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Antibacterial resistance is a severe threat to modern medicine and human health. To stay ahead of
constantly-evolving bacteria we need to expand our arsenal of effective antibiotics. As such, antisense
therapy is an attractive approach. The programmability allows to in principle target any RNA sequence
within bacteria, enabling tremendous selectivity. In this Tutorial Review we provide guidelines for
Received 13th March 2024 devising effective antibacterial antisense agents and offer a concise perspective for future research. We

DOI: 10.1039/d4cs00238e will review the chemical architectures of antibacterial antisense agents with a special focus on the

delivery and target selection for successful antisense design. This Tutorial Review will strive to serve as

rsc.li/chem-soc-rev an essential guide for antibacterial antisense technology development.
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Key learning points
(1) How to design an antibacterial antisense oligomer.

(2) The various available backbone architectures of antibacterial antisense agents.
(3) Chemical modifications that can enhance performance and stability of antisense agents.

)
(4) The chemistry behind the available delivery vehicles and how to select the best option.
)

(5) Targetability of mRNAs and what makes an attractive target.

1. Introduction

The alarming rise of antibiotic resistant bacteria poses a major
threat to global health, with infections becoming increasingly
more difficult to treat." Most antibiotics to date have been
found between the 1940s and 1960s, generally considered the
golden age of antibiotic discovery.” In recent decades, few new
classes of antibiotics have reached the clinic, and the effective-
ness of the current arsenal is decreasing due to antibiotic
resistance.® There is thus a clear need to investigate alternative
strategies.” Researchers started exploring other treatment mod-
alities that include antimicrobial peptides,” antibodies,®
bacteriophages” and nucleic-acid therapeutics.®

Nucleic-acid therapeutics, and in particular antisense oligo-
nucleotides (ASOs), have presented a novel approach as anti-
biotics, by aiming to directly modulate gene expression.’ The use
of oligodeoxynucleotides to interfere with gene expression was
first introduced in 1978 in the landmark papers by Zamecnik
and Stephenson.'”'" By designing a 13-nucleotide (nt) oligomer
complementary to the 3’ end of the Rous sarcoma virus (RSV)
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RNA, they were able to inhibit its replication in chicken embryo
fibroblasts. First reports on bacteria came from Jayaraman and
coworkers that demonstrated growth inhibition on permeable
Escherichia coli (E. coli) mutants using non-ionic oligonucleotide
analogues.”"® A decade later, the first proof-of-principle was
also obtained on E. coli with an intact cell wall, where mRNA
translation was inhibited by short 3- to 6-nt DNA analogues
complementary to the ribosome recognition consensus
sequence.'® This led to the emergence of the field of antisense
therapy as a new tool against infections, cancers, and genetic
disorders."” Currently, over a dozen ASO-based drugs have been
approved by the Food and Drug Administration (FDA) or the
European Medicines Agency (EMA), with clinical trials on their
way for treatments against various genetic disorders and infec-
tious diseases.'®

ASOs attain their inhibitory effect on translation through
two main mechanisms: by RNase-mediated transcript degradation
or steric hindrance."” Eukaryotic and prokaryotic cells share many
ubiquitous endogenous RNases involved in the processing of
various RNA substrates. RNase H is a family of endoribonucleases
involved in the non-sequence-specific cleavage of RNA in RNA:DNA
duplexes.'®"?

Its recruitment to specific mRNA regions can be achieved
through complementary DNA or DNA-like ASOs that will
trigger mRNA degradation (Fig. 1, left). RNase P is another
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endoribonuclease involved in RNA degradation.” It recognises
specific tertiary structures found in precursor tRNAs for cleavage,
independently of the sequence. Mimicking those structures
by antisense molecules - referred to as external guide sequences
(EGS) in this context - targeting mRNAs can therefore also
trigger their cleavage and degradation. The second approach
for translation inhibition relies on sterically hindering the
assembly or activity of complexes required for translation.'®
The most notable application involves the prevention of riboso-
mal binding and assembly at the gene promoters by targeting
the ribosome binding site or translation start site sequences of
the mRNA with high-affinity ASOs (Fig. 1, right). The dominating
mechanism involved in translation inhibition is dictated by the
chemical nature of the ASO (see Section 2).

Since the first proof-of-principle studies demonstrating bacterial
growth inhibition using antisense agents over 40 years ago, many
advances have been made. In particular, the newfound interest in
nucleic-acid therapeutics sparked by the success stories of several
market-approved drugs have encouraged researchers to explore the
application of ASO technology towards the treatment of bacterial
infections.”® This field has been systematically studying the
chemical and biological requirements for an effective use of ASOs
to target pathogenic bacteria over the last years. Although no
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Fig. 1 Mechanisms of translation inhibition by ASOs. ASOs can sterically
block the assembly of the translation machinery onto the targeted mRNA
(right), causing reduced translation. Depending on the chemical nature of
the ASO, mRNA:ASO duplexes can be recognized by RNases, causing
mMRNA degradation and reduced gene expression (left).
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antibacterial ASO has reached approval for clinical use, continued
research and technological advances will aid progress towards
this goal.

In this Tutorial Review, we strive to provide a guide for anyone
interested in designing an effective antibacterial antisense agent.
We will focus on considerations for selecting the most optimal
chemical architecture, choosing the best delivery vehicle and
provide guidelines for sequence target selection. In the last part,
chemical advances from recent literature will be introduced to
showcase potential answers to some of the obstacles facing
antibacterial ASOs. This is not a comprehensive review of the
large body of work on this topic, but it is meant to serve as a guide.
Excellent reviews on the biological implications of antibacterial
antisense agents have been published previously.*>**"*’
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2. Chemical architecture of the
antisense oligomer: which to choose

The first studies with ASOs entailed unmodified oligonucleotides
with a phosphoribose-backbone,'®'" which suffered from rapid
degradation by nucleases, limiting their clinical potential.**?°
To overcome the shortcomings and improve the physical and
pharmacological properties of ASOs, a wide variety of chemical
modifications of the antisense backbone have been developed
over the last decades.*>*"

2.1 Early example of chemically modified antibacterial ASOs

First chemical modifications of antibacterial ASOs reported in
the early 1980s involved replacement of the negatively charged
phosphodiester bond with nonionic methylphosphonates
(Fig. 2).** Although, growth inhibition was demonstrated in
permeable E. coli mutants, it was found that methylphospho-
nate oligomers exceeding four nucleotides were not taken up by
wild-type E. coli, limiting their antibacterial use.'” However,
later studies did show effective inhibition of translation in
leukemia models with longer oligomers when delivered using
liposomes,®* which may be applicable to antibacterial use as
well.>* More recent studies have demonstrated the use of
phosphonates for enhanced antisense stability and reduced
toxicity.>>?° Since these first modifications, many improve-
ments to the chemical structure of ASOs have been made,
mostly focusing on modifying the phosphate group, the 2'OH
position and the development of charge neutral ASOs (Fig. 2).

2.2 ASOs with modified phosphate groups

The so-called ‘first generation’ of chemically modified ASOs are
characterized by alterations of the inter-nucleotide phosphate-
linkage, including phosphorothioate-linkages (PS) (Fig. 2).>”*® In
PS oligos, one of the non-bridging oxygens of the phosphate group
is substituted with a sulphur. This modification results in
decreased degradation by nucleases, greatly improving the
in vivo halflife of the ASO.>?° PS-based ASOs promote the
degradation of the target mRNA by activation of RNase H. From
a chemical perspective, PS oligos are interesting since each
phosphorothioate group introduces an additional stereocenter.*’
Current solid-state synthesis methods do not control the stereo-
chemistry resulting in mixtures of diastereomers, with each iso-
mer likely displaying different biological activity.*' Nevertheless,
PS-based ASOs have been approved for clinical use.*”

Few examples report on the use of PS-based ASOs as anti-
bacterials. Luo and coworkers designed a PS-based ASO
that targets the mecA transcript in methicillin-resistant Staphy-
lococcus aureus (MRSA).*® mecA encodes a protein that conducts
cell-wall synthesis even in the presence of f-lactam antibiotics,
rendering them inactive. The ASO was delivered into bacteria
using anionic liposomes and efficiently restored oxacillin
susceptibility.

