected, the limit of detection (50 CFU) was used
for the calculation. The two-tailed Student ¢ test was used to determine whether
the mean of the CFU recovered from each test group was significantly different
from that of the group inoculated with strain MFA25. On day 21 postinoculation,
peripheral blood was collected by tail bleed and sera were prepared by standard
techniques and stored at —20°C for further analysis. All mice except the group
inoculated with the plasmidless MFA25 were boosted by intranasal administra-
tion of 0.01 mg of six-His-tagged TetC and 0.001 mg of wild-type heat-labile
enterotoxin (LT) in 0.05 ml of PBS (pH 7.4). At 14 days postboost, mice were
sacrificed, blood was collected by cardiac puncture, and spleens were asceptically
removed for splenocyte preparation.

To determine the maintenance of pTetCnirB15 in serotype Typhimurium in
vivo, a group of five mice were inoculated orally by gavage with 1 X 10° CFU of
serotype Typhimurium MFA25(pTetCnirB15). Serial dilutions of freshly col-
lected fecal pellets homogenated in PBS (pH 7.4) were cultured on LB + Kan
and LB + Amp in order to determine the proportion of serotype Typhimurium
MFA25 containing pTetCnirBI15.

Determination of total IgG and IgG subtypes in mouse sera. Nunc Maxisorp
plates were coated overnight at 4°C with 0.05 ml of a 0.002-mg/ml solution of
purified six-His-tagged TetC or lipopolysaccharide (LPS) in coating buffer (0.1 M
Na,HPO, at a pH of 9). Wells were washed with PBS (pH 7.4) containing 0.05%
Tween 20 (PBS-T), and then plates were blocked with 0.1 ml of 3.0% bovine
serum albumin or nonfat dried milk in PBS (pH 7.4) at room temperature for 60
min. Plates were then washed with PBS-T, and serum was added as follows. A
total of 0.003 ml of serum was added to 0.027 ml of PBS with 0.2% bovine serum
albumin and 0.05% Tween 20 (PBS-BT); 0.0125 ml of this was then added to
0.125 ml of PBS-BT in the top well and diluted (with PBS-BT) 5-fold in subse-
quent wells. Each plate contained control wells with preimmune sera, PBS (pH
7.4), or a known positive immune serum and incubated for 2 h at room temper-
ature. Wells were washed three times with PBS-T and then anti-mouse immu-
noglobulin G (IgG) or IgA antibody conjugated to horseradish peroxidase
(HRP) (Serotec) diluted 1/1,000 in PBS-BT was added at 0.1 ml per well. Plates
were incubated for 1 h at room temperature. Wells were washed five times with
PBS-T and the level of HRP associated with each well was determined using
Sigma Fast o-phenylenediamine dihydrochloride (100 pl per well) colorimetric
substrate. The reaction was stopped after 20 min by the addition of 0.02 ml of 2.5
M H,SO,. The OD,49, was determined using an enzyme-linked immunosorbent
assay (ELISA) plate reader, and the titer was expressed as the reciprocal of the
dilution giving an OD of 0.3.

The protocol was modified as follows to determine the IgG subclass titers in
mouse sera. Rat monoclonal antibodies that specifically bind mouse IgG sub-
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TABLE 1. Strains constructed in this study

Name Genotype
MFA2S............. Serovar Typhimurium AaroA AphoN::aph
..Serovar Typhimurium Aaro AshdA::aph
MFA12............... Serovar Typhimurium AaroA AmisL::cat
MFAT17 ... Serovar Typhimurium AaroA AmisL::cat AshdA::aph
MFAT16............... Serovar Typhimurium AaroA AratB::aph

classes, conjugated to biotin (PharMingen), were used as the secondary antibody.
Anti-IgG1 and anti-IgG2a were used at dilutions of 1:4,000 and 1:1,000, respec-
tively. Subclass conjugate antibodies were calibrated against purified isotype
antibodies as antigen to enable direct comparisons. To detect the biotin-conju-
gated antibodies, plates were washed four times in PBS-T and then 0.05 ml of
streptavidin-HRP diluted at 1:1,000 in PBS-T was added to each well. Plates
were developed and titers measured as described above.

