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The purpose of the present study was to evaluate the effectiveness of an attenuated Salmonella enterica
serovar Typhimurium vaccine strain expressing the saliva-binding region (SBR) of the Streptococcus mutans
antigen I/II adhesin, either alone or linked with the mucosal adjuvant cholera toxin A2 and B subunits
(CTA2/B) and under the control of the anaerobically inducible nirB promoter, in inducing a protective immune
response against S. mutans infection. BALB/c mice were immunized by either the intranasal or the intragastric
route with a single dose of 109 or 1010 Salmonella CFU, respectively. The Salmonella vaccine strain expressing
an unrelated antigen (fragment C of tetanus toxin [TetC]) was also used for immunization as a control.
Samples of serum and secretion (saliva and vaginal washes) were collected prior to and following immuniza-
tion and assessed for antibody activity by enzyme-linked immunosorbent assay. Anti-SBR antibodies were
detected in the serum and saliva of experimental animals by week 3 after immunization. A booster immuni-
zation at week 17 after the initial immunization resulted in enhanced immune responses to the SBR. The serum
immunoglobulin G subclass profiles were indicative of T helper type 1 responses against both the vector and
the SBR antigen. To determine the effectiveness of these responses on the protection against S. mutans
infection, mice were challenged after the second immunization with a virulent strain of S. mutans which was
resistant to tetracycline and erythromycin. Prior to the challenge, mice were treated for 5 days with tetracycline,
erythromycin, and penicillin. S. mutans was initially recovered from all of the challenged mice. This bacterium
persisted at high levels for at least 5 weeks in control TetC-immunized or nonimmunized mice despite the
reappearance of indigenous oral organisms. However, mice immunized with Salmonella clones expressing SBR
or SBR-CTA2/B demonstrated a significant reduction in the number of S. mutans present in plaque compared
to the control groups. These results provide evidence for the effectiveness of the Salmonella vector in delivering
the SBR antigen for the induction of mucosal and systemic immune responses to SBR. Furthermore, the
induction of a salivary anti-SBR response corresponded with protection against S. mutans colonization of tooth
surfaces.

Streptococcus mutans is the principal etiologic agent of hu-
man dental caries (17). The pathogenesis of this oral disease
involves several steps, including attachment of this bacterium
to the tooth surface and the demineralization of tooth surfaces
caused by organic acids produced by microbial fermentation of
dietary sugars (17, 19). Although caries is not a life-threatening
disease, it is among the most prevalent and costly diseases in
both developing and industrialized countries, and the develop-
ment of a safe and effective vaccine is viewed as a beneficial
preventive measure (for a review, see reference 8). The tro-
pism of S. mutans for the saliva-coated tooth surfaces depends
on the presence of the saliva-binding region (SBR) of antigen
I/II (Ag I/II) located on the surface of this bacterium (30).
Furthermore, the ability of this bacterium to synthesize water-

insoluble glucan from sucrose via glucosyltransferases contrib-
utes to the formation of dental plaque (14, 26, 35).

The SBR is localized within the N-terminal one-third of
AgI/II (4, 7). Human secretory immunoglobulin A (IgA) anti-
bodies to the whole AgI/II molecule, as well as rabbit IgG
antibodies to an AgI/II segment which contains the SBR, in-
hibit the adherence of S. mutans to saliva-coated hydroxyapa-
tite (9, 36). The postulated involvement of the SBR in S.
mutans colonization suggests that it is a reasonable immuno-
gen for use in a caries vaccine. Our group has previously
evaluated the 42-kDa SBR in soluble form in a caries immu-
nization study (10). Specifically, intranasal (i.n.) immunization
of rats with SBR genetically linked to the A2 and B subunits of
cholera toxin (CT) and in the presence of adjuvant amounts of
CT induced moderate protective immunity against S. mutans
infection and caries formation (10).

