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Introduction
Dental caries is a chronic infectious disease caused by the 

formation of biofilm on tooth surfaces. Among the oral bacteria, 
mutans streptococci are considered to be causative agents of dental 
caries [1]. Streptococcus sobrinus as well as S. mutans are major 
pathogens of dental caries [2]. Both bacteria produce water-soluble 
and water-insoluble glucans from sucrose, by the combined action 
of glucosyltransferases [1,2]. The synthesis of the water-insoluble 
glucan is necessary for the accumulation of these cells on the tooth 
surface and the induction of dental caries [3,4]. S. sobrinus produces 
a water-insoluble GTF-I. The GTF-I protein consists of two functional 
domains: an N-terminal sucrose-binding domain and a C-terminal 
glucan-binding domain [5-7]. The activities of GTF-I are mediated 
through both catalytic and glucan-binding functions [8,9].

If an effective vaccine for the oral cavity is to be designed, careful 
consideration must be given to the various immune responses and 
antigen-delivery systems. Because of the risk of needle-borne diseases 
associated with reuse and improper disposal of needles, needle-free 
delivery has become a global priority. Nasal administration of vaccine 
has been widely used for mucosal immunization because it delivers 
antigen directly to IgA-inductive sites termed nasal-associated 
lymphoid tissues without the influence of enzymes and acids in the 
gastrointestinal tract. Furthermore, this form of immunization is 
capable of inducing both mucosal and systemic immune responses, 
which result in two layers of host protection against infectious 
diseases [10,11].

CpG dinucleotides in microbial DNA sequences activate Toll-
like receptor 9, and previous studies have shown that CpG ODN can 
reiterate the majority of the immunomodulatory effects produced 
by bacterial DNA CpG [12-14]. In this regard, several studies have 
reported that parenteral immunization of animals with various 

antigens plus CpG ODN as adjuvant induces T helper (Th)1-type 
responses [15-17]. Furthermore, it has been shown that CpG ODN is 
a potent adjuvant when given nasally [18,19].

The major aim of the present study is to assess the potential of a 
nasal vaccine containing GTF-I with or without CpG ODN to prevent 
oral infection by S. sobrinus. The results suggest that nasal GTF-I is a 
practical and effective vaccine candidate for induction of protective 
immunity against dental caries caused by S. sobrinus infection.

Materials and Methods

Mice

BALB/c mice were purchased from Sankyo Lab Services (Tokyo, 
Japan). These mice were maintained under pathogen-free conditions 
at the experimental facility of the Nihon University School of Dentistry 
at Matsudo. All mice were randomly assigned into control or 
experimental groups of 5-6 mice each, and were provided ad libitum 
access to sterile food and water. They were used at 8-12 weeks of age 
in accordance with the Guidelines for the Care and Use of Laboratory 
Animals (Nihon University School of Dentistry at Matsudo).

Antigen and adjuvant

Recombinant GTF-I was prepared as described previously [20], with 
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Abstract
This study seeks to assess the efficacy of the glucosyltransferase-I (GTF-I) produced by Streptococcus sobrinus 

