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Understanding how the body’s natural defenses function to protect the oral cavity from the myriad of bacteria that colonize its
surfaces is an ongoing topic of research that can lead to breakthroughs in treatment and prevention. One key defense mechanism
on all moist epithelial linings, such as the mouth, gastrointestinal tract, and lungs, is a layer of thick, well-hydrated mucus. The
main gel-forming components of mucus are mucins, large glycoproteins that play a key role in host defense. This study focuses
on elucidating the connection between MUC5B salivary mucins and dental caries, one of the most common oral diseases. Dental
caries is predominantly caused by Streptococcus mutans attachment and biofilm formation on the tooth surface. Once S. mutans
attaches to the tooth, it produces organic acids as metabolic by-products that dissolve tooth enamel, leading to cavity formation.
We utilize CFU counts and fluorescence microscopy to quantitatively show that S. mutans attachment and biofilm formation are
most robust in the presence of sucrose and that aqueous solutions of purified human MUCS5B protect surfaces by acting as an
antibiofouling agent in the presence of sucrose. In addition, we find that MUC5B does not alter S. mutans growth and decreases
surface attachment and biofilm formation by maintaining S. mutans in the planktonic form. These insights point to the impor-
tance of salivary mucins in oral health and lead to a better understanding of how MUC5B could play a role in cavity prevention

or diagnosis.

ne of the body’s key defense mechanisms on wet epithelial
linings, such as the mouth, gastrointestinal tract, and lungs, is
a layer of thick, well-hydrated mucus. The viscoelastic properties
of mucus are attributed to mucins, large glycoproteins that play a
key role in host defense and maintaining a healthy microbial en-
vironment (1-3). Defects in mucin production can lead to dis-
eases such as ulcerative colitis when mucins are underproduced or
cystic fibrosis and asthma when mucins are overproduced (4-6).
In addition, studies have shown that mucins can interact with
microbes, such as Helicobacter pylori, Haemophilus parainfluen-
zae, and human immunodeficiency virus (7-10). These diseases
and microbial interactions highlight the necessity of mucins as
one of the body’s key natural defenses; however, few studies have
focused specifically on the connection between MUCS5B salivary
mucins and oral diseases. This study fills this gap in understanding
by exploring the connection between purified human MUC5B
and the virulence of Streptococcus mutans, one of the main cavity-
causing bacteria naturally found in the oral cavity (11). MUCY is
another salivary mucin, but MUC5B is the primary mucin
component of the dental pellicle coating the soft and hard tis-
sues in the oral cavity (12, 13). Importantly, the effects of
MUCSB are characterized in a clinically relevant three-dimen-
sional model that mimics the natural environment in the oral
cavity; mucins are secreted into an aqueous phase as opposed to
a two-dimensional surface coating, which can create artificially
concentrated amounts of surface mucins (14-16). Suspending
MUCS5B in media allows polymer domains to interact, prevent-
ing collapse of the hydrogel structure (8, 17, 18).
Understanding the structure of MUCSB illustrates how this
specific glycoprotein can play such a dominant role in maintain-
ing oral health. There are several serotypes of mucins throughout
the body, but MUC5B is the predominant polymeric mucin found
in the oral cavity and female genital tract (19, 20). In the oral
cavity, MUC5B is produced by goblet cells in the submandibular
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and sublingual glands (2). The peptide backbone is composed of a
variable number of tandem repeats (VNTR) section that has re-
peating sequences rich in serine, threonine, and proline, which
participate in O-glycosylation (1, 2, 21). Because of the extended
VNTR region, MUC5B is composed of approximately 80% carbo-
hydrate in the form of O-linked glycan chains and 20% protein,
consisting of the peptide backbone (22, 23). MUC5B’s complex
structure allows it to interact with an array of different salivary
proteins and microbes to maintain a healthy oral cavity (24, 25).
The exact mechanisms through which MUCS5B provides defense
are not well understood, but it has been proposed that it acts as a
physical protective barrier, provides lubrication, and has antimi-
crobial properties (13, 25, 26).