Although PS-ASOs provided significant improvements over
non-modified oligos, they suffered from new shortcomings,
such as reduced affinity for mRNA and undesired interactions
with proteins.*

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Molecular structures of negatively charged and charge neutral ASO
backbones. Modifications at the 2'-OH position are depicted in cyan and
phosphate modifications are shown in orange.

Recently, Vogel and coworkers found in an excellent com-
parative study*® that PS-based ASOs displayed significantly
lower melting temperatures*® and were unable to block transla-
tion in a cell-free system. Moreover, they found that negatively
charged ASOs were not efficiently delivered inside Salmonella
enterica (S. enterica) using cationic cell-penetrating peptides
(CPPs) (vide infra).

2.3 2’-OH modified ASOs and the gapmer approach

Many modifications of the ribose 2-OH group have been
explored including 2’-O-methyl (2’-0-Me),*® 2/-0 methoxyethyl
(2’-0-MOE),*” 2/-fluoro-arabinonucleic acid (FANA)***° and
locked nucleic acid (LNA)* (Fig. 2). These modifications were
an improvement on the first generation in terms of binding
affinity and hybridization stability. However, due to the ribose
modification, most of these ASOs do no longer activate RNase
H, with the exception of LNA.*"*"*> Consequently, their anti-
sense effect is solely caused by steric blocking of the target
mRNA. To overcome this limitation, so called ‘gapmers’ were
developed.®® These chimeric ASOs are typically comprised of
modified nucleotides at the flanking regions, providing protec-
tion against degradation and increasing affinity for the target
mRNA, while the centre region contains natural nucleotides

Chem. Soc. Rev,, 2024, 53, 11303-11320 | 11305
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that are still recognized by nucleases.”® Several clinically
approved ASOs exploit this gapmer mechanism including
Mipomersen®® and Inotersen.>®

Ribose 2’-OH modifications sporadically
employed for antibacterial ASOs. For example, a recent report by
the group of Pelz-Stelinsky®” employed PS-linked FANA ASOs to
target the /igA transcript of the bacterium Candidatus Liberibacter
asiaticus (CLas). Interestingly, they observed efficient gene silen-
cing even in in vivo models of infected insects, without the need of
a delivery system of the FANA oligomers. Although few examples
of antibacterial FANA ASOs have been described so far, they have
been particularly effective against pathogenic Liberibacter species,
without the need for additional delivery methods.”® Moreover,
their capacity for “naked” uptake has also been observed in
various cancer cell lines.>® However, the evidence is still limited,
and the underlying mechanisms remain unelucidated. The suc-
cessful uptake observed in Liberibacter species could nevertheless
be due to the unique characteristics of this genera in terms of
membrane composition and permeability resulting from their
evolution as obligate parasites dependent on their host for the
uptake of many important molecules.®*

A systematic study by Vogel and coworkers showed that 2'-
OH modified ASOs displayed limited antibacterial effect. 2'-O-
Me, 2/-O-MOE and LNA modified ASOs conjugated to a cationic
CPP (vide infra) did not display any bacterial inhibition against
S. enterica, likely due to inadequate bacterial uptake.**

have been

2.4 Charge neutral ASOs

Charge neutral ASOs are particularly interesting because their
nonionic nature renders them more suitable for cellular deliv-
ery (see Section 3). While early studies were performed with
alkylphosphonates,®* most recent studies employ phosphoro-
diamidate morpholino oligomers (PMOs)®' and peptide nucleic
acids (PNAs) (Fig. 2).°> In PMOs, the nucleobase is attached on
a morpholine ring instead of natural ribose (Fig. 2). These
morpholine rings are connected via phosphorodiamidate-
linkages resulting in a completely neutral backbone and were
first described in a patent credited to Summerton and Weller.®"
PNAs were first reported in 1991°> and are comprised of a
peptide-like N-(2-aminoethyl)glycine backbone where the
nucleobase is attached via a methyl carbonyl linker (Fig. 2).
Both PMOs and PNAs prevent translation of their target mRNA
by steric blockage of the translation machinery. Although
similar in mode-of-action and neutral of charge, there are
distinct differences between PMOs and PNAs. PNAs are more
flexible and have shown to bind RNA with higher affinity than
PMOs. On the other hand, PMOs are better soluble in aqueous
solutions than PNAs.®?

A landmark paper by Good and Nielsen®* described the first
use of PNA as antibacterials. They targeted a f-lactamase gene
in E. coli. This strategy had limited success in a wild-type strain,
but readily resensitized a resistant E. coli strain with a leaky
outer membrane to ampicillin. Five uM of PNA was sufficient to
inhibit bacteria growth supplemented with 300 ug mL™" ampi-
cillin, while the control without PNA displayed no growth
inhibition. In a later study,65 Good, Nielsen and coworkers
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showed that conjugating a CPP to a PNA targeting the essential
acyl carrier protein (acpP) in wild-type E. coli, resulted in potent
antibacterial effect with a minimal inhibitory concentration
(MIC) - the lowest concentration that inhibits bacterial growth -
of 2 uM, overcoming the initial delivery issue.

The first use of PMO as an antibiotic was published in
2003.°° Similar as PNA, unmodified PMO was able to inhibit
bacterial growth of an E. coli strain with a leaky outer
membrane when targeting acpP. However, downregulation of
gene expression in strains with an intact outer membrane was
observed only when the PMO was first conjugated to a CPP.

A more recently described charge neutral backbone is phos-
phoryl guanidine oligo-2’-O-methylribonucleotides (2’-OMe
PGOs) developed by Stetsenko and coworkers (Fig. 2).®” They
used this backbone chemistry to target the ald transcript
encoding alanine dehydrogenase in Mycobacterium smegmatis
(M. smegmatis).°® Remarkably, no delivery agent was required to
downregulate gene expression. Moreover, 20 pM ASO significantly
inhibited bacterial growth. This study is notable, since mycobac-
teria are notoriously challenging to penetrate with drug mole-
cules. This however remains currently the only described use of
PGO ASOs against bacteria. In different contexts, this type of ASO
has failed to penetrate mammalian cell membranes without using
delivery agents.®>’® The surprising success in M. smegmatis has
been potentially attributed to differences in the structure of the
cell envelope or experimental conditions that may have improved
the uptake, and is therefore not necessarily applicable in other
species.® Nevertheless, it remains a promising modification for
charge neutral ASOs and the application of 2’-OMe PGOs as
antibacterial antisense therefore warrants further exploration.

Most studies to date have used PMO or PNA ASOs as antibacter-
ial agents and these backbones have emerged as the preferred
weapon of choice. Unconjugated PMOs and PNAs suffer from low
affinity to plasma proteins, resulting in low target availability.”*
However, efficient reduction of bacterial burden has been demon-
strated in in vivo models for PMOs and PNAs.”>7*

2.5 Recommendations

Current evidence suggests that PMO and PNA backbones are
likely the most suitable for antibacterial applications. A recent
study by Vogel and coworkers found that PMO- and PNA-CPP
conjugates were the only antisense agents capable of inhibiting
S. enterica growth with MIC values of 10 pM and 1.25 pM,
respectively.** LNA, 2/-O-MOE and PS oligos displayed minor
growth retardation, whereas 2’-0-Me did not show any effect on
bacterial growth.** It cannot be excluded however that the other
backbones would perform better with a different delivery agent.

