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Emerging resistance to all available antibiotics highlights the need to develop new antibiotics with novel mechanisms of action.
Most of the currently used antibiotics target Gram-positive bacteria while Gram-negative bacteria easily bypass the action of most
drug molecules because of their unique outer membrane. This additional layer acts as a potent barrier restricting the entry of

compounds into the cell. In this scenario, several approaches have been elucidated to increase the accumulation of compounds
into Gram-negative bacteria. This review includes a brief description of the physicochemical properties that can aid compounds to
enter and accumulate in Gram-negative bacteria and covers different strategies to target or bypass the outer membrane-mediated

barrier in Gram-negative bacterial pathogens.
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INTRODUCTION

The discovery and clinical utilization of antimicrobials was a very
significant turning point in the history of medicine, which
significantly reduced morbidity and mortality worldwide. How-
ever, this advancement was soon followed by the development of
resistance to these antimicrobials, thus raising the prospect of
returning to the “pre-antibiotic era” with high lethality associated
even with simple infections. This resistance amongst pathogenic
microbes is a complex and dynamic process resulting from certain
direct or indirect factors including overuse and misuse of
antibiotics, poor sanitation, antibiotic disposal, and others.
Although antimicrobial resistance (AMR) is a global problem,
densely populated areas such as Asia-Pacific regions are at higher
risk of spread owing to socioeconomic factors. This increasing
threat of multidrug-resistant (MDR) pathogens is widely acknowl-
edged by global and national organizations, including the World
Health Organization (WHO) and the Centers for Disease Control
and Prevention, USA'.

In order to spur antibiotic discovery, WHO has classified
carbapenem-resistant Enterobacterales, carbapenem- and colistin-
resistant Acinetobacter baumannii, and carbapenem-resistant Pseu-
domonas aeruginosa as pathogens of global critical threat in its
pathogen priority list. Additionally, the emergence of extensively
drug-resistant (XDR) and pan-drug-resistant (PDR) strains of Klebsiella
pneumoniae worsens the situation'. Ameta-analysis of 175 studies
conducted in different countries of Southeast Asia revealed 73.0%,
29.8%, and 2.8% cases of carbapenem-resistant A. baumannii (CRAB),
carbapenem-resistant P. aeruginosa (CRPA) and carbapenem-
resistant Enterobacterales (CRE), respectively'. A survey conducted
in 2019 involving 204 countries and territories reported bacterial
AMR to be associated with 1.27 million deaths, with the highest
death rate recorded in western sub-Saharan Africa (27.3 deaths per
100,000 individuals) and the lowest in Australasia (6.5 deaths per
100,000 individuals). The research highlights the fatality associated

with quickly emerging drug-resistant strains of Escherichia coli,
followed by Staphylococcus aureus, K. pneumoniae, Streptococcus
pneumoniae, A. baumannii, and P. aeruginosa, which were directly
responsible for a total of 929,000 deaths®. According to a report
published by the UK government, AMR will be associated with
around 300 million premature deaths, with an associated global
economic loss of $100 trillion by 2050°. The increasing numbers of
MDR bacterial strains, especially Gram-negative bacterial (GNB)
pathogens, at an alarming rate highlights the urgent need to
develop new antibacterial agents with novel modes of action
targeting these pathogens in order to prevent future catastrophic
pandemic outbreaks®.

Gram-negatives are far more difficult to treat as compared to
Gram-positive bacterial (GPB) pathogens because of their uniquely
designed lipopolysaccharide (LPS) containing additional outer
membrane (OM), their efflux pumps and other resistance
mechanisms. Using one or the other mechanism, these bacteria
easily bypass the action of most of the commonly used antibiotics
and thus, are responsible for a variety of serious community and
healthcare-associated infections>®. In this context, the Infectious
Diseases Society of America issued a report entitled “Bad Bugs, No
Drugs: As Antibiotic Discovery Stagnates, A Public Health Crisis
Brews” already in 2004 to encourage and promote pharmaceutical
investment in antibiotic research and development?®. This is
however still lagging, with most big pharma companies having
left the development of antibiotics and the situation, therefore
worsens critically®’.

THE OUTER MEMBRANE OF GRAM-NEGATIVE BACTERIAL
PATHOGENS AS MAJOR RESISTANCE DETERMINANT

Structural features of outer membrane

The OM of Gram-negative bacteria has a very complex architec-
ture with phospholipids, lipopolysaccharides, lipoproteins and
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B-barrel porins, combining together to act as an asymmetrical lipid
bilayer barrier that prevents the entry of foreign molecules
including host defense molecules and antibiotics®. The inner
leaflet of the OM is made up of phospholipids while the outer
leaflet consists of a well-organized, densely packed LPS whose
phosphates are stabilized by Mg?*/Ca?" ions. LPS consists of the
glucosamine-based glycolipid Lipid A and the tight packing of
saturated fatty acid chains maintains a low level of membrane
fluidity, thus limiting the permeation of hydrophobic compounds
across the OM°. Additional core and O-antigen oligosaccharides
present in LPS of wild-type bacterial strains are required for
microbial virulence as they protect bacteria from antibiotics and
complement-mediated lysis'®. Lipoproteins localized on the
periplasmic face of OM are involved in various cellular processes
such as the transportation of molecules, maintenance of envelope
integrity, transduction of signals and pathogenesis''. The OM
contains certain B-barrel protein channels called porins that act as
size exclusion channels, allowing diffusion of small hydrophilic
molecules such as nutrients from the extracellular environment
into the periplasm but preventing entry of large and/or
hydrophobic molecules, including several classes of antibiotics®.

Efflux pumps as major resistance determinant

Unfortunately, even if lipophilic or amphiphilic antibiotics succeed
in crossing the OM, there are further lines of defense, e.g,
effluxpumps (EPs) that transport these molecules back to the
outer environment. These efflux pumps are abundantly used by
MDR bacteria to prevent the accumulation of antibiotics in the
intracellular environment, thus further decreasing the suscept-
ibility to antibiotics. Naturally, bacteria utilize these pumps to
excrete bacterial metabolic products and to recognize harmful
exogenous compounds that have penetrated through the cell
wall'2, Efflux pumps were first identified as a resistance mechan-
ism in 1970s' and since then, they are recognized as one of the
major factors responsible for, both, intrinsic and acquired
resistance in MDR Gram-negative bacterial pathogens. They
generally fall under six families based on their mode of
activation/regulation and function: 1. ATP-binding cassette (ABC)
family, 2. Resistance-nodulation-cell division (RND) family, 3. Major
facilitator superfamily, 4. Small multi-drug resistance family, 5.
Multi-drug and toxic compound extrusion family and 6. Related
proteobacterial antimicrobial compound efflux'4. All those families
of efflux pumps are present in both Gram-positive and Gram-
negative bacteria, except for the RND superfamily that is
specifically present in Gram-negative bacterial pathogens only
and extrude xenobiotics such as antibiotics, dyes, heavy metals,
detergents, and many other substrates'?. Altogether, these unique
features of the OM of Gram-negatives combined with the
presence of efflux pumps provide a strong defense against
commonly used antibiotics®.

Bacterial enzymes targeting antibacterial agents

Apart from these features of the OM and efflux pumps as
mechanisms of limited permeability and resistance respectively,
Gram-negative bacteria further produce antibiotic modifying
enzymes to render them ineffective, such as -lactamasese.g.,
serine B-lactamases, metallo-B-lactamases (MBLs) (including Ver-
ona integron-encoded metallo-3-lactamases (VIM encoded MBL)
and New Delhi metallo-B-lactamases (NDM)), cefotaximase, K.
pneumoniae carbapenemase (KPC), imipenemase (IMP)and oxa-
cillinase (OXA) that breaks the B-lactam ring. To worsen the
situation, bacterial strains producing extended-spectrum
B-lactamases (ESBLs) have evolved to target even third-
generation cephalosporins, thus further reducing the treatment
options available'. Besides the B-lactams, also other classes of
antibiotics are not left untouched by bacterial enzymatic action.
Bacterial ribosome-targeting antibiotics such as aminoglycosides,
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macrolides, lincosamides and streptogramins are inactivated by
bacterial rRNA methyltransferases that modify the drug target site
by methylation. The efficacy of peptidoglycan targeting glycopep-
tides is reduced by peptidoglycan-modifying enzymes such as
dehydrogenase, serine racemase, ligase and others. Further
worsening the situation, even the last resort antibiotic, colistin is
made ineffective by bacterial phosphoethanolamine transferases
that modify its target lipid A'>. Apart from these, thousands of
other bacterial enzymes targeting major classes of antibiotics
include phosphotransferases, glycosyltransferases and esterases
(targeting macrolides), nucleotidyltransferases (targeting lincosa-
mides and aminoglycosides), acetyltransferases (targeting Strep-
togramin A, phenicols, aminoglycosides and fluoroquinolones),
hydrolases (targeting phenicols), phosphotransferases (targeting
aminoglycosides, phosphomycin, rifamycins) and monoxygenases
(targeting tetracyclins, rifamycins)'®. A detailedoverviewofthe
molecular mechanismofantibioticresistanceamong Gram-
negatives has recentlybeenreviewed'’.

Membranevesicles, the un-intentionalresistancemechanism

Additionally, both Gram-positive and Gram-negative bacteria
possess an additional mechanism of protection through the
formation of membrane vesicles (MVs) which are spherical
nanoparticles formed of a lipid bilayer. In Gram-negatives, these
vesicles are formed by blebbing of OM as a result of cell envelope
disruption. While pinching off from the membrane, these vesicles
encapsulate some of the periplasmic components of the cell
including misfolded proteins, toxic intermediates or foreign
substances including certain antibiotics and thus, helping bacteria
in detoxification and increasing chances of survival. Sometimes,
these vesicles also carry certain antibiotic-inactivating enzymes.
However, the molecular mechanism of how these vesicles target
antibiotics remains elusive'®.

Along with OM, inner membrane in Gram-negative bacteria also
acts as a permeability barrier for polar and highly charged
compounds compared to neutral lipophilic solutes. This phospho-
lipid bilayer also carries a number of solute-specific energy-
dependent transporters which restricts the entry of compounds
into the cytoplasm. The entry of compounds via inner membrane
has been reviewed and is out of scope of this review'%°,

Possible ways of entry of antibiotics in Gram-negative
bacteria

Even though a large number of potential intracellular targets have
been studied in Gram-negative bacterial pathogens such as
peptide deformylase (PDF), enoyl-acyl carrier protein reductase
(Fabl), 3-ketoacyl-acyl carrier protein Ill (FabH), methionyl, tRNA
synthetase (MetRS) and phenylalanyl-tRNA synthetase (PheRS),
identifying inhibitors that accumulate into Gram-negative bacteria
has been a major challenge, which is best exemplified by >70 high
throughput screening (HTS) campaigns run by GlaxoSmithKline
with poor success. This study therefore highlights the limited
activity of intracellular-enzyme targeting compounds against
Gram-negative bacteria, mainly owing to the extremely limited
permeability of OM?'.

