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Anti-caries DNA vaccine-induced secretory
immunoglobulin A antibodies inhibit formation of
Streptococcus mutans biofilms in vitro
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430079, China

Aim: To investigate the effects of anti-caries DNA vaccine-induced salivary secretory immunoglobulin A (S-IgA) antibodies on Strepto-
coccus mutans (S. mutans) adherence and biofilms formation in vitro.

Methods: Adult female Wistar rats were intranasally immunized with the anti-caries DNA vaccine pGJA-P/VAX. Their saliva samples
were collected at different times after the immunization, and S-IgA antibody level in the saliva and its inhibition on S. mutans adher-
ence were examined. The effects of S-IgA in the saliva with the strongest inhibitory effects were examined at 3 different stages, ie
acquired pellicles, biofilm formation and production of mature biofilms. The number of viable bacteria and depth of the biofilm at 16 h
in each stage were determined using counting colony forming units and using a confocal laser scanning microscopy (CLSM). The par-
ticipation of S-IgA in acquired pellicles and its aggregation with S. mutans were also observed under CLSM.

Results: The S-IgA titer in saliva reached its peak and exhibited the strongest inhibition on S. mutans adhesion at 10 weeks after the
immunization. The colonies and depth of the biofilm in the saliva-pretreated group were 41.79% and 41.02%, respectively, less than
the control group. The colonies and depth of the biofilm in the co-culture group were 27.4% and 22.81% less than the control group.
The assembly of S. mutans and S-IgA was observed under CLSM after co-cultivation. In the mature-stage biofilm, no differences were

observed between the different groups.

Conclusion: These results demonstrate that the anti-caries DNA vaccine induces the production of specific S-IgA antibodies that
may prevent dental caries by inhibiting the initial adherence of S. mutans onto tooth surfaces, thereby reducing the accumulation of

S. mutans on the acquired pellicles.
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Introduction
Streptococcus mutans (S. mutans) is the predominant microor-
ganism in the etiology and pathogenesis of dental caries™ 2.
These organisms form dental plaque on the tooth surface,
which leads to the development of caries™. The adherence of
S. mutans onto the tooth surface is the initial step and a major
factor in the formation of dental plaque'®. Because S. mutans
is the primary bacterial agent of dental caries, the virulent fac-
tors by which it adheres to tooth surfaces are important poten-
tial targets for anticariogenic intervention.

There are two major virulent factors related to S. mutans
adherence: the glucosyltransferase (GTF) enzyme and the
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surface protein antigen Agl/II (PAc)""". The GTF enzyme
synthesizes glucans from sucrose and mediates the sucrose-
dependent accumulation of S. mutans on the tooth surface!”.
One region of the GTF, the glucan-binding domain (GLU) is
responsible for the composition of the glucans. Glucans medi-
ate the sucrose-dependent adherence of S. mutans and help
S. mutans tightly adhere to the tooth surface, forming compact
dental plaque!™
functional and immunogenic regions: an N-terminal region

. The PAc protein possesses two important

that is alanine-enriched and the middle P-region that is pro-
line-enriched, both of which initialize S. mutans adherence
to the acquired pellicle on the tooth surface. These two
virulent factors mediate the adherence of S. mutans. To target
these factors and fight dental caries, a fusion DNA vaccine
called pGJA-P/VAX was constructed using the GLU domain
of the GTF enzymes and the A-P fragments of the S. mutans
PAC genes. After intranasally immunization of an experi-
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mental animal model, this vaccine elicited a specific S-IgA
response in saliva that produced a significant anti-caries effect,
as determined by the altered caries scores" >,

In our previous studies, the targeted fusion DNA vaccine
pGJA-P/VAX was administered intranasally in a rat model
and demonstrated a significant inverse correlation between
the levels of anti-PAc IgA in saliva and the total caries score.
In response to pGJA-P/VAX immunization, the secretory IgA
inhibits colonization of S. mutans, effectively preventing dental
caries on rat teeth” %, In saliva, S-IgA is the major antibody
that acts as the first line of mucosal defense against dental
caries by interfering with microbial adherence and bacterial

colonization”

. However, there is no direct evidence proving
that S-IgA induced by this vaccination prevents S. mutans from
adhering to the tooth’s surface and forming plaque biofilms,
which are the hallmark of the initiation and formation of den-
tal caries. The aim of this study is to investigate the impact of
S-IgAs on S. mutans adherence and to identify how S-IgAs are
induced by the anti-caries DNA vaccine and how S-IgAs inter-

fere with the pathogenesis of S. mutans infections in vitro.

