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Abstract

Technological advancements have revolutionized our understanding of the complexity and importance of the human microbiome.
This progress has also emphasized the need for precision therapeutics, as it has underscored the dilemmas, such as dysbiosis and
increasing antibiotic resistance, associated with current, broad-spectrum treatment modalities. Dental caries remains the most common
chronic disease worldwide, accompanied by a tremendous financial and social burden, despite widespread and efficacious fluoride and
hygienic regimens. Over the past several decades, various precision approaches to combat dental caries, including vaccines, probiotics,
and antimicrobial compounds, have been pursued. Despite the distinct overall conceptual strengths of each approach, for various
reasons, there are currently no approved precision antibiotic therapeutics to prevent dental caries. Specifically targeted antimicrobial
peptides (STAMPs) are synthetic molecules that combine the antibiotic moiety of a traditional antimicrobial peptide with a targeting
domain to provide specificity against a particular organism. Conjoining the killing domain from the antimicrobial, novispirin G10, and a
targeting domain derived from the Streptococcus mutans pheromone, CSP, the STAMP C16G?2 was designed to provide targeted killing of
S. mutans, widely considered the keystone species in dental caries pathogenesis. C16G2 was able to selectively eliminate S. mutans from
complex ecosystems while leaving closely related, yet health-associated, oral species unharmed. This remodeling of the dental plaque
community is expected to have significant advantages compared to conventional broad-spectrum mouthwashes, as the intact, surviving
community is apt to prevent reinfection by pathogens. Following successful phase | clinical trials that evaluated the safety and basic
microbiology of C16G2 treatments, the phase |l trials of several C16G2 formulations are currently in progress. Cl6G2 represents an
exciting advance in precision therapeutics, and the STAMP platform provides vast opportunities for both the development of additional

therapeutics and the overall study of microbial ecology.
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During the very first observation of the human microbiome,
Van Leeuwenhoek noted the diversity of microbial life in his
dental plaque (Willey et al. 2011). Throughout the next 3 cen-
turies, however, it was mainly studies using reductionist
approaches that accomplished scientific advancements in the
field of microbiology. Recently, the development of second-
and now third-generation sequencing technologies has allowed
investigators to examine the complexity of the microbiome
without the limitations of cultivation. The microbiome of a
healthy human is now understood to be highly diverse and of
prime importance, contributing significantly to immune modu-
lation, digestion, colonization resistance against would-be
pathogens, and other functions (Human Microbiome Project
2012). This enlightenment has caused a major paradigm shift
from the concept of “one-germ, one-disease” to that of dysbio-
sis and polymicrobial diseases. Despite the historical study of
a single pathogen per disease, most therapeutics currently in
use to treat maladies of microbial origin have a broad spectrum
of activity. The adverse effects of broad-spectrum antimicro-
bial therapies against many diseases are now well established
(Keeney et al. 2014). Typically, administration of broad-
spectrum antibiotics eliminates not only the pathogen of interest
but also wide swaths of the overall microbiota. This leaves the
treated body site prone to blooms of antibiotic-resistant patho-
gens or recolonization with a less-than-optimal, potentially

even harmful, microbial community. More precise targeting of
pathogenic species by treatment modalities that leave the
remainder of the microbiome unharmed is an objective that has
inspired a significant amount of research in recent years.

Moreover, the utility of precision antibiotics is not limited to
the treatment of disease. Lack of robust model systems and,
importantly, the inability to selectively examine the role of spe-
cific taxa within a clinically relevant microbial community have
hampered the study of microbial ecology and its relationship to
pathogenesis and disease. The complexity of the communities of
the human microbiome makes it very difficult to determine the
functions of individual species. In addition to use as therapeutic
agents themselves, precision antibiotics would serve to acceler-
ate the study of microbial ecology by enabling the knockout of a
single taxa from a given community. Research using this strat-
egy could be employed in a similar manner to that of single-gene
deletion mutants, whose role in past and present scientific dis-
covery and progress cannot be understated.
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Two hundred years after Van Leeuwenhoek’s observation of
dental plaque microbes, W. D. Miller first conceptualized that
tooth decay is mediated by the production of acid by oral bacte-
ria, as a result of their metabolism of dietary carbohydrates
(Miller 1890). Although the acid produced by a dysbiotic dental
plaque is indeed the etiologic agent of dental caries, the disease
is now understood to be multifactorial, with diet, oral hygiene
practices, and immunology also contributing to pathogenesis,
or lack thereof (Pitts et al. 2017; Bowen et al. 2018). Critically,
dental caries is the most common chronic disease worldwide
and will afflict well over half the human population at some
point in their lives. Dental caries is particularly problematic in
vulnerable groups such as children and the economically
deprived, while the extraordinary prevalence of caries results in
a tremendous economic burden (Pitts et al. 2017).