The major routes of entry of compounds into Gram-negative
bacteria pathogens are discussed below:

Self-promoted uptake. The hydrophobic, fatty acid chain bearing
lipid A, a core oligosaccharide and the O-antigen together
constitute LPS. The phosphorylated glucosamine backbone of
lipid A and the core region carry several anionic groups that
strongly attract divalent cations to recompense electrostatic
repulsion between neighboring LPS molecules. The mechanism
of action of antibacterial agents via self-promoted uptake has
already been reviewed®?2, Hydrophobic antibacterial agents like
macrolides (erythromycin, clarithromycin), rifamycins, novobiocin



and fusidic acid make use of the hydrophobic nature of LPS lipid A
to enter the bacterial cells. On the other hand, membrane
permeabilizers, such as Tris/EDTA, polymyxin B, polymyxin B
nonapeptide (PMBN), aminoglycosides (gentamicin, kanamycin)
and cationic peptides compete with divalent cations to bind with
LPS, resulting in release of LPS into the medium. This reduced LPS
in the OM is compensated by glycerophospholipids, which results
in phospholipid bilayer patches. These patches are several times
more permeable to lipophilic antibiotics. In this way, membrane
permeabilizers increase susceptibility of Gram-negative bacteria
towards hydrophobic antibiotics®.

Entry via porins

The most common way of entry into Gram-negative bacteria is via
hydrophilic B-barrel protein pores. Via these so-called porins, small
hydrophilic ions and molecules with a molecular mass below
roughly 600 Da, such as amino acids and sugars can diffuse to the
bacterial periplasm. The central hydrophilic portion of these
proteins makes them compound-selective for hydrophilic mole-
cules. Interestingly, antibiotics like B-lactams, tetracyclines, chlor-
amphenicol and fluoroquinolones find their way into the cell via
these porins. However, entry through these porins is affected by
physicochemical parameters, e.g., nature and position of specific
charges. This dependency was illustrated by Bezrukov's group,
where a sharp increase in the selectivity of the porin OmpF for
cations relative to anions was observed in solutions of low ionic
strength®23, Interestingly, ampicillin and amoxicillin  (both
-lactams) have pH-dependent actions on OmpF porins as they
transiently block the open channels of the porins and show
maximum blockage at a pH corresponding to their isoelectric
point. The interaction between the specific charges of the
zwitterionic molecules and the OmpF porins aids the antibiotic
drug translocation across the membrane. Quinolone derivatives
are bactericidal antibiotics that primarily translocate over the OM
via porins (in particular OmpF). Less hydrophobic quinolones like
norfloxacin and ciprofloxacin are proven to cross the membrane
via other porins?#2>,

Despite being an excellent way of entry of drugs, studies have
revealed the emergence of a large number of resistant strains of E.
coli, P. aeruginosa, N. gonorrhoeae, Enterobacteraerogenes and K.
pneumoniae in which either there is loss/severe reduction of
porins or replacement of one or two major porins by another type;
or altered function due to specific mutations®. A wide spread of
porin-based drug resistance was reported by Pagés et al. where
44% among 45 B-lactam resistant clinical isolates of E. aerogenes
obtained from French hospitals showed a lack of porins?®.

Facilitated diffusion

Facilitated diffusion is a process of transportation of molecules
across the OM utilizing substrate-specific carrier proteins against
concentration gradients. The process is independent of metabolic
energy but is facilitated by factors like pH and drug concentration.
Two such carrier proteins studied in E. coli are TonA and TonB.
These proteins are naturally used by E. coli for the accumulation of
ferrichrome (a naturally occurring iron chelator). The antibiotic
albomycin, a structural analog of ferrichrome, follows the same
path to enter bacterial cell via binding to TonA and TonB?’.

Entry via transport proteins [specific and non-specific proteins]. The
OM of Gram-negative bacteria comprises a large number of
proteins such as murein lipoprotein (Lpp) (provide OM-
peptidoglycan interactions and to maintain OM integrity), OmpA
(to maintain the OM integrity) and general diffusion porins. Apart
from these proteins, some other specialized protein channels and
receptors are found on OM, which are responsible for the uptake
of specific substrates. For example, LamB and BtuB help in
transportation of maltodextrins and vitamin B12. Proteins such as

D. Saxena et al.

npj

3
Omp85 are involved in OM and surface appendage biogenesis. A
variety of translocators are employed for the assembly of
adhesins, pili and flagella. Additionally, several translocons present
in type Il secretion systems are involved in the release of toxins
and different types of enzymes and proteins are also involved in
the assembly of LPS. These transport proteins can be attractive
targets for transporting antibiotics. However, most of these targets
are not extensively studied as antibiotic entry routes®. One
exception is siderophore transporters where the first drug, Fetroja
(cefiderocol), exploiting this mechanism, combined with facilitated
diffusion, for uptake has reached approval. The compound binds
to the ferric ion and is transported to the periplasmic space via
siderophores?®,

Entry due to Donnan potential. Donnan potential was initially
identified as a surface potential in Gram-negative bacteria that are
involved in cell mobility and adaptation to different environ-
mental stimuli including charge, ionic strength and pH. Donnan
potential is basically the imbalance of charge caused by freely
entering, small, permeable ions in presence of large impermeable
charged molecules that are trapped in the periplasmic space of
Gram-negative bacteria. Generally, membrane potential is nega-
tive towards the periplasmic side (40-80 mV), which drives small
positive molecules across the membrane. Thus, small positively
charged antibacterial compounds can utilize this mode of entry
into Gram-negative bacteria'®.

Treatment options against Gram-negative bacterial
pathogens

Several classes of antibiotics have been developed to target multi-
drug resistant Gram-negative bacterial pathogens. For example,
fosfomycin was earlier used as an effective treatment option in
urinary tract infections (UTIs)2?3°, Similarly, tigecycline (targeting
CRE and CRAB)*'22, fluoroquinolones (broad spectrum antibiotic
effective even against drug-resistant strains), aminoglycosides (to
treat Gram-negative bacteria associated nosocomial pneumonia)
and piperacillin/tazobactam (against multiple Gram-negative
pathogens)®® are other effectively used antibiotics. The
membrane-disrupting drug colistin is employed only as an
antibiotic of last resort against serious, MDR- Gram-negative
bacterial nosocomial infections. However, colistin is highly
nephrotoxic and the emergence of colistin-resistant strains limits
its clinical use'. Tables 1, 2 list various antibiotics discovered or
under development targeting Gram-negative bacterial pathogens.

More recently, new antibacterial molecules targeting Gram-
negative bacterial pathogens have entered the clinical pipeline.
ARX-1796, a diazabicyclooctane (DBO) B-lactamase inhibitor (DBO-
BLI) is under development by Arixa Pharmaceuticals for the
treatment of Gram-negative Enterobacterales infections. Cefepime/
Zidebactam is another cephalosporin with a DBO-BLI/PBP2 binder
combination approved for treatment of Gram-negative pathogens
including A. baumannii, P. aeruginosa and Enterobacterales®*.

Apart from these, antimicrobials targeting novel bacterial
targets such as bacterial riboswitches (e.g., roseoflovin), quorum
sensing (e.g., Gram-negative-specific N-acylhomoserine lactones,
AHLs), type Il secretion systems (e.g., salicylideneacylhydrazides),
biofilm (e.g., glycomimetic compounds)®*, ClpP, ClpX, MgrA, and
ToxT modulators (e.g., B-lactone U1, phenyl esters AV170, and
AV286) are also under study>S.

Although numerous classes of antibiotics are available to
combat Gram-negative pathogens, rapidly emerging MDR strains
limit our treatment options. In this scenario, clinicians are forced to
use last-resort drugs such as colistin, etc., consequently increasing
the pressure on even last-resort antibiotics®.
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Table 1.

List of clinically utilized antibiotics to treat infections caused due to Gram-negative bacterial pathogens (Adapted from ref. ).

Standard of care antibiotics

Novel Treatment Options

Delafloxacin®?,
Lascufloxacin
Lefamulin

Plazomicin

Eravacycline

Antibiotics Usage Antibiotics Usage
Fosfomycin uTIP® Ceftazidime/avibactam For HAP & VAP'?>
Tigecycline CRE and CRAB'%¢ Meropenem/vaborbactam For treating adult cUTlIs, including pyelonephritis, clAls, and
HAP, including VAP'?”
Amikacin, For GNB-associated nosocomial Ceftolozane/tazobactam For clAls, acute pyelonephritis, cUTIs and HAP, VAP'2°
Gentamicin pneumonia'?®
Piperacillin/ Against multiple GNB Imipenem/Relebactam Against the KPC-producing CREs, K. pneumoniae and
tazobactam pathogens'3? P. aeruginosa'®!
Colistin MDR bacteria'3? Cefoperazone/sulbactam Against Enterobacterales'??
Levofloxacin, UTI and others Cefiderocol Against a variety of Ambler class A, C and D f-lactamases'>®
Ciprofloxacin Pharmacotherapy'3*
Ertapenem For treating IAl, cSSSI, cUTI, acute pelvic infections and CAP,
limited activity against P. aeruginosa, A. baumannii and
B. cepacia n'3¢'37
Doripenem Active against AmpC and other ESBL-producing
Enterobacteriaceae'3%13°
Biapenem Broad spectrum antibiotic targeting S. pneumoniae, MSSA,

141,142

Relebactam + Imipenem +
Cilastatin (Recarbrio)

A. baumannii, ESBL -producing Enterobacteriaceae,
E. cloacae, S. marcescens and & C. freundii'*°

Fluoroquinolone antibiotic approved for the treatment of
community-aquired pneumoniaCAP

Pleuromutilin derivative for the treatment of community-
acquired pneumoniaCAP'43

Aminoglycoside antibiotic approved for the treatment of
cUTI™*

A DBO-BLI + B-lactam (carbapenem)/degradation inhibitor)
for treating cUTI'®'

A tetracycline class antibiotic approved for the treatment of
|A|29,‘I45

acquired pneumonia.

