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Salmonella enterica serovar Typhi, the agent of typhoid fever in humans, expresses the surface Vi polysac-
charide antigen that contributes to virulence. However, Vi expression can also be detrimental to some key steps
of S. Typhi infectivity, for example, invasion, and Vi is the target of protective immune responses. We used a
strain of S. Typhimurium carrying the whole Salmonella pathogenicity island 7 (SPI-7) to monitor ir vivo Vi
expression within phagocytic cells of mice at different times after systemic infection. We also tested whether it
is possible to modulate Vi expression via the use of ir vivo-inducible promoters and whether this would trigger
anti-Vi antibodies through the use of Vi-expressing live bacteria. Our results show that Vi expression in the
liver and spleen is downregulated with the progression of infection and that the Vi-negative population of
bacteria becomes prevalent by day 4 postinfection. Furthermore, we showed that replacing the natural fvid
promoter with the promoter of the SPI-2 gene ssaG resulted in sustained Vi expression in the tissues.
Intravenous or oral infection of mice with a strain of S. Typhimurium expressing Vi under the control of the
ssaG promoter triggered detectable levels of all IgG subclasses specific for Vi. Our work highlights that Vi is
downregulated in vivo and provides proof of principle that it is possible to generate a live attenuated vaccine

that induces Vi-specific antibodies after single oral administration.

Typhoid fever is a systemic infection caused by the human-
restricted pathogen Salmonella enterica serovar Typhi. Around
20 million cases of typhoid fever were estimated worldwide in
2000, including over 200,000 lethal cases (5). The few cases
reported in industrialized countries are mainly associated with
travel to South and Southeast Asia. The transmission of the
disease occurs through the ingestion of water or food contam-
inated with feces from patients or chronic carriers and is a
significant health burden in countries with very poor sanitation.

Three vaccines are currently available. The first is the orally
administered, live attenuated vaccine Ty21a, derived by chem-
ical mutagenesis, and the list of all the genes affected by the
mutations was assessed only recently (19). Ty2la does not
express the Vi antigen and is therefore incapable of eliciting
any anti-Vi antibody response (6, 11). Overall, this vaccine is
well tolerated and effective but nevertheless has several draw-
backs, the main one being the need for several immunizations
to develop effective protection (32). The second vaccine is a
preparation of purified Vi antigen (11). Vi is a polymer of
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a-D-(1-4)-linked N-acetylgalactosaminuronate with 60 to 70%
of the monomeric units O-acetylated at the C-3 position (7).
Only S. Typhi, S. Paratyphi C, Citrobacter freundii, and some
strains of S. Dublin are capable of producing Vi. The currently
licensed purified Vi vaccine confers 55 to 75% protection
against typhoid fever, mainly due to the induction of antibody
responses (1, 16). However, this vaccine does not confer lasting
immunological memory, is ineffective in children under the age
of 2 years, and requires parenteral administration (20, 22). The
third vaccine is a Vi conjugate delivered by parenteral admin-
istration, which has shown promise in field trials (22). Attempts
to elicit strong anti-Vi responses by use of live vaccines have
failed so far. One explanation for this is that Vi might not be
expressed at immunogenic levels (i.e., may be downregulated
in vivo) (30). In addition, efforts to express Vi constitutively in
live S. Typhi failed to induce anti-Vi antibodies (31), suggest-
ing that constitutive, unregulated expression of Vi may result
in poor infectivity or persistence of the vaccine.

Vi is therefore a double-edged sword in the pathogenesis of
infection. On the one hand, Vi can benefit bacteria by inhib-
iting complement deposition at the bacterial surface and the
postphagocytic oxidative burst, thus resulting in reduced bac-
terial internalization and killing by phagocytes (2, 28). Vi may
also modulate immune responses, perhaps by physically mask-
ing pathogen-associated molecular patterns (PAMPs) from in-
nate immune receptors. For example, the Vi polysaccharide of
S. Typhi reduces Toll-like receptor (TLR)-dependent interleu-
kin-8 (IL-8) expression in the intestinal mucosa (26) and im-
pairs the recognition of lipopolysaccharide (LPS) by TLR4 and
prevents the secretion of tumor necrosis factor alpha (TNF-«)
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in macrophages (16, 37). However, inappropriate or constitu-
tive expression of Vi on the bacterial surface could be detri-
mental to S. Typhi by hindering the secretion of proteins se-
creted by type 3 secretion systems (T3SS) and needed for
invasion and intracellular survival of the bacterium (2). For
example, the presence of Vi surrounding bacteria renders
them less adherent and invasive to epithelial cells (36). Sus-
tained expression of Vi could also trigger the production of
anti-Vi antibodies, enhancing phagocytosis and killing of Vi*
S. Typhi. Thus, careful regulation of Vi biosynthesis at differ-
ent anatomical sites and at different times after infection is
needed for S. Typhi evasion of the host immune response
without detriment to the infectivity of the bacterium due, for
example, to the hindrance of Salmonella pathogenicity island
(SPI)-encoded secretion systems.