as a nasal vaccine for the prevention of dental caries. Nasal immunization of mice with GTF-I elicited significant levels 
of GTF-I-specific IgG and IgA in serum and mucosal IgA antibodies in saliva. Antibody-forming cell analysis confirmed 
the antibody titers by detecting high numbers of GTF-I-specific antibody-forming cells in spleen and salivary glands. Co-
administration of GTF-I and oligodeoxynucleotides (ODN) containing unmethylated cytosine-phosphate-guanine (CpG) 
dinucleotides (CpG ODN) as adjuvant further elevated salivary IgA antibody responses; however, the increase in serum 
antibody levels was slight. GTF-I-specific IgG antibodies from mice given GTF-I alone or GTF-I plus CpG ODN inhibited 
biofilm formation by S. sobrinus. Finally, the mice given nasal GTF-I showed protection and significant inhibition of 
dental caries caused by oral infection with S. sobrinus even without the use of CpG ODN. These results suggest that 
nasal administration of GTF-I could be an important tool for the prevention of dental caries.
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minor modifications. Briefly, Streptococcus anginosus transformant 
SS-03E expressing the gtfI were grown in Todd-Hewitt broth (THB, 
BD Difco, Franklin Lakes, NJ) containing erythromycin anaerobically. 
Cells were removed by centrifugation and the supernatant was mixed 
with an equal volume of chilled ethanol. The precipitate was collected 
by centrifugation, and dissolved in distilled water. Insoluble materials 
were removed by centrifugation and the supernatant was used as 
the crude enzyme preparation. This preparation was supplemented 
with loading buffer, and applied to a preparative PAGE gel column as 
previously described [21]. Eluted fractions were subjected to mini-slab 
SDS-PAGE, and the gels were stained with Coomassie brilliant blue or 
analyzed by Western blotting to confirm. The active fractions were 
pooled and mixed with chilled ethanol to remove the detergent. The 
precipitate was collected by centrifugation, and dissolved in distilled 
water, and dialyzed in PBS. The purity of the protein was determined 
by SDS-PAGE with silver staining, and no contaminating protein 
bands were noted. Furthermore, this band displayed GTF activity and 
synthesized insoluble glucan after incubation with sucrose (Figure 
1). Possible residual endotoxin was assessed in the preparation with 
an LAL pyrochrome kit (Associates of Cape Cod Inc., Woods Hole, 
MA). The purified GTF-I contained no detectable endotoxin. CpG 
ODN (5’-TCCATGACGTTCCTGACGTT-3’) was purchased from Coley 
Pharmaceutical Group, Inc. (Wellesley, MA).

Immunization and sample collection

Mice were immunized nasally on days 0, 7 and 14 with a 10µl 
aliquot (5µl per nostril) of PBS containing 20µg of GTF-I alone or 
20µg of GTF-I with 10µg of CpG ODN. Serum and saliva samples were 
collected from each group, as described elsewhere [22], in order to 
examine GTF-I-specific antibody responses.

Detection of antigen-specific antibody responses

Antibody titers in serum and saliva were determined by ELISA. 
Briefly, plates were coated with GTF-I (5µg/ml) and blocked with 
PBS containing 1% bovine serum albumin. After blocking, serial 
dilutions of serum or saliva samples were added in duplicate. The 
starting dilution of serum was 1:27, while that of saliva was 1:22. The 
plates were incubated for 4 h at room temperature, washed and then 
incubated with goat horseradish peroxidase-conjugated anti-mouse 
γ or α heavy chain-specific antibodies (Southern Biotechnology 
Associates, Birmingham, AL) at 4°C for 20 h. Finally, 2,2’-azino-bis 
(3-ethylbenzo-thiazoline-6-sulfonic acid) with H2O2 (Moss, Inc., 
Pasadena, MD) was added for color development. Endpoint titers 
were expressed as the reciprocal log2 of the last dilution that gave an 
optical density at 415 nm of 0.1 greater than non-immunized control 
samples after 15 min of incubation.

Assessment of antibody-forming cells

Single cell suspensions were obtained from the spleen and 
salivary glands, as described previously [23]. Briefly, salivary glands 
were carefully excised, teased apart, and dissociated using 0.3 mg/
ml collagenase (Nitta Gelatine Co. Ltd., Osaka, Japan) in RPMI 1640 
(Wako Pure Chemical Industries Ltd., Osaka, Japan). Mononuclear 
cells from salivary glands were obtained at the interface of the 50% 
and 75% layers of a discontinuous Percoll gradient (GE Healthcare UK, 
Ltd., Amersham Place, Little Chalfont, England). To assess numbers 
of antigen-specific antibody-forming cells, an ELISPOT assay was 
performed as previously described [22]. Briefly, 96-well nitrocellulose 
plates (BD Biosciences, Franklin Lakes, NJ) were coated with GTF-I 
(5µg/ml), incubated for 20 h at 4°C and were then washed extensively 
and blocked with RPMI 1640 containing 10% fetal calf serum. After 30 

min, blocking solution was discarded, and lymphoid cell suspensions 
at various dilutions were added to wells and incubated for 4 h at 
37°C in 5% CO