HAP Hospital-acquired pneumonia, VAP Ventilator-associated pneumonia, UTI Urinary tract infection, /Al intra-abdominal infections, MBL metallo-p-lactamase,
clAl complicated intra-abdominal infection, cUTI complicated urinary tract infection, ¢SSSI complicated skin and skin-structure infection, CAP community-

Physicochemical parameters of compounds to target outer
membrane for accumulation in Gram-negative pathogens

An important step of designing a drug against Gram-negative
bacteria is focusing on the increased accumulation of the compound
into the bacterial cell. This can be done by tuning the physicochem-
ical parameters of the compound. Several studies have been
conducted to study the correlation between the physicochemical
properties of compounds and their accumulation in Gram-negatives.
Studies involving entry of compounds via porins revealed increased
penetration of zwitterionic molecules and reduced penetration of
analogs with dianionic charges and bulky/protruding side chains.
Thus, highlighting the importance of charge and size of a compound
to allow its passage through the constriction zone of porins. Adding
on to the physicochemical properties, intracellular accumulation of
tetracyclines and fluoroquinolones in E. coli was found to display
moderate inverse correlation with hydrophobicity>2.

The initial correlation between the physicochemical properties of a
drug and its oral bioavailability was proposed by Lipinski et al. They
set five general rules as drugability guidelines for New Molecular
Entities (NMEs) based on HTS results. According to these rules,
biocavailability of a drug molecule depends on key physico-chemical
properties like molecular weight, lipophilicity and hydrogen bond
counts®. The molecule should possess not more than five hydrogen
bond donors, hydrogen bond acceptors (<10), molecular mass
(<500 Da) and calculated octanol-water partition coefficient (clogP <
5). Although the rule is applicable to several drugs, many antibiotics,
anti-fungal, vitamins and cardiac glycosides fall outside the “rule of 5".
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O'Shea et al. analyzed a set of 147 active antibacterials and reported
that anti-bacterial compounds share a different property space as
compared to other therapeutic drug classes, i.e, comparatively high
molecular weight and low lipophilicity. Narrowing down the
antibacterial properties, they pointed out that compounds targeting
Gram-positive and Gram-negative bacteria have different physico-
chemical properties. For instance, the average molecular weight of
compounds active against Gram-positive bacteria was 813 Da, while
for Gram-negative bacteria, it was 414Da. Additionally, drugs
targeting Gram-negatives were found to have higher polarities
(clogP = —0.1) as compared to those targeting Gram-positive bacteria
(clogP = 2.1). Higher polarity of compounds targeting Gram-negative
bacteria corresponds to the fact that the compounds are seeking their
way through the hydrophilic porin channels. Therefore, increased
polarity and reduced size aid the entry of a compound into Gram-
negative bacteria®.

Optimizing the physicochemical parameters of a compound is
one of the most challenging ways of initiating the entry of
compounds into Gram-negative bacteria. Although low molecular
weight and low lipophilicity were identified as two important
parameters to potentiate drug entry into Gram-negative bacteria
OM via porins, these parameters were not sufficient to develop a
broad-spectrum antibacterial drug. Moreover, differences in the
LPS composition and OM proteins amongst various bacterial
pathogens call for a more exhaustive study'’.

In this scenario, Hergenrother and colleagues investigated the
accumulation of over 180 diverse compounds, including ~70
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Table 2.

Description of new molecules being developed against Gram-negative bacterial pathogens

146,147

AM-112 - AM-115
ARX-1796

Oxapenems

Diazabicyclooctane (DBO)
B-lactamase inhibitor (DBO-BLI)

Cephalosporin + DBO-BLI/PBP2
binder combination

Cefepime + Zidebactam

DBO-BLI/PBP2 binder +
B-lactam-BLI/PBP 1,3 binder
Boronate BLI + B-lactam
(cephalosporin)

DBO-BLI/PBP2 binder + p-lactam
(carbapenem)

DBO-BLI/PBP2 binder + p-lactam
cephalosporin)

Durlobactam (ETX-2514) + sulbactam

Taniborbactam (VNRX-5133) +
cefepime

Nacubactam (OP0595) + meropenem
ETX0282 + cefpodoxime

Boronate BLI + B-lactam VNRX-7145 + ceftibuten
(cephalosporin)

QPX7728k + QPX2014/
QPX7728 4+ QPX2015

NXL104/ceftazidime combination

Boronate-BLI + f-lactam
(undisclosed)

NXL104

Maleic acid derivates ME1071 (CP3242)

Polymyxins
SPR-206
MRX-8
Tetracycline
KBP-7072

Amidochelocardin (2-carboxamido-2-
deacetyl-chelocardin, CDCHD)

Aminoglycoside
EBL-1003 (apramycin)

Antibacterial Agents Lead Compounds Activity Developmental stage
and Ref

p-lactams

Imidazole-substituted 6- BLI-489 Imparts potent activity against bacterial strains Pre-clinical'*®

methylidene-penems expressing class A and C f-lactamases (AmpC)

2-B-alkenyl penam sulfones 48-1220 Potentially targets most common types of Pre-clinical'*®
B-lactamases

4-phenyl cyclic phosphate - Active against class A and C p-lactamases Pre-clinical'®®

(B-lactam surrogate)

C3-modified penicillin sulfones - Targets class C p-lactamases Pre-clinical®’

Monobactam-based compounds BAL 30376 Displays antibacterial properties against Pre-clinical'®2
carbapenem-resistant Gram-negative bacteria

Tricyclic carbapenem LK-157 Potentiates activity of aztreonam, ceftazidime Pre-clinical'®3

and cefuroxime against a wide range of
B-lactamase producing Enterobacterales.

Active against B-lactamase class A, C and D Pre-clinical'>*

Activity against Enterobacterales Completed Pre-clinical

studies'>®

Approved for the treatment of carbapenem Phase Il Clinical Trial'>®
resistant gram-negative bacteria including
A. baumannii, P. aeruginosa and

Enterobacterales

Activity against CRAB Phase lll clinical trial

(ATTACK)'>”

Activity against CRPA and CRE Completed Phase I1'>8

Activity against CRE Completed Phase I'*°

Activity against CRE Pre clinical'®®

Activity against CRE Completed Phase 1'%

Activity against CRAB, CRE and CRPA Completed Phase 1'%2

Inactivates B-lactamases via covalent carbamoyl |63

linkage, and is currently under clinical trials for
clAl and cUTI

MBL inhibitor competitively inhibits IMP-1 and
VIM-2 producing E. coli, S. marcescens,
A. baumannii and K. pneumoniae

Completed Phase

Pre clinical Study'®*

Completed Phase 1'%
166

Activity against CRAB, CRPA and CRE

Activity against CRAB, CRPA and CRE Phase | study

Activity against CRAB 167,168

Activity against cUTl-associated ESBL-
producing Enterobacteriaceae

Phase Il study

Pre-clinical study*'%°

Completed Phase |
study'”®

Activity against CRAB and CRE

P. aeruginosa.

MBL metallo-p-lactamase, c/Al complicated intra-abdominal, cUTI complicated urinary tract, ¢SSSI complicated skin and skin-structure infections, CAP
community-acquired pneumonia, CRAB Carbepenem resistant A. baumannii, CRE Carbepenem resistant Enterobacterales, CRPA Carbepenem resistant

Gram-positive-only antibiotics in E. coli MG1655 to identify the
common physicochemical properties of compounds to get
accumulated within cells. Based on their observation, they
proposed general rules of compound accumulation for E. coli,
i.e., the presence of an ionizable Nitrogen, low Three-dimension-
ality, and Rigidity, further codified as “eNTRy rules™.

Accumulation data highlighted the contribution of charge in
accumulating compounds in E. coli. Compounds with a positive
charge were more likely accumulated as compared to other
compounds. Further investigation identified the important con-
tribution of primary amines to compound accumulation, as
compared to secondary, tertiary, or quaternary amines, since
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most of the accumulating compounds were found to contain
primary amines. Therefore, structure-activity relationship (SAR)
studies were conducted to validate the role of primary amines by
displacing them with other functional groups in different classes
of accumulating compounds. However, the primary amine was not
the only factor contributing to compound accumulation as from
the total of 68 compounds containing primary amines tested, 32

primary amines did not show accumulation. Therefore, Hergenr-
other and group investigated other factors essential for drug
accumulation using a set of 68 primary amines which were
studied for a total of 297 molecular descriptors by computational
analysis. Additionally, high rigidity (as described by the number of
rotatable bonds) and low three-dimensionality (as measured by a
computed globularity score) of compounds seem to contribute to

Table 3. List of Gram-positive specific antibacterial compounds optimized to broaden their anti-microbial spectrum by applying eNTRY rules*'177,
Compounds & Ref Structures Characteristics
Original compound Modified compound
with primary amine
Penicillin G @ RB=4 RB=4
Ampicillin72 H s NH3 s Glob = 0.04 Glob = 0.12
N JL N JL Activity limited to Gram- Broad-spectrum
N— N— positive bacteria activity
O % _OH o 7—OH
o} 7 o} 7
O O
Penicillin G Ampicillin
REDX04139 REDX05931'73 RB=2 RB=3
Glob = 0.07 Glob = 0.05
Activity limited to Gram- Broad-spectrum
positive bacteria activity
Deoxynybomycin (DNM) RB=0 RB=1
6DNM-NH3*"174 = X Glob = 0.04 Glob = 0.09
Activity limited to Gram- Broad-spectrum
07 °N N~ ™0 ositive bacteria'”>176 activit
o p y
DNM 6DNM-NH3 gHs
Debio-1452 Debio-1452- 0 RB=4 RB=4
NH3#1177 N N Glob = 0.09 Glob = 0.06
| \ Activity limited to Gram- Broad-spectrum
(@] — s . ..
NN o positive bacteria activity
H
Debio-1452
0 ®
N N = ‘ NH;
\
© NT NS0
H
Debio-1452-NH3
Ribocil C Ribocil-C-PA*!178 @ RB=5 RB=6
NN = NHy Glob = 0.1 Glob = 0.05
)‘\/j )N‘\ N Activity limited to Gram- Broad spectrum
P o - =
NZNTON N//\N N positive bacteria activity
ﬁ OH ﬁ OH
N—H N= H N=
= N T
e 3
L O
S
/ S
% Y
Ribocil-C Ribocil-C-PA

npj Antimicrobials & Resistance (2023) 17




D. Saxena et al.

npj

Table 3 continued

Compounds & Ref Structures

Characteristics

Original compound

Modified compound
with primary amine

Pyrimidoindole 812
Pyrimidoindole 79971179

H
_NH N N\\(O SN —NH
‘ _N ‘ /)\
N
e
Pyrimidoindole 812

Hydroxamic acid 1
Hydroxamic acid 2'”

Hydroxamic acid 1

Hydroxamic acid 2

AN3016
AN3365'""

HO™ "0 oH
B\
AN3016

Tetrahydropyran 4
Tetrahydropyran 2171

Tetrahydropyran 21

o] ®
O—=AH,
HN
0

H
N N
Y
~
N

T
N ‘ N/)\

S

H3N

NH
OH

HO "0
5,
o] o]
L@

AN3365

OH

Pyrimidoindole 799

o
0 —~
HN— @ &w:o
NH NH
O  OH

—NH,4

RB=4

Glob = 0.04

Activity limited to Gram-
positive bacteria

RB=8

Glob =0.06

Activity against Gram-
positive bacteria and efflux
pump deficient P. aeruginosa

RB=4

Glob = 0.08

No activity against Gram-
negative bacteria

RB=7

Glob =0.16

Limited activity towards
Gram-negative bacteria

RB=4

Glob = 0.05
Broad spectrum
activity

RB=5

Glob = 0.04

Activity even against
wild-type Gram-
negative bacteria

RB=5

Glob =0.08

Activity against clinical
isolates of Gram-
negative bacteria

RB=7

Glob = 0.15
Enhanced activity
against Gram-negative
bacteria

accumulation in E. coli. The probable reason for increased drug
accumulation was the lower susceptibility of rigid and planar
compounds to the action of efflux pumps*'. Based on the
observed results, guidelines for compound accumulation in E. coli
were postulated. The major advantage of these chemical traits
was that these parameters can be implemented by medicinal
chemists into new compounds. Additionally, the compound’s
amphiphilic moment and amine steric hindrance were also found
to influence drug accumulation. In some cases, guanidiniums and
N-alkylpyridiniums were also found to facilitate compound
accumulation in E. coli*'. Gram-positive specific antibacterial
compounds optimized to broaden their anti-microbial spectrum
by applying eNTRY rules are described in Table 3.

