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Abstract

Antibacterial resistance is one of the greatest threats to human
health. The development of new therapeutics against bacterial
pathogens has slowed drastically since the approvals of the first
antibiotics in the early and mid-20™" century. Most of the currently
investigated drug leads are modifications of approved antibacteri-
als, many of which are derived from natural products. In this
review, we highlight the challenges, advancements and current
standing of the clinical and preclinical antibacterial research pipe-
line. Additionally, we present novel strategies for rejuvenating the
discovery process and advocate for renewed and enthusiastic
investment in the antibacterial discovery pipeline.
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Introduction

For millennia, humans have used natural products to cure ailments
and treat (superficial) infections with preparations from moulds,
plants and soil (Harrison et al, 2015; Hutchings et al, 2019). During
the past century, the discovery and introduction of various small-
molecule antibiotics has revolutionised health care and helped us to
successfully treat life-threatening bacterial infections. However, this
progress is threatened by the rise of antimicrobial-resistant patho-
gens as well as a dearth of new antibiotic classes available to
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clinicians. This review gives an overview of the current state of
antibacterial-compound research and development with a particular
focus on antibiotics from natural sources.

A brief history of antibiotic discovery and development

Between 1890 and 1910, Emmerich and Low, in a first modern clini-
cal approach, used “pyocyanase,” an extract from Pseudomonas
aeruginosa, to treat infectious diseases (Emmerich & Low, 1899).
The concept of small-molecule antibiotics began with the develop-
ment of the synthetic prodrug salvarsan by Paul Ehrlich
(Ehrlich, 1913). Its origin, a dye that selectively stains bacterial
cells, also inspired the development of prontosil by Gerhard
Domagk (Otten, 1986). Prontosil was the first of the class of broad-
spectrum antibiotics called sulfonamides, which are still in use
today.

The discovery of the natural product penicillin by Alexander
Fleming in 1928, which was subsequently purified by Heatley and
colleagues, accelerated the success story of antibiotics (Flem-
ing, 1929; Abraham et al, 1941). The work of Selman Waksman,
Albert Schatz and Elizabeth Bugie on soil-dwelling Actinomycetales
and their potential to produce antibiotic natural products was the
start of the so-called “golden age of antibiotics” from the 1940s to
the 1960s (Waksman et al, 2010). Most antibiotic classes currently
in use were discovered and developed during those decades.

Excluding the treatment of mycobacterial infections, 22 antibiotic
classes are currently approved for systemic use by the Food and
Drug Administration (FDA, USA) or the European Medicines Agency
(EMA). Of these, four classes are derived from synthetic sources, 17
are from natural products, and one class, the nitroheterocycles, con-
tains one synthetic compound and one natural product. The great
impact of natural products as antibiotic scaffolds is also highlighted
by the fact that more than three quarters of approved antibiotics
(79%) on the market in the United States, are either natural
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products or derived from such
Appendix Table S1; Werth, 2022).

The exceptional significance of natural products as antibiotics is
obvious for many reasons. To increase their fitness in their respec-
tive habitats, microbes produce antimicrobial molecules to better
compete with other organisms for scarce nutrients. Owing to the co-
evolution of such organisms over millions of years, those molecules
continue to be optimised in terms of structural diversity, ability to
penetrate cell walls, cellular activity and selectivity for bacteria,
fungi or eukaryotes (Wright, 2017; Lakemeyer et al, 2018; Hutchings
et al, 2019). Obviously, this process is still ongoing, which means
there is a continuous arms race in Nature between producing novel
antibiotics and developing resistance mechanisms for (self)-defence
(Hegemann et al, published concurrently).

While small-molecule antibiotics as therapeutics paved the way
for modern medicine and gave mankind one of the greatest medical
breakthroughs of the 20 century (Katz & Baltz, 2016; Wright, 2017;
Hutchings et al, 2019), the rising impact of antimicrobial resistance
(AMR) now threatens to set us back to the pre-antibiotic era (Ven-
tola, 2015; Lewis, 2020; Murray et al, 2022).

compounds (Fig 1;

The impact of antimicrobial-resistant strains

AMR is not a phenomenon of the present era. In fact, penicillin-
resistant strains were already identified 3 years before penicillin
gained market approval (Fig 2A and D; Abraham & Chain, 1940).
We know that resistance genes belong to the natural genetic pool of
bacteria and can even be found in bacteria which were conserved in
permafrost for more than 30,000 years (D’Costa et al, 2011). Con-
sidering that natural producers of antibiotics often carry resistance
genes to the antibiotics they manufacture as a self-protection mecha-
nism and that antibiotics are produced by many ubiquitous strains,
it is very likely that the development of AMR has been a continuous
process ever since bacteria evolved antibiotics (Peterson &
Kaur, 2018).

However, the increasing and partially inappropriate use of antibi-
otics has increased selection pressure on bacteria and given rise to
pathogenic strains that are resistant against multiple (MDR), most
(XDR), or all (PDR) antibiotics available for clinical use (Cook &
Wright, 2022). The global spread of these so-called “superbugs” can
trigger a pandemic as shown by the New Delhi metallo-p-lactamase
(NDM-1)-producing Enterobacteriaceae. These pathogens were first
isolated from a Swedish patient treated in an Indian hospital, who
was colonised with XDR Klebsiella pneumoniae and Escherichia coli
(Kumarasamy et al, 2010). Since then, numerous cases of infections
due to NDM-l-producing Enterobacteriaceae have been reported all
over the world (Rolain et al, 2010).

Depending on the antibiotic class, survival of the bacteria
depends on different modes of resistance (MoR) to circumvent the
bacteriostatic or bactericidal effect of the drug (Fig 2A and C). These
mechanisms include class-specific ones such as inactivation of
antibiotics (e.g. B-lactamases for B-lactam antibiotics), modification
or mutation of target sites (e.g. replacing the p-Ala-p-Ala motif with
p-Ala-p-Lac or p-Ala-p-Ser for glycopeptides, single-point mutations
in the target site-encoding region of genes of ribosomal proteins for
oxazolidinones), or overproduction of target enzymes (e.g. overpro-
duction of DHPS for sulfonamides; Munita & Arias, 2016). Mecha-
nisms for reducing the amount of antibiotic inside the bacterium,
often via active export using efflux pumps or through decreasing
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antibiotic uptake via reduction of the cell wall permeability, exist
for several antibiotic classes.

In addition to the increasing number of MoR in pathogenic bacte-
ria, the limited number of cellular targets and modes of action of
approved antibiotics play a major role in the current antibiotic crisis
(Fig 2A and D).

The 22 antibiotic classes currently approved for systemic treat-
ment of bacterial infections, excluding the treatment of tuberculosis,
have five general mechanisms to kill bacteria or stop their growth:
interfering with 1. cell wall synthesis, 2. protein biosynthesis, 3.
DNA synthesis, 4. folic acid metabolism or 5. cell membrane synthe-
sis and integrity (Fig 2A and B). The overall mechanisms of action
seem to be related to inhibiting the cellular machineries involved in
the formation of complex biological structures such as DNA, RNA,
proteins and the cell wall.

In 2019, 4.95 million deaths globally were associated with bacte-
rial AMR, 1.27 million deaths of which were directly attributed to it
(Murray et al, 2022). If this trend continues without new drugs
available to treat bacterial infections, it is estimated that 10 million
people will die from AMR annually by 2050 (O’Neil, 2014).

In the first section of this review, we discuss the causes of the so-
called innovation gap in antibiotic discovery as well as different
approaches to potentially close this gap. The second part gives an
overview of the current antibacterial clinical pipeline and preclinical
developments.

As the focus of this review is on antibiotics for systemic treat-
ment, we will not cover the drug discovery pipeline for local
Clostridium difficile and Helicobacter pylori infections. An over-
view of non-systemic treatment options and prophylactic therapy
can be found in a recent review by Cook & Wright, 2022. Fur-
thermore, we will not discuss the treatment of infections with
Mycobacteria, as they pose different challenges for antibiotic dis-
covery and development. Several recent reviews have summarised
the current antitubercular pipeline as well as strategies for over-
coming the resistance crisis in the treatment of tuberculosis (He
et al, 2020; Shetye et al, 2020; Black & Buchwald, 2021; Dartois
& Rubin, 2022).

The need for new antibiotics

The innovation gap

The golden age of antibiotics development yielded 16 new antibi-
otic classes in fewer than 30 years. During the following five
decades, however, only six new antibiotic classes were introduced
on the market (Fig 2D). The lack of innovation is alarming, espe-
cially regarding direct-acting antibacterials against critical Gram-
negative bacteria, given that no new class targeting those bacteria
has been approved since the introduction of the monobactam
aztreonam in 1986 (Hutchings et al, 2019). However, two novel
classes of B-lactamase inhibitors (BLIs) were approved during the
past decade in different fixed drug combinations with P-lactams,
reinforcing treatment options regarding critical priority pathogens.
The three antibiotic classes approved within the last two decades
exhibit activity mostly against Gram-positive bacteria. Further-
more, the oxazolidinones (linezolid, approved 2000) and the
lipopeptide daptomycin (approved 2003) were discovered in the
1970s and 1980s, respectively (Fugitt & Luckenbaugh, 1978; Allen

© 2022 The Authors
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= Natural product derived =~ Synthetic origin

Figure 1. Systemic antibiotics currently approved and marketed in the United States without antitubercular treatment.

Clock-wise from the top: natural product-derived antibiotics (79%): cephalosporins (24), penicillins (14), aminoglycosides (8), tetracyclins (5), glycopeptides (4), rifamycins
(3), macrolides (3), carbapenems (3), polypeptides (2), amphenicol (1), daptomycin (1), fosfomycin (1)*, lincosamid (1), monobactams (1), nitroheterocycles** (1), pleuromu-
tilins (1), streptogramins (1); antibiotics with synthetic origin (21%): sulfonamides (9), fluoroquinolones (7), oxazolidinones (2), aminopyrimidine (1), nitroheterocycles**
(2). *not yet approved in the United States (Werth, 2022), **The nitroheterocyle metronidazole is derived from a natural product whereas nitroheterocycle nitrofurantoin
is of synthetic origin. Source data are in Appendix Table S1.

Source data are available online for this figure.

et al, 1987; Slee et al, 1987), highlighting a long time gap humans and systemic use in animals before the introduction of
between discovery and approval. The pleuromutilins were already lefamulin for systemic use in humans in 2019 (Kavanagh
discovered in 1951 and even approved for topical application in et al, 1951).
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The driving force of antibiotic discovery from natural sources
during the golden age was the so-called Waksman platform, an
agar-overlay assay to screen for (mostly) antibiotic activity.

Sebastian Walesch et al

Following the marketing of streptomycin by Merck in 1946, the
pharmaceutical industry started screening strain collections of Acti-
nomyecetes, focusing on the promising genus Streptomyces (Katz &
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Figure 2. Systemically administered traditional antibiotics in clinical use and clinical trials excluding antitubercular agents.

(A) Cellular targets of traditional antibiotics in clinical use and the clinical pipeline and their resistance mechanisms; (B) Modes of action (MoA) of established and novel
traditional antibiotics; (C) Modes of resistance (MoR) of traditional antibiotics; (D) Timeline of the introduction of antibiotics (blue) and examples of resistance
identification (red): golden age of antibiotics (blue arrows), introduction of the WHO Pathogen Priority List in 2017 (bold blue; World Health Organization, 2017), natural
products (bold), synthetic derived antibiotics (italic), agents not in clinical use anymore (grey); 1. Cell wall synthesis: -lactams (penicillins, cephalosporins, carbapenems,
monobactams), glycopeptides, phosphonates; 2. Protein synthesis: tetracyclins, aminoglycosides, macrolides, lincosamides, streptogramins, oxazolidinones, amphenicols,
pleuromutilins, fusidic acid*; 3. DNA/ RNA synthesis and replication: quinolones, nitroheterocycles (nitroimidazoles, nitrofurans), ansamycins; 4. Folic acid synthesis: sul-
fonamides, diaminopyrimidines; 5. Cell membrane synthesis and integrity: polymyxins, lipopeptides; 6. Cell division: benzamide; 7. Fatty acid synthesis: afabicin; *ap-

proval by European Medicines Agency (EMA).

Baltz, 2016). This approach yielded the majority of natural product-
derived antibiotic classes. However, (over-)mining of Actino-
mycetes, a phylogenetically limited phylum of antibiotic-producing
bacteria, led to an increasing number of compound rediscoveries
(Lewis, 2017; Wright, 2017; Hutchings et al, 2019; Ribeiro da Cunha
et al, 2019). At around this time, major progress was also made with
the synthetic (fluoro)quinolones, starting with the discovery, devel-
opment and authorisation of nalidixic acid in 1962 followed by four
generations of (fluoro)quinolone drugs (Lesher et al, 1962; Oliphant
& Green, 2002). When these were approved in the 1980s, it became
clear that easy chemical access, superior tissue penetration and
broad spectrum of activity of these unique drugs gave them advan-
tages over many other marketed antibiotics (Oliphant &
Green, 2002).

With decreasing rates of discovery of novel antibiotic classes,
(semi-)synthetic development of established compound classes
became a main source for new antibiotics. Chemical modifications
of antibiotics increased their stability, bioavailability and tolerability
as well as their spectrum of target bacteria. Furthermore, newly
developed derivatives overcame the resistance some bacteria had
developed against older generations of antibiotics. However, as all
generations of an antibiotic class share the same target and binding
site, cross-resistances quickly emerged (Ribeiro da Cunha et al,
2019; Hobson et al, 2021).

The sequencing of the full genome of Haemophilus influenzae in
1995 and the subsequent rapid expansion of bacterial genome
sequencing, rekindled investments into the antibacterial pipeline by
pharmaceutical companies, now using target-based approaches. For
example, GlaxoSmithKline (GSK) identified more than 160 novel
essential bacterial targets (Payne et al, 2007). In 70 high-throughput
screening (HTS) campaigns, they tested more than half a million com-
pounds from their synthetic chemical library against these targets.
Other companies tried similar approaches (Tommasi et al, 2015), yet,
all of them failed to produce a single candidate drug for clinical test-
ing. The main reason for the high attrition rate of HTS was attributed
to the inefficient uptake of hit compounds into the bacterial cells,
especially in case of Gram-negative pathogens, and therefore insuffi-
cient whole-cell activity. Other compounds showed non-specific toxic-
ity to both bacterial and human cells, or failed to show the desired
broad-spectrum antibacterial activity (Payne et al, 2007).