Evidence from our group and others has shown that secre-
tory IgA antibodies provide a major defense against microbial
infection at mucosal surfaces, including the oral cavity (23).
These antibodies are induced following immunization via a
mucosal route. Vaccines administered via mucosal routes can
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induce not only mucosal responses via the common mucosal
immune system but also systemic immune responses (20, 21).
However, most soluble proteins are poor mucosal immunogens
and may result in mucosal tolerance when given orally (22). To
overcome this limitation of oral vaccination and the require-
ment for purification of the vaccine protein, we used an atten-
uated Salmonella enterica serovar Typhimurium vector ex-
pressing SBR, or SBR linked to A2/B subunits of CT, i.e.,
SBR-CTA2/B, under the control of T7 promoter, to immunize
mice via mucosal routes (11). Salivary IgA antibodies against
SBR were induced in BALB/c mice after mucosal immuniza-
tions with these Salmonella clones; however, we also observed
hyperexpression of the protein which was associated with re-
duced viability of the vector (11). We have recently expressed
the SBR and the SBR-CTA2/B in attenuated serovar Typhi-
murium under the control of the anaerobically inducible nirB
promoter (13). We found that these vectors were able to col-
onize the nasal-associated lymphoid tissue (NALT) and gut-
associated lymphoid tissue (GALT) for at least three weeks,
during which time they expressed the immunogens (13). This
finding is in agreement with previous reports on the use of the
nirB promoter (2).

The objective of this study was to assess the ability of the
attenuated serovar Typhimurium strains expressing SBR alone
or SBR linked to the mucosal adjuvant CTA2/B, and under the
control of nirB promoter, to induce specific mucosal and sys-
temic immune responses against SBR when given by the i.n. or
intragastric (i.g.) route. We also evaluated the effect of induc-
ing a salivary IgA anti-SBR response on the colonization of
murine tooth surfaces by S. mutans.

MATERIALS AND METHODS

Preparation of recombinant Salmonella clones for immunization. Small
freezer stocks of serovar Typhimurium BRD509(pSBRnirB), BRD509(pSBR-
CTA2/BnirB), and BRD509(pTETnir15) were used to inoculate Luria-Bertani
(LB) broth supplemented with 50 mg of carbenicillin per ml. The cultures were
grown overnight at 37°C under aerobic conditions with shaking to prevent pre-
mature induction of protein expression. These cultures were used to inoculate 1
liter of LB broth in screw-cap glass bottles. The caps were closed tightly, and the
cultures were grown overnight under anaerobic conditions at 30°C without shak-
ing.

The bacteria were harvested by centrifugation. The cell pellets were suspended
in sterile phosphate-buffered saline (PBS) for i.n. immunization or in a medium
consisting of four parts Hank’s balanced salt solution (Life Technologies, Inc.,
Grand Island, N.Y.) and one part 7.5% sodium bicarbonate (Life Technologies,
Inc.) (intubation medium) to neutralize the stomach acids (11) for i.g. immuni-
zation. The concentration of the cell suspensions was adjusted so that a dose for
i.n. immunization contained 109 CFU in 20 ml and a dose for i.g. immunization
was 1010 CFU in 0.25 ml.

Immunizations. Groups of five or six female BALB/c mice, 10 to 12 weeks old,
were immunized once with the appropriate serovar Typhimurium vaccine clones.
For i.n. immunization, groups were immunized with the bacteria in 20 ml of PBS,
applied equally to both nostrils. An additional group of mice received 20 mg of
AgI/II, supplemented with 1 mg of CT, and served as a positive control group for
protection in the S. mutans infection study (9, 10). For i.g. immunization, mice
received the bacteria in 0.25 ml of the intubation medium with the aide of a
22-gauge feeding tube (5, 29). Mice immunized with serovar Typhimurium
BRD509(pTETnir15) clone, which expresses an unrelated antigen (fragment C
of tetanus toxin [TetC]) served as a negative control for both the immunization
study and the study on the inhibition of S. mutans infection. All groups of
immunized mice were boosted using the same vaccine and immunization proce-
dure at 17 weeks after the initial immunization. All animal work was performed
according to the National Institutes of Health guidelines, and protocols were
approved by the University of Alabama at Birmingham Institutional Animal
Care and Use Committee.

Sample collection. Serum, saliva, and vaginal wash samples were collected at
day 0 (preimmune samples) and at weeks 3, 7, 15, 19, 21, and 26 (except for
vaginal wash samples). The serum samples were obtained from blood collected
from the retro-orbital plexus using a heparinized microhematocrit capillary tube
(Fisher Scientific Co., Pittsburgh, Pa.). Saliva samples (ca. 100 ml) were collected
after the induction of salivary flow by intraperitoneal injection of the animals
with 5 mg of carbachol (Sigma Chemical Co., St. Louis, Mo.). Vaginal wash
samples were collected by flushing the vagina twice with a 60-ml volume of PBS.
Samples were stored at 270°C until assayed for antibody activity.

