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Foreword

Abstract

There is an urgent need to identify novel antibiotics for multidrug-resistant
Gram-negative pathogens. These bacteria are intrinsically resistant to many
antimicrobials due to a formidable outer membrane barrier. Herein we investigate
the potential of perturbing the outer membrane to sensitize Gram-negative
bacteria to otherwise inactive antibiotics. In chapter 2, we identify the ability of
mcr-1 mediated resistance to confer protection from the lytic but not outer
membrane-perturbing activity of colistin. Exploiting this sensitivity, we show that
colistin and clarithromycin in combination are efficacious against mcr-1-
expressing Klebsiella pneumoniae in murine infection models. This demonstrates
the viability of colistin combination therapies against Gram-negative pathogens
harbouring mcr-1, and points to a mechanism of mcr-1-mediated resistance
extending beyond the predicted reduction in binding affinity of polymyxins to the
outer membrane. We continue to investigate the potential of using outer
membrane perturbants with otherwise inactive antimicrobials in chapter 3. In this
work, we identify the ability of OM disruption to change the rules of Gram-
negative entry, render pre-existing resistance ineffective, reduce the development
of spontaneous resistance and attenuate biofilm formation. Together, these data
suggest that OM disruption overcomes many traditional hurdles encountered

during antibiotic treatment and is a high priority approach for further development.
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Antibiotic discovery

The discovery and clinical implementation of antibiotics mark one of the
greatest achievements in human history. Modern medicine relies heavily on
antibiotics for the treatment and prevention of infection during many high-risk
procedures, including chemotherapy and organ transplants. Unfortunately,
decades of misuse have contributed to the global dissemination of resistance and
rapid erosion of our therapeutic arsenal. Overcoming antibiotic resistance is
paramount to human health and will require improvements in antibiotic
stewardship, reduction in agricultural use, and new antibiotic discovery. Policy-
based changes to mitigate some of these issues have been implemented, and
early results show agricultural and clinical use trending downward'-3. Slowing the
spread of antibiotic resistance will help prolong the effectiveness of current
antibiotics. However, the development of resistance for every antibiotic is
inevitable. As such, overcoming the resistance crisis will require an ever-

expanding arsenal of effective therapeutics.

After the discovery of penicillin by Alexander Fleming in 19294, new
antibiotics were rapidly identified, with over ten additional classes discovered
between 1940 and 1960°. This era, known as the “Golden Age” of antibiotic
discovery, was ushered in on the Waksman platform, which screened
Actinomycetes and other soil-dwelling bacteria for the production of secondary
metabolites that inhibit bacterial growth®. Although initially highly successful, this

approach was plagued by rediscovery, and by the 1960s, an exponentially
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increasing number of producers were required to be screened for each new
antimicrobial identified”. As such, the field moved heavily into medicinal chemistry
efforts optimizing previously discovered antibiotic scaffolds for improved potency,
reduced susceptibility to resistance and increased spectrum of activity. These
endeavours were of critical importance to our current antibiotic arsenal, and
continue to provide the next generation of antibiotics®. However, reliance on
medicinal chemistry efforts has proven unable to keep pace with the resistance
threat. Decades of optimization around the same chemical scaffolds have made
even incremental improvements difficult. Additionally, many antibiotic resistance
mechanisms confer cross-resistance to drugs within the same class, highlighting

the importance of identifying compounds with unique chemical scaffolds.

Little research attention was directed towards developing new antibiotic
scaffolds until the 1990s when advancements in computation, robotics, and
recombinant DNA techniques allowed for the advent of high-throughput screening
in antibiotic discovery. This enabled the examination of hundreds of thousands of
synthetic molecules for activity against purified proteins. While this approach was
expected to usher in the next “Golden Era” of antibiotic discovery, identifying
potent inhibitors of in vitro enzyme activity proved more difficult than expected.
Putative inhibitors often lacked the necessary physical, and chemical properties
for further development®'°, and promising leads were unsuccessful in
transitioning from potent in vitro inhibitors to whole-cell actives'. This was a

particular challenge in Gram-negative bacteria due to a formidable outer
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membrane (OM) barrier and efflux machinery. The technologies that brought so
much promise to the fields of cancer and HIV'? failed to bring even a single novel

antibiotic into the clinic.