2
 in moist air. Detection antibodies included goat 

horseradish peroxidase-conjugated anti-mouse γ or α heavy chain-
specific antibodies (Southern Biotechnology Associates). Following 
overnight incubation, plates were washed with PBS and developed 
by addition of 3-amino-9-ethylcarbazole dissolved in 0.1 M sodium 
acetate buffer containing H

2
O

2
 (Moss) to each well. Plates were 

incubated at room temperature for 25 min and were washed with 
water, and antibody-forming cells were then counted with the aid of 
a stereomicroscope (Olympus, Tokyo, Japan).

Biofilm assay

Serum IgG antibodies from immunized mice were purified using 
a HiTrap™ protein G HP column (Amersham Biosciences, Piscataway, 
MJ). Biofilm formation by S. sobrinus was quantitatively measured 
using a modified version of the microplate adherence assay as 
described previously [24]. Briefly, S. sobrinus cells (approximately 2.5 
x 106 cells/ml) were pre-incubated with purified IgG antibodies at 37°C 
for 1 h. S. sobrinus suspension (200µl) in brain-heart infusion broth 
(Difco, Detroit, MI), supplemented with 1% sucrose was then placed 
in a 96-well flat-bottomed tissue culture plate (Life Technologies, 
Paisley, UK). After static incubation for 24 h at 37°C in anaerobic 
conditions, wells were emptied, washed three times with PBS and 
air-dried, and adherent growth was stained with 0.1% safranin (Sigma, 
St. Louis, MO) for 30 min. The wells were rinsed with distilled water 
and adherent material was solubilised through incubation with 200µl 
of 0.2 M sodium hydroxide for 1 h at 80°C. The absorbance for each 
strain was measured at 540 nm.

Oral infection and caries assessment
Mice were orally infected with S. sobrinus as described 

previously [25], with minor modifications. In brief, 2 weeks after 
the last immunization, the mice were given cariogenic diet, diet 
2000 containing ampisilin, chloramphenicol, and carbenisillin (1 
mg/g of food). The mice were then infected orally with 109 CFU of 
streptomycin-resistant S. sobrinus 6715 on 4 consecutive days. Sixty 
days after the first gavage, mice were euthanized using CO2 and the 
mandibles were removed and then scanned using micro-computed 
tomography (Rigaku-mCT®, Tokyo, Japan) to assess the caries activity. 
For scanning, the X-ray source was operated at 75 kV and 50µA. Each 
mandible was set on the object stage and imaging was performed on 
the sample over a full 360° rotation with an exposure time of 2 min. 
An isotropic resolution of 100 x 100 x 100µm voxel size was selected. 

Figure 1: SDS-PAGE analysis of purified GTF-I. The purified GTF-I was 
subjected to SDS PAGE. After electrophoresis, the gel was stained with silver 
(lane 2), or incubated with sucrose to detect insoluble glucan synthesis (lane 
3). Lane 1 shows a protein standard.
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The original 3D images were displayed and analyzed with I-View® 
software (J. Morita, Kyoto, Japan). The caries activity was determined 
as previously described [26].

Statistical analysis
Results were expressed as means ± standard error (S.E.). 

Statistical significance (p < 0.05) was determined by Mann-Whitney 
U test for unpaired samples.