Th1/Th2 cytometric bead array. Mice were sacrificed and their spleens re-
moved aseptically into RPMI medium supplemented with 10% fetal calf serum,
2 mM glutamine, 10~ 2-mercaptoethanol, 100 U/ml penicillin, and 0.1 mg/ml
streptomycin (RPMI+ medium). Single-cell suspensions were prepared by push-
ing spleens through a 100-um cell strainer (Becton Dickinson). Cells were cen-
trifuged at 1,500 rpm for 5 min, followed by incubation with 0.5% Tris-ammo-
nium chloride (pH 7.2) solution for 5 min to remove erythrocytes. Cells were
washed with RPMI medium twice and then suspended in 1 ml RPMI+ medium.
Viable splenocytes were counted by a trypan blue exclusion assay.

Cells were seeded, in duplicate, into round-bottomed, 96-well tissue culture
plates at a concentration of 5 X 10° cells/well in a volume of 0.2 ml. Splenocytes
were stimulated with either purified fragment C (0.005 mg/ml) or concanavalin
A or RPMI+ medium. Plates were incubated at 37°C and 5% CO, for 24 h, when
supernatants were stored at —80°C for subsequent cytometric bead array cyto-
kine analysis.

Assays were performed per the manufacturer’s instructions (BD Biosciences).
Briefly, 0.05 ml of mixed capture beads was added to 0.05 ml of splenocyte
culture supernatant and mixed. A total of 0.05 ml of phycoerythrin detection
reagent was added to each sample tube and incubated for 2 h at room temper-
ature. A 1-ml volume of wash buffer (BD Biosciences) was added to each tube.
This was then mixed thoroughly using a vortex and centrifuged at 200 X g for
5 min. After the supernatant was discarded, a further 0.3 ml of wash buffer was
added and the pellet was suspended. Samples were then analyzed on an Aria flow
cytometer (BD Biosciences).

RESULTS

Mutations in shd4 and misL decrease shedding of a serotype
Typhimurium aroA vaccine candidate into feces. Serotype
Typhimurium derivatives harboring mutations in shdA (12, 14),
ratB (12), or misL (8) exhibit reduced persistence in the murine
cecum. These strains are also shed with the feces in lower
numbers and for a shorter time period than the isogenic pa-
rental strains. We therefore tested the hypothesis that the
introduction of these mutations into vaccine strain serotype
Typhimurium SL3261 (aroA) would decrease the level and
duration of fecal shedding. In order to enumerate SL.3261 in
the feces, it was necessary to introduce a selectable marker so
that SL.3261 could be distinguished from the normal flora. To
this end, the aph gene, which confers Kan resistance, was used
to replace the phoN gene by allelic exchange. The phoN gene
has previously been shown to be dispensable for the intestinal
and systemic phases of murine salmonellosis (12). Further-
more, in order to compare the abilities of the candidate vac-
cine strains to elicit an immune response to heterologous an-
tigen, each strain was transformed with pTetCnirBI15. This
plasmid encodes the nontoxic fragment C (TetC) of tetanus
toxin and directs the expression of TetC under the control of
the nirB15 promoter (6). All of the vaccine strains (Table 1)
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TABLE 2. Shedding of serovar Typhimurium strains in feces of
mice following oral inoculation”

