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Worldwide, increasing morbidity and mortality due to antibiotic-resistant microbial infections has been

observed. Therefore, better prevention and control of infectious diseases, as well as appropriate use of

approved antibacterial drugs are crucial. There is also an urgent need for the continuous development

and supply of novel antibiotics. Thus, identifying new antibiotics and their further development is once

again a priority of natural product research. The antibiotic corallopyronin A was discovered in the 1980s

in the culture broth of the Myxobacterium Corallococcus coralloides and serves, in the context of this

review, as a show case for the development of a naturally occurring antibiotic compound. The review

demonstrates how a hard to obtain, barely water soluble and unstable compound such as corallopyronin

A can be developed making use of sophisticated production and formulation approaches. Corallopyronin

A is a bacterial DNA-dependent RNA polymerase inhibitor with a new target site and one of the few

representatives of this class currently in preclinical development. Efficacy against Gram-positive and

Gram-negative pathogens, e.g., Chlamydia trachomatis, Orientia tsutsugamushi, Staphylococcus aureus,

and Wolbachia has been demonstrated. Due to its highly effective in vivo depletion of Wolbachia, which

are essential endobacteria of most filarial nematode species, and its robust macrofilaricidal efficacy,

corallopyronin A was selected as a preclinical candidate for the treatment of human filarial infections.

This review highlights the discovery and production optimization approaches for corallopyronin A, as

well as, recent preclinical efficacy results demonstrating a robust macrofilaricidal effect of the anti-

Wolbachia candidate, and the solid formulation strategy which enhances the stability as well as the

bioavailability of corallopyronin A.
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1 Need for novel anti-infectives

Global health is threatened by infections with antibiotic resis-
tant pathogens, which are on the rise. Antibiotics are a funda-
mental component in modern medicine, e.g., invasive surgeries
can only be carried out safely if combined with effective anti-
biotic treatment options.1,2 However, anti-infectives are
frequently overused, e.g., in food production. As a result,
resistant infections are responsible for millions of deaths
annually. In 2019, according to statistical models, 4.95 million
deaths were associated with bacterial antimicrobial resistance.
The same study attributed 1.27 million deaths globally directly
to bacterial antimicrobial resistance.3 These alarming numbers
led to the term “post-antibiotic era” in contrast to the “golden
antibiotic era” of the previous century.4–6 Crucial factors against
the emergence and transmission of resistant pathogens include
better prevention and control of infectious diseases, as well as
the sustainment of approved antibiotics via antimicrobial
stewardship programs.7,8 Furthermore, novel antibiotics are
urgently needed to treat infections caused by resistant patho-
gens or for infections for which drugs have not yet been devel-
oped, e.g., for many neglected tropical diseases.

According to the World Health Organization (WHO), only 43
antibiotics and 27 non-traditional antibacterial agents were
listed in the clinical pipeline in 2020.9 The majority are deriv-
atives of well-established antibiotics and indeed only two of the
eleven new antibiotics approved by the US Food and Drug
Administration (FDA) and/or the European Medicines Agency
(EMA) since July 2017 belong to new classes.9 Overall, the
number and type of antibiotics in clinical development is
insufficient to tackle the challenge of microbial resistance.10–15

In 2020, 292 antibacterial agents were in the preclinical
stage.16–18 Of these preclinical candidates only ve target RNA
synthesis, a veried target for antibiotics. Included in the list is
corallopyronin A (COR A),9 the focus of this review whose
development is an example for a publicly funded project with
the prospect for later private participation and joint develop-
ment.19 This kind of cooperation has been trending in the last
decades, because many major pharmaceutical companies, with
few exceptions, have abandoned the eld of antimicrobial
research and development due to insufficient returns on their
investments.19–21 Thus, publicly and privately funded research
centres, universities, and university hospitals, as well as small-
and medium-sized biopharmaceutical companies have entered
the eld of antimicrobial research. These undertakings are
partly supported and maintained by established public and
1706 | Nat. Prod. Rep., 2022, 39, 1705–1720
private grants22,23 and their impact can be seen in the number of
antibiotics in the preclinical development.9,24

To guide and promote antimicrobial research and the
consecutive development process of new antibiotics, the WHO
has published a list of antibiotic-resistant priority pathogens,
currently posing the greatest threat to global health.12,24

Furthermore, the WHO provided a list of 20 neglected tropical
diseases, including many infectious diseases, for which novel
drugs are highly needed.25 Two of them are onchocerciasis and
lymphatic lariasis, which burden the public health system of
affected countries. The therapy of these infectious diseases is
currently limited to (semi-)annual mass drug administrations
(MDA) of ivermectin or ivermectin combined with albendazole
for onchocerciasis, and a triple therapy of ivermectin, alben-
dazole, and diethylcarbamazine for lymphatic lariasis.
However, diethylcarbamazine may cause serious adverse effects
in patients suffering from onchocerciasis and life-threatening
adverse events may occur in patients with the larial nema-
tode Loa loa following treatment with diethylcarbamazine or
ivermectin. Therefore, the triple therapy is only recommended
for regions not co-endemic for onchocerciasis and loiasis.26–29 In
addition, the aforementioned therapies only temporally inhibit
larial embryogenesis and lead to the clearance of microlariae,
rst stage larvae found in the blood or skin, and they lack
a macrolaricidal effect, i.e., killing the adult worms which can
live for 5–15 years, continuously producing microlariae.30–32

Novel modes of action and new drugs that provide a macro-
laricidal effect are, therefore, needed. The administration of
doxycycline targeting Wolbachia, endosymbionts present in the
majority of human pathogenic lariae, was shown to lead to
permanent sterilization of the adult female lariae, as well as
the favourable slow death of the adult worms over months.30,33,34

Doxycycline, a valuable treatment for individual anti-larial
therapy, is now recommended by the WHO against onchocer-
ciasis and lymphatic lariasis.35 The lengthy therapy interval of
4–5 weeks and the contraindications for pregnant and breast-
feeding women, as well as children below the age of 8 years
led to the search for novel, faster acting drugs active against
Wolbachia.34,36 COR A constitutes one of these novel agents
currently in the preclinical phase with the aim to develop it as
a treatment for human larial infections (Fig. 1).34,37–42 The
following sections highlight the discovery, biosynthesis,
production, efficacy, and formulation strategies for COR A.