Results

Induction of GTF-I-specific antibody responses by nasal 
immunization with GTF-I

To evaluate the ability of nasally administered GTF-I to induce 
antibody responses, a group of mice was nasally immunized with 
GTF-I alone. When the antigen-specific immune responses were 
analyzed by ELISA, serum IgG and IgA anti-GTF-I antibody responses 
were detected (Figure 2A). In addition, nasal administration of 
GTF-I alone induced significant levels of GTF-I-specific IgA antibody 
responses in saliva (Figure 2B). The results of serum antibody titers 
were confirmed by antibody-forming cell responses which indicated 
significant numbers of GTF-I-specific IgG- and IgA-forming cells in 
spleen of mice given GTF-I alone (Figure 3A). In the next study, to 
determine whether IgA antibody responses in external secretions 
were mucosa-associated or, alternatively, were exudates from serum, 
the numbers of GTF-I-specific IgA-forming cells in salivary glands 
were counted. As shown in Figure 3B, high numbers of IgA-forming 
cells were found in the salivary glands of mice given GTF-I alone.

Since mucosal (e.g., nasal or oral) administration of CpG ODN 
with protein antigen have proven to be an effective regimen for 
the induction of antigen-specific antibody responses [18,19], we 
next examined the effect of the nasal administration of CpG ODN 
as adjuvant on GTF-I-specific antibody responses. Mice nasally 
immunized with GTF-I plus CpG ODN showed significantly higher 
salivary IgA anti-GTF-I antibody responses than did those immunized 
with GTF-I alone; however, the increase in serum IgG and IgA titers 
was slight (Figures 2A and 2B). Antibody-forming cell responses 
showed significantly higher numbers of antibody-forming cells in 
salivary glands, but not spleen, of mice immunized with GTF-I plus 
CpG ODN than those of mice given GTF-I alone (Figures 3A and 3B).

Nasally GTF-I-induced antibodies suppress biofilm formation 
by S. sobrinus

In the next study, we sought to determine whether antibodies 
induced by nasally administered GTF-I was capable of suppressing 
biofilm formation by S. sobrinus. To this end, S. sobrinus were 
pre-treated with IgG from mice given GTF-I alone, GTF-I plus CpG 
or PBS as control and then incubated with 1 % sucrose. The results 
showed that biofilm formation of S. sobrinus was inhibited by IgG 
antibodies from mice given GTF-I alone or GTF-I plus CpG ODN in a 
dose-dependent manner (Figure 4).

Nasal GTF-I reduces the development of dental caries caused 
by oral infection with S. sobrinus

As nasal GTF-I elicited significant GTF-I-specific antibody 
responses in serum and saliva; we sought to determine whether 
these antibodies were capable of suppressing dental caries caused by 
oral infection with S. sobrinus. Thus, mice given GTF-I alone or GTF-I 
plus CpG ODN were infected orally with S. sobrinus 2 weeks after the 
last immunization. Mice immunized with GTF-I alone demonstrated 
significant fewer enamel (E) and dentinal slight (Ds) lesions than did 
those given PBS. Furthermore, dentinal moderate (Dm) and dentinal 
extensive (Dx) lesions were not found in these immunized mice. 
Mice immunized with GTF-I plus CpG ODN had no Ds, Dm and Dx 
lesions, while there was no obvious difference in E lesions between 
mice given GTF-I alone and mice given GTF-I plus CpG ODN (Figure 
5). These findings indicate that nasal immunization with GTF-I alone 
provides protection against oral infection by S. sobrinus.