Evaluation of immune responses. The levels of isotype-specific antibodies
in serum, saliva, and vaginal wash samples and of total salivary and total
vaginal IgA were determined by enzyme-linked immunosorbent assay
(ELISA) (6). Microtiter plates (Nunc, Roskilde, Denmark) were coated with
1 mg of GM1 ganglioside (Sigma) per ml followed by 1 mg of CT per ml (List
Biological Laboratories, Campbell, Calif.), 2 mg of purified SBR per ml, or
0.25 mg of goat anti-mouse IgA per ml by overnight incubation at 4°C. Plates
were then blocked for 4 h at room temperature with 0.01 M phosphate buffer
(pH 7.2) containing 0.5 M NaCl and 0.15% Tween 20. Serial twofold dilutions
of the samples were then added to wells in duplicate, and the plates were
incubated overnight at 4°C. The plates were developed by the addition to the
wells of the appropriate horseradish peroxidase (HRP)-conjugated goat anti-
mouse immunoglobulins (IgG or IgA, for serum samples or secretions, re-
spectively) (Southern Biotechnology Associated, Inc., Birmingham, Ala.) and
o-phenylenediamine substrate (Sigma) with H2O2 (6). IgG1 and IgG2a anti-
body responses were assayed using plates coated with goat anti-mouse IgG
subclass-specific antibodies, and the responses were detected by using HRP-
conjugated goat anti-mouse IgG subclass-specific antibodies (Southern Bio-
technology Associated, Inc.). The concentrations of antibodies in the samples
were determined by interpolation on standard curves generated using a
mouse immunoglobulin reference serum and constructed by a computer
program based on four parameter logistic algorithms (Softmax/Molecular
Devices Corp., Menlo Park, Calif.). Data were logarithmically transformed,
and statistical analysis (one-way analysis of variance in conjunction with the
Tukey multiple-comparisons test) was performed by using the InStat program
(Graphpad Software, San Diego, Calif.). The data were retransformed and
presented as the geometric means 3/4 standard deviations (SD) for ease of
interpretation.

Mouse infection model. S. mutans strain PC3379 (provided by P. J. Crowley
and A. S. Bleiweis, Gainesville, Fla.), which is resistant to tetracycline and
erythromycin, was used to infect the oral cavity of adult mice (15). S. mutans
PC3379 is a serotype c strain and was constructed by spaP-complementation of
the spaP mutant strain PC3370 (3). In this study, mice were challenged with S.
mutans when the mean salivary IgA anti-SBR antibody level in immunized
animals reached the value of a level of 1% specific IgA antibodies per total IgA.
Briefly, 2 weeks after the boost immunization, which corresponded to week 19
after the initial immunization, mice were fed powdered diet 300, supplemented
with 1% sucrose (24) and with 4 mg of tetracycline and 4 mg of erythromycin per
g of diet for 5 days. Mice were also provided sterile, distilled drinking water
containing 4,000 U of penicillin G per ml of water during the first 4 days (32).
The level of bacteria in the oral flora was determined prior to and after the
antibiotic treatment.

The S. mutans PC3379 was grown in Todd-Hewitt Broth (Difco Laborato-
ries, Detroit, Mich.) supplemented with 0.3% yeast extract and 10 mg of
tetracycline and 10 mg of erythromycin per ml under anaerobic conditions in
a screw-cap conical tube at 37°C overnight. Following antibiotic treatment,
mice were challenged with S. mutans PC3379 by applying 2 3 109 CFU in 20
ml of sterile saline to the tooth surface of each animal using sterile Calgi
applicators (Spectrum, Houston, Tex.) daily for five consecutive days. Oral
swabs were taken at 1-week intervals for 5 weeks (weeks 21 to 25 after the
initial immunization), beginning 1 week after the last day of S. mutans
infection, to determine the level of bacteria present in plaque. Sterile Calgi
applicators were used to swab the tooth surfaces of mice. The tip of each
applicator was dissolved in 0.5 ml of sterile saline with shaking. Appropriate
serial dilutions of bacterial suspension (0.1 ml per aliquot) were plated on
mitis salivarius (MS) agar (Difco), which allowed the selection of strepto-
cocci; MS medium supplemented with tetracycline (10 mg/ml) and erythro-
mycin (10 mg/ml), which allow the selection of the tetracyclin- and erythro-
mycin-resistant S. mutans strain PC3379; or blood agar for the growth of the
total oral flora. The plates were incubated anaerobically at 37°C overnight.
The numbers of CFU were counted after 48 h.
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RESULTS

