Accepted: 8 June 2017

DOI: 10.1111/0mi.12190

REVIEW ARTICLE

molecular oral
WILEY microbiology

Targeted antimicrobial therapy in the microbiome era

V.N. Stone! | P.Xub?3

Philips Institute for Oral Health
Research, Virginia Commonwealth University,
Richmond, VA, USA

Summary

Department of Microbiology and
Immunology, Virginia Commonwealth
University, Richmond, VA, USA

3Center for the Study of Biological Complexity
of Virginia Commonwealth University,
Richmond, VA, USA

Correspondence

Ping Xu, Phillips Institute for Oral Health
Research, Virginia Commonwealth University,
Richmond, VA, USA.

Email: pxu@vcu.edu

Funding information

National Institute of Dental and Craniofacial
Research, Grant/Award Number:
F31DE024038, RO1DE018138 and
RO1DE023078

KEYWORDS

1 | INTRODUCTION

Humans are colonized with over 100 trillion microbes, bringing new
meaning to poet John Donne’s line that “no man is an island, entire of
itself”* Following the Human Genome Project, the Human Microbiome
Project, sponsored by the US National Institute of Health, was under-
taken to sequence and identify our resident microbiome in order to
further characterize our collective genome. Currently, the Human
Microbiome Project has characterized more than 70 million 16s ribo-
somal RNA sequences from 15 body sites.? The focus on humans as
supraorganisms has fueled further interest in the complex interac-
tions between us and our microbiota. Recent studies suggest that our
microbiome plays a significant role in our development and health.®
Some of these roles involve establishing our immune system after
birth,*> influencing how our brains process information,® and aiding in
digestion and nutrient acquisition.” Disruption of this natural ecosys-
tem has been linked to adverse health effects in various parts of the
body. Antibiotic-associated diarrhea caused by Clostridium difficile is a
distinctive case of changes in the microbiome. The use of antimicrobi-
als disrupts the normal gut microbiota, allowing for the overgrowth of

C. difficile, resulting in fever, severe diarrhea, and colitis.®’

Even though the oral microbiome is one of the most complex sites on the body it is an
excellent model for narrow-spectrum antimicrobial therapy. Current research indicates
that disruption of the microbiome leads to a dysbiotic environment allowing for the
overgrowth of pathogenic species and the onset of oral diseases. The gram-negative
colonizer, Porphyromonas gingivalis has long been considered a key player in the initia-
tion of periodontitis and Streptococcus mutans has been linked to dental caries. With
antibiotic research still on the decline, new strategies are greatly needed to combat
infectious diseases. By targeting key pathogens, it may be possible to treat oral infec-
tions while allowing for the recolonization of the beneficial, healthy flora. In this re-
view, we examine unique strategies to specifically target periodontal pathogens and

address what is needed for the success of these approaches in the microbiome era.

antibiotic resistance, antibiotics, microbiome, oral health, selective drug target

The importance of the oral microbiome to our health is no excep-
tion. It is a complex environment and one of the most diverse sites
on the human body, containing up to 1000 phylotypes composed
of viruses, protozoa, fungi, archaea and bacteria.?!° It is established
through the colonization by bacteria of the hard and soft surfaces
(eg teeth, surfaces of the tongue, and epithelium) of the oral cavity
to form biofilms, more commonly known as dental plaque. However,
not all of these microorganisms are considered pathogenic and many
play a key role in maintaining both oral and systemic health. For one,
commensal bacteria can prevent the colonization of pathogens, a
phenomenon known as colonization resistance.'* These commensal
organisms occupy the niche, limiting the available space and nutrients,
and thereby preventing the establishment of foreign colonizers. As an
indirect mechanism, commensal colonizers can produce antagonistic
substances against pathogenic species. Many streptococcal species
in the oral cavity can synthesize inhibitory substances that prevent
colonization of other species. Streptococcus sanguinis produces hydro-
gen peroxide, which can inhibit the growth of methicillin-resistant
Staphylococcus aureus*? and Streptococcus mutans, the major con-
tributor to dental caries.'® Interestingly, studies also show that the
oral microbiome plays a functional role in systemic health, possibly
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helping to regulate the levels of nitrite.!* This is beneficial, as met-
abolic studies show nitric oxide is important for maintaining cardio-
vascular health through improved mitochondrial function and reduced
blood pressure.*> Decreased oral health has been linked to systemic
co-morbidities. Brushing and invasive dental procedures allow bacte-
ria to enter the bloodstream and disseminate to other sites, such as
the brain, lungs, and liver, linking oral diseases to a vast array of health
issues from pregnancy complications to respiratory, cardiovascular,

