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Attenuated Salmonella strains are an attractive live vector for delivery of a foreign antigen to the human
immune system. However, the problem with this vector lies with plasmid segregation and the low level of
expression of the foreign gene in vivo when constitutive expression is employed, leading to a diminished
immune response. We have established inducible expressions of foreign genes in the Salmonella enterica serovar
Typhi CVD908 vaccine strain using the tetracycline response regulatory promoter. To set up this system, a
tetracycline repressor (tetR) was integrated into a defined �aroC locus of the chromosome via suicide plasmid
pJG12/tetR-neo. To remove the neo gene conferring kanamycin resistance from the locus, a cre expression vector
under the control of the tetracycline response promoter was transformed into the clone; expression of the Cre
recombinase excised the neo gene and generated the end strain CVD908-tetR. Expression of the luciferase
reporter gene in this strain is dependent on the presence of tetracycline in the medium and can be regulated
up to 4,773-fold. Moreover, the tightly controlled expression of major merozoite surface protein 1 (MSP1) and
parts of Plasmodium falciparum was achieved, and the product yield was increased when the inducible expres-
sion system was employed. Inoculation of bacteria harboring plasmid pZE11/MSP142 in mice produced the
protein in liver and spleen controlled by the inducer. The persistence of the plasmid-carrying bacteria in mice
was determined. Peak colonization of both liver and spleen was detected on the third day postinoculation and
was followed by a decline in growth curves. After 14 days postinfection, the majority of the bacteria (>90%)
recovered from the liver and spleen of the mice retained the plasmid when expression was induced; this clearly
indicated that stability of the expression vector in vivo was improved by inducible expression. Establishment
of the regulatory system in the vaccine strain may broaden the range of its use by enhancing plasmid stability
and expression levels in vivo. Moreover, the availability of the vaccine strain inducibly expressing the entire
MSP1 provides possibilities for examining its immunogenicity, particularly the cellular response in animal
models.

Numerous antigens that may constitute effective compo-
nents of vaccines have become accessible through current ad-
vances in molecular and cell biology. Despite this progress, a
major problem in the development of subunit vaccines is con-
cerned with the manner in which antigens must be presented to
the immune system in order to elicit a protective immune
response. In this context, the use of highly attenuated strains of
Salmonella enterica serovar Typhi as a basis for development of
a recombinant bacterial live vaccine has been an interesting
and attractive proposal (3, 11, 13–15, 22) and has resulted in
the development of strains potentially suitable for human use.
The oral administration and route of infection of salmonellas
produce an efficient colonization in Peyer’s patches and spleen;
this appears particularly promising, as the secretory and hu-
moral as well as cellular immune responses can be elicited.
Indeed, a number of reports describe successful immunization
with recombinant salmonellas in various animal models.

In the search for a malarial vaccine, a recombinant bacterial

system would be particularly valuable due to the potential
provided by low-cost production and simplicity of administra-
tion. Indeed, the various heterologous antigens examined in
salmonellas include the circumsporozoite proteins of Plasmo-
dium falciparum, which have been tested for their immunoge-
nicity in animal models as well as in humans (14).

The Salmonella enterica serovar Typhi strain CVD908-htrA,
also considered for immunization in humans, carries three
deletions which affect the �aroC, �aroD, and htrA loci. Due to
these deletions, it is highly attenuated yet retains sufficient
immunogenicity (12, 33, 36, 48, 49). Potential problems with
the use of the carrier lie in plasmid segregation in vivo, where
antibiotic selective pressure is usually not available. By 24 h
postinoculation, the majority of the carrier strain cells recov-
ered from the tissues of immunized animals have lost the
plasmid, resulting in loss of expression of the foreign antigen
(5). Inducible systems that allow tightly controlled expression
of the protein in the host should circumvent this problem in
principle.

This strategy was successfully applied using attenuated Sal-
monella strains with the Escherichia coli nitrite reductase pro-
moter NirB induced under anaerobiosis, to directly stabilize in
vivo expression of fragment C of tetanus toxin (7, 13). Mice
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immunized with a single oral dose of salmonellas harboring the
construct developed high titers of anti-fragment C antibodies
and were protected against tetanus challenge; however, very
weak immunity was induced in mice immunized with salmo-
nellas in which the fragment was expressed under the control
of the constitutive tac promoter (7). More recently, a promoter
activated in vivo within macrophages was used for the expres-
sion of heterologous proteins in S. enterica serovar Typhi-
murium. This approach enhances the immunogenicity of the
antigen in animal models (9, 13, 31). Nevertheless, these in
vivo-activated promoters do not allow very tight control of
expression, which again will prevent the inclusion of some
antigens.

The merozoite surface protein 1 (MSP1) of Plasmodium falci-
parum is a 190- to 200-kDa glycoprotein synthesized during
schizogony. This protein is proteolytically processed into a num-
ber of smaller fragments, termed MSP183, MSP133, MSP136, and
MSP142. MSP142 undergoes a second processing event to gener-
ates MSP130 and MSP119 (21). The latter contains two disulfide-
bonded epidermal growth factor-like domains and is anchored
into the merozoite membrane by a glycosylphosphatidylinositol
moiety, the only region of MSP1 which is carried into the host
erythrocyte still associated with the merozoite surface (4).

