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Abstract

Antibiotics started to be used almost 90 years ago to eradicate life-threatening infections. The
urgency of the problem required rapid, broad-spectrum elimination of infectious agents. Since
their initial discovery, these antimicrobials have saved millions of lives. However, they are not
exempt from side effects, which include the indiscriminate disruption of the beneficial microbiota.
Recent technological advances have enabled the development of antimicrobials that can selectively
target a gene, a cellular process, or a microbe of choice. These strategies bring us a step closer to
developing personalized therapies that exclusively remove disease-causing infectious agents. Here,
we advocate the preservation of our beneficial microbes and provide an overview of promising
alternatives to broad-spectrum antimicrobials. Specifically, we emphasize nucleic acid and
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peptide-based systems as a foundation for next-generation alternatives to antibiotics that do not
challenge our microbiota and may help to mitigate the spread of resistance.

Introduction

Currently, there is a serious global health problem as increasing numbers of multidrug-
resistant bacteria are continuously being isolated from hospitals. According to a recent
report published by the United Kingdom government, antibiotic-resistant infections are
predicted to result in the death of 10 million people worldwide per year by 2050 if new
antimicrobial strategies are not discovered [1]. In fact, the rise in antibiotic resistance has led
to a post-antibiotic era in which many standard-of-care antimicrobials are no longer
effective. This is partly a result of the decline in antibiotic innovation: no new class of
antibiotics has been approved for Gram-negative infections in >45 years, and only 37
antibiotic drugs are in either Phase Il or 111 clinical trials as of 2016 [2]. Therefore, there is
an urgent need to develop alternative approaches to treat drug-resistant bacterial infections.

Besides leading to emergence of resistant bacteria, antibiotics may have unintended
consequences, such as triggering hyper-inflammatory responses or, most notably, displaying
numerous off-target effects (i.e., killing) that disturb beneficial microbiota [3,4]. This is a
very significant side effect, as these microbes are associated with our health, and their
perturbation can lead to disease. Preserving our microbiota is thus an additional critical
aspect to be considered when developing next-generation antimicrobials (Figure 1). Several
technologies have been developed for the selective targeting of microbes. In this review, we
discuss nontraditional strategies, exemplified in Figure 2, to treat bacterial infections,
emphasizing precision approaches that serve as a framework for the design of next-
generation antimicrobials.

A call to action: the need to preserve the microbiota

The microbiome plays a key role in human health and disease. Indeed, the composition of
the indigenous microbial communities living in the skin, mouth, urinary tract, and especially
the gastrointestinal tract profoundly affects many aspects of human health, including
immunity and metabolism [5-7]. For instance, a disrupted or unbalanced gut microbiota
(i.e., dysbiosis) has been linked to autoimmune disorders (e.g., irritable bowel syndrome and
inflammatory bowel disease), obesity, higher propensity to infection, cardiovascular disease,
colon cancer, rheumatoid arthritis, depression, Parkinson’s disease, multiple sclerosis, and
autism spectrum disorder [8]. Furthermore, dysbiosis can lead to infection with opportunistic
pathogens such as Enterococcus faecium, carbapenem-resistant Enterobacteriaceae, and
Clostridium difficile [9,10], the latter being responsible for 14,000 deaths per year only in
the US. Consistent with the relationship between microbiota disruption and C. difficile
infection (CDI), fecal transplantations, which give rise to a healthy human gut microbiota
and colonization resistance, are known to prevent the onset of CDI [11].

Microbiome perturbations are of particular concern in children because antibiotics are
widely used to treat childhood infections. To put this into perspective, the average child in
the US receives three courses of antibiotics by age two, and ten courses by age ten [12].
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Therefore, next-generation precision antimicrobials should exhibit high specificity towards
target species. We briefly outline nucleic-acid- and peptide-based strategies which may
constitute the basis for new types of precision antimicrobials. Additional emerging
approaches for the precision killing of bacteria, not covered in this review due to space are
the use of bacteriocins, antibodies or anti-virulence compounds [13-21].