Log,y CFU per 100 mg

i M
Strain and day feces for mouse” loean
postinoculation c 15113

1 2 3 4 5

MFA25 AaroA

AphoN::aph
4 4.7 4.9 43 3.7 4.0 4.5
7 34 4.1 3.7 4.0 49 3.9
10 42 3.4 34 42 3.4 3.9
14 4.0 3.7 3.7 3.0 2.7 3.6
MFA25(pTetCnirB15)
AaroA AphoN::aph
4 4.4 5.4 3.9 4.4 4.4 4.8
7 4.4 3.7 4.0 4.0 4.4 42
10 3.9 39 34 3.4 3.4 3.7
14 3.9 39 3.7 3.0 2.7 3.6
MFA13(pTetCnirB15)
AaroA AshdA::aph
4 3.4 2.7 29 ND 24 2.6
7 2.9 29 30 ND 32 2.7
10 33 32 2.7 3.4 4.0 35
14 24 ND 24 ND 24 2.1
MFA12(pTetCnirB15)
AaroA AmisL::cat
4 2.4 3.1 24 24 ND 24
7 ND 27 ND 24 2.7 22
10 24 ND ND 34 ND 22
14 ND ND ND ND 24 1.8
MFA17(pTetCnirB15)
AaroA AmisL::cat
AshdA::aph
4 ND ND ND 30 ND 2.0
7 ND ND 27 27 ND 2.1
10 ND 41 ND 37 ND 2.6
14 ND ND ND 3.0 ND 2.0
MFA16(pTetCnirB15)
AaroA AratB::aph
4 5.4 4.7 5.0 39 4.7 5.0
7 5.5 4.4 5.7 4.7 4.4 53
10 5.4 4.7 3.7 3.7 4.1 4.8
14 5.4 3.7 3.0 3.0 34 4.7

“ Groups of five mice were inoculated orally with serovar Typhimurium
MFA25 aroA phoN, serovar Typhimurium MFA25(pTetCnirB15) aro phoN,
serovar Typhimurium MFA16(pTetCnirB15) aroA ratB, serovar Typhimurium
MFA13(pTetCnirB15) aroA shdA, serovar Typhimurium MFA12(pTetCnirB15)
aroA misL, or serovar Typhimurium MFA17(pTetCnirB15) aroA shdA misL.

® The limit of detection was 50 (log,, 1.7) CFU per sample. ND, not detected.

transformed with plasmid pTetCnirB15 expressed similar
amounts of TetC when grown under anaerobic conditions, as
determined by Western blot analysis of whole-cell lysates using
rabbit anti-TetC antibody (data not shown).

Approximately 1 X 10° CFU of serotype Typhimurium
MFA25 aroA AphoN:aph, MFA25(pTetCnirB15) aroA
AphoN::aph, MFA13(pTetCnirB15) aroA AshdA::.aph, MFA16
(pTetCnirB15) aroA AratB::aph, MFA12 (TetCnirB15) aroA
AmisL::cat, or MFA17(pTetCnirBI15) aroA AmisL::cat AshdA::aph
was inoculated orally into groups of five female BALB/c ByJ mice
(Table 2). No significant difference in the number of CFU shed
with feces was observed between groups of mice inoculated
with MFA25, MFA25(pTetCnirB15), and MFA16(pTetCnirB15)
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AratB. The mean numbers of CFU/mg feces shed by these
groups of mice were 1 X 10° to 1 X 10°. In contrast, groups
of mice inoculated with MFA13(pTetCnirBI15) shdA or
MFA12(pTetCnirB15) misL had a mean shedding with feces
approximately two orders of magnitude lower than that of
MFA25(pTetCnirB15) on days 4, 7, and 14. Furthermore, the
number of mice shedding vaccine CFU with feces was lower in
groups of mice inoculated with MFA13(pTetCnirB15) shdA or
MFA12(pTetCnirB15) misL. All five mice in the group inocu-
lated with MFA25(pTetCnirB15) shed this vaccine with feces
at levels above the detectable limit on each of the 4 days tested.
In contrast, on just a single occasion (day 10) did all five mice
inoculated with MFA13(pTetCnirB15) shdA shed detectable
numbers of CFU with their feces. On none of the 4 days tested
did all five mice in the group inoculated with MFA12
(pTetCnirB15) misL shed this strain. Indeed, on day 14 post-
inoculation, CFU were detectable in only a single mouse. On
days 4 and 14 postinoculation, the mean shedding of CFU from
groups of mice inoculated with MFA13(pTetCnirB15) shdA or
MFA12(pTetCnirB15) misL was significantly (P < 0.05) lower
than the mean shedding from mice inoculated with
MFA25(pTetCnirB15). There was no significant difference be-
tween these groups on day 10 postinoculation. We next tested
whether mutations in shdA and misL have synergistic effects
when combined in the same serotype Typhimurium derivative.
A group of five mice orally inoculated with approximately 1 X
10° CFU of serotype Typhimurium MFA17(pTetCnirBI15)
misL shdA shed this vaccine with feces at levels similar to the
levels of MFA13 and MFA12 (Table 2). However, unlike these
derivatives, MFA17 was shed at significantly fewer mean CFU
(P < 0.05) on day 10 postinoculation in addition to days 4, 7,
and 14. Furthermore, on days 4 and 14, only a single mouse in
the group was shedding detectable numbers of CFU and only
two from the group of five were shedding detectable numbers
of CFU on days 7 and 10.

