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Abstract

Antimicrobial resistance is a major obstacle for the treatment of infectious dis-
eases and currently represents one of the most significant threats to global
health. Staphylococcus aureus remains a formidable human pathogen with
high mortality rates associated with severe systemic infections. S. aureus has
become notorious as a multidrug resistant bacterium, which when combined
with its extensive arsenal of virulence factors that exacerbate disease, culmi-
nates in an incredibly challenging pathogen to treat clinically. Compounding
this major health issue is the lack of antibiotic discovery and development, with
only two new classes of antibiotics approved for clinical use in the last 20 years.
Combined efforts from the scientific community have reacted to the threat of
dwindling treatment options to combat S. aureus disease in several innovative
and exciting developments. This review describes current and future antimicro-
bial strategies aimed at treating staphylococcal colonization and/or disease,
examining therapies that show significant promise at the preclinical develop-
ment stage to approaches that are currently being investigated in clinical trials.

INTRODUCTION

Staphylococcus aureus is a Gram-positive, coagulase-
positive, non-spore forming and non-motile coccoid
bacterium. It is widely regarded as one of the most
impressive and successful human pathogens. These
Janus-faced bacteria (Broker et al., 2014) have evolved
the capacity to inhabit the mammalian host asymptomat-
ically while retaining the ability to transmit successfully in
both healthcare and community environments and cause
severe, often life-threatening infections. S. aureus is well
adapted to the human host and resides within the moist
squamous epithelium of the anterior nares in 20—40% of
the general population (Peacock et al., 2001). Following
breach of cutaneous and/or mucosal barriers, S. aureus
may gain access to the bloodstream or a underlying
tissue, resulting in infection. Immunocompromised pa-
tients, persons with indwelling medical devices and peo-
ple who are colonized by S. aureus, are at greatest risk
to infection (Lowy, 1998; von Eiff et al., 2001).

S. aureus has evolved an extensive panel of multi-
functional and often redundant secreted and cell wall
anchored virulence factors which target components
of both the innate and adaptive immune system and
permit efficient adherence and colonization of specific
anatomical niches (Cheung et al., 2021; Geoghegan &
Foster, 2017). Consequently, S. aureus exists as a for-
midable opportunistic pathogen and a leading cause of
skin and soft tissue infections, device-associated infec-
tions, bacteraemia, endocarditis, bone and joint infec-
tions and pneumonia (Tong et al., 2015).

The introduction of antibiotics into medicine was
arguably the most important medical development of
the last century, however, shortly after the use of p-
lactam antibiotics in the clinic, antibiotic-resistant S. au-
reus strains emerged (Kirby, 1944). Methicillin-resistant
S. aureus (MRSA), a term synonymous with resistance
to an extensive list of p-lactams, evolved following the
acquisition of the mobile genetic element designated
staphylococcal cassette chromosome mec (SCCmec)
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which harbours the mecA gene (Katayama et al., 2000).
The gene mecA encodes the alternative penicillin-
binding protein 2a (PBP2a) which has a lower affinity
for p-lactams and can consequently perform essential
crosslinking of the bacterial peptidoglycan in the pres-
ence of antibiotics (Hartman & Tomasz, 1984). Globally,
MRSA spread rapidly in the healthcare and community
settings via the serial emergence of dominant, geo-
graphically varied MRSA clones (Lee et al., 2018).

Although in recent years the incidences of healthcare-
associated MRSA infections have declined in China,
Europe and the United States, they still present a signif-
icant clinical challenge in low- and middle-income coun-
tries (Bai et al., 2022). Despite this decline, data from the
United States indicate mortality due to MRSA infection
remains higher than any other antibiotic resistant patho-
gen, with over 20,000 deaths reported in 2018 (Kourtis
et al., 2019). In Europe, recent data show MRSA causes
150,000 infections and 7000 deaths annually (Cassini
et al., 2019). In the most up-to-date study estimating
global antimicrobial resistance (AMR) burden, MRSA
caused more than 100,000 deaths in 2019 and S. au-
reus was listed as second in the top six pathogens for
deaths associated with AMR (Antimicrobial Resistance
Collaborators, Murray, 2022). Economically, MRSA in-
fections are estimated to contribute to an additional $1.7
billion in extra in-hospital costs for USA healthcare ser-
vices every year (CDC, 2019).

At present MRSA is endemic in many healthcare
facilities and global data confirm the major clinical
challenge presented by multidrug resistant S. aureus.
Currently there is a paucity in the development of novel
classes of antibiotics required to combat antibiotic-
resistant infections. In addition, despite combined ef-
forts from scientists and the pharmaceutical industry
there is no licenced vaccine to prevent staphylococ-
cal infection. Therefore, there is a major need to de-
velop new antimicrobial strategies to tackle S. aureus
disease.

In this review we examine potential antimicrobial
strategies for the future treatment of staphylococcal dis-
ease, highlighting approaches that are in their infancy
at preclinical development to treatments undergoing
review in clinical trials. Not included for commentary
are structural alternatives to existing antibiotic classes
that are in various stages of clinical development which
have been recently reviewed (Butler & Paterson, 2020;
Hutchings et al., 2019).

NOVEL TARGETS
Lipoteichoic acid inhibitors
Teichoic acids are a family of diverse cell surface glyco-

polymers consisting of phosphodiester-linked polyol re-
peat units. These polymers are divided into lipoteichoic
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acids (LTAs), which are linked to the membrane through
a glycolipid anchor and wall teichoic acids (WTAs), pol-
ymers that are covalently attached to the peptidogly-
can (Brown et al., 2013; Percy & Grundling, 2014).
Both WTA and LTA play important roles in many as-
pects of cell physiology (Brown et al., 2013; Percy &
Grundling, 2014). Importantly, mutants defective in
WTA have growth and virulence impairments (Brown
et al., 2013), whereas LTA mutants are conditionally le-
thal, requiring growth in high-osmolarity medium and
low temperature or rescued following the acquisition
of compensatory mutations (Percy & Grundling, 2014).
Accordingly, inhibition of teichoic acid biosynthesis is
an attractive therapeutic intervention strategy, however,
recent successes have centred on interrupting LTA
biosynthesis.

LTA polymerization is initiated following the transfer
of the diglucosyl-diacylglycerol (Glc2-DAG) lipid an-
chor from the cytoplasm to the membrane, likely via
the action of the flippase LtaA. LTA synthesis requires
the extension of the LTA glycerolphosphate (GroP)
chain and linkage to the membrane anchor. This
process involves the LTA synthase (LtaS) which pro-
motes the repeated addition of GroP subunits sourced
from the phosphatidylglycerol (PG) membrane lipids
(Percy & Grundling, 2014). Several LTA inhibitors have
been discovered and may prove to be effective future
antibiotics.

Compound 1771 [2-0x0-2-(5-phenyl-1,3,4-0xa
diazol-2-ylamino) ethyl 2-naphthol[2,1-b] furan-1-
ylacetate (Figure 1) was discovered as an LTA syn-
thesis inhibitor following an extensive small molecule
library screen. Enzyme—substrate binding analysis
revealed that compound 1771 abolished the inter-
action of the extracellular catalytic domain of LtaS
(eLtaS) to PG and the subsequent cleavage of PG by
eLtaS (Richter et al., 2013). Structure activity rela-
tionship (SAR) analysis and hydrophilic—hydrophobic
molecular mapping showed compound 1771 bears
structural similarity to PG and may act as a com-
petitive inhibitor, disrupting LtaS-mediated GroP
polymerization. Compound 1771 has subsequently
undergone a multitude of structural reconfigurations,
directed by SAR and molecular dynamic simulations,
resulting in a compound (designated compound 4;
Figure 1) with greater binding affinity to eLtaS, im-
proved antibacterial activity and significant p-lactam
synergy (Wezen et al., 2022). However, there is de-
bate within the scientific community as to whether
eLtaS is the primary target of compound 1771.
The work of Takashi et al previously hypothesized
that the azo dye congo red might disrupt LTA bio-
synthesis after discovering its antimicrobial activity
against strains lacking wall teichoic acids (Suzuki
et al., 2012). Subsequently, Vickery et al developed
an assay employing artificial proteoliposomes recon-
stituted with full length LtaS whereby LTA anchors to
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FIGURE 1

the membrane via PG and promotes the synthesis of
the polymer (Vickery et al., 2018). In this LtaS recon-
stitution assay only the azo dye Congo red resulted
in enzymatic inhibition; compound 1771 had no LtaS
inhibitory activity and therefore may inhibit LTA for-
mation either by inhibiting one of the upstream es-
sential LTA biosynthesis enzymes or through a more
general toxicity mechanism.

A hybrid class of compounds inspired by Congo red
and 1771, targeting LTA biosynthesis are the N-(1,3,4-
oxadiazol-2-yl) benzamides, where one specific, highly
active compound, HSGN-94 (Figure 1) has been ex-
tensively characterized. HSGN-94 has shown activity
against multiple S. aureus and Gram-positive strains,
displaying low cytotoxicity, minimal in vitro resistance
development following extensive passage and sig-
nificant protection in S. aureus murine skin infection
models (Naclerio et al.,, 2022). Interestingly, HSGN-
94 was found to directly interact with the cytoplasmic
a-phosphoglucomutase PgcA, an enzyme that func-
tions at the beginning of the LTA pathway synthesiz-
ing glucose-1-phosphate from glucose-6-phosphate.
In addition, HSGN-94 exposure resulted in the down-
regulation of the multifunctional phosphatidylglycerol
phosphatase synthase PgsA which is essential for
PG synthesis and thus LTA polymerization (Naclerio
et al.,, 2022).

Future work unravelling the precise drug target(s) for
LTA inhibition will propel the clinical utility of these small
molecule inhibitors where importantly the emergence
of resistance following serial in vitro exposure has been
very limited (Naclerio et al., 2022; Richter et al., 2013).

Compound 4 HSGN-94
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Structures of recently developed lipoteichoic acid (LTA), FtsZ and Fabl inhibitors.

FtsZ inhibitors

The filamentous temperature-sensitive protein Z (FtsZ)
is a major component of the divisome, a macromolecu-
lar complex that governs bacterial cytokinesis. FtsZ is
the first protein to migrate to the site of division and
self-polymerizes in a GTP-dependent fashion, forming
protofilaments that aggregate into a filamentous ring-
like structure (Z-ring). The Z-ring serves as a cytoskele-
tal scaffold for the recruitment and organization of other
cell segregation proteins that support septum formation
and cell division (Han et al., 2021). FtsZ has recently
emerged as an attractive antibacterial target for several
reasons: (1) FtsZ is crucial for bacterial cell separation
and survival; (2) FtsZ is highly conserved across bacte-
rial species indicating that this protein would represent
a broad-spectrum antibacterial target; (3) FtsZ is not
present in mammalian cells suggesting that FtsZ inhibi-
tors would not pose significant toxicity concerns (Han
et al., 2021; Tripathy & Sahu, 2019).

PC190723 represented a new class of ben-
zamides that specifically targeted FtsZ (Figure 1).
This molecule was discovered following an in-depth
fragment-based approach using the small FtsZ li-
gand, 3-methoxybenzamide as a scaffold. Although
PC190723 exhibited impressive in vitro bactericidal
activity against MRSA and demonstrated efficacy in a
murine septicaemia model (Haydon et al., 2008), clin-
ical development was hindered due to poor pharma-
cokinetic properties (Kaul et al., 2013). To circumvent
these issues, two prodrugs of PC190723 (TXY436
and TXY541) were designed resulting in enhanced
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physiochemical qualities suitable for clinical adminis-
tration but these molecules continued to suffer from
poor pharmacokinetics (Kaul et al., 2013). A third pro-
drug (TXA709) of an alternative benzamide (TXA707)
was developed which exhibited significantly increased
metabolic stability, enhanced pharmacokinetic features
and greater in vivo potency against S. aureus (Kate
et al.,, 2015). The substitution of a Cl group with an
electron-with-drawing CF, functionality on the pyridyl
ring of the prodrug conferred increased resistance to
cytochrome P450-mediated metabolism, preventing
rapid elimination and extending the half-life of the active
product TXA707 (Figure 1, Kate et al., 2015). TXA709
is currently undergoing phase I clinical trials, as an oral
formulation targeting MRSA infections (TAXIS, 2020).

The selection of TXA709 resistant mutants in vitro
occurred at a frequency of 3x1078 consistent with
compounds that target a single gene product (Haydon
et al., 2008). The resistance mechanism was attributed
to target site modifications within the interdomain cleft
of FtsZ with mutations G196S or G193D most frequently
observed (Haydon et al., 2008; Kate et al.,, 2015).
In response, researchers developed a modified
TXA707 which possessed greater structural flexibility
(TXAB6101; Figure 1) and retained activity against iso-
lates harbouring FtsZ mutations that confer resistance
to TXA707 (Fujita et al., 2017), offering key insights into
the structural basis for the design of future FtsZ inhibi-
tors. TXA6101 also displayed lower frequency of resis-
tance in MRSA compared to TXA707. Crystallographic
analysis revealed TXA6101 can induce conformational
changes in the FtsZ binding pocket and crucially avoid
steric clashes with Ser196 and Asp193 facilitating
tighter binding to mutant FtsZ (Fuijita et al., 2017).