Given the crucial impact of Vi on the pathogenesis of ty-
phoidal infections, it is likely that Vi expression is tightly con-
trolled throughout the infection process. The regulation of Vi
is complex. Two widely separated loci are involved in Vi ex-
pression: viaA and viaB. The viaB operon resides on a 134-kb
pathogenicity island known as SPI-7 and is specific to Vi-
expressing strains. The viaB region in S. Typhi comprises 10
genes involved in either the biosynthesis (wviB, tviC, tviD, and
tiE), export (vexA, vexB, vexC, and vexD), or membrane an-
choring (vexE) of the Vi polysaccharide (35).

Vi expression is regulated by environmental stimuli, includ-
ing osmolarity. Expression is enhanced at low or medium os-
molarity (around 150 mM NaCl), whereas expression is down-
regulated at elevated osmolarity (above 300 mM NaCl) (2, 40).
In the mammalian body, S. Typhi encounters several compart-
ments with different osmolarities. In the gut lumen, where the
osmolarity is approximately 300 mM, the bacterium expresses
very little or no Vi antigen (2, 40). The low osmolarity of the
blood and of the intracellular compartment is predicted to
favor Vi expression, as also suggested by detectable Vi expres-
sion within bovine epithelial cells (33). This is in contrast to the
very low or absent immune responses to Vi seen in the majority
of typhoid patients, with anti-Vi antibodies found more fre-
quently in the sera of chronic carriers and rarely in individuals
with acute infection. S. Typhi resides mainly within phagocytic
cells, and therefore it may be surprising that conditions within
phagocytes are conducive to low or absent expression of Vi.
However, it is reasonable to postulate that the regulation of Vi
expression in S. Typhi varies throughout the course of infec-
tion, as previously identified for infection of human macro-
phages (10), and has evolved to favor the optimal infectivity of
S. Typhi while avoiding immune detection.

In this study, we tested the hypothesis that expression of Vi
is downregulated within phagocytic cells in the host at different
times after systemic infection. We also tested the hypothesis
that Vi expression within phagocytic cells, directed by the use
of in vivo-inducible promoters, triggers anti-Vi antibodies. We
used S. Typhimurium experimental infections of mice as a
model for typhoid fever. Since S. Typhimurium lacks the genes
required for the expression of the Vi antigen, we used a strain
of S. Typhimurium (C5.507) carrying the whole SPI-7, includ-
ing the viaB operon, as a chromosomal integration. Although
other elements involved in the regulation of Vi expression may
be present in S. Typhi and may differ from those in S. Typhi-
murium, we show that Vi expression in strain C5.507 is regu-
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lated by osmolarity, similar to what is seen in S. Typhi. Our
results show that Vi expression in the liver and spleen is down-
regulated with the progression of infection. Following these
findings, we tested whether it was possible to achieve sustained
expression of Vi in the liver and spleen by replacing the tvid
promoter with the promoter of the ssaG gene from SPI-2,
known to be upregulated when bacteria reach the Salmonella-
containing vacuole (SCV) within macrophages (23). Our re-
sults show that the ssaG promoter allows sustained Vi expres-
sion in the tissues and results in the induction of anti-Vi
antibody responses.

Our work highlights the observation that Vi is downregu-
lated in vivo and provides proof of principle that it is possible
to generate a live attenuated vaccine that induces Vi antibodies
after single oral administration.

MATERIALS AND METHODS

Bacterial strains, media, and growth conditions. Strains C5 and C5.507 of
Salmonella enterica serovar Typhimurium were used in this study. The C5.507
strain is a Vi-expressing derivative of the virulent C5 strain. It contains the whole
of SPI-7, including the viaB operon involved in the synthesis and export of the Vi
antigen (12; our unpublished data). Preparation of electrocompetent Escherichia
coli and S. enterica cells and transformations were performed as previously
described (9). Media were supplemented with the appropriate antibiotic for
selection (ampicillin, 100 pg/ml; kanamycin, 50 pwg/ml; chloramphenicol, 20 g/
ml; or gentamicin, 40 pg/ml). The bacteria were cultured in classic Luria-Bertani
(LB) broth and on LB agar (Sigma-Aldrich, United Kingdom) or in LB contain-
ing various concentration of NaCl. Low-pH (MM pH 5.8) or neutral-pH (MM
pH 7.7) minimal medium was also used to check the expression of Vi under the
regulation of the PssaG promoter in the Pssag::viA GFP™ strain. The minimal
medium contained 100 mM Bis-Tris buffer (Sigma-Aldrich, United Kingdom),
0.1% (wt/vol) Casamino Acids, 0.16% glycerol, and 10 wM MgCl, (21). In vitro
growth rates of Salmonella strains were determined by both optical density
measurements and viability counts.