With an increasing number of pharmaceutical companies exiting the
antibiotic space, the onus has fallen on academic labs and small R&D companies
to advance discovery. Policies makers have begun to take notice and pull
incentives are being put in place to help alleviate some of the financial hurdles in
bringing new antibiotics into the clinic'3. Additionally, private-public partnerships
such as Combating Antibiotic-Resistant Bacteria Biopharmaceutical Accelerator
(CARB-X), have begun to provide funding and resources to spearhead antibiotic
development. In contrast to large pharmaceutical ventures, antibiotic discovery
from academic labs explores more innovative, high-risk, high-reward approaches
including anti-virulence, immunotherapy and drug-resistance modulation. Indeed,
the next generation of antimicrobials may employ a completely different approach

to treating bacterial infection than our current antibiotic arsenal.
The Gram-negative resistance problem

Antibiotics can be categorized by their spectrum of activity into broad-
spectrum (active against both Gram-positive and Gram-negative bacteria) or
narrow-spectrum (active against one or the other) agents. With the exception of
polymyxins, narrow-spectrum antibiotics are predominantly active against Gram-
positive bacteria. In this category, development of novel antibiotics has shown

slow, but notable progress in the last 20 years, with the introduction of three
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novel Gram-positive active antibiotic classes: the cyclic lipopeptide daptomycin#,
the oxazolidinone linezolid'® and the pleuromutilin retapamulin®. Further, two
additional classes of Gram-positive active antibiotics are currently in
development, the Fabl inhibitor Afabicin and FtsZ inhibitor TXA7098. In contrast,
no Gram-negative active antibiotic with a novel target has been introduced into
the clinic since the quinolones in 19677, and none are currently in clinical

development?,

In 2017, the World Health Organization (WHO) published a list of twelve
high-priority pathogens for which new antibiotics are urgently needed'®; nine of
the twelve were Gram-negative. In 2019, the Centers for Disease Control and
Prevention (CDC) echoed this sentiment by releasing its own Antimicrobial
Resistance Threats Report characterizing antibiotic-resistant bacteria and fungi
based on their threat level to human health'®; three of the five most urgent threats
on this list were Gram-negative pathogens. These reports underscore the rising
concern amongst the medical and scientific community on the global threat of

multidrug-resistant Gram-negative bacterial infections.

Gram-negative resistance elements can be divided into three major
categories: intrinsic, spontaneous and horizontally acquired?. Intrinsic resistance
elements are defined as those conserved across the genomes of individual
bacterial species, independent of antibiotic-mediated selective pressure. Intrinsic
resistance in Gram-negative bacteria is derived from both the inherently

impermeable OM and efflux machinery, which together reduce the efficacy of
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many classes of clinically effective Gram-positive antibiotics. Spontaneous
resistance occurs by mutations in strains of previously susceptible bacteria upon
antibiotic selection. This type of resistance is limited to vertical transmission
through replication of the resistant strain. Horizontal gene transfer occurs
between bacterial strains or species, when resistance elements, located on
mobile DNA elements (plasmids, transposons) are acquired?’. These mobile
elements often rapidly spread antibiotic resistance genes across populations and
have garnered much attention for their contribution to the current resistance

crisis.

Notably, difficulties in the discovery of Gram-negative active antibiotics can
largely be attributed to intrinsic resistance mechanisms preventing molecules
from accumulating within bacteria. All Gram-negative bacteria are protected by a
formidable OM barrier, which acts to slow the influx of noxious chemicals?223. In
combination with robust efflux machinery, the OM severely impedes the sufficient
accumulation of small molecules for growth-inhibition. This problem has been
traditionally overcome with antibiotics that pass through porins. These B-barrel
proteins, permit the diffusion of small hydrophilic molecules through the OM.
However, this entry route significantly restricts the range of physicochemical
properties compatible with Gram-negative activity. Indeed, the vast majority of
Gram-negative active compounds are hydrophilic with a molecular weight less
than 600 Da?*2°. Unfortunately, biochemical screens typically yield potent