For a number of reasons, this antigen has been considered
an attractive candidate vaccine in the control of malaria. The
most convincing evidence for this view comes from Aotus mon-
key trials which showed that immunization of Aotus monkeys
with native MSP1 material can provide partial to complete
protection against parasite challenge (10, 18, 35, 41). Similar
immunization experiments in rodents also generated high lev-
els of protection (20). Moreover, monoclonal antibodies and
antisera specific for the antigen can also inhibit parasite growth
both in vitro and in vivo (17, 26, 30). The MSP1 gene, however,
is highly unstable in E. coli due to its unusually high A�T
content, which renders cloning of the full-length gene impos-
sible (39). This obstacle has been resolved by gene synthesis
with reduced A�T contents using human codon usage (34).
Transfection in various systems, such as E. coli and mammalian
cells, with this gene can produce the entire recombinant MSP1
protein.

During the last decade, many efforts have been made to
identify those domains of the merozoite surface protein which
confer protective immunity. Growing evidence showed that the
cysteine-rich carboxyl terminus may mediate protection. Im-
munization of monkeys with MSP142 provided protection
against challenge with the parasite. Moreover, antibodies to
this fragment inhibited parasite growth in vitro. However, no
convincing data are available which allow us to exclude any
other regions outside the C terminus for protective immunity.

Serum antibodies from donors with malaria which can asso-
ciate with merozoites can inhibit parasite multiplication in
vitro and prevent merozoite dispersal. These antibodies recog-
nized the fragment in the middle (i.e., MSP131) besides the
C-terminal fragments (29). In addition, the best protection was
achieved by immunization with full-length native MSP1 in ro-
dents and Aotus monkeys (20, 41). Therefore, attempts should
be made to examine the potential of all processed fragments as
components of the vaccine.

Here, we describe the development of an S. enterica serovar
Typhi CVD908 strain that allows the controlled transcription

of a target gene via anhydrotetracycline (aTc). In this system,
the E. coli Tet repressor (TetR) shuts off transcription in the
absence of tetracycline; in the presence of a very low concen-
tration of aTc (0.1 �g/ml), the expression of the gene is in-
duced 4,773-fold. By varying the aTc concentration, expression
can also be adapted to intermediate levels. The resulting S.
enterica serovar Typhi CVD908-TetR produced TetR constitu-
tively and tightly regulated not only the luciferase indicator
gene but also a gene encoding the 190-kDa merozoite surface
antigen protein 1 (MSP1) and parts of the malaria parasite P.
falciparum. Moreover, expression of the malaria antigen was
detected in both liver and spleen of mice in an aTc-dependent
fashion.

It would be interesting to determine whether the combina-
tion of the gene encoding this important antigen with the
regulated S. enterica serovar Typhi delivery system is capable of
efficiently eliciting protective immune responses.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. A double aro mutant of Salmonella
enterica serovar Typhi CVD908 strain and two suicide plasmids, pJG9 and
pJG12, were kindly provided by M. M. Levin and J. E. Galen (unpublished data).
Escherichia coli DH5�Z1 was obtained by moving the tandem tetR, lacI, and spr
genes into the attB locus of E. coli DH5� (28), and plasmids pZS4 (28), pREP4
(45), and pZE11 (28) were kindly provided by H. Bujard.

The plasmid pBluescript/cre with a cre cDNA gene in its multiple cloning site
is used in our lab. E. coli strains were grown in Luria-Bertani (LB) broth. S.
enterica serovar Typhi CVD908 strains, and their derivatives were grown in
LB-DHB broth (LB broth with 0.0001% [wt/vol] 2,3-dihydroxybenzoate) and in
Aro broth for expression studies (13).

DNA manipulation. Restriction endonuclease digestions, plasmid isolation,
agarose gel electrophoresis, restriction fragment isolation, ligation, transforma-
tion with calcium chloride, restriction fragment blunting, chromosomal DNA
extraction, alkaline phosphatase treatment, and PCR product purification were
carried out according to published standard protocols (38) or following kit
manual recommendations. PCR amplification parameters were as follows: pre-
denaturation for 2.5 min at 94°C for 1 cycle; denaturation for 20 s at 94°C,
annealing for 30 s at 53°C, and extension for 1.5 min at 72°C for 28 cycles; and
complete extension for 7 min at 72°C for 1 cycle.