Practically, PNA is chemically more accessible since the
monomers are commercially available and can be coupled
together using standard peptide chemistry either manually or
using an automated peptide synthesizer. Depending on the
length, CPPs can be appended during the same synthesis.”

For PMO synthesis, generally more specialized phosphora-
midate P(v) chemistry and equipment are required’® rendering
it less accessible, though PMO sequences can be designed and
purchased from commercial sources.

This journal is © The Royal Society of Chemistry 2024
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3. How to deliver antisense agents into
bacteria?

ASOs are large and sometimes charged molecules that do not
passively enter most bacterial or eukaryotic cells. Importantly,
the delivery of ASOs into bacterial cells is considered more
challenging than for eukaryotic cells.”® The bacterial cell envelope
is a complex structure constituted of several layers, allowing it to
act as an important barrier against therapeutic compounds.””
Based on its layout, a distinction can be made between Gram-
negative and Gram-positive bacteria. Gram-negative bacteria pos-
sess a three-layered envelope composed of an inner phospholipid
bilayer membrane, a rigid peptidoglycan cell wall and a lipid outer
membrane. Gram-positive bacteria, on the other hand, lack the
outer membrane, carrying instead a thicker and richer peptido-
glycan cell wall. The different membrane architecture between
eukaryotic and bacterial cells also affects its overall charge and
resting membrane potential, resulting in differences in the inter-
action with charged molecules such as oligonucleotides and
peptides.”® A few reports have described the use of antibacterial
ASOs without the need of a delivery agent,”” but most studies
show that a delivery vehicle is required for efficient antibacterial
activity.”” The first aspect to consider is the chemical nature of the
ASO, since this will dictate the available options.

CPPs are the most commonly used delivery agents, but their
performance with negatively charged ASOs has been varied,
mostly limiting their use to charge neutral ASOs.** Cationic
oligomers have been described for antibacterial ASO delivery,
but are also mostly limited to charge neutral ASOs. Small-
molecule delivery systems are being explored and the full scope
of their performance still needs to be investigated. Lastly, non-
covalent systems have been applied for the delivery of antibiotic
ASOs, including negatively charged ones.

3.1 Cell-penetrating peptides (CPPs)

The most widely used delivery system for ASOs are CPPs.”® CPPs
are short (<30 aa) peptides that enable transport of (large)
molecules over the cell wall. CPPs can be classified based on
their physicochemical properties: hydrophobic, amphipathic
and cationic.*

The exact mechanisms of intracellular transport by CPPs has
been a heated topic of debate.®" Nonetheless, three possible
general pathways for internalization have been described in
literature: direct penetration, endocytosis and translocation.®*
In the pathway of direct penetration, the positive charge of
cationic CPPs interacts with the negatively charged cell
membrane. Consequently, the cell membrane is destabilized
and pores are formed through which the CPPs and their cargo
migrate. The endocytosis pathway is, in contrary to direct
penetration, an energy-dependent pathway. In general, endocy-
tosis can be described as an ingestion process where the cell
membrane engulfs the external material followed by absorption.
The translocation pathway relies on the formation of inverted
micelles as a result of the CPP interacting with the cell
membrane. The CPPs are trapped in these inverted micelles
and migrate over the cell membrane. Although the main

This journal is © The Royal Society of Chemistry 2024
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possible pathways of cell penetration by CPPs have been estab-
lished, it is hard to elucidate the precise uptake mechanism of a
certain CPP-cargo conjugate. The internalization often occurs
through a combination of pathways and is influenced by a great
number of factors such as the (size of the) cargo, concentration
of the conjugate, cell type (eukaryotic or prokaryotic), membrane
properties and temperature.®' Consequently, small experimental
differences between studies of the same CPP can lead to contra-
dictory conclusions.

Few examples of successful hydrophobic CPP-ASO conju-
gates exist. Aartsma-Rus and coworkers identified a 7-mer
hydrophobic CPP, named ‘P4’ (Fig. 3) using a screen that
successfully delivered 2’-O-methyl phosphorothioate ASOs.®?
The thiol bearing ASO was coupled to a maleimide on the
CPP using a Michael addition reaction.

Amphipathic CPPs contain both hydrophilic and hydropho-
bic residues®® and a few successful antibacterial conjugates
have been described.®* One noteworthy example of an amphi-
pathic CPP is CADY.®" This CPP adopts a helical conformation
in cell membranes, where one side contains exposed charged
residues and the other consists of tryptophans.®® CADY has
been applied to transport therapeutic ASOs into mammalian
and bacterial cells. A recent study,® conjugated the CADY
sequence to an ASO targeting the acpP sequence in Acinetobac-
ter baumannii (A. baumannii), which displayed growth reduction
and downregulation of the targeted genes.

Typical cationic CPPs contain a relatively high number of
positively charged amino acids. For example, Patenge and
coworkers explored the CPP (RXR),XB (Fig. 3) coupled to an
anti-gyrA PNA that targets the transcript of the essential subunit
A of DNA gyrase.®”’*® In an initial screen, 10 pM of the conjugate
displayed robust antibacterial effect against Streptococcus pyo-
genes. In a later study, they investigated the in vivo performance
of several CPP-PNA conjugates, including (RXR),XB in a Strep-
tococcus pneumoniae infection model of Galleria mellonella
larvae. They demonstrated that administration of 4 nmol of
the conjugate increased survival significantly, albeit with only a
few days.

Another frequently applied cationic CPP is (KFF);K (Fig. 3),
which has been successfully used for the delivery of PNAs,
PMOs and negatively charged LNAs. In an early study, Vaara
and Porro found that unconjugated (KFF);K displayed a very
potent synergistic effect with hydrophobic and amphipathic
antibiotics.’® Rifampin showed a 1000-fold decrease in
MIC value in E. coli from 10 pg mL~" to 0.01 pg mL~" when
supplemented with 100 pg mL~" (KFF);K. Based on this find-
ing, Nielsen and coworkers cleverly appended the (KFF);K CPP
to a PNA ASO targeting acpP.®® Remarkably, where in an earlier
study the naked PNA was inactive against wild-type E. coli,** the
CPP conjugate displayed potent antibacterial activity, suggest-
ing efficient bacterial uptake.®®> A more recent study used
(KFF);K to internalize negatively charged antibacterial LNAs.
An LNA targeting the mRNA encoding the essential protein FtsZ
in MRSA was appended to (KFF);K. The conjugate displayed
antibacterial effect against nine MRSA strains with MIC values
ranging from 1.56-12.5 pM. Interestingly, when applied to a
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Fig. 3 Molecular structures of highlighted CPPs. Under physiological
conditions unmodified terminal amines will be positively charged as well.

mouse model infected with Staphylococcus aureus (S. aureus)
mu50 at 3 mg kg™ ', the survival rate dramatically increased
from 0% to 60%, demonstrating the potential in vivo applica-
tion of antibacterial ASOs. Other studies found limited bacter-
ial uptake of LNA-(KFF);K conjugates."

