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The development of Salmonella vaccine vectors has been hindered by both the requirement for multiple doses
to induce immune responses and a lack of plasmid stability. Direct comparisons of different promoter systems
with the same antigen are necessary to address these important issues. We have previously described an AroA2

AroD2 deletion mutant of Salmonella typhimurium (GID101) which expresses the gene encoding the Leishmania
major promastigote surface glycoprotein gp63 (GID101). While this construct provided significant protection
against L. major challenge to highly susceptible BALB/c mice, this required at least two oral doses. We report
here the use of two different inducible promoters, the nirB and osmC promoters, to improve vaccine efficacy.
These constructs (termed GID105 and GID106, respectively) expressed gp63 in vitro under inducible condi-
tions and colonized BALB/c mice after oral administration. GID105 demonstrated greater plasmid stability in
vitro and in vivo than did either GID106 or GID101, which expresses gp63 constitutively. Spleen and lymph
node cells from mice immunized with a single oral dose of GID105 proliferated in vitro in response to L. major
and secreted gamma interferon, whereas cells from mice given the other constructs did not. Mice immunized
with a single oral dose of GID105 or GID106 developed significantly smaller lesions upon challenge with
L. major, whereas mice administered GID101 did not. Mice administered GID105 also showed considerable
resistance to Leishmania donovani infection. These data provide a direct comparison of promoter systems and
demonstrate that the use of inducible promoters such as the nirB promoter allows a considerable improvement
over the previous vaccine construct in terms of protection against infection.

Despite recent advances in understanding the nature of pro-
tective immune responses against leishmaniasis, there remains
no prophylactic treatment against any form of the disease, with
the exception of deliberate infection with live pathogenic or-
ganisms. We have previously reported the construction of the
Salmonella typhimurium AroA2 AroD2 strain GID101, which
constitutively expresses the major surface glycoprotein, gp63,
of Leishmania major (39). After two oral doses of this con-
struct, significant protection against L. major challenge infec-
tion was conferred on highly susceptible BALB/c mice.
One potential drawback in using vaccines with live bacteria

such as S. typhimurium for antigen delivery is the instability of
foreign antigen expression in vivo. Unregulated expression of
high levels of a foreign protein in bacteria from multiple-copy
plasmids often results in rapid loss of the plasmid or expressed
gene from the bacteria. This problem can be controlled in vitro
by repeated passage in broth (7) or by the use of plasmids
carrying essential genes (27) or on-off promoters (37). Plasmid
stability can also be improved by using inducible promoter
systems such as the pL, trp, lac, and hybrid trp-lac systems (1,
32), which rely on either a temperature shift or the addition of
a chemical to induce their activity. These systems are clearly
impractical when bacteria are growing in host tissues during
the self-limiting growth following vaccination. Introduction of
genes into the bacterial chromosome by homologous recombi-
nation (14, 35) can achieve a high degree of stability, but this
approach is limited by low protein expression due to a single
gene copy.
The most desirable method of stabilizing antigen expression

may be to use an in vivo-inducible promoter. Ideally, it would
be a promoter which is activated efficiently only when bacteria
enter the host or even when they interact with immune cells.
The bacterial nirB (15) and osmC (10) promoters are known to
be sensitive to changes in the extracellular environment and
thus may be useful in the building of stable vaccine constructs.
The nirB promoter has been isolated from Escherichia coli,

where it directs expression of an operon which includes the
nitrate reductase gene (15). It is regulated by nitrate and by
changes in the oxygen tension of the environment, becoming
active under anaerobic conditions (6). The osmC promoter and
gene, induced by an increase in osmotic pressure, have been
cloned from E. coli. The promoter is composed of two over-
lapping promoters, osmCp1 and osmCp2, located within a
137-bp DNA fragment (10).
Several previous reports compared the use of promoters of

different strengths (4, 9, 12, 16, 18, 19, 28, 38) to express
foreign antigens and for chromosomal expression (13) in sal-
monellae. However, the relative efficacies of promoters and
the mechanisms underlying immunogenicity remain unclear.
Two or more doses of the previously reported construct,

GID101, are required to have any prophylactic effect on L.
major infection. Thus, we have used the nirB and osmC pro-
moters in order to construct strains of S. typhimurium which
express gp63 to try to improve vaccine efficacy. We report a
direct comparison of the growth, plasmid stabilities, and im-
munogenicities of the strains in addition to their protective
capacities against experimental leishmaniasis.