Materials and methods

Bacteria and growth conditions

In this study, the following S. mutans strains were used:
S. mutans MT 8148 and UA140::¢ (mutAp-mrfpl) (provided
by Kreth, UCLA School of Dentistry); the monomeric red
fluorescent protein (mrfpl) exhibits a red fluorescence when

(18] Both strains of

analyzed using fluorescence microscopy
S. mutans were routinely cultured in brain heart infusion (BHI)
agar or Modified Scholtens” Broth (MSB) agar at 37°C in an
atmosphere with 85% N,, 5% H,, and 10% CO,; spectinomy-
cin (800 pg/mL) was added to the medium to select for the
transformants carrying the reporter plasmid in the UA140:¢
(mutAp-mrfpl) strain. A standard curve of S. mutans concen-
trations was obtained and used to determine the bacterial con-

centration levels of the test samples.

Plasmid preparation

The anti-caries DNA vaccine pGJA-P was constructed as pre-
viously described. Briefly, pGJA-P encodes the following:
the A-P fragment of the pac gene from S. mutans, the signal
peptide and extracellular regions of the human CTLA4 gene,
the hinge and Fc regions of the human Igy1 gene, and the GLU
domain of the gtfB gene from S. mutans. The targeted anti-car-
ies DNA plasmid pGJA-P/VAX1 was successfully constructed
by ligating pGJA-P into pVAX1 (Invitrogen, Carlsbad, CA,
USA). The pVAX1 vector was used as a control. The plasmids
were prepared with a commercial EndoFree Plasmid Mega
Kit (Qiagen, Hilden, Germany) and stored at -20°C. A bupi-
vacaine: DNA complex was prepared by adding bupivacaine
hydrochloride to an aqueous DNA solution using a fast-mix-
ing method™. The final bupivacaine and DNA concentrations
were 0.25% and 1 pg/uL, respectively.

Rat immunization and sample collection
Four-to-six-week-old female Wistar rats, eight per group,
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received intranasal immunizations with either pGJA-P/VAX
(Group A) or pVAX1 (Group B) at week 0 and week 2. In each
group, 100 pg of the bupivacaine:DNA complex was applied
to the nostril. To stimulate salivation, the rats received an
intraperitoneal injection of 0.2% pilocarpine (Sigma Chemi-
cal Co, St Louis, MO, USA), and their saliva samples were
collected at 2, 4, 6, 8, 10, 12, 14, and 16 weeks after their first
immunization. Prior to analyzing their antibody activity, the
saliva samples were centrifuged and stored at -70°C. All of
the animal protocols performed in this study were approved
by the Hubei Medical Laboratory Animal Center Review
Board, Wuhan, China.

Antibody analysis

An enzyme-linked immunosorbent assay (ELISA) was
performed to determine the specific antibody titers against
PAc and Glu in the saliva samples, as previously described"®.
Briefly, each well of the 96-well microtiter plate (Nunc,
Roskilde, Denmark) was coated with recombinant PAc or
GLU (10 pg/mL in carbonate buffer, pH 9.6) and incubated
overnight at 4°C. Nonspecific binding was blocked by
incubating the samples in 3% bovine serum albumin (BSA)
in phosphate buffered saline (PBS) containing 0.05% Tween
20 (PBST) for 2 h at 37°C; then, the plates were washed with
PBST at room temperature three times for 5 min each. The
saliva was serially diluted (with a starting dilution of 1:2) and
added, in duplicate, to individual wells, which were incubated
at 37°C for 1.5 h. Subsequently, the plates were washed and
incubated with a peroxidase-conjugated goat anti-rat IgA
(Sigma, St, Louis, MO, USA), at a 1:1000 dilution in blocking
buffer, for 2 h at 37°C. Then, the o-phenylenediamine
substrate was added with H,0O, and incubated at 37°C for 30
min; the reaction was stopped using 2 mol/L H,SO,, and the
optical density at 490 nm (OD,q) was recorded. The antibody
titer was defined as the reciprocal of the highest dilution with
an OD,y of 0.1 above the blank control. The saliva with the
highest antibody concentration level was chosen for the next
experiments.