Importantly, different bacterial species can have major
differences in the structure and therefore permeability of their
cell envelopes. These differences, together with abiotic factors
such as temperature, are known to influence the effectiveness
of particular CPPs.”*> The choice of CPP can therefore have an
important impact on the activity of the ASO.*” Generally,
positively charged peptides appear to perform well on a range
of bacterial species.®>?7/8%9°

3.2 Cationic oligomers

Although the majority of research on delivery of antibacterial
ASOs focuses on CPPs, several other (non-peptide) viable car-
riers have been reported including cationic oligomers (Fig. 4).
Polyethyleneimine (PEI) was initially used as a cationic polymer
to deliver negatively charged oligomers into eukaryotic cells via
encapsulation of the ASO followed by endocytosis of the
complex.”® A subsequent study by Nielsen and coworkers
showed that PEI enhanced the uptake of non-charged PNA-
based ASOs in eukaryotic cells when conjugated via a disulfide-
linkage.”* In a second study, the group of Nielsen developed
cationic dendrons based on guanidinylated 2,4-diaminobutanoic
acid (DAB) as effective carriers of PNA-based ASOs into eukar-
yotic cells as well (Fig. 4).°> These dendrons display alikeness
with cationic CPPs since they contain multiple positively charged
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groups. Recently, the application of DAB-based cationic den-
drons in the delivery of antibacterial PNA-based ASOs was
demonstrated as well.’® Several dendron-PNA conjugates were
synthesized that targeted the essential acpP gene of E. coli and
Klebsiella pneumoniae (K. pneumoniae). The dendron-PNA con-
jugates showed similar in vitro antibacterial activity as compared
to CPP-PNA conjugates with impressive MIC values of 0.25 uM
for E. coli and 0.13 pM for K. pneumoniae. One of the dendron-
PNA conjugates displayed significant in vivo activity as well
against a multidrug-resistant E. coli strain in a murine peritonitis
model. Moreover, the conjugate was highly stable in human and
mouse serum with an impressive half-life of >24 h and well
tolerated by human HepG2 cells and mice. The cytotoxicity of
several conjugates with varying chain lengths of the terminal
groups was assessed on HeLa cells as well. These studies
demonstrated that increased chain lengths correlated with
increased toxicity.

Taken together, cationic DAB dendrons are a promising
alternative for cationic CPPs with improved stability. However,
these cationic DAB dendrons transport cargo into cells by direct
penetration (similar to cationic CPPs) resulting in delivery of
ASOs in both eukaryotic and prokaryotic cells, which might
limit their application in terms of selectivity but could be
beneficial for targeting intracellular infections.®”

A more established and chemically elegant form of
dendrons-vehicles are octaguanidinium-conjugates, which are
applied in the in vivo delivery of PMO-based ASOs.”® In these so
called “vivo-morpholinos” (Fig. 4), a branched non-peptidic
structure containing eight guanidinium head groups is
covalently attached to the PMO. Although numerous successful
in vitro®® and animal studies,'” including virus infections
models,'® of vivo-morpholinos are reported, their bacterial
application remains surprisingly underexplored.

3.3 Small molecules

Besides large molecules such as CPPs and cationic polymers,
smaller (bio)molecules can act as vehicles for antibacterial ASO
delivery as well. For the simplicity of classification, we consider
non-polymeric agents as ‘small’ molecules, although some are
>1000 Da.

Gryko, Trylska and coworkers explored the uptake route of
vitamin By, (By,) (Fig. 5, vitamin B,,) for the delivery of
antibacterial ASOs."*>'% This vitamin is an essential nutrient
for the growth of most bacteria, but only a few bacterial species
are able to synthesize B,,. Therefore most bacteria rely on the
import of vitamin B;, from the environment via active
transport,'® making this biomolecule an attractive carrier of
drugs. To test if vitamin B;, enhanced the uptake of ASOs, this
vitamin was conjugated with PNA-based ASOs via a copper(i)-
catalyzed azide-alkyne cycloaddition (CuAAC). The ASOs tar-
geted the mRNA of red fluorescent protein (RFP), which was
encoded on a plasmid and transfected into E. coli or Salmonella
typhimurium (S. typhimurium). This strategy enabled simple
monitoring of gene-silencing by detection of fluorescence.
The B,,-PNA conjugates showed a concentration dependent
reduction of RFP translation. When compared to a conjugate

This journal is © The Royal Society of Chemistry 2024
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of the same PNA sequence with (KFF);K, the antisense effect of
the B;,-PNA conjugates were slightly improved in E. coli but the
opposite was observed for S. typhimurium. Nonetheless, this
study indicated that B;, is a viable carrier molecule for PNA
ASOs. Interestingly, in a similar study the authors showed that
By, also enhanced the uptake of negatively charged 2’-OMe
based ASOs into E. coli, although not as efficiently as observed
for B,,-PNAs. A 50% reduction in red fluorescence was observed
at concentrations of >1 pM. The antibiotic potential was
assessed by constructing B,-PNA conjugates that targeted the

This journal is © The Royal Society of Chemistry 2024
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essential acpP gene of E. coli. The conjugates displayed inhibi-
tion of bacterial growth at 5 pM, albeit not as strong as
observed for the (KFF);K-PNA control and only when using
Scarlett and Turner medium."'%

A report by Sobral Santos and coworkers'®® described the
use of Bj,-LNA conjugates for targeting the acpP mRNA in
E. coli. Surprisingly, no growth inhibition was observed even
at a concentration of 30 pM, whereas a CPP-PNA control
targeting the same sequence displayed robust inhibitory
effects. Using bacterial fractionation, they found that the B;,-
LNA conjugates strongly associated to E. coli, but they were
mostly localized on the outer membrane and only a small
fraction was found in the cytosol, explaining the lack of
inhibitory effect. Taken together, B,, is a potential carrier for
antibacterial ASOs but more evidence is needed to confirm
sufficient and robust uptake.

Another interesting approach to enhance the delivery of
ASOs is by conjugation with aminoglycoside antibiotics. This
class of antibiotics consist of two or more connected aminosu-
gars and target the bacterial ribosomes. Several studies indi-
cated that co-administration or conjugation of ASOs to
aminoglycosides enhanced the ASOs uptake in eukaryotic
cells.’®”'® In regard of potential antibacterial agents, the
combination of an antibiotic with the ASO might result in a
synergistic effect. However, there are no studies on the
aminoglycoside-mediated delivery of ASOs into bacteria to date,
thus the antibacterial potential remains to be determined.

Lipids directly conjugated to oligonucleotides'*® could assist
in their bacterial delivery. Many conjugate designs have been
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tested on mammalian cells,'*® but few on bacteria.'** Barthél-
émy and coworkers incorporated two C15 lipid tails to a PS ASO
through an acetal linkage with the 2’- and 3’-OH groups (Fig. 5,
acetal lipid)."™* The ASO was used to resensitize E. coli resistant to
cefoxitin, by targeting B-lactamase encoding mRNA. A 26-fold
decrease in MIC value was observed in the presence of the ASO-
lipid conjugate, suggesting efficient downregulation of B-lactamase.

Recently, we and others started to explore the possibility of
exploiting siderophore uptake for antibacterial ASO delivery.''>**?
Siderophores are small molecule Fe** chelators excreted by
bacteria.'** Many bacteria possess dedicated siderophore trans-
porters. Researchers have exploited this uptake route to transport
small molecule cargo into bacteria by attaching it as cargo to
siderophores. This Trojan horse approach has been successfully
applied to enhance the delivery of antibiotics as exemplified by
the FDA-approved drug Cefidericol.''> We were interested if this
same principle could be applied to ASOs as well."'* A tris-catechol
siderophore mimic (Fig. 5, tris catechol) was prepared, inspired by
previous work by Miller and coworkers,"® and appended to both a
PNA and PMO ASO targeting acpP in E. coli. MIC values were
found of 1.6 pM and 0.8 pM, respectively. Interestingly, in
preliminary experiments a minimal siderophore mimic consisting
of one catechol group (Fig. 5, mono catechol) was equally effective
at inhibiting bacterial growth when conjugated with the anti-
acpP PNA.