and cerebrovascular diseases.'®

2 | CHANGES IN THE MICROBIOME LEAD
TO DISEASE

Typically, with proper oral hygiene, the oral microbiome exists in a
beneficial or benign state. Changes to that natural state can lead to the
onset of two of the most common bacterial infections, dental caries
and periodontal disease.’” Host factors such as genetic susceptibility,
smoking, diabetes mellitus, age and poor oral hygiene can lead to sys-
temic changes (chronic inflammation and altered immune response)
associated with the disruption of the oral ecosystem.18 Additionally,
microbial interactions play a significant role. Based on the current
keystone-pathogen hypothesis, it has been shown that certain spe-
cies can act as community activators by transforming the surrounding

environment.*’

These changes create a dysbiotic environment that
decreases the healthy microbial diversity and favors the growth of
oral pathogens that contribute to the development of oral diseases.
Periodontitis is associated with the keystone-pathogen hypothesis.
In clinically healthy hosts, the population is maintained in homeosta-
sis, being predominately colonized by gram-positive oral streptococci.
Colonization by Porphyromonas gingivalis can selectively modify the host
immune response to prevent cell clearance and allow for cytokines that
are involved in bone resorption and tissue degradation to generate a
nutrient-rich, inflamed site. The now altered oral environment selects
for asaccharolytic organisms, such as P. gingivalis, which can use avail-
able nutrients. In addition, the degeneration of alveolar bone provides
new niches for pathogenic species to colonize.r For dental caries, an
increase in carbohydrate intake can disrupt the oral environment, select-
ing for cariogenic bacteria such as S. mutans, Streptococcus sobrinus, and
Lactobacillus spp‘20 These acidogenic bacteria metabolize dietary sugars,
producing acid by-products and creating a low-pH environment that
weakens the tooth enamel leading to tooth decay. This also contributes
to dysbiosis, as the normal acid-sensitive population is eliminated, further

encouraging the colonization of cariogenic bacteria such as S. mutans.

3 | THE CALL FOR TARGETED
ANTIMICROBIAL THERAPY

Unfortunately, treatment for advanced oral diseases relies on the
non-specific removal of dental plaque.21 Although oral infections are
associated with polymicrobial environments, the total eradication of
the microbiome often leads to increased susceptibility to infection

molecular oral 447
microbiology WI LEYJ—

and disease re-occurrence.?? The indiscriminate removal of the oral
population allows for the recolonization of the pathogen and may lead
to pathogenic species becoming dominant, decreasing the normal,
healthy microbial diversity.23 It may be more prudent to only remove
the dysbiotic species to allow for restoration of the normal popula-
tion. In caries infections, clinical studies suggest that the absence of
S. mutans provides a protective benefit. Children who are not colonized
with S. mutans at an early age show a lower risk of caries development,
which may contribute to the colonization resistance effect of a devel-
oped microbiome.?* Similarly, the presence of P. gingivalis is closely
associated with clinical outcomes of periodontitis. Porphyromonas
gingivalis has been found in 85% of patients with periodontitis and is
isolated at higher levels from areas of disease progression compared
with healthy sites.?>?° In an animal periodontitis model, vaccinating
against a major P. gingivalis virulence factor reduced alveolar bone loss,
decreased pathogen colonization, and improved disease outcome.”’
Clinical trials using human patients showed that repeated applications
of monoclonal antibodies specific to a P. gingivalis protease complex
prevented recolonization of the pathogen for approximately 9 months,
leading to a significant improvement in oral health.?