S. mutans is a biofilm-forming facultative anaerobic bacterium
that produces three glucosyltransferase enzymes to synthesize glu-
cans from dietary sugar (27-29). Glucans are sticky polymers that
allow the cells to attach to the tooth surface and form an extracel-
lular matrix that protects it from host defenses and mechanical
removal (30, 31). Once S. mutans attaches to the tooth surface,
organic acids, which are produced as metabolic by-products, be-
come concentrated within the extracellular matrix and cause a
drop in pH from neutral to 5 or below. This acidic environment
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begins dissolving tooth enamel, leading to cavity formation, and
the high tolerance of S. mutans for acidic environments gives it an
ecological advantage. Without proper hygiene and nutritional
awareness, S. mutans can proliferate quickly, causing serious dam-
age to the tooth structure. S. mutans biofilm formation is partic-
ularly problematic in the interproximal spaces between teeth,
where mechanical removal is difficult.

Because S. mutans attachment and biofilm formation are crit-
ical steps in cavity formation, we use CFU counts and fluorescence
microscopy to quantify the effects of supplemental sugar and pu-
rified human salivary MUC5B on these key stages of disease pro-
gression. We first validate our mucin studies by showing that S.
mutans attachment and biofilm formation are most robust in the
presence of sucrose as opposed to glucose. When supplemental
MUCSB is added in the presence of sucrose, however, S. mutans
attachment and biofilm formation are significantly decreased. Al-
though the number of surface-attached bacteria decreases in the
presence of MUCS5B, we show that bacterial growth is unchanged
in the presence of MUCS5B and the observed effects are due to
increased numbers of S. mutans cells in the planktonic form.
These findings that link MUCS5B with S. mutans virulence could
significantly impact our understanding of the pathogenesis of cav-
ity formation and aid in the development of novel oral diagnostic
methods or strategies for disease prevention.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strain Streptococ-
cus mutans UA159 was kindly given as a gift by Dan Smith (Forsyth Insti-
tute). For sucrose and glucose experiments, S. mutans was grown over-
night in brain heart infusion (BHI) medium (Becton, Dickinson and
Company) containing 1% (wt/vol) sucrose and BHI with 1% (wt/vol)
glucose (Sigma). For experiments determining the effects of MUC5B, S.
mutans was grown overnight in BHI with 1% sucrose. BHI with 1% su-
crose and either 0.3% MUCS5B or 0.3% (wt/vol) methylcellulose (Sigma)
was used to resuspend S. mutans cells before inoculating them into the
experiment. Hydroxyapatite disc (Clarkson Chromatography, Inc.) or
chambered glass slide (LabTek) surfaces were used to test S. mutans at-
tachment and biofilm formation. S. mutans was grown and incubated at
37°C with 5% CO,.

Saliva collection. Submandibular saliva was collected from 10 volun-
teers using a custom vacuum pump setup. Specifically, two holes were
cut into the cap of a 50-ml conical tube (Falcon); the vacuum line was
inserted into one hole and a small-diameter Tygon collection tube was
inserted into the other hole (Saint Gobain Performance Plastics). Cotton
swabs were used to absorb the volunteers’ parotid gland secretions. The col-
lection tube was used to suck up pooled unstimulated submandibular gland
secretions from under the tongue. The collection vessel was kept on ice at all
times. Saliva from volunteers was pooled before MUC5B purification. Proto-
cols involving the use of human subjects were approved by Massachusetts
Institute of Technology’s Committee on the Use of Humans as Experimental
Subjects.

MUCSB purification. Immediately after collection, saliva was diluted
using 5.5 M sodium chloride containing 0.04% sodium azide so that the
final concentration of sodium chloride was 0.16 M. The following anti-
bacterial agents and protease inhibitors were then added at the indicated
final concentrations: benzamidine HCI (5 mM), dibromoacetophenone
(1 mM), phenylmethylsulfonyl fluoride (1 mM), and EDTA (5 mM, pH 7)
(Sigma). The mucins in the saliva were solubilized overnight by gentle
stirring at 4°C. Saliva was then centrifuged at 3,800 X g for 10 min in a
swinging-bucket centrifuge to remove cellular debris. MUC5B was puri-
fied using a Bio-Rad NGC fast protein liquid chromatography (FPLC)
system equipped with an XK 50 column packed with Sepharose CL-2B
resin (GE Healthcare Bio-Sciences). Mucin-containing fractions were
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identified using a periodic acid-Schiff’s reagent assay and analysis of UV
absorbance at 280 nm from FPLC. Fractions were then combined, dia-
lyzed, and concentrated using an ultrafiltration device and were then ly-
ophilized for storage at —80°C.