Animals. All animals were handled in strict accordance with good animal
practice as defined by the relevant international (Directive of the European
Parliament and of the Council on the Protection of Animals Used for Scientific
Purposes [Brussels 543/5]) and local (Department of Veterinary Medicine, Uni-
versity of Cambridge) animal welfare guidelines. All animal work was approved
by the ethical review committee of the University of Cambridge and was covered
by a project license granted by the Home Office under Animal (Scientific Pro-
cedures) Act 1986. BALB/c mice were purchased from Harlan Olac Ltd. (Black-
thorn, United Kingdom). Female age-matched mice of 6 to 14 weeks old were
used for experiments. Bacterial cultures were grown from single colonies in 10 ml
LB broth incubated overnight without shaking at 37°C and then diluted in
phosphate-buffered saline (PBS) to the appropriate concentration for inoc-
ulation. Inocula were enumerated by growth on LB agar pour plates. Mice
were injected in a lateral tail vein or were infected by oral gavage with a
volume of 0.2 ml.

Enumeration of viable salmonellae in mouse tissues. Mice were killed by
cervical dislocation, and livers and spleens were removed aseptically. Half of
each organ was homogenized (separately) in a Seward Stomacher 80 Biomaster
blender (Seward) and in 10 ml of sterile water in a Colworth Stomacher 80
blender. The resulting homogenates were diluted in a 10-fold series in PBS, and
LB agar pour plates were used to enumerate viable bacteria.

Recombinant DNA techniques. Standard methods were used for molecular
cloning (29). Chromosomal and plasmid DNA purifications and routine DNA
modifications, including restriction endonuclease digestion of DNA, modifica-
tions of DNA, and ligations, were carried out using commercial kits and supplies
according to the manufacturers’ instructions (Qiagen, United Kingdom; Pro-
mega, United Kingdom; Invitrogen, United Kingdom; Roche, United Kingdom;
and New England BioLabs, United Kingdom). DNA concentration and purity
were measured using a Nanodrop ND-1000 spectrophotometer. PCR primers
were designed using Primer3 (http://frodo.wi.mit.edu/) and were purchased from
Sigma (Sigma-Genosys, United Kingdom). PCRs were performed in 25-pl reac-
tion volumes in 0.2-ml Eppendorf tubes in a Perkin Elmer Gene Amp 2400
thermal cycler. Reaction mixtures contained a 200 uM concentration of each
deoxynucleoside triphosphate (ANTP), 2 mM Mg?*, 0.01 volume of Proof Start
DNA polymerase (2.5 U pl™'; Qiagen), 0.1 volume polymerase buffer (10X), 1
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.M (each) forward and reverse primers, and template DNA (~50 ng plasmid
DNA or ~100 ng chromosomal DNA). Thermal cycler conditions were 94°C for
10 min; 35 cycles of 94°C for 1 min, 56°C for 1 min, and 72°C for 1 min/kb; and
a final extension at 72°C for 10 min.

Genetic modification of bacterial strains. Strains C5 and C5.507 were
genetically modified to express the gfp gene constitutively. The primers
MalXT1 (5'-CCGCAGGTTCAGTCGGTAAAAGATGAAATGGTTGGCCT
GATGAATACCGTTCAGGCATAACCTGGGGTAATGACTCTCTAGC-3")
and MalYCam (5'-CTACGTACACCATGTCCCGCGTCGGTCAACTTCCTG
TGAAAAATCGAACATATCCCTTCCGACGTCATTTCTGCCATTCATCC-
3") were used to amplify the chromosomal region of S. Typhimurium strain
JH3016 containing the fusion rpsM’-gfp and the cat gene (15). The PCR fragment
was integrated into the chromosomes of S. Typhimurium strains C5 and C5.507
(between two pseudogenes—malX and malY) by the Lambda Red method as
previously detailed (8). The resultant strains were confirmed by PCR, sequenc-
ing, and Southern blot analysis. The expression of green fluorescent protein
(GFP) was verified by fluorescence microscopy. The insertion of the gfp gene did
not affect the growth rate of the two strains in vivo and in vitro (data not shown).
The primers gentaFRTFwd (5'-ATTATCTAGAAAGTATAGGAACTTCGAC
TGACCTTTACGCATGGG-3') and gentaFRTRev (5'-GCGCTCTAGAGAA
TAGGAACTTCGGAATAGGAACTTCCACAAAACGGTGCAAATAAG
TAT-3") were used to amplify the chromosomal region containing the aacC1
gene from S. Typhimurium SL1344 degP::Gm (24). The PCR product was
cloned into the Xbal site of pBADTOPOKanFRT as an Xbal fragment,
replacing the kanamycin resistance cassette and providing the final plasmid
pBADTOPOgentaFRT, containing the gentamicin resistance cassette flanked
by two FRT sites. The promoter PssaG, containing the ribosome binding site,
was PCR amplified from S. Typhimurium C5.507 genomic DNA by use of the
primers PssaGFwd (5'-ATATGGATCCTACGAAGCTTCCTGGCAGGGA
TTGGCC-3') and PssaGRev (5'-AATGCTTTTCCTTAAAATAAATACAT
CG-3') and then cloned into pPGEM-T Easy (Promega, United Kingdom) to give
the pGEMTeasy/PssaG plasmid. The fragment containing the gentamicin resis-
tance cassette flanked by the full FRT sites was cloned into the BamHI sites of
pGEMTeasy/PssaG as a BamHI fragment generated by PCR amplification
from pBADTOPOgentaFRT, using the primers HNgentaFRTFwdBamHI
(5'-ATTAGGATCCATGACGATGACAAGCTCGCCCTTTCG-3") and
HNgentaFRTRev (5'-GAGAGGATCCAGGGATAGGCTTACCTTCAAGCT
C-3") (BamHI sites incorporated into primers), giving the pGEMTeasy/
GentaFRT-PssaG plasmid. The gentaFRT-PssaG cassette was PCR amplified
from pGEMTeasy/GentaFRT-PssaG with the primers ODMssaGFwd (5'-CAT
TCGATTTTCTAGACTAAATAAGATTTTTTGATAGGTACAAACAATGA
ATTGTGCAGGTAGGGATAGGCTTACCTTCAAGCTC-3") and ODMssaGRev
(5'-ATGCCAGCAGCTCCAACCCCGAAATAGATATCATTCGGAGGCCA
GAAATGATGAAACCTCATAATGCTTTTCCTTAAAATAAATACATCG-
3’). The product was integrated into the chromosome of C5.507 GFP* (replacing
the tvi4 promoter) by the Lambda Red method as previously detailed (8). This
intermediate strain, still carrying the gentamicin resistance cassette, was then
transformed with pCP20 as previously described (4) to excise the aacCI gene
between the FRT sites and to give the final strain S. Typhimurium Pssag::tvi4
GFP™, which was confirmed by PCR, sequencing, and Southern blot analysis.