By targeting key pathogens, such as P. gingivalis and S. mutans, it
may be possible to treat periodontitis or dental caries while allowing
for the protection of the beneficial, commensal flora and reducing the
chance for antibiotic resistance. This brings in to play the rationale for
alternative strategies such as targeted or pathogenic-selective antimi-
crobials. Narrow-spectrum production can be more cost effective long
term and antibiotics designed against a limited population may also
lead to faster discovery rates as targets will not need to be conserved
or effective across a range of disparate species.?’ With antibiotic resis-
tance and the necessity of maintaining the healthy microbial popula-
tion leaving few good treatment options available, novel approaches in
antimicrobial development are imperative.

In this review, we examine targeted strategies explored in the oral
cavity. It is impossible to say one species is completely responsible for
periodontitis or dental caries, but studies have clearly linked certain
pathogens to their progression, making the oral microbiome an excel-
lent model for this strategy. Although not comprehensive and although
the application of novel strategies within the oral microbiome is still in
its infancy, we focus on a few studies aimed selectively against oral
pathogens including targeted delivery systems and our own selective
drug discovery project, exploiting pathogenic essential genes. We will
also address what is needed for the successful development of novel
antibiotics in the microbiome era.

4 | STRATEGIES APPLIED AGAINST
PERIODONTAL PATHOGENS

4.1 | Targeting pathogenic essential genes

Essential genes are critical for the growth and survival of an organ-
ism and therefore present an ideal pool of potential drug targets. Due
to essential genes being characteristically conserved,® target-based
screens undertaken in the early years of the genomics era used a
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broad-spectrum approach for drug discovery. Abioinformatics approach
was applied to select genes conserved across a diverse population of
species. It was assumed that if the target was essential in one species
and conserved, it would be essential in other species. Unfortunately,
this was not the case. In one prime example, GlaxoSmithKline initially
selected more than 350 genes and screened between 260 000 and
530 000 compounds, which only yielded one lead compound against
Staphylococcus aureus, targeting the fatty acid biosynthesis enzyme,
Fabl.®! The ability of some pathogens to use exogenous fatty acids or
the presence of isozymes performing the same function limited the suc-
cess rate. Yet the application of this approach could yield better results
if applied in a narrow-spectrum drug discovery campaign. Essential
gene targets can be selected and separated by different categories
aimed at a specific group, pathogen or environment; for instance, dif-
ferences in essential genes required for cell-wall biosynthesis in gram-
negative, gram-positive, and mycobacteria. The cell wall components
of gram-negative bacteria contain lipopolysaccharides whereas gram-
positive bacteria express teichoic acids and Mycobacteria are com-
posed of mycolyl-arabinogalactan-peptidoglycan. Another departure
is the incorporation of meso-diaminopimelate (m-DAP) in the cell wall
of gram-negative bacteria whereas gram-positive bacteria use lysine.
Genes required for energy production in anaerobic vs aerobic respira-
tion could also present selective targets. Some metabolic processes are
crucial to cell survival only in vivo, resulting in a subset of conditionally
essential genes. Nutrient-deprived or nutrient-replete environments
may require a differential expression of vitamins, cofactors and amino
acid biosynthetic pathways that are not assessed in normal laboratory
conditions. Screening of Pseudomonas aeruginosa in sputum revealed
essential genes not associated with minimal or rich media. These genes
were connected to membrane synthesis including the outer membrane
lipoprotein, Oprl, and a hypothetical outer membrane chaperone.®?
These variations in cell requirements can produce a different set of
essential pathways and essential genes that may aid in selecting targets
against a limited range of bacteria.