Assay of CFU counts to evaluate S. mutans attachment and biofilm
formation. To test the effects of sucrose or glucose on S. mutans physiol-
ogy, S. mutans was grown to mid-exponential phase in BHI with 1%
sucrose and BHI with 1% glucose, and then equal numbers of bacteria
(107) from each culture were seeded in triplicate into wells containing
glass or hydroxyapatite surfaces. For experiments testing the effect of
MUCSB, S. mutans was grown to mid-exponential phase in BHI with 1%
sucrose and then seeded in triplicate into wells containing BHI with 1%
sucrose and 0.3% MUCS5B or control medium. For all experiments, at-
tachment was evaluated at 20, 40, and 60 min and biofilm formation was
evaluated at 6, 18, and 24 h. Attachment was defined to occur at time
points up to 1 h because the doubling time of S. mutans is approximately
1.5 h. Biofilm formation was defined to occur at all time points after 1 h. At
the time point being evaluated, the surface was washed with phosphate-
buffered saline (PBS) to remove nonadherent cells, fresh PBS was added,
and then adherent cells were lifted using a sterile pipette tip. The sus-
pended bacteria were vigorously pipetted to individualize the cells. The
suspension was diluted (10" to 10~ 7) and plated on BHI agar. The num-
bers of CFU were counted after 24 to 36 h of incubation. Statistically
significant differences were determined using Student’s t test, with P val-
ues of <0.02 considered significant.

Fluorescent staining and microscopy. To visually assess the effects of
sucrose, glucose, or MUC5B on S. mutans attachment and biofilm forma-
tion, fluorescent SYTO9Y staining with light microscopy was used (Life
Technologies). S. mutans was grown to mid-exponential phase, then
seeded into a chambered glass slide with BHI containing 1% sucrose and
0.3% MUCS5B or with control medium. At the time point being evaluated,
the surface was washed with PBS to remove nonadherent cells, and then
200 pl SYTO9 (0.6 pl SYTO9/200 wl Milli-Q water) was added. The
biofilm was incubated with SYTO9 in the dark for 30 min. After incuba-
tion, the biofilm was washed with Milli-Q water to remove excess dye and
fresh Milli-Q water was added. A Zeiss Axio Observer Z1 fluorescence
inverted microscope was used for imaging. All experiments were repeated
in triplicate.

Assay to evaluate S. mutans growth. Overnight cultures of S. mutans
at an optical density at 600 nm (ODg,) of 0.05 were seeded in triplicate
into a 96-well polystyrene plate containing BHI medium supplemented
with 1% sucrose and 0.3% MUCSB or control medium. Bacteria were
incubated at 37°C with 5% CO,. At 1-h intervals, the cultures were mixed
and the ODy,, was recorded using a microplate reader. The averages for
each time point were plotted, and a comparison of S. mutans’ growth rates
in the various media was evaluated within the estimated error.

Time-kill assay. CFU counts were used to evaluate the effect of
MUCSB on S. mutans viability at time points up to 24 h. S. mutans was
grown to mid-exponential phase in BHI with 1% sucrose, and then equal
numbers of bacteria (107) were seeded in triplicate into glass-bottom wells
containing BHI with 1% sucrose and 0.3% MUCSB or control medium.
The cultures were incubated for 6, 18, and 24 h. At the time point being
evaluated, the contents of the wells were gently mixed and then the super-
natant was removed and diluted (10! to 10™%). The remaining biofilm
was then washed with PBS, scraped off with a sterile pipette tip, and
diluted (10™" to 10~°). Dilutions were plated on BHI agar. The numbers
of CFU were counted after 24 to 36 h of incubation to quantify the number
of viable bacteria.