The stringent requirements for a safe and potent antibiotic com-
bined with the high attrition rate of HTS campaigns might explain
the resulting loss of interest by pharmaceutical companies to pursue
research in this field (Fig 3A-C). The main obstacles are as follows:

i Novel antibacterials are technically challenging to discover and

optimise for systemic therapy in humans. Most synthetic chemi-
cal libraries are designed around concepts of lead- and drug-

© 2022 The Authors

likeness (Lipinski et al, 2001) with physicochemical properties
predicted to afford oral bioavailability and decent hit rates for
human targets. However, penetrating the cell barrier of bacterial,
especially Gram-negative cells, requires different physicochemi-
cal properties. We and others therefore continue to advocate nat-
ural products as starting points for new drug leads (Miethke
et al, 2021). Once promising molecules are validated hits,
researchers are confronted with project requirements such as
bacterial spectrum-coverage, mechanism- and frequency of resis-
tance formation in vitro and ADMET (absorption, distribution,
metabolism, excretion, and toxicity) requirements for in vivo
experiments. Once an in vivo proof-of-concept is established,
typically in a rodent infection model, optimisation of pharma-
cokinetic properties and development of phamacokinetic and
pharmacodynamic (PK/PD) indices of efficacy must be accom-
plished. On the positive side, mouse models of infections are
generally considered predictive of human disease (Byrne
et al, 2020).
ii Novel and resistance-breaking antibacterials for key nosocomial
infections are difficult to develop. Renal and hepatic toxicity
may limit clinical dosing (Lewis, 2013). Clinical trial feasibility
beyond the key Gram-negative and Gram-positive indications of
complicated urinary tract infections (cUTI) and acute bacterial
skin and skin structure infections (ABSSSIs), respectively, can be
challenging. Especially the limited availability of patients
infected with AMR pathogens may increase cost and limit
progress. Development is difficult for certain body sites and
indications-for-use, such as hospital-acquired pneumonia (HAP).
Specific clinical trial designs and endpoints of efficacy are laid
out in guidance documents issued by regulatory bodies (Bax &
Green, 2015; Theuretzbacher et al, 2020a). Recruitment of
patients into clinical trials for an empirical therapy may be com-
plicated and entirely hinge on the availability of rapid diagnostic
tests (Fig 3A and B; Box 1).
Novel and resistance-breaking antibacterials are difficult to mar-
ket. They may be strictly reserved for treating patients with lim-
ited treatment options. This is good antibiotic stewardship but
incompatible with a for-profit business model relying on high
volumes of sales. Current legislation therefore tries to delink
antibiotic consumption from remuneration.
Owing to these challenges, development and marketing of antibi-
otics pose great financial risks. Consequently, the bulk of the inno-
vation in the field comes from small- and medium-sized enterprises
with limited financial resources; this has led to a situation where
the clinical trial pipeline is considered insufficient with respect to
clinical need (Fig 3C; Food and Drug Administration, 2017; Theuret-
zbacher et al, 2020b; Miethke et al, 2021; European Medicines
Agency, 2022).

=

ii
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A Stages of Developing a Drug
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Figure 3. The path of a broad-spectrum antibiotic to approval.

(A) Stages of developing a drug, low profitability leads to market gap, CTA/IND: clinical trial application/ investigational new drug, M$: Million US Dollar (2010), the time it
takes to develop a successful drug in years—in grey, *preclinical development starts with Good Laboratory and Good Manufacturing Practises (GLP and GMP), **mean
cost per successful project in 2010 (Paul et al, 2010) —in light blue—and ***mean out of pocket cost (mean capitalised cost)—in darker blue—of developing a drug in
2010 including attrition rate (Rex, 2014; DiMasi et al, 2016; Miethke et al, 2021); (B) Attrition rate of antibiotic projects vs. other drugs in the drug development process
(Rex, 2014) which increases the costs shown in (A) in case of developing antibiotics; in addition to scientific factors high development costs have an impact on (C) number
of antibiotics versus other new drugs approved between 1983 and August 2020 (U.S. Department of Health and Human Services, n.d.; FDA, 2015; FDA, 2021; FDA, 2022).

Source data are available online for this figure.

Approaches addressing the innovation gap

Regulation and funding

In publishing the global Pathogen Priority List (PPL) in 2017, the
World Health Organisation (WHO) officially recognised AMR,

6 of 33 EMBO reports €56033 | 2022

especially among Gram-negative pathogens, as a global health prob-
lem (Fig 4; World Health Organization, 2017). Earlier work by the
Infectious Disease Society of America (IDSA) coined the term
ESKAPE to highlight unmet medical needs in the therapy of
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Critical priority ’ ‘

High priority

Medium priority

Acinetobacter baumanii
Carbapenem resistant

Pseudomonas aeruginosa
Carbapenem resistant

Enterococcus faecium
Vancomycin resistant

Staphylococcus aureus
Methicillin and vancomycin resistant

Haemophilus influenzae
Ampicillin resistant

Shigella species
Fluoroquinolone resistant

Enterobacteriaceae
Carbapenem and
3 Generation cephalosporin resistant

Helicobacter pylori
Clarithromycin resistant

Streptococcus pneumoniae
Penicillin-non-susceptible

Camphylobacter species
Fluoroquinolone resistant

Salmonella species
Fluoroquinolone resistant

Neisseria gonorrhoeae
3'Y Generation cephalosporin and
fluoroquinolone resistant

Figure 4. WHO prioritisation of pathogens to guide research and development of new antibiotics.

(World Health Organization, 2017); ESKAPE pathogens play a critical role in nosocomial infections with critical resistance development and limited treatment options
(red box; Rice, 2008; Boucher et al, 2009). The category “critical priority” includes Gram-negative ESKAPE pathogens; the category “high priority” includes Gram-positive
ESKAPE and high community-burden Gram-negative pathogens, which have limited treatment options and critical resistance development; the category “medium prior-
ity” includes community-relevant Gram-negative and Gram-positive pathogens with limited treatment options.

infections due to Enterococcus faecium, Staphylococcus aureus, Kleb-
siella pneumonia, Acinetobacter baumanni, Pseudomonas aerugi-
nosa and Enterobacter spp. (Boucher et al, 2009). The global PPL
and previous ESKAPE rankings aim to prioritise research and devel-
opment, funding and incentives to fight antibiotic-resistant bacteria.

Since then, new economic models were developed to better sup-
port the different stages of product development (Miethke
et al, 2021). Firstly, several national market entry rewards encour-
age industry to take the financial risk of development and applica-
tion for authorisation of new antibiotics (e.g. UK [Mahase, 2020],
US [116th Congress, 2019], and Sweden [The Public Health Agency
of Sweden, 2017]).

Furthermore, competitive investment funds such as the AMR
Action Fund can actively support cost-intensive (later) phases of
clinical trials that are mostly conducted by industry (IFPMA, 2020).
Preclinical and translational stages can be funded by initiatives like
public-private partnerships (PPPs; e.g. IMI [Kostyanev et al, 2016],
GARDP [Balasegaram & Piddock, 2020], CARB-X [Alm & Gal-
lant, 2020] or REPAIR [Engel, 2020]) to advance innovations to the
clinical pipeline.

Regrettably, early research stages—which produce a hit, progress
into hit-to-lead-development, and perform in vitro and in vivo profil-
ing as well as first animal models—are mostly conducted by
academia or at small research institutes and are still chronically
under-funded (Fig 3A; Zuegg et al, 2020). New incentives and addi-
tional funding for antibacterial research in the academic sector are
necessary (Box 1).

© 2022 The Authors

Box 1. In need for answers

i How much are we willing to pay to prevent a pandemic of resis-
tant bacteria? To combat AMR, we need to act fast—which
depends on sufficient funding throughout the whole pipeline.

ii  How (and how soon) can we develop rapid and highly specific
diagnostics? Can they be used in a wide range of settings (clini-
cal/communal, high-/low-income countries)? Diagnostics are a
fundamental requirement for selectively acting antibiotics and
non-traditional antibacterials.

i Can non-traditional antibacterials pass clinical trials and
advance antibacterial treatment options?

iv. Will we be able to apply scientific accomplishments and lessons
learned in a collaborative way to build a new platform?

The scientific toolbox is sufficient to replenish and sustain the
antibiotic pipeline, if implemented effectively and in a coordinated
manner (Miethke et al, 2021). Currently, it is up to organisation and
proper financial support whether or not innovation will prevail
(Box 1).

Improved screening methods to find new antibiotics

After the failure of target-based HTS campaigns to restock the
antibacterial pipeline, phenotypic assays remain a mainstay to iden-
tify novel antibiotic lead structures. Moreover, phenotypic assay
technologies have been refined to be of higher predictive value for
later stages of preclinical and clinical development.
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Direct screening of (resistant) pathogens ensures that potential
hits are active against clinically relevant bacteria (Wong et al,
2012), as shown for screens against K. pneumoniae (Smith & Kirby,
2016) or Vibrio cholerae (Peach et al, 2011). Targeted whole-cell
screenings can be used to screen for antibiotics with new or unex-
ploited modes of action (Hutter et al, 2004; Habich & von Nuss-
baum, 2006).

An issue of the traditional in vitro antibiotic susceptibility tests
(ASTs) is that they do not take into account the in vivo environment
during an infection. Changes in the availability of nutrients or oxy-
gen, host metabolism and the presence of other microorganisms at
the site of infection can greatly affect the in vivo bioactivity (Lake-
meyer et al, 2018). Modified ASTs mimicking host conditions, for
example, in minimal media (Zlitni et al, 2013) with physiological
concentrations of NaHCO; (Farha et al, 2018) or in artificial urine
(Hennessen et al, 2020) altered minimal inhibitory concentrations
(MICs), and improved prediction accuracy in mouse infection mod-
els (Ersoy et al, 2017). Actual pathogen-host interactions to find
new potent antibiotics are used in high-throughput infection screen-
ing (Clatworthy et al, 2018), employing, for example, MRSA infec-
tion models in the nematode Caenorhabditis elegans (Kim
et al, 2018).

Technical advances further enable bacterial cytological profiling
to find new antibiotics. Observation of various cellular characteris-
tics with high-resolution imaging provides information about how
known antibiotics and screened compounds affect bacteria and,
therefore, allows the rapid identification of their modes of action
(Nonejuie et al, 2013).

Furthermore, screening for molecules that overcome resistance
mechanisms (King et al, 2014) or inhibit biofilm formation to sensi-
tise bacteria to antibiotic treatment (Peach et al, 2011) can support
the fight against AMR. Moreover, machine-learning approaches can
help to identify effects of established antibiotics that go beyond their
primary modes of actions and could thus point researchers to other
promising targets for future antibiotics (Yang et al, 2019).

Optimising the physicochemical property space

The shortcomings of target-based HTS demonstrated that com-
pounds require special properties to penetrate the cell membrane
and accumulate in bacteria (Payne et al, 2007). Especially the addi-
tional outer membrane of Gram-negative bacteria, in combination
with many efflux pumps proved to be a major hurdle for hit com-
pounds to display whole-cell activity (Nikaido & Pages, 2012; Masi
etal, 2017).

By studying the physicochemical properties of antibiotics com-
pared with general drugs against human targets, O’Shea and Moser
identified chemical property trends that differentiate between both
drug categories. For example, antibiotics on average show a higher
molecular mass, a higher polar surface area, and a higher number
of hydrogen bond acceptors and -donors than general drugs. Physic-
ochemical properties of anti-Gram-negative drugs also differ from
those of anti-Gram-positive drugs (O’Shea & Moser, 2008), as can be
expected given the different cell envelopes. Implementing these
physicochemical property-activity correlations has the potential to
lead to new rules analogous to Lipinski’s rules. This information
will help to prioritise chemical libraries and influence the synthesis
of pharmacophores to pass the bacterial cell envelope and avoid
efflux (Masi et al, 2017).
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Based on the analysis of 180 compounds that accumulated in
E. coli, the Hergenrother group was able to correlate anti-Gram-
negative compounds to the physicochemical properties that were
facilitating said accumulation. They synthetically implemented a set
of rules, named eNTRy rules, to convert anti-Gram-positive-only
compounds into broad-spectrum antibiotics. For example, the anti-
Gram-positive antibiotic Debio-1452, a Fabl inhibitor and derivative
of afabicin (phase II), was a good model to demonstrate the applica-
tion of the eNTRy rules. It already had good activity against
permeability-defective Gram-negative strains and showed favour-
able globularity as well as rigidity in accordance with the eNTRy
rules. Further SAR studies including X-ray structures of the target-
compound complex were already available for this compound.
Based on this information, compound accumulation in Gram-
negative bacteria was optimised without disturbing target engage-
ment. This feat was accomplished by implementing the last missing
rule, having a primary amine present, which yielded Debio-1452-
NH; (Munoz & Hergenrother, 2021). Although this example is
highly promising, some word of caution regarding the generalisabil-
ity of eNTRy rules is necessary. It is currently impossible to estimate
the applicability to other chemical programs as negative results typi-
cally do not get published; at least one recent publication describes
the failure of this approach (Ropponen et al, 2021).

Unlike compounds from chemical libraries, potent natural prod-
ucts often already cover the physicochemical property space to
achieve antibacterial activity (Grabowski & Schneider, 2007; New-
man et al, 2015; Wright, 2017), making them a great starting point
for identifying novel antibiotics. Although these compounds are
evolutionarily optimised to achieve such potential, it should be
mentioned that they frequently lack the ADME profiles required for
antibiotic development and as such require improvement via syn-
thetic modifications.

Improved approaches to find new antibacterial natural products

The increasing rediscovery rates of known antibiotics led to the
assumption that it was nearly impossible to find new antibiotics
from microorganisms. However, this assumption was based on
three shortcomings that natural-product discovery faced in the 20"
century.