Attenuation of intestinal persistence of serotype Typhi-
murium does not detectably affect elicitation of humoral or
cellular immune responses to heterologous antigen. To ad-
dress the question as to whether decreased intestinal coloni-
zation and persistence impact the immunogenicity of serotype
Typhimurium vaccine candidates, we determined the humoral
and cellular immune responses to LPS and the heterologous
antigen TetC. To determine the humoral immune response to
serotype Typhimurium somatic antigen and TetC, peripheral
blood from the groups of mice described in the previous sec-
tion was collected at 21 days postinoculation by tail bleed.
Anti-serotype Typhimurium LPS IgG was detected in all
groups of mice (Fig. 1), with no significant difference (P >
0.05) in the mean titers between the six groups. All of the
groups inoculated with serotype Typhimurium harboring
pTetCnirB15 had a greater titer of anti-TetC IgG (Fig. 2) than
mice inoculated with MFA25 lacking the plasmid. No signifi-
cant difference was detected in the mean titers of anti-TetC
IgG between the group inoculated with MFA25(pTetCnirB15)
and the groups inoculated with serotype Typhimurium
MFA13(pTetCnirB15) aroA AshdA::aph, MFA16(pTetCnirB15)
aroA  AratB:aph, MFA12(pTetCnirB15) AaroA AmisL:cat, or
MFA17(pTetCnirB15) AaroA AmisL:cat AshdA:aph. The same
trends were evident for anti-TetC IgG2a (Fig. 2C) and IgG1 (Fig.
2E) subtypes. However, in all groups, the IgG2a anti-TetC im-
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FIG. 1. IgG response to serotype Typhimurium LPS in mice 21
days following inoculation with serovar Typhimurium vaccine
strains. Anti-LPS IgG was quantified from serum from peripheral
blood by ELISA. The titer for each animal (circle) and the mean
titer for each group (horizontal bar) are indicated. The mutation(s)
of the serotype Typhimurium strain tested in each group is indi-
cated below the graph. All are aro4. — and + indicate the absence
or presence of pTetCnirB.

mune response was greater than that of IgG1, suggesting a bias
toward a Thl-type immune response.

The humoral and cellular immune responses to TetC were
determined following intranasal boost with TetC and LT as the
adjuvant. Fourteen days following this boost, sera were col-
lected by cardiac puncture, the mice were sacrificed, and the
spleens aseptically removed. Similar trends were observed in
the total IgG and IgG subtype responses between postboost
sera and preboost sera (Fig. 2). All immune responses were
greater and had more uniformity following intranasal boost,
especially for the IgG1 subclass. However, the IgG2a subclass
response was still greater than that with IgG1. No significant
difference was detected in the mean titer of anti-TetC IgG
between the group inoculated with MFA25 (pTetCnirB15) and
the groups inoculated with serotype Typhimurium MFA13
(pTetCnirB15) aroA AshdA::aph, MFA16 (pTetCnirB15) aroA
AratB::aph, MFA12 (pTetCnirB15) AaroA AmisL::cat, or
MFA17 (pTetCnirB15) AaroA AmisL::cat AshdA::aph. The
same trends were evident for anti-TetC IgG2a (Fig. 2D) and
1gG1 (Fig. 2F) subtypes.

