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Current Anti-caries Approaches

Dental caries is one of the most prevalent bacteria-related infectious diseases worldwide 

(1,2). Though not life-threatening, it remains a “silent epidemic” and results in a financial 

burden that leaves many cases untreated in under-privileged socioeconomic regions and 

countries, eventually resulting in tooth extraction as the last remedy (3,4). Therefore, several 

measures have been developed for preventing caries, and one of the most effective is the use 

of sodium fluoride toothpaste and/or rinse. This approach has a well-documented clinical 

efficacy as it inhibits the activity of cariogenic bacteria, besides the remineralizing capacity 

and its recovery of demineralized enamel (5,6,7). Previous studies also show that silver 

diamine fluoride (SDF) treatment is highly efficient in both preventing and arresting dentine 

caries (8). The treatment procedure is simple, cheap (i.e. it requires no expensive 

equipment), and non-invasive and thus the risk of spreading infection is low. However, SDF 

is not a complete solution to caries risk as single application has been reported to be 

insufficient for sustained benefit (9). Its downsides include a reportedly unpleasant metallic 

taste, potential to irritate gingival and mucosal surfaces, and the characteristic black staining 

of the tooth surfaces to which it is applied (8,9).

Cariogenic bacteria have the capacity to consume carbohydrates at a rapid rate, resulting in 

the accumulation of organic acid in a short period of time (10). This process leads to a 

dramatic drop in plaque pH, causing the inactivation of both health-associated community 

members and enamel remineralization processes (11,12). As the pH drops below the 

demineralization threshold (5.5–5.7) cariogenic bacteria thrive, and the solubilization 

process of the tooth mineral becomes rapid and irreversible. Despite fluoride being able to 

prevent plaque formation, it has limited impact on directly killing and extinguishing 

cariogenic bacteria residing in dental plaque. This is a major explanation to why caries 

persists in many communities and remains a global health problem. The improved 

understanding of oral microbial ecology, especially the importance of the balance between 

cariogenic and commensal residents, has highlighted the fundamental need to develop novel 

measures to selectively inhibit cariogenic species and modulate the microbial composition of 

dental plaque for caries control.

Other approaches to reduce caries include the neutralization of plaque pH with sodium 

bicarbonate (13), abstinence from dietary sugars or substitution with sugar analogues (14), 
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and self-performed mechanical removal of the dental plaque using both tooth brush and 

interdental floss. The effect of these approaches, however, is unsustainable and requires 

repeated application or change of dietary habit for sustained effects. Aseptic mouth rinses 

and indiscriminant topical antibiotics (6,7,15) are also adopted to reduce the total bacterial 

load in the oral cavity. Though temporarily effective to various degrees in reducing caries 

incidence, the nonselective interventions often lead to severe antibiotic-associated infections 

due to the vacated niche available for cariogenic species re-infection (16).

Cariogenic Traits of Streptococcus mutans and its Prevention

According to the “Ecological Plaque Hypothesis” stated by Marsh (17), the microbial 

homeostasis within dental plaque is suggested to shift when the oral environment changes, 

such as the uptake of fermentable sugars. Continued acid production from dietary sugars by 

the acidogenic species eventually reduces the pH below the critical threshold of 5.5, 

triggering a shift in the enamel demineralization/remineralization equilibrium towards 

demineralization (18). As the principal causative organism of dental caries (5,19,20), S. 
mutans possesses many physiological traits relevant to cariogenesis (20). By rapid 

fermentation of carbohydrates, it can generate acidic end-products (acidogenicity), which is 

not only the direct cariogenic factor for demineralization of tooth surfaces, but also an 

environmental determinant that may impact the caries-related microbial flora during 

cariogenesis (21). Meanwhile, S. mutans has also developed an adaptive acid tolerance 

response (ATR) to combat the destructive nature of the acidic environment it produces 

(aciduricity) (22). The ability to produce the insoluble extracellular polysaccharide glucan is 

another critical virulence trait contributing to S. mutans’ cariogenicity (23). This not only 

promotes attachment and biofilm formation, but also provides binding sites that fuel 

accumulation of a variety of microorganisms on the tooth surface. In addition, the produced 

glucans can also retain protons from the acidic environment to pre-condition the bacterium 

for acid-stress (24).