inhibitors that do not adhere to these requirements, as in vitro actives are often
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hydrophobic and non-potent against whole cells'!. The limited range of
hydrophobicity compatible with Gram-negative activity has proven particularly
difficult to overcome, as efforts to increase permeability often concur with a
decrease of in vitro potency. As such, traditional Gram-negative drug discovery
efforts are forced to find a delicate balance between permeability and in vitro

activity.
Structure and synthesis of LPS

The OM is an asymmetric bilayer composed of predominantly
lipopolysaccharide (LPS) in the outer leaflet and phospholipids in the inner leaflet.
LPS is stabilized by divalent cation bridging to form a robust permeability barrier.
Additionally, polarity in the carbohydrate chains of LPS excludes hydrophobic
compounds, making it unique from other biological membranes. LPS can be
divided into three major components: lipid A, core oligosaccharide and O-antigen
polysaccharide (Figure 1a,b). LPS biosynthesis has been thoroughly
characterized in Escherichia coli and is primarily conserved across Gram-
negative species (Figure 1c). In short, lipid A is assembled from uridine
diphosphate N-acetylglucosamine (UDP-GIcNAc), which is first modified with the
addition of two fatty acid chains to form UDP-diacyl-GIcN through the successive
action of LpxA?8, LpxC?7, and LpxD?2. LpxH then hydrolyzes UDP-diacyl-GIcN to
form lipid X2°, which is condensed with its precursor by LpxB to form lipid A
disaccharide®. After 4’-phosphorylation by LpxK3', two 2-keto-3-deoxymanno-

octulosonic acid (Kdo) residues are incorporated by WaaA to form Kdo-lipid
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IVa32. The acyl chains of Kdoz-lipid IVa undergo further modifications by LpxL33
and LpxM3* to form Kdo2-lipid A, which is the minimum composition of LPS

required for viable E. coli growth.

Core oligosaccharides are sequentially assembled onto Kdoz-lipid A using
nucleotide sugars as donors for a number of glycosyltransferases. Core
oligosaccharide structure is divided into two distinct regions, inner and outer core.
The inner core is primarily conserved across species and typically contains Kdo
and L-glycero-D-mannoheptose. Heptose is biosynthesized by GmhA, GmhB,
and GmhD and transferred onto Kdo>-lipid A by the heptosyltransferases WaaC
and WaaF?°. The biosynthesis of both outer core and O-antigen is highly variable

across bacterial species.

After biosynthesis along the cytoplasmic face of the inner membrane (IM),
LPS is flipped by MsbA to the outer leaflet of the IM, where a terminal O-sugar
chain can be incorporated3®. Before integration into the OM, LPS must travel
across the periplasmic space. Due to its amphipathic nature, LPS cannot
passively travel through the periplasm to the OM. To overcome this hurdle,
Gram-negative bacteria use a transmembrane LPS transport system (Lpt) to form
a bridge between the IM and OM (Figure 1a). The structure of this bridge was
recently elucidated in work by Li et al.3” and Owens et al.®8, in which the complete
structure of the Lpt complex was solved, and a new model was proposed for LPS
transport: LPS is first detached from the IM by the ATP-binding cassette

transporter LptB2FG, which acts as a pump to power LPS transit. LptC receives
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LPS from LptB2FG, and by constriction, LPS is moved along LptC and LptA. LPS
is then passed to LptD, which is connected to the OM translocon (LptD-LptE).

Once through the periplasmic space, LPS is then integrated into the OM.
The outer membrane as an antibiotic target

The OM renders Gram-negative pathogens intrinsically resistant to most
potent in vitro enzyme inhibitors, resulting in the failure of countless antibiotic
discovery efforts. However, the importance of a robust OM in bacterial fithess and
virulence should not be overlooked. Indeed, several research efforts have
demonstrated the encouraging potential of targeting the OM through perturbation

of LPS biosynthesis, LPS transport and OM structure.

The conservation of many enzymatic steps in Kdoz-lipid A biosynthesis,
required for Gram-negative viability, has made these aspects of the pathway
desirable targets. Further, the inhibition of many LPS biosynthetic enzymes
disrupts OM integrity, increasing vulnerability to otherwise inactive antibiotics®,
as well as complement-mediated serum activity, and phagocytosis*®. As such, a
number of research groups have identified novel inhibitors of the enzymes

involved in LPS biosynthesis.