The concentrations of interleukin-2 (IL-2), gamma inter-
feron (IFN-vy), tumor necrosis factor alpha, and IL-4 in the cell
culture supernatant of splenocytes stimulated with TetC were
determined. All of the groups inoculated with serotype Typhi-
murium harboring pTetCnirBI15 had elevated concentrations
of IL-2 and IFN-y compared to mice inoculated with MFA25
lacking the plasmid (Fig. 3A and B). In contrast, no detectable
TetC-specific production of TNF-a or IL-4 was observed (data
not shown). No significant differences in IL-2 and IFN-y pro-
duction by splenocytes from the groups inoculated with
MFA25(pTetCnirB15) and the groups inoculated with sero-
type Typhimurium MFA13(pTetCnirB15) aroA AshdA:aph,
MFA16(pTetCnirB15) aroA AratB::aph, MFA12
(pTetCnirB15) AaroA AmisL::cat, or MFA17(pTetCnirB15)
AaroA AmisL::cat AshdA::aph were observed.

In order to determine the mucosal immune response to
TetC, three groups of BALB/c ByJ mice were inoculated
with serotype Typhimurium MFA25(pTetCnirB15), MFA17
(pTetCnirB15), or MFA25. Shedding of the vaccine strains
from these mice was similar to that observed in the experiment
previously described (data not shown). Significantly, on day 1
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FIG. 2. IgG response to serotype Typhimurium LPS and TetC in animals 21 days following inoculation with serotype Typhimurium vaccine
strains and following intranasal boost. IgG specific for TetC (A), IgG specific for TetC following intranasal boost (plasmidless MFA25 group was
not boosted) (B), IgG2a specific for TetC (C), IgG2a specific for TetC following intranasal boost (plasmidless MFA25 group was not boosted) (D),
IgG1 specific for TetC (E), or IgG1 specific for TetC following intranasal boost (plasmidless MFA25 group was not boosted) (F) was quantified
from serum derived from peripheral blood by ELISA. The titer for each animal (circle) and the mean titer for each group (horizontal bar) are
indicated. The mutation(s) of the serotype Typhimurium strain tested in each group is indicated below each graph. All are aro4. — and + indicate

the absence or presence of pTetCnirB.

postinoculation, similar numbers of CFU were detected in
feces of mice inoculated with MFA25(pTetCnirB15) and
MFA17(pTetCnirB15), indicating that initial colonization was
not affected by the shdA and misL mutations. The mean anti-
TetC serum IgA and IgG immune responses were similar in
the groups inoculated with the vaccines containing the plasmid
(Fig. 4). However, the immune responses of mice vaccinated
with strain MFA17(pTetCnirB15) were more variable than the
responses of those vaccinated with MFA25(pTetCnirB15), with

one of the five mice having no measurable IgA response and
another mouse having no IgA or IgG response.

Mice vaccinated with the serotype Typhimurium AaroA
AmisL::cat AshdA::aph strain are protected against subse-
quent challenge with virulent serotype Typhimurium. To de-
termine if serotype Typhimurium MFA17 AaroA AmisL::cat
AshdA::aph is efficacious as a single-dose vaccine for murine
salmonellosis, we compared its ability to protect against a chal-
lenge with a virulent strain of serotype Typhimurium, SL1344,
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FIG. 3. Production of IL-2 (A) and gamma interferon (B) by
splenocytes derived from mice vaccinated with serotype Typhimurium
vaccine strains in response to stimulation with recombinant TetC.
Groups of five mice were vaccinated with serotype Typhimurium
MFA25 aroA phoN, serotype Typhimurium MFA16(pTetCnirB15)
aroA phoN, serotype Typhimurium MFA16(pTetCnirB15) aroA ratB,
serotype Typhimurium MFA13(pTetCnirB15) aroA shdA, serotype
Typhimurium MFA12(pTetCnirB15) aroA misL, or serotype Typhi-
murium MFA17(pTetCnirB15) aroA shdA misL. — and + indicate the
absence or presence of pTetCnirB.