In a study by the Trylska lab, novel synthetic trihydroxamate
peptide-siderophores (Fig. 5, trihydroxamate) were designed
and conjugated with PNA-based ASOs.'"™ Initially, conjugates
of the linear trihydroxamate siderophore and a well-established
lethal 10-nt ASO targeting the acpP gene were constructed. No
inhibition of E. coli growth was observed for the anti-acpP
conjugate. To validate if the conjugate was taken up, they
switched to a quantitative approach using a plasmid carrying
the RFP gene. However, conjugates targeting RFP expression
did also not result in clear antisense activity as assessed by flow
cytometry. To further study the performance of the conjugates, the
RFP silencing experiment was performed on Afur E. coli mutants.
Since fur represses iron uptake genes, the mutant was expected to
display enhanced iron uptake. The PNA-siderophore conjugate
indeed reduced RFP signal with the highest effect observed at
16 pM. Surprisingly, a control PNA conjugate only partially
complementary to the RFP transcript displayed a similar effect.

3.4 Non-covalent carriers

There is a wide array of non-covalent nanocarriers available for
the cellular delivery of nucleic acids ranging from lipid nano-
particles to DNA nanostructures. In particular, the success of
mRNA vaccines has accelerated the research into non-covalent
carriers, many of which could be applicable for delivery of ASOs
into bacteria.’ In this review, we will briefly discuss selected
examples that have successfully been applied to bacteria.
DNA nanostructures have been used for delivering both
charge neutral and negatively charged ASOs. Li and coworkers
designed a DNA six-helix bundle that was loaded with a
negatively charged PS ASO targeting the essential gene ftsZ in
S. aureus."” When incubated with a relatively low concentration
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of 0.6 uM the survival rate decreased to 57%. Interestingly, when
applied to the acpP transcript in E. coli, no antibacterial effect
was observed. In a similar approach employing a tetrahedral
DNA nanostructure, a neutral PNA based antisense targeting the
same ftsZ transcript in MRSA was employed.''® In this case, a
dose-dependent growth inhibition was observed, with an inhibi-
tion rate approaching 60% at a concentration of 750 nM.

Liposomes, an early version of lipid nanoparticles, have
been widely applied for the delivery of nucleic acids."*’
A noteworthy example entails a study by Luo and coworkers."?°
They targeted an E. coli strain resistant to fluoroquinolones
using PS ASOs. The bacteria express an efflux pump encoded
by the acrB gene that actively removes fluoroquinolones from the
intracellular environment. The ASO was encapsulated in an
anionic liposome and when applied to the resistant E. coli strain
resensitized the bacteria to the fluoroquinolones ciprofloxacin
and levofloxacin. An almost 50% reduction in bacterial growth
was observed when 100 pg mL ™' of the ASO was employed
alongside 6 pg mL ' of ciprofloxacin, whereas PBS loaded
liposomes did not affect bacterial growth.

3.5 Recommendations

Based on the available research, CPPs appear to be the preferred
choice as ASO delivery agent, in particular in combination with
charge neutral backbones like PNA and PMO. Nevertheless, a few
potential limitations need to be mentioned. First, CPPs have
been reported to be subject to enzymatic degradation, which
might affect their performance. Second, CPPs have been
described to be cytotoxic to varying degrees depending on the
CPP, potentially limiting their in vivo applications.'*"*??

We are optimistic about small-molecule carriers as well, that
could provide certain advantages over CPPs, including bacterial
selectivity and decreased toxicity. In particular the recent
studies on siderophore delivery appear hopeful. Yet, these
delivery modalities are still in their infancy and additional
research in the years to come will be necessary to assess their
full potential.

4. How to select an antibacterial
antisense target?

When selecting a target for an antibacterial ASO there are two
main criteria to consider. First, which transcript to select and
second what sequence within this transcript to target.

4.1 Transcript selection

A major focus in the development of antibacterial treatments
has been on genes necessary for bacterial survival and growth,
encoding for example key metabolic enzymes or structural
proteins.'>® Many such essential genes have been identified
throughout the years, revealing other important characteristics
that increase their suitability as drug targets as well."** This
includes the conservation of gene sequences across various
pathogenic strains within a species as well as the preferable
lack of a human counterpart. Furthermore, the presence or

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Overview of targeted essential genes. Summary of the bacterial
essential genes that have been successfully targeted by antisense oligo-
nucleotides (ASOs), grouped by biological process involved. The most
notable are described within this review. Genes unique to specific bacterial
species have been marked with a * with the corresponding species
indicated between brackets.

absence of target orthologs in different bacterial species can be
used to introduce selectivity in targeting. Novel antisense-based
strategies have often focused on genes coding for proteins already
inhibited by established antibiotics. We here review the main cell
components or bacterial processes that have been targeted with
examples of successful targets for each (Fig. 6). An upcoming
approach is to target resistance genes with ASOs to resensitize
bacteria to existing antibiotics.""""*** Though not antibacterial by
themselves, the combination with traditional antibiotics might
prove powerful in combatting antibiotic resistance.

Cell envelope. In most Gram-negative bacteria, lipopolysacchar-
ide (LPS) is the main component of the outer membrane."* It is a
vital bacterial glycolipid, acting both as a barrier and as a major
virulence factor, promoting infection and over-stimulation of the
host immune system. Multiple enzymes involved in its synthesis
have been targeted by existing antibacterial agents."**"'*® In parti-
cular, the canonical lipid A biosynthesis pathway - known as the
Raetz pathway - has been an attractive target. Out of the nine
enzymes involved, two have been successfully targeted by ASOs.

The UDP-3-O-(R-3-hydroxymyristoyl)-N-acetylglucosamine de-
acetylase (LpxC) catalyses the first step of the Raetz pathway."*®
Greenberg and coworkers developed PMO-based ASOs against
IpxC in Pseudomonas aeruginosa (P. aeruginosa)."”” These were
designed to target the Shine-Dalgarno and translation start site
sequences and were conjugated at their 5’ or 3’ ends with the
(RXR),XB CPP. In vitro, the best performing PMO showed a MICs,
value of 8 uM. The PMO also reduced biofilm formation at 4 uM,
which is known to complicate the treatment in patients. An in vivo
infection model in mice infected intratracheally and treated with
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the PMO through intranasal administration showed significant
reduction of the bacterial load in the lungs of the infected mice
after 24 hours, but with no provided information on the survival
rate. It is worth noting that the target specificity could not be
confirmed due to the lack of gene expression studies on either
protein or mRNA levels. Additionally, the scrambled control PMO
showed a small effect in vivo, which was attributed to the potential
nonspecific immune activation by the PMO or CPP molecules.

