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The bactericidal FabI inhibitor Debio 1453
clears antibiotic-resistant Neisseria
gonorrhoeae infection in vivo
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Céline Ronin 6, Fabrice Ciesielski6, Josefine Ahlstrand7, Susanne Jacobsson7,
Magnus Unemo 7,8 & David R. Cameron 2

Gonorrhoea is a prevalent sexually transmitted infection caused by the bacterial
pathogen Neisseria gonorrhoeae. N. gonorrhoeae has demonstrated a remark-
able capacity to evolve antibiotic resistance, with emerging strains that show
resistance to all standard treatment options. The development of new anti-
biotics for gonorrhoea, especially those with novel targets and no pre-existing
resistance, is critical. One such untapped antibacterial target in N. gonorrhoeae
is FabI, an enoyl-acyl carrier protein reductase enzyme that is essential for fatty
acid biosynthesis in this pathogen. In the current report, structure-based drug
design using novel N. gonorrhoeae FabI inhibitor co-crystals guides medicinal
chemistry toward increasing potency in the sub-nanomolar range anddrives the
discovery of Debio 1453. Debio 1453 is optimized for activity against N. gonor-
rhoeae and is highly active in vitro against diverse N. gonorrhoeae isolates
including those resistant to the last remaining treatment options. Additionally,
the compound presents a low propensity for selection of mutants with reduced
susceptibility. Debio 1453 is efficacious in vivo against N. gonorrhoeae isolates
with clinically relevant multi-drug resistance phenotypes in a murine vaginal
gonorrhoea infectionmodel underscoring Debio 1453 as a promising candidate
for the treatment of gonorrhoea.

The rise in antimicrobial resistance (AMR) for Neisseria gonorrhoeae,
the bacterial pathogen responsible for the sexually transmitted infec-
tion gonorrhoea, is a significant global public health concern. If poorly
treated, N. gonorrhoeae infection can lead to complications including
pelvic inflammatory disease, ectopic pregnancy, infertility, and
increased risk of acquisition and transmission of HIV and other sexu-
ally transmitted infections1–4.

N. gonorrhoeae adapts rapidly to adverse environments; in the
context of AMR, the gonococcus has evolved most of the classical
physiological mechanisms for AMR, and this is at least partly attribu-
table to its natural competence for transformation (i.e. the capacity to
readily acquire genetic material horizontally) and genome plasticity5.
The discovery and introduction of major antibiotic classes during the
20th century saw AMR spread in waves. More recently, increasing
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azithromycin resistance rates and the spread of ceftriaxone-resistant
strains, which is the only remaining first-line treatment in many
countries, have further fuelled the threat of ‘untreatable
gonorrhoea’1,5–8. Controlling this threat is multimodal and involves
enhanced surveillance, diagnosis, appropriate antibiotic stewardship,
and the promotion of safe sexual practices, alongside the crucial
development of new antibiotics with a distinct mechanism of action
that are effective against circulating AMR clones.

Inhibition of FabI, which is an enoyl-acyl carrier protein (ACP)
reductase that catalyses the essential rate-limiting step in fatty acid
biosynthesis in some bacterial species, is an effective antimicrobial
approach for various Gram-positive and Gram-negative bacterial
pathogens9–12. The organisation of the bacterial fatty acid synthase type
II (FASII) system is based on the activity of a series of mono-functional
enzymes and is fundamentally different from the multifunctional FAS
polypeptide responsible for fatty acid synthesis in mammals13, thus
providing good prospects for bacterial selectivity. Importantly, FabI is
essential for the growth of N. gonorrhoeae and its chemical inhibition
cannot be overcome by the addition of exogenous fatty acids in vitro14,15,
underscoring FabI as an attractive and yet untapped antibacterial target
for the treatment of gonorrhoea. The most advanced FabI-inhibitor
currently in clinical development is afabicin (Debio 1450), a prodrug of
Debio 1452, that is potent against staphylococci and has demonstrated
safety and preliminary efficacy for staphylococcal skin and skin struc-
ture infections in phase II clinical trials16,17. At high concentrations, Debio
1452 inhibits the growth of N. gonorrhoeae via inhibition of the N.
gonorrhoeae FabI (NgFabI) enzyme15, which constitutes a promising
starting point for lead optimisation against N. gonorrhoeae.

In this work, we describe the discovery and evaluation of Debio
1453, an optimised FabI-inhibitor potent against N. gonorrhoeae
in vitro, and effective for the treatment of multidrug-resistant gonor-
rhoea in a murine model of infection.

Results
Development of NgFabI inhibitors and the discovery of
Debio 1453
A medicinal chemistry programme was undertaken, generating over
300 Debio 1452 analogues that were used to delineate Structure-
Activity Relationships (SAR) to specifically increase compound
potency against NgFabI (Supplementary Table 1). The central scaffold
based on a pyrido-enamide, along with a right-hand side amide con-
stitutes the main pharmacophore that is crucial for activity (Fig. 1a).
The remaining cycloalkyl lactam chain, as well as the left-hand side
benzofuran, are amenable tomodifications that could improve activity
against N. gonorrhoeae and/or modulate absorption, distribution,
metabolism and excretion (ADME) properties. Co-crystallisation stu-
dies revealed the binding mode of this chemical series within the
NgFabI catalytic pocket as a ternary complex involving the FabI active
site, the NADH co-factor and the inhibitor (Supplementary Fig. 1). Such
structures served the dual function of (i) reinforcing SAR fromclassical
medicinal chemistry, and (ii) enabling structure-based drug design.

Key increases in potency were achieved by expanding the right-
hand side lactam to a diazepanone, from which the extra nitrogen
provided an additional interaction with the enzyme via H-bonding to
the carbonyl of A199 (compound 1; IC50 6 nM; Fig. 1b and Fig. 2a).
Various left-hand side modifications were assessed (e.g. compound 3,
4 and 5 in Supplementary Table 1) and demonstrated good activity
against NgFabI, however, the 2-branched benzofuran of compound 1
remained the most potent moiety. Inserting a stereochemically
defined methyl group on this diazepanone resulted in supplemental
Van der Waals interactions with the lipophilic environment of the
active site (compound 2; IC50 2.4 nM; Fig. 1b and Fig. 2b) while its
enantiomer was 5-fold less potent (compound 6; IC50 14 nM; Supple-
mentary Table 1). The introduction of a hydroxyl group in a suitable
orientation to this right-hand side reinforced the interaction with the

NADH co-factor via a conservedwater bridging network (compound 7;
IC50 1.9 nM; Supplementary Table 1; water bridging network similar to
that shown in Fig. 2a). Again, the other stereoisomer was less potent
(compound 8; IC50 15 nM; Supplementary Table 1). Finally, bringing
together the stereochemically defined methyl and hydroxyl groups
enhanced potency, resulting in Debio 1453 (IC50 0.6 nM; Fig. 1b and
Fig. 2a). Improvements in NgFabI potency were generally paralleled by
increased antibacterial activity (Fig. 1b and Supplementary Table 1).

In addition to the binding features described above, Debio 1453
interacts with NgFabI via a lipophilic T-shaped edge-to-face stacking in
the left-hand side pocket between its benzofuran and Y159, a H-bond
between its central carbonyl and the phenol of Y159, Van der Waals
contacts between its right-hand side methyl group and the enzyme
lipophilic environment, and a H-bond chelate between its right-hand
side pyrido-amide and the backbone of A97 (Fig. 2). Interestingly,
Debio 1453 also interacts with the NADH co-factor via Van der Waals
contacts between its benzofuran methyl and the reduced form of
nicotinamide, and via a H-bond between its central carbonyl and the
ribose hydroxyl of NADH (Fig. 2). These multiple points of interaction
between Debio 1453 and both the enzyme and its co-factor may
account for its sub-nanomolar NgFabI potency.