to that of serotype Typhimurium MFA25 (Fig. 5). A group of
13 mice were orally inoculated with 1 X 10° CFU of
MFA25(pTetCnirB15) and a second group of 15 mice were
orally inoculated with 1 X 10° CFU MFA17(pTetCnirB15)
AaroA AmisL::cat AshdA:aph. On day 56 postinoculation,
three mice from the MFA2S5 and five mice from the MFA17
groups of mice were sacrificed and the number of CFU of the
vaccine strain in organ homogenates determined. No CFU of
either strain were detectable in the feces, cecum, Peyer’s patch,
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FIG. 4. IgA response to serotype Typhimurium TetC in animals 21
days following inoculation with serotype Typhimurium vaccine strains.
IgA specific for TetC (A) or IgG specific for TetC (B) was quantified
from serum derived from peripheral blood by ELISA. The titer for
each animal (circle) and the mean titer for each group (horizontal bar)
are indicated. The mutations of the serotype Typhimurium strains
tested are indicated below the graph. All groups are aro4. — and +
indicate the absence or presence of pTetCnirB.

INFECT. IMMUN.

100
&0
60

40

animals surviving (%)

20

0 2 4 6 8 10 12 14
time post challenge (days)

FIG. 5. Survival curve of naive mice and mice vaccinated with
serotype Typhimurium. Approximately 1 X 10% CFU of serotype
Typhimurium SL1344 was inoculated orally into a group of 10
mice previously vaccinated with strain MFA26(pTetCnirB15) (AaroA
AphoN::aph) (open squares), a group of 10 mice previously vaccinated
with strain MFA17(pTetCnirB15) (AaroA AmisL::cat AshdA::aph)
(solid circles), or a group of 5 naive mice (open circles); the health of
the mice was monitored twice daily, and the mice were sacrificed when
they appeared moribund.

mesenteric lymph nodes, liver, or spleen. On day 70 postinocu-
lation, mice were challenged with 1 X 10® CFU of serotype
Typhimurium SL.1344, a virulent isolate. As expected, a group
of five age-matched mice that were not vaccinated succumbed
to infection with serotype Typhimurium SL1344 within 5 days
after oral inoculation. In the group of 10 mice vaccinated with
MFAZ25, one mouse was scored as moribund and sacrificed; the
9 other mice in this group remained healthy for the duration of
the experiment. In the group of 10 mice vaccinated with
MFA17, all 10 mice remained healthy throughout the course of
the experiment (Fig. 5).

DISCUSSION

The use of genetically modified and attenuated Salmonella
enterica strains that express one or more heterologous antigens
is a promising strategy to develop relatively cheap, single-oral-
administration polyvalent vaccines. The success of these vac-
cine strains in stimulating a robust humoral and cellular im-
mune response may be due to their colonization of mucosal
surfaces and the immune cells of the underlying tissues. Pro-
longed colonization of these sites correlates with shedding of S.
enterica into the environment with feces, a factor that is con-
sidered undesirable from a health and safety point of view. In
this study, we have tested the hypothesis that a robust immune
response is dependent on prolonged intestinal colonization.
We did this by comparing the humoral and cellular immune
responses as well as the Th1/Th2 biases of the immune re-
sponses of mice vaccinated with the well-characterized sero-
type Typhimurium aroA vaccine with those of strains that ex-
hibit reduced intestinal colonization due to mutations in shdA
and misL.