In summary, benzamide-based FtsZ inhibitors are
novel bactericidal drugs which have shown in vivo
efficacy in animal models and can be modified to
overcome resistance developed following intensive se-
lection. Future clinical trials will report on the safety, tol-
erability, immunogenicity and efficacy, of FtsZ inhibitors
either as single agents or in combination with clinically
relevant antibiotics.

Fabl inhibitors

The bacterial fatty acid biosynthesis (FAS) pathway
provides essential precursors for the formation of
several important cellular components such as phos-
pholipids and represents a primary step in membrane
lipid biogenesis. In humans, the type | FAS pathway
is governed by a single multifunctional enzyme com-
plex with several distinct domains. Importantly in bac-
teria, the type Il FAS pathway is controlled by distinct
enzymes, one of which, the NADPH-dependent enoyl-
acyl carrier protein (ACP) reductase Fabl, has been
shown to be essential for S. aureus viability (Campbell
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& Cronan, 2001; Ji et al., 2004). Fabl functions during
the last step of the biosynthetic pathway, controlling
acyl chain elongation for saturated and unsaturated
fatty acid synthesis (Campbell & Cronan, 2001). In S.
aureus Fabl is the only enoyl-ACP reductase and is
therefore essential. Combined with the organizational
and structural difference in FAS between prokaryotes
and eukaryotes, inhibitors of Fabl represent a novel
and promising anti-staphylococcal target.

Two Fabl inhibitors that have potent activity against
multidrug resistant S. aureus have been extensively
examined. Afabicin desphosphono (Debio 1452; AFN-
1252) and its corresponding prodrug Afabicin (Debio
1450; AFN-1720) represent a first-in-class Fabl inhibi-
tor, composed of a 3-methylbenzofuran and an oxotetra-
hydronaphthyridine linked by an N-methylpropenamide
(Figure 1). Afabicin demonstrates narrow spectrum
inhibitory activity against staphylococci, with an
MIC,,<0.015pug/mL against clinically relevant MSSA
and MRSA isolates (Karlowsky et al., 2009) and
demonstrated superior activity over linezolid in a mouse
model of septicaemia (Kaplan et al., 2012). Extensive
biochemical analysis, macromolecular incorporation
studies and crystallographic data confirmed Fabl as
the selective target for afabicin (Kaplan et al., 2012).
A phase Il multicentre trial demonstrated that afabicin
desphosphono is well tolerated and was effective in the
treatment of staphylococcal acute bacterial skin and
skin structure infections (ABSSSIs) (NCT01519492)
(Hafkin et al., 2016). Furthermore, Afabicin was shown
to be non-inferior to vancomycin/linezolid in the treat-
ment of ABSSI in a phase Il, randomized double blind
multicentre study (NCT02426918) (Wittke et al., 2020).

Nilofabicin (CG400549) is a benzyl-pyridone
(Figure 1) which also exhibits potent activity against
MSSA and MRSA isolates and was effective in com-
bating systemic S. aureus infection in a murine model
(Park et al., 2007). Overexpression of fabl in S. aureus
resulted in enhanced resistance to nilofabicin. In addi-
tion, genome analysis of in vitro selected nilofabicin-
resistant S. aureus identified mutations in Fabl (F204L)
(Park et al., 2007) confirming the enoyl-ACP reduc-
tase as the primary antibacterial target. A phase lla
open-label exploratory study demonstrated safety
and efficacy in patients with complicated ABSSSI
(NCT01593761).

ENGINEERED ANTIMICROBIAL
PEPTIDES

Antimicrobial peptides (AMPs) are central components
of the innate immune system and act as a first line of
defence against microbial intruders. AMPs that target
and permeabilize the bacterial membrane have long
been viewed as potential alternatives to antibiotics.
Their mechanism of action is hypothesized to engage
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nonspecifically with the membrane surface of patho-
gens and not individual proteins, which may be ben-
eficial in reducing the emergence of resistance during
treatment (Wimley & Hristova, 2011). AMPs act rap-
idly to compromise microbial membrane integrity and
have been shown to act synergistically with clinically
relevant antibiotics (Steenbergen et al., 2009; Wimley
& Hristova, 2011). In this section we will review the
most promising novel AMPs that have shown anti-
staphylococcal activity in recent clinical trials.

PLG0206

PLG0206 (WLBUZ2) is an engineered 3.4kDa, 24 residue
cationic amphiphilic AMP (Huang, Brothers, et al., 2022).
This AMP has been designed to have improved toxicity
and maintain activity in the presence of physiologic con-
centrations of ions and acidic pH, both common limitations
of naturally occurring AMPs (Wimley & Hristova, 2011).

PLG0206 has broad spectrum of activity, inhibiting
numerous antimicrobial resistant priority pathogens,
including S. aureus, when examined using in vitro and
ex vivo inhibitory assays and in vivo animal models of
infection (Huang, Brothers, et al., 2022). This AMP has
shown significant inhibitory activity against mature S.
aureus biofilms grown on metal implant material and in
animal models designed to represent periprosthetic joint
infections (PJIs) (Mandell et al., 2020). Detailed mech-
anistic dissection has shown that PLG0206 interaction
with bacterial membranes result in lipid phase consoli-
dation leading to local membrane stiffening and a loss
of lipid order and membrane thickness. This results in
lipid headgroup mismatches and leads to decreased
ion flow (Heinrich et al., 2020). Furthermore, PLG0206
has undergone comprehensive non-clinical safety stud-
ies which directed a phase | intravenous clinical safety
study in healthy human volunteers, which highlighted
an acceptable safety profile (NCT05137314) (Huang,
Dobbins, et al.,, 2022). The developer, Peptilogics,
plans to start phase Il trials of PLG0206 as a treatment
for PJIs of which S. aureus is major contributor.

Brilacidin

Brilacidin (PMX30063) is a small molecule aryla-
mide AMP mimic, composed of a planar scaffold
decorated with two trifluoromethane hydrophobic
substitutions and four positive guanadinyl and pyridi-
nyl substitutions that was optimized for its activity
against S. aureus (Choi et al., 2009). Treatment of
S. aureus with brilacidin causes rapid depolarization
of the membrane comparable to the clinically used
lipopeptide antibiotic daptomycin. Further transcrip-
tional profiling showed that like daptomycin, brilacidin
induced the expression of cell wall stress responsive

two-component systems WalRK and VraRS, strongly
indicating adverse effects on cell wall dynamics
(Mensa et al., 2014).

Brilacidin underwent two randomized phase |l
clinical trials (NCT02052388 and NCT01211470) for
the treatment of ABSSSI caused by S. aureus, using
daptomycin as the comparator agent (Jorgensen
et al., 2015). The primary endpoint of early clinical
response defined as a >20% reduction in lesion size
was high (>90%) in patients treated with brilacidin and
comparable to the daptomycin-treated group. No se-
rious adverse events were documented indicating an
appropriate safety profile. The developer, Innovation
Pharmaceuticals, has since announced that they
seek to start phase lll clinical trials in patients with
ABSSSI.

OP-145

OP-145 (previously known as P60.4Ac) is a syn-
thetic derivative of the human cathelicidin LL-37, con-
structed to maintain antimicrobial activity towards
Gram-negative and Gram-positive bacteria while
limiting the proinflammatory activity of LL-37. OP-
145 also contains modifications favouring amphi-
pathic helix formation and alterations at the N- and
C-terminus to protect against proteolytic degradation
and enhanced in vivo stability (Nell et al., 2006). OP-
145 has shown to be effective against MRSA using
in vitro inhibitory assays, biofilm models and MRSA
infected thermally wounded human skin equivalents,
while maintaining low toxicity on human epidermal
models (Haisma et al., 2014). OP-145 has shown
promise as a local topical therapeutic, retaining activ-
ity in formulations suitable for skin and nasal mucosa
application (Haisma et al., 2016).

Investigation is currently underway for the suitabil-
ity of OP-145 as an ototopical solution for the treat-
ment of chronic suppurative otitis media (CSOM).
Recent data from a randomized, double-blinded
placebo-controlled multicentre phase Il study indicate
that application of OP-145 to ear canal of patients
suffering from CSOM was safe and well-tolerated.
Otoscopic scoring used as a clinical endpoint demon-
strated a higher treatment success in patients treated
with OPA-145 than in the placebo group (Peek
et al.,, 2020).

LTX-109

LTX-109 is another compound inspired by a naturally
occurring peptide, drawing inspiration from lacto-
ferricin. LTX-109 comprises both cationic units and
lipophilic groups incorporating nongenetically coded
synthetic amino acids, a modified tryptophan residue
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and capped by an ethylphenyl group at the C-terminus
(Isaksson et al., 2011). This synthetic peptidomimetic
displays fast-acting, broad-spectrum bactericidal an-
timicrobial activity, including inhibitory activity against
MRSA and vancomycin-resistant S. aureus (VRSA),
and is less susceptible to host endoproteases (Isaksson
et al., 2011; Saravolatz et al., 2012). To date no in vitro
cross resistance with other AMPs or antibiotics has
been observed, potentially because of the ultra-rapid
membrane destruction activity of LTX-109 resulting in a
lower likelihood for resistant mutants to emerge.

LTX-109 has shown efficacy in phase I/lla clinical tri-
als assessing nasal decolonization in persistent MRSA
and MSSA carriers (NCT01158235). Patients were
treated for 3days with placebo or 1%, 2% or 5% LTX-
109; a statistically significant decrease in S. aureus bur-
den measured by CFU in nasal swabs was observed
in subjects treated with 2% or 5% LTX-109 (Nilsson
et al., 2015). Systemic exposure was very low, and no
safety concerns were reported following a 9-week pe-
riod. A phase Il, double-blind, placebo-controlled, ran-
domized study to examine the tolerability and efficacy
of LTX-109 administered topically to carriers of S. au-
reus was completed in 2021 (NCT04767321), however,
the results have not been published.

NEW NATURALLY
OCCURRING ANTIBIOTICS

Historically, naturally occurring products derived from cul-
tivable soil microorganisms have been the mostimportant
source of clinically used antibiotics. Recently, there has
been renewed focus on the discovery of naturally pro-
duced compounds following advancements in techniques
designed to isolate and propagate previously uncultur-
able microorganisms. Innovative technologies such as
membrane diffusion-based reactors, microfluidic-based
cultivation systems and cell-sorting technologies coupled
with genome-resolved metagenomic approaches have
the potential to drive a new era in antibiotic drug design
and development (Lewis et al., 2021). Below, we have
discussed promising examples of naturally occurring an-
tibiotics with anti-staphylococcal activity.

Teixobactin

Teixobactin is a hugely promising new cell wall target-
ing antibiotic currently in preclinical stages of develop-
ment. Unearthed using the diffusion-based isolation
()CHIP technology, teixobactin was isolated from the
B-proteobacteria, Eleftheria terrae and displayed
broad-spectrum activity against the multidrug resistant
Gram-positive organisms, S. aureus, Streptococcus
pneumoniae and vancomycin resistant enterococci
(VRE) and in vivo efficacy in multiple animal models
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of infection (Ling et al., 2015). Structurally, this com-
pound is an undecapeptide consisting of five non-
canonical amino acids which includes four D-amino
acids and a cationic L-allo-enduracididine located in
a C-terminal depsi-cycle (Figure 2). Using a combina-
tion of solid-state NMR, confocal microscopy and mo-
lecular dynamic simulations, the mechanism of activity
of this molecule was resolved at the atomic level. The
C-terminal enduracididine motif enables teixobactin
to bind to the pyrophosphate-sugar moiety of lipid II,
while the N-terminus facilitates oligomerization of mul-
tiple teixobactin molecules with other lipid Il molecules
promoting the configuration of a p-sheeted teixobactin/
lipid 1l macromolecule that forms an intricate fibrillar
structure (Figure 2, Shukla et al., 2022). These fibrils
not only obstruct peptidoglycan synthesis, but the hy-
drophobic tails of lipid Il aggregate within the supra-
molecular fibrillar structure, displacing phospholipids
resulting in membrane defects. Lastly, teixobactin has
also been shown to target a conserved motif on lipid Il
a precursor of cell wall teichoic acids; thus, this mol-
ecule causes extensive damage to the cell envelope,
halting peptidoglycan synthesis and disrupting mem-
brane integrity (Ling et al., 2015; Shukla et al., 2022).
Importantly, the highly conserved pyrophosphate-sugar
moiety of lipid Il cannot be readily altered, thus preclud-
ing the development of target site resistance. However,
it is possible that enzymatic drug modification systems
have developed in competitor soil bacterium.

Complestatin and corbomycin

A phylogeny-guided analysis of glycopeptide antibiotic
biosynthetic gene clusters (BGCs) that lacked known
self-resistance genes identified two compounds with
potent anti-staphylococcal activity (Culp et al., 2020).
One of the analysed BGCs contained the known com-
pound complestatin produced by Streptomyces sp.
WACO01325. The second compound was derived from
BGCs sourced from a divergent clade with no known
characterized members. Phylogenetic based structural
predictions enabled the isolation of a metabolite from
Streptomyces sp. WAC01529 which was subsequently
named corbomycin (Culp et al., 2020).

