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Live oral Ty21a and parenteral Vi polysaccharide vaccines provide significant protection against typhoid
fever, albeit by distinct immune mechanisms. Vi stimulates serum immunoglobulin G Vi antibodies, whereas
Ty21a, which does not express Vi, elicits humoral and cell-mediated immune responses other than Vi antibodies. Protection may be enhanced if serum Vi antibody as well as cell-mediated and humoral responses can
be stimulated. Disappointingly, several new attenuated Salmonella enterica serovar Typhi oral vaccines (e.g.,
CVD 908-htrA and Ty800) that elicit serum O and H antibody and cell-mediated responses following a single
dose do not stimulate serum Vi antibody. Vi expression is regulated in response to environmental signals such
as osmolarity by controlling the transcription of tviA in the viaB locus. To investigate if Vi antibodies can be
stimulated if Vi expression is rendered constitutive, we replaced PtviA in serovar Typhi vaccine CVD 908-htrA
with the constitutive promoter Ptac, resulting in CVD 909. CVD 909 expresses Vi even under high-osmolarity
conditions and is less invasive for Henle 407 cells. In mice immunized with a single intranasal dose, CVD 909
was more immunogenic than CVD 908-htrA in eliciting serum Vi antibodies (geometric mean titer of 160 versus
49, P ⴝ 0.0007), whereas O antibody responses were virtually identical (geometric mean titer of 87 versus 80).
In mice challenged intraperitoneally with wild-type serovar Typhi 4 weeks after a single intranasal immunization, the mortality of those immunized with CVD 909 (3 of 8) was significantly lower than that of control mice
(10 of 10, P ⴝ 0.043) or mice given CVD 908-htrA (9 of 10, P ⴝ 0.0065).
Virtually all Salmonella enterica serovar Typhi strains isolated from the blood or bone marrow of patients with acute
typhoid fever and from the bile or feces of those who carry
serovar Typhi in the gallbladder are found to express Vi capsular polysaccharide when tested in clinical microbiology laboratories (30). Indeed, sometimes agglutination with Salmonella group D antiserum cannot be demonstrated until the
bacterial cells are boiled to remove the Vi capsule, which
blocks access of the antibodies to the underlying O polysaccharide (7). In a mouse model originally described by Felix and
Pitt (8, 9), Vi was found to be a virulence antigen. Immunization with purified Vi polysaccharide was shown to protect mice
against intraperitoneal challenge with virulent serovar Typhi
administered with gastric mucin (29, 46, 62). More important,
in controlled human field trials, parenteral immunization with
nondenatured purified Vi polysaccharide, which elicits serum
immunoglobulin G (IgG) Vi antibody (25, 49), has conferred a
moderate level of protection against typhoid fever (1, 25, 26).
Due to clinical data demonstrating safety, immunogenicity,
and efficacy, purified Vi polysaccharide is currently a licensed
parenteral typhoid vaccine.
Circa 90% of chronic carriers (in the gallbladder) of serovar
Typhi manifest elevated titers of serum Vi antibody (27, 37,
41). In contrast, only 20% of patients with acute typhoid fever
exhibit elevated titers; in those patients, the elevated titers are