Oligonucleotide primers. All oligonucleotide primers used in this study are
listed in Table 1. Primers Neo1 and Neo2, forward and reverse primers for
amplification of the neo gene from plasmid pREP4, respectively, contain the
34-bp loxP sequence in the 5� terminus. The products amplified by these primers
are flanked on both sides by two loxP sequences in the same direction. The
primer pairs Tet1/Tet2 and Cre1/Cre2 were designed to amplify the tetR gene
and cre cDNA gene from their respective plasmids, pZS4 and pBluescript/cre. A
modified luciferase gene (28) was amplified by Luci1/Luci2. Primers N32 and
N33 hybridize to the 5�-terminal region of aroC, encoding the first seven amino
acids, and to the 3�-terminal region, encoding the last six amino acids and stop
codon, respectively.

Construction of plasmids. (i) Construction of plasmid pJG12/tetR-neo. Plas-
mid pJG12 contains a temperature-sensitive replicon, the chloramphenicol
acetyltransferase gene (cat), and a counterselectable sacB gene encoding the
levansucrase enzyme that is lethal to gram-negative bacteria, such as salmonellas
grown in the presence of sucrose. The construction of pJG12/tetR-neo was car-
ried out in two steps. First, the tetR gene driven by the pN25 promoter was
amplified by primers Tet1 and Tet2 from pZS4. The amplified products were
digested with BglII and NheI and cloned into the multiple cloning site of pBlue-
script for DNA sequence confirmation. Error-free tetR gene was cut from pBlue-
script clones with the same two restriction enzymes and replaced the aph gene in
the �aroC fragment on pJG12 to generate the pJG12/tetR plasmid. To obtain the
neo gene flanked on both sides by two loxP sequences in the same direction,
primer pair Neo1/Neo2 was used. The products amplified from pREP4 were
inserted into the unique NheI site of pJG12/tetR. This plasmid was termed
pJG12/tetR-neo. Restriction enzyme analysis showed that the tetR and neo genes
were oriented in a head-to-head manner.

(ii) Construction of plasmid pJG9/cre. The cDNA gene encoding Cre recom-
binase, amplified from pBluescript/cre with primers Cre1/Cre2, was digested with
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KpnI and PstI and ligated to pBluescript once more for DNA sequence confir-
mation. The error-free cre cDNA gene was inserted into plasmid pZE11 between
the KpnI and PstI sites to construct pZE11/cre. On this plasmid, the original
ATG start codon was replaced by that of the cre gene at the same position. The
PLtetO-1-cre-T1 cassette was cut from pZE11/cre with XhoI and StyI, treated with
Klenow fragment, and then inserted into the SmaI site of pJG9, the parental
plasmid of pJG12 without the aph and �aroC cassette, producing pJG9/cre. The
orientation of the PLtetO-1-cre-T1 cassette was identified by endonuclease anal-
ysis.

(iii) Construction of expression plasmid. The cDNA genes encoding firefly
luciferase were amplified using primers Luci1/Luci2. Error-free luci cDNA gene
products were inserted into pZE11 between the KpnI and PstI sites to produce
pZE11/luci. The ATG start codon of pZE11 was replaced by that of the luci
cDNA gene at the same position. The entire msp1 gene of Plasmodium falcipa-
rum and parts thereof were synthesized as described previously (34). Since there
were no appropriate sites in pZE11 for cloning the msp1 gene, the plasmid was
reconstructed to create restriction sites for BamHI and ClaI that were compat-
ible with the synthetic msp1 gene flanked by the same sites. The msp1 gene as
well as parts thereof, msp142 and msp131, were cloned into the multiple cloning
site of pZE11. The resulting plasmids were termed pZE11/msp1, pZE11/msp142,
and pZE11/msp131, respectively. pZE11 is an episomal vector carrying the
PltetO-1 promoter, which directs transcription of the genes of interest controlled
by aTc and the gene conferring resistance to ampicillin.

Electroporation. Overnight cultures were diluted 1:100 with LB-DHB broth
and incubated for 3 h at 37°C with shaking. Cells were spun down for 10 min at
6,000 rpm and washed three times with 1 culture volume of ice-cold distilled
water before being resuspended in ice-cold distilled water with a final volume of
1/100 of the original culture volume. Plasmid DNA was added to 40 �l of this cell
suspension and settled to the bottom of a 0.2-cm cuvette. Electroporation was
performed in a gene pulser (Bio-Rad) with the parameters set at 2.5 kV, 200 �,
and 25 �F. Immediately after the pulsing, the cells were gently resuspended in
Aro broth and incubated for 1 h without antibiotic before plating on Aro agar
with the appropriate antibiotic (13).

Insertion of tetR-neo cassette into the �aroC locus of CVD908. The insertion
experiment was performed according to the protocol of M. M. Levin (unpub-
lished data). pJG12/tetR-neo was transferred into CVD908 by electroporation.
The bacterial cells were grown on Aro agar containing kanamycin (45 �g/ml) at
37°C for 16 h. Several colonies were pooled and streaked on another kanamycin
plate. After incubation at 44°C for about 48 h, one colony was inoculated into
LB-DHB broth supplemented with 10% sucrose and incubated at 30°C for 16 h
with vigorous shaking. Kanamycin-resistant and chloramphenicol-sensitive colo-
nies were screened, and PCR identification was carried out. The positive colony
was termed strain CVD908-tetR-neo.