Both complestatin and corbomycin (Figure 2) were
found to be active against MRSA, daptomycin resis-
tant S. aureus, vancomycin intermediate S. aureus
(VISA), and VRE, indicating a different mechanism of
action compared to classical glycopeptide antibiotics.
Exposing the model Gram-positive organism, Bacillus
subtilis, to sub-MICs of both compounds showed sig-
nificant peptidoglycan dysfunction, distorted septal
formation, thickened cell wall and granular forma-
tions in the cytoplasm, similar to B. subtilis mutants
defective in autolysin production. Using imaging, bio-
chemical and whole-cell systems, complestatin and
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FIGURE 2 Structure and mechanism of action of new naturally occurring antibiotics. Cell wall synthesis begins with the formation of
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lipid Il, such as deamination of D-Glu on the stem peptide, is performed by MurT and GatD. The completed lipid Il molecule is subsequently
flipped to the outer membrane through the action of MurJ/SAV1754 which is blocked by the action of humimycin A and humimycin B. The
final stage of cell wall synthesis is carried out by penicillin-binding proteins (PBPs), which incorporate lipid Il into the growing peptidoglycan
sacculus through transglycosylation and transpeptidation reactions. This is prevented through the action of malacidin A and teixobactin
which bind to extracellular lipid 1l and prevent PBP binding. As peptidoglycan matures it undergoes structural reconfiguration through the
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phosphate by UppP and used as a precursor for wall teichoic synthesis. TarO and TarA catalyse the formation of the disaccharide linker
which is conjugated to undecaprenyl diphosphate. Next two glycerol phosphate residues are added by TarB which sets the stage for
teichoic acid polymerization. Repeating subunits of ribitol phosphate are added by TarF and TarL. The completed teichoic acid is flipped

to the outer membrane by TarGH and incorporated in the cell wall by the teichoic ligase LcpA. Importantly, teixobactin has been shown to
bind to multiple cell wall and teichoic acid precursors including lipid lll and undecaprenyl diphosphate and lipid |. WAP-8294A2 is thought
to cause menaquinone-dependant membrane lysis. Lugdunin is thought to cause membrane disruption through an unknown mechanism of

action.

corbomycin were observed to inhibit the activity of
diverse peptidoglycan hydrolases and treatment with
sub-MICs resulted in the accumulation of peptidogly-
can (Culp et al., 2020). The results suggest that both
compounds interfered with the activity of autolysins,
enzymes central in peptidoglycan remodelling and
cell division (Vollmer et al., 2008).

As both molecules could inhibit a broad range of
structurally unrelated autolysins, it was suggested that
they bind to the autolysin substrate, peptidoglycan.
Indeed, pretreatment of purified peptidoglycan with
both molecules prevented digestion by the B. subtilis
cell wall endopeptidase. Further work using BODIPY
labelled complestatin and corbomycin showed that
these compounds bound conserved residues within
the peptidoglycan structure, supporting their broad-
spectrum activity. Combined, these results indicate a
novel mechanism of action whereby complestatin and
corbomycin bind to peptidoglycan and interfere with
the ability of autolysins to recognize their substrate,
blocking peptidoglycan modelling (Figure 2). Excitingly,
both molecules were shown to be effective in treating

S. aureus superficial skin infection in a neutropenic
mouse model with similar efficacy to the topical antibi-
otic fusidic acid (Culp et al., 2020).

Malacidins

The strategy that resulted in the discovery of complesta-
tin and corbomycin has also been applied to search the
metagenomes of 2000 soil samples for the presence of li-
popeptide BCGs with calcium-binding motifs. Subsequent
phylogenetic analysis showed numerous divergent
clades not associated with known lipopeptide BCGs. One
distinct clade was found in 19% of metagenomes, sug-
gesting the presence of an abundant, previously unchar-
acterized family of calcium-dependant antibiotics which
the authors christened as malacidins (Hover et al., 2018).
Recovery of the malacidin specific BCG was achieved
through the construction of an E. coli cosmid library using
purified DNA from a desert soil that was rich in the mala-
cidin natural product sequence tag. Compound analysis
revealed that malacidins were cyclic lipopeptides with a
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protein core comprised of four non-canonical/proteino-
genic amino acids (Figure 2). Malacidins lack the known
Asp-X-Asp-Gly calcium-binding motif, however, in vitro
susceptibility testing across a range of calcium ion con-
centrations showed a clear dependency on calcium for
antibacterial activity, confirming the presence of an alter-
native calcium-binding motif. Malacidins have a spectrum
of activity which includes a broad range of Gram-positive
pathogens including multidrug resistant (MDR) S. aureus
strains and VRE with an MIC of 0.1-2pg/mL. In vivo po-
tency of malacidins has been demonstrated in a rat wound
model in which malacidin A was topically administered.
Following 24h and 72h postinfection, malacidin A was
successful in significantly reducing wound bacterial bur-
dens. Likewise, the authors noted no substantial toxicity
or haemolytic activity even at concentrations >100x the
MIC (Hover et al., 2018). A known drawback of daptomy-
cin as a therapeutic agent is its inability to treat bacterial
pneumonia due to being inactivated by pulmonary sur-
factant (Silverman et al., 2005). However, malacidins do
not share this encumbrance allowing them to be further
investigated for this type of infection (Hover et al., 2018).
Treatment with malacidin A results in accumulation
of the cell wall precursor molecule undecaprenyl-N-
acetylmuramic acid-pentapeptide (Figure 2), which is
consistent with other cell wall targeting antibiotics such
as vancomycin and friulimicin (Reynolds, 1989). Further
thin layer chromatography analysis using a mobility shift
assay found malacidin to be a lipid Il binder. The lipid
Il binding was found to be distinct as malacidins retain
activity against vancomycin resistant pathogens. The
authors have also noted that S. aureus seems unable
to induce resistance against malacidin, with no notable
shift in MIC over 20days of passage (Hover et al., 2018).
Whether resistance can be achieved through horizontal
gene transfer from soil competitors requires further study.

Lugdunin

Lugdunin is the first reported non-ribosomally synthe-
sized bioactive compound from human microbiomes.
Produced by Staphylococcus lugdunensis, a nasal and
skin commensal, lugdunin is the founding member of a
novel class of thiazolidine-containing cyclic peptide anti-
biotics (Figure 2, Zipperer et al., 2016). This molecule pos-
sesses potent bactericidal activity against a broad range
of Gram-positive pathogens, including MRSA. Moreover,
lugdunin was shown to be effective in reducing S. aureus
burden in a mouse skin infection model. Furthermore,
the presence of S. lugdunensis in the human nares in-
terferes with S. aureus carriage, reducing colonization
by approximately sixfold compared to persons not colo-
nized by the commensal (Zipperer et al., 2016).

It is thought that lugdunin exerts its bactericidal
effect on S. aureus through membrane potential dis-
sipation in a protonophore-like mechanism (Schilling
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et al., 2019). In addition to its bactericidal action, lug-
dunin exerts immunomodulatory activity by stimulat-
ing human skin cells to produce synergistically acting
host defence peptides (Bitschar et al., 2019), offering
a multi-level protection against S. aureus. Promisingly,
in vitro serial passage experiments noted a low risk for
the emergence of resistance by mutation, however, it
was observed that S. lugdunensis was not susceptible
to the antimicrobial function of lugdunin, suggesting a
self-resistance mechanism. The lugeFGH genes lo-
cated adjacent to the lugdunin BGC were recently dis-
covered to encode ABC transporters which mediate
lugdunin secretion and confer resistance to the antibi-
otic (Krauss et al., 2020). LugF was shown to have a
dominant role in lugdunin release whereas LugGH acts
as the central self-resistance transporter. The substrate
specificity of both ABC transporters was observed to
be largely specific to lugdunin (Krauss et al., 2020).
This has clinical relevance if lugdunin were to be ad-
ministered as a therapy; structural variants of lugdunin,
some of which have been observed to have higher anti-
staphylococcal activity than native lugdunin, would not
be neutralized by Lug transporters if the lugEFGH op-
eron did spread horizontally to other bacterial species
such as S. aureus (Krauss et al., 2020).

Humimycins

The human microbiome has further proved to be
an invaluable, untapped resource of antimicrobials
through the discovery of humimycins. Genomes of
human commensal and pathogenic bacteria were
screened for the presence of gene clusters that en-
coded large non-ribosomal peptides (NRPs). This led
to the discovery of 57 unique putative non-ribosomal
peptide synthases (NRPS). Subsequent screening
of the peptide products against various commen-
sal and pathogenic species for antibacterial activity
found two antibiotics, playfully named humimycin A
and humimycin B after human microbiome mycin,
from Rhodococcus spp. (Figure 2). Both humimycins
were found to have broad activity against Firmicutes
and some limited activity against Actinobacteria. The
most impressive potency was found when tested
against S. aureus and S. pneumoniae with MICs
of 8pg/mL and 4pug/mL respectively. When tested
against a panel of S. aureus clinical isolates, MICs of
8-128 ug/mL were reported. In an effort to elucidate
the biochemical mode of action, S. aureus USA300
mutants were selected that could grow in the pres-
ence of 2.5% the MIC. Pairwise bioinformatic analysis
of 23 resistant strains found that they all contained
a non-synonymous mutation in the essential gene
SAV1754 (SAUPANO004432000 pangenome locus
tag). Of these 23 resistant mutants, 15 contained no
other mutations. To investigate the involvement of
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SAV1754 in the resistance to humimycins, overex-
pression studies were performed. Overexpression of
SAV1754 conferred elevated MICs against humimy-
cin A of >128 ug/mL, confirming its involvement (Chu
et al., 2016). SAV1754 is believed to encode a homo-
logue of the Murd lipid Il flippase. While MurJ is essen-
tial in many species of bacteria, limited studies have
investigated its potential as an antibacterial agent.
However, a small molecule screen for molecules that
could reverse p-lactam resistance, identified syn-
thetic inhibitors of SAV1754 (Huber et al., 2009; Lee
et al., 2016). Humimycin A was subsequently evalu-
ated for p-lactam potentiation and was found to re-
duce the dicloxacillin MIC from 256 pg/mL (resistant)
to 8 pg/mL (sensitive) in the presence of 4 pg/mL hu-
mimycin A. Further investigation of this combination
in @ mouse peritonitis sepsis model found that treat-
ment with dicloxacillin/humimycin A significantly im-
proved the survival rate compared with treatment of
dicloxacillin or humimycin A alone (Chu et al., 2016).

Cyclic lipopeptide

The natural metabolite, WAP-8294A2 (also called lo-
tilibcin), was first isolated from the culture broth of the
environmental Gram-negative bacterium Lysobacter
staphylocidin and belongs to a promising class of
cyclic lipodepsipeptide antibiotics (Figure 2) (Kato
et al., 1997). Structurally, it contains a 40-membered
macrocycle comprising 12 amino acid residues linked
by a small hydroxylated fatty acid (Kato et al., 1997).
This molecule possesses potent and rapid bacteri-
cidal activity against S. aureus and VRE, however, S.
aureus mutants deficient in menaquinone, an essen-
tial coenzyme for electron transfer in bacterial res-
piration, were resistant. Recent mechanistic studies
using unilamellar vesicles containing menaquinone
or not, confirmed that WAP-8294A2 causes mem-
brane lysis in a menaquinone-dependent fashion
(Itoh et al., 2018). WAP-8294A2 displays impressive
potency towards MRSA (1 pg/mL MIC) and has shown
to be efficacious in a systemic mouse infection model
(Itoh et al., 2018). In 2011 WAP-8294A2 entered
phase I/l trials for the treatment of acne vulgaris in
the United States. As of 2017, there have been no re-
ports on the subsequent development of topical WAP-
8294A2 although it is also in preclinical development
as an |V infusion in Japan (Butler & Paterson, 2020).

ANTIBIOTIC ADJUVANTS

Antibiotic adjuvants represent an alternative strategy
to developing new drugs to replace antibiotics ren-
dered obsolete due to resistance. In this setting, resist-
ance is bypassed by coupling antibiotics with specific

TABLE 1 Antibiotic adjuvants and p-lactam potentiators.
Antibiotic
Compound Description partner

Antibiotic adjuvants

Nilotinib NorA efflux pump Ciprofloxacin
inhibitor

PS-ODNO04 Antisense mecA Oxacillin
oligonucleotide

M-C71 MprF targeting Daptomycin
antibody

p-lactam potentiators

Statins Defective PBP2a pB-lactams
oligomerization

Polyamines Possible inhibition of B-lactams
PBP2

Krysinomycin/ Disruption of PBP2a B-lactams

actinocarbasin secretion through

inhibition of signal
peptidase SpsB

Purine nucleoside  c-di-AMP disruption B-lactams

analogues

adjuvants designed to target the resistance element.
Prolonging the life of antibiotics by using antibiotic-
adjuvant combinations has proved to be incredibly
successful. For example, the use of broad-spectrum {-
lactamase inhibitors (such as clavulanic acid) that tar-
get bacterially produced p-lactamases that function to
hydrolyse the p-lactam ring, has worked to significantly
curtail resistance and increase treatment options (Bush
& Bradford, 2016). Specific antibiotic adjuvants that
are being developed against S. aureus are described
below and summarized in Table 1.