2 Corallopyronin A
2.1 Drug discovery and structure elucidation

In a screening program for antibiotics from myxobacteria, COR
A (Fig. 2A) was discovered by the Höe and Reichenbach groups
in the 1980s at the Helmholtz Centre for Infection Research
(formerly named Gesellscha für Biotechnologische Forschung
(GbF), Braunschweig, Germany). Via liquid–liquid phase
distribution and chromatography, the anti-infective COR A was
isolated from the culture broth of the Corallococcus coralloides
strain Cc127 (DSM 2550). In addition, the isomer corallopyr-
onin A0 (COR A0) (Fig. 2B) and the cyclisation product cor-
allopyronin C (COR C) (Fig. 2C) were obtained from the culture
This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Chronological sequence of corallopyronin A (COR A) discovery
and preclinical trials.

Fig. 2 Chemical structures of corallopyronin A (COR A), and of its
derivatives corallopyronin A0 (COR A0) and corallopyronin C (COR C).

Fig. 3 COR A building blocks deduced from feeding experiments with
13C- and 15N-labeled precursors. Figure adapted and modified from
Erol et al.44
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medium, both considered as isolation artefacts. Corallopyronin
B (COR B) is a biosynthetically derived COR A derivative and
only produced in very small quantities. To our knowledge, COR
B has not been the focus of investigations, and is thus not
This journal is © The Royal Society of Chemistry 2022
discussed further in this review.37,43 The molecular formula of
COR A was determined as C30H41NO7, leading to a molecular
weight of 527.65 g mol�1. The chemical structures of COR A and
its derivatives were determined via nuclear magnetic resonance
spectroscopy (NMR), mass spectrometry (MS), and elemental
analysis (EA).37 The conguration of the carbon–carbon double
bonds, i.e., D,11,12 D,16,18 D,19,20 D,29,30 were already established in
the rst reports and annotated as trans congured, whereas the
double bond D25,27 was determined as cis congured. The two
chiral centers of COR A, C-7 and C-24, were found to be R
congured, according to the Cahn–Ingold–Prelog system, by the
group of König (Fig. 2A).44
2.2 Biosynthesis

In 2000, the anti-infective COR A was rediscovered in the strain
Corallococcus coralloides B035 by the group of König at the
University of Bonn.45 This COR A producer strain was subse-
quently used by Erol et al. to describe the biosynthetic gene
cluster of COR A.44 Later, attempts to establish a heterologous
production platform by Sucipto et al. and Pogorevc et al. led to
an evenmore detailed understanding of COR A biosynthesis.46,47

2.2.1 Biochemical studies to decipher the biosynthesis. To
deduce the building blocks necessary for COR A biosynthesis,
feeding experiments with 13C- and 15N-labeled precursors were
performed (Fig. 3). Overall, these studies showed that the COR A
structure is biosynthetically formed from two chains, one
(western chain) solely derived from a polyketide synthase (PKS)
incorporating acetate, and the other (eastern chain) from the
combined action of a non-ribosomal peptide synthetase (NRPS),
which incorporates a glycine unit, and a PKS. A claisen-type
reaction between the western and eastern chain followed by
lactonization nally yield the core structure of the molecule.
The starter unit for the eastern part in COR A biosynthesis was
discovered to be the C1 building block carbonic acid (or alter-
natively its methyl ester, C-13 in Fig. 3), based on the incorpo-
ration of 13C-labeled sodium bicarbonate. Carbonic acid as
a precursor molecule is most unusual in the biosynthesis of
secondary metabolites.44 Overall, malonyl-CoA units, derived
from 13C-labeled acetate in the feeding experiments, were found
Nat. Prod. Rep., 2022, 39, 1705–1720 | 1707
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to be the predominant building block for most of the COR A
skeleton (Fig. 3). Based on the general patterns observed in PKS
and NRPS pathways, most functional groups of COR A can be
explained from the incorporated building blocks, e.g., the
carbonyl groups at C-2 and C-15 and the enol group at C-4.

2.2.2 Biosynthetic gene cluster. The biosynthetic gene
cluster of COR A (CorA–CorO) was identied in C. coralloides
B035 (Fig. 4) and shown to encode a trans-acyltransferase (AT)
mixed PKS/NRPS system, containing a b-branching cassette
(CorC–G).44 The separate assembly of the western and eastern
chains is performed by CorI, CorJ, CorK, and CorL, which all
depend on the trans AT and enoylreductase (ER) activity of the
bifunctional enzyme named CorA.46

The biosynthesis of the eastern chain commences with
carbonic acid, which becomes methylated by the O-methyl-
transferase CorH.48 Otherwise, the eastern chain is, in its major
parts, generated by an assembly line encoded by two genes
(CorI–CorJ) and includes PKS modules as well as one NRPS
module. The latter is responsible for the incorporation of the
amino acid building block glycine.46 Lohr et al. provided
evidence that the domain CorJ DH* catalyses a carbon–carbon
double-bond shi from the regular a, b position (i.e. C-10/C-11
in Fig. 3) in PKS reactions to the b, g position (i.e. C-11/C-12 in
Fig. 4 Major parts of the COR A biogenetic pathway including the enzym
abbreviations: acyl carrier protein (ACP), dehydratase domain (DH), ket
methyltransferase domain (MT), adenylation domain (A)). The AT*, ACP*
a carbon–carbon double bond shift. DH* in CorL (module 60) marks a pu
representation of modifications happening onmodule 40 withCorN being
chains frommodules 6 and 70 are connected to form the pyrone ring. The
(CorC–G, not shown here). Figure adapted and modified from ref. 44 and
the O-MT CorH.