A novel fluoroquinolone, delafloxacin, was designed for the

treatment of acute bacterial skin and skin structure infections
caused by both Gram-positive and Gram-negative bacterial
pathogens. Three key structural features of delafloxacin include
the lack of a strong basic group at position C7 (making the
compound anionic at physiological pH), the presence of a chlorine
atom in position C8 (stabilizing the heterocycle) and an aromatic
ring at N1 (increases the molecular surface). The presence of the
carboxylic acid in delafloxacin leads to a higher accumulation of
compound at acidic pH, which is physiologically relevant in acute
bacterial skin and skin structure infections. Delafloxacin has
further shown good potency in treating respiratory, urinary, and
sexually transmitted infections*2.
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OM disruption as a strategy to increase permeabilization

Pentamidine is a clinical antiprotozoal drug that is used in the
treatment of Pneumocystis pneumonia****, trypanosomiasis, and
leishmaniasis*. It is known to have a moderate anti-bacterial
activity against Gram-positive bacteria*®*’. In addition, it potenti-
ates novobiocin, erythromycin and rifampicin against Gram-
negative bacteria, including wild-type and polymyxin-resistant
strains of A. baumannii*®*°. Based on the structure of pentami-
dine, Wesseling and group synthesized similar bis-amidine
analogs®®. SAR studies highlighted the effect of chain length,
rigidity, and hydrophobicity of the linker units in bis-amidines in
potentiating Gram-positive antibiotics. Long, hydrophobic linkers
were generally found to be associated with non-specific
membrane disruption, along with strong hemolytic activity. In
contrast, linker motifs with a single aromatic ring displayed
enhanced synergistic activity compared to pentamidine, without
being hemolytic. Furthermore, the relative positioning of the
benzamidine groups on the aromatic linker and ortho-, meta- and
para-substitution pattern of the amidine moieties themselves,
played an important role in potentiating the activity of
erythromycin, rifampicin and novobiocin against a number of E.
coli strains including polymyxin-resistant and carbapenem-
resistant variants with MICs being reduced by factor 33- to =60.
Additionally, bis-amidines displayed a strong synergistic activity
with antibiotics targeting Gram-positive bacteria against other
Gram-negative bacterial pathogens including A. baumannii, K.
pneumoniae and P. aeruginosa. Mechanistic studies revealed that
these compounds act by disrupting the OM of Gram-negatives,
thus increasing the antibiotic’s permeability®°.

Zhou et al. screened a library of 170 FDA-approved antibiotics in
combination with pentamidine. Pentamidine was found to increase
the susceptibility of E coli K12 for most fluoroquinolones,
tetracyclines, amphenicols, pleuromutilins, ansamycins, macrolides,
oxazolidinones and a small fraction of B-lactams and nitrofurans.
However, aminoglycosides, aminocoumarin, sulfonamides and linco-
samide classes of drugs were poorly boosted. Further, pentamidine
was found to potentiate minocycline, linezolid, valnemulin and
nadifloxacin against all the standard laboratory strains of A.
baumannii, P. aeruginosa, and K. pneumoniae. Moreover, tetracyclines
and oxazolidinones displayed a strong synergistic effect while
aminoglycosides displayed a strong antagonistic effect with
pentamidine. Molecular descriptor-based approaches to understand
the physicochemical properties of synergistic antibiotics revealed six
descriptors describing four molecular characteristics, namely hydro-
phobicity, partial charge, rigidity and surface rugosity®'. These
descriptors are in continuation with the eNTRy rules described
above. For example, the potent Gram-positive antibiotic linezolid
possesses high hydrophobicity and rigidity. This was further justified
by a stable MIC of the drug even with the addition of exogenous
phosphatidylethanolamine (PE)>'.

The safety of primary amine-containing compounds was
questioned due to the increased risk of hERG (human ether-a-
go-go-related gene) inhibition and a very limited number of
commercially available antibiotics possess a primary amine group
in their structure. However, the lack of primary amines in most of
the commercially available antibiotics was justified by difficulties
in the synthesis and purification of primary amine-containing
compounds. Richter and colleagues studied and reported the
safety pharmacology profiles of several primary amine-containing
compounds including commercially available antibiotics B-lactams
(@ampicillin, amoxicillin, ceftolozane, cefadroxil, cephalexin etc.),
aminoglycosides (kanamycin, amikacin, sisomicin, netilmicin etc.),
vancomycin, daptomycin, colistin and many antibiotics at their
discovery phase (nemonoxacin, plazomicin, surotomycin, cefila-
vancin, cefamulin, LTX-109, ACHN-975, epetraborole, and
murepavadin)®*3,
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Limitations of eNTRy rules and other identified
physicochemical identifiers

Although the presence of a primary amine was in several
examples found to be an important factor in promoting drug
accumulation in Gram-negative bacteria, other structural features
such as flexibility and shape have an important contribution in the
uptake of compounds via self-promoted cell uptake. Apart from
these parameters, charges present on the compounds play an
important role in transporting molecules via porins for small,
hydrophilic molecules and OM disruption for lipophilic and
positively charged molecules. Figure 1 illustrates the mode of
entry of a wide range of antimicrobials through the outer
membrane components in Gram-negative bacteria e.g., porins,
transport proteins and OM proteins. However, the limited
accumulation and efflux of antimicrobials in Gram negative
bacteria tags Gram-negative bacteria-a difficult-to-treat-microbe.
In this scenario, Fig. 2 describes the rules governing the
physicochemical parameters of antibacterial agents to improve
their accumulation in Gram-negative bacteria.

An example where one of the modifications made was the
addition of a primary amine that does not broaden the
antibacterial spectrum was the conversion of erythromycin to
(95)-erythromycylamine®2>3, In contrast, azithromycin, a macrolide
with RB=7; Glob=0.24 was found to enter Gram-negative
bacteria via the self-promoted pathway®*. The structures of
erythromycin and pleuromutilin along with their modified analogs
are depicted in Fig. 3.

Hirsch and colleagues evaluated the applicability of eNTRy rules
for repositioning an antimalarial chemical class targeting Plasmo-
dium falciparum (Pf) IspE, which lacked activity against bacterial
pathogens even in the presence of PMBN. They designed and
synthesized a library of amino acid-modified compounds together
with the respective Boc-protected analogs. Of these analogs, only
glycine-containing compounds were found to show activity
against E. coli while suffering efflux issues>®. Taken together,
there are several physicochemical factors that affect the entry and
accumulation of compounds in Gram-negative bacteria. These
parameters alone or in combination need to be analyzed for
developing broad-spectrum antibiotics against MDR Gram-
negative bacterial pathogens.

Other strategies targeting the outer membrane of Gram-
negative bacteria

In addressing the problem of OM permeability in Gram-negative
bacteria, a number of new and innovative approaches are
currently being investigated. The strategies include interfering
with LPS biosynthesis, targeting OM proteins such as the B-barrel
assembly machine (BAM) complex, entry of compounds via
siderophores via a Trojan horse strategy, co-administration of
drugs with membrane disrupting molecules or efflux pump
blockers®. Details of these strategies are discussed in the following
section.

Targeting outer membrane proteins. OM proteins are attractive
and easy-to-approach targets for antibacterial drugs®®. Drugs
targeting these proteins indirectly lead to OM disruption. The
acetyltransferases LpxA and LpxD are involved in the first and
third steps respectively of LPS biosynthesis in Gram-negative
bacteria. Both these enzymes are essential for bacterial growth>®.
New England Biolabs screened a library of ~1.9 billion random 12-
amino acid peptides, fused to M13 phages. Peptide RJPXD33
(TNLYMLPKWDIP) was found to exhibit moderate affinity with
LpxD (K4 = 6 uM). Additionally, the compound was also found to
bind and inhibit LpxA (K4 = 22 uM). RJPXD33 contains a conserved
fatty acid binding groove similar to LpxA and LpxD, thus
highlighting its dual-target potency. Although no whole-cell
activity was reported for RJPXD33, the property of the compound
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Small (<600 Da),
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molecules including
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proteins: e.g.,
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murepavadin,
MRL-494

Inner membrane
protein

Entry routes of a wide range of antimicrobials via outer membrane of Gram-negative bacteria. The figure represents the complex

architecture of the cell envelope of Gram-negative bacteria which acts as a barrier for antimicrobial agents to enter the cell because of their
specific physio-chemical composition. The figure illustrates the routes of entry followed by a wide range of antimicrobials to enter the outer
membrane. The ways include membrane disruption by competing with divalent cations of membrane (as followed by agents such as PMBN,
dendrimers, anti-microbial peptides), hydrophilic p-barrel proteins called porins (as followed by fluoroquinolones, p-lactams, tetracyclines,
chloramphenicol), targeting outer membrane proteins (e.g.darobactin, murepavadin, MRL-494). Further, the antibacterials such as macrolides
utilizes membrane diffusion mechanism to enter the bacterial outer membrane. Adding on to the entry routes, antibacterials such as
albomycin make use of transport proteins to cross outer membrane of bacterial cell. However, the accumulation of antimicrobials inside
bacterial cells is compensated by the presence of outer membrane efflux pumps that export the entered antimicrobial agents and other
foreign substances out of the cell. Figure created with BioRender.com.

to target essential proteins opens new drug targets for drug
discovery®®°7,

Similarly, other enzymes involved in lipid biosynthesis, Kdo
biosynthesis, and LPS transport were studied to identify new
potential targets for drug discovery®®. A list of compounds under
study aiming LPS disruption or targeting the outer membrane
proteins of Gram-negative bacteria is mentioned in Table 4.