usually short-lived unless the patients become chronic carriers
(27, 37). For these reasons, whereas Vi serology is not helpful
in the diagnosis of acute typhoid fever, the detection of elevated serum anti-Vi antibodies is very useful in screening for
chronic typhoid carriers, even in areas of endemicity (14, 27,
28, 36).
Prior to its licensure as a live oral typhoid vaccine, the
efficacy of attenuated serovar Typhi strain Ty21a in preventing
typhoid fever was demonstrated in multiple randomized, placebo-controlled, double-blind field trials in Latin America (3,
31, 32, 34), Africa (60), and Asia (47). Ty21a stimulates an
array of humoral and cell-mediated immune responses to various serovar Typhi antigens but neither expresses Vi capsular
polysaccharide (17) nor elicits serum Vi antibody (6, 15, 24,
38–40, 56). Thus, immune responses other than the elicitation
of Vi antibody account for the protection provided by this live
oral vaccine. Based on these observations, it has been hypothesized that it may be possible to achieve a higher level of
protection against typhoid fever if one could simultaneously
elicit serum IgG Vi antibodies in addition to the other immune
responses stimulated by live oral vaccines such as Ty21a (33).
An early attempt to harness the protective effects of these
other immune responses and serum IgG Vi antibodies was
pursued by inserting a native viaB locus into the chromosome
of Ty21a, resulting in strain WR4103, a Vi-expressing variant
of Ty21a (5). However, this strain did not induce anti-Vi antibodies in subjects who ingested doses as high as 1010 CFU
(53). More disappointing, several modern, engineered serovar
Typhi vaccine strains that express Vi in vitro and that elicit
high titers of O and H antibodies following ingestion of a single
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oral dose have failed to stimulate serum Vi antibodies (21, 50,
51, 54, 55).
The likely explanation for the disparate observations cited
above stems from the fact that the expression of Vi is highly
regulated in relation to certain environmental signals, such as
osmolarity, and that at least two separate two-component systems, rcsB-rcsC (2, 58) and ompR-envZ (45), are involved in the
regulation of Vi expression. The supposition is that Vi expression ensues when the bacteria find themselves in certain extracellular environments, such as blood and bile (to protect them
from the complement-mediated actions of O antibody) (9, 10,
46), but is turned off when the bacteria gain their intracellular
niche within macrophages or intestinal epithelial cells. It follows that if Vi expression by a live oral vaccine strain is rendered constitutive, this may allow the stimulation of serum IgG
Vi antibodies in orally vaccinated subjects, thereby enhancing
overall protection against typhoid fever. Herein we describe
the modification of attenuated ⌬aroC, ⌬aroD, ⌬htrA strain
CVD 908-htrA to derive CVD 909, which manifests the constitutive expression of Vi.
MATERIALS AND METHODS
Bacterial strains. ⌬aroC ⌬aroD ⌬htrA serovar Typhi strain CVD 908-htrA (35)
was derived from ⌬aroC ⌬aroD strain CVD 908 (22). In clinical trials CVD
908-htrA has proven to be highly immunogenic in stimulating serum IgG O and
H antibodies, secretory IgA mucosal responses, and cell-mediated immune responses. In contrast, serum anti-Vi antibodies were not elicited (54, 55). Construction of ⌬aroC ⌬aroD ⌬htrA Ptac-tviA strain CVD 909 is introduced in this
study. All strains were grown on Aro agar as described previously (22).
Replacement of the tviA promoter. The construction of serovar Typhi CVD
909 was achieved in two phases. First, a deletion in the promoter region of tviA
and insertion of the sacB-neo cassette was introduced into the chromosome of
CVD 908-htrA by homologous recombination (42, 44). Second, the replacement
of the sacB-neo cassette allowed counterselection for the replacement of the
promoter region with the Ptac promoter in a second homologous recombination
event (42, 44).