1708 | Nat. Prod. Rep., 2022, 39, 1705–1720
Fig. 3) during COR A biosynthesis to nally yield the vinyl
carbamate functionality.49

The PKS system necessary for the formation of the western
chain is also encoded by two genes (CorK–L). Here, acetyl-CoA
was identied as the starter unit, which subsequently is elon-
gated with seven malonyl-CoA units. The assembly of the
western chain includes the incorporation of the methyl groups
C-21 and C-26, by a b-branching process, mediated in trans by
enzymes encoded by the ve genes CorC–CorG, whereas C-17
originates from the action of a MT domain found in CorL.
The connection of the two chains, resulting in a pyrone ring is
catalysed by the ketosynthase CorB.44 The CorB homologue
MxnB was shown in vitro to catalyse a pyrone ring formation in
the structurally related antibiotic myxopyronin.50 Modifying
domains and enzymes encoded by the cor gene cluster were
found to be responsible for a double-bond isomerization to
result in D25,27 (putatively the N-terminal DH* domain of CorL)
and hydroxylation at C-24 (CorO). From the metabolite prole of
a CorN deletion mutant, CorN was assumed to be a putative
dehydratase which may lead to dehydration of a C-23 hydrox-
ylated intermediate in trans. The resulting double bond may be
reduced by the trans ER activity of CorA.44,46,47
atic activity of CorB, CorI, CorJ, CorK, CorN, CorL, and CorO (domain
oreductase domain (KR), ketosynthase domain (KS), inactive KS (KS0),
, and KR* domains are degraded. DH* in CorJ was proven to mediate
tative “shift” domain. The two modules in brackets are an intermediate
a putative DH andCorA acting as ER. The black arrow indicates that the
asterisk (*) marks the carbons introduced by the b-branching cassette
47. Not shown in this figure is the trans acting AT/KR CorA (in part) and

This journal is © The Royal Society of Chemistry 2022
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PreCOR A is an intermediate of COR A biosynthesis and its
structure was rst proposed by Erol et al. 2010 based on
a putative biosynthetic model and mass spectrometry.44

However, isolation of this intermediate in 2010 revealed that the
double bond position in the western chain was wrongly
assigned, and corrected by Schäberle et al. in 2015 (Fig. 4).41

2.3 Production

Fermentation yields from C. coralloides Cc c127 originally
reached 2 mg L�1 COR A.37 To enable further development, two
approaches were investigated with the aim to enhance the
production yield of COR A, (i) through chemical synthesis
(Section 2.3.1) and (ii) using heterologous expression of the
biosynthetic gene cluster (Section 2.3.2).

2.3.1 Chemical synthesis. A retrosynthetic approach was
used to establish the total synthesis of COR A.51 The central cut
was placed between the pyrone and the carbonyl group at C-15,
resulting in two fragments: the western chain C-15 to C-31 and
the eastern chain C-2 to C-14 (Fig. 5). This convergent synthetic
route includes 32 overall steps, with the longest linear sequence
(LLS) having 17 steps. The aforementioned chains were con-
nected during the nal step by deprotonation of the pyrone
fragment of the eastern chain, which then reacted with the
aldehyde function of the western chain. The resulting alcohol
group was oxidized with manganese dioxide and the silyl
protective groups were removed with tetra-n-butylammonium
uoride (TBAF).
Fig. 5 Excerpts from the retrosynthesis of COR A.51,53

This journal is © The Royal Society of Chemistry 2022
The synthesis of the western chain was realized from the
naturally occurring starting material geraniol aer multiple
chain elongation and modication reactions (Fig. 5). Regarding
the synthesis of the eastern chain, the starting material b-
(�)-citronellene (Fig. 5) was employed, which contains the
desired conguration of the methyl group in position C-7.
Synthetic steps include a retro-Diels–Alder reaction,
a Mukaiyama aldol reaction, ozonolysis, Curtius rearrange-
ment, and a Wittig–Horner reaction resulting in the eastern
building block with the crucial pyrone and vinylogous carba-
mate unit.51 Recently, Sato and Chida published a second way to
synthesize the western chain, consisting of the enantioselective
allenylation of an aldehyde, hydroboration of the resulting 1,1-
disubstituted allene and Migita–Kosugi–Stille coupling.52 The
established synthesis enables the development of chemical
variants of the anti-infective COR A with the potential to alter
and optimize its pharmacological properties. However, due to
the many steps and low overall yield of less than 1%,46 the
presented synthesis does not represent a suitable method to
produce larger amounts of COR A.

2.3.2 Heterologous expression. Based on the biosynthetic
gene cluster of COR A (Fig. 4), a bioengineering approach was
performed to increase the production yield of COR A. For this
purpose, a heterologous production platform in the Myx-
obacterium Myxococcus xanthus DK1622 was established and
fermentation optimizations were performed.46,47 The heterolo-
gous expression construct pDPO-mxn116-Pvan-Tpase in
combination with optimized fermentation conditions increased
the COR A production yields from the initial 2 mg L�1, when
COR A was discovered,37 to approx. 40 mg L�1 COR A, which was
subsequently further improved to >100 mg L�1 COR A.47

Surprisingly, besides the production of COR A, the heterologous
production platform signicantly increased the generation of
preCOR A (approx. 160 mg L�1), a biosynthetic intermediate of
COR A.47

Functional experiments with a CorO deletion mutant led to
a strain generating exclusively high levels of preCOR A (approx.
350 mg L�1). This demonstrated that CorO, a cytochrome P450
enzyme, is the enzyme responsible for the conversion of pre-
COR A to COR A inM. xanthus. Overexpression of CorOwas done
with the aim of converting all preCOR A to COR A, but did not
result in stable conversion.47 CorM was described as a type II TE
domain not mandatory for COR A production itself, but
important for high titres. Yet, CorM overexpression mutants
decreased antibiotic production.47 Furthermore, an additional
copy of the self-resistance protein CorP was co-expressed in M.
xanthus DK1622:pDPO-Mxn116-Pvan-Tpase, but did not result
in increased COR A titres.47

2.3.3 Fermentation and downstream process. During the
preclinical development phase, COR A was initially obtained by
fermentation of the natural producer strain C. coralloides B035
and subsequently from the heterologous host M. xanthus
DK1622:pDPO-mxn116-Pvan-Tpase.47 The optimized produc-
tion consists of a ve-step fermentation and a six-step down-
stream process (Fig. 6).54

The isolation of pure (90 to 99% purity) amorphous COR A
(henceforth referred to as neat COR A in this review) was
Nat. Prod. Rep., 2022, 39, 1705–1720 | 1709
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Fig. 6 Fermentation and downstream process for COR A, resulting in
a recovery rate of >80%. RP-MPLC (reversed-phase medium pressure
liquid chromatography).54

Fig. 7 1H NMR spectrum (300 MHz) of COR A produced by the strain
Corallococcus coralloides B035 (COR A batch – content 99%) in
acetonitrile-d3/D2O (6 : 1) with the internal reference dimethyl
sulfone.54
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achieved by reversed-phase medium pressure liquid chroma-
tography (MPLC).54 Due to the enhanced production yields of
100 mg L�1 and the achieved high purity of COR A, this process
is currently used for providing material for the preclinical
development. Aer three years of optimization, the fermenta-
tion and downstream processes are highly reproducible with
a recovery rate of >80%. To our knowledge, this is the rst time
that the production of a preclinical candidate antibiotic using
a heterologous production approach and scale-up in a pilot
program has been done.