We undertook this approach by focusing on a pathogen-selective
target against the gram-negative periodontal pathogen, P. gingivalis.>®
We previously conducted a genome-wide essential gene identification
study in the gram-positive, early oral colonizer Streptococcus sanguinis
using systematic single and double gene deletions. Once experimen-
tally identified, the essential genes were grouped by specific categories
based on their KEGG functional annotation. When linked together, we
were able to create a model of essential pathways and determined that
essential genes were conserved within three major categories of bio-
logical function: maintenance of the cell envelope, energy production
and processing of genetic information. The underlying benefit of this
study was that we discovered general rules for essential genes, provid-
ing us with the basis for predicting essential genes in other organisms
including Staphylococcus aureus, Bacillus subtilis, Streptococcus pneu-
moniae,** and recently for P. gingivalis and Mycobacterium tuberculo-
sis. Our essential gene predictions were confirmed and shown to be
highly accurate in a comparison with genome-wide gene knock-out
experimental data performed in other laboratories (>90% accuracy).
Our prediction does not rely on sequence features among different

species, but a gene’s contribution to an essential end product. Even
though the essential gene itself may differ, the overall essential func-
tion remains unchanged. We believe the reliance on genomic function
and not sequence, addresses inconsistencies of essential gene data
among different bacterial species as a result of genetic diversity while
still allowing for an accurate prediction. This suggested that the gen-
eral rule for essential genes identified through our experimental stud-
ies in S. sanguinis, could be universally applied for different bacterial
species including gram-negative bacteria.

Based on our prediction in P. gingivalis strain W83, 212 genes
were essential. Of these, 46 genes fell into the maintenance of the cell
envelope category. About 32% (7% of total predicted essential genes)
of those genes were directly related to peptidoglycan biosynthesis
whereas about 19% (4% of total) were related to fatty acid biosyn-
thesis. Sixteen genes were involved in energy production with about
69% (5% of total) related to glycolysis. The majority of the predicted
essential genes (148 genes) were grouped into the processing of
genetic information category. About 9% (6% of total) were related to
nucleotide biosynthesis including both purine and pyrimidine metabo-
lism while 33% (24% of total) were related to ribosomal biosynthesis.
Additionally, two genes were involved in the synthesis of cofactors for
riboflavin. Although this prediction may not be comprehensive due to
a lack of annotated biological data (ie hypothetical genes), the func-
tional classification fell in line with recent experimental essential gene
studies in P. gingivalis ATCC 33277.3>3%¢

As the healthy oral cavity comprises roughly 80% streptococcus
species,37 it was theorized that selecting essential genes in P. gingi-
valis that were absent or not essential within S. sanguinis would pres-
ent potential pathogen-selective antimicrobial targets within the oral
cavity. Based on the prediction, 68 essential genes were selective for
P. gingivalis. Differences were mostly a result of alternative pathways
and variations in nutritional requirements. A clear example is with
regard to cell-wall composition. Gram-negative bacteria possess an
outer membrane composed of lipopolysaccharide and lipoproteins
with high lipid content. Streptococcus sanguinis expresses lipoteichoic
acid on the cell membrane composed of high peptidoglycan content.
Another key difference lay in terpenoid biosynthesis. The S. sangui-
nis uses the mevalonic acid pathway, producing terpenoids via the
hydroxymethylglutaryl-coenzyme A reductase pathway whereas
P. gingivalis uses the alternate 2-C-methyl-D-erythritol 4-phosphate/
1-deoxy-D-xylulose 5-phosphate pathway or non-mevalonate path-
way. Several cell division and rod-shape-determining proteins were
deemed essential for P. gingivalis. As it is believed that coccoid-shape
bacteria are the default morphology, these genes were unnecessary
for streptococci. An interesting difference lay within lysine biosyn-
thesis, which contained four pathway variants. The pathways dif-
fer by the substrate intermediates at the branch point of L-2,3,4,5-
tetrahydrodipicolinate’s (THDP) conversion to m-DAP. The succinylase
branch uses succinyl-Coenzyme A to generate succinylated interme-
diates; similarly, the acetylase branch uses acetyl-Coenzyme A to
produce acetylated intermediates. These two variants are used by
the majority of gram-negative and gram-positive bacteria. The ami-
notransferase branch, used by plants and methanococci, involves a
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single-step amine transfer to produce the precursor of m-DAP, LL-
DAP.28 For P. gingivalis, m-DAP is directly produced by the enzyme
meso-diaminopimelate dehydrogenase (m-Ddh, PG0806; GenBank
ID: AAQ65966.1) in a single step.