Excision of neo gene from the chromosome. Plasmid pJG9/cre was electropo-
rated into the CVD908-tetR-neo strains (unpublished data). Overnight cultures
of CVD908-tetR-neo harboring pJG9/cre were diluted 1:100 in Aro broth con-
taining 20 �g/ml chloramphenicol followed by incubation at 30°C for 4 h with
shaking. Anhydrotetracycline was added to the cultures for a final concentration
of 100 ng/ml, followed by incubation at 37°C for another 4 h to induce the
expression of Cre recombinase and to allow the site-specific recombination
mediated by the Cre/LoxP system. Several hundred colonies were screened for
kanamycin sensitivity and chloramphenicol resistance. After PCR identification,
one positive colony was inoculated into LB-DHB broth containing 10% sucrose
and grown at 30°C for 16 h with shaking to cure the pJG9/cre. One colony

sensitive to both kanamycin and chloramphenicol was termed CVD908-tetR and
was used in subsequent expression experiments.

Western blot. Overnight cultures of CVD908-tetR harboring different expres-
sion plasmids were diluted 1:100 in Aro broth and grown at 37°C for a 3-h period.
After supplementation with aTc for a final concentration of 100 ng/ml, the
cultures were grown continuously for another 4 h. Cultured cells were harvested
by centrifugation at 12,000 rpm for 1 min and resuspended in distilled water. The
resuspended cells were mixed 1:1 with twice-concentrated loading buffer and
then boiled for 15 min. The loading buffer was either with mercaptoethanol or
without mercaptoethanol when monoclonal antibody MAb5.2 was applied.

The samples were fractionated on sodium dodecyl sulfate (SDS) gels accord-
ing to standard protocols (38). After the protein gels were transferred onto the
nitrocellulose membrane, the transferred proteins were probed with either poly-
clonal (rabbit anti-MSP131 serum) or monoclonal (MAb5.2) antibodies, followed
with alkaline phosphatase-conjugated goat anti-rabbit immunoglobulin G (IgG)
or anti-mouse IgG, respectively. The blots were developed with BCIP (5-bromo-
4-chloro-3-indolylphosphate) and NBT (nitroblue tetrazolium) mixtures as the
substrate for alkaline phosphatase.

Luciferase determination. CVD908-tetR strains harboring pZE11/luci were
induced by aTc as described above, and 0.5-ml cultures were spun down for 1 min
at 12,000 rpm. The pellet was resuspended in 50 �l of lysis buffer (1 mM EDTA,
1 mg of lysozyme per ml) and incubated at room temperature for at least 15 min.
Then 300 �l of distilled water and 300 �l of buffer I (100 mM KH2PO4, 1 mM
dithiothreitol [DTT], pH 7.8) were added, followed by centrifugation at 12,000
rpm for 10 min. Then 10-�l aliquots of the supernatant were mixed with 100 �l
of luciferase assay system (Promega) just prior to detection, and luciferase
activity was measured (10 s; delay, 0 s) in a Lumat LB 9507. Activities were
normalized and expressed as relative light units (RLU) per number of viable cells
(28).

Detection of expression of MSP142 in vivo. The bacterial strain CVD908-tetR
harboring pZE11/msp142 from an overnight culture were diluted in LB-DHB
medium at 1:500 and incubated at 37°C for 16 h. Then 2.5 ml of the culture was
inoculated in 50 ml of LB medium and cultured for another 5 h with shaking. The
culture was diluted to yield a cell concentration of 107/0.2 ml.

Female BALB/c mice (18 to 20 g) received a single 0.2-ml dose of the culture
intraperitoneally. At 24 h postinoculation, the mice in induction groups were
injected via the tail vein with various concentrations of aTc. The liver and spleen
of the mice were examined to determine expression of MSP142 by an immuno-
histochemical method using fluorescently labeled monoclonal antibody MAb5.2.

RESULTS

Cre/LoxP-mediated integration of the tetR cassette into the
chromosome. To establish the tetracycline regulatory system
in this strain, it was necessary to integrate the tetR cassette
into the chromosome of the strain. Since S. enterica serovar
Typhi CVD908 is an attenuated vaccine strain, it is impor-
tant to integrate foreign genes into the defined locus of the
chromosome to prevent reverse mutation. Moreover, any
resistant selective marker should be eliminated from the end