Efflux pump inhibitors

Efflux pumps are active bacterial transport proteins em-
bedded in the cytoplasmic membrane that function as
defence systems, mediating the extrusion of toxic sub-
strates from within bacteria to the environment. In. S.
aureus there are over 30 chromosomally and plasmid-
encoded efflux pump genes that can confer resistance
to numerous classes of antibiotics and biocides (Costa
et al., 2013). Thus, inhibiting the activity of efflux pumps
represents an exciting target for antibiotic adjuvants.
Perhaps the most well-studied S. aureus efflux
pumps are the Nor family which together can expel
both hydrophobic and hydrophilic fluoroquinolones,
chloramphenicol and several other structurally diverse
compounds (Costa et al., 2013). The plant alkaloid re-
serpine has been shown to be an inhibitor of bacterial
efflux pumps as well as eukaryotic multidrug efflux
transporter systems (Ahmed et al., 1993). In S. aureus,
reserpine acts as an efflux pump inhibitor (EPI), revers-
ing fluoroquinolone resistance through the inhibition of
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NorA, however, concentrations required for inhibition
are toxic to mammalian cells (Dashtbani-Roozbehani
& Brown, 2021). Since the discovery of reserpine, var-
ious other plant-derived EPIs have been uncovered
most of which belonging to the alkaloid, flavonoid, ter-
penoid and polyphenol class (Dashtbani-Roozbehani
& Brown, 2021). Despite their clear efficacy in restor-
ing antimicrobial activity, none of these EPIs have pro-
gressed beyond the early stages of development due
to their acute toxicity profiles. In response, current re-
search in this field has centred on screening clinically
approved drugs for efflux pump inhibition. Following mo-
lecular docking and virtual screening analysis against a
NorA homologue, the tyrosine kinase inhibitor nilotinib
was identified to possess potent efflux pump inhibitory
activity (Zimmermann et al., 2019). Treatment with nilo-
tinib resulted in a 16-fold reduction of ciprofloxacin MIC
and led to a significant reduction in preformed mature
biofilms (Zimmermann et al., 2019). Nilotinib is used in
the treatment of chronic myelogenous leukaemia; in-
hibition of NorA efflux pump activity occurred at sig-
nificantly lower concentrations to that which is clinically
achievable and tolerable, suggesting that this EPI is the
first to achieve inhibition at sub-toxic concentrations.

Antisense mecA

The resistance of MRSA to practically all members of
the B-lactam family of antibiotics is mediated by mecA,
the gene which encodes an alternative PBP2a. Unlike
intrinsic S. aureus PBPs, PBP2a resists covalent modi-
fication by p-lactam antibiotics at the enzyme active site
and has a lower binding affinity to p-lactams than na-
tive PBPs (Fuda et al., 2004). The mecA gene is highly
conserved across S. aureus isolates making it an ideal
target for therapeutic inhibition.

Antisense oligonucleotides (ASOs) offer a novel
intervention strategy to combat infectious diseases.
ASOs are relatively short (13—25 nucleotides), single-
stranded molecules that hybridize to a complementary
mRNA, preventing the translation of the target gene
(Dias & Stein, 2002). Structural modifications can be
utilized to increase stability against intracellular nu-
cleases and enhance interaction with complementary
targets. An antisense mecA phosphorothioate oligonu-
cleotide has been designed (PS-ODNO04) which targets
a sequence between nucleotides 854 and 871 within
the mRNA coding region of mecA (Meng et al., 2015).
Clinical isolates treated with PS-ODNO04 regained their
susceptibility towards oxacillin. PS-ODNO04 partnered
with oxacillin also significantly lowered the bacterial ti-
tres and improved survival rates of mice infected with
clinical MRSA isolates, compared to mice treated with
oxacillin alone. A potential drawback of PS-ODNO04
is its liposomal packaging. Packaging of ASOs within
liposomes can be inefficient and can be associated
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with toxicity and off target accumulation. Advances
in this field have led to antisense mecA being pack-
aged in multi-layer coated gold nanoparticles (Beha
etal., 2021). This nanoparticle delivery system exhibited
low cytotoxicity, was preferentially taken into bacteria
over mammalian cells and significantly reduced mecA
expression in MRSA isolates, offering an attractive de-
livery system for ASOs anti-resistance application.

Antibody blocking of MprF

Multiple peptide resistance factor (MprF) is a bifunc-
tional membrane protein, acting as both the synthase
and flippase of the positively charged phospholipid
lysyl—phosphatidylglycerol within the bacterial mem-
brane. Importantly, MprF is a major contributor to
resistance to cationic AMPs and the clinically used an-
tibiotic daptomycin (Ernst & Peschel, 2011). Topological
predictions indicate that MprF consists of 14 trans-
membrane segments linked by loops between 2 and 56
amino acids in sequence, some of which are exposed
on the outer surface of the bacterial membrane (Ernst
et al,, 2015).

Using phage display libraires and cyclized pep-
tides corresponding to specific loop domains of MprF,
Slavetinsky et al developed a monoclonal MprF target-
ing antibody (M-C7.1) which bound to a specific epi-
tope in the flippase domain (Slavetinsky et al., 2022).
Incubation with M-C7.1 sensitized S. aureus to cationic
AMPs and daptomycin and promoted killing by poly-
morphonuclear lymphocytes (Slavetinsky et al., 2022).
Therefore, targeted inhibition of MprF represents a
promising antibiotic adjuvant, not only helping to re-
potentiate an antibiotic mainstay of S. aureus therapeu-
tics, but also promoting the capacity of innate defences
to clear S. aureus infections.

A frequently encountered criticism of antibody de-
pendant anti-virulence/anti-resistance strategies, is
the ability of the antibody to transverse the thick cell
wall and reach its target. While recent insights into
S. aureus cell wall structure found large irregular pores
which could potentially allow antibodies to pass through
(Pasquina-Lemonche et al., 2020), it is possible that
cell-wall remodelling could limit the effectiveness of
M-C7.1. In addition, the utility of M-C7.1 on non-mprF
daptomycin-resistance conferring mutants (Bayer
et al., 2013) requires attention as the requirement of
MprF in these alternative daptomycin resistance mech-
anismes is poorly understood.

p-LACTAM POTENTIATION

B-Lactams represent the most successful class of
antibiotics, owing to their broad spectrum of use,
low toxicity, exceptional pharmacokinetics and often
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rapid bactericidal activity (Foster, 2019). Their use
has been restricted in treating S. aureus infections
due to the development of resistance following the
acquisition of SCCmec. Importantly, correct localiza-
tion of PBP2a requires a chaperone, the membrane
bound PrsA foldase protein (Jousselin et al., 2015).
In addition, intricate membrane platforms are central
for the correct oligomerization and stability of PBP2a
(Garcia-Fernandez et al., 2017). Recent studies have
identified molecules that potentiate p-lactam activity
(Table 1) through disrupting cell division machinery
or destabilizing cell envelope scaffolds required for
PBP2a function.

Statins

Statins, widely used in the prevention of cardiovascu-
lar disease, act as selective and competitive inhibitors
of 3-hydroxy 3-methyglutaryl coenzyme A (HMG-
CoA) reductase which catalyses the conversion of
HMG-CoA to mevalonate, a precursor of cholesterol
(Shitara & Sugiyama, 2006). In S. aureus, statins
have been shown to inhibit the synthesis of the an-
tioxidant carotenoid pigment staphyloxanthin, target-
ing S. aureus HMG-CoA (dehydrosqualene synthase)
and enhancing the susceptibility of S. aureus to reac-
tive oxygen species (Liu et al., 2008). Recent seminal
work has identified a prokaryotic version of membrane
lipid rafts termed functional membrane microdomains
(FMM) where diverse bacterial processes are com-
partmentalized (Lopez & Kolter, 2010). FMM harbour
isoprenoid membrane lipids such as staphyloxanthin,
colocalized with flotillin homologue proteins, form-
ing a platform for the assembly of multimeric pro-
tein complexes involved in signalling and transport.
Importantly in MRSA, PBP2a, PBP2 and PrsA form
part of the FMM cargo and FMM are crucial for cor-
rect PBP2a oligomerization, with PBP2a interacting
with and colocalizing with flotillin in membrane foci
(Garcia-Fernandez et al.,, 2017). Importantly, flotil-
lin mutants were observed to be defective in PBP2a
oligomerization and S. aureus cells treated with the
statin zaragozic acid, known to impact staphyloxan-
thin synthesis (Liu et al., 2008) compromised PBP2a
integrity. Significantly, deletion of flotillin or treatment
of bacteria with statins interfered with p-lactam re-
sistance and resulted in MRSA cells being more sus-
ceptible to p-lactams in a murine systemic infection
model (Garcia-Fernandez et al., 2017).

Polyamines
Polyamines are polycationic molecules composed

of at least two primary amines separated by a hy-
drophobic chain. These molecules have numerous

cellular functions; the uniform distribution of posi-
tive charges decorating the hydrophobic backbone
permit interaction with polyanionic macromolecules
such as nucleic acids, phospholipids and some pro-
teins. Consequently, these molecules play diverse
roles in gene expression, signal transduction, mem-
brane stabilization, translation and immune modula-
tion (Sakamoto et al.,, 2020; Tabor & Tabor, 1984).
Polyamines were initially believed to be synthesized
and required by all life forms, however, polyamine-
auxotrophic and polyamine-independent bacterial
species have been identified (Joshi et al., 2011). S.
aureus is an atypical example, displaying bactericidal
hypersensitivity to polyamines at concentrations that
are beneficial to the growth of other bacterial species
(Joshi et al., 2011).

Recent work has exploited S. aureus susceptibil-
ity to polyamines generating novel linear polyamines
one of which, AHA-1394, showing enhanced activity
against multiple antibiotic resistant S. aureus strains
including MRSA, VRSA and the polyamine resistant
USA300 strain LAC (MIC,, 2pg/mL); a greater than
128-fold increase in inhibition compared to naturally
occurring polyamines (Douglas et al., 2022). Toxicity of
the novel linear polyamines was comparable to clini-
cally used anti-staphylococcal antibiotics. Resistance
against polyamines was observed in vitro via mutation
of the mprF gene, however, resistant mutants acquired
a marked decrease in relative fitness and displayed in-
creased sensitivity to oxacillin (Douglas et al., 2022).
Other studies have noted that polyamines, specifically
spermine and spermidine have been shown to increase
the susceptibility of S. aureus and other pathogens to
B-lactam antibiotics (Kwon & Lu, 2007). Importantly,
AHA-1394 showed significant antibiotic potentiation
with oxacillin reducing MIC values by 16—64-fold.
Although the exact mechanism responsible for poly-
amine f-lactam synergy is not fully clear, studies have
reported a truncated PBP2 mutant devoid of transpep-
tidase activity but retaining transglycosylase function
exhibiting resistance to p-lactams in the presence of
spermine (Yao & Lu, 2012). This data implicates PBP2
or PBP2-dependent multi-enzyme complexes as tar-
gets for polyamines that may disrupt normal PBP local-
ization and function.

Signal peptidase inhibitors

Staphylococcus aureus signal peptidase IB (SpsB) is a
serine protease that functions to cleave the N-terminal
signal peptide of secreted proteins, a requirement for
protein export through the Sec and Tat secretion sys-
tems (Paetzel et al., 2002). Following a high-throughput,
B-lactam potentiator screen, two naturally occurring,
structurally distinct compounds, the depsipeptide krisyn-
omycin and the lipoglycopeptide actinocarbasin were
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shown to potentiate the activity of imipenem at concen-
trations 16-fold lower than the MIC (Therien et al., 2012).
Fitness test profiling, an assay where strains harbouring
inducible antisense RNA oligonucleotides specific to es-
sential genes are challenged with compounds, revealed
SpsB to be the specific target of krisynomycin and ac-
tionocarbasin. Synergy was also shown for an extended
panel of p-lactams but not observed for other antibiotic
classes, indicating that SpsB inhibitors may prevent the
secretion of proteins required for p-lactam resistance,
such as PBP2a which possess a canonical N-terminal
leader sequence. A synthetic derivative of actinocarba-
sin termed M131, which contained improved activity and
pharmacological properties also exhibited synergism
with imipenem and was shown to be effective in vivo
against MRSA in murine deep tissue and systemic infec-
tion models (Therien et al., 2012). Recent work has iden-
tified the importance of the halogenation pattern on the
antimicrobial activity and imipenem enhancing effects
of krisynomycin (Perez-Bonilla et al., 2020), which may
promote clinical application of signal peptide inhibitors in
combination therapy with B-lactam antibiotics.

Synergy with purine nucleoside analogues

Nucleotide-based signalling molecules facilitate the
rapid coordination of cellular pathways that help bac-
teria adapt to changes in their environment (Grundling
& Lee, 2016). Interestingly, when S. aureus is exposed
to B-lactam antibiotics, mutations independent of the
SCCmec element that confer high-level p-lactam re-
sistance have been observed. Upon examination these
mutations have been primarily linked to the induction
of the stringent stress response (Kim et al., 2013) and
associated with enhanced levels of the nucleotide sec-
ond messenger cycli-di-AMP (Corrigan et al.,, 2011).
This association between increased purine signalling
molecules, (p)ppGpp and c-di-AMP, and enhanced re-
sistance to p-lactams implicate purine metabolism in
the regulation of p-lactam resistance in MRSA and rep-
resent a target for p-lactam potentiation. Recent work
has shown that exposure of MRSA to purine nucleoside
guanosine and xanthosine significantly reduce resist-
ance to p-lactams (Nolan et al., 2022). These nucleo-
tides which are shunted through the GTP arm of purine
biosynthesis, cause a significant decrease in c-di-AMP
levels and a dramatic increase in cell size, particularly in
the presence of oxacillin. Moreover, S. aureus strains de-
ficient in the c-di-AMP phosphodiesterase GdpP, which
functions to breakdown c-di-AMP could not be rendered
sensitive to oxacillin upon guanosine exposure (Nolan
et al., 2022). Accordingly, purine nucleotides that disrupt
c-di-AMP regulation act as potent p-lactam adjuvants,
resensitizing MRSA to clinically susceptible concentra-
tions of p-lactam antibiotics. Importantly, compounds
derived from nucleotides are clinically used to treat

cancer and certain viral infections, illustrating their ther-
apeutic potential to combat MRSA disease.