It is important to note that although it is possible to identify certain
essential pathways that diverge based on gram stain, nutritional require-
ments, or energy factors it may be difficult to select a single-species

essential gene target. Certain pathways or essential genes may be com-
mon to certain bacterial populations, limiting potential specificity. Our
target, m-Ddh, for example is not limited to P. gingivalis but is found in
several other species of the Bacteroidetes phylum. However, this may
be beneficial in certain environments or conditions, such as within the
oral cavity, where it is clear that certain groups are evolutionarily related
(Figure 1). Taking advantage of alternative pathways or isozymes and
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FIGURE 1 Evolutionary relationships of oral taxa classified by their essential genes. Oral microbial essential genes were identified by BLAST
proteins of completed oral microbial genomes against the Database of Essential Genes (DEG). Candidate essential genes were then manually
curated using our essential gene prediction model. Orthologous essential genes were identified among the oral microbial genomes and a

phylogenetic tree was built based on the classification of the presence or absence of the essential genes
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identifying a target like m-Ddh that is evolutionarily conserved across
certain populations would allow for narrow-spectrum targeting, while
sparing evolutionarily distant groups. A rational computer-based meth-
odology was undertaken for a high-throughput virtual screening of
small-molecule libraries. The study identified three compounds with
slight whole-cell activity against P. gingivalis, but by taking advantage
of an essential gene target limited to a subset of bacteria more potent

inhibitors can be optimized and developed.

4.2 | Selective delivery of antimicrobial peptides

Natural products have long proved to be an effective source of anti-
microbials. As they are synthesized and produced by organic sources
such as plants, algae, fungi and bacteria, they are naturally adapted
for their environmental role. Around 1930, the modern “golden age”
of antimicrobial research began, when Alexander Fleming made an
accidental discovery from the fungus Penicillium notatum, resulting in
the widespread use of penicillin Spanning a 40-year period, research-
ers and pharmaceutical companies examined microbial and fungal
metabolites for naturally occurring antibiotics leading to the discovery
of the major antibiotic class scaffolds: cephalosporins, penicillins, qui-
nolones, and macrolides, still used today. During this period, steady
progress was made with improvements in the form of second- and
third-generation synthetic derivatives, resulting in various f-lactams,
sulfonamides, and aminoglycosides then tetracyclines, macrolides, and
glycopeptides.®? By the 1980s, development began to slow. The ideal
natural sources had been exhausted and any newly designed antimi-
crobials, by that point, were chemical modifications of common core
scaffolds and targets, incrementally improving efficacy or the design
of wholly synthetic compounds. However, as microbial resistance has
reached a critical point, drug developers are starting to re-examine
natural compounds. Advances in screening along with tapping into
previously unexplored or uncultivable sources has renewed interest in
naturally derived antibiotic agents.*042

Within the past 20 years, antimicrobial peptides (AMPs) have
become of interest as a source of potential antimicrobial agents
derived from natural sources. They comprise a diverse group of small-
molecular-weight molecules that are a natural part of the host-defense
response in both eukaryotic and prokaryotic cells. These peptides are
classified into subgroups based on their composition, size or structure
and display broad-spectrum activity against bacterial, parasitic, fungal,
and viral infections. Around 40 different AMPs can be found in saliva,
protecting the host against the overgrowth of oral pathogens and
transient bacteraemia with various sensitivities.** Their primary mech-
anism of action against bacteria involves the destabilization of the cell
membrane orchestrated by electrostatic interactions between the
negatively charged phospholipids of the bacterial cell membrane and
the positively charged peptide. This interaction would result in the loss
of membrane potential and integrity, leading to cell leakage and ending
in cellular death. However, recent studies have shown that AMPs can
kill by other mechanisms. Some AMPs can induce cellular damage by
interferring with cell wall,** DNA,*® and protein synthesis.*® Although
antimicrobial peptides have proven to be effective, this process is