The oral cavity contains a number of microenvironments
and as such harbors one of the most diverse populations of the
human microbiome (Human Microbiome Project 2012). The
taxa that are thought to be the chief contributors to caries
pathogenesis generally have 3 traits: prodigious production of
acids as a by-product of carbohydrate metabolism, high acid
tolerance, and the ability to form a biofilm on the tooth surface.
Streptococcus mutans, the archetype species of the wider
mutans group of streptococci, has served as the paradigm car-
iogenic organism for many decades due to historical isolation
of S. mutans from caries lesions, its robust capacity to generate
biofilms, and the ability of S. mutans to cause disease in animal
models (Loesche 1986; Bowen 2016; Pitts et al. 2017; Banas
and Drake 2018). This focus on S. mutans has not been without
controversy, particularly in recent years (Simon-Soro and Mira
2015; Philip et al. 2018a). This is mainly due to the discordant
results of various studies examining the association between S.
mutans and dental caries, coupled with the fact that numerous
taxa in the dental plaque milieu can produce and tolerate acid.
Furthermore, a number of taxa have now been associated with
dental caries based on culture-independent detection methods
(reviewed in Hajishengallis et al. 2017). Nonetheless, cru-
cially, S. mutans stands virtually alone in its ability to produce
insoluble glucans from sucrose and is correlated with caries in
the majority of cases, strongly supporting its role as a pivotal
species in the pathogenesis of dental caries (Guo, McLean,
Lux, et al. 2015; Bowen 2016; Banas and Drake 2018) and
therefore a logical target for therapeutic development.

For over 50 y, fluoride treatments, including fluoridated
toothpaste and drinking water, have been used to combat the
disease. Mechanistically, fluoride prevents and treats dental
caries by both promoting favorable remineralization of the
tooth enamel and impairing bacterial metabolism (Pitts et al.
2017). In addition, incorporation of fluoride into the hydroxy-
apatite mineral reduces its solubility, therefore helping to pre-
vent demineralization (ten Cate and Featherstone 1991).
Although the efficacy of fluoride treatments is well docu-
mented, the extreme prevalence of dental caries, as specified
above, is in the face of current fluoride-using modalities.
Clearly, fluoride alone is insufficient to prevent dental caries in
many situations. In addition, as with many broad-spectrum

antibiotic therapies, reports of fluoride resistance in S. mutans
are emerging (Liao et al. 2017). Other antimicrobial agents are
available for dental use (e.g., chlorhexidine and triclosan), but
all are similarly broad spectrum. Since the oral cavity serves as
the portal to the external environment, the colonization resis-
tance exhibited by the oral microbiome is crucial and has been
well documented (He et al. 2014). As such, reengineering of a
dysbiotic oral microbiome is likely to generate a more positive
outcome than its total destruction. Precision approaches to spe-
cifically target biofilm formation and/or cariogenic species
such as S. mutans remain highly attractive goals.