Garcia-Quintanilla and coworkers have studied the efficacy of
the LpxC inhibitor PF-5081090, which at 32 ug/mL effectively
potentiates rifampin, vancomycin, azithromycin, imipenem and
amikacin against MDR A. baumannii strainsleading to significant
increase in cell permeability>®.

Vinuesa et al. studied the synergistic effect of LpxC inhibitors
with iron chelators, 2,2’-bipyridyl (BIP) and deferiprone, and
gallium nitrate (Ga(NOs)s) against A. baumannii including MDR
strains. LpxC inhibitor LpxC-2 displayed synergy with BIP against
30% of strains tested (FICI values: 0.38-1.02), and with Ga(NOs);
against 50% of tested strains (FICI values: 0.27-1.0). Another LpxC
inhibitor, LpxC-4 displayed potent synergy with Ga(NOs); against
all the tested strains with FICI values: 0.08- < 0.50°°.

Imai and group studied the antibacterial property of 67 strains
of nematode symbiontsPhotorhabdus and Xenorhabdusagainst E.
coli. A small zone of E. coli inhibition was seen for P. khanii
HGB1456. Bioassay-guided isolation of bacterial extracts led to the
identification of a modified heptapeptide, darobactin (W'-N2-W3-

S*-K5-S8-F7 with two cycles formed between W'-W3 and W3-K>).
Darobactin significantly inhibits MDR E. coli, K. pneumoniae, and
some strains of P. aeruginosa, including polymyxin-resistant, ESBL
(extended-spectrum B-lactamase), and carbapenem-resistant clin-
ical isolates at 2-4 pg/ml. The compound was found to be
bactericidal against E. coli with a minimum bactericidal concen-
tration (MBC) of 8 ug/ml. Additionally, the compound was not
cytotoxic against HepG2, FaDu and HEK293 cell lines with
ICso > 128 pg/mL. Sequencing of darobactin-resistant mutants
highlighted 2-3 mutations in the OM essential protein BamaA,
the core protein of the BAM machinery. By targeting BamA,
darobactin disrupts the complete B-barrel assembly machinery
(BAM) of GNB, thereby disrupting the folding and assembly of OM
proteins®. Miiller and group designed and biosynthesized new
darobactin analogs based on cryo-EM structure of BamABCDE
(BAM)-D9 complex. Analogs were generated by the core peptide
modification strategy, which includes addition of multiple
halogenated tryptophans. Of these derived analogs, darobactin
22 (D22) was found effective against clinical strains of
carbapenem-resistant A. baumannii and P. aeruginosa with up to
32- and 4-fold reduction in MIC values. In fact, the compound was
equipotent to colistin®'.

Efflux pumps inhibitors (EPIs). EPs play a predominant role in the
development of intrinsic resistance among microbes rendering
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Lipinsky "Rule of
Five" (drugability guidelines
for new molecular entity)
Mol. wt. <500Da
cLogP <5
H-bond donors <5
H-bond acceptors <10

O' Shea and Moser's
analysis for Gram-
negative drugs:

Av. mol. wt. 414 Da
High polarity (cLogP -0.1)

eNTRy Rules

lonizable nitrogen (1°>2°>3°)
Low three-dimensionality (Glob <0.25)
Rigidity (RB <5)

Globular
molecules are
generally the

targets of efflux
pumps

Fig. 2 The figure illustrates the physicochemical parameters of compounds studied to overcome the outer membrane barrier of Gram-
negative bacteria. Of these rules, traditional drug space of orally bioavailable compounds (Lipinski rules) suggests that a druggable molecule
should possess an av. mol. wt. of <500 Da, with <5 hydrogen bond donors, <10 hydrogen bond acceptors and calculated octanol-water
partition coefficient (clogP < 5). These physicochemical properties were further narrowed down by O’Shea and Moser’s, according to which, a
Gram-negative targeting compound must possess an average mol. wt. of 414 Da with clogP ~0.1. Later, according to the eNTRy rules
proposed by Hergenrother and colleagues, compounds with ionizable nitrogen, globularity <0.25 and rotational bond <5 are more likely to
accumulate in Gram negatives. Glob globularity, RB number of rotatable bonds. Figure created with BioRender.com.

them attractive targets in the field of antibacterial therapy. Most
antibiotics that penetrate the OM or reach the cytosol of Gram-
negatives cells are ejected by these efflux pumps. They prevent
the accumulation of compounds within the periplasmic space and
the bacterial cytosol, thus protecting the bacteria from the action
of an anti-bacterial agent'?. Several studies have shown that the
antibacterial activity of a drug molecule is restored in efflux pump
deficient/mutated bacteria.

In this scenario, the development of efflux pump inhibitors was
initiated to rehabilitate the activity of antibiotics in resistant
strains. Among the different ways of inhibiting the activity of
efflux pumps, two possible ways are by blocking the synthesis of
ATP via stopping the formation of the electrochemical proton
gradient, or by preparing antibiotic-competing compounds to
prevent their excretion. Examples of competitive RND efflux pump
inhibitors comprise the dipeptidyl amide phenylalanine-arginine-
B-naphthylamide (PABN), pyridopyrimidines, and arylpiperazines.
Among the arylpiperazine inhibitors, 1-(1-naphthylmethyl)-piper-
azine (NMP) is the most effective®?. Yoshida and colleagues
developed the derivative D13-9001, which specifically inhibits the
MexAB-OprM pump and displays good in vitro activity against P.
aeruginosa®. Similarly, hydantoin derivatives were found to
restore antibacterial potency of antibiotics like nalidixic acid and
chloramphenicol against Enterobacter aerogenes by inhibiting the
AcrAB-TolC system®*,

To date, a number of efflux pump inhibitors have been studied
and synthesized to potentiate antibiotics against MDR Gram-
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negative bacterial pathogens®. Although efflux pump inhibitors
are an attractive strategy to increase drug accumulation, their
development faces several roadblocks. Commercial production of
naturally derived efflux pump inhibitors finds difficulty in
synthesizing molecules because of their complex structures, while
synthetic inhibitors face poor solubility and toxicity issues.
Moreover, being used as a combinational therapy, pharmacoki-
netic compatibility of both the drugs is required. Additionally,
resistance mechanisms other than efflux limit the implication of
antibiotic-efflux pump inhibitor combinational therapy. Generally,
the efflux pump inhibitor binds at a specific site on target, thus
limiting the number of substrates it acts upon. This was observed
with PABN which potentiates only a limited set of antibiotics while
being ineffective for others, thus, limiting the use of this
combinational therapy. Therefore, antibiotic-efflux pump inhibitor
combinations require more studies to develop effective therapy
strategies against drug-resistant bacterial pathogens®®.

Synergy: a cooperative way of transporting a compound over the
OM. The development of membrane disruptive agents offers a
synergistic effect with Gram-positive selective antibiotics and
potentiates them towards Gram-negative bacteria. In the field of
synergy, a fractional inhibitory concentration index (FICI) below
0.5 is considered as a benchmark for the synergistic activity®”.
Polymyxin B was the first and very effective membrane-
disrupting lipopeptide against Gram-negative bacteria. However,
nephrotoxicity associated with polymyxin B restricts its use®®,
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Fig. 3 Examples illustrating limitations of eNTRy rules of broadening the antibacterial spectrum of antibiotics. A Erythromycin, a
macrolide class antibiotic, was modified to 9(S)-erythromycyclamine to improve antibacterial spectrum by introducing primary amine to the
structure. In contrast to the eNTRy rules, introduction of primary amine does not make any difference in the anti-bacterial spectrum of the
compound. B Similarly, modification of Pleuromutilin to Pleuromutilin-amine by introduction of primary amine was not effective in improving
its antibacterial activity. C Azithromycin, a macrolide class antibiotic, having RB=7 is studied to enter Gram-negative bacteria by self-promoted
uptake, which is again in contrast to the eNTRy rules where RB of the compound to accumulate in Gram-negatives should <5.

Polymyxin-resistant strains show changes in the LPS layer of the
OM, a reduced membrane negative charge and a reduced number
of porins®®. Therefore, Polymyxin B nonapeptide (PMBN), the first
and most effective membrane-disruptive synergist against Gram-
negative bacteria, was designed by removing the lipid moiety of
polymyxin B and is used as a benchmark for synergistic activity.
The compound itself does not possess any antibacterial activity,
but effectively potentiates the entry of other antibiotics?2. After
the discovery of PMBN as a potent permeabilizing synergist of
Gram-negative bacterial OM, a vast amount of research has been
done on synergists that being inactive alone, can potentiate other
antibiotics against Gram-negative bacteria®.

Peptide-based synergists. Apart from PMBN, several truncated
derivatives of polymyxin B, including deacylpolymyxin B (DAPB),
polymyxin B octapeptide (PMBO) and polymyxin B heptapeptide
(PMBH), were found to elicit synergy against Gram-negative
bacteria with limited toxicity?2. SPR741 (formerly, NAB741), a
PMBN derivative with only three positive charges and no lipophilic
tail was found to display a potent synergistic effect’®. The
compound has successfully completed a phase | clinical trial and is
now being investigated further for its in vivo efficacy. Additionally,
it has been reported that increasing the lipid chain diminishes its
anti-bacterial potency but enhances its synergistic potential®.
Examples of such compounds are NAB739 and NAB7061, where
NAB739 is a very dominant synergist but has less inherent
antimicrobial activity than NAB7061°77"72, Several endogenous
peptides in humans and other mammals associated with natural
innate immunity are found to target the OM of Gram-negative
bacteria. Therefore, a large number of derivatives targeting OM of
Gram-negatives were designed based on natural human peptides
such as cathelicidins, lactoferrin, thrombin, novicidin (sheep),
bactenectin (bovine) and indolicidine (bovine). These peptides can
be used in combination with drugs that can naturally not be
transported in GNB®.

A similar membrane targeting effect was seen for S-(3,4-
dichlorobenzyl) isothiourea (A22) and its analogs, that target the
bacterial cytoskeletal protein MreB, thereby resulting in increased
membrane permeability”>.

In the field of peptide-based synergy, lipopeptide-based
compounds have been studied extensively. Although they do
not possess any antibacterial activity, they can enhance the
activity of other antibiotics. They carry a few unnatural and
D-amino acids and are designed based on peptides produced by
Paenibacillus sp. strain OSY-N. These lipopeptides show low
hemolytic activity, exhibit potent synergy by possessing OM-
disrupting activity and are found to potentiate clarithromycin and
rifampin against polymyxin-resistant E. coli in a murine thigh
infection model. Another example of a lipopeptide, paenipeptin-
inspired synergist (SLAP-S25), was found to boost the activity of
rifampicin and vancomycin against E. coli. SLAP-S25 is established
to have disruptive effects on both outer and inner membranes,
whic7}‘11 is proven by its binding to LPS and phosphatidylglycerol
(PG)"4.