Agglutination of in vitro culture. The C5.507 GFP* strain was cultured over-
night in LB or LB containing 150, 300, 400, or 600 mM NaCl. For agglutination,
10 pl of the overnight culture was mixed with 10 wl of rabbit anti-Vi polyclonal
antibody (Remel) or rabbit anti-LPS O4 agglutinating serum (Remel) and
then mounted onto a glass slide. Agglutination was visualized by phase-
contrast microscopy using a Leica DM6000B fluorescence microscope (mag-
nification, X630).

Immunostaining of in vitro cultures by fluorescence microscopy. For immu-
nostaining, 100 pl of an overnight bacterial culture was centrifuged at 13,000 X
g for 5 min; the bacteria were then fixed for 5 min at room temperature in 10%
buffered formalin. Subsequently, pellets were washed in PBS (2 5-min washes)
and then incubated for 1 h at room temperature or overnight at 4°C with 1:500
rabbit anti-Vi polyclonal antibody (Remel) or 1:500 normal rabbit serum (Dako).
Subsequently, pellets were washed in PBS (2 5-min washes) and then incubated
for 1 h at room temperature in the dark with 1:200 Alexa Fluor 568-conjugated
goat anti-rabbit antibody (Invitrogen-Molecular Probes, United Kingdom). All
pellets were washed in PBS (2 5-min washes) and mounted onto glass slides with
Vectashield (Vector Laboratories Ltd.). The analysis of tissue sections was done
by multicolor fluorescence microscopy (MCFM) using a Leica DM6000B fluo-
rescence microscope running FW4000 acquisition software.

Immunostaining of tissue sections for fluorescence microscopy. Half of each
organ was fixed overnight in 4% paraformaldehyde diluted in PBS, washed for a
total of 90 min in three changes of PBS, and then immersed in 20% sucrose (in
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PBS) for 16 h at 4°C before being embedded in optimal cutting temperature
(OCT) reagent (Raymond A Lamb Ltd., United Kingdom) in cryomolds (Park
Scientific, Northampton, United Kingdom). Samples were frozen and stored at
—80°C. Thirty-micrometer sections were cut, blocked, and permeabilized for 10
min in a permeabilizing solution containing 10% normal goat serum and 0.002
mg/ml saponin in PBS (Sigma, Poole, United Kingdom). Sections were stained
for 16 h at 4°C with a 1:500 dilution of rabbit anti-Vi polyclonal antibody
(Remel). A 1:500 dilution of rabbit anti-LPS O4 agglutinating serum (Remel),
diluted in permeabilizing solution, and a 1:500 dilution of normal rabbit serum
(Dako) were used as negative controls. Subsequently, sections were washed in
PBS (3 30-min washes) and then incubated for 1 h at room temperature with
1:200 Alexa Fluor 568-conjugated goat anti-rabbit antibody (Invitrogen-Molec-
ular Probes, United Kingdom). All sections were washed in PBS (3 30-min
washes) and mounted onto Vectabond-treated glass slides (Vector Laboratories
Ltd.), using Vectashield containing DAPI (4',6-diamidino-2-phenylindole) (Vec-
tor Laboratories Ltd.). The analysis of tissue sections was done by MCFM using
a Leica DM6000B fluorescence microscope running FW4000 acquisition soft-
ware. Between 100 and 200 GFP™ bacteria were counted per organ, and the
expression of Vi was recorded for each bacterium counted.