RESULTS AND DISCUSSION

Sucrose enhances S. mutans attachment and biofilm formation.
To determine the growth conditions where S. mutans attachment
and biofilm formation are most robust, we investigated the effect
of the addition of sucrose or glucose to BHI medium. S. mutans
was inoculated into BHI containing 1% sucrose or 1% glucose.
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FIG 1 Sucrose enhances S. mutans attachment and biofilm formation. The levels of S. mutans attachment (A) and biofilm formation (B) on glass are significantly
enhanced at all time points when the bacteria are grown in BHI containing 1% sucrose (Medium+ Sucrose) compared to the levels achieved in BHI containing
1% glucose (Medium+Glucose). S. mutans attachment (C) and biofilm formation (D) on hydroxyapatite are similarly increased in the presence of sucrose,
illustrating that the effect of sucrose on S. mutans physiology is not surface specific. Fluorescence microscopy images verify the findings of the CFU count
experiments by showing an increase in S. mutans attachment (E) and biofilm formation (F) on glass in the presence of sucrose. *, statistically significant difference
determined by Student’s ¢ test (P < 0.02). Error bars represent SDs. Scale bars, 20 pm.

CFU counts were used to evaluate attachment at 20, 40, and 60
min and biofilm formation at 6, 18, and 24 h. Attachment was
defined to occur at time points up to 60 min because the doubling
time of S. mutans in exponential phase is approximately 1.5 h.
Experiments were carried out on glass and hydroxyapatite discs
because there are surface-specific effects on S. mutans attachment
and biofilm formation (32). S. mutans attachment on glass and
hydroxyapatite was increased by 15 and 6 times, respectively,
when sucrose was present compared to when glucose was present
(Fig. 1A and C). S. mutans biofilm formation in the presence of
sucrose was increased by 45% on glass and 8% on hydroxyapatite
compared to that in the presence of glucose (Fig. 1B and D). The
number of S. mutans cells in the biofilm for each condition is
represented as a fraction of the total number of bacteria in the well,
because S. mutans’ growth rate changes in the presence of sucrose
compared with that in the presence of glucose (Fig. 2). The in-
crease in S. mutans attachment and biofilm formation in the pres-
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FIG 2 Supplemental sugar alters S. mutans growth. A growth curve of S.
mutans in BHI with added 1% glucose (Medium+Glucose) or 1% sucrose
(Medium+ Sucrose) shows that S. mutans’ growth rate changes based on the
specific sugar present in the growth medium. Error bars represent SDs.
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FIG 3 Salivary mucins reduce S. mutans attachment and biofilm formation. The addition of 0.3% mucins to the control medium, BHI containing 1% sucrose
(SMedium), significantly reduces the levels of S. mutans attachment and biofilm formation on glass (A, B) and hydroxyapatite (C, D) compared to the levels
obtained with the control consisting of BHI with 1% sucrose. Similarly, the addition of 0.3% methylcellulose to BHI with 1% sucrose reduces S. mutans
attachment and biofilm formation; however, the effect is not significant for the majority of time points studied. Fluorescence microscopy was used to visually
assess S. mutans attachment (E) and biofilm formation (F) on glass when the bacteria are grown in BHI with 1% sucrose and 0.3% mucins, BHI with 1% sucrose
and 0.3% methylcellulose (Methyl.), and BHI with 1% sucrose. *, statistically significant difference from BHI with 1% sucrose determined by Student’s ¢ test (P <

0.02). Error bars represent SDs. Scale bars, 20 pm.