First, most screening efforts were built around Actinomycetes,
largely ignoring the biosynthetic and antibiotic potential of other
microorganisms. Second, the hidden or cryptic biosynthetic poten-
tial of microorganisms (including Actinomycetes) was not known.
This only changed when complete genome sequences of organisms
became available. For example, the genome sequence of the well-
studied bacterium Streptomyces coelicolor revealed that the number
of biosynthetic gene clusters (BGCs) by far exceeded the number of
natural products previously connected to the strain (Bentley
et al, 2002). In routine cultivation settings, most microorganisms
produce natural products that account only for fewer than 10% of
their BGCs (Katz & Baltz, 2016). Third, with insufficient analytical
methods and computational resources it was impossible to quickly
de-replicate extracts of newly cultivated microorganisms for known
natural products. Without this knowledge, it was difficult to directly
de-prioritise extracts featuring known antibiotics or to estimate
whether those extracts contained additional antibiotics.

Next to Actinobacteria, many well-studied classes, including
Myxobacteria, Cyanobacteria, Pseudomonas, Burkholderia, insect

© 2022 The Authors

85UB017 SUOWWIOD A0 8|qeotjdde ayy Aq peuseno a1e saoile VO ‘8sN JO Sa|nJ o Akeid18uljuO 3|1 UO (SUOTIPUOO-PUB-SWBIAL00" AB 1M AReIq Ul [UO//SdNL) SUOBIPUOD pue sWwie 1 8y} 885 *[2202/2T/02] Uo AfeidiTaul|uo A8 |1 ‘4 WNeZ yquis 1zH - Zoyw eH AQ 80952202 We /262G T 0T/10p/B.10'sse.doguue’ mmw/:sdiy Wwolj pepeojumod ‘0 ‘8. TE69YT



Sebastian Walesch et al

pathogenic bacteria and Firmicutes, have shown potential to pro-
duce a wide range of bioactive natural products (Wright, 2017; van
Santen et al, 2022). Following the observation that chemical diver-
sity correlates with taxonomic distance (Hoffmann et al, 2018),
there is hope to find new antibiotics in understudied or even new
bacterial taxa. Considering that to date 99.9% of bacterial taxa
remain uncultivated (Locey & Lennon, 2016), it is reasonable to
assume that at least a subset of them bears the potential to produce
interesting and novel kinds of natural products (Crits-Christoph
et al, 2018). Recent comparisons between publicly available bacte-
rial genomes and published bacterial natural products led to the esti-
mation that about 97% of bacterial secondary metabolites have not
been characterised yet (Gavriilidou et al, 2022).

In addition to isolating new bacteria from soil or marine samples,
the investigation of animal and human microbiomes shows promise
(Hegemann et al, 2022). The antibiotics lugdunin (Zipperer
et al, 2016), lactocillin (Donia et al, 2014) and cutimycin (Claesen
et al, 2020), isolated from human commensal bacteria, show activity
against Gram-positive bacteria. The antibiotics odilorhabdin (Pantel
et al, 2018) and darobactin (Imai et al, 2019) are interesting because
of their activity against Gram-negative bacteria; both were isolated
from nematode-associated bacteria.

Techniques such as microfluidics (Mahler et al, 2021) or the “iso-
lation chip” (iChip; Nichols et al, 2010) enable high-throughput iso-
lation of microorganisms, only limited by their ability to grow in the
chosen environment. Due to the primary in situ cultivation in the
environment the original sample was taken from, the iChip greatly
improves the number and diversity of isolated strains, compared
with conventional Petri dish-based strain-isolation procedures
(Nichols et al, 2010). Screening of iChip isolates for antibacterial
activity resulted in the discovery of the antibiotic teixobactin (Ling
et al, 2015). Nevertheless, better knowledge of the microbiology of
known, but understudied producers of natural products can lead to
a constant increase of accessible biodiversity, as demonstrated for
Myxobacteria (Garcia et al, 2009; Garcia et al, 2010). By way of
example, bioactivity screening of new or little studied myxobacterial
genera resulted in the discovery of the antibiotic cystobactamid
(Herrmann et al, 2016). According to a recent metagenomic analy-
sis, the majority of myxobacterial genera has not been cultivated so
far (Petters et al, 2021), highlighting the potential for future discov-
eries from this class.

Methods to access the cryptic biosynthetic potential of microor-
ganisms can be divided into cultivation-based and molecular biolog-
ical approaches.

Considering that their natural habitats are crowded with millions
of different (micro-) organisms, co-cultivation of two or more
microorganisms is probably the most intuitive approach. A variety
of co-cultivation settings has been successful during the past
decades (Bertrand et al, 2014) and still leads to the discovery of new
natural products with antibiotic properties which are not produced
in pure culture (Adnani et al, 2017; Pishchany et al, 2018).

Further successful cultivation approaches to trigger the biosyn-
thesis of cryptic natural products include changes in media composi-
tion, inducing stress in producing microorganisms by changes in
temperature, pH or aeration, and addition of molecules, called elici-
tors, with known or unknown impact on the producing strain
(Scherlach & Hertweck, 2009; Yoon & Nodwell, 2014). Within the
past decade, high-throughput elicitor screening of small-molecule
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libraries has demonstrated that small molecules can trigger the
biosynthesis of cryptic natural products in Burkholderia (Seyed-
sayamdost, 2014), Streptomyces spp. (Craney et al, 2012) and other
Actinomycetes (Moon et al, 2019).

The most frequently used molecular biological approach is
genome mining by searching DNA sequences for potential homo-
logues of known biosynthetic genes to identify potential BGCs. Use-
ful bioinformatic tools like the community-curated repository MIBiG
(Kautsar et al, 2020), prediction software like antiSMASH (Blin
et al, 2021) or PRISM (Skinnider et al, 2020) that give information
about the location, type and even product of a BGC, or tools to find
antibiotic resistance genes like ARTS (Mungan et al, 2020) support
the search for BGCs. BGCs thus identified—and potentially cryptic—
are then activated in the native producer or heterologously
expressed in a different host (Rutledge & Challis, 2015; Zhang & Hin-
dra, 2019). Prioritisation of BGCs can, for example, be based on the
underlying biosynthetic pathway (Hug et al, 2019) or, especially in
the case of antibiotic discovery, on the presence of self-resistance
genes within or nearby the cluster (Johnston et al, 2016; Alanjary
et al, 2017; Panter et al, 2018).

To improve the production of compounds from heterologously
expressed BGCs and to simplify the subsequent purification, spe-
cialised host strains were created (Myronovskyi et al, 2018; Ahmed
et al, 2020). One major drawback in heterologous expression is the
need to find suitable and genetically tractable hosts that ideally are
closely related to the native producers. Application of transposition-
based approaches (Fu et al, 2008) or the chassis-independent
recombinase-assisted genome engineering (CRAGE) method (Wang
et al, 2019) enable integration of BGCs into different heterologous
hosts. The benefits of these approaches include improved produc-
tion titres, depending on the integration position (Bilyk et al, 2017;
Pogorevc et al, 2019) and an increased diversity of derivatives from
an individual BGC, depending on different heterologous hosts
(Wang et al, 2019).

Using heterologous expression even allows in some cases to
screen for new natural products without the need to cultivate the
original producing bacteria. Indeed, prospecting metagenomic data-
sets or environmental DNA (eDNA) sequences for BGCs in combina-
tion with subsequent heterologous expression of these BGCs led to
the discovery of new natural products with antibiotic activities (Kal-
lifidas et al, 2012; Katz et al, 2016; Hover et al, 2018).

Furthermore, CRISPR/Cas-based genome engineering (Tong
et al, 2019), gene or BGC synthesis (Grof} et al, 2021b) and deeper
understanding of biosynthetic machineries (Skinnider et al, 2020)
allow the modification and even de novo design of modular biosyn-
thetic pathways (Bozhiytuk et al, 2019; Cummings et al, 2019;
Hwang et al, 2020; Grof et al, 2021b).

We would like to refer the interested reader to the associated
Science & Society article “Current Developments in Antibiotic Dis-
covery—Global Microbial Diversity as Source for Evolutionary Opti-
mized Anti-infectives” for an in-depth discussion of several
examples (Hegemann et al, published concurrently).

Technological advances in chemoinformatics, especially in high-
resolution mass spectrometry (hrMS) combined with bioinformatic
tools to analyse and compare the resulting datasets, enable early
analysis of complex extracts from bacterial cultures or other natural
sources (Wang et al, 2016; Schorn et al, 2021). HPLC-hrMS or NMR-
based untargeted metabolomics provide an early overview of
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components in tested extracts and allow de-replication against data-
bases of known natural products (Zani & Carroll, 2017; van Santen
et al, 2022). Furthermore, MS/MS-based fragmentation of the com-
pounds found in those extracts can be used to cluster the compo-
nents into so-called molecular networks, based on similar
fragmentation patterns (Quinn et al, 2017). To facilitate these analy-
ses for researchers around the world, open-access programs were
created to analyse MS/MS and subsequently annotate data (Wang
et al, 2016) and predict sub-structures (Ernst et al, 2019) of created
molecular networks. Combining untargeted metabolomics data or
molecular networks with the results of bioactivity screens of (frac-
tionated) extracts allows reliable predictions of bioactivity-driving
natural products (Kurita et al, 2015; Lee et al, 2022) or molecular
networks (Nothias et al, 2018).

As demonstrated by these examples, technical and methodologi-
cal developments of the past decades have uncovered the vast
potential of microorganisms to produce antibiotics or natural prod-
ucts in general. However, production, purification and structure elu-
cidation of those new compounds remain challenging and include
manual and time-consuming method optimisation for every individ-
ual compound. Moreover, upscaling production and purification of
promising candidates for further MoA, MoR- and pharmacokinetic
studies are often a bottleneck in antibiotic development (Wilson
et al, 2020).

Given the historical and current impact of bacteria in antibiotic
research, this chapter and the examples therein focus on develop-
ments and techniques based on bacteria. However, this selection
should not be understood as an assessment about the capacities of
other sources to produce bioactive natural products.

The approved antibiotic classes of penicillins, cephalosporins,
pleuromutilins and fusidic acid demonstrate that fungi also have
enormous potential to produce natural products with antibacterial
properties. Although working with fungi can be more complicated
and time-consuming compared with bacteria, their great taxonomic
diversity and biosynthetic potential makes them interesting and
promising sources of new antibiotics (van der Lee & Medema, 2016;
Hyde et al, 2019).

Plants present another well-established source for drug develop-
ment. Plant-based natural products with antibacterial activity often
have the drawback of considerable toxicity to humans due to
unspecific targets (Wright, 2017). On the other hand, some plant
extracts and the resulting isolated and purified natural products
have shown potential in potentiating or rescuing the activity of
antibiotics, making them interesting as potential adjuvants in antibi-
otic treatment (Sadeer & Mahomoodally, 2021).

Promising approaches in medicinal chemistry

Although most of the approved antibacterial compounds are natural
products or inspired by them, there are also some successful syn-
thetic compounds and medicinal-chemistry approaches. For
instance, the FDA-approved omadacycline is a semi-synthetic tetra-
cyclin derived from minocycline (Honeyman et al, 2015). It is used
for the treatment of ABSSSIs and community-acquired bacterial
pneumonia (Burgos & Rodvold, 2019). Several isolated tetracyclins
were approved for clinical use, but their intensive use led to the
emergence of resistance and the semi-synthetic approach only
allowed limited modifications. A convergent total synthesis of tetra-
cyclins helped to overcome this issue, opening the way for
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diversity-oriented synthesis of 3,000 analogues (Charest et al, 2005).
The extensive structure—activity relationships thus obtained eventu-
ally inspired eravacycline, designed to be a more potent antibiotic
with optimised pharmacokinetic properties that should be less prone
to resistance development (Clark et al, 2012; Xiao et al, 2012;
Wright et al, 2014). In a similar fashion, the development of the
well-known macrolides made a huge step forward when a conver-
gent synthesis was established and 300 new candidates were thus
obtained (Seiple et al, 2016). This also provided easier access to
already approved semi-synthetic macrolides such as azithromycin,
telithromycin, and solithromycin (Dinos, 2017). Other successful
medicinal-chemistry programs include the development of cefidero-
col (AoKi et al, 2018; Sato & Yamawaki, 2019) or the optimisation of
arylomycins from Gram-positive-specific antibacterial agents to a
powerful, novel class of anti-Gram-negative antibiotics, thanks to a
careful study of a co-crystal structure in complex with the target
(E. coli signal peptidase) and previous SAR studies (Smith
et al, 2018). As elaborated in section Optimising the physicochemi-
cal property space, the permeation of the Gram-negative bacterial
cell wall represents a significant challenge. Attempts to tackle it
include the design of screening libraries compliant with the proper-
ties needed to target ESKAPE pathogens (Fleeman et al, 2015).

Quinolones also have a long history of medicinal-chemistry opti-
misation, starting with the synthesis of the first 6-fluoroquinolone
norfloxacin that extended the spectrum of this class to Gram-
negative pathogens (Koga et al, 1980). Several generations of fluoro-
quinolones followed, each one overcoming some limitations of the
previous one (Zhanel et al, 1999; Zhanel et al, 2002) as some of
their properties can be tuned, such as the pharmacokinetic profile
(Itoh et al, 2015) or the ability to permeate membranes and over-
come efflux (Gorityala et al, 2016). Finafloxacin is an example of an
optimised fluoroquinolone that has the advantage of increasing
potency in an acidic environment (Stubbings et al, 2011). This rare
property among the class of quinolones granted it a global approval
for the treatment of ear infections (McKeage, 2015).