Debio 1453 activity against N. gonorrhoeae and non-gonococcal
Neisseria spp. in vitro
Debio 1453 activity was determined for the 2024 World Health Orga-
nisation N. gonorrhoeae reference strains18 that include strains resis-
tant to ceftriaxone, azithromycin, spectinomycin, tetracycline and/or
ciprofloxacin (Debio 1453 MIC range 0.03–0.125μg/mL; Table 1). Fur-
ther, Debio 1453 activity was assessed against 100 consecutive, con-
temporary clinical N. gonorrhoeae isolates and compared with
clinically relevant antibiotic comparators (Fig. 3). All isolates were
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Fig. 1 | Discovery of Debio 1453. a Afabicin desphosphono (Debio 1452) with
structural characteristics governing FabI inhibition. b Representative key com-
pounds in lead optimisation for Neisseria gonorrhoeae FabI (NgFabI). N. gonor-
rhoeae minimum inhibitory concentration (MIC)50 values were determined for a
screening panel of 14 isolates. IC, inhibitory concentration. Source data are pro-
vided as a Source Data file.
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susceptible to ceftriaxone and spectinomycin, whilst 2%, 40% and 46%
percent of isolates were resistant to azithromycin, tetracycline and
ciprofloxacin, respectively. The Debio 1453 MIC50 and MIC90 for the
contemporary clinical panel were both 0.06 µg/mL (range 0.008 –

0.125 µg/mL).
Debio 1453 activity was next assessed for a panel of non-

gonococcal Neisseria isolates, including 112 isolates representing 16
Neisseria species, including 15 commensal Neisseria species and N.
meningitidis from various genogroups (Supplementary Fig. 2A). In
general, those species with FabI sharing high amino acid identity with
NgFabI (>99%) were equally susceptible to Debio 1453 in vitro. Con-
versely, species coding for FabI with lower NgFabI identity tended to

have higher MICs (Supplementary Fig. 2B). The propensity for hor-
izontal acquisition of fabI alleles from non-gonococcal Neisseria spe-
cies into N. gonorrhoeae was assessed using the Basic Local Alignment
Search Tool (BLAST)19. No non-NgFabI sequences were detected in the
N. gonorrhoeae taxid (Taxonomy ID 485 at NCBI), which included
38,623 publicly available complete or draft genomes (Supplementary
Fig. 2B, note: N. polysaccharea and N. lactamica FabI share 100%
identity with NgFabI).

Debio 1453 in vitro time-kill kinetics
Debio 1453 displayed rapid bactericidal killing against both antibiotic-
susceptible and extensively drug-resistant (XDR) N. gonorrhoeae

Cofactor

A199

A97

Y159

Debio 1453

K99

G202

I203

Right-hand side 
methyl Debio 1453

a b

Fig. 2 | Key structural interactions between Debio 1453 and NgFabI. a Main
interactions of Debio 1453 (bold grey) with Neisseria gonorrhoeae FabI active site
(key amino acids in light grey) and NADH co-factor (bold orange) from the co-
crystallised ternary structure. H-bonds between Debio 1453 and FabI or NADH are
represented by dashed green, while H-bonds between Debio 1453 and NADH via a
conserved water network are in solid green. Debio 1453 is also interacting with the

enzyme via T-stacking (*) and with the co-factor via Van der Waals hydrophobic
interactions (**). b View of the right-hand side methyl group (bold green) of Debio
1453 (bold grey) in the N. gonorrhoeae FabI active site (amino acids and NADH in
light grey) with surrounding 3 lipophilic amino acids (bold yellow) from the co-
crystallised ternary structure.

Table 1 | Minimum inhibitory concentration (MIC) values for Debio 1453 against the 2024 World Health Organisation (WHO)
reference panel of Neisseria gonorrhoeae strains18

Strain AMR phenotype (MIC, μg/mL)a Debio 1453 MIC
(μg/mL)b

Ceftriaxone Azithromycin Ciprofloxacin Spectinomycin Tetracycline

WHO F S (<0.002) S (0.25) S (0.004) S (16) S (0.25) 0.03

WHO H R (0.25) S (0.25) R (>32) S (8) R (4) 0.06

WHO K S (0.06) S (0.5) R (>32) S (16) R (2) 0.06

WHO L R (0.25) S (1) R (>32) S (16) R (2) 0.03

WHO M S (0.016) S (0.5) R (2) S (16) R (2) 0.06

WHO O S (0.032) S (0.5) S (0.008) R (>1024) R (2) 0.06

WHO P S (0.004) R (4) S (0.004) S (8) R (1) 0.125

WHO Q R (0.5) R (<256) R (>32) S (8) R (128) 0.06

WHO R R (0.5) S (0.5) R (>32) S (8) R (4) 0.06

WHO S2 S (<0.008) R (2) S (0.032) S (16) R (2) 0.06

WHO U S (0.002) R (4) S (0.004) S (8) R (1) 0.125

WHO V S (0.06) R (>256) R (>32) S (16) R (4) 0.06

WHO X R (2) S (0.5) R (>32) S (16) R (2) 0.06

WHO Y R (1) S (1) R (>32) S (16) R (4) 0.06

WHO Z R (0.5) S (1) R (>32) S (16) R (4) 0.06

AMR antimicrobial resistance, R resistant, S susceptible.
aAMR phenotypes (susceptibility categories) are according to EUCAST76.
bDebio 1453 and ceftriaxone MICs were determined using agar dilution. Azithromycin, ciprofloxacin, spectinomycin, and tetracycline MICs were determined using Etest (bioMérieux, Marcy-Étoile,
France).
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achieving ≥3 log10 reductions in viable CFU counts within 24 h in time-
kill assays at all of the concentrations tested, including as lowas2×MIC
(collective data for 10 isolates is presented in Fig. 4, data for each
individual isolate tested is presented in Supplementary Fig. 3). The
mean time to reach bactericidal activity across the ten isolates was
similar for all of the concentrations tested (10 h at 2× MIC, 8.5 h at 4×
MIC, 8 h at 8× MIC and 8h at 16× MIC) suggesting time-dependent
killing in vitro. Further, N. gonorrhoeae infection of the human genital
mucosa involves invasion andpersistencewithin epithelial cells20,21 and
as such, the capacity for Debio 1453 to kill intracellular N. gonorrhoeae

was assessed within cultured HeLa229 human cervix carcinoma cells.
Debio 1453 was effective against both internalised antibiotic-
susceptible (American Type Culture Collection [ATCC] 49226;
Fig. 5a) and XDR N. gonorrhoeae (WHO X, Fig. 5b), eradicating the
bacteria to the limit of detection within 24 h for each isolate tested
(≥3.1 log10CFU/mL and ≥2.8 log10CFU/mL reductions, respectively).
Intracellular activity for Debio 1453 was similar to the control anti-
biotic, azithromycin, for both strains tested (≥3.3 log10CFU/mL and
≥2.8 log10CFU/mL reductions for ATCC 49226 and WHO X, respec-
tively; Fig. 5).