Mucosal IgA antibody responses. Specific salivary IgA re-
sponses against cloned immunogen SBR were induced in mice
i.n. immunized with serovar Typhimurium clones expressing
SBR or SBR-CTA2/B under the control of nirB promoter 7
weeks after immunization (Fig. 1A). These responses [0.65 or
0.47% of total salivary IgA activity for mice immunized with
serovar Typhimurium BRD509(pSBR-CTA2/BnirB) or BRD509
(pSBRnirB), respectively] were significantly (P , 0.01) higher
than those of the TetC-immunized or unimmunized controls.
A booster immunization at week 17 after the initial immuni-
zation resulted in enhanced salivary IgA responses against
SBR, which were significantly higher (P , 0.01) in i.n. immu-
nized mice than in the control groups of unimmunized mice
(Fig. 1A). These responses reached peak levels of 0.95 and
1.26% for serovar Typhimurium BRD509(pSBR-CTA2/BnirB)
and BRD509(pSBRnirB), respectively, of specific IgA antibod-

ies against SBR per total salivary IgA. The salivary IgA anti-
body responses induced against SBR were also significantly
(P , 0.01) higher in mice immunized by the i.g. route with
either clone than in the control groups (Fig. 1B). Following the
booster immunization by the i.g. route, the specific salivary IgA
response against SBR was significantly enhanced (1.35% of
total salivary IgA activity; P , 0.01) in mice immunized with
serovar Typhimurium BRD509(pSBRnirB) (Fig. 1B). By
weeks 21 and 26, significantly enhanced salivary IgA anti-SBR
responses were observed in both groups of i.g. immunized mice
compared to controls (Fig. 1B). After the booster immuniza-
tion, salivary IgA antibodies against CT were induced as ex-
pected only in mice immunized with the Salmonella clone ex-
pressing SBR-CTA2/B via either the i.n. or the i.g. route (Fig.
2).

Specific IgA antibody responses against SBR were also ob-
served in vaginal washes of mice immunized with either clones

FIG. 1. Salivary IgA anti-SBR responses in mice immunized with serovar Typhimurium BRD509 (pSBR-CTA2/BnirB) or BRD509(pSBRnirB)
by the i.n. (A) or i.g. (B) route. The results are presented as the geometric means of the specific IgA responses/total IgA antibodies 3/4 the
standard deviation (SD) of five or six mice in one experimental group. Values significantly different from that of unimmunized controls at P ,0.01
(p) or P , 0.05 (#) are indicated.

FIG. 2. Salivary IgA anti-CT responses in mice immunized with serovar Typhimurium BRD509(pSBR-CTA2/BnirB) or BRD509(pSBRnirB)
by the i.n. (A) or i.g. (B) route. The results are presented as the specific IgA responses/total IgA antibodies in pooled samples of five to six mice
in one experimental group.
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via the i.n. route (Fig. 3A). The responses induced in the
immunized mice were significantly (P , 0.01) higher at week 3
after the initial immunization compared to the unimmunized
controls (Fig. 3A). The responses then declined. Following the
booster immunization, the secondary responses induced were
significantly (P , 0.01) higher in the immunized mice than
seen in the unimmunized controls. The secondary vaginal IgA
antibody responses against SBR were also significantly (P ,
0.01) higher in mice immunized by the i.g. route compared to
those in the unimmunized controls (Fig. 3B). Higher IgA an-
ti-CT responses were induced in mice immunized by the i.n.
route with the clone expressing SBR-CTA2/B compared to
that seen in the unimmunized controls (Fig. 4). Lower levels of
vaginal IgA anti-CT antibody responses were seen in mice
immunized by the i.g. route.