Precision antimicrobials: bringing precision medicine to infectious

Nucleic acid-based systems

CRISPR-Cas—The clustered regularly interspersed short palindromic repeats (CRISPR)-
CRISPR-associated (Cas) system is widespread in the microbial world [22], as it is found in
about 40% of known bacterial species and 90% of archaeal ones. In many prokaryotes,
CRISPR-Cas operates as an adaptive immune mechanism that protects them from invading
infectious viruses and plasmids. In recent years, apart from its application for precise RNA-
guided genome editing, epigenetic modification, and gene regulation in numerous eukaryotic
and prokaryotic organisms, CRISPR-Cas tools have been harnessed to generate sequence-
specific antimicrobials [23-26]. In these studies, CRISPR-Cas constructs directed towards
specific antibiotic resistance genes were delivered via bacteriophages or phagemids serving
as specific and high-capacity vectors that allow host-specific targeting and efficient delivery
of DNA into bacteria. The approach was very effective /n vitro, leading to the selective
killing of target microbes carrying antibiotic-resistance genes. This strategy was shown to
work in an invertebrate model in which the wax moth Galleria mellonella was infected with
Escherichia coli[23], as well as in a mouse model of Staphylococcus aureus skin infection
[24].

Virulence factors such as toxin-encoding genes could be targeted instead of antibiotic
resistant loci. This opens the door for selective gene therapies that exclusively target
pathogenic bacteria, while leaving the beneficial microbiota intact in humans and other
animals. However, genetic barriers of the targeted bacterium, notably resident CRISPR-Cas
systems, might result in the generation, and further selection upon treatment, of resistant
cells. Anti-CRISPR proteins recently identified in some bacteriophages [27] or potentially
targeting anti-cas mechanisms [28] could help to circumvent this resistance. Therapeutic
strategies combining both CRISPR-based antimicrobials and anti-CRISPR factors offer a
promising line of attack against infectious diseases.

Peptide Nucleic Acids (PNAs)—Peptide nucleic acids (PNAS) are synthetic polymers
composed of a backbone of repeating N-(2-aminoethyl)-glycine units (and associated with
purine and pyrimidine bases) linked by peptide bonds [29]. PNAS operate as antisense
molecules by inhibiting the translation of target genes. These agents have traditionally
shown promise as therapies for /n vivo applications and as alternatives to classical
antibiotics, as they exhibit resistance to degradation by nucleases, proteases, and other
enzymes. However, PNAs have limited activity in the host due to their inherent high
hydrophobicity resulting from the lack of phosphate groups within their backbone, which
leads to unselective interactions, and consequently cytotoxicity and hemolytic activity that
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still need to be addressed. Overcoming this physicochemical barrier will be key to
reinstating these agents as eventual therapies.

An example of a peptide-PNA antimicrobial with selective binding properties in mixed
bacterial cultures was reported by Mondhe et a/. [30]. By designing PNAs aimed at different
translational initiation regions, these authors could target several essential genes. This
strategy produced a tunable spectrum of activity against Bacillus subtilis, Klebsiella
pneumoniae, Salmonella Typhimurium and £. coli. PNAs were designed accordingly to
achieve species selectivity based on the presence of 20-25 bases within their sequence that
confer selectivity: the target gene (and homologs) were present in the four bacterial species
tested, the translation initiation region of the mRNA had at least two base-pair differences
between the different bacteria and was amenable to the design of the peptides, and there was
evidence that gene silencing of the target and/or inhibition of its cognate protein inhibited
growth. The peptides were tested against target and non-target species and exhibited great
selectivity. For example, the BS0001 peptide was designed to kill B. subtilis and achieved a
minimal inhibitory concentration (MIC) of 4.0 uM but no activity against the other bacteria
in the concentration range analyzed. The KS0001 peptide exhibited a MIC of 2.5 uM against
K. pneumoniae but was not active against the other bacteria tested [30].

Phosphorodiamidate morpholino-oligomers (PMOs)—Like DNA,
phosphorodiamidate morpholino-oligomers (PMOs) are synthetic oligomers composed of
the base pairs A, G, C and T; however, they contain a synthetic morpholino and
phosphorodiamidate backbone within their sequence [29]. These molecules can be used as
antisense strategies as their oligomer sequences are complementary to their target mMRNAs.
PMOs can be delivered into living cells through different means, for example via
conjugation with cell-penetrating peptides. PMOs have shown efficacy both /in vitroand in
vivo against clinically relevant pathogens such as Acinetobacter baumannii, Burkholderia
cepaciacomplex, and £. coli[31-33] and represent a promising new class of precision
antimicrobials. Indeed, a study was recently published in which PMOs targeting essential
genes such as acpP, loxC, and rpsJwere conjugated with the cationic antibiotic polymyxin B
leading to 2-8-fold increased anti-£ aeruginosa activity [34]. The compound targeting acpP
also inhibited P aeruginosa biofilm formation. Biofilms are surface-associated communities
of microorganisms that are associated with numerous infections in humans and that exhibit
increased resistance to antibiotic therapy. The compound targeting rpsJ/synergized with the
aminoglycoside antibiotic tobramycin. Importantly, these therapies led to 3-log reductions in
bacterial loads in the lungs of mice. PMOs are currently limited mostly by delivery
efficiency and /in vivo stability.