2.4 Quantication

For the novel biotechnologically produced active pharmaceu-
tical ingredient (API) COR A, it is crucial to determine its precise
and absolute quantity in each production batch, and also its
concentration in samples generated during the development
phase. In 2020, Krome et al. published the respective analytical
methods.54 First, an absolute quantication method to analyse
the COR A starting material, as it results from fermentations,
was developed. The aim of these efforts was to establish COR A
reference standard material. Quantitative 1H NMR spectroscopy
using the internal standard dimethyl sulfone was selected as
a suitable technique (Fig. 7).55

For the quantitative calculation of the absolute COR A
content, the singlet resonance at d 6.06 (CH; 1H) of COR A as
well as the singlet resonance of the internal reference (99.96%
purity) at d 2.99 (2 � CH3; 6H) were integrated. The COR A
content was then calculated using a formula that compares the
integrated proton NMR signal of COR A with that of the internal
standard of known purity.54

Reversed-phase (RP) HPLC-DAD/MS was established to
quantify the COR A content in samples assessing the stability of
1710 | Nat. Prod. Rep., 2022, 39, 1705–1720
the API and to determine COR A concentrations in biological
samples, e.g., plasma or organ homogenates.56 This method
enabled the separation of COR A and the isomers COR A0 and
COR C. The quantication of COR A was performed via an
external calibration curve prepared with the COR A reference
standard material quantied by the developed 1H NMR
method.54

2.5 Mode of action

COR A was characterized to be a non-competitive inhibitor of
the switch region of the bacterial DNA-dependent RNA poly-
merase (RNAP).57,58 Inhibitors of the bacterial RNAP are rare
within antibiotics, but are regarded as promising novel anti-
infectives. The most prominent representative of RNAP inhibi-
tors is the potent antibiotic rifampicin and its congeners.
Importantly, the binding site for COR A, i.e., the switch region of
RNAP, is remote from that for rifampicin, which prevents the
development of cross-resistance between these two APIs.57 In
2000 O'Neill et al. investigated the activity of several RNA poly-
merase inhibitors against rifampicin-resistant mutants of
Staphylococcus aureus and found COR A to retain its activity
towards these genotypes. These authors thus recommended the
non-cytotoxic COR A for further development.59 The Wolbachia
RNA polymerase COR A complex as shown in Fig. 8, visualizes
the binding site of COR A. Out of all 292 anti-infectives currently
in the preclinical phase, COR A is one of only ve APIs that
target bacterial RNA synthesis.9 COR A belongs to the a-pyrones,
which are six-membered heterocyclic structures including
a lactone moiety, representing a promising class of bioactive
compounds.60–65

Development of resistance towards COR A has been
observed66 but ongoing studies in our laboratories in Bonn
indicate that the rate is lower than that observed for rifampicin
(Bierbaum, Hoerauf and Pfarr, data not yet published). For the
structurally related compound myxopyronin, resistant mutants
were also detected in S. aureus.67 The authors stated, that there
This journal is © The Royal Society of Chemistry 2022
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Fig. 8 Model structure of the Wolbachia RNAP COR A complex. (A)
Overall view, wRNAP (black), COR A (grey, red, blue), and magnesium
ion in the active site (violet), including target sites for COR A and
rifampicin. (B) Ball and stick model focused on COR A (oxygen in red,
nitrogen in blue) bound to the wRNAP. Figure adapted from A.
Schiefer, A. Schmitz, T. F. Schäberle, S. Specht, C. Lämmer, K. L.
Johnston, D. G. Vassylyev, G. M. König, A. Hoerauf and K. Pfarr, J.
Infect. Dis., 2012, 206, 249–257 by permission of Oxford University
Press.38 Information about the target sites taken from Mukhopadhyay
et al. 2008.57
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is no cross-resistance between rifampicin and myxopyronin. Of
major importance, was the nding that myxopyronin-resistant
mutants had a lower level of resistance compared to
rifampicin-resistant mutants. It was also found that the tness
costs for myxopyronin resistance are much higher than those
for rifampicin-resistance, probably due to the vital function of
the switch region of the RNAP which is the exclusive target of
myxopyronin. The latter ndingmay be of clinical importance.67

At least against S. aureus, COR A should therefore be used in
combination with other antibiotics like rifampicin to inhibit the
formation of resistant mutants.

The biosynthetic gene cluster for COR A includes an open
reading frame for the hypothetical protein CorP, which was
found to be a self-resistance protein. However, Cor P does not
confer resistance to COR A in E. coli, but to date in M. xanthus
DK1622. The molecular basis of how Cor P leads to COR A
resistance in M. xanthus is not yet elucidated and needs addi-
tional studies.47
2.6 Antimicrobial spectrum

COR A has been demonstrated to be active against Gram-
positive and Gram-negative pathogens (Table 1). However, the
activity of COR A was found mainly directed towards Gram-
positive and intracellular pathogens inter alia Staphylococcus
aureus, as shown in the course of its initial discovery by Irschik
and Reichenbach in the 1980s.43 They also discovered that
Escherichia coli, a Gram-negative bacterium, was susceptible to
COR A if the gene encoding the outer membrane protein TolC,
known for its efflux transmembrane transporter activity,68 was
knocked out. Recently, the COR A congenermyxopyronin B, also
an inhibitor of RNA synthesis, was proposed as a lead structure
for Clostridioides difficile infections.69

In the 2010s, the group of Hoerauf found COR A to be highly
effective in vitro and in vivo against the Gram-negative
This journal is © The Royal Society of Chemistry 2022
intracellularWolbachia spp. bacteria, and thus, selected this API
as a preclinical candidate. The aim of this ongoing project is to
develop COR A for the treatment of human larial infec-
tions.30,38,40 Subsequently, the efficacy of COR A towards other
intracellular Gram-negative bacteria was investigated. COR A is
effective in vitro and in vivo against the human-pathogenic
Orientia tsutsugamushi and hence, is a potential API to treat
scrub typhus infections.58 The group of Rupp showed COR A to
be in vitro effective against a third genus of Gram-negative
intracellular pathogens, Chlamydia spp. including C. tracho-
matis D and L12, C. muridarium and C. pneumoniae.70,71 Due to
limitations of the C. muridariummurine infection model, in vivo
efficacy could not be clearly demonstrated. Therefore, this
needs to be further investigated in other models to elucidate the
full potential of COR A to treat genital chlamydial infections.71