In the first step, a 167-bp deletion in the promoter region of tviA was created
by an overlapping PCR. Specifically, a 601-bp region upstream from the promoter was amplified from serovar Typhi strain Ty2 genomic DNA with the
primers 5⬘-GGGGGAGCTCAATTCTGCAAACCAGCCCTGTACCATCAA
GTTCATA-3⬘ and 5⬘-CCTCATCCCGGGCCCGGATCCACCTGCACAATTCA
TTGTTTGTACCTATC-3⬘ (relevant restriction sites used are underlined). In
parallel, a 770-bp region downstream from the tviA promoter was amplified using
the primers 5⬘-GCAGGTGGATCCGGGCCCGGGATGAGGTTTCATCATTTC
TGGCCTCCGAATGATATC-3⬘ and 5⬘-ATCCTTGAATTCGGGGGATCCT
ACTAAAATTTTATATTTACAAAGTTAATTCTAGGT-3⬘. Homologous sequences engineered into the tails of the above primers (shown as bold letters)
allowed the two PCR products to be used in an overlapping PCR, resulting in a
1,371-bp product encompassing the upstream region of tviA but with a deletion
of the promoter and containing a unique SmaI site. This PCR fragment was
recovered in pGEM-T, yielding pGEM-T::⌬PtviA. A sacB-neo cassette, obtained
as a SmaI fragment from pIB279 (4, 44), was inserted into the unique SmaI site
in pGEM-T::⌬PtviA to result in pGEM-T::⌬PtviA::sacB-neo. The ⌬PtviA::sacB-neo
segment was excised as an SstI fragment and was inserted into the suicide vector
pKTN701, resulting in pKT::⌬PtviA::sacB-neo (43, 44). Following the transfer by
conjugation of pKT::⌬PtviA::sacB-neo into CVD 908-htrA, homologous recombination events were selected for by screening kanamycin-resistant colonies for
chloramphenicol sensitivity.
In the second step, the Ptac promoter was substituted for the sacB-neo insertion in the tviA locus of CVD 908-htrA-⌬PtviA::sacB-neo (Fig. 1). Specifically, a
257-bp BamHI-EcoRI segment that included Ptac from pKK223-3 (Pharmacia,
Piscataway, N.J.) was cloned into pBluescript (Stratagene, La Jolla, Calif.),
resulting in pBluescript::Ptac. Regions flanking the tviA promoter, amplified with
the primers listed above, were cloned upstream (as an SstI-BamHI fragment)
and downstream (as a SmaI-SalI fragment) from the Ptac promoter in
pBluescript::Ptac. The resulting tviA locus with the inserted Ptac promoter was
cloned into the suicide vector pJG14, yielding pJG14::Ptac-tviA, which was used
to exchange Ptac for sacB-neo in CVD 908-htrA-⌬PtviA::sacB-neo by homologous
recombination as described previously (43, 44). The isolation of double crossover
mutants was enhanced by the counterselection provided by the toxicity of sucrose, which was conferred by sacB, and reversion to kanamycin sensitivity. The
Ptac insertion was confirmed by PCR amplification of Ptac-tviA using the primers
5⬘-GGAATTGTGAGCGGATAACAATTTCACACAGG-3⬘ (based on the Ptac
sequence) and 5⬘-ATCCTTGAATTCGGGGGATCCTACTAAAATTTTATAT
TTACAAAGTTAATTCTAGGT-3⬘ (based on the 3⬘ terminus of the tviA sequence). The expression of Vi was confirmed by slide agglutination of the
bacterial clones with Vi antiserum (Difco, Chicago, Ill.).
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FIG. 1. Genetic map of the viaB locus, showing replacement of PtviA by Ptac. The two-step strategy for promoter deletion and substitution is illustrated. In the first
step, the tviA promoter is deleted and the sacB-neo cassette is inserted into the chromosome of CVD 908-htrA. In the second step, the replacement of the sacB-neo
cassette allows for the selection of bacteria in which a second homologous recombination event results in replacement by the Ptac promoter.
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RESULTS
Strategy. The biogenesis and regulation of Vi polysaccharide
in serovar Typhi are complex. Three widely separated chromosomal loci, viaA (which contains rcsB-rcsC) at centisome 43,
viaB at centisome 92, and ompB, are responsible for the expression of the Vi antigen (2, 58, 59). The viaB locus, which is
in all Vi-positive strains, contains the genes that encode the
various enzymes necessary for the biogenesis of Vi (18, 20, 59).
Intracellular synthesis of Vi is catalyzed by enzymes encoded
by the serovar Typhi Vi genes tviB, tviC, tviD, and tviE (59, 61);
these genes have also been referred to in the literature as Vi
polysaccharide synthesis genes vipA, vipB, and vipC and open
reading frame 4 (20). A set of Vi antigen export genes within
the viaB locus, including vexA, vexB, vexC, vexD, and vexE, are
responsible for the translocation of Vi and its anchoring to the
bacterial surface (59). The first open reading frame of the viaB
region, tviA (previously referred to as vipR) (19, 20), is a positive transcriptional regulator for its own expression (58, 59) as
well as that of downstream genes. The TviA protein interacts
in conjunction with the RcsB regulator protein at the promoter
upstream of tviA to control the transcription of tviB (encoding
an enzyme similar to GDP-mannose dehydrogenase involved

TABLE 1. Agglutination with Vi-specific antiseruma
Agglutination of strain

NaCl
concn (M)

Ty2

CVD
908-htrA

CVD
909

0.17
0.3
0.5
0.6
0.7

⫹⫹⫹
⫹⫹⫹
⫺
⫺
⫺

⫹⫹⫹
⫹⫹⫹
⫹/⫺
⫺
⫺

⫹⫹⫹⫹
⫹⫹⫹
⫹⫹⫹
⫹⫹⫹
⫹⫹⫹

a
⫺, no agglutination; ⫹/⫺, weak agglutination; ⫹⫹⫹, strong agglutination;
⫹⫹⫹⫹, very strong agglutination.