Peptide-based systems

Synthetic peptides—Although still at an early stage, synthetic peptides have been
engineered, by tuning their primary structure, for the targeted killing of specific microbes. A
range of approaches have been developed to design targeted peptides, including the ab initio
method based on database filtering applied by Misha et a/., which led to the generation of
synthetic peptides with anti-methicillin-resistant S. aureus (MRSA) antimicrobial function
[35]. Another strategy to reach this level of specificity was reported by Wang et al. in the
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identification of a peptide variant of cathelicidin LL-37 containing three D-amino acids
(residues 20, 24 and 28) that was resistant to degradation by the protease chymotrypsin, and
was able to kill £. colibut did not affect MRSA growth [36]. The selectivity observed may
be due to the difference in the NMR structure of the synthetic peptide (unstructured)
compared to its parent (alpha-helical) whose amphipathic structure facilitates optimal
hydrophaobic interactions with the outer membrane of Gram-negative organisms. Further
modification of the hydrophobicity of the parent peptide broadened its host range, likely
resulting from increased hydrophobic interactions with target bacterial membranes, so that it
killed other pathogens such as E. faecium, K. pneumonia, and R aeruginosa. Other peptides
have been designed to target bacterial biofilms [37]. These synthetic peptides act as
prophylactic therapies to prevent biofilm colonization on surfaces, and eradicate pre-formed
biofilms formed by the most dangerous pathogens, including those highlighted as highest
risk by the World Health Organization in February 2017. So far, a number of peptides have
been identified that target biofilms formed by various drug-resistant bacteria [38—41].
Interestingly, one of these anti-biofilm peptides has been turned into a dimer by
incorporation of a disulfide bond, which led to increased antimicrobial and anti-biofilm
activities [42].

Additional studies have also successfully incorporated precision engineering capabilities
into peptides. One approach consists of a hybrid peptide (called C16G2) containing a
targeting sequence fused to an antimicrobial peptide [43]. This peptide selectively killed the
oral bacterial pathogen Streptococcus mutans. The target sequence of C16G2 is composed of
16 amino acids derived from a S. mutans pheromone (also known as a competence-
stimulating peptide) and 16 amino acids corresponding to an antimicrobial peptide called
G2. The authors demonstrated the specificity of C16G2 towards S. mutans using a saliva-
derived /n vitro biofilm consortia model containing >100 species of the human oral
microbiota. These experiments confirmed the selectivity of peptide C16G2 towards S.
mutans, as treatment led to decreased average relative abundance of this bacterium from 24
to 0.1%. Interestingly, upon peptide treatment, a community-level shift in species
composition and relative abundance was observed, likely as an ecological response to
eliminating S. mutans, a key member of the microbial biofilm community.

Another example is bacaucin-1, a small and stable linear derivative of bacaucin, a natural
biosurfactant broad-spectrum antimicrobial peptide originally isolated from Bacillus subtilis
strain CAU21. To suppress the hemolytic and cytotoxic effects of the natural peptide
bacaucin, the authors removed the lipid portion and the ring opening of the parent peptide,
thus exposing its hydrophilic portion and thereby decreasing the overall hydrophobicity of
the structure. Contrary to its predecessor, bacaucin-1 displayed selective activity against
MRSA and no detectable cytotoxicity. Bacaucin-1 selectively targeted S. aureus antibiotic-
resistant strains by a membrane-disruptive mechanism even though it has no lipid portion
within its sequence. The authors reported a gradual decrease of cell wall integrity, observed
by fluorescence intensity of propidium iodide uptake and DNA binding in a dose-dependent
manner. In addition, they described dissipation of the membrane potential, evidencing
membrane disruption. Bacaucin-1 has been used as a preventive therapeutic in mice and as a
meat preservative [44].
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Peptides, including those with selective activity, may also be immobilized on surfaces such
as medical devices to prevent colonization with pathogenic organisms [45,46]. Numerous
techniques have been described to make peptides adhere to surfaces and materials; these
techniques are mostly dependent on the surface and the application desired. For example,
cathelicidin LL-37 has been grafted on silanized titanium surfaces, and the final material
presents selective activity against £. colistrain K12 [47]. Another example is the lipopeptide
C15-KKFF anchored in hybrid biomaterial membranes that generate capsules that are active
against Listeria monocytogenes, S. aureus, and E. faecalis [48]. Immobilized antimicrobial
peptides with antibiofilm activity have also been described, including peptide CWR11
immobilized on catheters via a polydopamine-peptide strategy, which exhibits activity
against £. coli, S. aureus, and P, aeruginosa [49].