Debio 1453 selection for mutants with reduced in vitro
susceptibility
Spontaneous single-step mutation rates for Debio 1453 were deter-
mined using previously described methods that were adapted for N.
gonorrhoeae22.Mutant frequencies using an inoculumof ~108 CFUwere
determined at three concentrations (4×, 8×, 16× MIC) for strain ATCC
700825 in biological triplicate, and ciprofloxacin was included for
control (Table 2). The frequency of mutant selection was low. For two
of the replicates, no viable colonies were detected, producing fre-
quencies of mutant generation that were below the limit of quantifi-
cation. For the final replicate, the frequencyofmutant generation at 4×
and 8× theMICwas 7.06 × 10−9, whilst no viable colonieswere detected
at 16x the MIC. The mutant frequency at 16× MIC for ATCC 700825
ranged from <6.38 × 10−9 to <9.38 × 10−9. Ciprofloxacin frequencies of
resistance were similar to those previously published23. Three addi-
tionalN. gonorrhoeae isolates were assessed (6926, 6804, WHO Z) at a
higher inoculum (~109 CFU) (Table 2). Viable colonies were selected at
4× MIC, with frequencies ranging from 1.06 × 10−9 to 2.81 × 10−10. No
colonies were selected at 8× or 16× the MIC (frequency values ranging
from <5.28 × 10−10 to <2.81 × 10−10). Two independent clones of strain
6804 that showed a stable 4-fold increase in MIC (from 0.06 to
0.25μg/mL)were selected for fabIgene andpromoter sequencing, and
each revealed the same G771T nucleotide change in the fabI coding
sequence, resulting in a predicted L257F amino acid substitution in
FabI, thus further validating FabI as the target for Debio 1453.

Development of phosphate prodrug Debio 1453 P for in vivo
assessments
Debio 1453 has limited aqueous solubility (29μg/mL at pH 7.4 after
24 h in PBSwith 1%DMSO), and as such, development of a prodrugwas
initiated to improve solubility. Phosphate ester prodrugs are known to
be cleaved by in vivo phosphatases to release the corresponding
hydroxyl-containing drug, while the presence of the dianionic phos-
phate promoiety usually increases aqueous solubility24–26. Importantly,
phosphate esters are hydrolysed at similar rates in different preclinical
species by alkaline phosphatases27. Encouraged by the increased
solubility of the prodrug fosfluconazole and its in vivo conversion by
alkaline phosphatases to the antifungal drug fluconazole despite a
sterically hindered phosphate28, this concept was applied to Debio
1453. The phosphate prodrug (Debio 1453 P) had drastically improved
aqueous solubility (>100mg/mL), facilitating a water-soluble for-
mulation designed to release the active compound when exposed to
host phosphatases in vivo.

Conversion of Debio 1453 P to Debio 1453 by intestinal cells was
demonstrated using human colon carcinoma (Caco-2) cell monolayers
grownon transwell plates. In control experimentswithoutCaco-2 cells,
Debio 1453 P (initial nominal concentration of 100μM) demonstrated
high permeability through transwells from apical (A) to basolateral (B;
A→B) compartments of 31.8 × 10−6cm/s with 97% total recovery fol-
lowing 120min of incubation, and conversion to Debio 1453 was neg-
ligible. In the presence of Caco-2 monolayers, the mean recovery of
Debio 1453 P decreased to 43.3%, and the recovery of Debio 1453
increased to 44.2% (with combined total recovery irrespective of
compartment of 87.5%), which suggested prodrug conversion
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Table 2 | Frequency of selection for mutants with elevated minimum inhibitory concentration (MIC) for three strains of
Neisseria gonorrhoeae exposed to increasing concentrations of ciprofloxacin or Debio 1453

Antibiotic Fold MIC N. gonorrhoeae strain

ATCC 700825a 6926 6804 (CIP-R) WHO Z (CIP-R, CRO-R)

Ciprofloxacin 4× 6.38 × 10−9 1.50 × 10−9 NT NT

8× <6.38 × 10−9 1.88 × 10−9 NT NT

16× <6.38 × 10−9 3.75 × 10−10 NT NT

Debio 1453 4× <6.38 × 10−9

<9.38 × 10−9

7.06 × 10−9

3.85 × 10−10 1.06 × 10−9 2.81 × 10−10

8× <6.38 × 10−9

<9.38 × 10−9

7.06 × 10−9

<3.85 × 10−10 <5.28 × 10−10 <2.81 × 10−10

16× <6.38 × 10−9

<9.38 × 10−9

<7.06 × 10−9

<3.85 × 10−10 <5.28 × 10−10 <2.81 × 10−10

Instanceswhere nomutantcolonieswere observedaredenotedas less than (<) one colonydividedby the starting inoculum.NT, not testedasboth6804andWHOZareciprofloxacin-resistant.CIP-R,
ciprofloxacin-resistant; CRO-R, ceftriaxone-resistant. Relevant Debio 1453MICs for this assay were 0.016μg/mL for ATCC 700825, 0.03 μg/mL for 6926, 0.06μg/mL for 6804 and 0.125μg/mL for
WHO Z. Source data are provided as a Source Data file.
aATCC 700825 was performed in biological triplicate using an inoculum of ~108 CFU; the remaining strains were performed once using an inoculum of ~109 CFU.
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mediated byCaco-2 cells. Apparent permeability (Papp) of Debio 1453 P
was negligible (below detection limit in the basolateral compartment).
In contrast, Papp for Debio 1453 was 7.93 × 10−6cm/s from A→B and
30.5 × 10−6cm/s from B→A (mean total recovery of 95%), indicative of
medium-to-high in vitro permeability. Metabolic stability was next
assessed in human hepatocytes. Intrinsic clearance (Clint) of Debio
1453Pwas low (<0.44 µL/min/million cells) and low-to-intermediate for
Debio 1453 (1.37–4.85 µL/min/million cells). Together, early ADME
studies highlighted prodrug conversion to the active moiety Debio
1453 and promising potential for oral bioavailability and metabolic
stability.

Debio 1453 demonstrates low potential for toxicity in vitro
Potential for toxicity of Debio 1453 P and Debio 1453 was assessed using
several in vitro test systems. Debio 1453 P was non-mutagenic in the
Ames assay in both the presence and absence of S9 metabolism at the
highest concentrations tested (Supplementary Table 2); Debio 1453
could not be assessed using this assay due to its intrinsic antimicrobial
activity. Instead, Debio 1453 was assessed in a mouse lymphoma assay
and was non-mutagenic at the highest dose level tested when assessing
induction of 5 trifluorothymidine in vitro (Supplementary Table 3). Both
compounds tested negative in the in vitro micronucleus test, showing
no clastogenic or aneugenic activity in lymphocytes irrespective of the
presence or absence of a rat liver metabolic activation system (Sup-
plementary Tables 4 and 5). Cytotoxicity of Debio 1453 was assessed in
human hepatocytes (HepG2); at the highest concentration tested
(30 µM), no cytotoxicity or negative impact on cell viability was
observed (Supplementary Table 6).

Debio 1453 efficacy in N. gonorrhoeae-infected mice
Systemic in vivo exposures of Debio 1453 following a single oral dose
of Debio 1453 P (80mg/kg Debio 1453 equivalent) were assessed using
estradiol-treated ovariectomised mice infected intravaginally with N.
gonorrhoeae strain ATCC 700825. Debio 1453 P was quantified in
plasma shortly after dosing (Cmax 37.2 ng/mL, tmax 0.083 h; Supple-
mentary Fig. 4), albeit at concentrations more than 100-fold below
Debio 1453 levels, indicating a rapid in vivo conversion of the prodrug
to the active moiety. The free exposure of Debio 1453 in plasma
(considering the measured mouse plasma protein binding of 93.7%)
was above the Debio 1453MIC90 for N. gonorrhoeae (Fig. 6), providing
encouraging prospects for in vivo efficacy.