in Vi monomer synthesis). The products of tviC (encoding an
epimerase) and tviD are involved in polymerization of the Vi
monomer. Two chromosomal regions, the ompB operon (comprising ompR and envZ [45]) and rcsB-rcsC (2), which are
found in a number of Enterobacteriaceae (23), play a role in the
expression of Vi in response to high osmolarity and other
environmental signals.
In order to change the expression of the Vi antigen from
osmotically regulated to constitutive, we focused on the promoter of tviA (Fig. 1). It is thought that the products of tviA,
rcsB, and perhaps ompR-envZ perform their regulatory action
by binding the upstream region of tviA (58). We hypothesized
that by replacing the promoter of tviA with the strong constitutive promoter Ptac, the down-regulation of tviA and therefore
the regulation of expression of Vi in response to osmotic signals would be eliminated. Ptac is constitutive in Salmonella,
since this genus lacks lacI.
Constitutive expression of the Vi antigen. After homologous recombination with pKT::⌬PtviA::sacB-neo, the resulting
⌬PtviA::sacB-neo CVD 908-htrA derivative did not agglutinate
with Vi antiserum (data not shown). This outcome resulted
from the replacement of the tviA promoter with the sacB-neo
cassette, thus confirming the essential role of this promoter
and the role of tviA in the expression of the Vi antigen. Subsequently, homologous recombination of this strain with
pJG14::Ptac-tviA yielded strain CVD 909, which strongly agglutinated with Vi antiserum. Whereas the expression of Vi by
wild-type serovar Typhi strain Ty2 and the parent attenuated
strain CVD 908-htrA was strongly regulated and disappeared
in NaCl concentrations that were ⱖ0.5 M, the expression of Vi
by strain CVD 909 did not diminish in the presence of increased salt concentrations (Table 1).
Tissue culture invasiveness assay. Results of the tissue culture invasion experiments are summarized in Table 2. A clear
pattern was observed. Both at 0 h and after intracellular
growth for 4 h, viable counts for CVD 908-htrA were diminished by 1 log below those of wild-type parent Ty2 and the
viability of CVD 909 was diminished by 1 log below that of
CVD 908-htrA.
Antibody responses against the Vi and O antigens. As
shown in Table 3, CVD 908-htrA and CVD 909 elicited similar
rates of seroconversion of Vi antibody (90 and 100%, respectively) and O antibody (50 and 44%, respectively). However,
the geometric mean titer (GMT) of IgG anti-Vi was significantly higher in the mice that received CVD 909. In contrast,
the GMTs of O antibody after immunization were quite similar
in the two groups.
Effect of constitutive expression of Vi on protection. All 10
control mice succumbed to intraperitoneal challenge with wildtype serovar Typhi, as did 9 of 10 animals immunized with a
single dose of CVD 908-htrA (Table 3). In contrast, the mor-
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Osmolarity regulation studies. The effect of NaCl on the expression of Vi
antigen was assessed as described by Pickard et al. (45). Briefly, media with NaCl
concentrations varying from 0.17 to 0.7 M were prepared by supplementation of
Aro agar prepared without NaCl. Serovar Typhi colonies were grown overnight
at 37°C and slide agglutination was performed with Vi antiserum.
Tissue culture invasiveness assay. Henle 407, a human embryonic intestinal
cell line (ATCC CCL-6), was grown in stationary culture in Dulbecco’s modified