ELISA for detection of anti-Vi IgG. Flat-bottomed 96-well plates were coated
at 4°C overnight with 100 pl of 2 pg/ml of purified Vi from Citrobacter strain 3056
(obtained from the Novartis Vaccine Institute for Global Health [NVGH]) in
carbonate buffer (0.05 M; pH 9.6). The wells were blocked with 200 wl of PBS
containing 0.05% Tween 20 (PBST) and 5% milk for 1 h at room temperature.
One-hundred-microliter serum dilutions in PBST-0.1% bovine serum albumin
(BSA) were then added and incubated for 2 h at room temperature. To detect
total immunoglobulins, the plates were incubated for 1 h at 37°C with 1:2,000
horseradish peroxidase (HRP)-conjugated goat anti-mouse (Dako). After three
washes with PBST, the reaction was revealed by adding 100 wl of o-phenylene-
diamine (OPD; Sigma-Aldrich, United Kingdom) for 15 min and stopped with
100 pl of 3 M H,SO,. Optical density (OD) was measured at 492 nm using a
FluoStar Galaxy microplate reader. To detect IgG subclasses, 100 pl of isotype-
specific antibody (Sigma, United Kingdom) (diluted 1:1,000 in PBST-0.1% BSA)
was added to the plates and then incubated for 30 min at room temperature.
After three washes in PBST, 100 pl of 1:5,000 HRP-conjugated rabbit anti-goat,
diluted in PBST-0.1% BSA, was added, and the plates were incubated for 15
min. The reaction was revealed by adding 100 wl of OPD. A negative control
(naive mouse sera, obtained from naive mice from the same batch as that used
in the experiment and then pooled) and a positive control (standard murine
anti-Vi serum obtained from NVGH) were used in each experiment. We also
tested pooled sera from mice immunized with live attenuated aro4 mutant S.
Typhimurium (strain SL.3261) and found this serum to be negative by enzyme-
linked immunosorbent assay (ELISA), at a level similar to that observed for naive
serum. The results are shown as arbitrary units. The arbitrary unit value for each
serum represents the reciprocal of the serum dilution that would give an OD reading
of 0.1 using a best-fit linear regression curve.

Statistical analysis. All data analysis was produced using the open-source R
statistical language (27). For growth curve analyses, two replicate measurements
were obtained for each organ from each mouse, and the data represent the
means for these replicates. To calculate the proportions of cells expressing Vi,
between 100 and 200 GFP ™ bacteria were counted per organ, and Vi expression
was recorded for each bacterium counted. Data for the liver and spleen were
analyzed separately.

To assess whether there was evidence that net growth rates between successive
time points varied between C5 GFP*- and C5.507 GFP"-infected mice, a
regression model including time (categorical) and genotype main effects and
a time X genotype interaction effect was fitted to the log;, CFU counts. Each
effect was added in turn, and the statistical significance of the change in model
fit was assessed using likelihood ratio tests (LRT; in this case, a P value of <0.05
suggests that the new model gives a statistically significantly better fit to the data
than the previous one). If necessary, pairwise comparisons could be conducted
using the multcomp package in R (17), and 95% adjusted confidence intervals
(95% ClIs) were produced for these differences.

A similar method was used to explore the relationships between the propor-
tion of Vi* bacteria and time (see Fig. 2 and 5) and the log,, CFU counts and
genotype (see Fig. 6).

RESULTS

Expression of Vi antigen in C5.507 GFP™ strain in vitro. The
expression of Vi has been demonstrated to be osmoregulated
in vitro in S. Typhi (2, 25, 38). Before proceeding to the analysis
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FIG. 1. In vivo growth curves for S. Typhimurium C5 GFP™" (cir-
cles) and C5.507 GFP* (triangles) in the livers (A) and spleens (B) of
BALB/c mice infected intravenously with ~3 log,, CFU. Results are
expressed as mean log,, viable counts * standard deviations (n = 4
mice per group).

of Vi expression in S. Typhimurium C5.507 GFP™ in vivo, we
ascertained that Vi is regulated in this strain in vitro by a known
stimulus (osmolarity), using LB broth containing various con-
centrations of NaCl. After overnight growth in LB containing
either 150 mM or 300 mM NaCl, cultures of S. Typhimurium
C5.507 GFP" showed significant expression of Vi, as indicated
by strong agglutination with anti-Vi serum (data not shown).
The Vi agglutination was weaker for cultures grown overnight
at an osmolarity of 400 mM and disappeared almost com-
pletely at 600 mM NaCl. The parental CS strain was used as a
negative control, and no agglutination was seen with this strain.
Conversely, agglutination with anti-O4 serum was observed
when the C5.507 GFP™ bacteria were grown at 600 mM NaCl
and when the CS5 strain was used as a positive control. The
expression of Vi in the C5.507 GFP™" strain is thus sensitive to
variation of the osmolarity in the broth and appears to be
upregulated under low-osmolarity conditions and downregu-
lated in high-osmolarity environments.