Figure 2: GTF-I-specific serum IgG and IgA (A), and IgA antibody titers in 
saliva (B). Groups of mice were nasally immunized with 20µg of GTF-I alone 
(open bars) or 20µg of GTF-I plus 10µg of CpG ODN (closed bars) on days 
0, 7, and 14. Serum and saliva samples were collected at day 21 and were 
assessed for 40k-OMP-specific antibody titers. The results are expressed as 
the mean ± S.E. obtained for five mice per group. The P values for serum 
IgG, IgA and salivary IgA antibody titers with GTF-I alone or with GTF-I plus 
CpG ODN are <0.05 when compared with PBS. *p<0.05, compared with GTF-I 
alone.
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Figure 3: GTF-I-specific IgG and IgA antibody-forming cells (AFCs) in 
spleen (A), and IgA AFCs in salivary glands (B). Groups of mice were nasally 
immunized with PBS (open bars), GTF-I alone (dotted bars), or GTF-I plus 
CpG ODN (closed bars) as described in the legend of Figure 1. Mononuclear 
cells were isolated at day 21 and, AFC responses were examined. The results 
are expressed as the mean ± S.E. obtained for five mice per group. The P 
values for IgG and IgA AFCs in spleen as well as IgA AFCs in salivary glands 
with GTF-I alone or with GTF-I plus CpG ODN are <0.05 when compared with 
PBS. *p<0.05, compared with GTF-I alone.
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Figure 4: Inhibition of biofilm formation of S. sobrinus by GTF-I-specific IgG 
antibodies. S. sobrinus cells were pre-incubated with 5µg, 20µg or 40µg of IgG 
antibodies purified from serum of mice given PBS, GTF-I, or GTF-I plus CpG 
ODN and then incubated in the presence of sucrose. Results are expressed as 
the mean ± S.E. for six mice per group. *p<0.05, compared with PBS.
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Discussion
S. sobrinus as well as S. mutans produce water-insoluble glucans 

that provide scaffolding for the aggregation of mutans and other 
oral streptococci [1,2]. Thus, the important role of GTF-I in the 
cariogenicity of mutans streptococci makes them rational targets for 
the development of an anticaries vaccine. A previous study has shown 
that specific antibodies induced by a fusion protein consisting of 
alanine-rich region of surface protein antigen (PAg) and GTF-I produced 
by S. sobrinus suppress sucrose-dependent and -independent 
adhesion of both S. sobrinus and S. mutans [27]. Furthermore, 
immunization with the plasmid encoding the surface protein (PAc) 
of S. mutans and GTF glucan-binding domain of S. sobrinus GTF-I or 
the catalytic regions of S. sobrinus GTF-I induced protective antibody 
responses against the oral infection with S. mutans and S. sobrinus 
[28,29]. The development of a nasal GTF-I vaccine for human use 
may be a significant milestone in the quest for an effective anticaries 
vaccine. In assessing the efficacy of nasally administered GTF-I, we 
found that GTF-I alone induced significant antigen-specific antibody 
responses in both serum and saliva samples, while GTF-I plus CpG 
ODN as adjuvant further increased the levels of salivary antibody 
responses. The GTF-I-specific IgG antibodies induced by the nasal 
vaccine significantly diminished biofilm formation by S. sobrinus. 
Furthermore, mice given GTF-I alone or GTF-I plus CpG ODN were 
significantly protected against the development of dental caries 
caused by oral infection with S. sobrinus. These results suggest that 
nasal immunization with GTF-I may be an effective antigen delivery 
system for the induction of protective immune responses against S. 
sobrinus as well as S. mutans infection.

It is important to note that nasal immunization with GTF-I alone 
elicited significant serum IgG, IgA as well as salivary IgA antibody 
responses. Protein antigen given via the mucosal route without 
adjuvant has been generally reported to be only a weak immunogen 
and so has been presumed to require a mucosal adjuvant to induce 
antigen-specific antibody responses [11]. Indeed, nasal administration 
of CpG ODN as adjuvant induced significantly higher levels of GTF-I-
specific salivary IgA antibody responses than did nasal administration 
of GTF-I alone, clearly indicating that CpG ODN is an effective 
adjuvant for nasal immunization. Though these studies suggest that 
CpG ODN is an effective adjuvant for nasal GTF-I, it would be more 
prudent not to use to avoid unnecessary side effects induced by 