Eagle medium (Gibco BRL, Grand Island, N.Y.) supplemented with 15% fetal
bovine serum (Gibco BRL) (15% FBS–DMEM) and penicillin-streptomycin
(Gibco BRL) at 37°C with 5% CO2. Gentamicin protection assays were performed using a modification of the method of Tartera and Metcalf (57). Briefly,
2 ⫻ 105 Henle 407 cells were introduced into each well of a 24-well tissue culture
plate (Falcon 3847; Becton Dickinson, Lincoln Park, N.J.) and incubated overnight without antibiotics. Bacteria were grown overnight at 37°C on L agar, or
Aro agar if required, harvested, and resuspended in 15% FBS–DMEM; 5 ⫻ 108
CFU/100 l were then inoculated into each Henle 407 culture well for 90 min
(multiplicity of infection, 1,000:1). Each well was washed three times with phosphate-buffered saline (PBS) supplemented with 100 g of gentamicin (Vedco, St.
Joseph, Mo.)/ml. The incubation was continued with 15% FBS–DMEM plus 100
g of gentamicin/ml for another 60 min to kill all extracellular noninvasive
bacteria.
Culture wells were then washed three times with PBS without gentamicin, and
a subset was set aside for lysis (0 h); the remaining wells were incubated for an
additional 4 h with 15% FBS–DMEM containing 50 g of gentamicin/ml to allow
for the intracellular growth of invasive bacteria. Infected Henle 407 cells (0 and
4 h) were lysed by incubation at 37°C with 1 ml of lysing buffer (1 mM NaH2PO4,
0.1% gelatin) per well for 30 min. Lysates from each well were then diluted for
counting of viable cells in PBS, and 50-l aliquots were plated on L or Aro agar
as appropriate. The statistical significance of the difference between groups was
determined by the Student t test evaluated at a P value of 0.025 for each of two
experiments. An overall probability was obtained using Fisher’s test of combined
probabilities.
Serum antibody response. Three groups of 6-week-old male BALB/c mice
(n ⫽ 10 per group) were immunized once intranasally (i.n.) with 1010 CFU of
either serovar Typhi strain CVD 908-htrA or CVD 909 or PBS (control). Mice
were bled on days 0 and 23 with respect to the first immunization. Serum IgG
antibodies against the Vi and O antigens were determined by enzyme-linked
immunosorbent assay (16). Titers in the different groups of mice were compared
statistically by the Mann-Whitney test, and seroconversion rates were compared
by Fisher’s exact test.
Efficacy. Three new groups of 6-week-old male BALB/c mice (n ⫽ 10 per
group) were immunized once i.n. with 1010 CFU of either serovar Typhi CVD
908-htrA or CVD 909 or PBS (control). Thirty days after primary immunization,
mice were challenged with wild-type serovar Typhi strain Ty2, using the hog
gastric mucin model (29, 63). Briefly, hog gastric mucin (type 1701W; Wilson
Laboratories, Chicago, Ill.) was suspended in PBS at a 10% (wt/vol) concentration and autoclaved for 10 min. After autoclaving, 100 l of this suspension was
plated on L agar to check for lack of aerobic bacterial growth. Wild-type strain
Ty2 was grown overnight on L agar, harvested, and suspended in 10% hog mucin
at a concentration of 2.5 ⫻ 106 CFU/ml; 0.5 ml of this suspension was inoculated
intraperitoneally. The survival of mice was monitored for 5 days. The statistical
analysis of survival was performed by Fisher’s exact test.
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TABLE 2. Invasiveness of wild-type serovar Typhi strain Ty2 and vaccine strains CVD 908-htrA and CVD 909 for
Henle 407 cells in tissue culture
Strain