Table 1 lists all pathogens towards which COR A was found to be
active, including gonococci (manuscript in preparation).
2.7 Physicochemical characterization

Aer COR A was selected as a preclinical candidate, its physico-
chemical characteristics were determined using a COR A batch of
93% purity. COR A is a vinylogous carboxylic acid and displayed
a pKa value of 3.70. In accordance with its specic ionization
properties, COR A showed high lipophilicity (log P ¼ 5.42) and
poor aqueous solubility (0.1 mg mL�1) at low pH values (pH 1.0–
3.0). The ionization and subsequently the aqueous solubility of
COR A increased at higher pH values (pH$ 4), while lipophilicity
values, as reected by the log D, decreased (Table 2).54

To estimate the permeability of the API COR A, a Caco-2
assay was performed, which predicted a high in vivo absorp-
tion for COR A in humans (2.0 � 10�5 cm s�1).53 However, neat
COR A (COR A batch – content 99%) demonstrated poor
dissolution and aqueous solubility in biphasic dissolution tests
performed under simulated fasted human gut conditions
(Fig. 9), using an in vivo predictive in vitro biphasic dissolution
assay (BiPHa+, Fig. 9).54,72 Therefore, a dissolution and solubility
enhanced formulation principle was required to achieve suit-
able bioavailability levels aer oral administration.

The solid-state of neat COR A was analysed by differential
scanning calorimetry (DSC) and X-ray powder diffraction
(XRPD). The DSC measurements demonstrated only one glass
transition temperature (Tg) of 5 �C for neat COR A (COR A batch
– content 99%). Since no melting point was found for the neat
COR A sample during this experiment, COR A was determined
to be purely amorphous, which was conrmed by XRPD anal-
ysis, where no Bragg-peaks were detected.53

Amorphous APIs, either as neat material or in solid formu-
lations, tend to be chemically and physically unstable to
thermal stresses above their Tg.73–76 Stability studies of the neat
COR A were thus performed below and above its Tg. These
stability tests were analysed using HPLC–DAD aer the storage
of the samples at different conditions (5 �C, 25 �C/60% relative
humidity (RH), and 40 �C/75% RH) for 1, 2, 4, and 12 weeks.
Stability of neat COR A inversely correlated with the storage
temperature, i.e., higher temperatures led to lower COR A
contents aer several weeks of storage (Fig. 10).
Nat. Prod. Rep., 2022, 39, 1705–1720 | 1711
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Table 1 (A) Antibacterial spectrum of COR A. (B) Antibacterial activity of COR A as determined by agar diffusion assays

(A) Pathogen
Minimum inhibitory concentrationa (mg
mL�1) Source

Bacillus cereus 2 41
Bacillus licheniformis DSM13 2 41
Bacillus subtilis 6.25 43
Bacillus subtilis 168 16 41
Bacillus megaterium 0.39 43
Chlamydia trachomatis Db 0.5 71
Chlamydia trachomatis L2b 0.5 71
Chlamydia muridarumb 0.5 71
Chlamydia pneumoniae CWL029 1 71
Corynebacterium mediolanum 0.78 43
Micrococcus luteus 0.78 43
Micrococcus luteus ATCC 4698 1 41
Mycobacterium bovis 16 38
Orientia tsutsugamushib 0.0078 58
Rhizobium meliloti 0.39 43
Rickettsia typhi 0.125 58
Staphylococcus aureus 0.097 43
Staphylococcus aureus SG 511 0.5 41
Staphylococcus simulans 22 1 41
Wolbachiab 0.1 38

(B) Pathogen Zone of inhibitionc (mm) Source

Escherichia coli 0 43
E. coli TolCd 17 43

a MIC ¼ Lowest concentration of COR A, that prevented detectable growth. b Intracellular cell assay. c The antibiotic was applied on a 6 mm paper
disc (5 mg per disc), the value represents the diameter of the inhibition zone, where bacterial colonies did not grow. d Mutant strain with increased
permeability.

Table 2 pH-dependent solubility, partition coefficient (log P) and
distribution coefficient (log D) of neat COR A (COR A batch – content
93%) determined by a Pion's T3 apparatus54

pH
Solubility (mg
mL�1) Log D

1.0 0.11 5.42 / log P (neutral XH)
2.0 0.11 5.41
3.0 0.14 5.31
4.0 0.40 4.85
5.0 2.98 3.97
6.0 28.86 3.00
6.5 91.13 2.52
7.0 288.00 2.09
7.4 723.20 1.81
8.0 2874.00 1.54
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Whereas the COR A content rapidly decreased at tempera-
tures $25 �C, there was a simultaneous increase of COR C.53 In
addition, HPLC–DAD measurements demonstrated a higher
instability of COR A in the presence of air (oxygen) when
compared to storage under inert gases (Fig. 10). This is most
likely due to autoxidation processes at the double bond system
in COR A, which may cause the formation of hydroperoxides,
which subsequently could decompose to aldehydes and
ketones. The isomerization of COR A to COR A0 was not
1712 | Nat. Prod. Rep., 2022, 39, 1705–1720
observed during the stability tests, but is reported to occur
under acidic conditions.37

The above-mentioned physicochemical analysis of neat COR
A clearly demonstrated the need for a stability enhanced
formulation for this API to enable preclinical and clinical trials
and to potentially introduce it into the market.54 In conclusion,
the identied physicochemical COR A properties showing poor
dissolution, poor solubility, poor stability, and good perme-
ability, demand the development of COR A formulations with
the ability to enhance dissolution, solubility, and stability.
2.8 Formulations

2.8.1 Liquid formulations. During the development phase
of novel APIs such as COR A, liquid formulations are required
for various early studies, whilst solid oral formulations, i.e.,
tablets or capsules, are usually preferred in later clinical phases
and as a market product. In the case of COR A, liquid formu-
lations were needed for preclinical pharmacokinetic, in vivo
efficacy, and toxicology studies. It is important to note that the
solubility of COR A in all of the liquid COR A formulations
(mentioned below) could be enhanced by the use of cosolvents.