One such example, LpxC, has an extensive history as an antimicrobial
target, with the first inhibitor L-573,655 identified by Merck & Co. in the mid
1980s*'. At the time, the perceived market for a narrow-spectrum Gram-negative

active antibiotic was limited, and the inability to expand activity from

10
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Enterobacteriaceae to Pseudomonas aeruginosa or Serratia spp. resulted in the
termination of the project*?. Over the years, dozens of patents for novel LpxC
inhibitors have since been filed by research groups, including Merck & Co, Pfizer,
AstraZeneca and Achaogen*3. Notably, LpxC is a rare example of in vitro
inhibition translating to whole-cell potency in Gram-negative bacteria. Sub-lethal
levels of LpxC inhibition disrupts OM integrity, which may allow these inhibitors to
facilitate their uptake into the cell. Despite the overwhelming number of identified

leads, no inhibitor has advanced past Phase | trials**4.

Once synthesized and transported through the periplasm, LPS integrates
into the OM and is stabilized by divalent cation bridging®®. The distinctive
properties of LPS and, therefore, the OM, distinguish it from eukaryotic
membranes making it an exploitable antimicrobial target. Indeed, a range of
antimicrobial compounds selectively target and disrupt the OM by displacing
cations from the phosphates of lipid A. This approach is exploited by host
immune factors such as cationic antimicrobial peptides as well as by natural

product metabolites like polymyxins.

The most successful family of LPS-targeting antimicrobials are the
polymyxins, particularly polymyxin B (PMB) and polymyxin E (colistin).
Discovered in the 1940s%647, these cyclic lipodecapeptide antibiotics are highly
effective against Gram-negative pathogens and remain a critical last-line
therapeutic*®. Polymyxins contain a cyclic heptapeptide core linked to a tripeptide

“‘panhandle” and an N-terminal fatty acyl tail (Figure 2). Polymyxins rely on the

11
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positively charged amino groups of diaminobutyric acid (DAB) to interact with the
phosphates of lipid A. Polymyxin destabilizes the OM by displacing the
magnesium bridging between LPS molecules, leading to increased cell envelope
permeability, disruption of the IM, and lytic cell death*%%° While polymyxins
demonstrate potent antimicrobial activity, their considerable nephrotoxicity
complicates therapeutic use. A number of groups are developing polymyxin
derivatives with a focus on reducing nephrotoxicity®'. Because the activity of
polymyxin can be broadly characterized into two components (OM disruption and
lysis)®?, two divergent strategies are under investigation for the optimization of
polymyxins: OM disruption for use as part of combination therapy or a lytic

monotherapy approach.

Attempts to optimize the bactericidal activity of polymyxin have employed
structural modifications to the hydrophobic tail and reductions in the number of
positive charges®3. It remains to be seen how the reported reduction in toxicity for
these molecules will translate into humans. The previous polymyxin derivative
CB-182 804 (Cubist)** was also predicted to have reduced toxicity profiles based
on in vitro and in vivo assays, yet ultimately abandoned due to nephrotoxicity
once advanced into human trials. However, many groups continue to use
polymyxin as a template for optimization, irrespective of the inevitable association
between IM disruption and toxicity. Indeed, a high degree of conservation
between the bacterial IM and eukaryotic cell membrane has led to the typical

abandonment of molecules with IM activity in drug discovery efforts due to toxicity

12
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concerns®. Optimistically, it is possible that a redirection of focus towards
optimizing the OM- and not IM-disrupting activity of polymyxins may offer more

flexibility in ameliorating nephrotoxicity.
mcr-1 mediated polymyxin resistance

Resistance to colistin and other polymyxin antibiotics is predicted to occur
through a reduction in the electrostatic attraction between the cationic antibiotic
and anionic LPS. Resistance is conferred by the addition of cationic moieties,
phosphoethanolamine (pEtN) and/or 4-amino-4-deoxy-L-arabinose (L-Ara4N)
onto the phosphates on lipid A%. Until recently, polymyxin resistance was
believed to result solely from mutations that constitutively activate two-component
regulatory systems PhoP-PhoQ and PmrA-PmrB5%6:%7. As this spontaneous
resistance is unable to rapidly spread through bacterial populations, the clinical
impact of resistance was limited®®. However, this assumption was overturned in
2015, with the identification of the first mobile colistin resistance gene (mcr-1) in
E. col®®. The plasmid borne mcr-1 is capable of rapid dissemination through
horizontal gene transfer, and since its initial discovery, nine variants have been
identified within isolates around the globe. Losing colistin from the antibiotic
arsenal would leave little or no therapeutic options for many multi-drug resistant

Gram-negative infections.