Dilipid ultrashort cationic lipopeptides (dUSCLs) are lysine-rich
tetrapeptides with various lipids at the N-terminal of the peptides.
Such dUSCLs are found to have the capability of enhancing the
activity of clinically used antibiotics against Gram-negative
bacteria”.

Besides, a series of ultrashort tetrabasic lipopeptides with three
basic amino acids separated by a molecular scaffold bis(3-
aminopropyl)glycin, along with simple fatty acids is also reported
to be capable of potentiating clinically used antibiotics against
Gram-negative bacteria, which are previously selective for Gram-
positive bacteria only”®,

Antibiotic-adjuvant combination approach. An adjuvant is a
bioactive helper molecule that enhances the activity of antibiotics.
It can be an efflux pump inhibitor, a membrane permeabilizer or
an enzyme inhibitor. An antibiotic-adjuvant combination
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approach is one of the most successful forms of treatment therapy
where an antibiotic is given in combination with a helper
molecule. The activity of this kind of synergist such as a
B-lactam—B-lactamase inhibitor combination (e.g., amoxicillin and
clavulanic acid, ceftolozane-tazobactam, ceftazidime-avibactam
and meropenem-vaborbactam, Imipenem-cilastatin-relebactam
triple combination, Aspergillomarasmine A-meropenem) was
explored and was found to overcome antibiotic-resistance
mechanisms, as reviewed previously””.

Some antibiotic-derived synergists are also explored where
antibacterial compounds having OM disruptive activity are con-
jugated with antibiotics that are otherwise inactive towards Gram-
negatives. Aminoglycosides like tobramycin have OM disruptive
capability via binding to LPS, thereby causing membrane depolar-
ization. A series of tobramycin-fluoroquinolone conjugates such as
tobramycin-moxifloxacin’® and tobramycin-ciprofloxacin”® conju-
gates were explored and found to enhance the antibiotic activity
of several reported drugs, including rifampicin, erythromycin,

7. Globomycin

Table 4. List of compounds, under study, aiming LPS disruption or targeting outer membrane proteins of Gram-negative bacteria.
S. No Compound Structure Developmental Target (Target References
stage location)
Compounds targeting LPS biosynthesis
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N, o Mo \ H )\
r L
2. L-573,655 0 Pre-clinical trials LpxC 180
\N H (Cytoplasm)
"OH
(6]
3. ACHN-975 O OH Completed LpxC 181182
JLNH Phase | Clinical (Cytoplasm)
o HN—. Trial
HOf\C o NH,
4, PD 404182 N/j Pre-clinical trials KdsA 183
@N (Cytoplasm)
s/g NH
5. MAK-181 undisclosed Pre-clinical trials LpxC 184
(Cytoplasm)
6. Myxovirescin (TA) Pre-clinical trials LspA (Inner 185,186
membrane)

Pre-clinical trials LspA (Inner 187

membrane)
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Table 4 continued

S.No Compound Structure Developmental Target (Target References

stage location)

Compounds targeting LPS transport

8. G907 Pre-clinical trials MsbA (Inner 88
membrane)

9. Novobiocin derivatives Pre-clinical trials LptB (Inner 189
membrane
peripheral
protein)

10.  Murepavadin, POL7080 NH, NH, Phase Il clinical LptD (Outer 909

trial membrane)

11.  Thanatin HNC N Pre-clinical trials LptA and 192

b LptD
NH, N (Periplasm
HN%\ and outer
NH
H © membrane
HN "L{U\NH respectively)
o e oH N©
HoN NH o HaN N/go
\ |
O%\“ oSl _0
0+ _NH H,f‘/ Q
70 e
O HxN N\/\\\'Kfo
0. _NH Y
NH HNI\/S\
/ﬁINH P on
0 Z
o N
\?NH
O&\@ NH,
o:g /—f
HN
o
NH
HoN OZS oH
HN  NH,
o
o
12.  4-phenylpyrrolocarbazole H o Pre-clinical trials LptB and 185193
0 LptB,FGC IM
complex
HO O (Inner
O membrane)
N cl
H
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Table 4 continued

Compounds targeting BAM complex
15. MRL-494

16. BamA-derived peptide
fragment SAGIALQW

NJkJ\WJLji(

17.  Darobactin

18.  POL7306 A p-hairpin
macrocycle linked to
polymyxin, (Unspecified 0
amino acid residues are
indicated by an X)

N 0 NH;
H
S\S//LNH
HN" 0
HO OH
0

S. No Compound Structure Developmental Target (Target References
stage location)
13. GO0507 \ N\ Pre-clinical trials LolCDE (Inner '%4
H S membrane)
HN—\L |
[e]
H o o~
14.  MAC13243, A22 cl Cl Preclinical trials LolA 195-197
X Y Cl
0 N._NH NH,
“o A22
MAC13243

BamA (Outer '°8
membrane)

Pre-clinical trials

BamD (Outer '%°
membrane)

Pre-clinical trials

Ji%

o NH,

Pre-clinical trials BamA (Outer ©°

membrane)

Pre-clinical trials BamA and 200,201

LPS (Outer

o ,)\ membrane)

novobiocin and vancomycin against Gram-negative bacteria.
Tobramycin was also found to improve the efficacy of lysine-
based amphiphiles by permeabilizing the bacterial outer mem-
brane®®8!, These lysine-based amphiphiles include, amongst others,
erythromycin and vancomycin. A combination of novobiocin and a
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tobramycin homodimer has shown efficacy against A. baumannii in
a wax moth larvae model®?. Tobramycin was also explored after
coupling with small-molecule efflux pump inhibitors such as 1-(1-
naphthylmethyl)piperazine (NMP) and paroxetine. These inhibitors
were found to potentiate its activity against P. aeruginosa®®. These



synergists are also found to cause OM disruption and inner
membrane depolarization. A novel hybrid of levofloxacin and a
polybasic peptide was found to exhibit strong activity against MDR
clinical P. aeruginosa, E. coli, K. pneumoniae and A. baumannii®*.

Recently, two generations of P. aeruginosa biofilm-targeted
conjugates of fluoroquinolone antibiotics and glycomimetic lectin
binders were disclosed. Introduction of a peptide-based prodrug
mechanism reduced the toxic potential of the attached drugs while
retaining full antibiotic activity after self-destructive release by P.
aeruginosa®>®s,

Antibiotic hybrid approach. The antibiotic hybrid approach fuses
two or more antibacterial agents into one heteromeric entity,
ideally retaining the activity of the individual constituent
fragments. This linkage of fragments can be cleavable (prodrug
approach) or non-cleavable (hybrid drug approach) and occur
between two antibiotics or antibiotic and adjuvant’’. For example,
an antibiotic hybrid was generated by linking a cefamandole
(cephalosporin) derivative to omadine (a metal chelator and
bacterial ATP synthesis inhibitor) to form a hybrid prodrug®’. Most
of the antibiotic hybrid prodrugs are cephalosporin-based. Some
other examples of antibiotic hybrids are desacetylcephalothin
linked to the alanine racemase inhibitor chloroalanyl dipep-
tide®®9, desacetylcephalothin linked to triclosan-NB2001°°, and
desacetylcefotaxime linked to fleroxacin-Ro 23-9424°'. These
hybrid prodrugs displayed potent activity against a panel of
Gram-negative bacterial pathogens.

Tobramycin-based hybrids with fluoroquinolones were developed
to promote the entry of antibiotics into the periplasm of Gram-
negative bacterial cells by self-promoting the uptake mechanism of
aminoglycosides (see above). These hybrids displayed antimicrobial
activity against P. aeruginosa’’. Antibiotic hybrids are thus an
interesting approach to drug discovery, but require certain points
into consideration: 1. Linking of two moieties should be at non-
pharmacophoric regions to ensure the retention of biological
activity of both compounds. 2. Spatial length of linker should be
optimized”’. Structures of cefamandole-omadine conjugate and
tobramycin-ciprofloxacin conjugate are depicted in Fig. 4.

Chelating agents as OM-disrupting synergists. OM-disrupting
molecules such as chelators or polymyxins compete with divalent
cations cross-bridging neighboring LPS molecules. Displacement
of these ions leads to enhanced lateral diffusion of molecules in
the bacterial membrane®. The potential of the chelating agent
EDTA to synergize with other antibiotics against Gram-negative
bacteria is well known®2. Additionally, Ayres and Russell have
highlighted the ability of sodium polyphosphates as potent
synergists with several antibiotics®>. Citric acid is also found to
exhibit synergistic activity with antibiotics including erythromycin,
novobiocin, rifampicin, methicillin, and gentamicin®®. Moreover,
2,3-dimercaptosuccinic acid, an effective treatment of lead
intoxication, was also found to potentiate hydrophobic antibiotics
against Gram-negative bacteria by permeabilizing OM of bacteria,
as depicted by increased N-phenylnaphthylamine (NPN) uptake®.
Despite the excellent activity of chelating agents, polymyxin-
resistant strains of S. typhimurium and E. coli were also reported
with 75% lower binding to polymyxins compared to the parent
strains. Studies conducted on the LPS layer of these bacteria
revealed increased levels of aminoarabinose and phosphoetha-
nolamine formation due to the esterification of lipid A phosphates.
This lowered negative charge significantly reduces the binding of
polymyxin and other chelating agents®.

Terpene-based synergists

Some natural products possess antibacterial activity due to their
membrane permeabilizing ability and show synergistic effects
with antibiotics against MDR Gram-negative bacteria. For example,
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Fig. 4 Structures of commonly studied antibiotic hybrids.
A Cefamandole-omadine conjugate, a cephalosporin and 2-mercap-
topyridine-N-oxide or pyrithione (metal chelator and ATP synthesis
inhibitor) conjugate and B ciprofloxacin-tobramycin conjugate that
effectively targets Gram-negative bacteria via dual mode of action.

some terpenoids such as eugenol, citronellol, carvacrol, geraniol,
menthol, myrcene, and thymol show synergistic effects with
penicillin against E. coli. Eugenol, a compound found in clove oil
from Eugenia aromatic functions as membrane permeabilizer via
inhibiting an ATPase and has synergistic effect with ampicillin,
penicillin, oxacillin, erythromycin, norfloxacin, tetracycline, chlor-
amphenicol, vancomycin, rifampin, and polymyxin B against MDR
Gram-negative bacteria, following different mechanisms. Among
these synergized antibiotics, penicillin, ampicillin, oxacillin, vanco-
mycin, and polymyxin B affect the cell membrane via different
targets, norfloxacin damages the cell membrane by removing
divalent cations from LPS-binding sites, while erythromycin,
rifampin, tetracycline, and chloramphenicol attack the ribosome
of bacteria®.