The lipid-A-disaccharide synthase (LpxB) is a glycosyltransfer-
ase catalysing the formation of the lipid A disaccharide by
nucleophilic addition of lipid X and UDP-diacyl-glucosamine.'*>
A PNA conjugated at the 5 end with the (KFF);K CPP was
designed against IpxB in A. baumannii,"*® an important nosoco-
mial pathogen. In vitro time-kill assays showed limited growth
inhibition of the PNA-CPP at lower doses, but bactericidal activity
was obtained at 35 pM. In M9 minimal media, a concentration of
2.5 uM was bactericidal, with no colony-forming units (cfu)
detectable after 24 hours. In a A549 human lung epithelial cell
infection assay, 5 tM PNA-CPP allowed the infected cells to reach
similar viability as the uninfected controls after 30 hours. Finally,
in an in vivo infection model using the greater wax moth (Galleria
mellonella) caterpillar, treatment at 75 mg kg~ ' reduced the
mortality from 60% to 25% over a course of 100 hours. The
researchers also highlighted a synergistic effect between the ASO
and colistin, a last-resort medication reintroduced due to the
increasing rate of antibiotic resistance.'*

DNA transcription and replication. The DNA-dependent
RNA polymerase (RNAP) is the main enzyme involved in tran-
scription. In bacteria, the core RNAP complex is composed of
five subunits — a-dimer («2), B, p’ and ® - but is only capable of
transcription elongation and termination on its own.'*® There-
fore binding of a dissociable o factor to form the holoenzyme is
required for the initiation of transcription at the gene promo-
ters. The main class of ¢ factors are the 670 family, owing its
name to the principal factor in E. coli encoded by the rpoD gene.
Due to its ubiquitous and conserved nature as well as absence
in the eukaryotic genome, the rpoD gene is therefore an
attractive target for broad-spectrum inhibition in bacteria.

The group of Luo published two concomitant papers on
targeting of rpoD by CPP-conjugated PNAs in a range of
multidrug-resistant Gram-negative bacteria as well as in the
Gram-positive MRSA."*"'*> For the design of the ASO, they
focused on regions with high sequence homology between
species and obtained the best results by targeting the transla-
tion start site. Two different CPPs - (KFF);K and (RXR),XB -
were conjugated to the ASO with the latter resulting in higher
overall performance. They assessed the antibacterial effect on
several clinical bacterial isolates including E. coli, S. enterica,
Shigella flexneri (S. flexneri), A. baumannii and K. pneumoniae.
The in vitro studies highlighted a species-dependent difference
in performance of the antisense treatment. A bacteriostatic
effect was obtained at concentrations ranging between 5-
6.25 uM for A. baumannii and E. coli while the other strains
required markedly higher concentrations. In a human gastric
mucosal epithelial cell infection assay using E. coli, S. enterica
or S. flexneri, no live bacteria could be detected after 24 hours
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with ASO doses as low as 5 pM, with no PNA-associated toxicity
observed in the eukaryotic cells studied. Finally, in vivo mice
studies with intraperitoneal injection of the bacteria followed
by the PNA at 10 mg kg~ * showed an increase in survival over a
week. Whilst no mice survived in the untreated groups, treat-
ment resulted in 40% and 60% survival for the E. coli and
S. flexneri infections respectively, with a significant decrease in
bacterial load detected in various organs.

Translation. Ribosomes, a ribonucleoprotein complex found
in both eukaryotes and prokaryotes, are the main actors driving
translation and have therefore been a popular target for cyto-
toxic drugs.™? In bacteria, the active 70S ribosome is formed of
a 308 and 50S subunit.'®* The smaller particle is composed of
more than 20 proteins that associate with a 16S ribosomal RNA
(rRNA), whilst the larger subunit contains more than 30 pro-
teins that associate with a 23S and 5S rRNA strand. The correct
maturation and assembly of all the components is crucial for
the functioning of the complex, and most protein and rRNA
components have shown high conservation among bacteria."

rps/ is the gene encoding for the 30S ribosomal subunit
protein S10 (NusE). In the same study by Greenberg and cow-
orkers targeting lpxC in P. aeruginosa using PMOs (see Cell
envelope section), they attempted to inhibit rps/ as well."*’
Although targeting rps/ showed promising results for antisense
inhibition and resulted in bactericidal activity in vitro and
in vivo, it performed worse than the lpxC-targeting ASO, requir-
ing higher concentrations to reach similar effects with a MICs,
value of 32 uM (four times higher than for lpxC). Treatment
with the ASO reduced biofilm formation at concentrations of
4-8 uM, and in an in vivo mouse infection assay, they observed
significant reduction of the cfu count in the lungs, albeit
weaker than for the anti-lpxC treatment.

The 30S ribosomal subunit protein S8, encoded by rpsH, was
also highlighted as a promising target for antisense inhibition
in vitro."*® In this comparative study by Végel and coworkers in
uropathogenic E. coli, high antibacterial activity was obtained
for the PNAs targeting acpP, ftsZ, rpsH and dnaB. For rpsH, a
concentration of 2.5 uM resulted in both bacteriostatic and
bactericidal activity, with 1-2 log units decrease in cfu mL ™"
detected over 24 hours.

Metabolism. The acyl carrier protein (ACP) is a key enzyme
involved in lipid biosynthesis in bacteria and plants."’
Encoded in bacteria by the acpP gene, homologues have been
found in most bacterial species. In its activated state, ACP acts
as a central cofactor in fatty acid synthesis by binding all fatty
acyl intermediates, therefore playing a pivotal role in bacterial
lipid metabolism. acpP has become one of the most popular
targets for antisense inhibition, with potent antibacterial activity
obtained both in vitro and in vivo for a wide range of Gram-
negative bacteria, including E. coli,’”> Burkholderia cepacia
complex,'®® Acinetobacter woffii and A. baumannii,**® K. pneumo-
niae,"*° S. enterica’*' and P. aeruginosa.”® In vivo studies with
mice infected intraperitoneally with E. coli showed 100% survival
rates after 50 hours with anti-acpP PMO ASOs delivered either
intraperitoneally or subcutaneously at a dose of 15 mg kg™,
compared to no surviving mice in the control group after only
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12 hours."** In comparative studies, acpP-targeting ASOs also
outperformed ASOs targeting IpxC and rps].”*"*” In an investiga-
tion of 11 essential genes in uropathogenic E. coli as targets for
PNA inhibition, acpP was also highlighted as the best target,
outperforming ftsZ, rpsH, dnaB and rpoD."*° Interestingly, target-
ing hmrB - the acpP ortholog in S. aureus - resulted in only weak
bacterial growth inhibition, with a much poorer performance
than targeting gyrA and finhB.*** This implies that targeting acpP
homologues might not be the optimal strategy for some bacterial
species, especially Gram-positive bacteria.

Cell division. The ftsZ-encoded filamentous temperature
sensitive protein Z (FtsZ) is a ubiquitous bacterial tubulin
homologue involved in cell division.*** Cell division is initiated
by the assembly of FtsZ into a ring-like structure (Z ring) at the
site of division where it acts as a scaffold for the division
machinery, guiding the process throughout.

Targeting ftsZ in several MRSA strains with an LNA-DNA
mixed ASO yielded strong bactericidal activity in vitro and
in vivo.°® The ASO was designed against an internal site of the
transcript and was conjugated to the (KFF);K CPP. Depending on
the bacterial strain, almost complete growth inhibition was
obtained with doses between 1.56 and 6.25 uM over 18 hours,
and a dose of 3.13 pM resulted in a significant decrease in cfu
over 6 hours of more than 8 log cfu mL ™" units compared to the
control. The ASO induced a dose-dependent decrease in mRNA
and protein levels, with almost no detected transcript and
protein after 18 hours at a dose of 6.25 pM. In a cell infection
assay with gastric mucosa originating epithelial cells, no bacteria
were detected after 24 hours with doses of 6.25 uM and higher.
Finally, an in vivo mouse assay with treatment at 3 mg kg "
resulted in 60% survival after 7 days compared to complete
mortality after 2 days in the untreated control group. The strong
antibacterial activity obtained in this study at low doses high-
lights ftsZ as one of the more successful targets investigated
so far.