Historically and contemporarily, there have been a number
of approaches that endeavored to combat dental caries by pre-
cisely targeting S. mutans, although none have maintained sub-
stantial traction in the long term. Research investigating the
feasibility of active or passive immunization against dental
caries has been sporadic. Levels of salivary IgA against immu-
nogenic S. mutans epitopes, such as glucosyltransferases (GTFs)
and glucan-binding proteins (GBPs), inversely correlate with
colonization of S. mutans and caries prevalence (Taubman and
Smith 1993; Nogueira et al. 2005). Readers interested in a
detailed description of various vaccine approaches, the scien-
tific challenges facing development of an anticaries vaccine,
and a summary of the results of early investigations on the
topic are directed to an excellent review (Taubman and Nash
2006). More recent studies have explored vaccination using a
recombinant P1 adhesin antigen (Batista et al. 2017), a DNA-
based vaccine against glucosyltransferases and surface pro-
teins (Jiang et al. 2017), and a glycoconjugate vaccine based on
rhamnan surface polysaccharides (St Michael et al. 2018).
Unfortunately, past, present, and likely future translational
efforts to move anticaries vaccine research into clinical trials
face significant headwinds due to the fact that it is a non-life-
threatening disease. There are currently no licensed vaccines to
prevent dental caries, and to our knowledge, only one candi-
date vaccine has proceeded to phase II clinical trials, in 2005
(Weintraub et al. 2005). Conceptually, bacteriophage is a very
attractive approach to combat S. mutans and dental caries that
has received relatively little attention. Although the few phages
known to infect S. mutans were lytic, and completely elimi-
nated viable counts from single-species biofilms, the phage
demonstrated a highly stringent host specificity, which was
considered a significant disadvantage, particularly considering
the high intraspecies diversity exhibited by S. mutans (reviewed
in Szafranski et al. 2017). No testing in multispecies communi-
ties or further studies have been reported. Probiotics approaches
have sought to displace S. mutans with engineered strains of
S. mutans modified for reduced pathogenesis or with species
that either compete with or directly antagonize S. mutans
(reviewed in Hoare et al. 2017; Philip et al. 2018b). Many
approaches have been unsuccessful largely due to the use of
probiotic taxa ill-equipped to persist in dental plaque and com-
pete directly with S. mutans in situ. Furthermore, many probiotic
species tested were acid producers and acid tolerant (e.g.,
Lactobacillus spp.) and thus may not have been particularly well
suited to this intended role. Although more recently discovered
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taxa, such as Streptococcus oralis subsp. dentisani (Lopez-
Lopez et al. 2017) and Streptococcus A12 (Huang et al. 2016),
hold promise compared to older candidates, to date, no probi-
otic formulations have successfully demonstrated safety and
efficacy in adequately rigorous clinical trials (Gruner et al.
2016; Burne 2018). Two small molecules were recently
reported to exhibit the ability to specifically disperse or inhibit
S. mutans biofilms (Ren et al. 2016; Garcia et al. 2017).
However, biofilm disruption alone, with minimal effect on the
overall dental plaque ecology, is likely to allow rapid reestab-
lishment of the problematic community and require constant
application of the therapeutic. Recent work has identified 2
antimicrobial peptides, ZXR-2 (Chen et al. 2017) and CLP-4
(Ding et al. 2014), and a vitamin D derivative, doxercalciferol
(Saputo et al. 2018), with antimicrobial activity against S. mutans,
although particular specificity for S. mutans was not reported
in these studies. While the various approaches discussed above
have yet to bear fruit in the form of an approved therapeutic to
prevent dental caries, the studies have contributed substantially
to our understanding of the disease and S. mutans and are foun-
dational in guiding current and future research.

Specifically targeted antimicrobial peptides (STAMPs)
were developed to address the need for a precision antibiotic
therapy. STAMPs are synthetic peptides consisting of a target-
ing domain to invoke specificity and a killing domain to exert
antimicrobial action against the targeted species (Eckert, Qi, et
al. 2006). To design a STAMP targeting S. mutans, a “G2” kill-
ing domain, consisting of a 16-residue segment of the well-
characterized antimicrobial peptide novispirin G10, was
chosen (Eckert, He, et al. 2006). Novispirin G10 is well known
to have low toxicity to mammalian cells while possessing a
potent broad-spectrum antimicrobial activity (Eckert, Qi, et al.
2006). The targeting domain selected was “C16,” which con-
sisted of the 16 C-terminal residues of the S. mutans phero-
mone, CSP. An earlier attempt at generating a successful
S. mutans—targeting STAMP used G2 and the full-length CSP,
but this version of the STAMP did not display any antimicro-
bial activity, likely due to steric hindrance (Eckert, He, et al.
2006). The targeting and killing moieties of C16G2 were
joined by a flexible triglycine linker (Fig. 1A).

Preliminary analyses of C16G2 showed that it was capable
of targeted killing of S. mutans in either planktonic or biofilm
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Figure 2. Remodeling of the dental plaque microbiome by C16G2. Adapted from Guo et al. (2015). (A) The effect of CI6G2 treatment on a complex
(> 100 species) saliva-derived microbial community. Cluster analyses of oral taxa-weighted abundance profiles obtained from regrowth following
treatment with either carrier (negative control) or C16G2. Relative proportions of the total taxa abundance are indicated in the heat map, which
displays how the dominant taxa varied. (B) Oral species other than Streptococcus mutans that displayed a significant change in relative abundance
following treatment with C16G2, compared to control. Relative proportions are corrected for read depth changes given that S. mutans decreased to
below 0.1% following C16G2 treatment. Therefore, proportions are calculated as a relative percentage of the total population excluding S. mutans
counts. Library size and normalized read counts are displayed as text and open orange circles. Differences in the relative proportions are expressed as
fold changes and log_ fold changes to display the difference between carrier and C16G2 treatment. Plots are colored according to the Iog fold changes

between carrier and2C 16G2 treatment.