The adherence inhibition assay

The effect of S-IgA antibodies on the adhesion of S. mutans
MT8148 to S-HA beads was examined as previously
described™!. Briefly, 5 mg of HA beads were equilibrated in
buffered KCI at room temperature overnight. The experimen-
tal pellicles were prepared by treating the beads with 125 pL
of normal rat saliva at room temperature for 1 h while contin-
uously inverting the mixture at 6 r/min. After washing twice
with buffered KCl, the HA beads were treated for 30 min with
buffered KCl, which contained BSA (5 mg/mL) to block any
uncoated regions of the HA. After two washes with buffered
KCl, the treated beads were incubated for 1 h with ["H]thymi-
dine-labeled S. mutans cells (2.0x10° cells) suspended in 100
pL of buffered KCI containing BSA (5 mg/mL) and 100 pL of
4-week, 10-week, and 16-week saliva, and 100 pL of the serial
diluted saliva, for the 10-week immunized mice (1:2; 1:4; 1:§;
1:16; 1:32). The saliva from the unimmunized mice and PBS
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was used as the control. The beads were washed three times
with buffered KCl, and the bound radioactivity was measured
using a liquid scintillation spectrometer (TRICARB-2000A;
Packard Instruments, Downers Grove, IL, USA). The number
of streptococcal cells attached to the beads was determined
from the calculated specific radioactivity of the bacteria.

The preparation of S. mutans biofilms

S. mutans biofilms [UA140::¢p (mutAp-mrfpl)] were formed
on saliva-coated hydroxyapatite discs; to grow the S. mutans
biofilms, a technique described by Fraud et al was modified™"
S. mutans was cultured on sintered circular ceramic HA disks
(9.8 mm in diameterx1.5 mm in height; Clarkson Chroma-
tography Products, South Williamsport, PA, USA) that had
been incubated with saliva from rats that had not been immu-
nized. The saliva to cultivate the biofilms was pre-filtered
through a 5-pm and then a 0.45-pum filter (Fisher Scientific,
Loughborough, UK). The sterilized HA disks were placed
on cell culture inserts in Costar 24-well plates and incubated
with 0.5 mL of sterile saliva under agitation (120 r/min) for
4 h at 37°C. After the formation of a saliva pellicle, the saliva
was removed by aspiration and replaced with 0.8 mL of BHI,
0.15% (w/v) sucrose, and 0.8 mL sterile saliva. Each well was
inoculated with a suspension of S. mutans (0.2 mL, containing
10° CFU/mL), and the culture plates were incubated anaerobi-
cally at 37°C for 16 h. At the end of the incubation period, the
HA disks were dip-washed twice in PBS and gently swirled to
remove any loosely adherent bacteria. To harvest the adher-
ent cells, each disk was transferred to a sterile 50 mL polypro-
pylene tube containing 1 mL of diluent and was vigorously
vortexed for 2 min. Then, the fluid containing the detached
cells was vortexed for 1 min with glass beads to disaggregate
any clumped cells. After anaerobic inoculation for 48 h, the
total numbers of S. mutans colonies were counted on the MSB
plates. S. mutans was identified by its characteristic appear-
ance.