Numerous efforts have been attempted to prevent S. mutans from acid production via 

replacement therapy, which includes applying a genetically engineered S. mutans strain to 

outcompete indigenous acidogenic bacteria (25). Other methods include colonization control 

via anticaries vaccines, e.g. immunization against either cell surface adhesins (26) or a 

glucosyltransferase enzyme that is responsible for glucan production (27). However, no 

favorable results have yet been reported from these treatment approaches (28,29). The 

current treatments frequently rely on general biocide mouthwashes and broad-spectrum 

antibiotics administered to the oral cavity. Treatment with broad-spectrum antibacterial 

agents is well known to cause destruction of the entire oral bacterial flora, thus allowing for 

equal competition between S. mutans and commensal organisms to re-colonize the tooth 

surface. If an individual has poor oral hygiene and a high uptake of dietary sugars, S. mutans 
will re-infect the oral cavity without difficulty (30,31), and the re-established oral biofilm 

will retain a persistent cariogenic condition. Conversely, individuals with low levels of S. 
mutans are resistant to exogenous colonization from cariogenic species and have shown 

long-term protection from dental caries (6,15,32). Therefore, there is a need to develop an 

antimicrobial agent with the specific ability to kill S. mutans that can eradicate the primary 

pathogen of dental caries from the oral microbial community while leaving the remaining 
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commensal organisms intact. If this can be achieved, the major initiator of caries, S. mutans, 

can be eliminated and a healthy oral biofilm established, which might provide long-term 

caries protection (6).

Application of Oral Antimicrobial Peptides

As part of the innate immunity, antimicrobial peptides (AMPs) have been shown to play 

important roles in controlling viability of a vast range of pathogens (33,34). Many AMPs 

have been identified in the oral cavity and represent promising candidates for the 

development of new oral antimicrobial therapeutics (35,36). The known AMPs belong to six 

functional families, including cationic peptides, bacterial agglutination and adhesion, metal 

ion chelators, peroxidases, protease inhibitors, and AMPs with activity against bacterial cell 

walls (39). The physical traits of these peptides include amphipathic mixtures of α-helical 

and β-sheet structures and an overall cationic charge (40). Their mode of action often 

involves binding to the bacterial membrane and then disrupts the phospholipid bilayer (41). 

Due to their attraction to negatively charged structural molecules on the bacterial membrane, 

development of resistance to these peptides is rare (42), making them potentially useful as 

antibiotics. However, the broad-spectrum antimicrobial characteristics of AMPs alter the 

ecological balance of the oral microbial community and eliminate the entire oral flora, along 

with any protective benefits provided (43), which has prompted interest in the design of 

target-specific AMPs.

Specifically-Targeted Anti Microbial Peptides (STAMPs)

Our research group has initiated a targeted approach to control oral microbial pathogenesis 

via a new class of antimicrobials, called specifically-targeted AMPs (STAMPs) (44). The 

STAMP requires two functionally independent peptide domains, a killing moiety comprised 

of a non-specific AMP that can rapidly kill bacterial cells, and a targeting moiety consisting 

of a species-specific, high-affinity binding peptide (44,45). The two moieties are then 

integrated through a small linker, generating a fusion AMP without detrimental changes in 

the independent functions of the two domains. The major strength of such an AMP is that 

the targeting moiety can guide the conjoined peptide to selectively recognize the target 

organism, allowing peptide-guided killing. Furthermore, the fusion peptide, which is 

constructed from two short moieties can be chemically synthesized with high yields.