The in vivo efficacy of Debio 1453 (dosed as Debio 1453 P) was
assessed for four N. gonorrhoeae challenge strains using the murine
vaginal infection model. ATCC 700825 is susceptible to ceftriaxone
and azithromycin, whereas AR Bank0179-15 and AR Bank0181-17 were
ceftriaxone-susceptible and azithromycin-resistant, and WHO X-07
was ceftriaxone-resistant and azithromycin-susceptible. Each strain
colonised the genital tract as evidenced by >1log10CFU/mL increases in
vaginal lavage fluid from the start of treatment to 24 h and sustained
bacterial loads at 48 h. Ceftriaxone was included for control and was
effective against each of the ceftriaxone-susceptible strains (Fig. 7a–c).
At equivalent doses for efficacy against ceftriaxone-susceptible strains,
ceftriaxone was ineffective against the ceftriaxone-resistant strain
WHO X-07, however, efficacy was demonstrated when higher doses
were used (Fig. 7d). Debio 1453 was efficacious against each of the
strains, producing clear dose responses, achieving ~3log10CFU/mL
reductions as compared to the start of treatment (0h) and eradicating
N. gonorrhoeae to the limit of detection by 48 h for at least one
dose level.

To evaluate the translatability of the pharmacodynamic targets
defined above, the N. gonorrhoeae vaginal model was benchmarked
using data generated for ceftriaxone. The pharmacokinetic-
pharmacodynamic (PK-PD) driver for ceftriaxone efficacy is time of
free concentration above MIC (fT >MIC). PK data from healthy mice
for single doses of 0.5, 1 and 5mg/kg were simulated from a previous

study published by Connolly et al. 29 (Supplementary Fig. 5A), and used
to relate fT >MIC with the change in log10CFU/mL at 24h (Supple-
mentary Fig. 5B). A dose with simulated fT>MIC of 2 h was not effi-
cacious in the model (1.9 log10CFU/mL increase), whereas doses with
simulated fT >MIC of 12 to 18 h, ≥22 to 24 h, and >24 h resulted in 2.0,
2.9 and 3.3 log10CFU/mL reductions, respectively.

Debio 1453 efficacy in surrogate Staphylococcus aureus-infected
neutropenic mice
The Staphylococcus aureus neutropenic murine thigh infection model,
which has been used extensively to provide informative antibiotic
efficacy data for human translation30,31, was next used to assess the
in vivo activity of Debio 1453. S. aureus ATCC 29213 performed well in
vehicle controls (3.1 and 3.5 log10CFU/mL increases from 0 to 24 and
48 h, respectively; Fig. 8). Linezolid 100mg/kg three times daily was
included as a control, and was predicted to produce exposures higher
than the human clinical equivalent (120mg/kg twice daily dosing in
mice emulates 600mg twicedaily humandosing)32. Debio 1453 (dosed
as Debio 1453 P) achieved >1 log10CFU/mL reductions in thighs at 24 h
and >2 log10CFU reductions at 48 h, displaying maximal efficacy that
was comparable to supratherapeutic linezolid treatment (Fig. 8).

Discussion
Overcoming antibiotic-resistant N. gonorrhoeae is likely best achieved
by exploiting novel targets and/or acting via a distinct mechanism of
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action. Leveraging on successes against problematic AMR bacteria,
includingmethicillin-resistant S. aureus16, Debio 1453 is a FabI-inhibitor
tailored for activity againstN. gonorrhoeae. One commonchallenge for
antibiotics that target a single enzyme is the potential for rapid single-
step resistance emergence (i.e. via acquisition of a single mutation
within the target)33,34. Yet, Debio 1453displays a very lowpropensity for
single-step resistance emergence (Table 2) with mutations to the tar-
get enzymeonly producingmodest increases in theMICofDebio 1453.
Structural insights generated with co-crystal structures have deli-
neated a two-component binding mode for this series of FabI inhibi-
tors, whereby, in addition to interacting with the FabI active site, part
of the surface of the inhibitor also associates with the NADH co-factor
(Fig. 2a). This two-component binding mode has generally been
observed for pyrido-enamide scaffold-based FabI inhibitors in S. aur-
eus or Escherichia coli FabI active sites22,35. Since the co-factor is non-
mutable,medicinal chemistry efforts therefore focused onmaximising
interactions with NADH in the hope of minimising mutational resis-
tance. This was achieved by Van der Waals hydrophobic interactions
with the reduced amido-pyridine of NADH, and a hydrogen bond
between the central carbonyl of Debio 1453 and the ribose hydroxyl of
NADH. TheNgFabI co-structures describedhere achieved resolution of
1.3 Å, higher than those reported previously for S. aureus FabI (1.8 Å)21

or E. coli FabI (1.5 to 2.7 Å)35, which provided sufficient detail to lever-
age the interactions of the right-hand side hydroxyl substituent with a
precisely defined conserved water network binding to the co-factor
NADH phosphate (Fig. 2a), thereby reinforcing non-mutable interac-
tions and increasing potency. As a result, these multiple interactions
positionDebio 1453 in such away that a significant part of itsmolecular
surface is facing the co-factor and thus cannot be affected by muta-
tional changes.Due to thehighnumber of key interactions in the active
site, it is also expected that multiple mutations would be required at
the core of the catalytic pocket to significantly destabilise this com-
plex, which would likely come at a cost for enzyme functionality and
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overall fitness, similar to what was postulated previously for afabicin36.
In support of this postulation, the only amino acid substitution thatwe
observed in the current study that was associated with a Debio
1453 MIC increase (NgFabI L257F) occurred at a residue that is not
within the active site (Supplementary Fig. 6). On the contrary, this
residue lays at the interface of another NgFabI subunit only present in
the tetrameric form. Therefore, this mutation might rather affect the
enzyme oligomeric transition37,38 by disrupting interface interactions
between monomeric subunits as already observed for resistant S.
aureus FabI39.

Non-gonococcal Neisseria species can serve as a reservoir of AMR
determinants for N. gonorrhoeae40–43. Non-gonococcal Neisseria iso-
lates with MIC values outside of the range for N. gonorrhoeae were
identified in this study, anddifferences inMICappeared to relate to the
degree of FabI amino acid sequence identity, as was expected from the
structure-dependent binding mode of the inhibitor. Other explana-
tions for variance were not assessed (i.e. differences in active sites
sequence identity, drug uptake, efflux, metabolism), and remain a
topic for future work. Horizontal acquisition of fabI from non-
gonococcal Neisseria species was not observed using public genome
databases (n = 38,623 complete or draft N. gonorrhoeae genomes),
albeit in the absence of a direct selection pressure. Future studies are
warranted to determine if fabI alleles from non-gonococcal Neisseria
species can be acquired by N. gonorrhoeae upon Debio 1453 exposure
in co-culture.