MATERIALS AND METHODS

Mice. Inbred BALB/c mice were obtained from Harlan Olac (Bicester, United
Kingdom). Female mice 6 to 8 weeks old were used throughout.
Parasites and antigens. The L. major isolate MRHO/SU/59/P, also known as

LV39, was used throughout. The maintenance, cultivation, and isolation of L.
major promastigotes have been described in detail elsewhere (23). Soluble anti-
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gen was prepared from parasites by five cycles of freezing and thawing (2 3
108/ml in phosphate-buffered saline [PBS]) followed by centrifugation at 8,0003
g for 10 min at 48C. The supernatant was filtered (0.45-mm-pore-size filter) and
stored at 2708C.
Construction of the pnirB expression vector. The expression plasmid pTET

nir15 was obtained from S. Chatfield (5). This plasmid (3.7 kb) expresses the
tetanus toxin fragment C gene under control of the nirB promoter. To make it
more suitable for use as a vector for expression of foreign genes, the plasmid was
reconstructed by removing the fragment C gene and introducing unique restric-
tion enzyme sites downstream of the promoter region. The plasmid was cut with
ClaI and BglII, and the 2.8-kb fragment was purified and ligated with a 32-bp
synthesized DNA linker which contained a Shine-Dalgarno (SD) sequence (AG
GAG); an NdeI site, including an ATG start codon, 9 nucleotides downstream of
the SD sequence; and BglII and ClaI sites at the 59 and 39 termini, respectively.
The ligated product was transduced into E. coliMM294, and ampicillin-resistant
clones were further identified by restriction enzyme mapping. The clone that had
the correct insertion was termed pnirB. The DNA linkers for the reconstruction
were 59-GATCTTAATCATCCACAG-GAGACTTTCATATGAT-39 and 39-A
ATTAGTAGGTGTCCTCTGAAACTATACT-AGC-59 (synthesized by Geno-
sys Biotechnologies, Inc., Cambridge, United Kingdom).
Cloning of the S. typhimurium osmC promoter region (osmCp1 and osmCp2)

and construction of posmC. The osmC promoter region (osmCp1 and osmCp2)
was amplified from S. typhimurium LB5010 (galE r1m1) by PCR. The sense and
antisense PCR primers were designed according to the published osmC pro-
moter sequence in E. coli (10). Primers used for cloning and sequencing of the
osmC promoter from Salmonella were as follows: sense, 59-GGAATTCAATTT
AAGTGCAGAAGTA; antisense, 39-GGATCCCCAGATCTTATCGATTGTC
AGAGGATCCGATCTCCT. PCR was carried out as follows. Five microliters of
an overnight culture of LB5010 was used as a source of template DNA and
amplified in 10 mM Tris–50 mM KCl–1.5 mM MgCl2–40 nM deoxynucleoside
triphosphates–0.2 mM each primer–2 U of Taq DNA polymerase. The PCR
program was 958C for 1.5 min, 478C for 1.5 min, and 738C for 1.5 min for 30
cycles. The product of the amplification of the osmC promoter region was a DNA
fragment of approximately 100 bp which was further identified by DNA sequenc-
ing. The result showed that this fragment from S. typhimurium contained a
complete osmC promoter region as in E. coli. It was composed of 235 and 210
hexanucleotide regions of osmCp1 and osmCp2, separated by 17 nucleotides, and
a typical SD (AGGAG) located 7 nucleotides upstream of the initiation codon
(ATG). The PCR fragment of the osmC promoter was purified by electroelution,
digested with EcoRI and BglII, and then inserted into the plasmid pnirB at the
EcoRI and BamHI sites. The positive clones that contained the correct insert
were named posmC.
Construction of recombinant S. typhimurium. S. typhimurium LB5010 (Table