Knowledge of the target also allows the use of alternative hit-
finding strategies such as target-directed dynamic combinatorial
synthesis that led to the identification and optimisation of an MEP
pathway enzyme inhibitor in E. coli and Mycobacterium tuberculosis
(Jumde et al, 2021). The use of computational tools, such as
molecular-dynamics simulations (Choudhury et al, 2015; Pavlova &
Gumbart, 2015; Choudhury & Narahari Sastry, 2019) or molecular
docking brought precious insights for the rational design of new
antibiotic classes. For instance, molecular dynamics can be used to
elucidate the reasons for microbial resistance or poor Gram-negative
permeation and how to escape them (Isabella et al, 2015). Durand-
Reville et al reported a new, highly potent class of diazabicyclooc-
tane (DBO) that was designed in silico to inhibit multiple penicillin-
binding proteins (PBPs) and that represents the first use of
structure-porin permeation relationships to improve its permeation
(Durand-Reville et al, 2021). Chemists at Hoechst Marion Roussel
had first designed DBOs as B-lactam mimics that would not undergo
B-lactamase hydrolysis, thus restoring the antibacterial activity.
However, the first compounds of this new class did not display any
interesting antibacterial activities, but surprisingly inhibited pB-
lactamases (Coleman, 2011). Further development of this BLI class
led to the approval of avibactam and relebactam in combination
with B-lactam antibiotics (Ehmann et al, 2012; Deja, 2021).
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However, some DBOs also inhibit PBP2 and display an antibacterial
activity in addition to their anti-B-lactamase activity (Lampilas
et al, 2008; King et al, 2016; Levy et al, 2019). Nevertheless, that is
not sufficient for a monotherapy due to a lack of in vivo efficacy and
high frequency of resistance. The strategy of Durand-Reville et al
was to obtain a more broad-spectrum derivative that would also tar-
get PBP1 and PBP3, rationally designed thanks to the use of molecu-
lar dynamics simulations (Durand-Reville et al, 2021). They further
improved the permeation of the drug by studying and optimising
the porin permeation, while conserving the antibacterial activity
(Cully, 2021). This careful design led to the discovery of ETX0462,
that showed promising in vitro and in vivo properties, good perme-
ation and no emergence of resistance, and thus the first DBO poten-
tially used in a monotherapy (Cully, 2021; Durand-Reville
et al, 2021).

In a similar fashion, boronic acids have been explored as poten-
tial BLIs in a target-based approach, as they are known to bind
serine proteases (Smoum et al, 2012). The use of in silico docking
led to the discovery of a cyclic boronic acid core (Hecker
et al, 2015). This core became the foundation for a new class of
antibacterials, among which are vaborbactam, approved in combi-
nation (Messner et al, 2022), and taniborbactam, still in clinical
development (Liu et al, 2020). Finally, drug repurposing by deep-
learning analysis is another use of computational tools for the dis-
covery of novel antibacterial scaffolds (Stokes et al, 2020; Brem-
ner, 2021).

Another strategy is the synthesis of hybrid molecules to obtain a
dual or synergistic effect (Maier, 2015; Surur & Sun, 2021), such as
cadazolid, which is a quinolonyl-oxazolidinone chimera (Baldoni
et al, 2014; Locher et al, 2014a; Locher et al, 2014b). Such a dual
mode of action can also lead to decreased resistance formation, as
with SCH-79797 and its more potent analogue irresistin-16 (Martin
et al, 2020). These compounds both target the dihydrofolate reduc-
tase and disrupt the bacterial membrane polarity and permeability
in both Gram-positive and Gram-negative pathogens. More impor-
tantly, the frequency of resistance to SCH-79797 is extremely low,
compared with its constituting units separately. Intelligently
designed prodrugs also achieved interesting activities, for example
by taking advantage of the B-lactamase resistance mechanism to
selectively release ciprofloxacin in resistant strains (Evans
et al, 2019; Jubeh et al, 2020).

The re-exploration of targets of old natural products such as the
sliding clamp of DNA polymerase, DnaN, either with new grise-
limycins obtained by total synthesis (Kling et al, 2015), or with
small molecules discovered by iterative structure-based synthesis
(Monsarrat et al, 2021) or kinetic target-guided synthesis (Mancini
et al, 2020) also proved to be promising. The exploration of new
targets such as energy-coupling factor (ECF) transporters (Bousis
et al, 2019) or dapE-encoded N-succinyl-L,.-diaminopimelic acid
desuccinylase (DapE; Reidl et al, 2020), although challenging,
opens the path to medicinal-chemistry programs for the identifica-
tion of novel antibiotic scaffolds with unprecedented modes of
action.

Finally, medicinal chemists also explored targeting of virulence
factors (“pathoblockers”) as an alternative strategy. Elastase B
(LasB), a metalloprotease with an essential zinc atom in its binding
site, is one of the most significant virulence factors in P. aeruginosa
(Everett & Davies, 2021). As a result, numerous LasB inhibitors with

© 2022 The Authors
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a range of zinc binding moieties have been discovered (Galdino
et al, 2019; Velazquez-Libera et al, 2019; Leiris et al, 2021; Kaya
et al, 2022). Other targeted virulence factors in P. aeruginosa
include the lectins A and B responsible for the formation of biofilms
which can be inhibited by carbohydrate derivatives (Sommer
et al, 2019; Madaoui et al, 2020; Schiitz et al, 2021), or the transcrip-
tional regulator PqsR (Soheili et al, 2019). In S. aureus, the discov-
ery of quorum-quenching agents (Kuo et al, 2015) or adhesion
inhibitors (Fernandes de Oliveira et al, 2021) gave promising hits.
The various pathoblocker projects are at different stages, and the
most advanced have now reached preclinical development.

Three different approaches to sustain the antibiotic pipeline
Combining the different lessons thus learned will enable us to close
the antibiotic discovery gap. Here, we categorise these approaches
into three categories.

The first category “quick fix, short-term approaches” will lead
to synthetically optimised compounds of known antibiotic classes.
For example, applying the eNTRY rules to suitable drug candidates
can enhance their activity profile (Munoz & Hergenrother, 2021).
Other synthetic or semi-synthetic approaches can lead to decreased
toxicity and fewer side effects, optimised stability, or better phar-
macokinetic profiles of already established antibiotic classes
(Wright et al, 2014; Grandclaudon et al, 2019). However, known
scaffolds cannot be exploited indefinitely and the establishment of
new modes of actions and the avoidance of daunting cross-
resistance remain challenging in this approach (Walsh & Wence-
wicz, 2014).

“Hard to find but long-term approaches” will (eventually) lead to
novel anti-infective agents and new antibiotic classes. Compounds
with completely new scaffolds are more likely to have a new mode
of action and, in turn, have a smaller risk of showing cross-
resistance to antibiotics already on the market (Walsh & Wence-
wicz, 2014; Fiers et al, 2017; Kaur et al, 2021). To find and develop
those innovations in a timely manner, we need to use our scientific
toolbox efficiently. Implementing the lessons learned to build new
HTS platforms and mining the natural product potential with new
technologies will sustain the antibacterial pipeline in the long term
(Hutchings et al, 2019; Ribeiro da Cunha et al, 2019; Grkovic
et al, 2020). It is important to note that this development is time-
consuming and financially riskier than “short-term” approaches.
This is compounded by the limited resources at the initial discovery
stages in academia and smaller institutes relative to the high-
throughput and high-capacity resources in industry. Implementing
these early-phase discovery techniques at a more industrial scale, as
was done during the golden age of antibiotics, may help resupply
the pipeline.

The third, most novel, and possibly most inventive, yet most
controversial category is the “alternative approaches.” These agents,
such as monoclonal antibodies, enzymes, virulence inhibitors or
immunomodulating agents, do not fit the definition of traditional
antibiotics as direct-acting small molecules. Since their roles in the
development of antibacterials are on the rise and first candidates
have already entered the clinical pipeline, the WHO included these
“non-traditional antibacterials” into their analysis of “antibacterial
agents in clinical and preclinical development” for the first time in
2020 (World Health Organization, 2021). However, most non-
traditional antibacterial agents are in early stages of clinical and
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preclinical development. They still need to demonstrate their safety,
efficacy and approvability based on carefully designed clinical trials.

Analysis of the clinical and preclinical antibacterial
pipeline

This analysis covers antibacterial agents in clinical and preclinical
development for the systemic treatment of the 12 bacteria listed on
the WHO PPL (World Health Organization, 2017). It includes all
antibacterial agents in clinical development that have not been
approved for treatment in humans yet and are classified by the
WHO to be active or possibly active against at least one of the prior-
ity pathogens. Peer-reviewed data on the activity and safety of most
agents in clinical trials are available, but little to no information is
published in some cases, leaving the WHO or companies’ home-
pages as the only sources of information.

In contrast to antibacterial agents registered in clinical trial data-
bases, projects in preclinical stages are more difficult to track to esti-
mate modes of action and activity spectra. Hence, we rely on data
published by the WHO in their annual review of antibacterial agents
in clinical and preclinical development (World Health Organiza-
tion, 2022). We excluded agents active against M. tuberculosis or C.
difficile, those with non-systemic routes of administration, and pro-
phylactics (World Health Organization, 2022). Information regard-
ing some agents has been corrected with publicly available
information. Projects in lead optimisation were separated from our
list of preclinical agents as they have not qualified for preclinical
development yet (Appendix Table S4-S9). Moreover, the reader
should keep in mind that this list is not complete, as some compa-
nies or institutes did not disclose any or all information about their
preclinical-stage projects. Furthermore, claimed activities and prop-
erties cannot be verified in many cases, as no peer-reviewed data
are available.

Based on these criteria, there are 26 antibiotics (Table 1; 20
derivatives of approved classes and 6 novel scaffolds) and 14 non-
traditional antibacterial agents (Table 2) in clinical development
(as of 1 November 2021). Based on our analysis, a total of 74
antibacterial projects are in preclinical development, including 29
novel antibiotics, 20 projects based on derivatives and estab-
lished antibiotics and 25 non-traditional antibacterials
(Appendix Table S4-S6).

Recently approved compounds and antibiotics discontinued from
clinical development

Within the past 5 years (1 July 2017-1 November 2021), 11 new
antibiotics against priority pathogens were approved, either as sin-
gle agents or in combination with activity-enhancing compounds
(Appendix Table S2; World Health Organization, 2022).

Only two of these represent first-in-class antibiotics or enhan-
cers. The pleuromutilin lefamulin was introduced in 2019 for oral
or intravenous (i.v.) treatment of community-acquired pneumonia
(CAP), caused by Gram-positive pathogens. Other pleuromutilin
derivatives were previously approved for the topical treatment of
bacterial infections in humans and the systemic treatment in ani-
mals. The second new first-in-class drug is vaborbactam, a
boronate-type BLI that forms a reversible covalent bond with cat-

alytic serine residues in many serine-fB-lactamases and
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carbapenemases (Plescia & Moitessier, 2020). Vaborbactam was
approved in combination with the B-lactam antibiotic meropenem
for the treatment of complicated urinary-tract and intra-
abdominal infections (cUTI and IAI) and HAP with cephalos-
porine and carbapenem-resistant Enterobacteriaceae and Enter-
obacterales.

Among the remaining nine improved derivatives of existing
antibiotic classes, cefiderocol, the first siderophore-cephalosporine
is particularly noteworthy. Its iron-chelating siderophore-moiety
enables active uptake into a wide range of Gram-negative patho-
gens, including Enterobacteriaceae and other Enterobacterales, A.
baumannii and P. aeruginosa (Abdul-Mutakabbir et al, 2020). Fur-
thermore, cefiderocol shows good activity against pathogens har-
bouring a wide range of serine- and metallo-B-lactamases, but with
increased MICs compared with non-resistant strains (Abdul-
Mutakabbir et al, 2020). It was approved in 2019 for the treatment
of cUTI and HAP with (multi-) drug-resistant aerobic Gram-negative
bacteria and further explored as combination therapy with other
agents (Corcione et al, 2022). However, cefiderocol should be
closely monitored for resistances to occur (Theuretzbacher
et al, 2020a; Karakonstantis et al, 2022).

During the same period, the clinical development of 14 antibi-
otics was discontinued or suspended (Appendix Table S3). Possible
reasons include toxicity issues, failure to reach anticipated end-
points as well as financial considerations and, more recently, clini-
cal trial issues owing to the COVID-19 pandemic (World Health
Organization, 2022). While a majority of these projects was dis-
continued in or after phase 1 clinical development, three of these
antibacterial agents were tested until phase 3 clinical trials. One of
these drugs was the P. aeruginosa-selective antibiotic murepa-
vadin, a synthetic cyclic peptide, based on protegrin 1. By binding
to the lipopolysaccharide transport protein D (LptD) and thus
inhibiting its LPS transport function, murepavadin causes changes
in the outer membrane that lead to cell death (Martin-Loeches
et al, 2018). The clinical development of murepavadin for the sys-
temic treatment of HAP and ventilator-associated pneumonia
(VAP), caused by P. aeruginosa, was ended in 2019, due to an
increased number of kidney injuries in patients (Polyphor AG,
2019). If not discontinued, murepavadin could have presented the
first novel antibiotic class for the systemic treatment of Gram-
negative bacteria since the approval of the monobactam aztreonam
in 1986.

Novel derivatives of approved antibiotic-classes

Almost 80% (20 out of 26) of antibiotics in clinical development are
improved derivatives of antibiotic classes that are already in use for
systemic treatment of bacterial infections in humans (Table 1). They
either target cell wall synthesis, the cell membrane or protein
biosynthesis. In preclinical development, 20 out of 74 (about 27%)
projects are based on derivatives of established antibiotics, how-
ever, this number may be inaccurate as not all information about
some compounds is disclosed (Appendix Table S4).

Cell wall synthesis

The biggest group of antibiotics are the P-lactams, consisting of
chemically different penicillins, cephalosporins, carbapenems and
monobactams, all with a B-lactam ring as their active centre. These
stop bacterial cell wall synthesis by covalently binding to PBPs and

© 2022 The Authors
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Table 1. Antibiotics in clinical development; adapted from WHO analysis (current to November 2021; World Health Organization, 2022).