A study by Yadavalli and colleagues [50] demonstrated that certain antimicrobial peptides at
sublethal concentrations cause filamentation via interference with cell division in £. coli.
The authors found that this effect was dependent on the PhoP/PhoQ system, and resulted
from peptide-mediated increased expression of the enzyme QueE, which was shown by the
authors to be involved in cell division (it localizes to the division septum in filamentous
bacterial cells) apart from its known role in tRNA modification. These observations may be
exploited in the future to generate peptide antimicrobials that target cell division in bacteria.

Overall, the studies outlined in this section illustrate the feasibility of incorporating
functional specificity into peptide molecules through peptide engineering approaches to
precisely manipulate microbial communities. Some of these strategies are shown in Figure 3.
Future work will have to address issues with delivery, stability /n vivo and potential off-
target killing effects of precision peptides to prevent unintended removal of microbes.

Lysins—Lysins, also known as endolysins or murein (peptidoglycan) hydrolases, are
hydrolytic enzymes produced by bacteriophages (or phages) that break down the cell wall of
target bacteria during the final stage of the lytic phage cycle. Phage lysins are generally
species- or subspecies-specific; however broad-spectrum lysins have also been identified
[51]. Lysins, exploited as antimicrobial agents delivered from the outside, are effective
primarily against Gram-positive bacteria, which is not surprising as the presence of an outer
membrane in Gram-negative bacteria prevents extracellular lysin molecules from digesting
peptidoglycan. Still, lysins with a high content of cationic residues on their C-terminal
domain have been found to possess activity against Gram-negative pathogens, likely due to
positive charges enabling the penetration of outer membranes. For example, certain
endolysins (e.g., OBPgp279) have been recently reported to have activity against bacteria
such as P, aeruginosaand A. baumannir [52].

In another study, lysins were engineered to kill A. baumannii. The authors identified the C-
terminal amino acids 108 to 138 of phage lysin PlyF307 (termed P307) to be sufficient to
kill A. baumannii[53]. Lysin P307 was further engineered to generate improved variants
such as P307SQ-8C, which had activity against biofilms, MIC values comparable to those of
standard-of-care antibiotics such as levofloxacin and ceftazidime, and synergy with
polymyxin B. P307SQ-8C further reduced the bacterial burden in a mouse model of A.
baumannii skin infection. This study demonstrates the prospect of using peptide derivatives
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from bacteriophage lysins to treat topical infections and remove biofilms caused by Gram-
negative pathogens.

Overall, phage lysins, owing to their precise mode of action resulting partly from their co-
evolution with bacteria, constitute potential alternatives to antibiotics. They may also prove
useful for developing adjuvant therapies with currently available antibiotics. However,
delivery methods still need to be developed to successfully implement the use of lysins in
the clinic.

Conclusions

There is currently an urgent need for a new generation of antimicrobials that mitigates the
spread of antibiotic resistance and preserves our beneficial microbiota. Despite the
tremendous benefit to human health of traditional broad-spectrum antibiotics, these agents
exert selection pressure leading to the emergence of resistance in all targeted microbes and
disrupt our microbiota, often causing detrimental effects. Here, we have briefly described
both nucleic acid-based and peptide-based approaches that constitute a framework for the
design of precision antimicrobials.

Nucleic acid-based approaches represent a new paradigm to achieve the selective killing of
microbes. For example, CRISPR-Cas has been used to target specific antibiotic resistance
genes to selectively remove drug-resistant organisms in pure cultures and in complex
microbial consortia. The recent discovery of anti-CRISPR proteins, which might enable
evasion of resident CRISPR-based resistance to therapeutic, exogenous CRISPR-Cas
constructs, may now be exploited to increase the efficiency of this antimicrobial strategy.
Despite being limited by their hydrophobicity, PNAs have also been used directly or as
templates for the design of selective molecules that target the translation of desired genes.
PMOs show specific complementarity to their target mMRNAs and constitute another category
of promising candidates when delivered efficiently into bacterial cells.