TABLE 1. Oligonucleotides

Oligonucleotide Sequencea Description

N32 5�-ATGGCAGGAAACACAATTGGA-3� 5� primer for aroC
N33 5�-CCAGCGTGGAATCTCTGTCTT-3� 3� primer for aroC
Tet1 5�-GAagatctGGCCCTTTCGTCTTCACCTC-3� 5� primer for tetR
Tet2 5�-CTAgctagcTAGCTCCTGAAAATCTCGCC-3� 3� primer for tetR
Neo1 5�-CTAgctagcATAACTTCGTATAGCATACATTATACGAAGTTATCTTCACGCTGCCGCAAGCAC-3� 5� primer for neo
Neo2 5�-CTAgctagcATAACTTCGTATAGCATACATTATACGAAGTTATGACCAAAGCGGCCATCGTGC-3� 3� primer for neo
Cre1 5�-GGggtaccATGTCCAATTTACTGACCG-3� 5� primer for cre
Cre2 5�-AActgcagCTAATCGCCATCTTCCAGC-3� 3� primer for cre
Luci1 5�-GGggtaccATGGAAGACGCCAAAAACAT-3� 5� primer for luci
Luci2 5�-AActgcagTTACAATTTGGACTTTCCGC-3� 3� primer for luci

a Endonuclease sites are in lowercase letters, and the loxP sequence is underlined.
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strain because of intended human use. Thus, the mutant
aroC (�aroC) gene was chosen as the target for integration
of tetR cassette. We used a temperature-sensitive suicide
vector, pJG12, for the integration. This vector contains a

temperature-sensitive mutation in repA that is essential for
the function of the pSC101 origin of replication. This vector
also contains a counterselectable marker, the sacB gene, to
encode an enzyme that hydrolyzes sucrose and becomes

FIG. 1. Cre/LoxP-mediated mobilization of the tetR cassette into the �aroC locus of the chromosome of strain CVD908.
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lethal in gram-negative bacteria such as salmonellas grown
in the presence of sucrose.

In this experiment, the Cre/LoxP system was employed to in-
tegrate the tetR cassette into the chromosome as outlined in Fig.
1. Cre/LoxP requires only the phage-encoded recombinase, Cre,
and two copies of its 34-bp target site, loxP. In this experiment,
plasmid pJG12/tetR-neo (Fig. 1A) was constructed as described in
Materials and Methods, and the integration of the plasmid was
accomplished by using the following three steps.

(i) Integration of plasmid pJG12/tetR-neo into the �aroC
locus. The plasmid pJG12/tetR-neo was electroporated into
strain CVD908 (Fig. 1A), and transformants were selected by
Aro agar plates containing 45 �g of kanamycin per ml for
merodiploid intermediates (Fig. 1B). One isolated colony was
inoculated into LB-DHB medium containing 10% sucrose and
incubated at 30°C with vigorous aeration for 16 h. These con-
ditions allowed excision of the plasmid from the chromosome
by homologous recombination (Fig. 1C) to generate two kinds
of strains with successful as well as abortive allelic exchanges.

The strain with the successful exchange (designated CVD908
tetR-neo) was recovered from plates containing 45 �g of kanamy-
cin per ml. Figure 2 shows the results of the PCR identification,
indicating the mobilization of the tetR-neo-loxP fragment into the
�aroC locus. A total of 0.4 kb of the �aroC gene was amplified by
PCR from CVD908 using N32/N33 (Fig. 2, lane 1), whereas no
resulting product was observed when Tet2/N33 was used (Fig. 2,
lane 2).

For the merodiploid clone, 0.4- as well as 1.2-kb fragments
were generated when using N32/N33 (Fig. 2, lane 3) and Tet2/
N33 (Fig. 2, lane 4), respectively. However, the kanamycin-
resistant clone with a successful exchange produced only 1.2-kb
fragments when the N32/N33 (Fig. 2, lane 5) and Tet2/N33
(Fig. 2, lane 6) primers were employed, indicating that the
tetR-neo-loxP fragment had been mobilized into the �aroC
locus. We noted that both the merodiploid clone and the clone
with successful exchange failed to produce the 2.7-kb frag-

ments of tetR-neo-loxP when using the N32/N33 primers. This
failure may have resulted due to the conditions and Taq en-
zyme employed here, which may not allow the generation of
such long fragments.

(ii) Excision of the neo expression cassette from the chro-
mosome. Suicide vector pJG9/cre (Fig. 1D), which inducibly
expresses the Cre recombinase, was constructed. The plasmid
was introduced into the clone described above by electropora-
tion. Expression of the cre gene efficiently excised the loxP-
flanked neo gene from the chromosome. Clones with the neo
gene excised were found to be sensitive to kanamycin and
recovered by reverse selection, i.e., selecting the clones that
can grow on the plate without kanamycin but not with 45 �g of
kanamycin per ml.

Figure 3 illustrates the outcome of the PCR identification of
the selected clone that is sensitive to kanamycin. Expected
sizes of the tetR gene and aroC::tetR fragments are 0.7 and 1.4
kb, respectively. Our results demonstrated that the two PCR
products were amplified from the clone (Fig. 3, lanes 1 and 2).
Moreover, the expected sizes of the other two fragments also
produced in the clone using primers Tet1/N32 and Tet2/N33,
respectively (Fig. 3, lanes 3 and 4), indicated that the neo gene
had been removed from the locus of the chromosome and that
only the tetR cassette remained in the locus.