Expected activity against

EMBO reports

INN priority pathogens Innovation
(company Route of
code) Phase Antibiotic class administra-tion  Developer CRAB CRPA CRE OPP° NCR CC T MoA
Solithromycin NDA® Macrolide i.v. and oral Fujfilm Toyama / / / [ - - -
(T-4288) Chemical
Sulopenem; 3¢ B-Lactam (penem) i.v. and oral Iterum O @) o / - - -
sulopenem Therapeutics
etzadroxil /
probenecid
Durlobactam 3 DBO-BLI/PBP2 binder + i.v. Entasis [ ] @) @) / - - -
(ETX- 2514) + B-lactam-BLI/ PBP1,3 Therapeutics
sulbactam binder
Taniborbactam 3 Boronate BLI + B- iv. VenatoRx (@) [ (] / ? I -
(VNRX-5133) + lactam Pharmaceuticals /
cefepime (cephalosporin) GARDP
Enmetazobactam 3 BLI + B-lactam iv. Allecra (@) o o¢ / - - -
(AAI-101) + (cephalosporin) Therapeutics
cefepime
Zoliflodacin 3 Spiropyrimidenetrione  oral Entasis / / / [ v v e
(topoisomerase Therapeutics /
inhibitor) GARDP
Gepotidacin 3 Triazaacenaphthylene  i.v. and oral GSK / / / [ ] ? I 17
(topoisomerase
inhibitor)
Nafithromycin 3 Macrolide Oral Wockhardt / / / [ ] - - -
(WCK-4873)
Benapenem 2/3 B-Lactam iv. Xuanzhu (@) (@] (@) / - - -
(carbapenem) Biopharm®
Afabicin 2 Pyrido-enamide i.v. and oral Debiopharm / / / [ I d A A
(Debio-1450) (Fabl inhibitor)
Zidebactam + 18 DBO-BLI/ PBP2 iv. Wockhardt [} [ ) ] / - - -
cefepime binder” +
cephalosporin
0P0595 1 DBO-BLI/PBP2 iv. Meiji Seika o) o o - - -
(nacubactam) + binder" +
meropenem B-lactam (carbapenem)
ETX0282 + 1 DBO-BLI/PBP2 binder"  Oral Entasis (@) @) [ ] / - - -
cefpodoxime + Therapeutics
proxetil B-lactam
(cephalosporin)
ARX-1796 1 DBO-BLI + B-lactam  oral Arixa o) o o - - -
(oral avibactam (undisclosed) Pharmaceuticals/
prodrug) Pfizer
XNW4107 + 1 BLI + B-lactam i.v. Sinovent ? ? ? ? ? ? 77
imipenem + (carbapenem) /
cilastatin degradation
inhibitor
VNRX-7145 + 1 Boronate-BLI + B- Oral VenatoRx O O ([ ] / ? v -
ceftibuten lactam Pharmaceuticals
(cephalo-sporin)
QPX7728 + 1 Boronate- iv. Qpex Biopharma [ J [ J ([ J / ? - -
QPX2014 BLI + undisclosed
QPX7728 + 1 Boronate- Oral and i.v. Qpex Biopharma O @) [ ] / ? - -
QPX2015 BLI + undisclosed
oral B-lactam
SPR-206 1 Polymyxin iv. Spero Therapeutics @ [ ([ ] / - - -
MRX-8 1 Polymyxin iv. MicuRx [} [ (] / - - -
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Table 1 (continued)

Expected activity against

INN priority pathogens Innovation

(company Route of

code) Phase Antibiotic class administra-tion  Developer CRAB CRPA CRE OPPP NCR CC T MoA

QPX9003 1 Polymyxin iv. Qpex Biopharma ? ? ? ? ? ? 7

KBP-7072 1 Tetracyclin Oral KBP BioSciences [ ] O O [ J - - - -

EBL-1003 1 Aminoglycoside V. Juvabis o ? () / - - - -

(apramycin)

TXA709 1 Difluorobenz-amide Oral and i.v. TAXIS O ©) O [ I N
(FtsZ inhibitor) Pharmaceuticals

RG6006 1 Macrocyclic peptide iv. Roche m ? ? ? ? ? 7

(Abx MCP)

BWC0977 1 Topo-isomerase iv. Bugworks Research 7 ? ? ? ? ? 7

Pathogen activity: @ active;? possibly active; O not or insufficiently active; / activity not assessed, as the antibiotic is focused and developed for only either Gram-
positive cocci or Gram-negative rods. Agents not active against critical priority pathogens were assessed for activity against OPP, which includes the WHO high

and medium priority pathogens.

Innouation assessment: v criterion fulfilled;? inconclusive data; — criterion not fulfilled.

BLI, B-lactamase inhibitor; CC, chemical class; CRAB, carbapenem-resistant A. baumannii; CRE, carbapenem-resistant Enterobacterales; CRPA, carbapenem-
resistant P. aeruginosa; ESBL, extended-spectrum B-lactamase; Fabl, enoyl-acyl carrier protein reductase; DBO, diazabicyclooctane; FtsZ, cell division protein
named after corresponding mutant phenotype, filamenting temperature-sensitive mutant Z; GARDP, Global Antibiotic Research and Development Partnership; i.v.,
intravenous; KPC, K pneumoniae carbapenemase; MoA, new mode of action; NCR, no cross-resistance; NDA, new drug application; OPP, other priority pathogen;
PBP2, penicillin-binding protein 2; T, new target; uUTI, uncomplicated urinary tract infection; WHO, World Health Organisation.

20PP target pathogens — solithromycin: S. pneumoniae; nafithromycin: S. aureus and S. pneumoniae; zoliflodacin: N. gonorrhoeae; gepotidacin: N. gonorrhoeae and

E. coli; TNP-2198: H. pylori; afabicin, TNP-2092, KBP-7072 and TXA-109: S. aureus.

®Solithromycin NDA for otorhinolaryngological infections was submitted in Japan in April 2019.

‘Iterum will undertake an additional Phase 3 uUTI study of sulopenem etzadroxil before any NDA resubmission.

dActive against ESBL-producing cephalosporin-resistant Enterobacterales but not carbapenem-resistant Enterobacterales.

Active against ESBL-producing cephalosporin-resistant Enterobacterales and some KPC-producing CRE.

fXuanzhu Biopharm is a subsidiary of Sichuan Pharmaceutical Holdings but possesses fully independent intellectual property rights.

€A Phase 3 trial for zidebactam + cefepime was registered in July 2021 for cUTI or acute pyelonephritis (NCT04979806).

"The DBO-BLIs zidebactam, OP0595 (nacubactam) and ETX0282 also have some antibacterial activity and have been classified as p-lactam enhancers.

iActivity against AmpC-P-lactamase producing and KPC-producing CRPA.

IThe original developer, Arixa Pharmaceuticals, was acquired by Pfizer in October 2020.

kActive against KPC but not MBL-producing Enterobacterales.
'Previously used as an antibacterial treatment in animals.
MRG6006 is being developed to treat A. baumannii infections.

thus inhibiting the formation of peptidoglycan, a key part of bacte-
rial cell walls.

The most important mode of resistance are B-lactamases that
cleave the B-lactam ring; these enzymes are typically categorised
into four classes A-D. Class B fB-lactamases are metalloproteases
that are difficult to inhibit, and the other three are serine proteases
with different target specificities (Ambler, 1980; Bush &
Jacoby, 2010; Lakemeyer et al, 2018). While older BLIs are B-
lactams themselves and form covalent bonds to the active centres of
B-lactamases, recently approved DBO-BLIs and the aforementioned
boronate-BLIs inhibit enzymes by a reversible covalent mechanism
(Bush, 2015). Almost half of the antibiotics currently in clinical
development belong to the B-lactams, including 11 combinations
with new BLIs and two novel B-lactam antibiotics.

The synthetic thio-penem sulopenem (phase 3, i.v.) and its orally
available prodrug sulopenem etzdroxil/probenecid are developed
for the treatment of UTI and IAI caused by cephalosporin-resistant
Enterobacterales (World Health Organization, 2022). Unfortunately,
just like the novel carbapenem benapenem (phase 2/3, i.v., only
developed in China; World Health Organization, 2022), sulopenem
is likely to exhibit cross-resistance to carbapenems, as no activity
was reported against carbapenem-resistant bacteria (Karlowsky
et al, 2019; Ji et al, 2020; World Health Organization, 2022).
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Three of the new BLI/B-lactam combinations are currently in
phase 3, all of which are administered intravenously. The DBO-BLI
durlobactam displays activity against all classes of serine pB-
lactamases and intrinsic activity against Enterobacterales (Durand-
Réville et al, 2017). Furthermore, it restores and increases the activ-
ity of the B-lactam-BLI sulbactam against A. baumannii (Penwell
et al, 2015). The combination of durlobactam and sulbactam shows
a good activity against carbapenem-resistant A. baumannii, has a
low frequency of resistance and is developed for HAP and VAP
caused by this pathogen (Petropoulou et al, 2021; Shapiro
et al, 2021; World Health Organization, 2022).

Taniborbactam is the first boronate-BLI with activity against all
B-lactamases (Liu et al, 2020). In combination with the fourth-
generation cephalosporin cefepime, it shows good activity against
carbapenem-resistant Enterobacterales and P. aeruginosa and is
developed for the treatment of acute pyelonephritis, cUTI, HAP and
VAP with these pathogens (Hamrick et al, 2020; World Health Orga-
nization, 2022). The f-lactam-BLI enmetazobactam has an
improved penetration into bacterial cells (Papp-Wallace et al, 2019).
In combination with cefepime, it shows activity against
cephalosporin-resistant and some carbapenem-resistant Enterobac-
terales and is developed for the treatment of cUTI (Papp-Wallace
et al, 2019; Tselepis et al, 2020).

© 2022 The Authors
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Table 2. Non-traditional antibacterial agents in clinical development; adapted from WHO analysis (current to November 2021; World Health Orga-

nization, 2022).

Expected activity

Route of against priority
Name (synonym) Phase Antibacterial class administration Developer pathogens
Reltecimod (AB103) NDA? Synthetic peptide antagonist of iV, Atox Bio S. aureus
both superantigen exotoxins and
the CD28 T-cell receptor
Tosatoxumab (AR-301) 3 Anti-S. aureus 1gG1 antibody iV, Aridis Pharmaceuticals S. aureus
Exebacase (CF-301) 3 Phage endolysin V. ContraFect S. aureus
AR-320 (MEDI- 4893, 2 Anti-S. aureus 1gG mAb V. Aridis Pharmaceuticals, licenced S. aureus
suvratoxumab) from AstraZeneca
LSVT-1701 (N-Rephasin 2a/1 Phage endolysin i.v. Roivant Sciences, licenced from S. aureus
SAL200, tonabacase) iNtRON
Phage 1/2 Phage iV, Adaptive Phage Therapeutics E. coli
Rhu-pGSN (rhu-plasma 1b/2a Recombinant human plasma iv. BioAegis Therapeutics Non-specific Gram-
gelsolin) gelsolin protein positive and
Gram-negative
Ftortiazinon 2 Thyazinone (type Ill secretion Oral Gamaleya Research P. aeruginosa
(fluorothyazinone) + system Institute of Epidemiology
cefepime inhibitor) + cephalosporin and Microbiology
TRL1068 1 mAb iv. Trellis Bioscience Gram-positive and
Gram-negative
biofilms
9 MW1411 1 mAb (o-toxin) V. Mabwell Bioscience S. aureus
LBP-ECO1 1b CRISPR-Cas3 enhanced phage V. Locus Biosciences E. coli
SVT-1C469 1 Live biotherapeutic product Oral Servatus H. pylori
CALO2 1 Broad-spectrum anti-toxin i.v. Eagle Pharmaceuticals, licenced S. pneumoniae®
liposomal agent and from Combioxin
nanoparticle
(GSK3882347 1 Undisclosed (FimH antagonist) Oral GSK E. coli
ALS-4 1 Anti-virulence (staphyloxanthin Oral Aptorum Group S. aureus

biosynthesis inhibition)

FimH, type-1 fimbrin D-mannose-specific adhesin; 1gG1, immunoglobulin G1; mAb, monoclonal antibody; NDA, New Drug Application; WHO, world health organi-

sation.

aSubmitted to the US FDA as a potential treatment for necrotizing soft tissue infections in December 2020.
®While the Phase 1 trial evaluated CALO2 on patients with severe pneumonia caused by S. pneumoniae, CALO2 has broad-spectrum effects against other bacteria,
such as P. aeruginosa, A. baumannii, Enterobacterales and S. aureus.

The remaining eight BLI/B-lactam antibiotic combinations are
currently in phase 1 clinical development. Three DBO-BLIs—zide-
bactam (Moya et al, 2017), nacubactam (Morinaka et al, 2015)
and ETX0282 (Durand-Réville et al, 2020) —are antibiotic enhan-
cers. In addition to their characteristic serine B-lactamase inhibi-
tion, they have intrinsic activity against some Gram-negative
bacteria due to PBP2-binding, and enhance the activity of other B-
lactam antibiotics through synergistic effects. Combined with cefe-
pime, zidebactam shows good in vitro activity against Enterobac-
terales, A. baumannii and P. aeruginosa strains, which display a
wide range of B-lactamases, including metallo B-lactamases (Sader
et al, 2017). Similar to the previous combination, nacubactam and
meropenem show activity against Enterobacterales that possess B-
lactamases including metallo B-lactamases (Mushtaq et al, 2019).
The combination ETX0282 and cefpodoxime proxetil is tested for
the oral treatment of Enterobacterales and is active against serine
B-lactamases, but not against metallo B-lactamases (O’Donnell
et al, 2020).

© 2022 The Authors

ARX-1796 is an orally administered pro-drug of the first-in-class
DBO-BLI avibactam that inhibits serine f-lactamases (Gordon
et al, 2018). It is developed to treat infections with carbapenem-
resistant Enterobacterales in combination with an undisclosed B-
lactam-antibiotic (World Health Organization, 2022).

Similarly to Taniborbactam, the boronate-BLI QPX7728 displays
a broad activity against all classes of B-lactamases (Lomovskaya
et al, 2021). It is in clinical development with the undisclosed B-
lactam antibiotics QPX2014 and QPX2015 for the intravenous treat-
ment of infections with multidrug-resistant Enterobacterales, A. bau-
mannii and P. aeruginosa in high-risk patients and the oral
treatment with cephalosporin- and carbapenem-resistant Enterobac-
terales (Qpex Biopharma, 2022). Another orally bioavailable
boronate-BLI, VNRX-7145, displays activity against most serine B-
lactamases (Trout et al, 2021). It is in clinical development in com-
bination with the cephalosporin ceftibuten, the in vitro activity of
which against cephalosporin-resistant Enterobacterales could be
restored by VNRX-7145 (Mendes et al, 2022).
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No substantial information can be found about BLI XNW4107,
being developed in combination with the carbapenem imipenem
and cilastatin, an inhibitor of the renal dehydropeptidase that
increases extraction of active antibiotic into the bladder (Clissold
et al, 1987).