Growth of C5 GFP™ and C5.507 GFP™ strains in the mouse
spleen and liver. BALB/c mice were injected intravenously
(i.v.) with ~3 log,, CFU of the C5 GFP" or C5.507 GFP™"
strain, and the growth rates of these strains in the liver and
spleen were followed for up to 96 h postinfection (p.i.) (Fig. 1).
The growth profiles of the C5.507 GFP™" strain and the C5
GFP" strain were similar, with increases of ~1 log,, CFU per
day in both organs and the appearance of moderate signs of
infection at 96 h p.i. Though there was a strong relationship
between the log;, CFU counts and time (LRT P value
of <<0.01 in both cases), beyond this there was no evidence of
a strong genotype effect in the liver (LRT P value, 0.11), and
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there was only a small effect in the spleen (LRT P value, 0.01;
C5 GFP™ counts were, on average, 0.28 log,, CFU higher
[95% CI, 0.09 to 0.48 log,, CFU]). This is consistent with the
fact that the inoculum was slightly higher for C5 GFP™ in the
spleen and is probably a direct result of this fact. In neither
case was there any evidence of a time-genotype interaction
effect (LRT P values of 0.40 and 0.94, respectively); thus, it
appears that the presence of SPI-7 and expression of viaB
under the control of Prvid do not greatly change the growth of
C5.507 GFP™" in vivo in comparison to the parental Vi-nonex-
pressing C5 GFP™ strain.

Expression of Vi antigen in C5.507 GFP™ strain in vivo. We
visualized by immunofluorescence the expression of Vi in the
spleens and livers of mice infected with C5.507 GFP™ at 0.5 h,
6 h, 24 h, and 96 h post-i.v. infection. Figure 2A shows an
example of Vi-expressing bacteria in the liver at 0.5 h p.i.: the
GFP" bacteria are surrounded by Vi staining. We then pro-
ceeded to quantify the percentage of bacteria that expressed
detectable amounts of Vi in the tissues. At early time points
(0.5 h and 6 h p.i.), the majority of bacteria (between 88 and
99%) were observed to express Vi, whereas at 96 h p.i., most of
the bacteria were observed to be Vi negative (between 74.5 and
84.4%) (Fig. 2B). Thus, downregulation of Vi expression was
detectable from 24 h p.i. and was more dramatic at 96 h p.i.,
when most of the bacteria were not expressing detectable
amounts of Vi. The results from analysis of variance (ANOVA)
backed up these conclusions, suggesting that time dependence
was strongly associated with the proportion of Vi-expressing
bacteria in both the liver and the spleen (LRT P values of
<<0.01 in both cases). Adjusted 95% confidence intervals for
the mean differences between the comparison groups are
shown in Fig. 2C.

Vi expression of PssaG::tviA GFP™ strain in vitro and in vivo.
To explore the possibility of maintaining sustained expression
of Viin the tissues and to determine whether this would lead
to the induction of anti-Vi immune responses, we replaced the
tviA promoter with the SPI-2 ssaG promoter, so the whole viaB
operon is under the control of this promoter in the PssaG::tviA4
GFP™ strain. To test that regulation of Vi expression would be
consistent with the conditions known to activate or suppress
the ssaG promoter (21), the strain was grown in minimal me-
dium (MM) at pH 5.8 (ssaG-inducing conditions) or pH 7.7
(ssaG-suppressing conditions). Strong Vi expression was ob-
served when the bacterium was grown in MM pH 5.8 (Fig. 3A),
but the expression of Vi was not detectable when the bacte-
rium was grown in MM pH 7.7 (Fig. 3B). Thus, Vi expression
in the PssaG::tviA GFP™* strain was pH sensitive, as expected.
We next proceeded to monitor the growth characteristics of
the PssaG::tviA GFP" strain in the tissues of infected mice.
Mice were injected i.v. with ~3 log,, CFU of the PssaG::tviA
GFP" strain. Bacterial numbers in the tissues increased
until day 8, when they reached ~5 log,, CFU per organ and
then steadily declined in both organs (Fig. 4). Therefore, the
PssaG::tviA GFP" strain showed an attenuated phenotype
compared to the C5 GFP* and C5.507GFP™ strains after i.v.
infection. We then monitored the expression of Vi in the livers
and spleens of mice infected iv. with the PssaG::tviA GFP*
strain at 0.5 h and 72 h p.i. (Fig. 5SA and B). The majority of
bacteria (89%) found in livers and spleens did not express
detectable levels of Vi at 0.5 h p.i., but 91% expressed detect-
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FIG. 2. (A) Detection of Vi antigen expression in vivo by immunofluorescence in the liver at 30 min postinfection. The panels represent
different channels: green, GFP* Salmonella; red, Vi; blue, nucleic acid (indicated by DAPI staining). A merged image is shown at bottom right.
Bars, 7.5 wm. (B) Percentages of C5.507 GFP™ bacteria expressing Vi antigen in vivo in livers (black bars) and spleens (white bars) at 0.5 h, 6 h,
24 h, and 96 h p.i. Results are expressed as mean percentages of C5.507 GFP™ bacteria expressing Vi antigen *+ standard deviations (n = 4 mice
per group; a total of 200 bacteria were counted per organ and per time point). (C) Means and adjusted 95% Cls for the differences between the
percentages of Vi* bacteria at consecutive time points (shown in panel B). If the CIs do not cross zero, then they are equivalent to ascertaining
statistical significance. Gray lines correspond to increments of 20%.