ANTIBIOTIC-ANTIBODY
CONJUGATES

Although classically considered an extracellular path-
ogen, research over the last decades has confirmed
that S. aureus frequently invades mammalian cells
where it can survive, replicate and persist intracellu-
larly (Fraunholz & Sinha, 2012). S. aureus invasion of
host cells offers shelter against complement, neutral-
izing antibodies, circulating phagocytic immune cells a
AMPs (Fraunholz & Sinha, 2012) and protection from
clinically relevant anti-staphylococcal antibiotics (Lehar
et al., 2015). Failure to eradicate intracellular bacte-
ria is associated with chronic and recurrent disease
(Fraunholz & Sinha, 2012; Lehar et al., 2015).

Antibody—antibiotic conjugates (AACs) are potent
therapeutics designed to specifically eliminate intracel-
lular reservoirs of S. aureus. DSTA4637S is a specific
AAC consisting of an engineered monoclonal human
anti-S. aureus IgG that specifically recognizes teichoic
acid B-O-linked N-acetylglucosamine sugars. This an-
tibody has been designed to contain unpaired cyste-
ines residues (THIOMAB™) permitting the covalent
linkage to a rifamycin derivative (rifalogue; dmDNA31)
via a cathepsin-cleavable linker with the resulting
compound possessing a stoichiometry ratio of two ri-
famycin molecules to one IgG. DSTA4637S has been
shown to opsonize bloodstream-circulating MRSA effi-
ciently promoting uptake by phagocytic immune cells.
Following phagocytosis, intracellular proteases cleave
the linker and release high concentrations of the active
bactericidal form of the antibiotic, eliminating intracellu-
lar S. aureus (Lehar et al., 2015). This AAC was shown
to be more effective than vancomycin in a murine bac-
teraemia model, specifically when treatment with either
AAC or vancomycin was initiated 24 h after infection.

A randomized, double-blind, placebo-controlled
single-ascending-dose phase | trial was conducted
to determine the safety and pharmacokinetics of
DSTA4637S in healthy volunteers (NCT02596399). A
favourable pharmacokinetic profile and no safety con-
cerns were observed following single dose intravenous
injection (Peck et al., 2019).

BACTERIOPHAGE AND PHAGE
LYSINS

Bacteriophage therapy

A promising alternative to antibiotics is the use of

bacterio(phages), viruses that infect and multiply inside
bacterial cells. Virulent phages that undergo a lytic life
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cycle have promising therapeutic potential due to the
deployment of phage-encoded lysins that degrade the
bacterial cell wall mediating cell destruction and subse-
quent viral release (Kakasis & Panitsa, 2019). A main
advantage of phage therapy over conventional strate-
gies is the precision and narrow spectrum of phage tar-
geting specific pathogens, thus minimizing damage to
the human microbiota (Kakasis & Panitsa, 2019). Due to
increasing health issues caused by AMR, research into
phage therapy has undergone a significant resurgence
in recent years. This is in part due to the compassionate
(sanctioning the use of unapproved drugs or therapies
to combat disease when all available conventional ther-
apies have failed) use of phages, which have largely
been associated with positive clinical outcomes and a
high degree of safety (Plumet et al., 2022). These posi-
tive results have spurred an increase in phage therapy-
related clinical investigations to combat S. aureus.

In recent years, two completed clinical trials have re-
ported efficacy in the treatment of S. aureus infection
using phage. The first, completed in 2009, investigated
the use of the phage cocktail WPP-201 against venous
leg ulcers. At the end of the 12-week dosing regime,
safety of the phage cocktail was confirmed, and the ther-
apy did not deleteriously affect wound healing (Rhoads
et al., 2009). The next clinical trial came a decade later
and investigated the use of the AB-SA01 phage cocktail
for the treatment of chronic rhinosinusitis caused by S.
aureus. The phage therapy was well tolerated, with no
fatalities recorded and the infection eradicated in two
of nine patients (Ooi et al., 2019). Three further clinical
trials are ongoing: a phase | study of phage therapy in
combination with antibiotics for the treatment of PJls
of the knee or hip (NCT04787250), a phase | study of
the SPK phage cocktail in the prevention of infections
in second degree burn patients (NCT04323475), and fi-
nally a phase | study of a topical phage solution for the
treatment of diabetic foot ulcers (NCT02664740).

Although phage therapy is considered a promising al-
ternative to antibiotics, it is still in its infancy and several
obstacles related to safety and immunogenicity, manu-
facturing and regulation (Dabrowska, 2019; Wittebole
et al., 2014), need to be addressed before being used
as an alternative to antimicrobial chemotherapy.

Lysins

Phage-encoded lysins are enzymes expressed during
the final stage of lytic phage replication which specifically
target and hydrolyse the bacterial cell wall peptidogly-
can (Vazquez et al., 2018). Lysins have numerous ad-
vantages over classical antibiotics: (1) minimal off-target
damage preventing significant microbiome disruption;
(2) rapid bactericidal activity; (3) the target is essential
with highly conserved residues thus minimizing the de-
velopment of resistance; (4) effective against multidrug

resistant bacteria and biofilms; (5) some lysins have syn-
ergy with clinically relevant antibiotics, enhancing their
potential therapeutic application (Hermoso et al., 2007).
Lysins do suffer from specific limitations related to rela-
tively short plasma half-life, potential immunogenicity
and an inability to target intracellular bacteria (Hermoso
et al., 2007). Nevertheless, lysins are being evaluated
clinically for their therapeutic potential.

SAL200 (Tonabacase) became the first lysin tested
in humans in a phase | clinical trial. SAL200 is a re-
combinant derivative of the SAL-1 lysin produced by the
staphylococcal SAP-1 bacteriophage (Jun et al., 2011).
Studies have shown that SAL200 is bactericidal against
encapsulated, biofilm forming and planktonic MRSA
and MSSA strains (Jun et al., 2011). SAL200 retained
activity in vivo when used to treat both S. aureus sys-
temic infection (Jun et al., 2013) and pneumonia (Bae
et al.,, 2019) using mouse infection models, where
significant improvements in survival were observed.
Satisfactory safety and tolerance profile in the phase |
trial prompted further investigations including a phase
Ila study for the treatment of persistent S. aureus bac-
teraemia (NCT03089697). A US-based phase |l trial
has also been approved by the FDA for the treatment of
complicated S. aureus bacteraemia and infective endo-
carditis (Tonabacase — iNtRon Biotechnology).

CF-301 (Exebacase) is a clinically relevant S. aureus
targeting lysin derived from a Streptococcus suis phage
which exhibits broad lytic activity against MRSA, VISA
and various other virulent staphylococcal and strepto-
coccal strains (Gilmer et al., 2013). CF-301 underwent
phase Il clinical trials for the treatment of complicated S.
aureus bacteraemia (NCT03163446). Patients received
CF-301 or placebo in addition to standard antibacterial
therapy. CF-301 in combination with an antibiotic part-
ner resulted in improved clinical outcome (70.4% vs.
60%) compared to the antibiotic only treatment group.
Thirty-day mortality rates were 9.7% for CF-301 in
combination with antibiotics and 12.8% in the antibiotic
only group. Subgroup analysis showed CF-301 in com-
bination with antibiotics reduced the 30-day mortality
of MRSA-infected patients by 21% (McCarthy, 2022).
Recently CF-301 was examined in a randomized,
double-blind, placebo-controlled phase Il study exam-
ining efficacy and safety in patients receiving standard
antibacterial therapy for the treatment of bacteraemia
and endocarditis (NCT04160468). Although the results
have not been published, this trial was terminated for
futility following an interim efficacy analysis.

SMALL ACID-SOLUBLE
SPORE PROTEINS

Small acid-soluble spore proteins (SASPs) are DNA-
binding proteins that are synthesized within hours follow-
ing the onset of sporulation, and comprise a significant
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proportion of mature spores (Mohr et al., 1991). SASPs
interact and saturate DNA in a non-sequence-specific
manner, altering the conformation of DNA and provide
protection of spore DNA from environmental stresses
(Mohr et al., 1991). SASP producing bacteria encode
highly conserved SASP-specific endoproteases which
are tightly regulated and only produced during spore
outgrowth. An inability to degrade SASPs in nonspore
formers, results in an inhibition of transcription, DNA
replication and cell division culminating in cell death
(Hayes & Setlow, 2001).

This has led researchers to examine the use of SASPs
as alternative antibacterial agents. Rather than adminis-
trating SASPs in protein form which are unlikely to retain
activity in harsh in vivo conditions, Phico therapeutics
have successfully incorporated the SASP expression
cassette into the genome of specific bacteriophages.
The technology, referred to as SASPject, uses phage
as targetable nano-delivery vehicles where phage in-
fection results in the precise delivery of the SASP cas-
sette into target bacteria (Barnard & Cass, 2021). The
expression of the SASP gene is controlled by a constitu-
tive promoter originating from the target bacteria, max-
imizing intracellular production following injection. The
S. aureus specific SASPject PT1.2 system maintained
activity against 225 geographically diverse isolates and
kill kinetic data indicated a 6log,, reduction within 1h il-
lustrating the rapid bactericidal activity of SASP-based
therapies (Cass et al., 2021). Furthermore, activity is un-
affected in the presence of human serum albumin and
isolates retained susceptibility following 42 days of serial
passage. SASPject PT1.2 has undergone a phase | clin-
ical trial assessing efficacy related to S. aureus nasal
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decontamination. Peer-reviewed results of this trial have
not been published, however, the company has reported
that PT1.2 demonstrated a good safety and tolerability
(Cass et al., 2021).

The benefits of this technology are twofold. First,
since SASP interaction with DNA is sequence indepen-
dent, genetic mutations are unlikely to inhibit SASP bind-
ing therefore the propensity for generating resistance to
SASP activity is low. Second, since the antibacterial ef-
fect occurs through SASPs, the fate of SASPs and the
rest of phage genome are independent increasing the
likelihood that this system will circumvent bacterial intra-
cellular phage defence mechanisms such as CRISPR-
Cas. This technology has the added advantage of being
programmed to target specific bacteria of interest pre-
venting significant disturbance of microbiomes.

CONCLUDING REMARKS

Staphylococcus aureus has been classically consid-
ered the first ‘superbug’ owing to its combined ability
to become resistant to clinically used antibiotics and
express multiple virulence factors linked to disease.
Despite the drastic need for new antimicrobials that tar-
get S. aureus, pharmaceutical innovation in this area
has not been forthcoming. The last truly novel classes
of antibiotics clinically to treat S. aureus infection were
daptomycin and linezolid which were introduced in the
early 2000s. Subsequent antibiotics that have been
approved for use against S. aureus have been struc-
tural alternatives to existing well-established antibi-
otic classes. While modifications to these structures
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FIGURE 3 Summary of novel strategies currently being developed to treat multidrug resistant Staphylococcus aureus infections.
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have been designed to retain activity against well-
established resistance mechanisms, relying on this
strategy may only delay the antibiotic resistance wave
rather than overcome it.

Recent estimates put the cost of developing a new
antibiotic as high as $1.5 billion (Towse et al., 2017),
which has discouraged some pharmaceutical com-
panies from investing in antibiotic development.
Fortunately, government organizations, academic spin-
out companies and charitable foundations are working
together to put in place new economic models to en-
sure future advancements and innovation. Initiatives
such as the Combating Antibiotic-Resistant Bacteria
Biopharmaceutical Accelerator (CARB-X), the Global
Antibiotic Research and Development Partnership
(GARDP), and the Innovative Medicines Initiative
(IMI) aim to fund mid-late hit optimization through to
clinical development. A further $1 billion AMR action
fund, established by the International Federation of
Pharmaceutical Manufacturers and Associations, the
WHO, European Investment Bank and the Wellcome
Trust, aims to bring between two and four new antibiot-
ics to the market by 2030.

In addition to these economic incentives, bio-
technological and scientific advancements related
to genome mining for natural antibiotic discovery,
improvements in AMP engineering and antibiotic
adjuvant development, identification of p-lactam
potentiators and novel AAC construction have pro-
vided novel avenues for the development of anti-
staphylococcal therapies (Figure 3). Furthermore,
the use of phage, phage lysins or phage as delivery
systems for SASPs in addition to an improved under-
standing of fundamental staphylococcal biology di-
recting the identification of essential proteins as drug
targets (Figure 3) are fuelling innovative intervention
strategies that show significant potential in combating
multidrug resistant S. aureus infections.

AUTHOR CONTRIBUTIONS

Edward J.A. Douglas: Conceptualization (equal); in-
vestigation (equal); project administration (equal); visu-
alization (lead); writing — original draft (equal); writing
—review and editing (equal). Sri Wijayanti Wulandari:
Investigation (supporting); visualization (supporting);
writing — original draft (supporting). Scott D. Lovell:
Investigation (supporting); visualization (supporting);
writing — review and editing (supporting). Maisem
Laabei: Conceptualization (equal); funding acquisi-
tion (lead); investigation (equal); project administration
(equal); supervision (lead); visualization (supporting);
writing — original draft (equal); writing — review and edit-
ing (equal).