Relevant phenotype

Geometric mean CFUa per well after Henle 407 cell
lysis (SD)

Expt

0h

4h

4

Ty2

Wild type; regulated Vi expression

1
2

6.86 ⫻ 10 (1.42) b
4.68 ⫻ 105 (1.02) d

5.03 ⫻ 105 (2.05) c
2.54 ⫻ 106 (1.66) e

CVD 908-htrA

Vaccine strain; regulated Vi expression

1
2

5.43 ⫻ 103 (1.04) f
9.03 ⫻ 103 (2.27) h

1.30 ⫻ 104 (1.41) g
3.00 ⫻ 104 (1.04) i

CVD 909

Vaccine strain; constitutive Vi expression

1
2

7.52 ⫻ 102 (1.08) j
8.72 ⫻ 102 (1.70) l

1.05 ⫻ 103 (1.39) k
1.08 ⫻ 103 (1.26) m

tality among mice immunized with CVD 909 (3 of 8 [38%]) was
significantly lower (P ⫽ 0.0065), yielding a protection rate of
62% (Table 4).
DISCUSSION
The Vi antigen was discovered in the 1930s by Felix and Pitt
(8, 9), who went on to describe many of the relevant bacteriological, clinical, and epidemiological features. Using a mouse
model of parenteral infection, they observed that this antigen
appeared to protect the O antigen from the actions of O
antibodies (8, 9, 13). The heat-inactivated, phenol-preserved
whole-cell typhoid vaccine was the standard typhoid vaccine at
the time. However, Felix contended that alternative chemical
inactivators of serovar Typhi (e.g., alcohol) preserved the Vi
capsule more efficiently and conferred greater protection in
their mouse model (12). This led to alcohol-inactivated parenteral vaccine becoming the typhoid vaccine routinely used in
the British military for several years. However, in a large-scale
field trial in Yugoslavia initiated in the late 1950s, it was found
that the protective efficacy conferred by alcohol-inactivated
parenteral vaccine was lower than that provided by the classic
heat-inactivated, phenolized parenteral vaccine (64). Felix (11)
also first demonstrated that chronic typhoid carriers manifest
high levels of serum Vi antibody.
In the 1970s, it was shown that a high yield of Vi polysaccharide largely free of lipopolysaccharide could be obtained
from serovar Typhi using the detergent hexadecyltrimethylammonium bromide (46, 62), paving the way for large-scale production methods. In large-scale field trials, purified Vi polysaccharide parenteral vaccine prepared in this way was found
to confer a moderate level of protection against typhoid fever
(55% vaccine efficacy over 3 years of follow-up) by stimulating
serum Vi antibodies (1, 25, 26). In contrast, Germanier and

Furer (17), following a completely different approach, developed live oral typhoid vaccine strain Ty21a, which lacked activity of the epimerase encoded by galE and, in addition, was
independently a Vi-negative mutant. In field trials, Ty21a was
also found to confer a moderate level of protection, presumably by eliciting cell-mediated and additional immune responses other than the stimulation of Vi antibodies (31, 32,
34). Over 3 years of follow-up, 3 doses of the enteric-coated
capsule formulation of Ty21a (given every other day) conferred 67% (32) and 33% (34) efficacy in two field trials,
whereas the liquid formulation that is now licensed in a number of countries conferred 77% protection (34). Levine et al.
(33) suggested that a much higher level of protection against
typhoid fever might be achieved if the distinct immune responses stimulated by these two types of vaccines could be
concomitantly elicited. A new generation of attenuated serovar
Typhi vaccine strains has appeared, characterized by strains
such as CVD 908, CVD 908-htrA, Ty800, and X4073 that are
well tolerated but more immunogenic than Ty21a in eliciting
serum O and H antibodies (21, 50–52, 54, 55). However, these
new live oral vaccines only rarely stimulate serum Vi antibodies in subjects.
The expression of capsular polysaccharides by some Enterobacteriaceae is highly regulated in response to different environments, being activated by certain signals and suppressed by
others. Typically, regulation is achieved by two-component
sensory systems, with one gene encoding a histidine kinase
sensor and another encoding a transcriptional activator protein. Vi expression by serovar Typhi is subject to regulation by
at least two separate two-component systems, rcsB-rcsC (2)
and ompR-envZ (45). In addition to the Vi antigen, the expression of serovar Typhi flagellin and the cell invasion-promoting
Sip proteins is also modulated by the RcsB-RcsC regulatory
system and osmolarity both during transcription and posttrans-

TABLE 3. Serum O and Vi antibody responses in mice immunized with a single i.n. dose of CVD 908-htrA or CVD 909a
Serum IgG anti-Vi

Serum IgG anti-O

Strain or control

Day 0
GMT

Day 23 GMT
(range)

Frequency of
seroconversionb (%)

Day 0
GMT

Day 23 GMT
(range)

Frequency of
seroconversion (%)b,c

CVD 908-htrA
CVD 909
PBS

10
10
10

49 a (20–160)
160 d (80–640)
10

9/10 b (90)
10/10 e (100)
0/10 f (0)

31
32
26

87 (20–320)
80 (20–160)
25 (20–40)

3/6 (50)
4/9 (44)
0/7 (0)

a
b
c

a versus d, P ⫽ 0.0007, Mann-Whitney test; b versus f, P ⬍ 0.001, Fisher’s exact test; e versus f, P ⬍ 0.0001, Fisher’s exact test.
Number of mice which seroconverted per total number tested.
Some mice had insufficient quantities of serum remaining for testing O antibody.
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a
Geometric mean of duplicate wells. Comparisons by Student’s t test: b versus f, P ⫽ 0.06; f versus j, P ⫽ 0.005; d versus h, P ⫽ 0.092; h versus l, P ⫽ 0.095; c versus
g, P ⫽ 0.049; g versus k, P ⫽ 0.017; e versus i, P ⫽ 0.048; and i versus m, P ⫽ 0.026. Overall probability using Fisher’s test of combined probabilities: Ty2 versus CVD
908-htrA, P ⫽ 0.034 and P ⫽ 0.017 at 0 and 4 h, respectively; CVD 908-htrA versus CVD 909, P ⫽ 0.004 and P ⫽ 0.004 at 0 and 4 h, respectively.
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TABLE 4. Efficacy of CVD 908-htrA and CVD 909 in protecting
mice against intraperitoneal challenge with wild-type serovar Typhi
suspended in hog gastric mucin, 4 weeks after a single
i.n. immunization
Strain or control