1) (2), originally from the Genetic Stock Centre, University of Calgary, Calgary,
Canada, was provided by S. Chatfield (Medeva, London, United Kingdom). The
AroA2 AroD2 vaccine strain BRD509 (Table 1) has been described in detail
elsewhere (34). We have previously described the vaccine strain GID101, which
expressed gp63 constitutively by using the tac promoter (39). The high-transduc-
ing phage P22HT 105 int (8) was obtained from T. Foster, Trinity College,
Dublin, Ireland. The plasmid Imm63-67 (3) was the kind gift of W. R. McMaster,
University of British Columbia, Vancouver, Canada. Plasmid pTETnir15 (30)
was the kind gift of S. Chatfield. Bacteria were routinely cultured on L agar or in
L broth with or without 100 mg of ampicillin per ml. GID105 and GID106 were
constructed with the gp63 gene inserted downstream of the nirB promoter in
pnirB or the osmC promoter in posmC, respectively (Table 1). Plasmids were
then transformed into LB5010 by the method of Lederberg and Cohen (21),
selecting for resistance to ampicillin. Plasmids were transduced to BRD509 by
P22 transduction (8).
Induction of gp63 expression in vitro. gp63 expression in GID105 containing

the nirB promoter was carried out as previously described (30). Briefly, bacterial
colonies were grown overnight at 378C in L broth containing ampicillin and then
diluted 1:100 with L broth containing ampicillin and 4 mg glucose per ml into a
closed screw-cap container. Bacteria were incubated for 4 to 6 h at 378C before
screening. S. typhimurium GID106, containing the osmC promoter, was similarly
grown overnight before dilution in L broth containing ampicillin and 0.3 M NaCl.
Bacteria were incubated for a further 4 h at 378C before screening.

Western blots. Bacterial lysates were analyzed on sodium dodecyl sulfate
(SDS)-polyacrylamide gels (20). Transfer to nitrocellulose was performed with a
Bio-Rad Transblot apparatus (Bio-Rad Laboratories, Richmond, Calif.). Trans-
ferred proteins were detected by using a monoclonal anti-gp63 antibody (mono-
clonal antibody 235, kindly provided by W. R. McMaster, University of British
Columbia). A rabbit anti-mouse immunoglobulin G (IgG) conjugated with
horseradish peroxidase (Bio-Rad, Hemel Hempstead, Herts, United Kingdom)
was then applied, and the blots were developed with horseradish peroxidase
color-developing reagent (Bio-Rad). The level of gp63 synthesis in all strains was
too low to be detected by Coomassie blue staining after SDS-polyacrylamide gel
electrophoresis of total cell lysates.
Plasmid stability in vitro. Initially, bacteria were grown in 5 ml of L broth

without ampicillin for 24 h at 378C. The next day, 1 ml of the culture was used to
inoculate cultures for the following day, and the remaining L broth was serially
diluted 10-fold in 1 ml of PBS without ampicillin, plated onto nonselective
medium, and scored 24 h later. Plasmid segregation was determined by trans-
ferring 100 colonies from nonselective medium with or without ampicillin (100
mg/ml) and scoring the cultures 24 h later. This protocol was followed for seven
consecutive days. Each cycle represents approximately 14 generations of growth
for a total of about 98 generations.
Plasmid stability in vivo. The growth of the Salmonella constructs in vivo was

monitored as previously described (29). Homogenates of spleen, liver, and mes-
enteric lymph nodes (MLN) were plated onto L-agar plates in the presence or
absence of ampicillin to determine the number of colonies in these organs that
had maintained the plasmid.

FIG. 1. Immunocytochemical analysis of gp63 expressed in transduced
BRD509. Bacteria were cultured and induced as described in Materials and
Methods. Cells were dispensed onto a glass slide, fixed with methanol, probed
with anti-gp63 monoclonal antibody (1/500), and visualized with fluorescein
isothiocyanate-conjugated rabbit anti-mouse IgG (1/200). GID101 (a), GID105
(b), and GID106 (c) showed clear staining. No staining was detectable in
BRD509 (d).