(iii) Removing the suicide vector pJG9/cre from the selected
clone. Since the clone from previous step still contained the
pJG9/cre suicide plasmid, its removal was necessary in order to
generate the end strain intended for human use. For this pur-
pose, the clone was grown in a medium containing 10% su-
crose. The sacB gene in the plasmid encodes the levansucrase
enzyme that is lethal to the bacteria in the presence of sucrose.
Thus, bacteria containing the plasmid were destroyed, while
the clones of interest without the plasmid were recovered from
the medium and found to be sensitive to chloramphenicol. One
of these clones was termed CVD908-tetR.

Quantitation of controlled expression of luciferase by TetR
in CVD908-tetR. Plasmid pZE11 contains a tet-controlled pro-
moter, and insertion of the luciferase gene into this plasmid
generated expression plasmid pZE11/luci. CVD908-tetR was
transformed by electroporation with pZE11/luci. The transfor-
mants were assayed for luciferase activity. As shown in Fig. 4,

FIG. 2. PCR identification of integrated CVD908-tetR-neo-loxP.
Lanes: M, DNA markers; 1, CVD908 (N32/N33); 2, CVD908 (Tet2/
N33); 3, CVD908 merodiploid (N32/N33); 4, CVD908 merodiploid
(Tet2/N33); 5, CVD908-tetR-neo-loxP (N32/N33); 6, CVD908-tetR-
neo-loxP (Tet2/N33).

FIG. 3. PCR identification of strain CVD908-tetR. Lanes: M, DNA
markers; 1, Tet1/Tet2; 2, N32/N33; 3, Tet1/N32; 4, Tet2/N33.
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in the absence of aTc, luciferase activity of 1.1 � 10�2 RLU/
cell was detected, versus 5,250 � 10�2 RLU/cell in the pres-
ence of 0.1 �g of aTc per ml. These data clearly indicated that
the expression of luciferase is completely dependent upon the
presence of aTc and can be regulated up to three orders of
magnitude (4,773-fold activation factors).

Inducible expression of MSP1 and parts thereof by aTc. The
modification of the 5�- and 3�-end sequence of Plasmodium
falciparum synthetic msp1 as well as parts thereof allowed their
insertion into the pZE11 vector. The resulting plasmids,
pZE11/msp1, pZE11/msp133, and pZE11/msp142, respectively,
were electroporated into the CVD908-tetR strains. The trans-

formants were evaluated for their expression in a tetracycline-
dependent fashion.

Figure 5 indicates that the expression of MSP1, MSP133 and
MSP142 was dependent on the presence of the inducer. Tran-
scription of the genes was completely shut off in the absence of
aTc, whereas full expression of the proteins was achieved in the
presence of aTc. In the expression of the entire MSP1, several
degraded MSP1-derived proteins were detected (Fig. 5C).
Monoclonal antibody MAb5.2 recognizes a conformational
epitope at the C-terminal region of MSP1. Interestingly, it
interacted with both MSP1 and MSP142 produced in the vac-
cine strain, implying that at least this conformational epitope
closely resembled the native one.

In order to compare the yield of inducible and constitutive
expressions of MSP142 in the vaccine strain, strain CVD908
containing the msp142 gene was constructed for this purpose.
The outcome showed that the product in inducible expression
constituted 8.3% of total proteins in the range from 27 to 76
kDa, determined by scanning densitometry of the Coomassie-
stained gel, versus 3.9% in constitutive expression, indicating
that tetracycline-controlled expression enhanced the expres-
sion level of the protein in the vaccine strain.

To investigate inducible expression in vivo, 12 female
BALB/c mice were inoculated intraperitoneally with 107 CFU
of the viable CVD908-tetR strain expressing MSP142 in a single
dose. The mice were divided into four groups (three in each)
and given different concentrated amounts of the aTc: 0, 25, 50,
and 150 �g. The inducer was given via tail vein at 24-h intervals
over a 3-day period. The liver and spleen of the mice were
assayed for expression of MSP142 by an immunohistochemical
method using fluorescently labeled MAb5.2, which recognizes
MSP142. The data revealed that expression of MSP142 was
detected in liver and spleen of all mice injected with the var-
ious doses of aTc, whereas no interaction was observed in the
mice not given aTc. The liver sections of the mice showed
strong staining with the fluorescent antibody in the blood ves-
sels, whereas the interaction in the spleen sections was noted
within the cells.

FIG. 4. Detection of luciferase activity in strain CVD908-tetR.
Bars: 1, RLU in the presence of aTc; 2, RLU in the absence of aTc.
The luciferase activity was defined as the RLU in the strain and is
represented as the number of RLU per 102 cells.

FIG. 5. Tetracycline-controlled expression of the entire MSP1 and parts thereof in strain CVD908-tetR detected by Western blot analysis in the
presence of aTc (lane 2) and in the absence of aTc (lane 1). (A) MSP131 and rabbit anti-MSP131 serum. (B) MSP142 and MAb5.2. (C) MSP1 and
MAb5.2.
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Growth curve and plasmid stability of CVD908-tetR-neo
strain in mice. The CVD908-tetR-neo strain contains the neo
gene, which confers resistance to kanamycin, while the strain
harboring pZE21/MSP142 plasmid is resistant to both kanamy-
cin and ampicillin. Using the resistance markers, we deter-
mined the persistence of the plasmid-carrying strain in the liver
and spleen of mice under induced and noninduced conditions.