Entry via siderophores and their mimetics. Iron, under physiolo-
gical conditions, is scarcely present in its free form (10~° M) due to
its rapid oxidation from Fe?* to Fe3*, subsequently forming
insoluble hydroxides. The uptake of iron in this form is a challenge
for organisms relying on this naturally available iron. To
circumvent iron shortage, bacteria display certain receptor
proteins that bind a variety of iron-containing molecules.
Additionally, they produce and secrete high-affinity iron-chelating
compounds called siderophores. Upon binding to bacterial
receptors, they are translocated across the membrane via ABC
importers®>. A natural Trojan horse mechanism of delivering
antibiotics along with siderophores was identified in bacteria
through the identification of albomycins (ferrichrome siderophore
analog conjugated with thioribosyl pyrimidine antibiotic), ferrimy-
cins, salmycins and some microcins. These siderophores were
found to show antibacterial effects against several Gram-
negatives. For example, albomycin (secreted by Streptomyces
strains) displays activity against certain GNB including E. coli.
Similarly, microcin E492 (MccE492) produced by K. pneumoniae
RYC492 displayed activity against E. coli, S. enteritidis and S.
typhimurium®®,  Naturally occurring hydroxamate-type sidero-
phores are covalently attached to the antibiotic moiety to
formulate these sideromycins. Considering this transport mechan-
ism, efforts were made to increase antibiotic-loaded sideromycin
uptake in pathogenic bacteria. Generally, conjugation involves
catechol/hydroxamate siderophore analogs covalently attached to
a B-lactam drug”’.

Zahner and group reported the first synthetic siderophore
antibiotic conjugate in which desferrioxamine B (DFO B) with a
sulfonamide was ligated to varying cephalosporines, fluoroquino-
lones, and other antibiotics. However, none of them was found to
target Gram-negative bacteria®®. Later, Miller and coworkers
designed tris-catechol siderophore derivatives, containing an
enterobactin analog linked to amipicillin/famoxycillin, that
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Fig. 5 Structure of common siderophore-antibiotic conjugates. A Cephalosporin conjugate cefiderocol (Fetroja), an FDA approved
siderophore cephalosporin conjugate for the treatment of hospital acquired bacterial pneumonia (HABP) and ventilator-associated bacterial
pneumonia (VABP). B Monosulfactam BAL30072, a monocyclic beta-lactam antibiotic with potent activity against drug-resistant Gram-

negative pathogens.

displayed potent antimicrobial activity against P. aeruginosa®.

The siderophore monosulfactam BAL30072 has demonstrated
antibacterial potency against MDR Gram-negative bacteria in vitro
and in vivo. BAL30072 is a combination of a siderophore-
mimicking small molecule, hydroxypyridone and a monocyclic
B-lactam antibiotic linked via an oxime, which enables access to
the bacterial cell through the iron uptake system. Under in vitro
conditions, it has displayed its inhibitory effect against MDR strains
of Burkholderiapseudomallei, P. aeruginosa and A. baumannii,
including strains producing class C carbapenemases. In an
in vivo rat soft-tissue infection model, the conjugate potently
inhibited 80% of A. baumannii strains tested. Additionally, the
combination of BAL30072 and carbapenems was found effective
against MDR Gram-negative bacteria, particularly against Enter-
obacteriaceae and P. aeruginosa in vitro. BAL30072 has been
tested in a phase | study in human subjects but the current
development status is unknown®’.

Shionogi & Co has developed a novel siderophore cephalos-
porin conjugate, cefiderocol (brand name Fetroja), for treating UTI
and adult pneumonia caused by MDR Gram-negative bacteria.
Structurally, cefiderocol is similar to ceftazidime (third-generation
cephalosporin, having a pyrrolidinium group at position 3) and
cefepime (fourth-generation cephalosporins, having an oxime
group at position 7) along with a catechol group on the side chain
at position 3 which differs from both ceftazidime and cefepime. Its
high stability made the compound active against a variety of
Ambiler class A, B, C, and D B-lactamases. Under in vitro conditions,
it was found more potent than both ceftazidime-avibactam and
meropenem against MDR strains of A. baumannii, K. pneumoniae,
carbapenemase (KPC)-producing Enterobacterales, MDR P. aerugi-
nosa and Stenotrophomonas maltophilia. Under in vivo conditions,
cefiderocol potently inhibited MDR and XDR Gram-negative
bacterial pathogens in mouse and rat infection models'®. The
compound acts by binding to penicillin-binding protein-3,
thereby, inhibiting bacterial cell wall synthesis. The compound
has proven its efficacy in clinical trials and was approved by FDA in
2020 for the treatment of HABP and VABP?%. The structure of
cephalosporin conjugate cefiderocol (Fetroja) and monosulfactam
BAL30072 is shown in Fig. 5.

Adding to the list, artificial siderophores based on the 1,3,5-NN/,
N-tris-(2,3-dihydroxybenzoyl)-triaminomethylbenzene (MECAM) core
were studied in conjugation with B-lactam drugs and daptomycin
against Gram-positive bacteria  and Gram-negative bacteria.
MECAM-aminopenicillin conjugates were found to display some
activity against Gram-positive and Gram-negative pathogens'®’. A
variety of synthetic siderophores such as linear Orn-derived tris-
hydroxamate, isocyanuric acid-based tri-Orn hydroxamate, biscate-
cholate-monohydroxamate, etc. have been designed to date. These
siderophores share structural similarities with naturally occurring
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catechol and hydroxamate siderophores. Ligation of these synthetic or
semisynthetic siderophores with antibiotic warheads can be an
effective bullet targeting GNB®®. However, designing siderophore-
antibiotic conjugates is limited by their extracellular stability, uptake
pathways, receptor binding properties, and its transport across the
membrane®.

Although the transport of antibiotics via siderophore has proven to
be an attractive antibacterial combination, its efficacy is compromised
by downregulation of iron transport receptors in response to the
competition between siderophore-antibiotic conjugates and native
siderophore production. For example, deletion of TonB-dependent
receptors PiuA and PirA in A. baumannii, frameshift mutations in inner
membrane protein complex in exbD3 or tonB3 genes, overexpression
of proteins involved in regulation of iron transport proteins (e.g.,
FeclRA operon) were found to affect the efficacy of siderophore
conjugates including BAL30072 and MC-1%. Additionally, several
mechanisms of bacteria confering resistance to cefiderocol have now
been studied and beautifully reviewed by Karakonstantis and
colleagues. These mechanisms include expression of (-lactamase
enzymes (including NDM, KPC, and AmpC, OXA-427, and PER- and
SHV-type ESBLs), porin mutations (OmpK35, OmpK36 and OmpK37 in
K. pneumonia, OprD in P. aeruginosa and OmpC, OmpF in Enterobacter
spp.), modification in siderophore receptors (PiuA/PiuD and PirA in P.
aeruginosa, CirA and/or Fiu in Enterobacterales, pirA and piuA in A.
baumannii and cir A in K. pneumoniae), over-expression of efflux
pumps (suge and chrA in K. pneumoniae, MexAB-OprM in P.
Aeruginosa, smeDEF in S. maltophilia and AxyABM in Achromobacter-
xylosoxidans), and target (PBP-3) modifications'%%13,

A study conducted from 2018 to 2019 across China highlighted the
involvement of NDM-5, 4 amino-acid insertions (YRIN/YRIK) at position
333 of penicillin-binding protein 3 (PBP3) and expression of premature
siderophore receptor cirAin conferring resistant against cefiderocol'®.

Delivery systems of colicin-like bacteriocin. Some bacteria, such as
E. coli and related species produce and release small antimicrobial
peptides called colicins that show their lethal effect against other
susceptible bacteria (e.g., Citrobacter freundii releases colicin A or
Shigella boydii releases colicin U). These peptides bind to specific
receptors present on OM for entry of specific nutrients and
translocate these nutrients through OM and periplasm by utilizing
the Tol or TonB systems. Their mechanism of action involves either
the formation of a voltage-dependent channel into the inner
membrane or utilizing their endonuclease activity on DNA (e.g.,
ColE2), rRNA, or tRNA (RNase colicins (E3, E4, E5, E6, and D)).
Several other bacteria producing such bacteriocins include
Pseudomonas pyogenes (pyocins), Enterobacteriaceae such as E.
cloacae (cloacins), Yersinia pestis (pesticins), Klebsiella species
(klebicins or klebocins), Serratia marcescens (marcescins, colicins
L and 24), Photorhabdusluminescens (lumicins), and Bacillus



megaterium (megacins)'%.

Delivering a drug molecule through this pathway was studied by
Biswas and colleagues. They assessed the synergistic activity of
Lactobacillus bacteriocin extract alone and in combination with
antibiotics cefotaxime, polymyxin B, imipenem, and tigecycline.
Purified bacteriocin from Lactobacillus, Pediococcus, and Enterococ-
cus potentially displayed significantly higher inhibition in combina-
tion with antibiotics, as compared to antibiotics alone against MDR
clinical pathogens E. coli (GN9, B9, GN13), K. pneumoniae KP7, and
A. baumannii AB13775. The combination was even effective in
inhibiting the growth of clinical pathogens
harboringB-lactamases'.

Additionally, lectin-like bacteriocins, such as LlpAs, were identi-
fied as midsize bacteriotoxins that include tandem B-lectin domains
followed by a short non-conserved carboxy-terminal extension.
These bacteriotoxins are unable to penetrate the outer membrane
due to their large size but act by targeting the outer membrane
protein BamA, thereby impairing the BAM machinery of Gram-
negative bacteria'®’. Several bacteriocins (class Il bacteriocins, nisin,
other lantipeptides) are reported to be noncytotoxic on different
eukaryotic cell lines even at higher concentrations. The small size,
non-immunogenic nature, biocompatibility, and biodegradability of
bacteriocins make them an ideal candidate to be studied further as
a replacement strategy for antibiotics'®.

Charge-based lipid rearrangements. Interaction of positively
charged ions with negatively charged LPS results in the
rearrangement of lipid molecules, creating a temporary entry
pathway for compounds into the periplasmic space. Octenidine
(OCT, N,N-(1,10 decanediyldi-1[4H]-pyridinyl-4-ylidene)-bis-(1-
octanamine) dihydrochloride) enters Gram-negative bacteria via
this mechanism. OCT is a synthetic antimicrobial molecule
deployed in several countries for skin, mucous membrane, and
wound anti-sepsis. OCT was found to display a broad-spectrum
antibacterial activity against both MDR Gram-positive and Gram-
negative bacteria. The compound displayed its high efficacy at a
low concentration within a short contact time, even in the
presence of interfering substances such as blood or mucin. MOA
studies revealed that the compound interacts with the OM of
Gram-negative bacteria, resulting in chaotic lipid rearrangement.
This membrane disruption leads to the entry of the compound
into the periplasmic space'®.