TABLE 1. Salmonella strains used in this study

Strain Relevant properties Source and/or reference

LB5010 Wild-type S. typhimurium strain Genetic Stock Centre, University of Calgary, Canada; provided by S. Chatfield
(Medeva, London, United Kingdom) (2)

BRD509 SL1344 AroA2 AroD2 G. Dougan, Biochemistry Department, Imperial College of Science, Technology
and Medicine, London, United Kingdom (34)

GID101 pkk-Imm63-67 in BRD509 Department of Immunology, Glasgow University, Glasgow, United Kingdom (39)
GID105 pnirB/gp63 in BRD509 This study
GID106 posmC/gp63 in BRD509 This study
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Vaccination of mice with S. typhimurium. Immediately before administration
of Salmonella or PBS, mice were administered 100 ml of 5% Na2CO3 orally. Mice
were then immunized orally with an overnight culture of 53 109 cells of GID105,
GID106, GID101, or the control Salmonella strain, BRD509, in 0.2 ml of PBS.
All oral inoculations were carried out with a stainless steel gavage needle without
an anesthetic. The inoculum dose was checked by plating dilutions of each
culture on L-agar plates with or without ampicillin. A group of mice was given a
similar volume of PBS orally. One week after vaccination, two mice from each
vaccinated group were sacrificed, and bacterial colonies in the MLN were
counted to ensure that successful infection had occurred.
Proliferation assay. Spleen and MLN cells were harvested from mice 3 to 4

weeks after vaccination, and single-cell suspensions were obtained by gentle
homogenization. The cells were washed twice with RPMI 1640 (Gibco, Paisley,
United Kingdom) and resuspended at 43 106 cells/ml in culture medium (RPMI
1640 supplemented with 10% heat-inactivated fetal calf serum, 2 mM L-glu-
tamine, 100 U of penicillin per ml, 100 mg of streptomycin per ml, and 50 mM
2-mercaptoethanol). Cells (4 3 105 in 100 ml) were added to 96-well microtiter
plates (Costar, Cambridge, Mass.) containing soluble leishmanaial antigen or live
L. major promastigotes at various concentrations. The cultures were incubated
for 3 to 5 days at 378C in 5% CO2 before being pulsed for 4 h with [3H]thymidine
(1 mCi per well) and harvested with an automatic cell harvester. Incorporated
radioactivity was counted with a beta counter (Betaplate; LKB, Turku, Finland).
Assays for IL-2, IL-4, and IFN-g. Cultures were set up in a manner identical

to that for the proliferation assays. Cytokine levels in cell culture supernatants of
cells stimulated with leishmanial antigens were measured by enzyme-linked im-
munosorbent assay (ELISA) with paired antibodies from PharMingen (Cam-
bridge BioScience, Cambridge, United Kingdom). The cytokine content of each
sample was established by comparison to a standard curve for the appropriate
recombinant cytokine (gamma interferon [IFN-g] was a kind gift from G. Adolf,
Vienna, Austria; interleukin-2 [IL-2] and IL-4 were purchased from Genzyme,
Kent, United Kingdom).
Measurement of delayed-type hypersensitivity (DTH) and antibody. Mice

were injected in the right hind footpad with 50 ml of PBS containing 106 live
promastigotes 3 to 4 weeks after vaccination. The footpad swelling was measured
at regular intervals for up to 72 h with a spring-loaded dial calliper (Schnelltaster;
Kroeplin, Surrey, United Kingdom). Leishmania-specific IgG was measured by
an ELISA method involving 96-well plates coated with either recombinant gp63
or soluble L. major antigen, as previously described (40). Recombinant gp63 was
kindly provided by W. R. McMaster, University of British Columbia.
Challenge with L. major or Leishmania donovani. Mice were challenged 3

weeks after vaccination by subcutaneous injection in the footpad with 106 sta-
tionary-phase L. major promastigotes in 50 ml of PBS. Lesion development was
measured as an increase in footpad thickness, as described previously (22, 25). L.
donovani amastigotes were isolated from the spleens of infected Syrian hamsters
as previously described (17). Amastigotes were washed twice and resuspended at
5 3 107/ml before 200 ml (1 3 107 amastigotes) was injected intravenously into
mice which had been vaccinated 3 weeks previously. Parasite numbers in the liver
imprints of infected mice were counted and were expressed as L. donovani units,
as previously described (33).
Statistical analysis. Statistical significance was analyzed with Student’s t test.

P , 0.05 is considered significant.