FUNDING INFORMATION
This work was supported by the Academy of Medical
Sciences Springboard Award (SBF006\1023: M.

Laabei) and the Beasiswa Pendidikan Indonesia
Scholarship (S.W. Wulandari).

CONFLICT OF INTEREST STATEMENT
The authors declare no conflict of interest.

ORCID

Edward J. A. Douglas © https://orcid.
org/0000-0001-5892-8539

Maisem Laabei (© https://orcid.
org/0000-0002-8425-3704

REFERENCES

(CDC), C.f.D.C.a.P. (2019) Antibiotic resistance threats in the United
States, 2019.

Ahmed, M., Borsch, C.M., Neyfakh, A.A. & Schuldiner, S. (1993)
Mutants of the Bacillus subtilis multidrug transporter Bmr with
altered sensitivity to the antihypertensive alkaloid reserpine.
The Journal of Biological Chemistry, 268, 11086—-11089.

Antimicrobial Resistance Collaborators. Murray, C.J.L. (2022)
Global burden of bacterial antimicrobial resistance in 2019: a
systematic analysis. Lancet, 399, 629—-655.

Bae, J.Y., Jun, K.I., Kang, C.K., Song, K.H., Choe, P.G., Bang, J.H.
et al. (2019) Efficacy of intranasal administration of the recom-
binant endolysin SAL200 in a lethal murine Staphylococcus
aureus Pneumonia model. Antimicrobial Agents and
Chemotherapy, 63, 4.

Bai, A.D., Lo, C.K., Komorowski, A.S., Suresh, M., Guo, K., Garg, A.
et al. (2022) Staphylococcus aureus bacteremia mortality across
country income groups: A secondary analysis of a systematic re-
view. International Journal of Infectious Diseases, 122, 405-411.

Barnard, A.M.L. & Cass, J.A. (2021) Targetable nano-delivery ve-
hicles to deliver anti-bacterial small acid-soluble spore protein
(SASP) genes. Emerging Topics in Life Sciences, 5, 637—641.

Bayer, A.S., Schneider, T. & Sahl, H.G. (2013) Mechanisms of dap-
tomycin resistance in Staphylococcus aureus: role of the cell
membrane and cell wall. Annals of the New York Academy of
Sciences, 1277, 139-158.

Beha, M.J., Ryu, J.S., Kim, Y.S. & Chung, H.J. (2021) Delivery
of antisense oligonucleotides using multi-layer coated gold
nanoparticles to methicillin-resistant S. aureus for combinato-
rial treatment. Materials Science & Engineering. C, Materials
for Biological Applications, 126, 112167.

Bitschar, K., Sauer, B., Focken, J., Dehmer, H., Moos, S., Konnerth,
M. et al. (2019) Lugdunin amplifies innate immune responses
in the skin in synergy with host- and microbiota-derived factors.
Nature Communications, 10, 2730.

Broker, B.M., Holtfreter, S. & Bekeredjian-Ding, |. (2014) Immune
control of Staphylococcus aureus - regulation and counter-
regulation of the adaptive immune response. International
Journal of Medical Microbiology, 304, 204—-214.

Brown, S., Santa Maria, J.P., Jr. & Walker, S. (2013) Wall teichoic
acids of gram-positive bacteria. Annual Review of Microbiology,
67, 313-336.

Bush, K. & Bradford, P.A. (2016) Beta-lactams and beta-lactamase
inhibitors: an overview. Cold Spring Harbor Perspectives in
Medicine, 6, 8.

Butler, M.S. & Paterson, D.L. (2020) Antibiotics in the clinical pipeline
in October 2019. Journal of Antibiotics (Tokyo), 73, 329—-364.

Campbell, J.W. & Cronan, J.E. (2001) Bacterial fatty acid biosynthe-
sis: Targets for antibacterial drug discovery. Annual Review of
Microbiology, 55, 305-332.

Cass, J., Barnard, A. & Fairhead, H. (2021) Engineered bacterio-
phage as a delivery vehicle for antibacterial protein, SASP.
Pharmaceuticals (Basel), 14, 1038.

85UB0| SUOLULLIOD BAERID 3|eotidde 8y} Aq peuA0b a1 Sa1Le YO ‘88N J0 S3IN Joj AXeIq 1T 8UIIUO AB]IM UO (SUORIPUCO-PUR-SWLBIW0D B | 1M ARe1q U |UO//SHIY) SUOIPUCD PUe SWLB L 8L 89S *[5Z02/80/8T] UO ARlqiTauluo AB)IM ‘uopuo aBe|ioD Ldw Aq 892y T ST6L-TSLT/TTTT OT/I0PAL0D 8| 1M ALRIq 1BU1UO'SRUINO 0.0 IWOA IAUB//SURY WO1) pepeojumod ‘. ‘€202 ‘STLTSLT


https://orcid.org/0000-0001-5892-8539
https://orcid.org/0000-0001-5892-8539
https://orcid.org/0000-0001-5892-8539
https://orcid.org/0000-0002-8425-3704
https://orcid.org/0000-0002-8425-3704
https://orcid.org/0000-0002-8425-3704

NOVEL STRATEGIES TO TREAT S. AUREUS DISEASE

Cassini, A., Hogberg, L.D., Plachouras, D., Quattrocchi, A,
Hoxha, A., Simonsen, G.S. et al. (2019) Attributable deaths
and disability-adjusted life-years caused by infections with
antibiotic-resistant bacteria in the EU and the European
Economic Area in 2015: a population-level modelling analysis.
The Lancet Infectious Diseases, 19, 56—66.

Cheung, G.Y.C., Bae, J.S. & Otto, M. (2021) Pathogenicity and viru-
lence of Staphylococcus aureus. Virulence, 12, 547-569.
Choi, S., Isaacs, A., Clements, D., Liu, D., Kim, H., Scott, RW. et
al. (2009) De novo design and in vivo activity of conformation-
ally restrained antimicrobial arylamide foldamers. Proceedings
of the National Academy of Sciences of the United States of

America, 106, 6968—-6973.

Chu, J., Vila-Farres, X., Inoyama, D., Ternei, M., Cohen, L.J,,
Gordon, E.A. et al. (2016) Discovery of MRSA active antibiotics
using primary sequence from the human microbiome. Nature
Chemical Biology, 12, 1004.

Corrigan, R.M., Abbott, J.C., Burhenne, H., Kaever, V. &
Grundling, A. (2011) c-di-AMP is a new second messenger in
Staphylococcus aureus with a role in controlling cell size and
envelope stress. PLoS Pathogens, 7, e1002217.

Costa, S.S., Viveiros, M., Amaral, L. & Couto, I. (2013) Multidrug
efflux pumps in Staphylococcus aureus: an update. The Open
Microbiology Journal, 7, 59-71.

Culp, E.J., Waglechner, N., Wang, W.L., Fiebig-Comyn, A.A., Hsu,
Y.P., Koteva, K. et al. (2020) Evolution-guided discovery of an-
tibiotics that inhibit peptidoglycan remodelling. Nature, 578,
582-+.

Dabrowska, K. (2019) Phage therapy: What factors shape phage
pharmacokinetics and bioavailability? Systematic and critical
review. Medicinal Research Reviews, 39, 2000-2025.

Dashtbani-Roozbehani, A. & Brown, M.H. (2021) Efflux pump me-
diated antimicrobial resistance by Staphylococci in health-
related environments: challenges and the quest for inhibition.
Antibiotics (Basel), 10, 1502.

Dias, N. & Stein, C.A. (2002) Antisense oligonucleotides: basic con-
cepts and mechanisms. Molecular Cancer Therapeutics, 1,
347-355.

Douglas, E.J.A., Alkhzem, A.H., Wonfor, T., Li, S., Woodman, T.J.,
Blagbrough, I.S. et al. (2022) Antibacterial activity of novel lin-
ear polyamines against Staphylococcus aureus. Frontiers in
Microbiology, 13, 948343.

Ernst, C.M., Kuhn, S., Slavetinsky, C.J., Krismer, B., Heilbronner, S.,
Gekeler, C. et al. (2015) The lipid-modifying multiple peptide re-
sistance factor is an oligomer consisting of distinct interacting
synthase and flippase subunits. mBio, 6, 1.

Ernst, C.M. & Peschel, A. (2011) Broad-spectrum antimicro-
bial peptide resistance by MprF-mediated aminoacylation
and flipping of phospholipids. Molecular Microbiology, 80,
290-299.

Foster, T.J. (2019) Can beta-lactam antibiotics be resurrected to
combat MRSA? Trends in Microbiology, 27, 26—38.

Fraunholz, M. & Sinha, B. (2012) Intracellular Staphylococcus au-
reus: live-in and let die. Frontiers in Cellular and Infection
Microbiology, 2, 43.

Fuda, C., Suvorov, M., Vakulenko, S.B. & Mobashery, S.
(2004) The basis for resistance to beta-lactam antibiot-
ics by penicillin-binding protein 2a of methicillin-resistant
Staphylococcus aureus. The Journal of Biological Chemistry,
279, 40802-40806.

Fujita, J., Maeda, Y., Mizohata, E., Inoue, T., Kaul, M., Parhi, A.K.
et al. (2017) Structural flexibility of an inhibitor overcomes drug
resistance mutations in Staphylococcus aureus FtsZ. ACS
Chemical Biology, 12, 1947-1955.

Garcia-Fernandez, E., Koch, G., Wagner, R.M., Fekete, A., Stengel,
S.T., Schneider, J. et al. (2017) Membrane microdomain disas-
sembly inhibits MRSA antibiotic resistance. Cell, 171, 1354—
1367 e1320.

1471

Geoghegan, J.A. & Foster, T.J. (2017) Cell wall-anchored surface
proteins of Staphylococcus aureus: many proteins, multiple
functions. Current Topics in Microbiology and Immunology,
409, 95-120.

Gilmer, D.B., Schmitz, J.E., Euler, C.W. & Fischetti, V.A. (2013) Novel
bacteriophage lysin with broad lytic activity protects against
mixed infection by Streptococcus pyogenes and methicillin-
resistant Staphylococcus aureus. Antimicrobial Agents and
Chemotherapy, 57, 2743-2750.

Grundling, A. & Lee, V.T. (2016) Old concepts, new molecules and
current approaches applied to the bacterial nucleotide signal-
ling field. Philosophical Transactions of the Royal Society of
London. Series B, Biological Sciences, 371, 1707.

Hafkin, B., Kaplan, N. & Murphy, B. (2016) Efficacy and safety
of AFN-1252, the first Staphylococcus-specific antibacterial
agent, in the treatment of acute bacterial skin and skin struc-
ture infections, including those in patients with significant
comorbidities. Antimicrobial Agents and Chemotherapy, 60,
1695-1701.

Haisma, E.M., de Breij, A., Chan, H., van Dissel, J.T., Drijfhout, J.W.,
Hiemstra, P.S. et al. (2014) LL-37-derived peptides eradicate
multidrug-resistant Staphylococcus aureus from thermally
wounded human skin equivalents. Antimicrobial Agents and
Chemotherapy, 58, 4411-4419.

Haisma, E.M., Goblyos, A., Ravensbergen, B., Adriaans, A.E.,
Cordfunke, R.A., Schrumpf, J. et al. (2016) Antimicrobial
peptide P60.4Ac-containing creams and gel for eradication
of methicillin-resistant Staphylococcus aureus from cultured
skin and airway epithelial surfaces. Antimicrobial Agents and
Chemotherapy, 60, 4063-4072.

Han, H., Wang, Z., Li, T., Teng, D., Mao, R., Hao, Y. et al. (2021)
Recent progress of bacterial FtsZ inhibitors with a focus on
peptides. The FEBS Journal, 288, 1091-1106.

Hartman, B.J. & Tomasz, A. (1984) Low-affinity penicillin-
binding protein associated with beta-lactam resistance
in Staphylococcus aureus. Journal of Bacteriology, 158,
513-516.

Haydon, D.J., Stokes, N.R., Ure, R., Galbraith, G., Bennett, J.M.,
Brown, D.R. et al. (2008) An inhibitor of FtsZ with potent
and selective anti-staphylococcal activity. Science, 321,
1673-1675.

Hayes, C.S. & Setlow, P. (2001) An alpha/beta-type, small, acid-
soluble spore protein which has very high affinity for DNA
prevents outgrowth of Bacillus subtilis spores. Journal of
Bacteriology, 183, 2662—-2666.

Heinrich, F., Salyapongse, A., Kumagai, A., Dupuy, F.G., Shukla,
K., Penk, A. et al. (2020) Synergistic biophysical techniques
reveal structural mechanisms of engineered cationic antimi-
crobial peptides in lipid model membranes. Chemistry, 26,
6247-6256.

Hermoso, J.A., Garcia, J.L. & Garcia, P. (2007) Taking aim on bac-
terial pathogens: from phage therapy to enzybiotics. Current
Opinion in Microbiology, 10, 461-472.

Hover, B.M., Kim, S.H., Katz, M., Charlop-Powers, Z., Owen, J.G.,
Ternei, M.A. et al. (2018) Culture-independent discovery of
the malacidins as calcium-dependent antibiotics with activity
against multidrug-resistant Gram-positive pathogens. Nature
Microbiology, 3, 415-422.