The estradiol-treated mouse model of vaginal colonisation is an
emerging tool for the assessment of antimicrobial efficacy29,44–49. In the
current study, using estradiol-treated ovariectomised mice, four dif-
ferent N. gonorrhoeae strains were assessed and each successfully
colonised the genital tract for at least 50h post-inoculation, providing
an adequate therapeutic window to assess antibiotic efficacy. Fur-
thermore, quantifiable dose responses were observed, allowing for the
future definition of PK-PD targets for efficacy. The translatability of
these findings for clinical application was assessed by first bench-
marking the model using the last remaining first-line gonorrhoea
treatment, ceftriaxone. Historically, fT >MICs roughly equating to
7–10 h were used clinically based on data for penicillin50,51. Targets
were revised to combat strains with elevated ceftriaxone MIC, with
optimal efficacy found to require fT >MIC of 20–24 h-50. In the N.
gonorrhoeae murine vaginal infection model, fT >MIC simulations for
ceftriaxone of 12 to 18 h, ≥22 to 24 h-, and >24 h produced 2.0, 2.9 and
3.3 log10CFU/mL reductions in vaginal lavage fluid, respectively, pro-
viding support for the clinical translatability of 2- and 3 log10CFU/mL
reduction targets using the model, each of which were achieved by
Debio 1453 treatment. The findings were further validated using the
‘gold standard’neutropenic thigh S. aureusmodel, wherebyDebio 1453
treatment achieved efficacy comparable to that of linezolid adminis-
tered at levels predicted to be supratherapeutic when translated to
humans.

Overall, the FabI target for Debio 1453 was validated by sub-
nanomolar NgFabI IC50 values, NgFabI-Debio 1453 co-crystal struc-
tures, and the identification of FabI mutations following controlled in
vitro exposure. Debio 1453 displayed (i) in vivo efficacy inmice against
isolates resistant to clinically relevant antibiotic classes, including the
last remaining first-line treatment ceftriaxone and azithromycin, (ii)
bactericidal activity against planktonic N. gonorrhoeae cells as well as
internalised/intracellular bacterial cells and (iii) a low propensity for
selection of mutations that increase the Debio 1453MIC. Each of these
key properties is aligned to the preferred target product profile (TPP)
for the treatment of uncomplicated gonorrhoea, as described by the
WHO and the Global Antibiotic Research and Development Partner-
ship (GARDP)52. The promising findings from this report support the
continued development of Debio 1453 for the treatment of infections
caused by N. gonorrhoeae.

Methods
Chemical synthesis
NMR Spectra were acquired on a Bruker Avance III spectrometer at
400MHz using residual undeuterated solvent as reference. LC/MS
analyses were performed on a Waters X-Select CSH C18, 2.5 µm,
4.6 × 30mm column eluting with a gradient of 0.1% formic acid in
MeCN in 0.1% formic acid in water. The gradient from 5–95% 0.1%
formic acid in MeCN occurs between 0.00–3.00min at 2.5mL/min
with aflush from3.01–3.5min at 4.5mL/min. A column re-equilibration
to 5% MeCN is performed from 3.60–4.00min at 2.5mL/min. UV
spectra of the eluted peaks were measured using an Agilent 1260
Infinity or Agilent 1200 VWD at 254 nm. Mass spectra were measured
using an Agilent 6120 or Agilent 1956 MSD running with positive/
negative switching or an Agilent 6100 MSD running in either positive
or negativemode. Synthesis of Compound 1, Compound 2, Debio 1453
andDebio 1453 P is detailed below. Synthesis of additional compounds
from Supplemental Table 1 is described in the Supplementary
Methods.

Compound 1. Prepared as described previously (referred to as com-
pound 11 d)53.

Compound 2. A flask was charged with (R)-8-bromo-2-methyl-2,3-
dihydro-1H-pyrido[2,3-b][1,4]diazepin-4(5H)-one (prepared as descri-
bed previously54 compound 213, 80mg, 0.31mmol), N-methyl-N-((3-
methylbenzofuran-2-yl)methyl)acrylamide (prepared as described
previously54 compound 9, 70mg, 0.31mmol), tetrabutylammonium
chloride hydrate (9.2mg, 0.03mmol) and Pd-116 (16mg, 0.03mmol)
and the flask was evacuated and backfilled with nitrogen three times.
1,4-Dioxane (2.5mL) and N,N-diisopropylethylamine (0.11mL) were
added, and the reactionmixturewas heated to 90 °C for 2 h.Waterwas
added, and the aqueousmixture was extracted with dichloromethane.
The combined organic layers were dried by passing through a phase
separation cartridge and concentrated in a vacuum. The product was
purified by chromatography on silica gel (0–10% methanol/dichlor-
omethane) to generate compound 2 as a yellow solid (68mg, 52%). Rt
1.89minm/z 405 [M+H]+ (ES + ). 1H NMR (DMSO-d6, 278 K): δ, ppm
9.88 (s, 1H), 8.10&8.07 (rotamers, s, 1H), 7.57 (d, J = 8.0Hz, 1H), 7.50 (d,
J = 8.0Hz, 1H), 7.48–7.41 (m, 2H), 7.35 & 7.08 (rotamers, d, J = 16Hz,
1H), 7.29 (dt, J = 8.0Hz, 1.6Hz, 1H), 7.25 (dt, J = 8.0Hz, 1.6 Hz, 1H), 5.70-
5.66 (m, 1H), 4.96 & 4.80 (rotamers, s, 2H), 3.86–3.76 (m, 1H), 3.18 &
2.95 (rotamers, s, 3H), 2.57 (dd, J = 14Hz, 2.5 Hz, 1H), 2.39 (dd, J = 14Hz,
8.0Hz, 1H), 2.28 & 2.27 (rotamers, s, 3H), 1.21 (d, J = 6.0Hz, 3H).

1H NMR (DMSO-d6, 363 K): δ, ppm9.32 (s, 1H), 8.02 (s, 1H), 7.55 (d,
J = 8.0Hz, 1H), 7.53–7.38 (m, 3H), 7.30–7.22 (m, 2H), 7.12 (d, J = 16Hz,
1H), 5.50–5.44 (m, 1H), 4.84 (s, 2H), 3.86–3.76 (m, 1H), 3.10 (s, 3H), 2.61
(dd, J = 14Hz, 2.5 Hz, 1H), 2.45 (dd, J = 14Hz, 8.0Hz, 1H), 2.28 (s, 3H),
1.25 (d, J = 6.0Hz, 3H).

Debio 1453. A reaction vial was charged with N-methyl-N-((3-methyl-
benzofuran-2-yl)methyl)acrylamide (prepared as described
previously54, compound 9, 42mg, 0.18mmol), (2 R,3S)-8-bromo-3-
hydroxy-2-methyl-2,3-dihydro-1H-pyrido[2,3-b][1,4]diazepin-4(5H)-
one (prepared as described previously54 compound 149, 50mg,
0.18mmol), tetrabutylammonium chloride (5.0mg, 0.02mmol) and
[P(tBu)3]Pd(crotyl)Cl (Pd-162) (7.0mg, 0.02mmol) and the vial was
evacuated and backfilled with nitrogen three times. 1,4-Dioxane
(5.0mL) and N-cyclohexyl-N-methylcyclohexanamine (79 µL,
0.37mmol) were added, and the reactionmixture was heated to 80 °C
and stirred for 16 h. The reaction was allowed to cool to room tem-
perature, the solvent was removed under vacuum, and the solid was
washed with isohexane. The crude material was then purified by col-
umnchromatographyon silica gel (0–3%MeOH/DCM),which afforded
a pale yellow solid that was partially dissolved in acetonitrile. Water
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was added until precipitation occurred. The precipitate was collected
by filtration and dried under azeotropic conditions with acetonitrile to
afford Debio 1453 as a pale yellow solid (35mg, 45%). Absolute con-
figuration was confirmed by co-crystallisation (vide infra). Rt
1.83minm/z 421 [M+H]+ (ES + ). 1H NMR (500MHz, DMSO-d6, 363 K):
δ, ppm 9.80 (s, 1H), 7.98 (d, J = 1.9Hz, 1H), 7.59–7.52 (m, 1H), 7.49–7.37
(m, 3H), 7.31–7.22 (m, 2H), 7.12 (d, J = 15.7Hz, 1H), 5.91 (d, J = 5.7Hz, 1H),
4.84 (s, 2H), 4.76 (d, J = 4.7Hz, 1H), 4.22 (dd, J = 4.7Hz, 3.4Hz, 1H),
3.82–3.71 (m, 1H), 3.10 (s, 3H), 2.27 (s, 3H), 1.12 (d, J = 6.5 Hz, 3H).