RESULTS

Expression of gp63 induced by transduced BRD509. gp63
was cloned into plasmids with the nirB or the osmC promoter
as described in Materials and Methods. The S. typhimurium
AroA2 AroD2 mutant (BRD509) was then transfected with
either of these plasmids as described above. Expression of gp63
in these transfectants (GID105, pnirB/gp63; GID106, posmC/
gp63) was induced and analyzed by immunocytochemical stain-
ing and Western blotting with an anti-gp63 monoclonal anti-
body. Expression of gp63 was evident by the bright fluorescent
staining of the transfected bacteria compared with the control
untransfected BRD509 (Fig. 1). Western blotting showed a
single band at approximately 60 kDa in all of the transfectants,
particularly GID101, which constitutively expresses a high level
of gp63 (Fig. 2). Expression of gp63 in GID105 was not de-
tected under noninducing conditions but was readily detect-
able after induction under anaerobic conditions. Expression of
gp63 in GID106 was detectable under inducing and noninduc-
ing conditions, although there was considerable upregulation
after induction (data not shown).
Plasmid stability. The stabilities of the plasmids in the three

constructs were determined in vitro and in vivo. Figure 3 shows
that the plasmid in GID105 was stably retained following ex-
tended culture without the selection pressure of ampicillin (for
about 98 generations). In contrast, 96% of GID101 cells and
70% of GID106 cells lost their plasmids under the same cul-
ture conditions. Groups of mice were then orally administered
53 109 bacteria, and organs were harvested at various times to
assess bacterial colonization and plasmid stability. The growth
curves of GID105, GID106, and BRD509 in spleen, liver, and
MLN are shown in Fig. 4. GID105 maintained the plasmid
stably throughout the whole period of bacterial colonization,
whereas GID106 experienced significant plasmid loss in vivo.
There were also differences in the bacterial loads in the con-

FIG. 2. Western blot analysis of gp63 expression in transduced BRD509.
Bacteria were cultured and induced as described in Materials and Methods. They
were lysed in sample buffer (106 cells/ml) and boiled for 5 min before being
applied to an SDS–7.5% polyacrylamide gel. After electrophoresis, the gel was
transferred to a nitrocellulose membrane and probed with an anti-gp63 mono-
clonal antibody. Lanes: a, BRD509; b, GID106; c, GID105; d, GID101.

FIG. 3. Plasmid stability in vitro. The stability of plasmids was tested in vitro
by growing bacteria from a single colony in ampicillin-free medium and passag-
ing them each day into fresh medium. Cultures were inoculated onto ampicillin-
free plates, and colonies were counted 24 h later. Plasmid segregation was
determined by transferring 100 colonies from nonselective L-agar plate to plates
with or without ampicillin, and colonies were counted 24 h later. Data are pooled
from three experiments.
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structs. Mice administered GID105 contained considerably
more bacteria in spleen, liver, and MLN than those adminis-
tered the control strain BRD509. Conversely, there was no
colonization of spleen or liver by GID101 and GID106, al-
though there was significant colonization of MLN by these two
constructs. With all of the constructs, no bacteria were de-
tected in any organs after day 28.
Antibody and DTH responses to gp63. BALB/c mice were

immunized orally with 5 3 109 GID105, GID106, GID101, or
BRD509 organisms or with PBS, and sera were analyzed for

the presence of IgG to recombinant gp63 and soluble L. major
antigens by an ELISA method. Sera from mice vaccinated 2 to
3 weeks previously with GID105, GID106, or GID101 con-
tained low but significant levels of IgG to recombinant gp63
and to soluble antigen, although there was no difference in the
levels between constructs (specific IgG levels after one oral
dose of GID101, GID105, and GID106 were 0.187 6 0.005,
0.182 6 0.006, and 0.207 6 0.007, respectively, while mice
administered PBS or BRD509 had background levels of
0.107 6 0.005 and 0.103 6 0.007 [mean units of optical density

FIG. 4. Comparison of plasmid stabilities in vivo. Groups of BALB/c mice were vaccinated orally with 5 3 109 organisms/mouse. Spleens, livers, and MLN were
removed at the times indicated, and CFU were assayed on plates with (closed symbols) or without (open symbols) ampicillin. Each point represents the geometric
mean 6 one standard deviation for three mice.
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at 630 nm 6 one standard deviation; 1/40 dilution; three mice
per group; data are representative of three experiments). None
of the mice developed any detectable DTH after injection in
the footpad with live promastigotes (data not shown).