For intravenous application, a liquid solution (COR A >
20 mg mL�1) containing the following excipients was estab-
lished: propylene glycol (20%), polyethylenglycol-15-
hydroxystearate (20%), and phosphate buffered saline pH 7.4
(60%).53,54 For rodent efficacy studies with oral and
This journal is © The Royal Society of Chemistry 2022
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Fig. 9 Biphasic dissolution media setup and profiles of the neat COR A performed under simulated fasted human gut conditions (n ¼ 3, 100%
a 0.2 mg mL�1, COR A batch – content 99%).54 Concentration in organic phase predicts oral bioavailability.
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intraperitoneal administration routes, a liquid formulation
containing COR A and the excipient PEG 400 (50%) and phos-
phate buffered saline pH 7.4 (50%) was applied.30 A PEG 200
based liquid COR A formulation allowing an oral dose of
1000 mg kg�1 (100 mg mL�1) was developed for toxicity
studies.53 All formulations exhibited sufficient in-use stability of
COR A.53

2.8.2 Liquisolid and solid formulations. When COR A was
formulated into a liquisolid formulation containing propylene
carbonate and the mesoporous silica Syloid® XDP 3050, in vitro
experiments revealed enhanced dissolution properties.53

Furthermore, preclinical efficacy experiments in rodents
showed good in vivo efficacy against Wolbachia in vivo aer the
oral administration of COR A in the mesoporous-based
formulation.30,53

Currently, the amorphous solid dispersion approach (ASD)
represents the most promising solid oral formulation principle
that has been used in preclinical PK and efficacy studies, and is
intended to be applied in clinical trials and as a potential
commercial formulation. Here, COR A is molecularly dispersed/
dissolved in the amorphous polymer matrix povidone (PVP) or
copovidone (PVP/VA) via spray drying out of an ethanolic solu-
tion.53,54 The resulting amorphous solid dispersion of the type of
glass solutions demonstrated the required improvements of the
neat COR A in respect to dissolution and solubility during the in
vivo predictive in vitro biphasic dissolution tests (BiPHa+). The
amount of COR A that partitioned into the organic phase, i.e., 1-
Fig. 10 Stability analysis at 5, 25 and 40 �C via HPLC–DAD of neat C
environments within the vials (air or nitrogen, n ¼ 3, mean, SD, COR A b

This journal is © The Royal Society of Chemistry 2022
decanol, is predictive for the amount of COR A that is passively
absorbed into the human gut wall and subsequently, into the
blood system. The results demonstrated a 5-fold increase of
COR A that partitioned into the organic phase when embedded
into the water-soluble polymer copovidone, and a 10-fold
increase when embedded into the water-soluble polymer povi-
done (Fig. 11). The enhanced dissolution and solubility prop-
erties of COR A have important implications with regards to its
pharmacokinetic properties and hence therapeutic efficacy aer
oral administration. COR A needs to dissolve in the gastroin-
testinal uid in order to pass through the gastrointestinal
membranes to reach the circulatory system, and ultimately its
therapeutic target in sufficient quantities. These enhancements
are related to the molecular dispersion of the lipophilic COR A
molecules in the polymers povidone and copovidone, both of
which exhibit good wettability and dissolution. Additionally,
the ne ASD-particles resulting from the spray drying process
favour fast dissolution due to an increased specic surface.53,54

Besides the dissolution and solubility enhancement of COR A,
both ASD formulations also enhanced temperature stability of
the API COR A (Fig. 12).
2.9 Pharmacokinetic analysis

Two of the aforementioned COR A formulations have been the
subject of in vivo pharmacokinetic studies in BALB/c mice, i.e.,
the COR A ASD formulation comprising povidone for oral
OR A in closed twist-off glass vials (gas tight) and two different gas
atch – content 99%, RH ¼ relative humidity).53,54

Nat. Prod. Rep., 2022, 39, 1705–1720 | 1713
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Fig. 11 Increase of the fraction partitioning into the organic phase of
the biphasic dissolution test: neat COR A < COR A-copovidone ASD
formulation < COR A-povidone ASD formulation (COR A batch –
content 99%).54
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administration and the COR A intravenous liquid formulation
(Fig. 13). Plasma proles of COR A solution, intravenously
applied, were used as a 100% reference for assessing the
bioavailability of the solid ASD formulations. The pharmaco-
kinetic parameters were calculated employing a non-
compartmental and a two-compartmental approach. The in
vivo plasma concentration–time prole of the oral (PO)
administration of the spray-dried COR A–ASD formulation
comprising povidone (administered suspended in PBS puffer,
pH 7.4) demonstrated fast and high exposure (Cmax, Tmax, and
AUC) (Fig. 13). These measurements conrmed the potential of
this formulation principle to result in suitable COR A dissolu-
tion solubility, and permeability with an observed oral
bioavailability of 59%.

Future studies are needed to investigate, whether the
promising pharmacokinetics in mice (high Cmax and AUC
values) achieved with the COR A-povidone–ASD formulation
will translate into respective pharmacokinetics in other
preclinical species and humans in comparison to the alternative
ASD formulation based on a copovidone matrix. In case
adjustments of the absorption kinetics (tmax and Cmax) would be
benecial for the efficacy against a pathogen likeWolbachia, the
ASD-formulation principle allows for a multitude of combina-
tions with various drug delivery technologies. Thus, tailor made
release proles of COR A will be available.
Fig. 12 Increased stability of the COR A–ASD formulations compared to
30 �C/65% RH, determined via HPLC–DAD (COR A batch – content 99%

1714 | Nat. Prod. Rep., 2022, 39, 1705–1720
2.10 Pharmacodynamic analysis against Wolbachia

Wolbachia are essential obligate endosymbionts of most lariae
that infect humans and rodents. They are found in all life-cycle
stages and are needed for larial embryogenesis,30,77–81 larval
development,82,83 and adult worm survival.30,84–89 Therefore,
these intracellular bacteria demonstrate a potential target to
eliminate lariae and cure infections like lymphatic lariasis
and onchocerciasis.90–93 The pharmacodynamic efficacy of COR
A against Wolbachia was analysed using the Litomosoides sig-
modontis rodent model.30,38,81 A larval model and a chronic
infection setup were employed. In the larval model, clearance of
>99.0% of the Wolbachia was found to be necessary to prevent
the development of laria into adult worms. In the chronic
infection model, in which adult worm mate and reproduce,
depletion of >99.0% of the Wolbachia was required to clear
microlariae from the blood stream and to kill adult lariae.30