Debio 1453P. To a suspension of Debio 1453 (1.01 g, 2.40mmol, 1 eq.)
in dry dichloromethane (24.4mL) at 0 °C was added bis(2-cyanoethyl)-
diisopropylphosphoramidite (1.88mL, 7.21mmol) and 1H-tetrazole
(16.0mL, 7.21mmol, 0.45M in acetonitrile). The mixture was stirred
at 0 °C for 3 h. Then, a solution of 0.2M iodine in water/pyridine/tet-
rahydrofuran (1/19/80)was added at 0 °C until the persistence of iodine
colouration. The mixture was stirred at 0 °C for 5min. A solution of
sodium thiosulfate (20% w/w in water) was added until the removal of
iodide colouration. Water was added, and the organic phase was
extracted with ethyl acetate. After drying and concentration of the
organic phase, the residue was purified on silica gel eluting with 0–10%
methanol in dichloromethane and evaporated resulting in bis(2-cya-
noethyl) [(2 R,3S)-2-methyl-8-[(E)-3-[methyl-[(3-methylbenzofuran-2-yl)
methyl]amino]-3-oxo-prop-1-enyl]-4-oxo-1,2,3,5-tetrahydropyrido[2,3-
b][1,4]diazepin-3-yl] phosphate (1.35 g, 2.23mmol, 92.6%) as a yellow
solid. To a solution of this solid (3.45 g generated viamultiple iterations
of the above, 5.69mmol, 1 eq.) in dry acetonitrile (42mL) at 0 °C were
added trimethylsilyl (1E)-2,2,2-trifluoro-N-trimethylsilyl-ethanimidate
(5.91mL, 28.4mmol) and 2-tert-butyl-1,1,3,3-tetramethylguanidine
(7.28mL, 28.4mmol). After 10min, formic acid (2.15mL, 56.9mmol)
was added, and the mixture was evaporated. Purification by reverse
phase C18 column yielded a yellow powder (2.62 g) after lyophilisation,
which was dissolved in water (10mL) and triethylamine (0.29mL,
2.15mmol). The solution was stirred at room temperature for two
minutes. Sodium 2-ethylhexanoate (2.49 g, 14.6mmol) was added, and
the reaction mixture was stirred for two minutes. The reaction mixture
was diluted with acetonitrile (100mL). The precipitate was filtered and
dissolved again in water three times, then finally dissolved in water and
lyophilised to afford compound Debio 1453 P (1.72 g, 3.16mmol, 56%
for 2 steps) as a disodium salt. Rt 1.22minm/z 501.3 [M+H]+ (ES + ). 1H
NMR (400MHz, D2O): δ 7.94–7.86 (m, 1H), 7.47–6.77 (m, 7H), 4.71–4.53
(m, 2H), 4.23–4.12 (m, 1H), 3.05 (s, 1.7H), 2.97 (s, 1.3H), 2.16–2.09 (m,
3H), 1.31–1.21 (m, 3H). 31P (161MHz, D2O) δ 3.4.

Solubility determination
Kinetic solubility of Debio 1453. In a Multiscreen solubility filter plate
(Millipore AG, Switzerland), 2 µL of a 10mM stock solution in DMSO of
test compounds was added to 198 µL of phosphate buffer (PBS pH 7.4).
The filter plate was then incubated under shaking (orbital shaker,
1200 rpm) at 25 °C for 24h. After incubation, the plate was filtered using
a Multiscreen vacuum Manifold and collected in a 96-well Teflon plate.
100 µL of the filtrate was then transferred into a Greiner 96-well plate
and diluted with 100 µL of acetonitrile before UV analysis. The quanti-
fication was performed using a reference solution of the compounds to
test, prepared with 2 µL of DMSO stock solution diluted in 99 µL of PBS
and 100 µL of Acetonitrile (1% DMSO final concentration).

Solubility ofDebio 1453P. 100mgofproductwasweighed into a 1mL
flask. Water for injection was then added to the flask and shaken.
Solubilisation was fully reached after 3 s.

Co-crystallisation
NgFabI protein was concentrated to 23mg/mL and diluted to 20mg/
mL by the addition of NADH and three molar equivalents of Debio
1453. Co-crystals grew at 22 °C in 100mM bicine, pH 9 and 2.4M

ammonium sulfate. Drops were performed using the sitting drop
vapour-diffusion method in 96-well plates (300 nL protein solution +
300 nL reservoir) with a Mosquito robot (SPT Labtech). Co-crystals
were directly flash-frozen in liquid nitrogen. Data collection was per-
formed on the PROXIMA-2 beamline at SOLEIL synchrotron (Saint-
Aubin, France). Data were processed with XDS55, autoPROC
(GlobalPhasing)56 and the CCP4 software package57. Structure was
solved by molecular replacement with Phaser58 using a published Aci-
netobacter baumannii FabI structure in complex with Debio 1452 and
NADH as a search model (pdb: 6AHE)59. Model building and improve-
ment were conducted by iterative cycles of automated and manual
building with Coot60, and refinement with Refmac61. Quality of the
model was monitored with Rampage62 (crystallographic and refine-
ment data, Supplemental Table 7).

NgFabI inhibitory assays
FabI activity was monitored by measuring NADH consumption9.
Reaction mixtures consisting of 100mM Tris-HCl (pH 7.2), 100mM
ammonium acetate, 0.05% Pluronic F-68, 25 µM crotonyl-ACP, 50 pM
recombinantNgFabI protein, 7.5% DMSO and test compounds ranging
from0.00017 to 10μM,were incubated for 10min at 30 °C to facilitate
inhibitor binding. To initiate reactions, 50 µM NADH was added, and
absorbance was monitored at 340nM every 12 s for a total of 40min
using a Spectramax Plus 384 plate reader (Molecular Devices) at a
controlled temperature of 30 °C. Data were analysed using the XLfit
Microsoft Excel plugin (version 5.5). IC50 valueswere determined using
a logistic sigmoid curve-fitting of the inhibitor dose response curves.

Bacterial growth conditions
N. gonorrhoeae was routinely grown on chocolate agar plates (GC
medium [BD Difco], supplemented with 1% haemoglobin from bovine
blood [Sigma-Aldrich] and 1% (v/v) BBL IsoVitaleX Enrichment [BD])
and incubated overnight at 35–36 °C in a humid 5% CO2–enriched
atmosphere unless otherwise stated.