able levels of Vi at 72 h p.i. (Fig. 5B). This was validated by
ANOVA (data not shown). Thus, replacing the natural Prvid
promoter with PssaG resulted in the in vivo upregulation of Vi
rather than in the normal downregulation of this polysaccha-
ride antigen. We also infected mice orally with ~9 log,, CFU
of the C5 GFP™*, C5.507 GFP™*, and PssaG::tviA GFP™ strains.
Viable counts performed on day 6 for livers and spleens of the
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FIG. 3. Vi expression in the PssaG::tviA GFP* strain grown FIG. 4. Invivo growth curve for S. Typhimurium PssaG::tvi4 in the
overnight in MM pH 5.8 (A) or MM pH 7.7 (B). The panels livers (circles) and spleens (triangles) of BALB/c mice infected intra-
represent the same fields of view in different channels: green, GFP* venously with ~3 log,, CFU. Results are expressed as mean log;,

Salmonella; red, Vi. viable counts * standard deviations (n = 4 mice per group).
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FIG. 5. (A) Detection of Vi antigen expression in vivo by immuno-
fluorescence in the livers of mice infected with PssaG::tviA GFP™. The
panels represent different channels: green, GFP* Salmonella; red, Vi;
blue, nucleic acid (indicated by DAPI staining). A merged image is
shown at bottom right. Bars, 7.5 wm. (B) Percentages of PssaG::tvi4
GFP" bacteria expressing Vi antigen in vivo in livers (black bars) and
spleens (white bars) at 0.5 h and 72 h p.i. Results are expressed as
mean percentages of C5.507 GFP™ bacteria expressing Vi antigen =
standard deviations (n = 4 mice per group; a total of 200 bacteria were
counted per organ and per time point).

infected mice showed that the PssaG::rviA GFP™" strain was
able to efficiently colonize the spleens and livers of mice in-
fected orally, although the bacterial counts were lower than
those seen with C5 GFP™ and C5.507 GFP* (Fig. 6A). The
strain effect was highly significant (LRT P values of <<0.01) for
both the liver and the spleen, and the mean differences (with
95% Cls) are shown in Fig. 6B.

Production of anti-Vi antibodies. We established that ex-
pression of Vi from PssaG results in in vivo upregulation of this
polysaccharide antigen rather than in the normal downregula-
tion seen when Vi is controlled by its natural #vi4 promoter.
We then determined whether infection with the PssaG::tviAd
GFP™ strain would be able to induce an anti-Vi antibody
response after oral infection. The sera of mice infected either
i.v. (4 mice infected with ~3 log,, CFU and 4 mice infected
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FIG. 6. (A) Viable counts in the livers (L) and spleens (S) of
BALB/c mice at day 6 p.i. for oral infection with ~9 log,, CFU of the
C5 GFP*, C5.507 GFP*, or PssaG:tviA GFP™ strain. Results are
expressed as log,, viable counts for individual mice (the mean for each
group is indicated by a horizontal bar; n = 6 to 8 mice per group).
(B) Means and adjusted 95% ClIs for the differences between the log,,
CFU counts between strains (shown in panel A). Gray lines corre-
spond to 1 log,, unit.