Female BALB/c mice were injected intraperitoneally with
107 CFU of viable CVD908-tetR-neo harboring pZE21/
MSP142. On the following day, expression was induced in the
mice that intravenously received 50 �g of aTc. After a 7-day
period, the induction was repeated. The mice were sacrificed
on days 3, 7, 14, 21, and 28 postinfection. The livers and spleens
of the mice were collected and homogenized. The homoge-
nates were plated on LB agar containing both kanamycin and
ampicillin or only kanamycin for incubation.

Figure 6 indicates the persistence of the organisms in the
liver (Fig. 6A) and the spleen (Fig. 6B) of the mice within both
the induction and noninduction groups. The peak colonization
of both liver and spleen was on day 3 postinfection, but the
bacterial counts within the liver were higher than those in
spleen. After 3 days, the growth curves continued to decline.
Over the first 14 days postinfection, the persistence of the
organisms recovered from mice in both the induction and
noninduction groups showed no significant difference. In ad-
dition, more than 90% of the bacteria recovered from both
groups showed resistance to both antibiotics, indicating that
the organisms did retain the plasmid.

DISCUSSION

The use of the attenuated Salmonella strain as a vaccine
carrier for delivery of foreign antigens has been studied exten-
sively (40, 42). However, the potential problem concerning the

use of the carrier is plasmid instability in vivo, where antibiotic
selective pressure is usually unavailable (5). A number of ap-
proaches have been attempted to stabilize the expression of
foreign antigens, including the asd� vector/�asd host lethal
system (32), the integration of a foreign gene onto the Salmo-
nella chromosome (14, 44), and in vivo-activated inducible
systems (9, 19, 31).

Three in vivo-inducible promoters, p nirB, p pagC, and p
katG, were tested for their ability to direct in vivo expressions
of foreign genes in the Salmonella vaccine strain and their
immunogenicity (9). Use of the p pagC promoter produced a
high level of expression of the foreign gene in vivo as well as
significantly inducing high levels of antigen-specific antibodies
(19).

Here, we have established a tetracycline-inducible expres-
sion system in the S. enterica serovar Typhi CVD908 vaccine
strain. This system can regulate expression of a foreign gene
over a broad range spanning more than three orders of mag-
nitude and can vary the concentration of the expressed antigen
via varying concentrations of the stimuli (28). Moreover, reg-
ulatory expression of foreign antigens in vitro as well as in vivo
was achieved, and the yield of MSP142 in this system was
increased in comparison to the constitutive expression of the
protein. Turning expression of foreign antigens on and off in
vivo may provide a possible solution to overcome the instability
of plasmids in vivo due to overexpression of a foreign gene.

Our data showed that after 14 days postinfection, more than
90% of the bacteria recovered from the liver as well as the
spleen of mice retained the plasmid, in contrast to a similar
study which reported loss of plasmid from more than 99% of
bacteria after only 24 h (5). The obvious implication is that the
stability of the plasmid in vivo improved in the tetracycline-
controlled expression system. We evaluated the antibody re-

FIG. 6. CFU of S. enterica serovar Typhi CVD908-tetR harboring plasmid pZE11/MSP142 in mice. (A) Spleen. (B) Liver. kan, kanamycin; amp,
ampicillin.
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sponse to MSP142 in mice immunized with the vaccine strain
inducibly expressing MSP142, but specific antibodies were not
detectable. However, when we immunized mice with the
CVD908-tetR strain inducibly expressing a chimeric gene con-
sisting of thrombospondin-related anonymous protein and cir-
cumsporozoite protein of Plasmodium falciparum, specific an-
tibodies were induced in mice of the induced group in contrast
to no specific antibodies in mice of the noninduced group and
in the vector control group (unpublished data).

It is not surprising that there was a poor antibody response
in immunized mice, since the Salmonella-delivered antigen fa-
vored induction of a cellular immune response. Sadoff et al.
reported that immunization of mice with an attenuated Sal-
monella vaccine strain expressing circumsporozoite protein
provided protection against lethal challenges even though an-
tibodies for circumsporozoite protein remained undetectable
in these immunized mice (37).

The rationale behind the choice of the tetracycline regula-
tory system is that the stimuli can be used in humans and can
be readily absorbed and broadly distributed to different tissues
in the body with no toxicity at effective concentrations. The
tetracycline concentration used in such induction experiments
is far below therapeutic dose, and so it is highly unlikely that
the emergence of antibiotic resistance or any other side effect
known for tetracycline will be encountered. Moreover, the
tetracycline-controlled expression system is presently being de-
veloped for gene therapy (16).