Translocation through nanopores. An additional pathway of entry
of specific antibiotics into bacterial cells is through bacterial
nanopores. Bacterial cells utilize these nanopores to transport ions
and other substrates into the cells. The conduction through these
nanopores depends largely on parameters such as ion current,
temperature, electrostatic and steric effects''®. Several studies
have been conducted to study the transport of cations and anions
through the matrix porins OmpF, osmoporin OmpK36, phospho-
porinPhoE by Brownian dynamics simulations and highlight the
effect of change in electrostatic potential at pore constriction site
on ion transport''".

Jiajun and group studied the effect of divalent ions (like
magnesium) on fluoroquinolones entry into bacterial cells via OM
nanopores. The study revealed that divalent ions bind to the
negatively charged residues inside the porins. By doing so, they
reverse the ion selectivity of the pore, thus allowing the entry of
molecules which else were unable to enter. Moreover, divalent
ions can also chelate with antibiotic molecules like fluoroquino-
lone and produce differences in dipole moment of both the

compounds involved, thereby affecting entry via these pores''2.

Liposome-mediated entry. Another promising strategy for deli-
vering a drug molecule into a bacterial cell is lipid-based
delivery (nano)systems. The strategy involves encapsulation of
a drug molecule in liposomes, which offers stability and safety
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to the drugs by accumulating it at infection site, minimizing
drug toxicity, and protecting it from peripheral degradation.
Liposomes are vesicular concentric bilayer structures surround-
ing aqueous compartments or units. Their unique architecture
which is capable of encapsulating hydrophilic drugs within the
aqueous compartment and/or carrying hydrophobic drugs
inside their lipid bilayer makes them different from other
nanoparticles. Liposomes vary according to size, number of
lamellae, lipid composition, charge of the bilayer (anionic,
cationic, or neutral), and surface functionalization with poly-
mers or ligands. Liposomes act on Gram-negative bacteria by
fusing with their OM, leading to its structural disruption and
potentially reversing its low permeability. A number of
antibiotic-fused liposomes have been reported that have
potentiated the otherwise inactive molecules against clinically
important Gram-negative bacterial pathogens. For example,
aminoglycoside-loaded liposomes targeting resistant clinical
strains of P. aeruginosawere reported by Mugabe et al. These
liposomes resulted in an increased antimicrobial susceptibility
of the bacteria as compared to free drug''3. Liposomal
formulations of aminoglycosides are in clinical use. Nacucchio
et al. studied the potency of liposome-encapsulated antibiotics
to address resistance associated with enzymatic hydrolysis.
Phosphatidylcholine and cholesterol-containing liposomes with
piperacillin were able to overcome hydrolysis by exogenous
staphylococcal B-lactamases''®. Adding to the advantage,
liposomes encapsulating rifabutin was found effective even
against MDR intracellular pathogens like Mycobacterium tuber-
culosis. Moreover, Polymyxin B  encapsulated in
Chitosan-dipalmitoylphosphatidylcholine:distearoylphosphati-
dylethanolamine:cholesterol was found effective in eliminating
biofilm-producing bacteria''>. Thus, the property of liposome-
encapsulated drugs to overcome AMR due to impermeable OM,
efflux mechanisms, enzymatic degradation, and biofilm forma-
tion make it an ideal strategy to restore treatment options
against clinically important MDR bacterial pathogens. However,
specificity of liposomes to target bacterial cells only needs to be
optimized'". To this end, P. aeruginosa targeted liposomes
with a glycomimetic-decorated surface have recently been
reported’®,

Dendrimers. Dendrimers (Ds) have emerged as an innovative
approach targeting MDR Gram-negative pathogens. Generally,
dendrimers are branched macromolecules made up of a surface
functional group, a core unit, and a branching unit attached to a
core. Different families of Ds with different mechanism of action
have been studied including glycodendrimers (resist toxin binding
to eukaryotic cells, interfere with bacterial adhesion), cationic
dendrimers (disrupts bacterial membranes), anionic dendrimers
(detergent-like action) and peptidic dendrimers (disrupt bacterial
membrane or interact with their intracellular components)'"”.
Cationic Ds as drug delivery system play a significant role in the
field of nanomedicine. Some cationic Ds show synergy with
commonly used antibiotics and are found to have antibiofilm
effects or antimicrobial effects against MDR bacteria''®. Cationic
Ds such as polyamidoamine (PAMAM) Ds and propylene imine
(PPI) Ds carry a large number of peripheral ionizable primary and
tertiary amine groups, which give them a high positive charge and
correspondingly high antibacterial activity. Most representative
cationic PAMAM Ds and PPI Ds developed include levofloxacin
(0.1 pg/mL) co-administered with highly maltose-coated 3GPPIs
(PPI-G3-DS-Mal), C16-DABCO-loaded mannose-terminated 4G
PAMAM Ds, G7 PAMAM-D, self-assembly poly (aryl ether)-
PAMAM-based amphiphilic Ds, CdS/Ag2S (QDs)-loaded PAMAM
Ds/MWCNTs, G1-G4 NO-releasing-alkyl(QA)-PAMAM Ds, 1G NO-
releasing octyl- and dodecyl-modified PAMAM Ds''®. Besides, the
synergistic effect of PPl glycodendrimers with a dense maltose
shell (PPI-G3-DS-Mal) with levofloxacin is reported to reduce the
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growth of E. coli and the same dendrimer when combined with
amoxicillin shows a synergistic effect against Gram-negative
bacteria by potentiating the antimicrobial activity of amoxicillin''2,

Schito and colleagues investigated the antimicrobial activity of
three non-toxic, 5th generation polyester-based cationic dendrimers
G5Ds:G5H, G5K, and G5HK against several MDR clinical strains. All the
dendrimers were found to potentially target MDR non-fermenting
GNB P. aeruginosa, S. maltophilia, and A. baumannii with MICs from
0.5 to 33 uM. Time kill and turbidimetric studies of G5K revealed a
rapid, non-lytic bactericidal activity. Additionally, their non-cytotoxic
nature makes them an attractive target to be investigated further for
their drug-like properties'’. Reymond et al. investigated the
antimicrobial efficacy of a peptidic dendrimer, G3KL. The structure
of the molecule contains leucine and branched chain lysine residues.
Activity of G3KL was tested against 32 strains of A. baumannii and
35 strains of P. aeruginosa. G3KL displayed a MIC of 8 ug/mL against
all tested strains'?°. However, its large size and issues in its synthesis
were the matter of concern. Therefore, the authors designed a new
antimicrobial peptide dendrimer G2KL by reducing the number of
amino acids. But the modification diminished its antimicrobial
efficacy against E. coli, P. aeruginosa, and Bacillus subtilis. Considering
this diminished activity, they modified G2KL by adding a short fatty
acid chain, formulating TNS18, which displayed good activity against
MDR strains of A. baumannii, P. aeruginosa, and E. coli with a MIC of
4-8 ug/ml'?', Despite excellent antibacterial efficacy, dendrimers call
for careful optimization for their low biodegradability, susceptibility
to opsonization, toxicity to mammalian cells, including hemolytic
toxicity, cytotoxicity, and hematological toxicity, as well as fast
clearance'"”.

Fragment-based drug discovery (FBDD). Another innovative
approach of developing a drug molecule is based on fragment-
based drug design. This strategy involves finding a new drug/
scaffold based on the screening of compound libraries with
MW <300 g/mol. FBDD utilizes strategies such as differential
scanning fluorimetry, isothermal titration microcalorimetry,
nuclear magnetic resonance, surface plasmon resonance, and
X-ray crystallography. Binders are selected for their further
synthetic remodeling into drug molecules by fragment growing
or fragment merging. This FBDD process gains attention in the
field of target-based drug discovery because of its interesting
advantages such as minimal experimental costs and offering
diverse hits'?2. Moreau and colleagues screened ~25,000 frag-
ments from Novartis fourth-generation core fragment library
targeting the bacterial phosphopantetheine-adenylyl-transferase
(PPAT). The enzyme is involved in CoA biosynthesis, but
interestingly, does not show high sequence homology with its
human analog and thus can be an attractive target of drug
molecules. From 25,000 fragments, 631 hits showing good
binding affinities with the target (i.e., displaying =30% inhibition)
were studied further. Triazolopyrimidinone and azabenzimidazole
were identified to bind bacterial PPAT. However, the antibacterial
activity was against efflux pump-deficient strains'?3. Similarly,
Mansbach et al. screened a fragment library in silico to target OM
of Gram-negative bacteria and 43 fragments were predicted to
cross the OM. These fragments were then experimentally studied
for their OM permeabilizing efficacy and the eight compounds
depicting highest OM permeability based on a computational
algorithm were studied for their antibacterial activity against P.
aeruginosa and A. baumannii, of which five compounds displayed
potent activity (UPA6Pore/uPA6 > 0.8) against P. aeruginosa'?*.

CONCLUSION

Gram-negative bacteria are amongst the most difficult-to-treat
bacteria. This primarily results from their uniquely complex cell
envelope, which not only acts as a barrier for the entry of
antibiotics into the cell but also depletes accumulating drugs by
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efflux pumps. New antibiotics targeting intracellular processes are
being developed, but transporting these drugs across the highly
impermeable OM is the major hurdle. Antibiotics targeting the
OM, such as outer membrane permeabilizers, OM protein
targeting compounds, and compounds entering through porins
are currently available.

However, MDR Gram-negative bacteria have evolved resistance
mechanisms to escape from the action of these drugs by mutations
or the action of drug-targeting enzymes. Unfortunately, resistance
against drugs currently in clinical trials is also already observed.
Taken together, the emergence of AMR in drugs is inevitable and
multiple resistances can accumulate in single pathogens. Therefore,
we must prepare for the threat of total drug resistance?'.

Physicochemical parameters of antimicrobials have been shown
to play an important role for accumulation into Gram-negative
bacteria. Correlating these requires both high-throughput and
structure-agnostic accumulation assays>®. This review highlights
the recent ways of targeting the highly selective OM of Gram-
negative bacteria by tuning physicochemical properties of drugs
or other innovative approaches to overcome the OM. Since we are
in the antimicrobial resistance era, we must take further action to
develop more effective antibiotics with strong resistance-
defeating capabilities.

Reporting summary

Further information on research design is available in the Nature
Research Reporting Summary linked to this article.
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