Serum IgG antibody. A peak in the IgG anti-SBR antibody
response in serum was seen as early as week 3 in mice immu-
nized with either the pSBR-CTA2/BnirB or the pSBRnirB

clone by the i.n. or i.g. route and was significantly higher (P ,
0.01) than in the unimmunized controls at week 7 (Fig. 5). The
responses persisted through week 15. Following the i.n. or i.g.
booster immunization in week 17, enhanced IgG anti-SBR
responses in serum were seen by week 19, which were signifi-
cantly higher (P , 0.01) than the primary response seen in
these mice. These responses decreased but remained high
through experimental week 26. Serum IgG responses against
CT were induced in mice immunized with the clone expressing
SBR-CTA2/B under the control of nirB promoter (Fig. 6). As
expected, a serum IgG response against CT was not induced in
mice immunized with the clone expressing only SBR.

Serum IgG antibody subclass distribution. To better under-
stand the nature of the response to the various vaccine anti-
gens, the levels of the serum IgG subclass responses were
determined following the initial and booster immunizations. In
mice immunized with AgI/II and CT via the i.n. route, the
ratios of the SBR-specific serum IgG2a to IgG1 responses were

FIG. 3. Vaginal IgA anti-SBR responses in mice immunized with serovar Typhimurium BRD509(pSBR-CTA2/BnirB) or BRD509(pSBRnirB)
by the i.n. (A) or i.g. (B) route. The results are presented as the geometric means of the specific IgA responses/total IgA antibodies 3/4 the SD
of five or six mice per group. Values significantly different from that of unimmunized controls at P , 0.01 (p) or P , 0.05 (#) are indicated.

FIG. 4. Vaginal IgA anti-CT responses in mice immunized with serovar Typhimurium BRD509(pSBR-CTA2/BnirB) or BRD509(pSBRnirB)
by the i.n. (A) or i.g. (B) route. The results are presented as the specific IgA responses/total IgA antibodies in pooled samples of five or six mice
in each group.
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indicative of T helper 2 (Th2) type responses (Table 1). These
ratios were significantly (P , 0.001) different from the ratios of
IgG2a to IgG1 antibodies to Salmonella (11.5 to 20.9) and to
SBR (7.07 to 126) in mice immunized with Salmonella vaccine
strains via either the i.n. or the i.g. route (Table 1). In mice
immunized with the Salmonella vaccine strains, serum re-
sponses to SBR, as well as the responses to the Salmonella
vector, were predominantly of the IgG2a isotype. Interestingly,
the SBR-specific IgG2a/IgG1 ratios were significantly (P ,
0.001) lower in mice immunized by the i.n. route with Salmo-
nella strain expressing SBR-CTA2/B than in mice immunized
with the Salmonella clone expressing SBR alone. These results
were observed at both weeks 7 and 21 (Table 1), as well as at
other time points in the study (data not shown). When the
Salmonella clones were administered to the mice via the i.g.
route, the ratios of the IgG subclass responses to SBR were
significantly different (P , 0.001) between the clone expressing
the chimeric SBR-CTA2/B and the clone expressing SBR

alone following the boost at week 17 (Table 1 and data not
shown).

Inhibition of S. mutans colonization. In order to determine
the effectiveness of the anti-SBR antibody responses in pro-
tecting against S. mutans colonization of the oral cavity, groups
of mice were challenged at week 21 with virulent S. mutans
PC3379. In this study, the antibiotic treatment temporarily
suppressed the indigenous oral flora and allowed the implan-
tation of S. mutans. Furthermore, this bacterium persisted for
at least 5 weeks on the tooth surface, despite the gradual
reappearance of indigenous oral organisms (data not shown).

Following challenge, unimmunized mice retained high num-
bers of S. mutans for at least 5 weeks (Fig. 7). Sham-immu-
nized mice that received serovar Typhimurium BRD509
(pTETnir15) also maintained high levels of S. mutans in the
oral cavities throughout the 5-week period. In contrast, mice
immunized by the i.n. route with serovar Typhimurium
BRD509 (pSBR-CTA2/BnirB) or BRD509(pSBRnirB) showed

FIG. 5. Serum IgG anti-SBR responses in mice immunized with serovar Typhimurium BRD509(pSBR-CTA2/BnirB) or BRD509(pSBRnirB)
by the i.n. (A) or i.g. (B) route. The results are presented as the geometric means of the specific IgG responses 3/4 the SD of five or six mice
in one experimental group. Values significantly different from those of unimmunized controls at P , 0.01 (p) are indicated. The results from week
3 are from pooled samples of six mice per group.