Mortalitya
(%)

% Vaccine
efficacy

CVD 908-htrA
CVD 909b
PBS

9/10 a (90)
3/8 b (38)
10/10 c (100)

10
62
0

a
Number of mice that died per total number tested. a versus c, P ⫽ 0.0043,
Fisher’s exact test; b versus c, P ⫽ 0.0065, Fisher’s exact test.
b
Two mice allocated to this group died during handling prior to challenge.

seen with CVD 908 (51). On the other hand, as a consequence
of the significantly diminished tissue culture cell invasiveness
of CVD 909, there may be no notable alteration in the clinical
tolerability of the derivative. If, in the preliminary clinical trials, CVD 909 proves to be as well tolerated as CVD 908-htrA,
does not cause vaccinemias, and elicits serum IgG Vi antibody
in addition to the various other serous, mucosal, and cellmediated immune responses stimulated by CVD 908-htrA (48,
54, 55), it will generate enthusiasm for more extensive clinical
trials.
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lation (2). Under conditions of low osmolarity, the transcription of iagA, invF, and sipB (encoding proteins involved in cell
invasion) is negatively controlled by the RcsB regulator, acting
in concert with the TviA protein, which is encoded by tviA
within the viaB locus. In contrast, Vi polysaccharide is preferentially expressed under the same low-osmolarity growth conditions. If the osmolarity of the medium is increased, the transcription of iagA, invF, and sipB is markedly increased, whereas
the transcription of genes involved in Vi biosynthesis is markedly reduced (2). It was thus of interest to investigate the
invasiveness of a serovar Typhi strain that constitutively expresses Vi. The expectation would be that invasiveness might
be diminished somewhat. Indeed, this is what was observed, as
the invasiveness of CVD 909 was 1 log below that of its isogenic parent, CVD 908-htrA (P ⬍ 0.01) (Table 2).
Similarly, the ompR-envZ regulatory system regulates OmpC
and OmpF porins and Vi in relation to osmolarity, with the
expression of Vi being suppressed at high osmolarity (45).
These observations suggest that when serovar Typhi attains its
protected intracellular site within macrophages or intestinal
epithelial cells, signals within this ecological niche may turn off
the expression of Vi. Serovar Typhi bacteria residing extracellularly in the gallbladder in conjunction with gallstones presumably find themselves in an environment where Vi expression persists. This would explain why chronic carriers manifest
high titers of serum IgG Vi antibody (27, 37). By extension,
these observations lead us to hypothesize that by making Vi
expression constitutive in live oral vaccine strains, it may be
possible to elicit serum IgG Vi antibodies, as is seen in chronic
carriers (in the gallbladder) of serovar Typhi.
CVD 909, a further derivative of the promising vaccine
strain CVD 908-htrA (54, 55), was constructed by replacing the
native promoter of tviA with the strong constitutive promoter
Ptac. Constitutive expression of Vi that did not turn off in the
presence of a high concentration of saline was thereby
achieved. In mice immunized mucosally (i.n.) with a single
dose of vaccine, CVD 909 stimulated a significantly higher
GMT of serum Vi antibodies than did CVD 908-htrA.
Although the intraperitoneal challenge of mice with serovar
Typhi does not closely mimic the pathogenesis of human typhoid infection, it is nevertheless particularly sensitive in measuring the protective effect of Vi antibodies (9, 62, 63). It is
thus encouraging that a single mucosal dose of CVD 909 conferred significantly greater protection than CVD 908-htrA (Table 4). However, the definitive test of the hypothesis must
come from a proof-of-principle clinical trial in which increasing
oral doses of CVD 909 vaccine are administered to groups of
consenting volunteers. Such a clinical trial will be of interest
from the perspective of reactogenicity and pathogenesis as well
as of immunogenicity. In theory, the constitutive expression of
Vi by CVD 909 could lead to short-lived vaccinemias, as was
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