Scanning electron microscopy (SEM) investigation of the biofilms
SEM determined the topography of the HA disk surface, the
formation of bacterial biofilms on HA disks, and the efficiency
of the resuspension methods. The HA disks were fixed using
2.5% (v/v) glutaraldehyde for 2 h at 4°C after cultivation. After
two washes in deionized water, the disks were dehydrated by
incubation in 25% ethanol for 15 min, 50% ethanol for 15 min,
75% ethanol for 15 min, and 100% ethanol for 15 min. The last
step was performed twice. The disks were air-dried overnight,
coated with gold and observed under a SEM (Quanta 600, FEI
company, Holland).

Confocal laser scanning microscopy (CLSM) investigation

Confocal laser scanning microscopy (CLSM) was used to
determine the depth of the biofilms and the interactions
between the S-IgA and S. mutans. The S. mutans biofilms were
grown for 16 h. At the end of the experimental period, the
biofilms were removed and subjected to washing and swirl-
ing to remove the loosely adherent bacteria. For the biofilm

observations, a CLSM fitted with a water-immersion dipping
lens (10x) was used, and the biofilm structure was analyzed as
a series of horizontal opto-digital sections, each 1.5 pm thick.

The effect of S-IgA pretreated HA disks on biofilm formation

The HA disks were incubated at 37 °C for 4 h with 500 pL
of saliva from groups A and B under agitation (120 r/min).
After an acquired pellicle formed, the saliva was removed by
aspiration and replaced with 0.8 mL BHI, 0.15% (w/v) sucrose,
S. mutans (0.2 mL, containing 10* CFU/mL), and 0.8 mL sterile
blank saliva. The biofilms were grown for 16 h before the cells
were harvested and enumerated, and the depths of the bio-
films were measured, as described above. The acquired pel-
licles formed on the HA disks were incubated with a species-
matched goat-anti-rat I[gA:FITC antibody (AbD, MorphoSys
UK Ltd, Oxford, UK) in PBS containing 1% bovine serum
albumin (BSA). After 1 h of incubation at room temperature,
the HA disks were washed three times with PBS for 5 min and
then observed using the CLSM to investigate the distribution
of S-IgA and bacteria on the HA disks.

The effect of S-IgA on S. mutans adherence to the acquired
pellicles

The acquired pellicles were formed on the HA disks with 500
pL of blank saliva for 4 h under agitation. Then, the saliva
was replaced with 0.8 mL BHI, 0.15% (w/v) sucrose, S. mutans
(0.2 mL, containing 10° CFU/mL), and 0.8 mL sterile saliva
from either the experimental or control groups. The S. mutans
biofilms were cultivated for 16 h; the cells were recovered and
enumerated, and the depth was measured as described above.
After cultivation, the planktonic cells were collected from the
24-well polystyrene culture plates, transferred into 5-mL poly-
propylene tubes, and centrifuged for 5 min (451xg). The depo-
sition was washed three times with PBS and incubated with
species-matched anti-IgA antibody in PBS containing 1% BSA.
After incubation for 1 h at 37°C, the deposition was washed
with PBS. The confocal microscope was equipped with detec-
tors and filter sets to monitor FITC (green) and mRfp (red) flu-
orescence; the merged images depict the binding of S. mutans
and S-IgA in the deposition.

The activity of the S-IgA in mature biofilms

The S. mutans biofilms were cultivated with blank saliva for
16 h, as described above. The HA disks supporting the bio-
films were washed and transferred to new wells containing
1.0 mL of sterile saliva from either the experimental or control
groups. After 1 h of contact at room temperature, the disks
were washed. The surviving bacteria were resuspended as
described above, the viable bacteria were counted and the bio-
film was measured, as described.

Statistical analysis

SPSS 12.0 software (SPSS, Inc, Chicago, IL, USA) was used for
the statistical analyses. The differences in the antibody titers
among the groups, the depth of the biofilms, and the viable
bacteria on the biofilms were determined using a one-way
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analysis of variance (ANOVA). A value of P<0.05 was consid-
ered significant.