with ~4 log,, CFU) or orally (8 mice infected with ~9 log,,
CFU from an inoculum grown in LB and 6 mice infected with
~9 log,, CFU from an inoculum grown in MM pH 7.7) were
tested by ELISA for the presence of anti-Vi antibodies at 28
days p.i. Both iv. and oral immunization with PssaG::tvi4
GFP™ induced anti-Vi serum antibody (Fig. 7). We then pro-
ceeded to test the IgG isotype profile of the anti-Vi response.
Sera from the mice infected via the same route were pooled
together and were found to contain anti-Vi antibodies of all
subclasses (IgG1, IgG2a, IgG2b, and 1gG3) (data not shown)
as an indication of the presence of a T-cell-dependent IgG
seroconversion of the humoral response (14). Thus, using an
appropriate inducible promoter such as PssaG, it is possible to
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FIG. 7. Determination of anti-Vi antibodies by ELISA at 28 days
p.i. following i.v. infection of groups of 4 mice with either ~3 log,,
CFU or ~4 log,, CFU of PssaG:tviA GFP" and at 28 days p.i.
following oral infection of 8 mice with ~9 log;, CFU of PssaG::tvi4
GFP* grown in LB and of 6 mice with ~9 log,, CFU of PssaG::tviA
GFP" grown in MM pH 7.7. Three batches of naive mouse serum
(NMS) were used as negative controls. The results are shown in arbi-
trary units. The arbitrary unit value for each serum represents the
reciprocal of the serum dilution that would give an OD reading of 0.1
using a best-fit linear regression curve.

induce an anti-Vi antibody response after single i.v. or oral
administration of live S. enterica.

DISCUSSION

Our results show that Vi expression is regulated in vivo and
is suppressed in the liver and spleen with the progression of
infection. We have also shown that by replacing the tviA pro-
moter with the promoter of the ssaG gene, it is possible to
achieve sustained expression of Vi in the tissues and to trigger
anti-Vi IgG responses in the sera of mice infected intrave-
nously or orally with this strain.

Vi regulation in vivo is likely to be complex, and bacteria
need to maintain an optimal level of Vi expression in each
phase of the infection in order to maximize infectivity and to
avoid immune responses. Osmolarity is one of the recognized
regulators of Vi. Vi is downregulated in the high-osmolarity
gut environment, and this is likely to be a mechanism used by
bacteria to minimize hindrance of the T3SS 1 that contributes
to invasion via M cells in the gut (13). After the invasion
process has been completed, the bacteria reach the lymph and
bloodstream, where they would normally be opsonized by com-
plement and directed to complement receptors on the surfaces
of spleen and liver phagocytes. At this stage, Vi would be
beneficial to the bacteria due to its known ability to limit
complement deposition at the bacterial surface. Indeed, Vi
expression is upregulated by exposure to/growth in serum (our
unpublished data). Once the bacteria are cleared from the
blood, they reach an intracellular location within phagocytes.
The low osmolarity of the intracellular compartment is per-
missive to Vi expression, and thus one would expect detectable
levels of Vi on the surfaces of intracellular bacteria if osmo-
larity was the prevailing signal in the regulation of Vi within
phagocytes. Conversely, we found that Vi expression was sup-
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pressed in the intracellular compartment of the liver and
spleen with the progression of the infection and that by day 4
of a parenteral infection, the majority of bacteria did not ex-
press detectable levels of Vi. This indicates that the regulation
of Vi expression within phagocytes is complex and is likely to
be affected by signals other than osmolarity. The lack of sus-
tained expression of Vi in vivo is also consistent with the
observation that Vi antibody titers are usually low or absent in
the majority of acutely infected typhoid patients (3), suggesting
that downregulation of Vi contributes to Salmonella immuno-
evasion of the antibody response.

We have shown that the natural downregulation of Vi can be
overcome by using the ssaG promoter, which is inducible inside
phagocytes. This allows sustained expression in the tissues and
does not affect the ability of bacteria to colonize the spleen
and liver after oral infection. However, the PssaG::tviA GFP™
strain that we used in this study (and other clones with similar
chromosomal insertions) appeared to be attenuated in its
growth in the spleen and liver. It is plausible to attribute this to
the fact that intracellular Vi expression may hinder secretion of
SPI-2 effectors that play a role in Salmonella growth within the
phagosome (13). Expression of TviA has been shown to in-
crease systemic infectivity of S. Typhimurium in a chicken
model (39). Conversely, in the current study, we did not ob-
serve increased systemic colonization of C5.507. This is likely
due to differences in the animal species used and, more spe-
cifically, to the fact that S. Typhimurium can overcome the
mucosal barriers of mice and chickens with different dynamics.

We found that intravenous or oral administration of the
PssaG::tviA GFP™ strain to mice could induce an IgG antibody
response. The response was smaller in animals immunized
orally than in those immunized iv. This is not unusual for
immunization with live salmonellae (18) and could be due to
the lower systemic bacterial loads that are usually reached after
oral vaccination. The response contained all IgG subclasses,
including IgG2a, which we have shown in the past to be the
most efficient at mediating uptake and intracellular killing of
Salmonella by phagocytes via FcRI (34). The presence of a
class-switched IgG response to Vi is similar to what we previ-
ously observed in analyzing the immunoglobulin response to
LPS in mice immunized with live and killed vaccines, whereby
a T-cell-dependent response to the LPS polysaccharide antigen
was seen when the animals received live vaccination (14). This
work therefore provides proof of principle that it is possible to
elicit class-switched IgG responses to Vi via single oral immu-
nization with live bacteria that express Vi under the control of
an in vivo-inducible promoter.
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