Cell envelope

Polymyxins bind to the lipopolysaccharide layer of the outer mem-
brane of Gram-negative bacteria, alter its permeability, and disrupt
membrane integrity (Kwa et al, 2007). Given their poor selectivity
for bacterial membranes, approved polymyxins exhibit severe
nephrotoxic and neurotoxic adverse effects and are therefore used
only as last-resort antibiotics (Falagas & Kasiakou, 2006).

All three new polymyxins are currently in phase 1 clinical devel-
opment for the intravenous treatment of infections with multidrug-
resistant Gram-negative priority pathogens. SPR-206 exhibits
improved in vitro activities compared with polymyxin B and is less
nephrotoxic in in vivo infection models in mice (Brown et al, 2019).
Another polymyxin-derivative, MRX-8, shows good activity against
multidrug-resistant Gram-negative bacteria in vitro and in mouse
infection models, but neither its structure nor any information about
potential toxicity are available (Lepak et al, 2020). The synthetic
polymyxin derivative QPX9003 displays improved in vitro activity
compared with polymyxin B and is effective against polymyxin B-
resistant Gram-negative bacteria in infection models in mice. Fur-
thermore, it shows reduced toxicity in mouse and cynomolgus mon-
key infection models (Roberts et al, 2022).

Protein biosynthesis

Inhibition of protein biosynthesis is a successful MoA for antibiotics,
as evidenced by seven approved antibiotic classes against different
targets in the bacterial ribosome. The four antibiotics in clinical
development that target protein biosynthesis belong to three of
these classes.

The ketolides solithromycin (new drug application, i.v. and oral)
and nafithromycin (phase 3, oral) were developed for the treatment
of CAP caused by Gram-positive cocci (Fernandes et al, 2016; World
Health Organization, 2022). Both antibiotics have a similar activity
in vitro as the first-in-class ketolide telithromycin. Nafithromycin
does not exhibit cross-resistance with older macrolides and keto-
lides in pneumococci, and solithromycin shows the same effect in
streptococci (Farrell et al, 2015; Flamm et al, 2017). However, soli-
thromycin has not been approved by the FDA yet, as its potential
for liver toxicity was not adequately characterised (Owens, 2017).
Other than most other macrolides, nafithromycin does not inhibit
human CYP enzymes in vitro, thereby reducing the risk of interac-
tions with other drugs (Chavan et al, 2016).

The aminomethylcycline KBP-7072 (phase 1, oral) is a third-
generation tetracyclin with good in vitro activities against Gram-
positive bacteria, Enterobacteriaceae and other Enterobacterales,
and A. baumannii (Huband et al, 2022). Moreover, acquired resis-
tance genes against other tetracyclins seem to have only a minimal
effect on KBP-7072 (Pfaller et al, 2021).

Apramycin (EBL-1003, phase 1, i.v.) is an aminoglycoside that dis-
plays activity against carbapenem- and cephalosporin-resistant Enter-
obacteriaceae, Enterobacterales and A. baumannii and is potentially
active against drug-resistant P. aeruginosa (World Health Organiza-
tion, 2022). It shows only little cross-resistance with multi-drug
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resistant Gram-negative bacteria, including strains with resistance
against many aminoglycosides (Juhas et al, 2019). Nonetheless, con-
sidering that apramycin was licenced for systematic use in animals in
1980 and that apramycin-resistance was reported only a few years
later, it seems likely that resistance will also emerge upon clinical use
in humans (Wray et al, 1986; Theuretzbacher et al, 2020a).

Novel classes of antibiotics

Out of the 26 traditional antibiotics, there are six novel agents in the
clinical pipeline (Table 1). In the preclinical pipeline, 29 out of 74
agents (about 39%; Appendix Table S5) are considered “innova-
tive” and urgently needed by the WHO as they display a new chemi-
cal class, hit a new target or display a new MoA, while not showing
any cross-resistance with approved antibiotic classes, yet (Theuret-
zbacher, 2017).

DNA: Novel bacterial topoisomerase inhibitors

The fluoroquinolones are well-established bacterial topoisomerase
inhibitors, synthetically developed in the 1960s to 80’s, and target
type II topoisomerases DNA gyrase (at subunit GyrA) and topoiso-
merase IV (at subunit ParC), thereby stabilising double-strand
breaks of DNA with bactericidal effects (Laponogov et al, 2009).
Three novel bacterial topoisomerase inhibitors (NBTIs), with
new chemical scaffolds and against new targets, are in the clinical
pipeline.

The orally administered NBTI zoliflodacin (phase 3) displays as
new chemical scaffold a spiropyrimidenetrione. It was discovered
through high-throughput MIC screens by the Pharmacia Research
Compound Collection, and developed through directed medicinal
chemistry (Miller et al, 2008; Bradford et al, 2020). It is active
against Neisseria gonorrhoeae and Gram-positive cocci, and cur-
rently in phase 3 clinical trials for the treatment of uncomplicated
gonorrhoea. Zoliflodacin has a distinct binding site in GyrB, which
differentiates it from the binding mode displayed by fluoro-
quinolones; accordingly no cross-resistance with fluoroquinolones
has been reported yet.

Gepotidacin (phase 3) is an oral and i.v. bioavailable NBTI with
the novel chemical scaffold triazaacenaphthalene. It was discovered
through antibacterial screenings of a chemical library and optimised
based on X-ray analysis of the protein-DNA-NBTI complex and
directed medicinal chemistry (Bax et al, 2010; Gibson et al, 2019). It
is active against N. gonorrhoeae and Gram-positive strains, and in
clinical phase 3 development for the treatment of uncomplicated
urogenital gonorrhoea and uncomplicated urinary tract infections
(uUTI). However, due to poor gastro-intestinal absorption, high
doses are required, which leads to adverse side effects such as diar-
rhoea (World Health Organization, 2022). Compared with fluoro-
quinolones, gepotidacin has a unique binding site on GyrA and
topoisomerase IV (subunit ParC). Nevertheless, early findings indi-
cate that fluoroquinolone resistance might be a stepping stone for
gepotidacin resistance as the target sites on topoisomerase IV are in
close proximity to each other (preprint: Szili et al, 2018; World
Health Organization, 2022).

In November 2021, a third NBTI BWC0977 (phase 1) entered
clinical trials. It is developed as an i.v. and oral treatment of infec-
tions with MDR Gram-positive and Gram-negative bacteria. Unfortu-
nately, no information regarding its origin, structure or MoA has
been disclosed (Bugworks Research Inc., 2022).
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Fatty acid synthesis: Fabl Inhibitor

Fabl, an enoyl acyl carrier protein reductase, is a key enzyme in the
bacterial fatty acid biosynthesis. Owing to the fundamental differ-
ences of mammalian and bacterial fatty acid biosynthesis, Fabl has
been a potential selective antibacterial target for many years (Heath
& Rock, 1995).

Currently, afabicin (phase 2) is the first and only Fabl inhibitor
in the clinical pipeline. It is the only compound that was identified
through the genomics-based HTS campaigns of individual targets
that evolved to the clinical stage (Payne et al, 2007). The hit com-
pound was identified as a weak inhibitor of the S. aureus Fabl
enzyme, which was then optimised by structure-based design lead-
ing to a 350-fold more potent drug candidate (Payne et al, 2002).
Afabicin itself is the prodrug of Debio-1452 and was tested in oral as
well as i.v. formulations against intra- and extracelluar S. aureus
bone and joint infections. So far, no cross-resistance of afabicin with
established antibiotics has emerged and even if resistance were to
emerge, such a development may still be offset by the high target
affinity of the drug.

Cell division: FtsZ inhibitor

Another agent in clinical phase 1 trials is TXA-709, an FtsZ inhibitor
with a new chemical scaffold that inhibits a novel target and there-
fore has a new MoA. FtsZ is a key protein of the Z-ring, which is an
essential structure formed in the middle of the bacterial cell during
cell division. As the target has not yet been tapped by established
antibiotics, FtsZ inhibitors have a high potential to become attrac-
tive novel antibiotics. Although several compounds have been
reported to have in vitro activity against FtsZ, no agent has entered
the clinical pipeline to that point.

Based on SAR studies, the benzamide scaffold was investigated
and optimised through medicinal chemistry to yield an in vivo active
FtsZ inhibitor (Haydon et al, 2008). A highly potent hit against S.
aureus was further optimised to finally yield TXA-709 (phase 1), a
benzamide-prodrug, which is being tested per i.v. application and
orally against S. aureus infections (Kaul et al, 2015).

Undisclosed projects

Recently, an antibiotic macrocyclic peptide RG6006 (phase 1) has
entered the clinical pipeline (Roche, 2022). It possesses anti-Gram-
negative activity, will be applied i.v. and tested against A. bauman-
nii infections. Further information regarding its structure or MoA
has not been disclosed (Roche, 2022).

New scaffolds in preclinical development and promising candidates for
preclinical development

We further highlight a few examples of agents with novel scaffolds
in the preclinical pipeline (Appendix Table S5) and promising candi-
dates for preclinical development (Appendix Table S8). The selec-
tion was made on the basis of available published and peer-
reviewed data.

Odilorhabdins Nematode-symbiotic bacteria of the genera Xenorhab-
dus and Photorhabdus were cultivated under various conditions and
bioactivity-guided fractionation of the supernatants led to the identi-
fication of the causal compounds, odilorhabdins, which are non-
ribosomal peptide synthetase (NRPS)-derived ribosome-targeting
antimicrobial peptides (Pantel et al, 2018). The ability to cure
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infections in animal models and a validated method for chemical
synthesis encouraged Nosopharm to initiate SAR studies and a
medicinal-chemistry program. They identified and optimised a lead
compound among 500 analogues, evaluating in vitro activity and
in vivo efficacy. The compound with best antibacterial, ADME, toxi-
cology and pharmacology results, NOSO-502, is currently undergo-
ing clinical trial application and investigational new drug (CTA/
IND)-enabling studies (Racine & Gualtieri, 2019; Nosopharm, 2022).

Teixobactin The macrocyclic depsipeptide teixobactin was discov-
ered from the previously uncultured bacterium Eleftheria terrae
using the iChip technology (Ling et al, 2015) followed by scale-up
fermentation of that strain, fractionation of its crude extract, and
compound purification. This novel scaffold shows a unique MoA by
blocking cell wall synthesis through binding and inhibiting the syn-
thesis of lipid II and lipid III, which are precursors for peptidoglycan
and teichoic acid biosynthesis. As no cross-resistance to any estab-
lished antibacterial has been observed so far and because of the
promising in vitro toxicology and in vivo efficacy results, total syn-
thesis efforts were initiated to enable SAR studies (Karas
et al, 2020). The main limitation of teixobactin is that it is only
active against Gram-positive bacteria, a limitation which has been
attempted to be overcome by synthesis of analogues and carrying
out tests in combination with enhancers and anti-Gram-negative
compounds (Chiorean et al, 2019). Teixobactin entered preclinical
development recently although the resistance mechanism is still
unknown and needs to be elucidated before further development
can be conducted.

Darobactin Similarly to the olidorhabdins, darobactins originate
from nematode-symbiotic bacteria of the genus Photorhabdus and
were identified and isolated through bioactivity-guided fractiona-
tion and compound purification (Imai et al, 2019). These riboso-
mally synthesised and post-translationally modified peptides
(RiPPs) are selectively active against Gram-negative pathogens,
including MDR K. pneumoniae, P. aeruginosa and E. coli. Interest-
ingly, the agent is not active against gut commensals, which will
possibly have a positive impact on the patients’ gut health. The
darobactin scaffold targets the outer membrane protein BamA
(Kaur et al, 2021), which is the central component of the B-barrel
assembly machinery responsible for the folding and incorporation
of outer membrane proteins and, therefore, membrane integrity
(Konovalova et al, 2017; Ritzmann et al, 2022). Given the intrigu-
ing MoA, the in vitro bioactivity and in vivo efficacy, numerous
derivatives were generated by both total synthesis (preprint: Lin
et al, 2022; preprint: Nesic et al, 2022) and heterologous expres-
sion (Bohringer et al, 2021; Grof et al, 2021a; Seyfert et al, 2022).
The lead optimisation phase is ongoing and will hopefully result in
a preclinical candidate.

ULT3 Antimicrobial peptides of the ULT3 program were discovered
through selective isolation of MDR bacteria from soil samples
(Bjerketorp et al, 2021) which led to the identification of novel
NRPS-derived lipopeptides from Pedobacter spp. that are active
against MDR Gram-negative bacteria. As the antibacterial activity
of these lipopeptides looks promising and as their cytotoxicity is
acceptable, ULT3 peptides are currently in lead optimisation (Nord
et al, 2020).
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Corallopyronin A The bacterial DNA-dependent RNA polymerase
(RNAP)-inhibitor corallopyronin A with activity against S. aureus
and N. gonorrhoeae was already discovered in the 1980s through
screening of myxobacterial extracts for antibacterial activity (Irschik
et al, 1985). Due to poor yield of the chemical synthesis, it required
the elucidation of the biosynthetic pathway and development of a
heterologous expression system to produce corallopyronin A in suf-
ficient amounts for preclinical development (Erol et al, 2010;
Pogorevc et al, 2019). Interestingly, and noteworthy outside the
pathogen priority list, it showed highly effective eradication of the
Gram-negative intracellular Wolbachia bacteria. The main applica-
tion of corallopyronin A is as an anti-wolbachial treatment of filarial
worm infections (Schiefer et al, 2020).

Owing to its novel binding site at the “switch region” on RNAP,
no cross-resistance with known RNAP inhibitors has been reported
so far. Poor dissolution, stability and solubility of the compound
could be addressed by modern formulation like embedment in poly-
meric matrices (Krome et al, 2022). Corallopyronin A is currently
undergoing dose-range finding toxicology studies in rodent and non-
rodent species (Krome et al, 2022).