non-specific, targeting a broad range of gram-negative and gram-
positive bacteria. To circumvent this, Eckert et al., designed a novel
class of AMPs, which were named specifically targeted antimicrobial
peptides (STAMPs), against the cariogenic pathogen, S.mutans.*’
The STAMP, C16G2, consists of the non-specific linear antimicrobial
peptide that possesses broad-spectrum killing activity. This is linked
together with a targeted binding peptide containing a fragment of the
S. mutans specific competence stimulation peptide (CSP). This target-
ing region increases binding onto the surface of the intended target,
therefore increasing the antimicrobial activity and cell clearance.*®
When tested, C16G2 showed strong bactericidal activity against sev-
eral strains of S. mutans in both a planktonic and biofilm growth stage
but did not affect the growth of S. sanguinis or Streptococcus gordonii
even within a mixed-species biofilm model.*” A short preliminary
study in humans showed that treatment with the peptide decreased
S. mutans colonization as well as reduced caries-associated deminer-
alization.*” Different antimicrobial peptides have been linked to the
CSP targeting domain. Mai et al. tested the salt-resistant AMP pleu-
rocidin linked with the targeted CSP.>° As some AMPs have shown
sensitivity at high salt concentrations,’® the use of a salt-resistance
AMP, derived from an oceanic source, may prove to be more effec-
tive in vivo where saline concentrations are typically higher. The tar-
geted AMP, IMB-2, killed >90% of S. mutans but only 20% of the other
streptococci tested in a dual-species culture. Another group used a
similar approach against P. gingivalis. The sheep myeloid antimicro-
bial peptide, SMAP29, which has shown potent antimicrobial activity
against Fusobacterium nucleatum, P. gingivalis, and several other peri-
odontal orga\nisms,52 was conjugated to a P. gingivalis surface-specific
IgG antibody.>® Treatment of P. gingivalis, Aggregatibacter actinomyce-
temcomitans, and Peptostreptococcus micros in a mixed-species culture
showed inconsistent but promising results. At higher concentrations,
the 1gG-SMAP29 conjugate killed all three species. However, it dis-
played slightly more specificity at lower doses with the viability of
A. actinomycetemcomitans and Peptostreptococcus micros decreasing
four to five times less than P. gingivalis. An attempt to improve the
specificity of targeted SMAP28, a proline-rich protein 1, which can
bind to the fimbriae of P. gingivalis, was alternatively linked to the
AMP>* However, this did not appear to increase the antimicrobial
activity against P. gingivalis or decrease activity against other species.
Although successful with S. mutans and the species-specific compe-
tence peptide, a conjugated, pathogen-specific targeting domain may
be difficult to design. However, due to the potency of AMPs, targeted

AMPs present promising alternatives to conventional approaches.

4.3 | Inhibition of pathogenic biofilm

Biofilms are bacterial communities encased within an extracellular
matrix composed of exopolysaccharides, proteins, lipids, DNA, and
ions. These structures are ubiquitous in nature and represent a major
health concern because they are a cause of persistent infections and
are estimated to account for 80% of all bacteria-related infections.
They provide the bacteria with protection from external stresses and
decrease their susceptibility to antimicrobial therapy and immune
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clearance, making treatment extremely difficult.>> The establishment
of biofilms within the oral cavity is essential for the formation of den-
tal plaque and the subsequent development of oral diseases. Oral
streptococci, particularly S. mutans, can use sucrose obtained from the
diet to synthesize extracellular and intracellular polysaccharides.>¢>’
Bacterial exopolysaccharides are a primary component of the extra-
cellular polymeric substances in biofilms and serve as a scaffold for
the attachment of S. mutans to the tooth surface and allow coloni-
zation by other bacteria. Along with colonization and protection, the
biofilm architecture facilitates an environment favorable to the sur-
vival of cariogenic pathogens. The development of three-dimensional
structures allows for the creation of water channels that connect to
transport nutrients and signaling molecules and preserve the low-pH
conditions.”®>7