Huang, D., Dobbins, D., Ghahramani, P., Friedland, |I. & Steckbeck,
J. (2022) A phase 1 study of the safety, tolerability, and pharma-
cokinetics of single ascending doses of a first-in-human engi-
neered cationic peptide, PLG02086, intravenously administered
in healthy subjects. Antimicrobial Agents and Chemotherapy,
66, e0144121.

Huang, D.B., Brothers, K.M., Mandell, J.B., Taguchi, M., Alexander,
P.G., Parker, D.M. et al. (2022) Engineered peptide PLG0206
overcomes limitations of a challenging antimicrobial drug class.
PLoS One, 17, e0274815.

85UB0| SUOLULLIOD BAERID 3|eotidde 8y} Aq peuA0b a1 Sa1Le YO ‘88N J0 S3IN Joj AXeIq 1T 8UIIUO AB]IM UO (SUORIPUCO-PUR-SWLBIW0D B | 1M ARe1q U |UO//SHIY) SUOIPUCD PUe SWLB L 8L 89S *[5Z02/80/8T] UO ARlqiTauluo AB)IM ‘uopuo aBe|ioD Ldw Aq 892y T ST6L-TSLT/TTTT OT/I0PAL0D 8| 1M ALRIq 1BU1UO'SRUINO 0.0 IWOA IAUB//SURY WO1) pepeojumod ‘. ‘€202 ‘STLTSLT



DOUGLAS ET AL

1472

Huber, J., Donald, R.G.K., Lee, S.H., Jarantow, L.W., Salvatore,
M.J., Meng, X. et al. (2009) Chemical genetic identification
of peptidoglycan inhibitors potentiating carbapenem activity
against methicillin-resistant Staphylococcus aureus. Chemistry
& Biology, 16, 837—848.

Hutchings, M.1., Truman, A.W. & Wilkinson, B. (2019) Antibiotics: past,
present and future. Current Opinion in Microbiology, 51, 72—80.

Isaksson, J., Brandsdal, B.O., Engqvist, M., Flaten, G.E.,
Svendsen, J.S. & Stensen, W. (2011) A synthetic antimicro-
bial peptidomimetic (LTX 109): stereochemical impact on
membrane disruption. Journal of Medicinal Chemistry, 54,
5786-5795.

Itoh, H., Tokumoto, K., Kaji, T., Paudel, A., Panthee, S., Hamamoto,
H. et al. (2018) Total synthesis and biological mode of action of
WAP-8294A2: a menaquinone-targeting antibiotic. Journal of
Organic Chemistry, 83, 6924—6935.

Ji, Y.D,, Yin, D.Z., Fox, B., Holmes, D.J., Payne, D. & Rosenberg,
M. (2004) Validation of antibacterial mechanism of action using
regulated antisense RNA expression in Staphylococcus au-
reus. FEMS Microbiology Letters, 231, 177-184.

Jorgensen, D.M., Scott, R., O'Riordan, W.A. & Tack, K. (2015) A
randomized, double-blind study comparing single-dose and
short-course brilacidin to daptomycin in the treatment of
acute bacterial skin & skin structure infections (ABSSSI). In:
Presented at: 25th European Congress of Clinical Microbiology
and Infectious Diseases (ECCMID), April 25-28, 2015.
Copenhagen, Denmark.

Joshi, G.S., Spontak, J.S., Klapper, D.G. & Richardson, A.R. (2011)
Arginine catabolic mobile element encoded speG abrogates
the unique hypersensitivity of Staphylococcus aureus to exog-
enous polyamines. Molecular Microbiology, 82, 9-20.

Jousselin, A., Manzano, C., Biette, A., Reed, P.,, Pinho, M.G,,
Rosato, A.E. et al. (2015) The Staphylococcus aureus chap-
erone PrsA is a new auxiliary factor of oxacillin resistance af-
fecting penicillin-binding protein 2A. Antimicrobial Agents and
Chemotherapy, 60, 1656—-1666.

Jun, S, Jung, G.M., Son, J.S., Yoon, S.J., Choi, Y.J. & Kang,
S.H. (2011) Comparison of the antibacterial properties of
phage endolysins SAL-1 and LysK. Antimicrobial Agents and
Chemotherapy, 55, 1764—1767.

Jun, 8.Y,, Jung, G.M,, Yoon, S.J., Oh, M.D., Choi, Y.J., Lee, W.J.
et al. (2013) Antibacterial properties of a pre-formulated re-
combinant phage endolysin, SAL-1. International Journal of
Antimicrobial Agents, 41, 156—161.

Kakasis, A. & Panitsa, G. (2019) Bacteriophage therapy as an al-
ternative treatment for human infections. A comprehensive re-
view. International Journal of Antimicrobial Agents, 53, 16—21.

Kaplan, N., Albert, M., Awrey, D., Bardouniotis, E., Berman, J.,
Clarke, T. et al. (2012) Mode of action, in vitro activity, and
in vivo efficacy of AFN-1252, a selective antistaphylococcal
Fabl inhibitor. Antimicrobial Agents and Chemotherapy, 56,
5865-5874.

Karlowsky, J.A., Kaplan, N., Hafkin, B., Hoban, D.J. & Zhanel,
G.G. (2009) AFN-1252, a Fabl inhibitor, demonstrates a
Staphylococcus-specific spectrum of activity. Antimicrobial
Agents and Chemotherapy, 53, 3544—3548.

Katayama, Y., Ito, T. & Hiramatsu, K. (2000) A new class of genetic
element, Staphylococcus cassette chromosome mec, encodes
methicillin resistance in Staphylococcus aureus. Antimicrobial
Agents and Chemotherapy, 44, 1549-1555.

Kate, M., Mark, L., Zhang, Y.Z., Parhi, AK., Lyu, Y.L., Pawlak, J.
et al. (2015) TXA709, an FtsZ-targeting benzamide prodrug
with improved pharmacokinetics and enhanced in vivo ef-
ficacy against methicillin-resistant Staphylococcus aureus.
Antimicrobial Agents and Chemotherapy, 59, 4845-4855.

Kato, A., Nakaya, S., Ohashi, Y. & Hirata, H. (1997) WAP-8294A(2),
a novel anti-MRSA antibiotic produced by Lysobacter sp.
Journal of the American Chemical Society, 119, 6680—6681.

Kaul, M., Mark, L., Zhang, Y.Z., Parhi, A.K., LaVoie, E.J. & Pilch,
D.S. (2013) Pharmacokinetics and in vivo antistaphylococ-
cal efficacy of TXY541, a 1-methylpiperidine-4-carboxami
de prodrug of PC190723. Biochemical Pharmacology, 86,
1699-1707.

Kim, C., Mwangi, M., Chung, M., Milheirico, C., de Lencastre, H.
& Tomasz, A. (2013) The mechanism of heterogeneous beta-
lactam resistance in MRSA: key role of the stringent stress re-
sponse. PLoS One, 8, €82814.

Kirby, W.M. (1944) Extraction of a highly potent penicillin inactivator
from penicillin resistant Staphylococci. Science, 99, 452—453.

Kourtis, A.P., Hatfield, K., Baggs, J., Mu, Y., See, |, Epson, E. et al.
(2019) Vital Signs: epidemiology and recent trends in methicillin-
resistant and in methicillin-susceptible Staphylococcus aureus
Bloodstream infections - United States. MMWR. Morbidity and
Mortality Weekly Report, 68, 214-219.

Krauss, S., Zipperer, A., Wirtz, S., Saur, J., Konnerth, M.C.,
Heilbronner, S. et al. (2020) Secretion of and self-resistance
to the novel fibupeptide antimicrobial lugdunin by distinct ABC
transporters in Staphylococcus Ilugdunensis. Antimicrobial
Agents and Chemotherapy, 65, 1.

Kwon, D.H. & Lu, C.D. (2007) Polyamine effects on antibiotic sus-
ceptibility in bacteria. Antimicrobial Agents and Chemotherapy,
51, 2070-2077.

Lee, A.S.,de Lencastre, H., Garau, J., Kluytmans, J., Malhotra-Kumar,
S., Peschel, A. et al. (2018) Methicillin-resistant Staphylococcus
aureus. Nature Reviews Disease Primers, 4, 18033.

Lee, S.H., Wang, H., Labroli, M., Koseoglu, S., Zuck, P., Mayhood, T.
et al. (2016) TarO-specific inhibitors of wall teichoic acid biosyn-
thesis restore beta-lactam efficacy against methicillin-resistant
Staphylococci. Science Translational Medicine, 8, 329ra332.

Lehar, S.M., Pillow, T., Xu, M., Staben, L., Kajihara, K.K., Vandlen,
R. et al. (2015) Novel antibody-antibiotic conjugate eliminates
intracellular S. aureus. Nature, 527, 323-328.

Lewis, W.H., Tahon, G., Geesink, P., Sousa, D.Z. & Ettema, T.J.G.
(2021) Innovations to culturing the uncultured microbial major-
ity. Nature Reviews Microbiology, 19, 225-240.

Ling, L.L., Schneider, T., Peoples, A.J., Spoering, A.L., Engels, I,
Conlon, B.P. et al. (2015) A new antibiotic kills pathogens with-
out detectable resistance. Nature, 517, 455-459.

Liu, C.I, Liu, G.Y., Song, Y., Yin, F., Hensler, M.E., Jeng, W.Y.
et al. (2008) A cholesterol biosynthesis inhibitor blocks
Staphylococcus aureus virulence. Science, 319, 1391-1394.

Lopez, D. & Kolter, R. (2010) Functional microdomains in bacterial
membranes. Genes & Development, 24, 1893-1902.

Lowy, F.D. (1998) Staphylococcus aureus infections. The New
England Journal of Medicine, 339, 520-532.

Mandell, J.B., J, A.K., Deslouches, B. & Urish, K.L. (2020) Direct
antimicrobial activity of cationic amphipathic peptide WLBU2
against Staphylococcus aureus biofilms is enhanced in phys-
iologic buffered saline. Journal of Orthopaedic Research, 38,
2657-2663.

McCarthy, M.W. (2022) Exebacase: a novel approach to the treat-
ment of Staphylococcal infections. Drugs in R&D, 22, 113-117.

Meng, J., He, G., Wang, H., Jia, M., Ma, X., Da, F. et al. (2015)
Reversion of antibiotic resistance by inhibiting mecA in clini-
cal methicillin-resistant Staphylococci by antisense phospho-
rothioate oligonucleotide. Journal of Antibiotics (Tokyo), 68,
158-164.

Mensa, B., Howell, G.L., Scott, R. & DeGrado, W.F. (2014)
Comparative mechanistic studies of brilacidin, daptomycin,
and the antimicrobial peptide LL16. Antimicrobial Agents and
Chemotherapy, 58, 5136—-5145.

Mohr, S.C., Sokolov, N.V., He, C.M. & Setlow, P. (1991) Binding
of small acid-soluble spore proteins from Bacillus subtilis
changes the conformation of DNA from B to A. Proceedings
of the National Academy of Sciences of the United States of
America, 88, 77-81.

85UB0| SUOLULLIOD BAERID 3|eotidde 8y} Aq peuA0b a1 Sa1Le YO ‘88N J0 S3IN Joj AXeIq 1T 8UIIUO AB]IM UO (SUORIPUCO-PUR-SWLBIW0D B | 1M ARe1q U |UO//SHIY) SUOIPUCD PUe SWLB L 8L 89S *[5Z02/80/8T] UO ARlqiTauluo AB)IM ‘uopuo aBe|ioD Ldw Aq 892y T ST6L-TSLT/TTTT OT/I0PAL0D 8| 1M ALRIq 1BU1UO'SRUINO 0.0 IWOA IAUB//SURY WO1) pepeojumod ‘. ‘€202 ‘STLTSLT



NOVEL STRATEGIES TO TREAT S. AUREUS DISEASE

Naclerio, G.A., Abutaleb, N.S., Onyedibe, K., Karanja, C.,
Eldesouky, H.E., Liang, H.W. et al. (2022) Mechanistic stud-
ies and in vivo efficacy of an oxadiazole-containing antibiotic.
Journal of Medicinal Chemistry, 65, 6612—6630.

Nell, M.J., Tjabringa, G.S., Wafelman, A.R., Verrijk, R., Hiemstra,
P.S., Drijfhout, J.W. et al. (2006) Development of novel LL-
37 derived antimicrobial peptides with LPS and LTA neutral-
izing and antimicrobial activities for therapeutic application.
Peptides, 27, 649-660.

Nilsson, A.C., Janson, H., Wold, H., Fugelli, A., Andersson, K.,
Hakangard, C. et al. (2015) LTX-109 is a novel agent for
nasal decolonization of methicillin-resistant and -sensitive
Staphylococcus  aureus.  Antimicrobial ~ Agents  and
Chemotherapy, 59, 145-151.

Nolan, A.C., Zeden, M.S., Kviatkovski, I., Campbell, C., Urwin, L.,

Corrigan, R.M. et al. (2022) Purine nucleosides interfere with

c-di-AMP levels and act as adjuvants to re-sensitize MRSA To

beta-lactam antibiotics. mBio, 14, e0247822.

M.L., Drilling, A.J., Morales, S., Fong, S., Moraitis, S., Macias-

Valle, L. et al. (2019) Safety and tolerability of bacteriophage

therapy for chronic Rhinosinusitis due to Staphylococcus aureus.

JAMA Otolaryngology. Head & Neck Surgery, 145, 723-729.