Results

Antibody analysis

The kinetics of the salivary IgA antibody were investigated,
as shown in Figure 1. The salivary anti-PAc and anti-Glu
IgA responses in rats treated with the DNA vaccination were
all detected at 4 weeks after the second immunizations and
persisted until the end of the experiment (16 weeks); these
responses were significantly higher (P<0.01, P<0.05))than
those in the vector-immunized rats. The IgA anti-PAc and
anti-Glu responses in rats peaked at 10 weeks, and these sam-
ples were chosen for the following experiments. In the control
group, no effective salivary IgA responses were observed.

pGJA-P/VAX1 anti-Pac
B pGJA-P/VAXL anti-Glu
pVAX1 anti-Pac

. c c
== pVAX1 anti-Glu ¢

Anti-Pac and anti-Glu IgA antibody
(log 2 titer)

0 2 4 6 8 10 12 14

16 (week)

Figure 1. The specific secretory anti-Pac and anti-Glu S-IgA antibody levels
detected in individual rats after immunization with pGJA-P/VAX or pVAX1.
Mean+SD. n=3. °P<0.05, °P<0.01 vs O week.

Inhibition of S. mutans adherence

The adherence inhibition analyses of the salivary samples from
the immunized rats at different time points and at the serial
dilutions are depicted in Figure 2. The adherence of S. mutans
in the saliva of the immunized rats at each time point was sig-
nificantly lower than the control group (P<0.001). The S-IgA
antibodies in the 10th week showed the strongest inhibition
of S. mutans cell adhesion, but there were no significant differ-
ences in this parameter between the 4th, 10th, and 16th weeks
(Figure 2A). The salivary samples containing specific S-IgA
also inhibited S. mutans binding in a dose-dependent man-
ner; the lowest saliva dilution with an effect was 1:16 and this
concentration reduced the adherence activity of S. mutans to
approximately 8.7% (Figure 2B).

An SEM investigation of S. mutans biofilms on HA disks

The protocol used for growing S. mutans biofilms on saliva-
coated HA disks was highly reproducible and with a low vari-
ability between the separate experiments. After incubation,
the S. mutans biofilm uniformly covered the surface of the
HA disks (observed under SEM). The protocol to remove the
adherent bacteria for enumeration was highly efficient because
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Figure 2. Adherence inhibition analysis of salivary sample. (A) The
adherence of S. mutans at different time points was significantly lower
in saliva of immunized rats than that in the control group, but there were
no significant differences between the 4th, 10th, and 16th week. (B)
Different dilutions of saliva could inhibit the adherence of S. mutans,
and the lowest dilution with effect was 1:16. Mean+SD. n=3. °P<0.05,
°P<0.01 vs control.

very few cells remained attached to the surface of the HA
disks when observed under SEM (Figure 3).

The effect of the S-IgA pretreated HA disks on biofilm formation
When the HA disks were pretreated with S-IgA saliva before
pellicle formation, the formation of S. mutans biofilms was
prevented; more S-IgAs (Figure 4, green) formed on the pel-
licle using the saliva from group A, compared with the pellicle
formed by group B. There were significant differences in the
number of cells recovered from the biofilm and the depth of
the biofilm compared to the control group (P<0.01; Table 1).
There were 41.79% fewer cells in the pellicle formed by group
A, and the biofilm was 41.02% less deep than that formed after
saliva pretreatment with group B.

Table 1. Effect of S-IgA pre-treatment of HA disks on biofilm formation.
Analysis of depth of biofilm and Log10 CFU/mL was carried out to
compare the differences between the two groups after pre-treating by
saliva of experimental (A) or control group (B). Mean+SD. n=8. °P<0.01

vs control.
Depth of biofilm (um) Log10 CFU/mL
A 17.66+3.23° 4.30+0.21°
B 30.34+2.46 7.24+0.16

CFU, colony-forming units.