Molecules that could specifically inhibit the formation or disperse
biofilms formed by S. mutans could be a unique strategy for controlling
dental caries. There are several strategies to control biofilm develop-
ment, such as inhibiting attachment, preventing cell-cell communi-
cation or promoting the dispersal of the exopolysaccharides.®® These
inhibitors are typically derived from natural products such as garlic,
ginseng, cranberry, and bacteriophages. This method has been shown
to be effective against dental caries with several studies indicating anti-
biofilm activity within the oral cavity®' 3 however, the compounds
are non-specific and run the risk of promoting dysbiosis. Recent stud-
ies by Garcia et al. identified a small-molecule inhibitor that selectively
dispersed biofilms formed by S. mutans but did not significantly affect
the cell viability.64 The group screened 600 compounds and identified
3F1, based on 2-aminoimidazole, a derivative of bromoageliferin from
marine-sponge products that may structurally mimic quorum-sensing
molecules, contributing to their ability to disperse biofilms.*>%¢ These
compounds have previously displayed anti-biofilm activity against var-
ious microorganisms, including Pseudomonas aeruginosa, Acinetobacter
baumannii, and Bordetella bronchispetica.67 However, the mechanism
of action is unclear. The anti-biofilm effect was still observed when
tested against deletion mutants involved in the initial development of
the biofilm such as the glucosyltransferase enzymes responsible for
the synthesis of glucans and eDNA within the structure. It is specu-
lated that the small molecule may interact with proteins related with
the biofilm architecture. The compound did not affect in vitro biofilms
formed by commensals S. sanguinis and S. gordonii nor the mutans
family member S. sobrinus. More promising was the consistency of
the oral microbiota when 3F1 was administered in a rat caries model.
Sequencing following a 4-week treatment showed fewer S. mutans
compared with the no treatment control but no significant changes in
the colonization at the phylum level. This work was based on their pre-
vious studies.®> A focused library of 506 small molecules based on the
2-aminoimidazole backbone was used to identify eight compounds
that inhibited S. mutans biofilm by at least 50%. These compounds
altered the normal three-dimensional structure, leading to a thinner
structure, but did not affect the biofilm of S. sanguinis or S. gordonii.
However, the most active compound did exhibit slight bactericidal
activity against S. mutans, S. sanguinis and S. gordonii when cultured in
a mixed-species. Interestingly, these compounds appeared to affect
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the production of antigen I/1l and the glucosyltransferases, indicating
a potential mechanism of specificity. As the biofilm is a key virulence
factor in the pathogenesis of S. mutans, identifying an agent that pre-
vents biofilm establishment could be an effective strategy. However,
it is not clear whether the dispersal of the biofilm without specifically
inhibiting cell growth would lead to long-term clinical benefits. Viable
S. mutans within a dispersed biofilm may disseminate and colonize at
other sites, leading to its re-establishment within the oral cavity. Anti-
biofilm agents may be most effective in conjunction with targeted
antimicrobials as the removal of the biofilm would allow for easier
penetration of the drug.

5 | FUTURE STRATEGIES FOR THE
DEVELOPMENT OF TARGETED
ANTIMICROBIAL THERAPY

As the microbiome is a complex system, it is necessary to thoroughly
understand the microbial composition and its link to health and dis-
ease. Although the oral microbiome has been studied for years and
there is a baseline for a healthy vs diseased population, other sites
are not as clearly characterized. Unfortunately, many microorgan-
isms cannot be cultured using standard laboratory techniques and this
could leave out a significant contributor to the environmental ecol-
ogy. Culture-independent approaches offer a powerful tool to ana-
lyze diverse microbial communities.’® Next-generation sequencing,
metagenomics and metatranscriptomics can generate profiles based
on a population or a specific species related to health vs disease state.
Additionally, it can present transcriptional profiles based on gene
expression and this could provide biomarkers.®? If an expression pro-
file for a specific pathogen can be associated with an infection then
a subset of gene targets can be identified. Although useful, there still
may be issues with clinical practicality due to cost associations, lim-
ited reference databases and data analysis. The transcriptional profile
could be beneficial for diagnostics. As time is essential when treating a
patient and the identification of a positive culture can take days, most
clinicians rely on broad-spectrum antibiotics as a first line of defense.
For targeted antimicrobial therapy to be effective, a system for the
rapid identification of an etiological agent is necessary. By generating
a model for expression in certain infectious diseases, sequencing and
polymerase chain reaction-based methods can facilitate an increase in
personalized treatment.