Cystobactamids Cystobactamids were discovered through screen-
ing of myxobacterial isolates for novel bioactive compounds and
bioactivity-guided fractionation and demonstrate potent activity
against Gram-negative and Gram-positive bacteria (Baumann
et al, 2014). They are biosynthesised by a NRPS machinery and
form a scaffold of tailored para-aminobenzoic acids, which enables
them to inhibit gyrase and bacterial type Ila topoisomerase via a
different binding site than quinolones with no cross-resistance to
quinolones reported so far (Hiittel et al, 2017; Grof et al, 2021b).
After total synthesis was established (Moreno et al, 2015) with sig-
nificant improvements in scalability and activity of novel deriva-
tives (Moeller et al, 2019; Elgaher et al, 2020), cystobactamids are
now in the lead optimisation phase for MDR-Gram-negative bacte-
rial infections. It is worth mentioning that albicidins show a simi-
lar scaffold as cystobactamids and have completed lead
optimisation for serious bacterial infections (Cociancich
et al, 2015; Kretz et al, 2015; von Eckardstein et al, 2017; Behroz
et al, 2019; Zborovsky et al, 2021).

Corramycin The NRPS-polyketide synthase (NRPS-PKS) hybrid cor-
ramycin is produced by myxobacteria and exhibits anti-bacterial
activity against E. coli (Couturier et al, 2022) and in in vivo models
of septicemia and lung infection. Lead optimisation led to deriva-
tives with activity against Enterobacteriaceae and A. baumannii
(Renard et al, 2022). The MoA has not been fully elucidated yet, but
it could be shown that corramycin inhibits DNA replication and
does not show cross resistance with quinolones so far (Bacqué
et al, 2022; Couturier et al, 2022).

Analysis of the antibiotic pipeline

A look at the clinical pipeline of antibiotics raises hopes that, unlike
after the introduction of linezolid, it will not take another 15 years
until the next first-in-class antibiotic will be approved. It seems
likely that at least one of the NBTIs zoliflodacin and gepotidacin will
reach the market within the next years, given their advanced clinical
development. Furthermore, it is noteworthy that the Fabl inhibitor
afabicin as well as the FtsZ inhibitor TXA-709 target cellular

18 of 33 EMBO reports  €56033 | 2022

Sebastian Walesch et al

processes outside the “typical” scope of approved antibiotics (see
Fig 2B). As both antibiotics are still at an early stage of their clinical
development, more time and more trials are needed to demonstrate
their utility in a clinical setting.

The only representatives of new antibiotic classes against critical
priority Gram-negative bacteria that have entered the clinical pipe-
line within the past year are the NBTI BWC0977 and the macro-
cyclic peptide RG6006, respectively (World Health
Organization, 2022).

While most of the novel antibiotics in clinical development target
S. aureus or N. gonorrhoeae, 18 out of 20 derivatives of approved
antibiotics are being developed for the treatment of critical priority
MDR Gram-negative bacteria. Within this subset, the group of BLI/
B-lactam combinations should be emphasised, as several BLIs
provide unprecedented features and clinical potential. Due to their
activity against all described classes of B-lactamases, the boronate-
BLIs taniborbactam and QPX7728 could provide a valuable alterna-
tive for the treatment of infections with metallo-B-lactamase bearing
pathogens. Moreover, it will be interesting to observe the further
development of the DBO-BLIs and the antibiotic enhancers zidebac-
tam, nacubactam and ETX0282.

The three new polymyxin derivatives as well as the tetracyclin
KBP-7072 and the aminoglycoside apramycin are in phase 1 clinical
development. Further trials will show if these three polymyxins
exhibit reduced toxicity and whether both inhibitors of protein
biosynthesis can overcome class-specific resistances.

Although the global clinical pipeline of antibiotics for systemic
use is rather small, it features promising aspects. Regarding late-
stage clinical development, the five antibiotics or combinations with
activity against MDR Gram-negative bacteria as well as the two first-
in-class antibiotics will improve the treatment options in their
respective indications. Moreover, several antibiotics in early clinical
development represent new antibiotic classes or are promising
improvements of their respective classes. However, novel antibiotic
classes that do not display cross-resistances with approved antibi-
otics and meet stringent performance characteristics to treat critical
priority Gram-negative pathogens remain underrepresented in the
clinical pipeline (Butler et al, 2022; World Health Organiza-
tion, 2022).

According to the WHO data, about 39% (29 out of 74) of antibi-
otics in preclinical development belong to new chemical classes.
Furthermore, 48% of these antibiotics display activity against, and
are being developed for treatment of, critical priority Gram-negative
pathogens. These numbers are encouraging, but given the high attri-
tion rates in antibiotic development, it can be assumed that only
one or two of these antibiotics will find their way into the market
(Fig 3B).

Non-traditional antibacterial agents in clinical and preclinical
development

The rise of AMR and the challenge to find and develop new antibi-
otics have led to an increased interest in general antibacterial thera-
pies that differ from the “inhibition of an essential target” approach
of traditional small-molecule antibiotics. Those non-traditional
antibacterials include any strategy to treat bacterial infections from
strain-specific inhibition of bacterial growth by bacteriophages to
inhibition of virulence factors and modulation of the host immune
system (Theuretzbacher & Piddock, 2019).
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Following the classification by the WHO, we grouped the 14 non-
traditional antibacterials in clinical (Table 2) and 25 agents in pre-
clinical development (Appendix Table S6) into four categories:
agents targeting virulence factors, antibodies and biologics, bacterio-
phages or phage-derived products, and immunomodulating agents
(World Health Organization, 2022). Not included in these classes
are two antibacterial agents classified as potentiators/enablers, and
one agent against another cellular target (preclinical development,
Appendix Table S6).

Agents targeting virulence factors (Pathoblockers)

Virulence factors are small molecules, enzymes and proteins that
pathogenic bacteria rely on to infect, colonise, dominate and
damage its host as well as to evade the host immune response
and treatment with antibiotics. Targeting virulence factors, hence
disarming bacteria instead of killing them, has attracted increas-
ing attention within the past two decades (Clatworthy
et al, 2007; Calvert et al, 2018). This approach is promising,
because it reduces the damage caused by the pathogen and facil-
itates its clearance by the immune system, while commensal
bacteria remain unaffected. Furthermore, virulence factors are
non-essential targets, which should reduce the selective pressure
for resistance to evolve (Calvert et al, 2018; Lakemeyer
et al, 2018; Theuretzbacher & Piddock, 2019). While screening
for agents that target virulence factors can be done in biochemi-
cal assays or in in vivo infection models (Miethke et al, 2021)
preclinical and clinical proof-of-concept are more challenging to
demonstrate.

Common targets in research and preclinical development include
bacterial communication by quorum sensing, direct inhibition of
exotoxin function, toxin secretion via type III secretion systems
(T3SS), bacterial adhesion and biofilm formation, enzymes for host
invasion (e.g. LasB) or immune evasion as well as virulence-
regulating enzymes (Calvert et al, 2018; Lakemeyer et al, 2018;
Theuretzbacher & Piddock, 2019). Those targets can be addressed
with small or large molecules or with biologics, as reviewed in the
next chapter.

Ftorziazinone (phase 2, oral) reduces the adverse effects of infec-
tions with Gram-negative bacteria by inhibiting T3SS. While not dis-
playing antibacterial properties in vitro, it showed activity against P.
aeruginosa and other Gram-negative pathogens in murine infection
models (Sheremet et al, 2018; Zigangirova et al, 2021). Ftorziazi-
none is tested in combination with the cephalosporin cefepime for
the treatment of cUTI caused by P. aeruginosa (World Health Orga-
nization, 2022).

CALO2 (phase 1, i.v.) was designed to reduce the adverse effects
of bacterial infections. It consists of engineered liposomes to inter-
cept bacterial toxins by mimicking the cell-membrane lipids these
toxins bind to (Da Azeredo & Shorr, 2020). The benefits of CALO2 as
an addition to standard therapy of pneumonia caused by Streptococ-
cus pneumoniae were demonstrated in murine models and first-in-
human trials (Da Azeredo Silveira & Shorr, 2020; Laterre
et al, 2019).

GSK3882347 (phase 1, oral), which is developed for treating
uUTI caused by E. coli, pursues a different approach: this compound
prevents the binding of the pathogen to the bladder wall by inhibit-
ing the E. coli adhesive protein FimH (World Health Organiza-
tion, 2022).
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The small molecule ALS-4 (phase 1, oral) inhibits a key enzyme
in the staphyloxanthin biosynthesis in S. aureus (Aptorum Group
Limited, 2022; World Health Organization, 2022). As this pigment
protects S. aureus from the oxidative stress of neutrophils (Beavers
& Skaar, 2016), ALS-4 increased clearance of S. aureus in vitro and
in in vivo animal infection models (Aptorum Group Limited, 2022).

Currently, only one molecule with the overall MoAs “anti-
virulence” is in preclinical development but little information is
available (Appendix Table S6).

Antibodies and biologics

During the past 30 years, monoclonal antibodies have become an
important modality in the treatment of cancer and autoimmune dis-
eases. Yet, no antibodies are marketed to directly target bacteria in
infections. The only three antibodies blocking toxins or other viru-
lence factors of Bacillus anthracis (2) or C. difficile (1) were all
approved within the last decade (McConnell, 2019).

Antibodies have two main modes of action. First, by binding to
antigens located on the bacterial surface with subsequent
opsonophagocytic killing by the immune system. Second, antibodies
can bind and neutralise bacterial virulence factors like exotoxins or
biofilms, reducing the negative effects on the host or helping the
host to clear the infection (Lakemeyer et al, 2018; McConnell, 2019).
It seems that the second approach is more promising, as all three
approved antibodies target bacterial toxins, while antibodies target-
ing antigens on the bacterial surface have failed so far to demon-
strate their value in clinical studies (Chastre et al, 2020; National
Library of Medicine NCT03027609, 2022).

The four monoclonal antibodies (mAb) in clinical development
therefore do not target the bacterial surface (World Health Organiza-
tion, 2022). Tosatoxumab (phase 3, i.v.) is an immunoglobulin G1
(IgG1) antibody against S. aureus o-toxin and was discovered in a
screening for a-toxin neutralisation activity in B cells from a S.
aureus pneumonia patient (Francois et al, 2018). It is developed for
the adjunctive treatment of patients with VAP, caused by S. aureus
(World Health Organization, 2022). Suvratoxumab (phase 2, i.v.) is
also an IgG1 antibody, but with enhanced serum half-life and a dual
mechanism of o-toxin neutralisation to block binding to its cell
receptor and inhibit the formation of the lytic heptameric trans-
membrane conformation (Oganesyan et al, 2014). It is developed to
prevent S. aureus caused pneumonia in mechanically ventilated
patients (Francois et al, 2021). 9MW1411 (phase 1, i.v.) is a mono-
clonal antibody to neutralise S. aureus o-toxin by blocking its bind-
ing to the ADAMI0 receptor on the cell membrane (World Health
Organization, 2022).

A broader spectrum of bacteria can be targeted by TRL1068
(phase 1, i.v.), a human antibody that binds to proteins from
the DNABII family, which is conserved among many Gram-
positive and -negative bacteria (Estellés et al, 2016). Biofilm dis-
ruption of S. aureus, P. aeruginosa and A. baumannii was
achieved in vitro and TRL1068 potentiated antibiotic activities in
murine and rodent infection models with S. aureus and A. bau-
mannii (Estellés et al, 2016; Xiong et al, 2017). It is developed
as an adjunctive to standard-of-care treatment in periprosthetic
joint infections with a broad range of Gram-positive and Gram-
negative bacteria (World Health Organization, 2022). However,
the potential effect of this antibody on commensals and their
biofilms requires further studies.
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Three other antibodies or biologics are currently in preclinical
development (Appendix Table S6).

Bacteriophages or phage-derived products

Bacteriophages are viruses that infect bacteria and archaea (Kor-
tright et al, 2019). After their discovery in the early 20th century,
they were used to treat bacterial infections, but the use of and inter-
est in bacteriophages decreased greatly after antibiotics became
widely available (Lakemeyer et al, 2018). Phages have been exten-
sively studied and used in Georgia, Poland and Russia (Abedon
et al, 2017), but most existing data are based on anecdotal case
studies or reports of compassionate use (Theuretzbacher & Pid-
dock, 2019).

The potential benefits and opportunities of phage therapy are
well known: good activity against sensitive bacteria, even in
biofilms, no cross-resistance with antibiotics, and a very high selec-
tivity for pathogens (Iskandar et al, 2022). However, application of
phage therapy in broad clinical settings faces several difficulties and
concerns. This includes limited knowledge about the pharmacoki-
netics of the phage, the risk of immunogenic reactions of the host to
the treatment, possible gene transfer to commensal bacteria, and
rapid evolution of resistance against the administered bacterio-
phages (Lakemeyer et al, 2018; Theuretzbacher & Piddock, 2019;
Vazquez et al, 2022). Furthermore, since phages are exclusive to the
bacterial species or even only subsets of strains of the particular
species they infect (Kortright et al, 2019), cocktails of different
phages must be used (Theuretzbacher & Piddock, 2019). This
requires appropriate diagnostic tools and potentially the adaptation
of cocktails, depending on the infecting pathogen (Box 1; Theuret-
zbacher & Piddock, 2019).

Many of these problems do not apply for the use of phage-
derived products, such as phage endolysins. These are endopepti-
dases that degrade the peptidoglycans of bacteria and result in cell
lysis (Abdelrahman et al, 2021). By analogy to bacteriophages,
endolysins have a high specificity towards the targeted bacteria, and
are both potent as well as bactericidal (Abdelrahman et al, 2021).
Hitherto, the published data on safety, immunogenicity and resis-
tance formation are sparse, but endolysins seem to be well tolerated
by mammals, including humans, and no resistance has been
reported so far (Jun et al, 2017; Abdelrahman et al, 2021).

Currently, two bacteriophage projects and two phage endoly-
sins are in clinical development (World Health Organiza-
tion, 2022). The project “phage” (Phase 1/2, i.v.) is undergoing
clinical trials for the treatment of UTIs with E. coli or K. pneu-
moniae using personalised combinations of bacteriophages (Data
ref: ClinicalTrials.gov NCT04287478, 2022; World Health Organi-
zation, 2022). LBP-ECO1 (phase 1b, i.v.) is a cocktail of bacterio-
phages that are engineered with CRISPR to target the genome of
E. coli (World Health Organization, 2022). This concoction com-
bines the lytic activity of phages with Cas3-activity against DNA
to treat patients with lower urinary-tract colonisation with E. coli
(National Library of Medicine NCT04191148, 2022; World Health
Organization, 2022).