Figure 3. Scanning electron microscopy (SEM) investigation. Surface of
hydroxyapatite disks at 2000x (A) and 5000x (B) magnification (HA disk
was a standard hexagonal structure). S. mutans 16 h biofilm at 8000x
(C) and 20000x (D) magnification (S. mutans biofilm uniformly covered
the surface of the HA disks). The surface of the hydroxyapatite disks at
2000x (E) and 5000x (F) magnification after biofilm resuspension (few
remaining bacteria were observed: arrows).

Figure 4. Effect of S-IgA pretreated HA disks on biofilm formation.
Acquired pellicle formed by saliva from groups A and B. The pellicle
formed by saliva from group A could be observed to have more S-IgA (green)
on the HA disks than the pellicle formed by saliva from group B.

The effect of the S-IgA on the S. mutans biofilm formations on
the HA disks

The cocultivation of the saliva from the experimental group
with the S. mutans reduced the bacterial adherence to the
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HA disk pellicle (Table 2). The bacteria count from the HA
disks (27.4% less) and the experimental group (22.81% less)
were less than those in the biofilms obtained from the control
group (P<0.01). Two fluorescence images (S-IgA: green and
S. mutans: red) were taken from the same microscopic field,
and then the images were merged. S-IgA and S. mutans bind-
ing was observed with the confocal microscope: the green fluo-
rescence was around or superposed with the red fluorescence,
suggesting that the S-IgA can assemble the S. mutans or cover
the surface of the S. mutans (Figure 5). Meanwhile, the biofilm
from group B had no such appearance. Fewer S. mutans and a
thinner biofilm in the experimental group demonstrated that
the S-IgA prevented the adherence of the S. mutans to the HA
disks.

Table 2. Effect of S-IgA on the adherence of S. mutans onto the acquired
pellicles. Analysis of depth of biofilm and Log10 CFU/mL was carried out
to compare the differences between the two groups after co-cultivated
with saliva of experimental (A) or control group (B). Mean+SD. n=8.
°P<0.01 vs control.

Depth of biofilm (um) Log10 CFU/mL
A 24.36+1.49° 6.09+0.19°
B 33.56+1.98 7.89+0.25

CFU, colony-forming units.

The activity of the S-IgA against mature biofilms

The S-IgA did not have an effect on the 16 h mature S. mutans
biofilms (Table 3), and there were no significant differences
in the viability between the bacteria from the biofilms and the
depth of the biofilms treated with either group A saliva, group
B saliva, or PBS.

Table 3. Activity of S-IgA against mature biofilms. Analysis of depth of
biofilm and Log10 CFU/mL was carried out to compare the differences
between the three groups after mature biofilms treatments by saliva of
experimental (A), control groups (B), or PBS. Mean+SD. n=8. °P>0.05 vs
control.

Depth of biofilm (um) Log10 CFU/mL
A 31.52+3.21° 7.31+0.09%
B 32.31+£2.16 7.52+0.12
PBS 32.36+1.10 7.48+0.23

CFU, colony-forming units.

Discussion

S. mutans has been implicated as one of the principal etiologi-
cal agents in the pathogenesis of dental caries™ >, A tar-
geted fusion DNA vaccine encoding the pac and glu genes of
S. mutans was constructed and demonstrated an anti-caries
effect. In the current study, rats were immunized with a

Acta Pharmacologica Sinica
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Figure 5. Confocal microscopic image showing distribution of S-IgA and
S. mutans in depositon after co-cultivating saliva containing S-IgA and
S. mutans onto acquied pellicles. Two fluorescence images were taken
from the same microscopic field. 1: Fluorescence imaging of S. mutans
(red); 2: Fluorescence imaging of S-IgA (green); 3: Merged fluorescence
imaging of 1 and 2. (A) The green fluorescence generally presents
around the red fluorescence, indicating S-IgA could assemble S. mutans
together. (B) The green fluorescence could be seen superposed with the
red fluorescence, indicating S-IgA could cover the surface of S. mutans. (C)
The green fluorescence is around or superposed with the red fluorescence,
demonstrating S-IgA distributes around and among S. mutans, indicating
S-IgA may have the effect by both covering and assembling the S. mutans.