FIG. 6. Serum IgG anti-CT responses in mice immunized with serovar Typhimurium BRD509(pSBR-CTA2/BnirB) or BRD509(pSBRnirB) by
the i.n. (A) or i.g. (B) route. The results are presented as the specific IgG responses in pooled samples of five or six mice per group.
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a 97 or a 93% reduction (P , 0.05), respectively, in S. mutans
colonization (Fig. 7A). The group of mice immunized by the
i.n. route with AgI/II and CT showed a 98% reduction in levels
of S. mutans per total streptococci (P , 0.05). Intragastric immu-
nization of mice with serovar Typhimurium BRD509(pSBRnirB)
or BRD509(pSBR-CTA2/BnirB) resulted in a 99% reduction
(P , 0.05) in the level of S. mutans colonization in their oral
cavities at week 5 (Fig. 7B).

DISCUSSION

We have previously reported the construction of recombinant
Salmonella clones expressing the S. mutans adhesin SBR alone or
SBR linked to the A2/B subunits of CT under the control of the
anaerobic inducible nirB promoter (13). These Salmonella clones
were shown to persist for at least 21 days in Peyer’s patches

following i.g. administration of these attenuated bacteria. It was
also shown that these Salmonella clones colonize and persist for at
least 21 days in nasal lymphoid tissues, such as NALT, superficial
lymph nodes, and internal jugular lymph nodes, as well as in the
Peyer’s patches and spleens of mice challenged by the i.n. route.

In the present study, we examined the mucosal immunogenicity
and protective potential of serovar Typhimurium clones express-
ing the S. mutans adhesin SBR or SBR-CTA2/B under the con-
trol of the nirB promoter in a mouse model (15, 32). Specific
salivary IgA anti-SBR responses were induced in mice immunized
with the recombinant Salmonella clones after a single initial i.g.
immunization, although a booster immunization further aug-
mented the antibody levels. Furthermore, mice immunized with
the Salmonella clone expressing SBR alone or SBR-CTA2/B via
either the i.n. or the i.g. route exhibited almost complete inhibi-
tion of S. mutans colonization of the mouse oral cavities, whereas
the sham-immunized and unimmunized control groups of mice
showed consistent colonization by S. mutans.

An important aspect in the development of vaccines is the
generation of persistent immune responses. In our study, a
booster immunization at week 17 augmented the salivary IgA
anti-SBR antibody responses. These responses persisted in the
mice immunized with the Salmonella vaccine, although the
level of augmentation was not as pronounced as that observed
in another study using Salmonella clones expressing SBR or
SBR-CTA2/B under the control of T7 promoter (11). In that
report, when a low-level primary salivary IgA antibody re-
sponse was induced, a secondary immunization was shown to
induce a much higher response. However, when high levels of
specific primary IgA antibodies (.1% of total IgA) were in-
duced following the primary immunization, the salivary IgA
antibody response induced after a second immunization was
not higher than the primary response (11). It is possible that
the high primary mucosal immune responses suppressed or
delayed the effect of a booster immunization. In our current
study, high primary salivary IgA anti-SBR antibody responses
were induced by both clones after either the i.n. or i.g. immu-

TABLE 1. IgG2a/IgG1a antibody responses to antigen in serum

Clones Immunization
route Antigen

Mean IgG2a/IgG1
ratio 3/4 SD at wk:

7 21

AgI/II 1 CT i.n. SBR 0.59 3/4 2.75b 0.91 3/4 1.95b

pSBR-CTA2/B i.n. SBR 39.8 3/4 8.47c 7.07 3/4 4.47c

pSBR i.n. SBR 126 3/4 2.09 30.2 3/4 4.27
pSBR-CTA2/B i.g. SBR 10.7 3/4 4.68 8.71 3/4 4.79c

pSBR i.g. SBR 13.8 3/4 7.24 23.4 3/4 2.51
pSBR-CTA2/B i.n. Salmonella 20.0 3/4 1.66 15.5 3/4 3.98
pSBR i.n. Salmonella 18.6 3/4 2.14 20.9 3/4 2.00
pSBR-CTA2/B i.g. Salmonella 18.6 3/4 1.51 15.1 3/4 1.82
pSBR i.g. Salmonella 20.4 3/4 1.95 11.5 3/4 1.51

a Ratio between IgG2a and IgG1 obtained from subclass-specific ELISA.
Values are presented as the geometric means 3/4 the SD of the IgG2a/IgG1
ratios for individual mice.

b Values significantly different (P , 0.001) from those of SBR-specific and
Salmonella-specific IgG2a/IgG1 ratios in mice immunized with Salmonella clones
via either the i.n. or the i.g. route.

c Values significantly different (P , 0.001) from those of SBR-specific IgG2a/
IgG1 ratios in mice immunized with the Salmonella clone expressing SBR alone
via the same route.