The L. sigmodontis larval model setup30,38,81 was used to
quickly analyse the efficacy of different COR A formulations.
The treatment started immediately aer the infection with L.
sigmodontis in BALB/c mice, simulating a prophylactic treat-
ment. Good in vivo efficacy results were obtained if COR A (COR
A batch – content 96%) was administered for 14 days intraper-
itoneally in a liquid formulation comprising PEG 400 and PBS
(50/50) with a dose of 9 and 18 mg kg�1. The COR A treatment
with the dose of 9 mg kg�1 cleared >99.0% of theWolbachia. The
treatment with a dose of 18 mg kg�1 cleared >99.9% (Fig. 14).30

Furthermore, the larval setup analysed the efficacy of the oral
formulation comprising COR A (COR A batch – content 93%),
propylene carbonate (PC), and mesoporous silica (Syloid® XDP
3050). This study showed that the treatment cleared >99.0% of
Wolbachia and that it prevented the development of lariae into
adult worms when administered orally for 14 days with a dose of
18mg kg�1 once a day (QD, suspended in PBS pH 7.4 via gavage)
(Fig. 14).30 The oral treatment with the COR A-povidone–ASD
formulation (COR A batch – 99%) also applied in the larval
setup cleared >99.9% of Wolbachia and prevented the develop-
ment of lariae into adult worms when the COR A-povidone–
ASD formulation was administered via gavage QD for 14 days
with a dose of 36 mg kg�1 suspended in PBS.53

In vivo pharmacodynamic studies using the L. sigmodontis
chronic model were performed with the liquid COR A PEG 400/
neat COR A when stored in closed twist-off glass vials under nitrogen at
).54

This journal is © The Royal Society of Chemistry 2022
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Fig. 13 Two-compartment model pharmacokinetic log plots (median and interquartile range) and pharmacokinetic parameters of (A) intra-
venously administered COR A solution comprising propylene glycol, macrogol-15 hydroxy stearate, and PBS buffer, and (B) orally administered
COR A–PVP–ASD suspension medium of PBS-buffer. The administered dose in both experiments was 36mg kg�1 (COR A batch – content 99%),
BALB/c mice (n ¼ 4).53
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PBS (50/50) formulation (COR A batch – content 96%). The latter
was administered intraperitoneally to Mongolian gerbils (Mer-
iones unguiculatus) for 14 days. COR A depleted >99.9% of the
Wolbachia, inhibited embryogenesis and cleared the blood-
borne microlariae when administered at a dose of 30 mg
kg�1 twice a day. More importantly, COR A in this formulation
resulted in the rst published macrolaricidal activity of a new
anti-Wolbachia compound in this model.30

The efficacy results indicated that COR A, in a suitable
formulation, is a promising anti-wolbachial drug candidate,
which displayed better efficacy and reduced treatment time
compared to doxycycline against lariasis in the L. sigmodontis
rodent model.94 In addition, of all new anti-wolbachial
compounds tested in a larger preclinical series of promising
compounds, COR A was the only one showing clear and robust
reduction of adult larial worms.30

2.11 Toxicological analysis

A rst indication that myxopyronin and COR A do not exert
general toxicity can be retrieved from the literature, i.e. in 2009
Haebich and Nussbaum (Bayer Schering Pharma AG) reported
low acute toxicity of myxopyronin A and COR A in mice (s.c.,
LD50 > 100 mg kg�1) in a review article.95 The toxicity data for
This journal is © The Royal Society of Chemistry 2022
myxopyronin A and B were originally published in 1983 by Irs-
chik et al.96 ln 1985 an acute toxicological study was performed
in mice with a dose level of 100 mg kg�1 COR A (s.c.) and no
acute toxicology was observed.43 These studies however, did not
provide experimental details on how toxicity was assessed. Our
studies analysing the in vitro cytotoxicity of COR A towards
cultured Hep G2 cells revealed no cytotoxic effect at a concen-
tration of 0.2 mg mL�1 and only negligible cytotoxicity at 20 mg
mL�1, whereas at 200 mg mL�1 COR A, liver cell viability was
reduced by 89% in comparison to the DMSO control. To gain
further insights into the possible cytotoxicity of COR A, a gene
expression prole was generated using Hep G2 cells at
a concentration of 15 mg mL�1 COR A. These experiments
demonstrated only minimal effects of COR A treatment on the
gene expression prole in comparison to DMSO.97 Additionally,
during all our pharmacodynamic experiments, e.g. for up to 28
days and 35 mg kg�1,38 the rodents tolerated COR A well, with
no indication for toxicology at the therapeutic dose levels. Also,
in vitro studies assessing a potential cardiotoxicity analysed via
the human ether-a-go-go (hERG) assay and the in vitro screening
for genotoxicity via the micronucleus and AMES tests indicated
no toxicity.98 Altogether, the early ndings on low COR A
toxicity43 together with our experience during numerous initial
Nat. Prod. Rep., 2022, 39, 1705–1720 | 1715
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Fig. 14 Pharmacodynamic effects of COR A against Wolbachia.
Administration of COR A started on the day after the L. sigmodontis
infection, BALB/c were treated with vehicle control or COR A
formulations once a day at the indicated doses, treatment days and
routes.Wolbachia ftsZ/filarial actin per female wormwas calculated 35
days post treatment onset, n ¼ 3–4 mice and n ¼ 21–40 worms per
group. Statistical analysis was applied using the Kruskal–Wallis test
with the Dunn's multiple comparison post hoc test. ****P < 0.0001.
Red lines indicate medians.30
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in vivo mouse experiments allowed us to judge the overall
toxicity of COR A as minimal and led to the decision to move
into translational studies with this compound.