targeted anti-caries DNA plasmid and the kinetics of the sali-
vary IgA antibody response was evaluated by ELISA. Then,
the salivary samples containing the highest levels of the IgA
antibody were collected. The effects of the S-IgA on the early
and late S. mutans HA disks adherence were tested and the
S-IgA’s effect on mature, cultivated S. mutans biofilms was
tested using a biofilm model. Our results demonstrate that the
targeted fusion anti-caries DNA vaccine induced S-IgA pro-
duction, which reduced the formation of S. mutans” biofilms.
S-IgAs prevented S. mutans pellicle adherence by assembling
the S. mutans together or by covering the S. mutans surface,
which inhibited S. mutans-clustering and the formation of bio-
films. However, the S-IgA had no positive effect on mature
biofilms.

To identify the immune component of S-IgA in saliva that
is responsible for S. mutans adhesion inhibition, the conven-
tional DNA vaccine immunization strategy was used to obtain
saliva which contained the targeted immune component. We
observed the kinetics of the antibody responses generated fol-
lowing intranasal delivery of pGJA-P/VAX in rats. Here, the
kinetics of the antibody responses were consistent with those
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observed in a previous study from our group™. The specific

S-IgA in the saliva of pGJA-P/VAX-immunized rats increased
after 4 weeks and achieved a peak around week 10. Then, the
levels of S-IgA remained high until week 16. To determine the
S-IgA antibody levels at each time point and the specific IgA
titer that inhibits S. mutans-HA binding, we investigated the
effects of S. mutans adherence in salivary samples at 4, 6, and
10 weeks and in serial dilutions from 1:1 to 1:32 after 10 weeks.
The salivary samples exhibited more adherence inhibition dur-
ing the 10th week compared with any other time point. There
was a significant reduction in the adherence when the 10-week
saliva was diluted 1:16. Thus, only the 10 week saliva with
the highest concentration of anti-PAc IgA and anti-Glu IgA
was chosen to investigate the inhibitory effects of S-IgA on
S. mutans biofilm formation. Nevertheless, additional research
is necessary to determine the specific IgA titer that will inhibit
S. mutans biofilm formation.

To evaluate the efficacy of S-IgA on the formation of bio-
films, we used a more reproducible monoculture system to
obtain S. mutans biofilms on HA disks. We simulated the
tooth surface, which under SEM appears as a standard hex-
agonal hydroxyapatite (the main component of tooth enamel).
The protocol to grow 16 h S. mutans biofilms on HA disks is
highly reproducible and the 16 h biofilm was used because
normally oral biofilms do not develop beyond this time. This
16 h biofilm model produces biofilms with reproducible char-
acteristics because this time frame represents the typical inter-
val between tooth brushing.

S. mutans biofilm formation on saliva-coated surfaces is
a multistep process®!.
acquired pellicle, which is composed of mucin, proteins, IgA,

The first step is the formation of the

and glycoproteins from the host’s saliva. This film immedi-
ately forms after cleaning and directly influences the pattern
of the initial microbial colonization and the formation of the
saliva pellicle. The saliva pellicle affects bacterial adherence

and plaque formation® %!,

The second step is the assembly of
bacteria on the pellicle. This is mediated by a variety of host
receptors, partner bacteria, and specific molecules on the bac-
terial surface (adhesins). Some of these surface bacteria inhibit
planktonic bacteria binding. Meanwhile, other surface bac-
teria, if attached to the teeth or to other cells, boost bacterial
binding. For instance, the GTF enzyme and the surface protein
antigen Agl/II (PAc) are some of the major virulent factors for
S. mutans® >