MCR-1 and its variants are phosphoethanolamine (pEtN) transferase
enzymes that catalyze the reaction of pEtN-4’-lipid A from lipid A plus

phosphatidylethanolamine (Figure 3)°%6°. Unmodified lipid A contains two

13
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negatively charged phosphates at the 1’ and 4’ position (Figure 1b), which act as
a binding site for polymyxin antibiotics and other positively charged molecules?3.
The addition of pEtN reduces the negative charge on lipid A from -1.5 to -1. This
reduction in charge is predicted to reduce polymyxin binding at the OM, impeding
self-promoted update and lysis?3. In chapter 2, | identify that while expression of
mcr-1 does reduce the lytic activity of colistin, it does little to prevent perturbation
of the OM, which lends itself to exploitation with a combination antibiotic

approach.
Overcoming Gram-negative permeability

The target of many Gram-positive active antibiotics is present in Gram-
negative bacteria; arguably, the only barrier to their activity against Gram-
negative bacteria is their inability to permeate the OM. Indeed, strains of E. coli
with compromised OM or efflux capability are highly sensitized to many of these
traditionally Gram-positive active antibiotics'-3%61, Antibiotic discovery efforts
have thus attempted to increase the intracellular concentration of Gram-positive
active antibiotics in Gram-negative pathogens through a variety of approaches,
including inhibition of efflux machinery, medicinal chemistry efforts and chemical

perturbation of the OM.

Gram-negative bacteria harbour robust efflux machinery that expels a
multitude of structurally diverse compounds from the bacterial cell. The
identification of an efflux pump inhibitor (EPI) has the potential to sensitize

bacteria to a range of antibiotics. Two of the most well-studied efflux systems are
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the E. coli AcrAB-TolC and P. aeruginosa MexAB-OprM systems®2. One of the
first EPIs in Gram-negative bacteria was PABN, which impedes both P.
aeruginosa MexAB and E. coli AcrAB®3. PABN sensitizes these Gram-negative
pathogens to a number of Gram-positive active antibiotics, including oxazolidines,
macrolides and rifamycins®*. Unfortunately, serum-binding and toxicity concerns
have hampered further development of PABN and analogues®. Several efflux
inhibitors have been identified over the last 20 years®®. However, optimization
and advancement into preclinical development has proven difficult due to broad
substrate specificities and redundancy in efflux systems®7-68, Alternative medicinal
chemistry approaches may prove more successful in modifying compounds to
avoid efflux®®, although an incomplete understanding of substrate specificity

continues to burden this approach.

Efforts to increase compound permeability through the OM have also
suffered from an incomplete understanding of Gram-negative entry. The
traditional “rules” of permeability state that to be active against Gram-negative
bacteria, molecules must be less than 600 Da and hydrophilic. Recent work by
Richter et al. has expanded these rules, identifying the benefits of flatness,
rigidity, and positive charge in OM-permeating molecules’®. These properties are
predicted to better facilitate passage through the porins, increasing compound
influx. Applying these observations to medicinal chemistry efforts has allowed the
modification of a select number of Gram-positive active antibiotics into gaining

Gram-negative activity’®’!. This approach is, however, limited to scaffolds for
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which modifications do not alter affinity for the intracellular target. Advancing our
understanding of Gram-negative permeability is sure to further improve this

promising approach.