Paetzel, M., Karla, A., Strynadka, N.C. & Dalbey, R.E. (2002) Signal
peptidases. Chemical Reviews, 102, 4549-4580.

Park, H.S., Yoon, Y.M,, Jung, S.J., Kim, C.M., Kim, J.M. & Kwak,
J.H. (2007) Antistaphylococcal activities of CG400549, a new
bacterial enoyl-acyl carrier protein reductase (Fabl) inhibitor.
Journal of Antimicrobial Chemotherapy, 60, 568—-574.

Pasquina-Lemonche, L., Burns, J., Turner, R.D., Kumar, S., Tank,
R., Mullin, N. et al. (2020) The architecture of the Gram-positive
bacterial cell wall. Nature, 582, 294—-297.

Peacock, S.J., de Silva, |. & Lowy, F.D. (2001) What determines nasal
carriage of Staphylococcus aureus? Trends in Microbiology, 9,
605-610.

Peck, M., Rothenberg, M.E., Deng, R., Lewin-Koh, N., She, G.,
Kamath, AV. et al. (2019) A Phase 1, randomized, single-
ascending-dose study to investigate the safety, tolerability,
and pharmacokinetics of DSTA4637S, an anti-Staphylococcus
aureus thiomab antibody-antibiotic conjugate, in healthy volun-
teers. Antimicrobial Agents and Chemotherapy, 63, 6.

Peek, N., Nell, M.J., Brand, R., Jansen-Werkhoven, T., van
Hoogdalem, E.J., Verrijk, R. et al. (2020) Ototopical drops con-
taining a novel antibacterial synthetic peptide: Safety and effi-
cacy in adults with chronic suppurative otitis media. PLoS One,
15, e0231573.

Percy, M.G. & Grundling, A. (2014) Lipoteichoic acid synthesis
and function in gram-positive bacteria. Annual Review of
Microbiology, 68, 81-100.

Perez-Bonilla, M., Oves-Costales, D., Gonzalez, |., de la Cruz, M.,
Martin, J., Vicente, F. et al. (2020) Krisynomycins, imipenem
potentiators against methicillin-resistant Staphylococcus au-
reus, produced by Streptomyces canus. Journal of Natural
Products, 83, 2597-2606.

Plumet, L., Ahmad-Mansour, N., Dunyach-Remy, C., Kissa, K.,
Sotto, A., Lavigne, J.P. et al. (2022) Bacteriophage therapy for
staphylococcus aureus infections: a review of animal models,
treatments, and clinical trials. Frontiers in Cellular and Infection
Microbiology, 12, 907314.

Reynolds, P.E. (1989) Structure, biochemistry and mechanism of
action of glycopeptide antibiotics. European Journal of Clinical
Microbiology & Infectious Diseases, 8, 943—-950.

Rhoads, D.D., Wolcott, R.D., Kuskowski, M.A., Wolcott, B.M., Ward,
L.S. & Sulakvelidze, A. (2009) Bacteriophage therapy of ve-
nous leg ulcers in humans: results of a phase | safety trial.
Journal of Wound Care, 18, 237-238 240-233.

Richter, S.G., Elli, D., Kim, H.K., Hendrickx, A.P., Sorg, J.A.,
Schneewind, O. et al. (2013) Small molecule inhibitor of lipote-
ichoic acid synthesis is an antibiotic for Gram-positive bacteria.

Ooi,

m

Proceedings of the National Academy of Sciences of the United
States of America, 110, 3531-3536.

Sakamoto, A., Terui, Y., Uemura, T., Igarashi, K. & Kashiwagi, K.
(2020) Polyamines regulate gene expression by stimulating
translation of histone acetyltransferase mRNAs. The Journal of
Biological Chemistry, 295, 8736—-8745.

Saravolatz, L.D., Pawlak, J., Johnson, L., Bonilla, H., Saravolatz,
L.D., 2nd, Fakih, M.G. et al. (2012) In vitro activities of LTX-109,
a synthetic antimicrobial peptide, against methicillin-resistant,
vancomycin-intermediate, vancomycin-resistant, daptomycin-
nonsusceptible, and linezolid-nonsusceptible Staphylococcus
aureus. Antimicrobial Agents and Chemotherapy, 56,
4478-4482.

Schilling, N.A., Berscheid, A., Schumacher, J., Saur, J.S., Konnerth,
M.C., Wirtz, S.N. et al. (2019) Synthetic lugdunin analogues re-
veal essential structural motifs for antimicrobial action and pro-
ton translocation capability. Angewandte Chemie (International
Ed. in English), 58, 9234-9238.

Shitara, Y. & Sugiyama, Y. (2006) Pharmacokinetic and phar-
macodynamic alterations of 3-hydroxy-3-methylglutaryl co-
enzyme A (HMG-CoA) reductase inhibitors: drug-drug in-
teractions and interindividual differences in transporter and
metabolic enzyme functions. Pharmacology & Therapeutics,
112, 71-105.

Shukla, R., Lavore, F., Maity, S., Derks, M.G.N., Jones, C.R,,
Vermeulen, B.J.A. et al. (2022) Teixobactin kills bacteria by a
two-pronged attack on the cell envelope. Nature, 608, 390-+.

Silverman, J.A., Mortin, L.l.,, VanPraagh, A.D.G., Li, T.C. & Alder,
J. (2005) Inhibition of daptomycin by pulmonary surfactant:
in vitro modeling and clinical impact. Journal of Infectious
Diseases, 191, 2149-2152.

Slavetinsky, C.J., Hauser, J.N., Gekeler, C., Slavetinsky, J., Geyer,
A., Kraus, A. et al. (2022) Sensitizing Staphylococcus aureus to
antibacterial agents by decoding and blocking the lipid flippase
MprF. eLife, 11, e66376.

Steenbergen, J.N., Mohr, J.F. & Thorne, G.M. (2009) Effects of
daptomycin in combination with other antimicrobial agents:
a review of in vitro and animal model studies. The Journal of
Antimicrobial Chemotherapy, 64, 1130-1138.

Suzuki, T., Campbell, J., Kim, Y., Swoboda, J.G., Mylonakis,
E., Walker, S. et al. (2012) Wall teichoic acid protects
Staphylococcus aureus from inhibition by Congo red and
other dyes. Journal of Antimicrobial Chemotherapy, 67,
2143-2151.

Tabor, C.W. & Tabor, H. (1984) Polyamines. Annual Review of
Biochemistry, 53, 749-790.

TAXIS. (2020) TXA709. AdisInsight.

Therien, A.G., Huber, J.L., Wilson, K.E., Beaulieu, P., Caron, A.,
Claveau, D. et al. (2012) Broadening the spectrum of beta-
lactam antibiotics through inhibition of signal peptidase type |I.
Antimicrobial Agents and Chemotherapy, 56, 4662—-4670.

Tong, S.Y., Davis, J.S., Eichenberger, E., Holland, T.L. & Fowler,
V.G., Jr. (2015) Staphylococcus aureus infections: epidemi-
ology, pathophysiology, clinical manifestations, and manage-
ment. Clinical Microbiology Reviews, 28, 603—661.

Towse, A., Hoyle, C.K., Goodall, J., Hirsch, M., Mestre-Ferrandiz, J.
& Rex, J.H. (2017) Time for a change in how new antibiotics are
reimbursed: development of an insurance framework for fund-
ing new antibiotics based on a policy of risk mitigation. Health
Policy, 121, 1025-1030.

Tripathy, S. & Sahu, S.K. (2019) FtsZ inhibitors as a new genera of
antibacterial agents. Bioorganic Chemistry, 91, 103169.

Vazquez, R., Garcia, E. & Garcia, P. (2018) Phage lysins for fighting
bacterial respiratory infections: a new generation of antimicro-
bials. Frontiers in Immunology, 9, 2252.

Vickery, C.R., Wood, B.M., Morris, H.G., Losick, R. & Walker,
S. (2018) Reconstitution of Staphylococcus aureus lipo-
teichoic acid synthase activity identifies congo red as a

85UB0| SUOLULLIOD BAERID 3|eotidde 8y} Aq peuA0b a1 Sa1Le YO ‘88N J0 S3IN Joj AXeIq 1T 8UIIUO AB]IM UO (SUORIPUCO-PUR-SWLBIW0D B | 1M ARe1q U |UO//SHIY) SUOIPUCD PUe SWLB L 8L 89S *[5Z02/80/8T] UO ARlqiTauluo AB)IM ‘uopuo aBe|ioD Ldw Aq 892y T ST6L-TSLT/TTTT OT/I0PAL0D 8| 1M ALRIq 1BU1UO'SRUINO 0.0 IWOA IAUB//SURY WO1) pepeojumod ‘. ‘€202 ‘STLTSLT



DOUGLAS ET AL

1474

selective inhibitor. Journal of the American Chemical Society,
140, 876-879.

Vollmer, W., Joris, B., Charlier, P. & Foster, S. (2008) Bacterial pep-
tidoglycan (murein) hydrolases. FEMS Microbiology Reviews,
32, 259-286.

von Eiff, C., Becker, K., Machka, K., Stammer, H. & Peters, G. (2001)
Nasal carriage as a source of Staphylococcus aureus bactere-
mia. Study group. The New England Journal of Medicine, 344,
11-16.

Wezen, X.C., Chandran, A., Eapen, R.S., Waters, E., Bricio-Moreno,
L., Tosi, T. et al. (2022) Structure-based discovery of lipote-
ichoic acid synthase inhibitors. Journal of Chemical Information
and Modeling, 62, 2586—-2599.

Wimley, W.C. & Hristova, K. (2011) Antimicrobial peptides: suc-
cesses, challenges and unanswered questions. The Journal of
Membrane Biology, 239, 27-34.

Wittebole, X., De Roock, S. & Opal, S.M. (2014) A historical overview
of bacteriophage therapy as an alternative to antibiotics for the
treatment of bacterial pathogens. Virulence, 5, 226—-235.

Wittke, F., Vincent, C., Chen, J., Heller, B., Kabler, H., Overcash, J.S.
et al. (2020) Afabicin, a first-in-class antistaphylococcal anti-
biotic, in the treatment of acute bacterial skin and skin struc-
ture infections: clinical noninferiority to vancomycin/linezolid.
Antimicrobial Agents and Chemotherapy, 64, 10.

Yao, X. & Lu, C.D. (2012) A PBP 2 mutant devoid of the trans-
peptidase domain abolishes spermine-beta-lactam synergy
in Staphylococcus aureus Mu50. Antimicrobial Agents and
Chemotherapy, 56, 83—-91.

Zimmermann, S., Klinger-Strobel, M., Bohnert, J.A., Wendler, S.,
Rodel, J., Pletz, M.W. et al. (2019) Clinically approved drugs in-
hibit the Staphylococcus aureus multidrug NorA efflux pump and
reduce biofilm formation. Frontiers in Microbiology, 10, 2762.

Zipperer, A., Konnerth, M.C., Laux, C., Berscheid, A., Janek, D.,
Weidenmaier, C. et al. (2016) Human commensals producing
a novel antibiotic impair pathogen colonization. Nature, 535,
511-516.

How to cite this article: Douglas, E.J.A.,
Woulandari, S.W., Lovell, S.D. & Laabei, M. (2023)
Novel antimicrobial strategies to treat multi-drug
resistant Staphylococcus aureus infections.
Microbial Biotechnology, 16, 1456—1474. Available
from: https://doi.org/10.1111/1751-7915.14268

85UB0| SUOLULLIOD BAERID 3|eotidde 8y} Aq peuA0b a1 Sa1Le YO ‘88N J0 S3IN Joj AXeIq 1T 8UIIUO AB]IM UO (SUORIPUCO-PUR-SWLBIW0D B | 1M ARe1q U |UO//SHIY) SUOIPUCD PUe SWLB L 8L 89S *[5Z02/80/8T] UO ARlqiTauluo AB)IM ‘uopuo aBe|ioD Ldw Aq 892y T ST6L-TSLT/TTTT OT/I0PAL0D 8| 1M ALRIq 1BU1UO'SRUINO 0.0 IWOA IAUB//SURY WO1) pepeojumod ‘. ‘€202 ‘STLTSLT


https://doi.org/10.1111/1751-7915.14268

	Novel antimicrobial strategies to treat multi-­drug resistant Staphylococcus aureus infections
	Abstract
	INTRODUCTION
	NOVEL TARGETS
	Lipoteichoic acid inhibitors
	FtsZ inhibitors
	FabI inhibitors

	ENGINEERED ANTIMICROBIAL PEPTIDES
	PLG0206
	Brilacidin
	OP-­145
	LTX-­109

	NEW NATURALLY OCCURRING ANTIBIOTICS
	Teixobactin
	Complestatin and corbomycin
	Malacidins
	Lugdunin
	Humimycins
	Cyclic lipopeptide

	ANTIBIOTIC ADJUVANTS
	Efflux pump inhibitors
	Antisense mecA
	Antibody blocking of MprF

	β-­LACTAM POTENTIATION
	Statins
	Polyamines
	Signal peptidase inhibitors
	Synergy with purine nucleoside analogues

	ANTIBIOTIC-­ANTIBODY CONJUGATES
	BACTERIOPHAGE AND PHAGE LYSINS
	Bacteriophage therapy
	Lysins

	SMALL ACID-­SOLUBLE SPORE PROTEINS
	CONCLUDING REMARKS
	AUTHOR CONTRIBUTIONS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	REFERENCES