the maturation of the biofilm. Here, we explored the mecha-

. The last step of the biofilm formation process is

nisms and the effect of S-IgA on S. mutans biofilms by study-
ing the effects of S-IgA: during pellicle formation; during the
initial S. mutans adherence; during the adherence of S. mutans
onto the formed pellicle; during already mature biofilms.
The preventative effects of S-IgA on S. mutans adherence
are evident from the changes in CFU and biofilm thickness
after cultivation. The results from the three different stages
indicate that the initial stage had the smallest biofilm (Table
1), while the maximum biofilm was found in the maturation
stage (Table 3). It is interesting to note that the S-IgA for the
anti-PAc and anti-Glu antibodies induced by the DNA vaccine
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formed the pellicle, as evidenced by the stronger fluorescence
of anti-IgA in the CLSM (Figure 4). It has been speculated that
surface proteins of S. mutans participate in bacterial adher-
ence to teeth via interactions with the salivary pellicle®®. These
antibodies in the obtained pellicles could occupy the site of the
salivary pellicle and inhibit the initial adherence of S. mutans.
This investigation also demonstrated that S-IgA assembles
S. mutans together or covers the S. mutans surface (Figure 5).
The specific binding of the anti-PAc antibody and PAc on the
surface of S. mutans contributed to cell aggregation and pre-
vented S. mutans from adhering to formed pellicles. As for the
effect of IgA on the mature biofilm, the salivary samples were
added after pellicle formation. During this phase, the anti-PAc
and anti-Glu antibodies could not kill or inhibit the growth
of the S. mutans that had already adhered to the HA surface;
therefore, under these conditions there were no significant dif-
ferences between the saliva with or without the specific IgA
antibody.

These results are in line with previous studies that report
the effects of S-IgA on S. mutans adherence™?. Other reports
also demonstrate that purified S-IgA in human milk can
inhibit the adhesion of streptococci mutans to saliva-coated
HA disks™ ! Although several papers have reported that
S-IgA may contribute to the formation of biofilms and boost

the adherence of bacteria®

, it is important to note that all
of the S-IgA used in these previous studies focused on the
original S-IgA in the host’s saliva or serum, while the S-IgA
investigated in our study was induced by the targeted anti-
caries DNA plasmid pGJA-P/VAXI. This is the first study of
specific S-IgA-mediated biofilm formation. It provides direct
evidence (CLSM images) that anti-PAc and anti-Glu S-IgA,
induced by an anti-caries DNA vaccine, affect the forma-
tion of S. mutans biofilms. Currently, many researchers focus
on the binding of S. mutans and S-IgA. For example, Smith
et al reported that the saliva of caries-free subjects includes a
significant amount of IgA antibody against S. mutans antigen
I/11". Meanwhile, Jespersgaard et al demonstrated that there
is a high-molecular weight glycoprotein-amylase complex
in saliva that is capable of inhibiting GTF, namely, the GLU
domain, and may contribute to the control of S. mutans colo-
nizing the oral cavity™. We assume S-IgA uses the HA disk
surface as an inhibitory mechanism that occupies the binding
site of S. mutans, which prevents the adherence of S. mutans
to the HA disks. In the later adherent stage, the S-IgA of anti-
PAc can block the S. mutans surface protein PAc, which is the
main receptor that mediates the mutual assembly of S. mutans,
and hence prevents the adherence of S. mutans onto HA disks
or acquired pellicles. The S-IgA of anti-Glu can bind the GLU
domain of S. mutans, which is responsible for the synthesis
of glucans, the main factor mediating the sucrose-dependent
adherence of S. mutans, and thus inhibits the formation of bio-
films.

In conclusion, the specific anti-PAc and anti-Glu S-IgA
induced by the targeted anti-caries DNA vaccine pGJAP-
VAX1 prevented both early and late S. mutans adherence by
forming the saliva pellicle or by assembling S. mutans together

in vitro. Here, only the macroscopic effect of S-IgA was stud-
ied, but the detailed effects and mechanisms are unclear. The
biofilm model is a very limited simulation of the mouth’s envi-
ronment. This model did not take into account saliva flushing,
the mechanical brushing of foods, tooth brushing, the coopera-
tion of S. mutans with other bacteria that cause caries, and the
effects of swallowing. Further research is required to build
a better fluid model that more accurately simulates the envi-
ronment of the mouth; there is also a need for further studies
to provide direct evidence of an in vivo effect of the specific
S-IgA.
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