settings and that it could selectively kill S. mutans in a 3-species
biofilm while leaving the closely related, yet health-associated,
organisms Streptococcus gordonii and Streptococcus sanguinis
unharmed (Eckert, He, et al. 2006; Sullivan et al. 2011) (Fig.
1B). Further work determined that C16G2 exerted its killing
effect through membrane disruption, as it induced membrane
permeability and depolarization, as well as intracellular metab-
olite leakage (Kaplan et al. 2011) (Fig. 1C). The cytotoxic
effect of C16G2 was rapid, killing S. mutans in less than 1 min
of exposure, acceptably swift for application as an oral care
product (Kaplan et al. 2011). The STAMP was also soluble in
aqueous solutions for delivery into the oral cavity in a rinse
formulation. In addition, C16G2 had negligible adverse effects
on human cells in vitro and was stable in both phosphate-buff-
ered saline (PBS) and human saliva (Sullivan et al. 2011). The
same study also included a pilot clinical trial using bovine
enamel chips in an intraoral retainer, which were frequently
exposed to sucrose, with minimal oral hygiene, to mimic an in
vivo environment very conducive to demineralization and car-
ies development (Sullivan et al. 2011). Encouragingly, com-
pared to placebo, C16G2 significantly reduced the number of
viable S. mutans in both plaque and saliva samples, decreased
lactic acid production, increased the resting pH of dental
plaque, and prevented demineralization of the bovine enamel
(Sullivan et al. 2011). A time course experiment illustrated that
the probability of S. mutans and other species developing

resistance to C16G2 was very low, as no stable change in
C16G2 MIC was detected (C3J Therapeutics, unpublished
data).

More recently, the antimicrobial capacity of C16G2 was
determined against an expanded panel of both Gram-positive
and Gram-negative bacteria (Guo, McLean, Yang, et al. 2015)
(Fig. 1B). Only Streptococcus salivarius K12, Corynebacterium
striatum ATCC 43751, and Mycobacterium luteus M52 had an
IC,, that was comparable to S. mutans. The effect of C16G2
treatment was also tested on an in vitro, saliva-derived oral
community, which consisted of over 100 species, to which
S. mutans had been added. Compared to control, C16G2 sig-
nificantly reduced the number of S. mutans in the community
(Guo, McLean, Yang, et al. 2015). This was accompanied by a
significant increase in the relative abundance of Streptococcus
mitis and other streptococcal species associated with good den-
tal health (Fig. 2A). In addition to the depletion of S. mutans
from the community, several other species decreased in abun-
dance as well. These included Fusobacterium periodonticum,
Campylobacter concisus, and Neisseria spp. (Fig. 2B).
Interestingly, F. periodonticum did not appear to be susceptible
to C16G2 in IC_ | testing of the monoculture. Furthermore, all
3 of these taxa appeared to form physical associations with
S. mutans based upon a pull-down assay (Guo, McLean, Yang,
et al. 2015). This suggests that these species may be reliant on
physical and/or metabolic associations with S. mutans and
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likely decreased in abundance due to the reduction in S. mutans
abundance rather than due to nonspecific killing by the STAMP.
In support of this hypothesis, Veillonella atypica also decreased
in relative abundance concurrent with S. mutans (Fig. 2B).
Metabolic dependence of Veillonella species on lactic acid,
which is produced by S. mutans, has been well documented
(Chalmers et al. 2008). Taken together, these results suggest
that C16G2 is effective at selectively eliminating S. mutans
from the dental plaque milieu and remodeling the community
to one that is dominated by species that are associated with
good dental health.

Following extensive preclinical examination, C16G2 pro-
ceeded to phase I clinical trials. The randomized, double-blind,
placebo-controlled studies included a dose escalation period
and focused on evaluating safety and pharmacokinetics. A total
of 127 subjects were enrolled, and no C16G2-related events or
severe adverse events were reported in the study (C3J
Therapeutics, unpublished data [NTCs: NCT02509845,
NCT03004365, and NCT03052842]). Several formulations
were evaluated, including a mouth rinse, an oral gel, a varnish,
and a tooth strip. A single varnish application outperformed
multiple tooth gel applications delivered by dental tray or
brushing (C3J Therapeutics, unpublished data). The varnish
formulation is a product candidate for in-office treatment, sim-
ilar to fluoride varnishes commonly applied by dentists or
hygienists, and is therefore particularly well suited for the
treatment of high-risk, caries-prone populations. In phase II tri-
als completed in 2016, the C16G2 varnish achieved significant
reductions in S. mutans, and no adverse effects were reported
(C3J Therapeutics, unpublished data [NCT02594254]). The
tooth strip application was designed to become a convenient,
at-home application for multiple treatments. Additional phase
II clinical trials of C16G2 are ongoing.

C16G2 represents an exciting advance in precision thera-
peutics, with the ability to selectively eliminate a pathogen,
causing remodeling of a dysbiotic microbial community to one
rich in health-associated species. Dental caries remains a seri-
ous public health concern and one that could strongly benefit
from a precision therapeutic, such as C16G2, to supplement
current recommended fluoride and hygienic regimens. Beyond
dental caries, the opportunities to use STAMP technology to
treat other diseases and advance research of complex bacterial
communities, such as that of the human microbiome, are vast
and await discovery.
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