ence of sucrose is supported by a fluorescence microscopy time
series using SYTO9 nucleic acid stain to visualize S. mutans attach-
ment and biofilm formation in BHI containing 1% sucrose or 1%
glucose on a glass surface (Fig. 1E and F). The role of sucrose in
enhancing S. mutans biofilm formation has been well established
using genetic analysis and biochemical assays studying biofilm
architecture (33-36). Here we characterized this phenomenon us-
ing a quantitative method that directly evaluates the number of
live S. mutans cells attached and producing biofilm on various
surfaces. Our results support those of previous studies by quanti-
tatively showing that the addition of 1% sucrose enhanced S. mu-
tans attachment and biofilm formation at all time points com-
pared to attachment and biofilm formation in the presence of 1%
glucose. There was little or no growth in BHI without a sugar
source, illustrating that protein alone cannot support S. mutans
attachment or biofilm formation. Furthermore, our results show-
ing that sucrose enhances S. mutans attachment and biofilm for-
mation were consistent on hydroxyapatite and glass surfaces, in-
dicating that the effect is not surface specific. These findings set the
groundwork for our investigation of the role of MUC5B in S.
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mutans attachment and biofilm formation. When testing the ef-
fect of MUCS5B on S. mutans physiology, 1% sucrose was added to
BHI medium to challenge the effect of MUC5B by ensuring that S.
mutans attachment and biofilm formation are most robust.
MUCS5B decreases S. mutans attachment and biofilm forma-
tion. The effect of MUCS5B on S. mutans attachment and biofilm
formation was evaluated using CFU counts on various surfaces
and fluorescence microscopy. S. mutans (107 bacteria) was grown
in a chambered glass slide or on a hydroxyapatite disc in the pres-
ence of BHI with 1% sucrose and 0.3% MUCS5B. BHI with 1%
sucrose and 0.3% methylcellulose and BHI with no added poly-
mer served as controls. Methylcellulose is a gel-forming com-
pound that, like mucins, imparts viscosity but does not contain
the complex, glycosylated structure that is characteristic of
MUCSB. On glass, the addition of MUCS5B to growth medium
decreased S. mutans attachment by 88% and biofilm formation by
74% compared to the levels of attachment and biofilm formation
in BHI with 1% sucrose (Fig. 3A and B). In comparison, the ad-
dition of methylcellulose reduced S. mutans attachment and bio-
film formation on glass by 50% and 16%, respectively (Fig. 3A and
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FIG 4 S. mutans growth is unaffected by the presence of salivary mucins. A
growth curve of S. mutans in BHI with 1% sucrose (SMedium), BHI with 1%
sucrose and 0.3% mucins, or BHI with 1% sucrose and 0.3% methylcellulose
indicates that the presence of mucins and methylcellulose does not alter the
growth of S. mutans. Error bars represent SDs.

B). When S. mutans was grown on hydroxyapatite discs in the
presence of MUCSB, attachment was decreased by 77% and bio-
film formation was decreased by 95% compared to the levels in
BHI with 1% sucrose (Fig. 3C and D). In comparison, the pres-
ence of methylcellulose reduced S. mutans attachment by 27% and
biofilm formation by 76% on hydroxyapatite discs (Fig. 3C and
D). There was an overall decrease in biofilm formation at 18
and 24 h due to the dissolution of the hydroxyapatite discs. By
evaluating the attachment and biofilm formation of S. mutans in
medium containing methylcellulose, which simulates an environ-
ment that has physical properties similar to those of mucins, we
can better understand if MUCS5B is acting as a physical barrier to
attachment most likely through increased viscosity or if the ob-
served effect is due to specific MUC5B properties. We can con-
clude that the latter is most likely because S. mutans attachment
and biofilm formation in the presence of MUC5B are significantly
decreased at most time points compared to the levels in the pres-
ence of methylcellulose. There are at least three potential mecha-
nisms by which MUC5B could protect the surface from bacterial
colonization: (i) MUC5B could bind or agglutinate bacteria,
which would allow planktonic bacteria to be swept out of the oral
cavity with salivary flow but enhance bacterial attachment to sur-
faces coated with MUC5B (14, 25, 37—44), (ii) MUC5B could have
the opposite effect, where its heterogeneous glycan chains repel
bacteria, thereby preventing surface attachment (9, 11, 45-47), or
(iii) MUCS5B could directly downregulate S. mutans genes in-
volved in attachment and biofilm formation. In our case, it
appears that MUCS5B is repelling S. mutans and/or directly influ-
encing genetic modifications that protect the glass and hydro-
xyapatite surfaces from bacterial attachment and biofilm forma-
tion. The decrease in attachment caused by methylcellulose
indicates that increased viscosity may also be playing some role in
reducing attachment at early time points. Fluorescence micros-
copy experiments using SYTO9 staining confirm the findings ob-
tained by CFU counts by showing a visually detectable decrease in
the amount of S. mutans on glass and that the characteristic mi-
crocolony morphology of S. mutans biofilms is unchanged (Fig.
3E and F) (48, 49).