By using the structure of STAMP as a template, a number of novel STAMPs with S. mutans-

selective activity were generated (46). These potential STAMPs were investigated for their 

killing potency and selectivity against S. mutans. Among them, C16G2 was selected due to 

its improved minimum inhibitory concentration (MIC), greatly enhanced killing kinetics, 

and selectivity against S. mutans (44) (Figure 1). The STAMP C16G2 was designed by 

utilizing an S. mutans produced pheromone, i.e. a competence stimulating peptide (CSP) as 

the STAMP targeting domain for effective delivery of the STAMP antimicrobial domain to 

the cell surface of S. mutans (44). The 16 amino acids (TFFRLFNRSFTQALGK) in the C-

terminal of the CSP sequence (SGSLSTFFRLFNRSFTQALGK), called CSPC16, which 

was shown to maintain pheromone activity (47), could be used as a substitute for CSP. 

Further studies demonstrated that an eight-amino-acid region (TFFRLFNR) within CSPC16, 
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called CSP M8, was sufficient for targeted delivery of the antimicrobial peptide domain to S. 
mutans. The STAMP killing domain, AMP G2 (48), was designed as a truncated version (16 

amino acids) of the broad-spectrum killing peptide novispirin G10. The final molecule, 

C16G2, consisted of (from the N to C terminus) CSPC16, a flexible tri-glycine peptide 

linker (GGG), and AMP G2 at either the C terminus or the N terminus (48). In another study 

(49), CSP was fused to a killing domain consisting of an N-terminal portion of the marine-

derived, broad-spectrum AMP, NRC-4, to generate another target-specific AMP, named 

IMB-2, which can also kill S. mutans specifically, suggesting that the targeted peptide CSP 

predominantly bound to S. mutans to mediate selective killing.

STAMPs – Selectivity and Killing Ability

C16G2 has been shown to specifically eliminate S. mutans, without affecting closely related 

non-cariogenic oral streptococci, in both planktonic and saliva-derived biofilm systems 

(44,50). Our group further investigated the antimicrobial specificity of C16G2 by expanding 

the panel of streptococci species closely related to S. mutans. This study showed that C16G2 

treatment did not significantly affect the diversity of total Streptococcus spp. A panel of 20 

different bacterial species, including both oral and non-oral Gram-positive and Gram-

negative bacteria in monoculture was also tested. The results revealed an overall low 

capacity of C16G2 against Gram-negative species, and among the oral Gram-positive 

bacteria tested, C16G2 was most potent in killing S. mutans (51).

C16G2 has a rapid mechanism of action, affecting bacteria in less than one minute of 

exposure, a duration short enough for the application of most oral care products. It is also 

soluble in aqueous solutions, indicating that the STAMP is readily amendable for delivery to 

the oral cavity in a mouth rinse vehicle (44,46,52,53). In another study (50), a 40 s rinse with 

a mouth rinse formulation containing 0.04% C16G2 was administered only once at the start 

of a four-day test phase (no fluoride toothpaste was used during this time period). We 

observed that C16G2 was highly effective in decreasing levels of both plaque and salivary S. 
mutans. The fact that the placebo group showed a significant increase in the relative amounts 

of S. mutans confirms that growth conditions were favorable. The study also supported that 

at day four, the concentration of S. mutans was significantly lower in the C16G2-treated 

group, which suggests that the antimicrobial activity of C16G2 is S. mutans selective. In 

addition, further evidence for S. mutans selectivity was shown, as the overall bacterial 

community composition at day four was highly similar for the C16G2 treated and placebo 

groups. This study also strongly suggested C16G2 had high efficacy at preventing S. mutans 
from regrowing, despite frequent exposure to sugar during the four-day period (50). 

Although C16G2 show strong inhibitory effects, reinfection is highly likely due to shared 

lifestyles and environments among family members who may be S. mutans carriers. 

Therefore, it is likely that the C16G2 treatment will have to be repeated.

Modes of Action

The STAMP-targeting region drives the enhancement of antimicrobial activity due to 

increased binding to the surface of a targeted pathogen, utilizing specific determinants such 

as overall membrane hydrophobicity, charge, and/or pheromone receptors, which in turn 
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leads to increased selective accumulation of the killing moiety (44,48). The exact 

mechanism through which AMPs kill targeted bacteria is not well understood and likely 

varies peptide by peptide, but membrane disruption and subsequent interference with 

intracellular targets are thought to be the main processes responsible (54,55,56,57). 