CpG ODN. Even without CpG ODN, specific IgG antibodies induced 
by the nasal GTF-I significantly diminished biofilm formation by S. 
sobrinus. Furthermore, these immunized mice displayed significantly 
fewer E, Dm, and Dx lesions than did non-immunized mice. These 
interesting outcomes could be explained by the immunogenicity of 
GTF-I. It may be that GTF-I, as a key virulence factor for synthesis 
of water-insoluble glucan by S. sobrinus [5-9], possesses especially 
strong immunogenicity, eliminating the need for an adjuvant. Indeed, 
an earlier study has demonstrated that oral immunization of hamster 
with GTF complex of S. mutans without adjuvant induces serum and 
salivary antibody responses [30]. Furthermore, nasal immunization 
with the glucan-binding domain of S. mutans GTF-I elicits protective 
antibody responses against S. mutans infection even in the absence 
of adjuvant [31].

Alternatively, the route of immunization may particularly 
effective. In this study, we chose intranasal administration as the 
delivery route because it delivers antigen directly with IgA-inductive 
sites termed nasal-associated lymphoreticular tissues without the 
influence of enzymes and acids in the gastrointestinal tract. It may be 
that the combination of nasal immunization and GTF-I is a particularly 
effective vaccine regimen for the induction of antigen-specific 
antibody responses in saliva and serum. Such a regimen, which might 
not require adjuvant for induction of protective immune responses, 
would make for a most attractive candidate for a human vaccine. Since 
GTF-I catalyzes the hydrolysis of the glucosidic linkage of sucrose, 
resulting in the release of glucose and fructose and the transfer of the 
glucosyl moiety to a terminal site on the growing glucan molecules 
which contribute to the development of dental plaque [32], it is not 
toxic for humans. Indeed, previous studies have shown that human 
volunteers immunized with S. mutans GTFs possess no side effects 
during or after immunization [33,34]. Taken together, these findings 
suggest that the nasal administration of GTF-I can be considered to 
be a practical and effective route of immunization for the induction 
of specific immunity against S. sobrinus infection.

It is well established that the mucosal immune system exists 
alongside and separate from the systemic immune system [35]. 
Therefore, the induction of systemic immune responses by parenteral 
immunization does not result in significant mucosal immunity. 
However, mucosal immunization can and often does result in 
protective immunity not only in external secretions but in systemic 
compartments as well [35]. In many ways, the oral cavity is an 
important and characteristic compartment of the mucosal immune 
system. However, it differs from other mucosal compartments 
because its local immune responses are both mucosal and systemic. 
Local immune responses emanating from the salivary gland are part 
of the mucosal immune system while those emanating from the 
crevicular fluid derived from tissue fluids in blood capillaries are part 
of the systemic immune system [36]. Thus, although the main isotype 
of the oral cavity is secretory IgA, it is clear that systemic-derived 
IgG in crevicular fluid is also biologically active within the oral cavity. 
Thus, effective protection against S. sobrinus infection requires both 
mucosal and systemic antibody responses. 

In summary, our current study provides evidence that nasal 
administration of GTF-I elicits GTF-I-specific serum IgG, IgA and 
salivary IgA antibody responses. Importantly, these antibody 
responses were induced without the use of CpG ODN as adjuvant. 
GTF-I-specific immune responses induced by nasal GTF-I provided 
protective immunity against dental caries caused by S. sobrinus 
infection. These findings suggest that nasal immunization with GTF-I 
effectively elicit protective levels of antibodies to S. sobrinus and 

Figure 5: Reduction of S. sobrinus-induced dental caries by nasal GTF-I 
vaccine. Groups of mice were immunized nasally with GTF-I alone, GTF-I plus 
CpG ODN or PBS, as described in the legend for Figure 1. Two weeks after 

immunization, mice given PBS, GTF-I alone or GTF-I plus CpG ODN were 
inoculated orally with 109 CFU of S. sobrinus, as described in Materials and 
Methods. Caries activities were determined by Keyes method. Results are 
expressed as the mean ± S.E. for six mice per group. *p<0.05, compared with 
PBS.
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therefore may act as an effective and safe vaccine delivery system for 
prevention of dental caries.
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