MUCS5B does not alter S. mutans growth. To evaluate the
effect of MUCS5B on bacterial growth, S. mutans was grown in BHI
medium containing 1% sucrose and 0.3% MUC5B. BHI with 1%
sucrose and 0.3% methylcellulose and BHI with 1% sucrose were
used as controls. These are the same media used in experiments
that determine the effects of MUC5B on S. mutans attachment and
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FIG 5 S. mutans survival is unaffected by salivary mucins. The graph repre-
sents the total number of viable S. mutans cells per well in the supernatant and
biofilm in BHI with 1% sucrose (SMedium), BHI with 1% sucrose and 0.3%
mucins, or BHI with 1% sucrose and 0.3% methylcellulose. Salivary mucins
and methylcellulose show no bactericidal effects at time points up to 24 h.
Error bars represent SDs.

biofilm formation. Optical density readings over the course of 12
h show that the addition of MUC5B or methylcellulose does not
alter S. mutans growth compared to its growth in BHI containing
1% sucrose (Fig. 4). Because the growth of S. mutans is unchanged
by MUCS5B, we can conclude that the observed decrease in S.
mutans attachment and biofilm formation in the presence of
MUCSB is not due to slower growth but, rather, is due to the
intrinsic properties of the MUCSB glycoprotein.

MUCS5B keeps S. mutans in planktonic form. By quantifying
the biofilm and supernatant bacteria in S. mutans cultures grown
from 6 to 24 h, we determined the effect of MUC5B on S. mutans
over time after stationary phase is reached. When the numbers of
planktonic and biofilm S. mutans CFU are combined to determine
the total number of viable S. mutans cells in a given experiment,
results show that there is no significant difference between the
total numbers of live bacteria in cultures containing 0.3% MUC5B
and in control media (Fig. 5). Based on these findings, we show
that the reduction in S. mutans attachment and biofilm formation
on glass and hydroxyapatite in the presence of MUC5B (Fig. 3) is
not due to bactericidal properties of MUC5B. The presence of
MUCSB reduces S. mutans attachment and biofilm formation by
maintaining bacteria in the planktonic phase. These findings
point to the importance of MUCSB in establishing a healthy oral
microbiome that allows species diversity but, at the same time,
protects teeth from bacterial damage.

Conclusion. In summary, we used CFU counts and fluores-
cence light microscopy to quantitatively show that S. mutans at-
tachment and biofilm formation are most robust when the organ-
ism is grown in the presence of sucrose and that the addition of
purified human salivary MUCSB significantly decreases S. mutans
attachment and biofilm formation even in the presence of sucrose.
We determined that MUCS5B does not alter S. mutans growth or
lead to bacterial killing over 24 h but limits biofilm formation by
maintaining S. mutans primarily in the planktonic form (Fig. 6).
We speculate that the observed decrease in bacterial attachment
and biofilm formation is due to a combination of genetic changes
that decrease bacterial virulence and repulsion by MUC5B’s het-
erogeneous glycans. S. mutans attachment and biofilm formation
are key steps in the development of cavities; therefore, these find-
ings have particularly important clinical implications. The pres-
ence or absence of MUC5B in the oral cavity could alter individ-
uals’ susceptibility to dental cavity formation, which could then be
an easily accessible, highly predictable clinical diagnostic marker

January 2015 Volume 81 Number 1


http://aem.asm.org

A mucins (B
S. mutans “eses \*
i N N

':.'af“"{r"%‘

gy~

FIG 6 Summary of conclusions. S. mutans utilizes sucrose to form sticky
extracellular polysaccharides that facilitate attachment to the tooth surface and
subsequent biofilm formation. (A) In the biofilm, bacterial metabolism of
sucrose causes a decrease in the local pH, leading to demineralization of the
tooth structure. (B) The presence of mucins in sucrose-supplemented growth
medium decreases S. mutans attachment and biofilm formation on the tooth
surface by maintaining S. mutans in the planktonic state.

of disease. From a therapeutic standpoint, exogenous MUC5B
could potentially be utilized as a treatment or preventative mea-
sure for cavities. These findings illustrate that MUC5B may help
protect teeth from cavity formation, but further studies, such as
those that use RNA sequencing or other genetic profiling tech-
niques, are needed to fully characterize the mechanism underlying
the observed decrease in S. mutans attachment and biofilm forma-
tion.
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