All of the live attenuated strains characterized in this study
induced similar cellular immune responses of the Thl type.
Cytokine production of splenocytes contributes to a cellular
response biased to the Thl or Th2 type. The Thl response is
characterized by the production of IL-2 and IFN-v, while a Th2
response is characterized by the production of IL-4 and other
cytokines. Salmonella infections typically generate a Thl-type
cellular response, and as expected, splenocytes from vacci-
nated mice expressing TetC produced significantly greater
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amounts of IL-2 and IFN-y than mice vaccinated with a strain
not expressing this antigen when stimulated in vitro with re-
combinant TetC. In contrast, the levels of IL-4 production
from stimulated splenocytes were similar in mice vaccinated
with the strain expressing TetC and mice vaccinated with the
strain not expressing TetC, indicating a relatively low Th2-type
cellular response. Thl cells direct cell-mediated immunity and
promote IgG isotype class switching to IgG2a. The mean anti-
TetC IgG2a titer was not significantly greater than the anti-
TetC IgG1 titer for any of the vaccination groups. However,
two to three animals in each group of five mice had no re-
sponse above the background IgGl titer. In contrast, all but
one mouse had a measurable anti-TetC IgG2a titer, suggesting
that if larger groups of mice had been used, significant differ-
ences in the titers of these two IgG isotypes might have been
observed. An intranasal boost with TetC and LT adjuvant
resulted in an increased IgG titer, but with a similar Th1 bias.
In summary, the predominance of a Th1-type response was the
same for each of the test vaccine strains, regardless of the pres-
ence of additional mutations in the shdA, misL, or ratB genes. In
light of the similar immune responses to serotype Typhimurium
LPS antigen generated by serotype Typhimurium MFA25 (AaroA
AphoN::aph) and MFA17 (AaroA AmisL::cat AshdA::aph),
it is perhaps not surprising that both these strains were able to
protect against an otherwise lethal challenge with a virulent
strain of serotype Typhimurium.

We did not determine whether the anti-TetC immune re-
sponse resulted in protection against challenge with wild-type
tetanus toxin. However, several studies have concluded unam-
biguously that protection against tetanus toxin challenge cor-
relates with anti-TetC IgG response (1, 2, 18, 23). Since there
was no difference in the anti-TetC IgG response regardless of
the presence of mutations in shdA, misL, or ratB genes on the
vaccine strain, we therefore would not expect there to be a
difference in protection against tetanus toxin challenge.

In addition to shdA and misL, a number of putative fimbrial
operons have been implicated in persistent colonization of the
murine intestine. These include /pf, which encodes long polar
fimbriae; bcf, previously identified as a bovine colonization
factor; and four previously uncharacterized putative fimbrial
operons, stb, stc, std, and sth (24). The effects on immune
responses to the vector or heterologous antigen for strains
lacking these factors are currently unknown. It is possible that
the incorporation of additional mutations in one or more of
these loci, in addition to shdA and misL, will further decrease
shedding of attenuated serotype Typhimurium strains with fe-
ces. It remains to be seen whether further attenuation of in-
testinal persistence will begin to impact the immunogenicity
and effectiveness of the vaccine strain.

In light of the unacceptably high level of fecal shedding of
serotype Typhimurium vaccine strains in two human volunteer
trials following oral administration (3, 9, 16), there is a clear
need for additional attenuation of intestinal persistence in
future vaccines intended for use in humans. There are a num-
ber of considerations in transferring these observations to the
use of similar vaccine strains in humans. The data presented
here are proof of the principle that, at least in the case of the
combination of the TetC antigen expressed in the serotype
Typhimurium vaccine strain during natural infections of the
murine host, decreased persistence in the intestine does not
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negatively impact immunogenicity or protection. This is in line
with previous findings that the critical event in determining the
immune response to a heterologous antigen may be the initial
amount of the antigen that primes the inductive site and not
the persistence of the vector (5). However, it is possible that
differences in the murine and human immune systems result in
different temporal requirements for the priming of the immune
system. Furthermore, it remains to be seen whether the same
combination of mutations (i.e., deletion of shdA and misL) is
the most suitable for attenuation of fecal shedding in the hu-
man host, since mechanisms of intestinal persistence may be
host specific.
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