Antigen-specific immune response in vitro. BALB/c mice
were given a single oral administration of GID105, GID106,
GID101, BRD509, or PBS. Spleens and MLN were removed 3
to 4 weeks later and cultured in vitro with live L. major pro-

FIG. 5. Proliferative responses of spleen and lymph node cells from mice administered one oral dose of BRD509, GID101, GID105, or GID106 (1010 organisms/
mouse). Cells were cultured for 4 days with live L. major in vitro. Means and standard deviations for triplicate cultures of pooled cells from three mice after subtraction
of the background value in a culture with cells from mice inoculated with PBS alone are shown. The background value due to parasite proliferation was 67,670 cpm.
The results are representative of two individual experiments. p, P , 0.05 compared to BRD509 values.

FIG. 6. IFN-g production in vitro from cells stimulated with soluble leishmanial antigen (SLA). Mice were vaccinated orally with one dose of BRD509, GID101,
GID105, or GID106 (53 109 organisms/mouse) or PBS. Spleen and lymph node cells were harvested 3 weeks later and cultured with graded doses of SLA. Supernatants
were collected at 24, 48, and 72 h after incubation, and IL-2, IL-4, and IFN-g levels were determined by ELISA. IFN-g levels at 48 h are shown. Similar results were
obtained at 72 h. Little or no cytokine was detected at 24 h. IL-2 and IL-4 were not detected at any time during the cultures (12 pg/ml). Data are means 6 standard
deviations for triplicate cultures of cells pooled from three mice and are representative of two individual experiments. p, P , 0.05 compared to BRD509 values.
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mastigotes. Only cells from mice immunized with GID105
showed detectable dose-dependent proliferative responses
(Fig. 5). Cells from mice administered GID105, cultured in the
presence of soluble L. major antigens, also produced IFN-g in
a dose-dependent manner, whereas mice administered GID106,
GID101, BRD509, or PBS did not (Fig. 6). IL-2 and IL-4 were
not detected in any of the cultures.
Protection against L. major infection. BALB/c mice were

vaccinated orally with 53 109 cells of either GID105, GID106,
GID101, or BRD509. Control mice were administered an
equal volume of PBS orally. Three weeks after administration,
mice were challenged in the footpad with L. major, and lesion
development was monitored. Mice vaccinated with one dose of
GID101 did not show any reduction in lesion development
(Fig. 7). In contrast, GID105-vaccinated mice had a consider-
able reduction in lesion development after a single oral dose.
Mice given GID106 also displayed a significant reduction in
lesion development after one dose, although this reduction was
not as great as that observed with GID105. The lesion size in
this system is directly correlated to the parasite loads in the
lesion and the draining lymph nodes (data not shown and
reference 39).
Protection against L. donovani infection. BALB/c mice were

administered two oral doses of each construct (5 3 109 organ-
isms in PBS) or were given PBS alone. Three weeks after the
second oral dose, mice were challenged intravenously with 107

L. donovani amastigotes. At 2 and 4 weeks after infection, liver
imprints were made from infected mice and slides were
counted for numbers of amastigotes. Treatment of mice with
GID105 conferred considerable protection against L. donovani
infection at 2 and 4 weeks after infection, whereas GID106 or
GID101 did not significantly alter the infection at these time
points (Fig. 8).

DISCUSSION

The present study is aimed at improving the oral vaccine
delivery system by using a live attenuated Salmonella carrier
and comparing the relative efficacies of two inducible promot-
ers. We have directly compared the efficacies of two in vivo-
inducible promoters with that of a constitutive promoter, in
terms of plasmid stability and immunogenicity, in order to gain
an understanding of the critical parameters involved in the
induction of immune responses with Salmonella strains. Data
presented here show that the nirB promoter had significantly
superior plasmid stability which correlated with increased im-
munogenicity to the heterologous antigen gp63.
The nirB promoter has been used to direct the stable ex-