Sequence analysis of C16G2 suggests that it is an amphipathic and cationic α-helical 

peptide, similar to traditional AMPs (54). The hydrophobic moment of C16G2 is 

considerably greater than that of its individual moieties due to the stacking of hydrophobic 

residues in the STAMP. Our group’s data suggest that CSPC16-S. mutans binding is species-

specific but is independent of the ComD surface receptor (44), which can sense pheromone 

CSP and triggers the signaling cascade for bacteriocin production and other cell density-

dependent activities (58). A natural S. mutans-specific targeting sequence in this pheromone 

might bind to an alternative receptor (e.g. lipids, exopolysaccharides, or teichoic acids) on 

the bacterial surface prior to interaction with ComD. An explanation of the selective killing 

activity against S. mutans by CSPC16 might be the absent avidity or hydrophobic 

interactions of CSP16 with the membrane of untargeted oral organisms, resulting in poor 

binding and/or retention, as well as a lack of α-helical adoption, resulting in decreased 

hydrophobic moment and membrane activity. The proper folding of CSPC16 on the surface 

of S. mutans may retain a role in sequestering and retaining STAMP. Although the exact 

mechanism of selective membrane disruption by C16G2 remains unclear, it may involve 

early membrane binding or partition steps governed by the targeting moiety of C16G2 (53). 

Recent studies have indicated that C16G2 kills S. mutans through membrane disruption, 

with small molecules subsequently leaking out of the cell, which is followed by a loss of 

membrane potential and cell death (53). It seems likely that the amphipathic characteristic 

shared between C16G2 and AMPs results in the STAMP functioning as a membrane 

disrupting peptide, but with greater specificity for its target (53).

Both our study and the study by Eckert et al. (44) showed significantly enhanced killing of 

S. mutans cells, but no activation of the signal transduction pathway or its regulated genes 

(59,50). This may be because all fusion peptides lack a C-terminal structural motif of CSP, 

which is known to activate the signal transduction pathway (59).

Impacts on Microbial Community Ecology

Microbial communities usually result from complex intraspecies, interspecies, and microbe–

host interactions. Any change in the abundance of a particular species within the community 

could have drastic effects on its interacting partners, eventually resulting in a change of 

community profile as well as community level functions. To explore if the application of 

C16G2 impacts the composition shift of the oral microbial community, a saliva-derived in 
vitro model system containing over 100 species approaching the diversity and overall 

metabolic functionality of the human oral microbiome (60) was applied. We treated S. 
mutans-containing in vitro planktonic oral microbial communities with C16G2 for 30 

minutes followed by extensive washing to remove the residual C16G2. The treated 

communities were then allowed to recover by being cultured in fresh non-selective medium. 

The microbial composition of the recovered community was determined by 454 

pyrosequencing analyses to examine how the removal of S. mutans may impact other species 

within the same community (51).
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The most intriguing finding was that the targeted removal of S. mutans had a community-

level impact on the species composition and abundance within the same community (51). 

Data showed that 21 bacterial genera could be detected from regrowth of untreated samples, 

with Streptococcus, Veillonella, Parvimonas, Prevotella, and Peptostreptococcus spp. being 

the most dominant genera (Figure 2). In contrast, only 16 bacterial genera were detected 

from the regrowth of the C16G2-treated samples, with Streptococcus, Granulicatella, and 

Prevotella being the most dominant ones (Figure 2). Interestingly, although the relative 

abundance of S. mutans reduced drastically, the overall sequence counts of all Streptococcus 
spp. increased from 30% to 81% in the culture recovered after C16G2 treatment. 