Alternative strategies to classical approaches should be thor-
oughly considered. As previously stated, although essential gene tar-
gets may have limitations against broad-spectrum screening, it could
be used as a successful application when targeting a limited range of
species. The targeting of in vivo or conditionally essential genes as well
as pathogen-specific virulence factors offers another subset of tar-
gets. Due to environmental variations, colonization, immune evasion
or nutrient acquisition, genes crucial for the survival within the host
can be an important resource for selective targeting. Combining this
method with novel delivery systems would allow for increased spec-
ificity. A small-molecule inhibitor, AMP or other antimicrobial agents
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pathogen-selective essential gene targets, the dispersal of the pathogenic biofilm or the selective delivery of antimicrobial agents could be used
to only eliminate the dysbiotic or pathogenic species. This would allow for the re-establishment of the healthy microbial population and restore

homeostasis

could be conjugated to a pathogen-specific siderophore, packaged
within a phage delivery system or linked to a targeting moiety similar
to STAMP technology. CRISPR-Cas (Clustered Regularly Interspaced
Short Palindromic Repeat Spacers) systems offer another unique
approach to target specific bacteria. CRISPR can be designed to target
a specific essential gene. Recent studies have shown that CRISPR RNA
systems have the ability to distinguish between different strains of the
same species within a mixed population.”®

A strong emphasis needs to be placed on research and devel-
opment. Scientific challenges, compounded by the regulatory and
financial burden of antibiotic research, have promoted many phar-
maceutical companies to exit this area. As antibiotics are short-term
prescriptions, the investment put in is not returned. Recently, the US
Department of Health and Human Resources has proposed a model of
dissociating profit by units sold allowing the pharmaceutical company
to be rewarded with a known financial return. Although the amount
would have to be substantial, if successful, the promise of profit would
help to drive development. Companies also need to develop a large
multi-disciplinary team. As technology continues to advance, new
approaches can be used. Experts in a vast network of fields such as
bioinformatics, sequencing, biochemistry, microbiology, and medicinal

chemistry are needed from target selection, assay development, and

screening to lead identification and hit optimization. Regardless of the
challenges, we must embrace new strategies if we are to move forward
in this new era.

6 | CONCLUSIONS

The oral community is a complex environment that has evolved into a
highly regulated state of harmony between hundreds of microbial spe-
cies. A disturbance in that natural balance alters the surrounding envi-
ronment, favoring the colonization of pathogenic species. This change
in bacterial composition is correlated with the onset of disease. We
now know dental caries and periodontal disease are two diseases
related to these modulations in the microbiome homeostasis with
S. mutans and P. gingivalis playing critical roles. Conventional methods
for controlling or reducing plaque biofilm result in the total eradication
of the microbiome. Unfortunately, this only fuels the imbalance by
removing the beneficial colonizers and allowing for pathogenic micro-
organisms to re-colonize. Therefore, clinical treatment should aim to
re-establish the equilibrium by targeting key pathogens (Figure 2).
Although we highlighted studies for specifically targeting

S. mutans and P. gingivalis, it is important to note that the aim of
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targeted therapeutics would be to re-establish homeostasis. These
strategies could be applied to other acidogenic or periodontitis-
associated bacteria. The use of CSP for STAMP technology may not
be effective for all strains of S. sobrinus, another contributor to dental
caries, but a bactericidal agent could be linked with other species-
specific delivery systems. Targeted therapy has become fundamental
in other areas such as cancer therapy. Similarly, treatment for disease
and other infections should adopt an individualized treatment geared
towards the specific infection and patient. The development of tar-
geted strategies antibiotics may prove more effective as previously
discounted drugs with limited activity can be revisited, screening
and testing may be more feasible in a smaller subset and different
approaches can be used based on the pathogen of interest. Therefore,
it is imperative that we look at where we are and ask how we can fur-

ther progress species-selective antibiotic drug development.
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