Emerging targets. More recent studies have successfully
started to explore the possibility of targeting other regulatory
RNAs other than mRNA with ASOs, including riboswitches'**™*”
and small RNAs."*® More research is required to demonstrate the
feasibility of these exciting approaches.

Riboswitches are regulatory RNA elements usually found in
the 5 UTR of mRNAs."**™*® They act as “genetic switches”,
regulating gene expression on a transcriptional or translational
level in response to specific ligands. A typical riboswitch con-
tains two domains, with an aptamer domain that selectively
binds the target ligand, resulting in a conformational change of
a regulatory domain. This can lead to various effects in gene
expression such as transcriptional repression through the
formation of a terminator hairpin in the mRNA or translational
activation through the release of the ribosome binding site.
These highly structurally conserved elements are particularly
widespread in bacteria and archaea, with no known example in
humans. In several consecutive studies, Traykovska and Pench-
ovsky have successfully targeted three important riboswitches —
glucosamine-6-phosphate (glmsS), thiamine pyrophsophate
(TPP) and flavin mono nucleotide (FMN) - in various bacterial
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species using PS-ASOs coupled to a CPP, relying on the RNase
H-mediated degradation of the targeted elements."*>**” These
different classes of riboswitches are involved in negative feed-
back loops regulating the production of essential metabolites
in a wide range of bacteria. All the ASOs designed resulted in
bacteriostatic activity at 700 nM in the species studied. Ribo-
switches therefore represent a particularly interesting new class
of targets due to their widespread nature in bacteria and their
involvement in essential pathways. Moreover, different regions
of the riboswitches often show various degrees of sequence
conservation between bacterial species, potentially allowing the
fine-tuning of species-selectivity of the ASOs by changing the
targeted region.'*>"4¢

Bacterial small RNAs (sRNAs) are a ubiquitous type of
regulatory RNAs that act post-transcriptionally to regulate gene
expression.'>*'>> Although rarely essential, these small RNAs of
40-500 nucleotides in length often bind multiple protein or
mRNA targets to modulate important physiological pathways
involved in for instance virulence and stress response. Tsai and
coworkers targeted for the first time the MicF sRNA, which was
found to play an important role in antibiotic resistance by
regulating the expression of the outer membrane porin
OmpF."*® By binding to the 5’ UTR of ompF, the sRNA inhibits
the translation of the porin required for the uptake of several
types of antibiotics, reducing their activity. Following optimisa-
tion in a cell-free assay, they were able to reduce the MIC of
several antibiotics in E. coli using a combination of two CPP-
PNAs against the SRNA-mRNA interaction region. However, the
observed effect was still limited, with the authors concluding
that longer antisense constructs were needed to properly
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disrupt the interaction in bacteria. Nevertheless, targeting
SRNAs could be a potential complementary approach to combat
antibacterial resistance by increasing their sensitivity to anti-
biotics and other treatments.

4.2 Sequence selection

Various guidelines have been proposed for the optimal target site
selection within a transcript for antisense inhibition in bacteria,
summarized in Fig. 7. These were notably developed following
systematic interrogations across the entire length of different
transcripts using PNA and PMO antisense inhibitors.">*'>”

e One of the key determinants for successful antisense
inhibition is targeting of unstructured and accessible single-
stranded regions of a transcript (Fig. 7A). A strong negative
correlation between the inhibitory activity of the ASOs and
predicted secondary structure of the targeted mRNA region was
observed.">>"” Indeed, strong RNA-RNA interactions within
secondary structures increase the thermodynamic cost required
for ASO binding.>* Similarly, a correlation between the inhibi-
tory activity and propensity to remain linear of the ASO itself
was also highlighted in other studies.">*'>°

e The most successful regions for targeting appear to be the
Shine-Dalgarno sequence - the bacterial ribosome-binding site
- and the start codon (Fig. 7B). Although ASOs are not required
to include the start anticodon, binding outside of this region
was largely inefficient."”®"”” This can be explained by the
sensitivity of ribosome binding and translation initiation to
steric hindrance. This was further confirmed in most studies
mentioned in this review, although some successfully targeted
internal transcript sites.

C)ASO  PNA/PMO length 9-12 nt D) A .
T (%GCand Tm lgss relevant) Ll | l l EGI l l { | Ll 23 'r,nolsangg‘tl??yes
Ribosome
5'UTR™., —
mMRNA T T T T
: sp/ Start / / CStdOp
Sl Codon A) Target unstructured ssRNA regions SERH

. B) Target ribosome-
binding site + start codon

Fig. 7 Antisense oligonucleotide target-site selection. Summary of the main guidelines for selection of the target site within an mRNA for antisense
oligonucleotide (ASO) inhibition. PNA, peptide nucleic acid; PMO, phosphorodiamidate morpholino oligomer; SD, Shine—Dalgarno sequence; ssRNA,

single-stranded RNA; UTR, untranslated region.
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e The melting temperature and GC content of the ASOs does
not seem to correlate with antibacterial activity. Interestingly,
in an in vitro study in E. coli comparing the activity of CPP-
conjugated PNAs against 11 essential gene targets, a strong
correlation was observed between the melting temperature and
the translation inhibitory activity in a cell-free translation assay
(Fig. 7C)."*° However, no correlation was then observed when
assessing the growth inhibitory activity in the bacteria, con-
firming that the melting temperature is not necessarily the
main factor influencing antibacterial activity.

e PMO and PNA lengths of 9 to 12 bases seemed to give
optimal results both in bacterial culture and in cell-free assays
(Fig. 7C). Surprisingly, this differs from results obtained in
eukaryotes for which PMO lengths of less than 16 bases tend
not to cause significant inhibition.’®® This highlights poten-
tially different rules and mechanisms for eukaryotic and bac-
terial antisense inhibition.

e Many other factors contribute to the inhibitory activity of
the ASO as well, with small changes in binding position or
oligonucleotide length - even of just a single nucleotide -
having a great impact.'®" Additionally, the structural context
of the binding site also plays a crucial role in the ASO binding
affinity, even in single-stranded regions.'®> Ultimately, it
remains challenging to accurately predict the activity of differ-
ent ASOs against the same target gene, often requiring empiri-
cal trial-and-error experimentation for optimal results. It is
worth noting that while a single nucleotide mismatch in the
ASO in respect to the target binding site can be tolerated with
sometimes only minor effects on activity, two or more mis-
matches almost completely abolish the inhibitory activity
(Fig. 7D).6%143:159

4.3 Recommendations

Based on studies described here and elsewhere, there appears
to be a selection of essential genes that render good targets in
multiple bacterial strains. A comparison of the different activ-
ities and degrees of evidence obtained has highlighted acpPp,
ftsZ, rpoD and IpxC/IpxB as the strongest candidates so far, with
acpP being the most studied.

It is worth noting however that it is difficult to find an
optimal metric for the direct comparison of the activity spec-
trum of ASOs between different studies. Although the effective
concentration for bacteriostatic and bactericidal activity is a
good indicator for the essentiality of a target, caution should be
taken when interpreting these results, including the MIC values
often provided in the studies. MIC values obtained from
bacterial growth assays are known to be affected by the type
of assay, the initial density of the bacterial culture, the timing
of the measurements'® as well as the growth medium
used.'?”'?® Moreover, the effective concentration of an ASO
can differ significantly between strains of the same bacterial
species, including different clinical isolates.’® As previously
discussed, the delivery method also has an important effect
on the activity, further complicating the comparison. The
experimental design therefore plays an important role in the
measured and reported effective concentrations, and the values
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should not be used on their own to directly compare the
suitability of different targets.