An alternative to modifying Gram-positive active antibiotics for improved
entry is directly perturbing the OM barrier. Disruption of the OM sensitizes
bacteria to many Gram-positive antibiotics’?, an approach that has been
rigorously studied with the OM perturbant, polymyxin B nonapeptide (PMBN).
Reported by Vaara et al. in 1983, PMBN is a polymyxin B analog lacking a
hydrophobic tail, a modification that largely eliminates the antimicrobial (lytic)
activity but retains OM disruption’3. This compound displaces ion bridging
between LPS to perturb the OM and allow the entry of antibiotics traditionally
active against only Gram-positive bacteria into Gram-negatives. PMBN displays
reduced cytotoxicity to polymyxin B but nearly identical nephrotoxicity in rats”.
Recent attempts to decrease renal toxicity resulted in the development of a

PMBN derivative with only three positive charges, SPR741(Figure 2)74.

In-licensed by Spero Therapeutics, SPR741 potentiates a range of
antimicrobials, including rifampicin and clarithromycin, against E. coli, K.
pneumoniae and A. baumannii’®. When partnered with rifampicin, SPR741
reduces bacterial burden in a murine A. baumannii lung infection model’®.
Toxicology is also encouraging with reduced nephrotoxicity when compared to
polymyxin B”7. SPR741 has completed Phase la and Ib trials, demonstrating a

promising pharmacokinetic profile and tolerability’®. Unfortunately, as with other
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polymyxin derivatives containing a reduced number of positive charges, SPR741
lacks P. aeruginosa activity and is ineffective against polymyxin resistant

strains®. It is currently unknown if SPR741 will advance into Phase |l trials.

Our lab previously identified the antiprotozoal drug pentamidine as another
OM perturbant. Screening for potentiator molecules typically looks for growth
inhibition at sub-MIC concentrations of an otherwise inactive compound.
However, these conventional antibiotic sensitization screens capture a large
number of hit compounds with extraneous activity. Stokes et al. developed a
unique whole-cell screening platform for molecules that perturb the OM3°, At
15°C, E. coli becomes susceptible to vancomycin’®. Paradoxically, this phenotype
is reversed through the inactivation of genes involved in OM biosynthesis and by
non-lethal molecules that interact with the OM3°. This screening approach was
exploited to identify the cryptic capacity of the antiprotozoal drug pentamidine to
disrupt the OM and potentiate a range of Gram-positive active antibiotics against
Gram-negative pathogens. The combination of novobiocin and pentamidine
demonstrated encouraging efficacy in a systemic A. baumannii murine infection
model*®. Pentamidine maintains potentiation activity against polymyxin resistant
bacteria but lacks P. aeruginosa activity, and concerns surrounding

nephrotoxicity have limited further development.

In all, the looming threat of Gram-negative resistance has resulted in an
increase in investigations of OM perturbants. Recent studies have identified a

number of small molecules®8', peptides®?83, polymers® and host immune
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factors®86 that sufficiently disrupt the OM barrier to sensitize bacteria to Gram-
positive active antibiotics. Indeed, the discovery of a potent, broad-spectrum OM
disrupter has incredible potential as a combination therapy. Clinical
implementation would allow for the immediate use of dozens of Gram-positive
active antibiotics against Gram-negative pathogens, dramatically increasing the

antibiotic arsenal.
Purpose and goals of this thesis

My thesis work has focused on the potential to use OM-perturbing
chemicals alongside traditionally Gram-positive active antibiotics against Gram-
negative bacteria. In chapter 2, | describe our identification of the ability for mcr-1
to protect bacteria from the lytic, but not OM-disrupting, activity of colistin.
Exploiting this sensitivity using antibiotic combinations may provide a therapeutic
option for an otherwise difficult to treat resistance mechanism. | next sought to
address the possible limitations or unexpected benefits of the use of OM
perturbants in combination with Gram-positive active antibiotics, given the lack of
attention towards this research area. Chapter 3 comprises our work on the
interaction between OM disruption and Gram-negative resistance, in which |
uncover the ability for OM perturbation to overcome intrinsic, spontaneous and
horizontally acquired antibiotic resistance. In chapter 4, | integrate the results of
chapter 2 with recent advances in our understanding of mcr-1 and review the
potential for OM perturbation in clinical applications. Finally, | provide suggestions

on how to further expand our understanding of this intriguing antibiotic approach.
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Figures and Legends
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