The proposed in vivo inducible vaccine in humans would be
both desirable and effective in oral administration for the fol-
lowing reasons. The orally administered live attenuated Sal-
monella recombinant vaccine translocates to intracellular loca-
tions. After a 24-h period, tetracycline is easily administered to
induce the expression of the gene of interest, with follow-up
administration of the antibiotic after 1 week to further boost
the desired immune response

For consideration for human use, the end Salmonella vac-
cine strain should not contain any resistant selectable marker.
In addition, random integration of foreign genes into the chro-
mosome of the Salmonella vaccine strain should be avoided.
To set up the regulatory expression system in the vaccine
strain, it is essential to integrate the tetR cassette into a defined
locus of the chromosome. aroC is one of the genes that was
deleted for attenuating the strain (22, 27). Thus, the �aroC
locus was used as the target for integration of the tetR cassette.
Plasmid pJG12 contains the �aroC sequence, and insertion of
a foreign gene into the sequence allows integration into the
locus via homologous recombination.

In our initial experiment, the Cre/LoxP system was not em-
ployed, and the integration was performed directly using a
pJG12 suicide system, but this was unsuccessful. In this exper-
iment, we combined the use of two steps for mobilization of the
tetR cassette into the locus as previously described (unpub-
lished data). Briefly, the first step involved integration of the
aph (aminoglycoside 3�-phosphotransferase) gene encoding re-
sistance to kanamycin into the locus. In this step, plasmid
pJG12 containing aph was introduced into strain CVD908 by
electroporation, and the aph gene was integrated into the locus
via homologous recombination. The resulting clones with the
integration were recovered from the plate containing 25 �g of
kanamycin per ml and designated strain CVD908-aph. The

second step replaced the aph gene with the tetR gene, gener-
ating strain CVD908-tetR.

Initially, in this step, plasmid pJG12/tetR was constructed.
As described earlier, the S. enterica serovar Typhi CVD908-
aph strain was transformed with plasmid pJG12/tetR by elec-
troporation. Our PCR data confirmed that the plasmid was
integrated into the locus (merodiploids). However, the mero-
diploids were not stable, and the plasmid was excised when the
bacteria were incubated at 30°C, a permissive temperature for
the origin of replication, resulting in two types of allelic ex-
change, successful allelic exchange (CVD908-tetR) and abor-
tive allelic exchange (CVD908-�aroC).

Since the frequency of successful allelic exchange was very
low at 10�5 and no antibiotic resistance marker was evident in
the clones with successful allelic exchange, isolating these col-
onies became very difficult. We grew the CVD908 merodip-
loids at 30°C for plasmid excision and then prepared the chro-
mosomal DNA from the bacterial population for PCR
identification of the tetR gene. The tetR gene (0.7 kb) and tetR
gene plus part of the �aroC gene (1.0 kb) were indeed pro-
duced with the Tet1/Tet2 and N33/Tet2 primers, respectively;
this indicated that clones with successful allelic exchange were
present in the population. However, we screened about 10,000
clones via Southern blot and PCR to identify the clones with a
successful exchange, but it was not a successful effort (unpub-
lished data).

As an alternative strategy, we used the Cre/LoxP system (24,
43, 50) in combination with the pJG suicide vector for the
integration. In this experiment, as described previously, we
started by integrating the tetR-neo-loxP fusion gene into the
�aroC locus of the chromosome. Clones with the integration
were easily obtained via the neo resistance selective marker.
The neo gene was excised from the fusion gene by transforma-
tion of the clone with suicide plasmid pJG9/cre. We observed
that expression of the Cre recombinase excised the neo gene in
an efficient manner. Finally, plasmid pJG9/cre was cured from
the bacteria by growth in conditions lethal to the bacteria
containing the plasmid. This three-step integration system
functioned very efficiently in developing the vaccine strain. It
provided an effective means to integrate any other gene, such
as those for heterologous antigens, onto the chromosome of
the vaccine strain.

Immunization of mice with salmonellas expressing the cir-
cumsporozoite protein of Plasmodium berghei resulted in pro-
tection against sporozoite challenge in the absence of serum
antibody response (37). Subsequent studies showed that spe-
cific CD8� cytotoxic T lymphocytes were responsible for this
protection (1). This suggests that heterologous antigens deliv-
ered by salmonellas can associate with major histocompatibil-
ity class I molecules in antigen-presenting cells (6).

We constructed S. enterica serovar Typhi CVD908 inducibly
expressing the entire MSP1 and parts thereof for P. falciparum
by tetracycline. There is evidence that MSP1 is expressed in
hepatocytes of the liver stage (2, 46, 47). Although protective
humoral immunity of MSP1 against blood stage parasites has
been well documented (8, 23, 25), no attempt has been made
to test its cellular immunity against the liver stage, particularly
cytotoxic T lymphocytes, which may play an important role in
destroying infected hepatocytes.

The expression of the entire MSP1 in the CVD908-tetR
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vaccine strain may provide possibilities for investigation of the
potential protective humoral immunity against the blood stage
parasite as well as overall cellular immunity, particularly spe-
cific cytotoxic T lymphocytes against infected hepatocytes.
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