Targeting the ribosome binding site or translation start site
has given the best results in most studies presented, which
would also be our recommendation when designing an anti-
bacterial ASO. Jung et al. recently developed MASON (Make
Antisense Oligomers Now), a tool to design PNA-based anti-
bacterial ASOs for essential genes of several bacterial species."®*
We envision that this type of predictive algorithms will con-
tribute to future ASO design.

5. lllustrative chemical advances

Apart from the fundamental principles that underlie the design
of an optimal antibacterial ASO, additional research is being
conducted to further enhance the performance of future con-
structs. Here, we will highlight several studies that offer potential
chemical strategies to improve ASO design and delivery.

The main delivery agent being used currently is CPPs. Their
chief shortcomings are cytotoxicity and limited stability. To
overcome the latter problem, Nielsen and coworkers explored
the use of p-amino acids, rather than their r-counter parts
(Fig. 8A)."®° First, they analysed the stability of the 1. (KFF);K
CPP conjugated to a PNA based ASO, by incubating it in cell-
free medium obtained from an exponentially growing bacterial
culture. The main degradation product contained the last three
amino acid residues (FFK), still attached to the PNA (Fig. 8A).
Interestingly, no PNA degradation was observed. When a
similar experiment was conducted in live E. coli, the main
degradation products were again the PNA with the last three
amino acids residues attached to it, and PNA without any CPP
appended to it. The half-life of the full CPP-PNA construct in
bacterial culture was estimated to be around 1 hour. Remarkably,
when the authors used the p-form of the same sequence a fully
intact CPP-ASO conjugate was observed in bacterial culture. This
result was explained by bacterial proteases that mostly recognize
t-amino acids, leaving the p-form CPPs intact. Interestingly, the
reported MIC values on wild-type E. coli MG1665 were similar
for both the p- and r-form of the conjugated CPP constructs at
~2 pM, which might be explained by truncated CPP analogues
still being capable of penetrating bacteria.

Besides altering the stereochemistry, numerous other
strategies'®” have been developed to improve the stability of
CPPs, including cyclization'®® of the peptide and backbone
modifications.”® Cyclic CPPs have shown to be more stable in
human serum than their linear counterparts.’®>'’® Addition-
ally, cyclization can improve the cell penetrating properties. For
example, Patil et al."”" explored the use of a polymycin analo-
gue, which are a class of naturally occurring antimicrobial
cyclic peptides, as carrier for PNA-based ASOs. Similar to the
approach for ASOs, chemical alteration of the CPP-backbone
can enhance the stability of the peptide. Peptoids are an
important example of peptide-backbone modification in which
the side-chains are attached to the nitrogen of the amide bond
instead of the a-carbon as in natural peptides. The resulting

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Examples of chemical innovations for antisense technology. (A)
The p-amino acid counterpart of the frequently used (KFF)sK CPP is stable
towards proteolytic degradation.*®® (B) Schematic illustration of a circu-
larised ASO that gets activated upon B-lactamase activity.*®®

N-substituted glycines are more resistant towards proteolytic
degradation.'”> Moreover, a study by Rothbard and coworkers
showed that peptoid-based poly-arginine CPPs outperformed
the p-amino acid variants of the same sequence in the penetra-
tion of eukaryotic cells."”> However, the effect of the use of such
peptidomimetic backbones on ASO delivery into bacterial cells
remains to be determined. Strategies to improve CPPs can be
combined to potentially lead to even greater improvements. For
example, Lim and coworkers recently described the use of cyclic
peptoid-based amphipathic CPPs."”* Taken together, the field
of peptide engineering offers several strategies that could be
applied to mitigate the stability issues of CPPs.

The group of Deiters has been examining the possibilities of
temporarily and locally activating ASOs."”>'’® One potential
benefit could be that in its inactive form, the ASO is protected
from degradation and only when necessary will be activated
and become vulnerable. In a recent example, Deiters and cow-
orkers designed an inactive cyclic PMO ASO, that can be
linearized by B-lactamases to become active.'®® They synthe-
sized a P-lactam containing linker that was appended to an
alkyne at the 5’ end of the PMO and to a thiol at the 3’ end with
a chloroacetamide moiety, to circularize the ASO (Fig. 8B).
Using a cell-free translation assay they showed that the circu-
larized ASO did not affect expression of a luciferase gene,
whereas upon treatment with p-lactamase, the luciferase signal
was decreased by ~65%, demonstrating the potential of their
setup. In a non-bacterial example, they continued to assess the
performance of the circular PMO ASO in zebrafish. The ASO
targeted the developmental gene ntla, that when silenced
results in truncated tails. B-Lactamase was expressed through
injection of mRNA and only when the mRNA and ASO were
both injected, was the morphant phenotype observed. This
example underscores the potential for in vivo applications.

This journal is © The Royal Society of Chemistry 2024
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Furthermore, this approach could be useful to selectively target
B-lactamase expressing bacteria.

6. Outlook

In this Tutorial Review we hope to provide guidelines for the
design of effective antibacterial ASOs. Although we currently
have a reasonable understanding of how to develop ASOs that
perform well in vitro, making the next step to routine in vivo and
eventual clinical use will require considerable research efforts.

First, new and better delivery agents will need to be devel-
oped. The chief method currently is CPPs, but their reported
toxicity'”” will likely continue to pose a hurdle for in vivo use.
Small-molecule carriers have the potential to overcome some of
these toxicity issues, but so far there has only been limited
research conducted in this area.

Second, there have been reports of ASO-conjugate resistant
mutant strains. Both Geller and coworkers and the group of
Nielsen identified an inner membrane peptide transporter
encoded by sbmA in E. coli involved in the uptake of CPP-
conjugated ASOs."”®'7® Strains carrying mutations in the gene
lost their sensitivity to certain PNA and PMO conjugates in the
experiments. Nevertheless, the recognition of the molecules by
the transporter seemed to be depended on the CPP used, and
sensitivity to the ASOs could be restored in the mutant strains by
switching delivery strategy. Further research in the cellular
transport mechanisms for the various antisense oligonucleotide
chemistries and delivery methods is therefore needed to under-
stand and circumvent potential resistance mechanisms. Addi-
tionally, since the activity of antisense inhibitors relies on the
conservation of the target sequence, target gene mutations could
lead to antimicrobial resistance. This was for example observed
in a study on PMO inhibition in severe acute respiratory syn-
drome coronavirus (SARS-CoV).'®" The advantage of antisense
therapy compared to classical drugs is that the sequence of the
ASOs can in principle be adapted to changes in the target
sequence to circumvent these problems. ASOs can also be used
in combination with antibiotics to help limit drug resistance,
with studies even highlighting a synergistic antibacterial effect
obtained for many such combinations.'®"

Lastly, it will likely be preferred to develop antibacterial
ASOs that are applicable to multiple strains. This poses the
challenge to identify potent target sequences that several
strains have in common, as well as a delivery agent that is
applicable to all the targeted strains. So far, most studies have
focused on targeting only a few strains with one ASO construct.
As we have seen through many of the examples discussed, the
same ASO constructs can also have significantly different levels
of activities between different bacterial species

Despite these challenges, we believe the use of antibacterial
ASOs offer great advantages over traditional small molecule
antibiotics and we are hopeful that in the near future first
designs will be tested in clinical settings. We expect that
alternative, non-traditional antibiotics, such as antibodies,
antibacterial peptides, bacteriophages and ASOs will become
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increasingly important to restock the arsenal of effective anti-
biotics. Although each of these non-traditional antibiotics has
their own specific strengths and limitations, they hold great
promise to play an important role in combatting antibiotic-
resistant bacteria. We believe that in particular the selectivity
and sequence adaptability of ASOs will be useful for developing
new antibacterials."®>
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