Meanwhile, many bacterial genera, most of which were Gram-negative bacteria, including 

Fusobacteria, Campylobacter, Neisseria, and Parvimonas spp., which were present at less 

than 5%, could no longer be detected at the depth of sequencing obtained from the regrowth 

of the C16G2-treated samples, whereas genera, such as Veillonella, suffered drastic 

reductions in relative abundance within the community (from 20% to less than 1%) (51).

Our study indicated that the reduction in the S. mutans population by C16G2 was 

accompanied by an increase in the abundance of several streptococci from the mitis group, 

including S. mitis, S. cristatus, S. oralis, and S. sanguinis, signature bacterial species 

identified from the oral microbial community of healthy subjects (61,62,63). The 

antagonism between S. mutans and streptococci of the mitis group, particularly S. sanguins 
and S. gordonii, at the ecological level has been well-documented (64). Epidemiological 

studies revealed that high levels of S. mutans are always concurrent with low levels of S. 
sanguinis (64), whereas high levels of S. sanguinis in the oral cavity correlate with delayed 

S. mutans colonization (30). Recent work by Kreth et al. (66) showed sophisticated 

interspecies interactions between these two species that might play an essential role in 

balancing competition and coexistence within the oral community. The targeted removal of 

S. mutans could shift the balance and provide a competitive growth advantage to the mitis 

group.

After overnight regrowth, the C16G2-treated community showed decreased microbial 

diversity compared with the negative control. Many Gram-negative species, such as 

Veillonella, experienced drastic reductions in abundance, whereas F. periodonticum, 

Campylobacter, Gemella, and Neisseria, which are implicated in the pathogenesis of 

periodontal disease (67), could not be detected by pyrosequencing from communities 

recovered from the C16G2 treatment, although they were only present at abundances of less 

than 5%. The results might be caused by the nonspecific killing of the peptide; however, the 

data showed that some of these species, including F. periodonticum, displayed high levels of 

resistance against the C16G2 treatment, suggesting that the reduction or elimination of 

certain species could be directly or indirectly associated to the removal of S. mutans. For 

example, it has been shown that lactic acid, a metabolic product of S. mutans, is required for 

the growth of Veillonella spp. (68). The reduction in the S. mutans population as a result of 

the C16G2 treatment may, therefore, have had a negative effect on the growth of Veillonella 
spp., such as was seen in our metagenomic data.

The use of STAMP C16G2 to modulate the microbiome structure allows insight into the 

therapeutic potential of C16G2 to achieve a healthy oral microbiome, since several bacterial 
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species with metabolic dependency or physical interactions with S. mutans suffered drastic 

reduction in their abundance, whereas S. mutans’ natural competitors, including health-

associated oral streptococci, became dominant (51).

STAMP Stability and Safety

The half-life of C16G2 was estimated to be 18.8 minutes in pooled human saliva, suggesting 

the STAMP is unlikely to be retained at meaningful quantities in the oral cavity after long 

durations and indicating its favorable safety (50). C16G2 could be formulated in PBS with at 

least overnight stability at 4°C, without excipients or stabilizers, it remained active and 

capable of penetrating dental plaque to inhibit S. mutans, and could be freshly prepared up 

to four hours before treatment if stored at room temperature (50). Also, the therapeutic 

concentrations of 25–100 µM had no hemolytic activity against human red blood cells, 

isolated human cells or defined tissue (50), which suggests that C16G2 does not interfere 

with human host cell integrity and is therefore relatively safe.

STAMP C16G2 protective effects

Compared to AMPs with wide spectra of activity, the STAMP C16G2 has demonstrated 

specificity for S. mutans in multispecies communities, resulting in the complete killing of S. 
mutans, while leaving noncariogenic oral streptococci in the environment unaffected (53). 

Moreover, 0.04% (w/v) C16G2 rinse usage can effectively lessen lactic acid production and 

protect enamel against demineralization in an intra-oral model during the course of a four-

day treatment period even under the conditions of accelerated demineralization induced by 

frequent exposure to sucrose, which suggests that C16G2 is effective against S. mutans and 

its cariogenesis in vivo (50).