MIC determinations and time-kill assays
Ceftriaxone and Debio 1453 MIC values were determined for N. gonor-
rhoeae using agar dilution methodology according to CLSI guidelines
using the DMSO direct method for insoluble compounds63,64. MICs of
azithromycin, ciprofloxacin, spectinomycin, and tetracycline were deter-
mined by Etest (bioMérieux, Marcy-Étoile, France) on GC agar base (GC
Medium Base agar; BD Diagnostics, Sparks, MD, USA) supplemented with
1% IsoVitalex (BD Diagnostics). The 2024 WHO N. gonorrhoeae reference
strains were used for quality control18. Only wholeMIC doubling dilutions
are reported. Clinical breakpoints or the epidemiological cutoff (ECOFF,
to indicate azithromycin resistance) from EUCAST (v14.0, https://www.
eucast.org/clinical_breakpoints) were used to classify isolates as anti-
microbial susceptible or resistant. To generate baseline MIC values for
liquid-based assays, broth microdilution methodology was used accord-
ing to CLSI guidelines63, with substitution of Cation-Adjusted Mueller-
Hinton Broth for Columbia Broth (BD Difco) supplemented with 1% Iso-
VitaleX Enrichment (BD). Two times the standard inoculum defined by
CLSIwas used to establish consistent growth in untreated control samples
for some strains. In vitro time-kill assays were performed according to
CLSI guidelines65 using Columbia Broth (BD Difco) supplemented with 1%
IsoVitaleX Enrichment (BD). Viable bacterial counts were generated by
plating 10-fold serially diluted samples on GC agar plates containing 1%
IsoVitaleX Enrichment (BD). Debio 1453 MIC values for non-gonococcal
Neisseria and S. aureus were determined using agar dilution and
broth dilution, respectively, each according to CLSI guidelines63.

In silico comparison of FabI across Neisseria species
FabI amino acid sequences were retrieved from the NCBI protein
repository and aligned using CLUSTAL omega66. Phylogenetic analysis
was performed using Interactive Tree of Life (iTOL) v7.067.
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Intracellular killing
Intracellular killing was assessed within HeLa229 cells (European Col-
lection of Authenticated Cell Cultures, London, UK) that were seeded
at ~3 × 105 cells/mL and grown to 70–80% confluence in RPMI-
glutamine media supplemented with 10% (v/v) heat-inactivated fetal
bovine serum (FBS, Gibco, MA, USA). Cells were incubated at 37 °C
with 5% CO2 for 24 h, then washed with serum-free RPMI-1640 prior to
infection. N. gonorrhoeae was scraped from agar plates and resus-
pended in Dulbecco’s Phosphate Buffered Saline (DPBS, Sigma-
Aldrich), pelleted, then resuspended in RPMI with 2% FBS. Bacterial
suspensions were used to infect HeLa229 cells at a multiplicity of
infection of 100:1. Plates were briefly centrifuged (500 × g for 5min),
then incubated for one hour. This incubation and all subsequent
incubations were performed at 37 °C with 5% CO2. Non-adherent cells
were removed by washing with serum-free RPMI, and the remaining
extracellular bacteria were killed via resuspension in RPMI-glutamine
supplementedwith 2% FBS and 200μg/mLgentamycin and incubation
for one hour. Cells were washed three times with serum-free RPMI,
then resuspended in RPMI-glutamine medium supplemented with 2%
FBS andDebio 1453 at various test concentrations, and then incubated.
Azithromycin-treated samples were included for control/comparison.
At appropriate time points, cells were washed three times with DBPS,
then lysedwith 1% saponin for 15min. Samples were diluted and plated
onto chocolate II agar for viable bacteria quantification. Intracellular
killing assays were performed at Microbiologics, Kalamazoo, MI, USA,
using a method adapted from previous studies68,69.

In vitro selection of mutants with reduced Debio
1453 susceptibility
N. gonorrhoeae strains were grown overnight on chocolate agar plates,
as described above. Bacteria were spread onto test plates consisting of
GC agar, 1% IsoVitaleX and either Debio 1453 or ciprofloxacin at either
4×, 8×, or 16× the respective compound MIC. Plates were incubated at
35 ± 2 °C in a humid 5% CO2–enriched atmosphere for 48–72 h. Colo-
nies that grew on selection plates were patched onto GC agar, 1% Iso-
VitaleX plates, with and without Debio 1453 at the same concentration
used for selection, then incubated overnight to confirm clone viability
and the stability of the phenotype with reduced Debio 1453 suscept-
ibility. Frequencies were generated by dividing the number of stable
colonies with reduced Debio 1453 susceptibility by the inoculated CFU.

DNA sequencing
Genomic DNA was extracted from single colonies using the PureLink
Genomic DNA Mini Kit (ThermoFisher) as per the manufacturer’s
instructions. The N. gonorrhoeae fabI gene including 160 upstream of
the start codon was amplified using OneTAQ Hotstart according to
manufacturer’s instructions with the following primers (5’–3’); F5
CATCTGATGCCTTAAACCGTATTTG and R1 CAAGTCGGTA-
CAAAGGCAATCG. Sanger sequencing of amplicons was performed at
The Centre for Applied Genomics, Toronto, Canada.

Caco-2 permeability and in vitro hepatic clearance
determinations
The capacity for compounds to permeate Caco-2 intestinal epithelial
cells was determined for Debio 1453 and Debio 1453 P70,71. Briefly,
permeation fromapical to basolateral compartment and basolateral to
apical compartment of CacoReady-monolayers in 24-transwell plates
(Readycell, Barcelona, Spain) was assessedwith pH 7.4 on each side for
Debio 1453, and with pH 6.5 on the apical side, and 7.4 on the baso-
lateral side for Debio 1453 P. Incubations were performed at 37 °C, and
sampling from both sides was performed at time zero and after
120min. Various controls were assessed in parallel, including atenolol
(low permeability) and diclofenac (high permeability).

Pooled human hepatocytes from 10-donor males (BioIVT, West
Sussex,UK;MX008001) or 10-donor females (BioIVT,West Sussex,UK;

FX008001) were incubated with test compounds (or vehicle) and the
compound concentration was measured over time. Samples were
incubated at 37 °C and concentrations were assessed after 0, 20-, 40-,
60- and 240-min. Verapamil was included as a control.

For Caco-2 permeability and in vitro hepatic clearance assess-
ments, Debio 1453 and Debio 1453P (as appropriate) were quantified
using LC-MS/MS. Chromatographic separation was achieved using an
Acquity UPLC (Waters) equipped with a Phenomenex EVO C18 column
(2.1mm × 50mm, 1.7 µm) with a flow rate of 0.5mL/min. The mobile
phase consisted of 5mM ammonium formate in water, 0.2% (v/v)
ammonia (A) and acetonitrile (B). The UPLC system was coupled to a
Thermo Q-Exactive Orbitrap mass spectrometer (Thermo) that was
used to acquire mass spectra with Thermo XCalibur (version 4.1.31.9).
The instrument operated in positive ionisationmode (ESI + ) over am/z
range of 80–1000 (n = 1 measure per sample). Data were extracted
from chromatograms using calculated monoisotopic accurate masses
for protonated molecular ions within 5 ppm windows.

Genotoxicity assessments
Debio 1453 andDebio 1453 Pwere assayed for the propensity to induce
micronuclei in human lymphocytes following in vitro treatment with
and without liver S9 fraction from rats72. Ames assays were performed
using four strains of Salmonella typhimurium (TA1535, TA1537, TA98
and TA100) and a single strain of E. coli (WRP2 uvrA) in the presence
and absence of S9 tissue homogenate73. Dose levels (µg/plate) up to
4000 were assessed for WP2 uvrA and TA98, 500 for TA1535, 250 for
TA1537 and 62.5 for TA100.Mutagenic activitywas further assessed for
Debio 1453 by quantifying the induction of 5 trifluorothymidine-
resistant mutants in mouse lymphoma L5178Y TK+/− cells (ATCC CRL
9518) after in vitro treatment, in the absence and presence of S9
metabolic activation, using the fluctuation method74.