FIG. 7. (A) Percentage of S. mutans PC3379 per total streptococci in the oral cavity of i.n.-immunized or control mice which were challenged
with 2 3 109 CFU of the PC3379 strain for 5 consecutive days. The results shown are geometric means 3/4 the standard error of the mean (SEM)
of five or six mice. Values significantly different from those of unimmunized controls at P , 0.05 (#) are indicated. (B) The percentage of S. mutans
PC3379 per total streptococci in the oral cavity of i.g.-immunized or control mice which were challenged with 2 3 109 CFU of the PC3379 strain
for 5 consecutive days. The results shown are geometric means 3/4 the SEM of five or six mice. Values significantly different from those of
unimmunized controls at P , 0.01 (p) are indicated.

VOL. 69, 2001 PROTECTIVE IMMUNITY AGAINST S. MUTANS 2159



nization. Furthermore, enhanced secondary salivary IgA anti-
body responses were induced and persisted for up to 9 weeks
after the booster immunization, demonstrating immunological
memory in the mucosal compartment.

The results of the present study also indicate that the i.n. route
is an effective way of immunization with Salmonella vaccine
strains, especially for the induction of specific salivary IgA re-
sponses, and are in agreement with other reports (11, 31, 34).
Previously, we have shown that serovar Typhimurium strains can
invade and colonize the nasal tissues, possibly via mucosal induc-
tive sites associated with the tissues, and can apparently dissem-
inate through the draining lymph nodes (13). Antigens expressed
by the Salmonella clones can be presented by professional anti-
gen-presenting cells, which in turn can induce the activation and
differentiation of lymphocytes and result in both mucosal and
systemic immune responses. The Salmonella clones used in our
study were also able to induce high levels of serum IgG anti-SBR
responses. Although a higher number (10-fold) of salmonellae
was administered to mice via the i.g. than by the i.n. route, the
serum IgG anti-SBR responses were higher in the mice immu-
nized via the i.n. route following the booster immunization. Fur-
thermore, the serum anti-SBR response induced following the
booster immunization was more pronounced compared to that
seen in saliva. Differences in the magnitude of the systemic and
mucosal secondary antibody results from different mechanisms of
induction.

Previous studies by our group (11) have reported that
CTA2/B is able to prolong the duration of the salivary IgA
anti-SBR responses when expressed by Salmonella and under
the control of the T7 promoter. Similar findings were made by
Hirabayashi et al. (12). In the current study, we did not observe
higher mucosal immune responses in mice immunized with
Salmonella expressing SBR-CTA2/B compared to mice immu-
nized with Salmonella expressing SBR alone. However, this
study was terminated 9 weeks after the second immunization
and a more long-term study may be necessary to demonstrate
the adjuvant effect of CTB on host immune responses to SBR
induced by our Salmonella vector system. In addition to the
salivary responses, IgA antibody activity was also seen in vag-
inal washes of mice immunized with the Salmonella clones
expressing SBR or SBR-CTA2/B, under the control of nirB
promoter. Interestingly, the Salmonella clone expressing SBR-
CTA2/B induced a higher IgA anti-SBR response than did the
Salmonella clone expressing SBR alone following the initial
immunization, when the immunization was administered i.n.
but not via the oral route. This suggests that the potentiating
effect of CTA2/B on the mucosal immune responses is more
prominent when immunization is administered by the i.n. route.

Mosmann et al. (25) first reported the existence of different Th
cell subsets. Gamma interferon and interleukin-12 (IL-12) pro-
mote the differentiation of Th1, whereas IL-4 has been found to
be more important for the differentiation of Th2 cells. In mice,
Th1 cells mediate the prominent production of IgG2a antibody
responses, whereas IgG1 antibody production has been shown to
be associated with type 2 responses (1). Salmonellae and other
intracellular bacteria primarily induce host type 1 responses (16,
28). Soluble proteins administered with adjuvant via mucosal
routes can induce type 2 responses (16). When foreign antigens
are expressed in Salmonella vector, Th1-like responses are mainly
induced to the cloned antigens, as well as to the vector (16, 33).