Exebase (phase 3, i.v.) is a recombinantly produced phage endo-
lysin against Staphylococci and Streptococci that was found in a
prophage of a Streptococcus suis genome (Gilmer et al, 2013). Tona-
cabase (SAL200, phase 2a/1, i.v.) is another recombinantly pro-
duced endolysin with anti-staphylococcal activity (Jun et al, 2011).
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Both phage endolysins are in clinical development as addition to
standard treatment for blood-stream infections with S. aureus
(World Health Organization, 2022).

A total of 17 bacteriophages or their products are currently in
preclinical development. Twelve of these projects are intended to
treat infections with Gram-negative critical-priority pathogens and
three to treat infections with S. aureus (Appendix Table S6). How-
ever, there is no conclusive information about the exact nature of
treatment or the anticipated type of application.

Immunomodulating agents

In contrast to all the other described approaches, immunomodulat-
ing agents do not target pathogens or their toxins, but modify the
response of the patients’ immune system to bacterial infection.
Immunomodulation has demonstrated its usefulness in cancer ther-
apy during the past decades and some of the applied approaches
might be extrapolated for the treatment of infectious diseases
(Naran et al, 2018; McCulloch et al, 2022).

The peptide reltecimod (new drug application, i.v.) mimics the
T-lymphocyte CD28 receptor and reduces inflammatory cytokine
expression caused by exotoxins from Gram-positive bacteria or
lipopolysaccharides from Gram-negative bacteria (Ramachandran
et al, 2013; Ramachandran et al, 2015). Addition of reltecimod to
standard treatment improved the resolution of organ dysfunction
and hospital discharge status in patients with necrotising soft-tissue
infections compared with standard treatment alone (Bulger
et al, 2020). However, no update was provided since its new drug
application with the FDA in December 2020 (World Health Organi-
zation, 2022).

Recently, low levels of the human plasma protein gelsolin
(pGSN) were associated with an increased risk of severe outcomes
in patients with CAP. Gelsolin is an abundant protein that modu-
lates inflammatory responses and reinforces the antimicrobial activ-
ity of macrophages in alveoli (Self et al, 2019). Rhu-pGSN (phase
1b/2a, i.v.) is recombinantly produced pGSN that improves survival
and reduces lung injuries in animal models and is well-tolerated in
patients with CAP (DiNubile et al, 2020; Tannous et al, 2020).

Two further immunomodulators are currently in preclinical
development (Appendix Table S6).

Analysis of the non-traditional antibacterial pipeline

The strategy to target and reduce bacterial virulence is an interesting
and promising field with diverse approaches. While most of these
are toxin- or pathogen-specific, there is the possibility for a broad-
spectrum treatment, as demonstrated by CAL02. So far, only limited
data is available for the utility of these approaches in clinical set-
tings. In the case of toxin-targeting mAbs, a proof of concept and
value proposition has already been provided. Other approaches to
antivirulence therapy still have to confirm their promise in further
preclinical and proof-of-concept clinical trials. Generally, mAbs and
other biologics need to demonstrate their value and their superiority
to current treatment to make up for their higher cost (Lakemeyer
et al, 2018).

The development of bacteriophages as antibacterial treatment is
an emerging and dynamic field. Of course, further research has to
be undertaken in diagnostics to quickly choose the fitting phage
(—cocktail) and clinical studies to expand the knowledge about the
efficacy, effects and requirements of bacteriophages as antibacterial
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treatment (Box 1; Suh et al, 2022). While the approval of a bacterio-
phage preparation for broad application seems to be unlikely in the
near future, specialised hospitals and centres can already treat
patients with individualised phage cocktails, based on expanded
access regulations in the USA or magistral formulations in several
EU countries (Suh et al, 2022; Vazquez et al, 2022). In doing so,
experiences and data will become available to further facilitate the
approval of phage therapy as antibacterial treatment.

Treating an infection via immune-system modulating or support-
ing agents has the advantage to be pathogen-agnostic. Given the
success of therapies targeting the immune system in other indica-
tions and the advancement of reltecimod through clinical trials, it
seems a promising approach. However, the pending approval of rel-
tecimod raises the question whether further problems must be
addressed.

Compared with traditional antibiotics, these approaches share
the advantages of avoiding negative effects on the host commensal
bacteria and resistances against antibiotics. Nonetheless, the knowl-
edge about and experience with non-traditional antibacterial agents
is still limited, and many more problems must be overcome before
their broad application can be established. For example, the high
selectivity that is often required by virulence-targeting agents, bio-
logics and bacteriophages raises the need for simple, quick and

EMBO reports

accurate identification of the infecting pathogen (Theuretzbacher &
Piddock, 2019). Furthermore, most non-traditional antibacterial
therapies are developed as add-ons to standard treatment regimes,
with the view to demonstrate superiority in confirmatory clinical tri-
als. While some non-traditional antibacterial therapies might not
need the concomitant use of antibiotics in the future, combinations
of traditional and non-traditional antibacterial therapies seem likely.
Therefore, most non-traditional approaches will not have the poten-
tial to solve AMR on their own (Box 1; Czaplewski et al, 2016;
Theuretzbacher & Piddock, 2019).

Conclusion and outlook

Considering the ever-increasing prevalence of AMR, it is crucial to
find and develop new antibiotics and non-traditional antibacterials.
As the emergence of resistance against antibiotics in use is inevi-
table, a constant flow of new antibacterials into and out of the clini-
cal pipeline is important. The latter must be enabled and reinforced
by vibrant early, translational and preclinical research.

These new antibiotics should address the problems and needs in
treatment of bacterial infections. Currently, two major problems
need particular attention.

Phylum Number of Sequences Number of GCFs

NPAtlas Compound Distribution

7000 1 150
6000 1 125

5000 - 100 1
754
4000 -

50 4

3000 -
25 A

2000 -

Number of Compounds

1000

0- T e e T
O HO0OY VLoV E o0V - ogs 0V o
'—""—'—(U(DJ-JJX'—J-'{UJ-'H-OJ-'G)(U
— [

8883580 E=28820288%8 9
0O 20 00D mmgPG>Em0co2003
MEBOBESS cSs=EZISELSES S
9oL QELCUEEEZITPLPROEYE
c2 oo EFO g 5858 o O E
E85LTCR80g2 25 s£a¢
5 Q0 o5 © o S5 < o= 8 &
[SR=p S - m 30 = gl [
<hOa w5 ] O 9 3
o 9 > < <
< o =
2 £
= 5
.o [a}
ol
[}
-
Q
©
o
[}
c
=
<

Phylum

1 10 100 1000 10000
3 — H H

<] i 36
LA 9

Protecbacteria 90,330
Chrysiogenetota 2
Deferribacterota 4

Campylobacterota 1,425
Thermosulfidibacteraeota 1
Aquificota 2
<] D A 93
Bdellovibrionota 18
Bdellovibrionota_B 4
Myxococcota 63
— D 42
1 Desulfobacterota 64
Tectomicrobia 1
Nitrospinota 1
Nitrospirota 16

‘ Methylomirabilota 1

i 49

\_‘_,——<1 Calditrichota 2

Bacteroidota 2,989
—— Spirochaetota 37020
LL‘_ Verrucomicrobiota_A 20
Verrucomicrobiota 188

Synergistota 25

1 Dictyoglomota
Bipolaricaulota

|'|"|||I||||'"|||I|||'I'|'“||||||I|"|'|

Thermotogota 67
Deinococcota 140
Chlorofiexota 46
Armatimonadota 8
Actinobacteriota 15,857
c i 536

, 242
Firmicutes 44,482
Firmicutes_F 35
Firmicutes_A 4,983
Firmicutes_B 113
Firmicutes_C 269
Firmicutes_E 9
Firmicutes_D 5
Firmicutes_K 34
Firmicutes_J 2
Firmicutes_I 650

Figure 5. Current bacterial natural products and the encoded potential for others.

(A) The number of compounds per bacterial phylum as found in the NPAtlas_v2021_08. Inset shows phyla with fewer than 200 compounds. Phyla are distributed as
shown in the legend. Some phyla have since been subdivided and are not representative of the tree in part B (e.g. Myxococcota (“Myxobacteria”) is found in the NPAtlas
within the phylum Proteobacteria). The total number of compounds includes analogues of the same compound family and does not necessarily represent distinct
chemical scaffolds. Source data in Appendix Tables S10 and S11. (B) Representation of the biosynthetic potential of bacterial phyla based on the number of genomes per
phylum and the estimated number of gene cluster families. This number estimates the number of different compounds possible from members of these phyla. Part (B)

reproduced from Garvriilidou et al with permission from Springer Nature.

Source data are available online for this figure.

© 2022 The Authors

EMBO reports  e56033|2022 21 of 33

85UB017 SUOWWIOD A0 8|qeotjdde ayy Aq peuseno a1e saoile VO ‘8sN JO Sa|nJ o Akeid18uljuO 3|1 UO (SUOTIPUOO-PUB-SWBIAL00" AB 1M AReIq Ul [UO//SdNL) SUOBIPUOD pue sWwie 1 8y} 885 *[2202/2T/02] Uo AfeidiTaul|uo A8 |1 ‘4 WNeZ yquis 1zH - Zoyw eH AQ 80952202 We /262G T 0T/10p/B.10'sse.doguue’ mmw/:sdiy Wwolj pepeojumod ‘0 ‘8. TE69YT



EMBO reports

First, very few antibiotics are available to treat nosocomial infec-
tions with MDR Gram-negative bacteria classified as critical priority
pathogens by the WHO. While the clinical pipeline harbours several
improved and promising B-lactam/BLIL it lacks new antibiotic scaf-
folds with direct antibacterial activity. We therefore need increased
efforts to find and develop new antibiotic classes with activity
against MDR Enterobacteriaceae, A. baumannii and P. aeruginosa.

Second, further treatment options, in particular with oral
bioavailability for community-acquired UTIs with MDR pathogens
are required, especially considering the decreased use of fluoro-
quinolones due to blackbox warnings (Yarrington et al, 2019).
Regarding the treatment of gonorrhoeae, the two first-in-class antibi-
otics gepotidacin and zoliflodacin will complete their clinical trials
in the near future and become available to address this problem.
However, these two candidates will not be sufficient to tackle these
infections alone.

Two new antibiotic classes are in clinical development against
MDR S. aureus—only as infections with this pathogen can be hard
to treat. The difficulty is caused by production of biofilms or insuffi-
cient antibiotic concentrations at the site of infection and not due to
a lack of antibiotics with appropriate activities. While it is a wel-
come trend that new antibiotic classes are developed, time will
show if these can overcome this difficulty or if additional strategies
are required.

With the exception of mAbs targeting bacterial toxins, non-
traditional antibacterials still need to show their value in a broad
clinical setting. Until they have done so, we need to rely on tradi-
tional antibiotics for the treatment of bacterial infections. Neverthe-
less, many of these approaches show encouraging potential to
reinforce our capability to fight bacterial infections. Depending on
their success in clinical development, combinations of antibiotics
with agents targeting virulence factors or immunomodulating agents
might be promising future strategies for the treatment of bacterial
infections (Box 1).

Regardless of their target, a constant supply of new agents is
needed to maintain the antibacterial pipeline and thus additional
resources must be channelled into respective research in natural
products and medicinal chemistry.

Natural product-based drug discovery continues to be one of the
most reliable sources of novel chemical agents. In part, this has
been driven by comprehensive investigation of priority producer
microorganisms, such as Streptomyces. Evaluation of natural prod-
ucts databases, such as the NPAtlas (van Santen et al, 2022) shows
a very unbalanced investigation of producer organisms (Fig 5A).
Members of the phylum Actinobacteria dominate the chemical space
of naturally produced compounds in the database with the single
genus Streptomyces accounting for more than 70% of the com-
pounds from the entire phylum. When excluding this extensively
studied genus, the top three phyla show a more equitable distribu-
tion of compounds. However, as has been mentioned in recent pub-
lications, the current state of bacterial compound discovery does not
reflect the potential of natural compound producers (Fig 5B; Gavri-
ilidou et al, 2022). Investigation of these organisms and advances in
compound production, purification, identification and screening
methodologies will expand the chemistry available for the antibacte-
rial discovery pipeline.

Intriguing discoveries were made in medicinal chemistry with
computational tool-based rational design, such as the novel DBO-
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BLIs with antibacterial activity. Hopefully, it will become apparent
in the near future whether the new derivative in preclinical develop-
ment, ETX0462, with activity against Gram-negative pathogens can
be advanced into clinical development as monotherapy (Durand-
Reville et al, 2021). This would be exciting news as it would elevate
DBOs as a novel class of antibiotics with anti-Gram-negative activ-
ity. Moreover, the future will show whether this approach can lead
to further novel classes of antibacterials.

With the experiences gained from the shortcomings of the Waks-
man platform and HTS campaigns and the past decade in natural
product research and medicinal chemistry, we might have the tools
to tackle the antibiotic crisis (Box 1). Given the high attrition rates,
high research and development costs and low profit margins associ-
ated with antibacterial therapies, sufficient funding and concerted
efforts must be ensured (Box 1). Furthermore, approval processes
should reflect the special characteristics of traditional and non-
traditional antibacterials.

Considering the high attrition rates of antibacterials in clinical
trials, a great variety of these agents in early development is nec-
essary to ensure a constant supply to the market. As increasing
rates of AMR threaten to leave us without treatment options for
certain bacterial infections, we cannot afford to waste time and
resources by performing redundant or futile research. Therefore,
it would be immensely helpful for researchers to have more
access to peer-reviewed data of early and translational research
as well as preclinical studies. As there is no valid information
available for the majority of antibacterial projects in lead optimi-
sation and in preclinical studies, it is difficult to estimate their
potential for broad clinical use. Moreover, in most cases the rea-
son for the failure of candidates, especially in early and preclini-
cal development, is not published. To minimise repetition of
mistakes and speed up the development process, it would be ben-
eficial to have a platform where negative results can be made
publicly available.

AMR is a major problem, which can only be tackled when we
join forces.

Expanded View for this article is available online.
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