pression of fragment C of tetanus toxoid (5). It is regulated by
both nitrate levels and changes in oxygen tension in the local
microenvironment. The promoter used here has been recon-
structed to delete the nitrate-responsive regions and hence
responds only to changes in oxygen tension. The regulation is
effective, since no gp63 was expressed in aerobic growth but
gp63 was readily detectable under reduced oxygen tension in
vitro (Fig. 2).
The osmC promoter has been cloned and sequenced, but its

regulatory elements remain unclear. This promoter responds
mainly to elevated osmotic pressure, but the regulation is not
tight, because it also responds to several other stimuli (10).
Tartera and Metcalf (36) reported that the optimal osmolarity
for Salmonella adherence and invasion of intestinal cells was at
high NaCl concentrations (0.3 M). Since the osmolarity in the
distal ileum, in which the bacteria initiate infection, is high,
GID106 may express gp63 optimally before reaching lymphoid
organs, accounting for suboptimal antigen-specific activation.

FIG. 7. Comparison of the protective effects of the three vaccine constructs.
Mice were orally administered a single dose of BRD509, GID101, GID105, or
GID106 (53 109 organisms/mouse) or PBS alone. They were challenged 3 weeks
later in the footpad with 106 L. major promastigotes. Lesion development was
measured at regular intervals as the increase in footpad thickness (subtracting
the thickness of uninfected footpad from that of the infected footpad). Data are
means 6 standard errors of the mean (n 5 6) and are representative of two
experiments. p, P , 0.05 compared to BRD509 values. Experiments were ter-
minated by day 42, when control mice (admistered BRD509) developed necrotic
lesions in the footpad, as required by the current United Kingdom guidelines for
animal experimentation.
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The greater immunogenicity of GID105 is likely to be due to
its superior stability as shown in vitro and in vivo. No plasmid
was lost from GID105 after culture without ampicillin selection
pressure for 98 generations in vitro. Under similar culture
conditions, extensive plasmid loss was observed for GID101
and GID106. In vivo, GID105 plasmid stability was also found
throughout the period of bacterial colonization.
However, increased plasmid stability was not the only factor

noted after GID105 administration, as this construct also dem-
onstrated different tissue tropism and increased bacterial loads
compared to both GID101 and GID106. Colonization of the
spleen and liver was undetectable after GID106 administra-
tion, and while colonies were readily found in the liver after
GID101 vaccination, none of these bacteria contained the plas-
mid. Thus, delivery of gp63 by GID101 and GID106 was es-
sentially confined to mucosal sites and may not have reached
systemic antigen-presenting cells in sufficient quantities. An
effect on tissue tropism was not observed in the TetC system
and may be a specific effect due to the gp63 protein or a result
of the use of higher inoculum doses in the TetC system.
GID105 also colonized all organs at higher levels than GID101
or GID106, perhaps providing sufficient antigen to stimulate
immune responses with a single dose. The different tissue tro-
pism and bacterial load after GID105 administration may re-
sult from a relatively late induction of gp63 expression, thus
allowing efficient bacterial colonization before the constraints
of foreign protein expression occurred.
Significant cellular immune responses were detected only in

mice immunized with a single dose of GID105. Splenic T cells
from mice immunized with GID105 proliferated strongly
against live L. major and secreted IFN-g but no IL-4 when

stimulated with leishmanial antigens in vitro. These responses
were not detected in mice vaccinated with a single dose of
GID101 or GID106. This is consistent with the general finding
that protective immunity in the leishmanial system is mediated
predominately by Th1 cells (11, 24, 31). However, DTH, a
manifestation of Th1 cells, was not detected in any of the mice.
This could reflect the relative insensitivity of the DTH assay.
Despite the relative instability of GID106 and our inability to
detect a Th1-like immune response induced by this construct,
mice vaccinated with GID106 did develop a modest but signif-
icantly increased resistance against L. major infection. This
suggests that other factors may have contributed to the resis-
tance induced by GID106.
These data represent a significant advance in the develop-

ment of a single-dose vaccine against leishmaniasis and also
indicate that success in generating cross-species protection
may depend on the expression system used. It should be noted
that the challenge doses used here for both L. major and L.
donovani are relatively high for BALB/c mice. Although gp63
may not be the most immunogenic of leishmanial antigens, it
serves as an effective model antigen to demonstrate the poten-
tial efficacies of the different promoters used in the present
study.
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