C16G2 was also shown to significantly elevate the resting pH of dental plaque compared to 

the placebo rinse (50). The higher resting pH creates conditions that are favorable for growth 

of healthy bacteria and unfavorable for cariogenic (acidoduric) bacteria. This may be in part 

responsible for helping keep the S. mutans population from recovering in spite of the 

frequent exposure to sugar.

According to the report by Sullivan (2011) (50), a single STAMP treatment was able to 

selectively eliminate S. mutans from plaque and salivary bacterial populations while leaving 

the remaining flora relatively undisturbed. The effect resulted in an S. mutans-free “healthy 

plaque” that resisted S. mutans overgrowth despite sucrose challenges of up to four times 

daily for the entire course of treatment. It is well known that S. mutans is the critical and 

central facilitator of caries development, at least for caries linked to intake of dietary sugars 

and not resulting from pre-existing pathologies. Therefore, it may be possible to generate a 

“healthy” non-cariogenic microbial ecosystem in the oral cavity through STAMP 

intervention at the clinical level, as has been demonstrated (50). An intact dental biofilm 

without S. mutans could resist future exogenous S. mutans colonization, or overgrowth due 

to sucrose consumption, and could delay or postpone cariogenesis. The oral community that 

recovered from C16G2 treatment exhibited a health condition with an increase in the 
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population of the noncariogenic species, S. mitis and S. sanguinis, and a reduction in many 

periodontitis-associated Gram-negative species, such as Fusobacteria (51).

In contrast to current aseptic interventions, the selective hallmark of STAMP C16G2 drives 

its development into “probiotic” antibiotics, which could selectively eliminate caries-

causative species while preserving the protective colonization effects associated with 

noncariogenic oral flora that overtake S. mutans colonization sites or antagonize the growth 

of the bacterium directly. The established S. mutans-free biofilms through STAMP treatment 

can reduce the competitive advantage of S. mutans even in the presence of high sugar 

content (50), thus preventing the shift in the biofilm composition toward cariogenesis. 

Furthermore, the prior establishment of an S. mutans-free biofilm provides considerable 

protection against subsequent reestablishment of this oral pathogen in oral biofilm. In this 

regard, the STAMP C16G2 may represent a remarkably effective weapon against dental 

caries that is easy to formulate, easy to administer, complements existing oral hygiene 

regimens, and can be dosed infrequently compared to other oral care ingredients.

Conclusions and future directions

As an alternative to conventional antibiotics, antibacterial peptides such as C16G2 have been 

explored for therapeutic uses. C16G2 is a highly attractive solution to caries disease as it has 

robust and selective activity against cariogenic S. mutans planktonic and biofilm cells in 
vitro. When available on the market (either as a mouth wash or gel trays) the treatment will 

likely have multifold benefits, such as an intact oral ecosystem (i.e. no vacated niches open 

up for pathogens colonization), no threats of drug resistance development. In the future, if 

C16G2 passes clinical trials, it could be prescribed as a mouth rinse or as gel trays for 

treating clinically diagnosed caries disease. Monitoring of treatment efficiency would have 

to be conducted by the treating dentist who also would make decisions on treatment time. 

Post-treatment with fluoride and follow up visits at the dentist would serve as reinfection 

prevention. STAMP C16G2 is developed under an Investigational New Drug authorization 

with the U.S. FDA and is currently in Phase 2 clinical trials. This new technology could 

have an impact far beyond dentistry and could possibly be used to treat and prevent other 

microbiome-related diseases.
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FIGURE 1. 
Electron microscopy images of S. mutans bacteria, before (left panel) and after treatment 

(right panel) with C16G2. Courtesy C3J Therapeutics, Inc.
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FIGURE 2. 
Cluster analyses of oral taxa-weighted abundance profiles obtained from regrowth after 

treatment with Carrier (negative control) and C16G2. Relative proportions of the total taxa 

abundance are indicated in the heat map, which shows how the dominant taxa varied. The 

figure is modified from Guo and colleagues (51).
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