Relevant toxicological studies in a rodent and non-rodent
species are currently being performed with rats and dogs. For
both species, a 7 day repeated dose study (dose range nder
study) will be performed, escalating COR A dose levels over
a period of 7 days to reach a dose that elicits a toxicological
effect. The results of the dose range nder study will be used as
a starting point for a GLP-28 day repeated dose toxicology study.
However, such studies demand large amounts of material,
which will be accessible through production strategies outlined
in Section 2.3.98
3 Concluding remarks and outlook

Novel anti-infectives are urgently needed to address the
increased morbidity and mortality from infections with resis-
tant pathogens and also those for which appropriate drugs are
not available. This review describes the successful early
preclinical development of COR A and serves as a showcase of
how to proceed in similar cases. The DNA-dependent RNA
polymerase inhibitor COR A was discovered in the early 1980s
and was selected 30 years later as a preclinical candidate owing
to its high potency against Wolbachia. Myxobacteria like C.
coralloides are difficult to cultivate and thus to obtain sufficient
amounts of API was an obstacle hard to overcome. The initial
biopharmaceutical production via C. coralloides B035 was
optimized and its biosynthesis elucidated, thus allowing for the
subsequent development of an efficient heterologous
1716 | Nat. Prod. Rep., 2022, 39, 1705–1720
production method. This resulted in a superior alternative to
the described chemical synthesis. Moreover, the bio-
pharmaceutical manufacturing approach offered a simplied
downstream process resulting in highly puried COR A, which
could not be achieved by crystallization aer chemical synthesis
due to the amorphous character of COR A. This lack of a rigid
crystal lattice increased the molecular mobility of COR A in the
amorphous solid state with pronounced isomerization during
storage. Next to the poor stability of the neat drug substance,
other physicochemical properties like dissolution and solubility
were similarly poor. These issues could be addressed by
embedding COR A molecularly dispersed in a polymeric matrix
of either povidone or copovidone. The increased glass transi-
tion temperature of the resulting ASDs kinetically stabilized
COR A and at the same time increased dissolution and solu-
bility. The employed biphasic in vitro dissolution test was highly
predictive for the in vivo PK and the obtained bioavailability of
approximately 60% of the ASD formulation comprising COR A
and the polymer povidone. Consequently, good efficacy against
Wolbachia could be demonstrated in the L. sigmodontis larval
rodent model. Further experiments also demonstrated good
anti-Wolbachia efficacy of COR A against adult nematodes in the
chronic L. sigmodontis model and other Gram-positive and
intracellular Gram-negative pathogens.

Current data on COR A, however are not sufficient yet to
judge the future fate of this natural product as an antibiotic
drug. The most critical point being the still missing detailed
toxicological evaluation. Non-GLP adsorption, distribution,
metabolism, elimination and toxicology studies are being
completed and will be published soon. The non-GLP studies
will be followed by GLP compliant studies. The next hurdle in
the preclinical development of COR A is the dose range nder
toxicology studies in rats and dogs. However, it is expected that
the in vivo tolerability of COR A seen in mice and Mongolian
gerbils treated daily with COR A for up to 28 days will be re-
ected in the formal toxicological studies. The pharmacokinetic
evaluation of the developed solid COR A ASD formulations in
rats and canines aer oral administration is also to be carried
out. The results of the canine studies will improve prediction
accuracy regarding the pharmacokinetic prole in humans via
the application of PBPK modelling. Thus, insightful informa-
tion will be generated with respect to the intended oral dose of
the developed COR A ASD formulations in humans. COR A is
currently thoroughly studied in a preclinical package to hope-
fully demonstrate that it is safe and non-toxic. The results of
preclinical studies – present and future – will be used to initiate
a phase I trial to investigate COR A-formulations in humans,
with the aim to establish an approved drug to cure infectious
diseases. The review demonstrates how a hard to obtain, barely
water soluble and unstable compound such as COR A can be
developed making use of sophisticated production and formu-
lation approaches.

4 Patents

The University of Bonn is the patent applicant for the following
patents for the use of corallopyronin A for larial infections: US
This journal is © The Royal Society of Chemistry 2022
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9168244 B2, US 9687470 B2, EP 2704708 B1. Inventors include
A. Hoerauf, K. Pfarr, A. Schiefer, S. Kehraus and G. M. König.
The Helmholtz Centre for Infectious Diseases GMBH is the
patent applicant for the following patent PCT/EP2014/059677.
Inventors include R. Müller.
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N. L. Blatt, J. Bionanosci., 2019, 9, 778–788.

5 B. Ribeiro da Cunha, L. P. Fonseca and C. R. C. Calado,
Antibiotics, 2019, 8, 45.

6 E. Tacconelli and M. D. Pezzani, Lancet Infect. Dis., 2019, 19,
4–6.

7 E. Charani and A. Holmes, Antibiotics, 2019, 8, 7.
8 N. Fishman, Am. J. Infect. Control, 2006, 34, S55–S63.
9 S. Paulin, M. Butler, H. Sati, R. Alm, L. Al-Sulaiman, P. Beyer,
H. Getahun and S. Kotur Corliss, 2020 antibacterial agents in
clinical and preclinical development: an overview and analysis,
WHO, 2021.

10 M. S. Butler and D. L. Paterson, J. Antibiot., 2020, 73, 329–
364.

11 M. A. Cooper and D. Shlaes, Nature, 2011, 472, 32.
Nat. Prod. Rep., 2022, 39, 1705–1720 | 1717

https://www.DZIF.de
https://www.DZIF.de
https://www.BMBF.de
https://www.BMBF.de
https://www.EFRE.NRW.de
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2np00012a


Natural Product Reports Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Ju

ne
 2

02
2.

 D
ow

nl
oa

de
d 

on
 4

/2
4/

20
26

 5
:5

5:
28

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
12 S. Paulin and P. Beyer, 2019 Antibacterial agents in clinical
development: an analysis of the antibacterial clinical
development pipeline, WHO, 2019.

13 S. J. Projan and P. A. Bradford, Curr. Opin. Microbiol., 2007,
10, 441–446.

14 U. Theuretzbacher, S. Gottwalt, P. Beyer, M. Butler,
L. Czaplewski, C. Lienhardt, L. Moja, M. Paul, S. Paulin,
J. H. Rex, L. L. Silver, M. Spigelman, G. E. Thwaites,
J.-P. Paccaud and S. Harbarth, Lancet Infect. Dis., 2019, 19,
e40–e50.

15 U. Theuretzbacher, K. Bush, S. Harbarth, M. Paul, J. H. Rex,
E. Tacconelli and G. E. Thwaites, Nat. Rev. Microbiol., 2020,
18, 286–298.

16 U. Theuretzbacher, M. Savic, C. Ardal and K. Outterson, Nat.
Rev. Drug Discov., 2017, 16, 744–746.

17 U. Theuretzbacher, K. Outterson, A. Engel and A. Karlén,
Nat. Rev. Microbiol., 2020, 18, 275–285.

18 D. Hughes and A. Karlén, Upsala J. Med. Sci., 2014, 119, 162–
169.

19 B. Plackett, Nature, 2020, 586, S50–S52.
20 T. Hesterkamp, Curr. Top. Microbiol., 2016, 398, 447–474.
21 D. M. Shlaes and P. A. Bradford, Pathog. Immun., 2018, 3, 19–

43.
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