However, recent studies have also reported mixed Th1 and Th2
responses (11) or biphasic Th responses to cloned antigens ex-
pressed by Salmonella (27). We report here the primary induction
of a type 1 response to the Salmonella expressed SBR-CTA2/B or
SBR, as well as to the vector. Interestingly, the responses induced
in mice immunized with the Salmonella clone expressing the chi-
meric SBR-CTA2/B by the i.n. route showed a significant shift
toward a type 2 response compared to the responses induced in
mice immunized with the clone expressing SBR only. This finding
indicates that the shift toward a type 2 response was influenced by
the linked CTB. CT has been shown to promote IgG1 switch
differentiation (18). The observed influence of CTB on the shift in
the IgG2a/IgG1 ratio was more pronounced in the i.n.-immunized
mice than in the i.g.-immunized mice, since there were no signif-
icant differences in mice immunized by the i.g. route.

The inhibition of S. mutans colonization on the tooth surface
was in agreement with the enhanced salivary IgA anti-SBR
antibodies detected in the mice. The reduction in the S. mutans
levels was significant in mice immunized with clones expressing
SBR-CTA2/B or SBR alone via either the i.n. or the i.g. route
at 5 weeks postchallenge. In mice immunized with AgI/II and
CT by the i.n. route, salivary IgA anti-SBR responses were
induced and remained at high levels (1% specific IgA antibody
against SBR/total salivary IgA antibodies; data not shown).
Following challenge, these mice also showed a significant re-
duction in the level of S. mutans colonization on the tooth
surfaces. The reduction in the colonization of S. mutans on the
tooth surface of mice supports the effectiveness of salivary IgA
antibodies against SBR in controlling S. mutans infection. Pre-
vious studies have reported the induction of salivary IgA anti-
bodies against SBR or AgI/II and protection against caries
formation caused by S. mutans on the tooth surface of rats
after i.n. immunization with purified proteins (10). It has also
been shown that i.n. immunization with a peptide segment of
PAc, which is another designated name of AgI/II, coupled to
CTB suppressed the colonization of S. mutans in a murine
model (32). Moreover, the induction of salivary IgA antibodies
against the glucan-binding region of glucosyltransferase pro-
duced by S. mutans was shown to correspond with protection
against colonization by S. mutans and caries formation (15).
Taken together, these results support the importance of spe-
cific salivary IgA antibodies against virulence factors involved
in S. mutans attachment and colonization as a means to control
the spread of this oral pathogen and the resulting caries for-
mation. To our knowledge, this is the first study, which used an
in vivo murine model to demonstrate the effectiveness of using
serovar Typhimurium clones expressing cloned antigens of S.
mutans in inducing a protective response against S. mutans
colonization.

Previously, we reported that the Salmonella clones expressing
antigens, under the control of the nirB promoter, colonize and
persist in the host nasal tissues and intestinal tissues for at least 21
days. One can speculate that this allows the persistent expression
of antigens to enhance the initial priming for the T helper cells as
they express antigens over a period of time, thus prolonging the
initial mucosal responses. On the contrary, clones expressing an-
tigens under the control of T7 promoter produce a high antigen
load at the initial stage of infection (5) but cannot persist in the
host environment since they cannot be recovered even 1 day after
infection (13). The initial high antigen load by the clones express-
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ing antigens under the control of T7 promoter and the more
persistent antigen presentation by the clones expressing antigens
under the control of nirB promoter may result in a difference in
the mechanism and timing of T-cell activation, costimulation, and
B-cell activation and differentiation. It will be interesting to study
the similarities and/or differences between the mechanisms of the
mucosal T-cell priming driven by two distinct bacterial expression
systems.

In the current study, the data suggest that Salmonella sero-
var Typhimurium clones expressing SBR or SBR-CTA2/B un-
der the control of anaerobically inducible nirB promoter can
induce a high level of salivary antibody response against SBR,
which corresponds with the efficient control of S. mutans in-
fection in the oral cavities of the immunized mice.
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