Peptide-based systems with enhanced specificity have recently been reported. These
molecules can be easily tuned to achieve specific functions in living cells given their vast
sequence space (207, nbeing the number of amino acids in a given peptide chain). Their
numerous biophysical properties, which include hydrophobicity, net charge, and
amphiphilicity, can be modified to enhance their antibacterial function. To get around the
complexity of this combinatorial problem, template molecules that already exhibit activity
have been used to generate optimized synthetic variants based on structure-activity
relationship studies. Another example of synthetic peptide-based antibiotics is lysins, which
show antimicrobial activity against Gram-positive bacteria and have been engineered to
expand their host range to Gram-negative pathogens.

Both nucleic acid and peptide-based systems still have to overcome certain limitations in
order to ensure translation into the clinic. Most notably, technologies need to be developed
to prevent degradation in the host by nucleases and proteases, novel methods are required to
efficiently deliver these agents to target sites in the body, and precision has to be optimized
to prevent off-target effects.
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These diverse, narrow-spectrum polymer-based antimicrobials have been shown to be
effective both /n vitroand in animal models. The strategies described here thus represent an
excellent framework for designing next-generation precision antibacterials.
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Highlights
. Precision antimicrobials represent a novel approach for treating infectious
diseases;
. The role of the microbiota in health and disease is indisputable and so is the

need to preserve these microbial communities by using specific therapies;

. Nucleic-acid and peptide based antibacterials represent promising
technologies to achieve selective killing of microbes.
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Polymicrobial infection caused by bacteria
Af{red), B {green)and C {purple}
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Figure 1. Precision antibiotics
Hypothetical graphic showing treatment of specific disease causing bacterial infections with

precision antimicrobials. For example, in the left side of the figure, we have an infection
caused by the orange bacteria, which are surrounded by beneficial microbiota bacteria
(colored in green and purple). In this scenario, a precision peptide designed to target the
green pathogen will exclusively target this organism. The same applies to the other two
examples, where peptides against green (center image) and purple bacteria (right image)
would selectively remove these organisms.
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Figure 2. Personalized approach to infectious diseases
Potential of precision antimicrobial strategies such as the ones described in this review

(shown on the left of the figure) for personalized treatment of infectious diseases. In the
future, early diagnostic methods may enable rapid identification of disease-causing
pathogens, and precision antimicrobial agents may allow specific treatment of infection,
while leaving non-causative, beneficial microbial communities unaffected. These advances,
coupled with early-diagnostic tools for rapid detection of infectious agents, will constitute
the foundation of personalized treatment of infectious diseases.
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Extended peptides are usually inactive
against microorganisms due to poor Structural
hydrophobic interactions when in contact Modifications

with their membrane.
-

Select biophysical parametersof peptide molecules that may
be tuned to modify function

Parameter Unit
Hydrophobicity (H) kcal mol-*
Net Charge (q)
Polar Angle (8) rad/°
Hydrophobic/Hydrophilic
Ratio (P/N)
Entropy Factor (TAS) kcal molt
Enthalpy (AH) kecal mol*
Free Energy (AG®) kcal molt
Intrinsic Binding Constant (K) mol?
Helical Penalty kecal mol!
Helical Fraction (fy) deg cm? dmol?

Page 15

Useful
achieve
activity include modifications of net /{

positive chargeand hydrophobicity.

Compositional changes favor structure tendency and enhance specific interactions.

Figure 3. Design principles for selective peptides
Hypothetical images of modifications that can be made to generate precision peptides.

Curr Opin Microbiol. Author manuscript; available in PMC 2018 June 14.



	Abstract
	Introduction
	A call to action: the need to preserve the microbiota
	Precision antimicrobials: bringing precision medicine to infectious diseases
	Nucleic acid-based systems
	CRISPR-Cas
	Peptide Nucleic Acids (PNAs)
	Phosphorodiamidate morpholino-oligomers (PMOs)

	Peptide-based systems
	Synthetic peptides
	Lysins


	Conclusions
	References
	Figure 1
	Figure 2
	Figure 3