Cytotoxicity assessment
HepG2 cells (HB-8065; ATCC) cultured in DMEM (Gibco) with 5% fetal
bovine serum (heat-inactivated, Sigma-Aldrich) and 1% penicillin-
streptomycin (ThermoFisher), were seeded in 96-well plates (3.0 × 104

per well) and incubated at 37 °C and 5% CO2. Cells were treated with
Debio 1453 (0.3, 1, 3, 10, 30 µM) or vehicle (1% DMSO) and incubated for
a further 24h (37 °C, 5% CO2). Each treatment was assessed in triplicate.
Cytotoxicity was determined using CytoTox-ONETM Homogenous
Membrane Integrity Assay kits (Promega), and cell viability was deter-
mined using CellTiter-Glo® Luminescent Cell Viability Assay kits (Pro-
mega), each according to the manufacturer’s specifications.

Plasma protein binding determination
Mouse plasma samples fortified with cOmpleteTM EDTA-free Protease
Inhibitor Cocktail (Roche, 1 tablet per 7mLof plasma)were spikedwith
Debio 1453 (1 – 30μM). Triplicate samples were pre-incubated at 37 °C
for 15min prior to dialysis using anHTDialysis device for 6 h at 37 °C in
5% CO2. Debio 1453 in samples taken from each chamber was quanti-
fied using LC-MS/MS. Chromatographic separationwas achieved using
a Nexera 30 series LC system (Shimadzu) equipped with a Phenom-
enex Kinetex XB-C18 column (2.1 × 50mm, 2.6 µm) with a flow rate of
0.6mL/min. The mobile phase consisted of 10mM ammonium for-
mate, 0.2 % (v/v) ammoniumhydroxide (A) and acetonitrile (B). The LC
system was coupled to an API-4500 mass spectrometer (Sciex) that
was used to acquire mass spectra with Sciex Analyst software (version
1.7.2). The instrument operated in positive ionisation mode (Turbo
ionspray, n = 1measure per sample).Quantificationwas achieved using
an isotopically labelled internal standard and Multiple Reaction Mon-
itoring (MRM) with transition 421.1/145.1.

Neisseria gonorrhoeae murine vaginal infection model
The N. gonorrhoeae female mouse vaginal model45 was performed in
accordance with the Guide for Care and Use of Laboratory Animals75.
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Animal rooms were maintained at a temperature range of 20–24 °C
and humidity between 30% and 70%, with 12 h light/dark cycles.
Ovariectomized BALB/c female mice (5–6 weeks, BioLASCO Taiwan
Co., Ltd.) were treatedwith estradiol (0.23mg/mouse) two days before
infection and on the day of infection. Ovariectomized mice were used
to avoid staging mice before treating them with estradiol44. Beginning
two days prior to infection and maintained until the end of the study,
animals were treated twice daily with streptomycin (1.2mg/mouse)
and vancomycin (0.6mg/mouse) each via intraperitoneal (IP) injection
and received trimethoprim sulfate in the drinking water (0.4mg/mL)
to control vaginal microflora. Animals were anesthetised with pento-
barbital (80mg/kg), the vagina was rinsedwith 50mMHEPES (pH 7.4),
and then inoculated withN. gonorrhoeae in pre-warmed PBS (0.02mL/
mouse containing ~1 × 105 CFU).

For pharmacokinetic assessments, at 2 h post-infectionwithATCC
700825, Debio 1453P formulated in 5% dextrosewas administered as a
single oral dose of 80mg/kg (Debio 1453 equivalent) via oral gavage.
Animals were euthanised via CO2 asphyxiation, and blood was col-
lected by cardiac puncture (n = 3 animals per timepoint). Blood was
drawn into tubes coated with K2EDTA, mixed gently, then centrifuged
at 2500 × g for 15min at 4 °C. Plasma was mixed with human plasma
with protease inhibitor (cOmpleteTM EDTA-free Protease Inhibitor
Cocktail, Roche) at a ratio of 1:1.5 and then frozen immediately. Debio
1453P and Debio 1453 were quantified using LC-MS/MS. Chromato-
graphic separationwas achieved using anAcquity UPLC equippedwith
a BEH C18 column (2.1 × 50mm, 1.7 µm; Waters) and a flow rate of
0.6mL/min. The mobile phase consisted of 5mM ammonium formate
in water, 0.2 % (v/v) ammoniumhydroxide (A) and acetonitrile (B). The
UPLC systemwas coupled to aQTRAP6500mass spectrometer (Sciex)
that was used to acquire mass spectra with Sciex Analyst software
(version 1.6.2). The instrument operated in positive ionisation mode
(TurboIon Spray, n = 1 measure per sample). Each analyte was quanti-
fied using a dedicated isotopic labelled internal standard and in Mul-
tiple Reaction Monitoring (MRM), using transition 421.1/363.00 for
Debio 1453, and 501.0/145.1 for Debio 1453 P. The lower limit for
quantification was 10 ng/mL. Pharmacokinetic analysis was performed
using Phoenix 64 WinNonlin (version 8.4.0.6172) using extravascular
models and the Linear Up Log Down calculation, sparse sampling
method.

For efficacy assessments, at 2 h post-infection, animals began
either Debio 1453 P (formulated in 5% dextrose) treatment via oral
gavage, which was repeated every 12 h for either 24 or 48 h. Control
groups received either a single IP injection of ceftriaxone or 5% dex-
trose (vehicle) twice daily. Animals were sacrificed via CO2 asphyxia-
tion at either 2 h (baseline), 26 and/or 50h post-infection. Vaginal
lavage was performed twice with 200 µL GC broth containing 0.05%
saponin to recover bacteria. Bacterial burden in the lavage fluids was
determined by performing 10-fold serial dilutions and plating on
chocolate agar plates. Four strains were assessed using the model;
ATCC 700825 is naturally streptomycin-resistant, whereas AR
Bank0179-15, AR Bank0181-17 and WHO X-07 are derivatives of AR
Bank0179, AR Bank0181 and WHO X, respectively, that were engi-
neered for streptomycin resistance for use in the model.

Staphylococcus aureus neutropenic murine thigh
infection model
The S. aureus neutropenic murine thigh infection model was per-
formed in accordance with the Guide for Care and Use of Laboratory
Animals75. Animal rooms were maintained at a temperature range of
20–24 °C and humidity between 30% and 70%, with 12 h light/dark
cycles. Female ICR mice (BioLASCO Taiwan Co., Ltd.) were rendered
neutropenic via IP injection of cyclophosphamide four days before
infection (150mg/kg) and again one day before infection (100mg/kg).
Animals were anaesthetised with isoflurane (3–5%), then inoculated
intramuscularly with S. aureus ATCC 29213 (~1 × 105 CFU/mouse).

Animals received Debio 1453 P formulated in 5% dextrose via oral
gavage twice daily for either 24 or 48 h. Control groups received either
linezolid three times per day or 5% dextrose (vehicle) twice daily, each
via oral gavage. Animals were sacrificed via CO2 asphyxiation at either
2 h (baseline), 26 and/or 50h post-infection. Thigh tissues were har-
vested andhomogenised in 3mL sterile PBS (pH7.4). Bacterial burdens
were determined by performing 10-fold serial dilutions and plating on
nutrient agar plates.

Ceftriaxone PK simulation
Ceftriaxone concentration time-profiles in uninfectedmicedosedwith
0.25 and 1.5mg/kg fromaprevious study published byConnolly et al.29

were digitised using WebPlotDigitizer (version 4.7). Data were used to
simulate PK profiles at doses of 0.5, 1 and 5mg/kg using non-
parametric superposition using Phoenix WinNonlin (version
8.3.4.295).

Statistical analysis
For in vivo efficacy experiments, significant differences between
treatment groups and the 0-h group were assessed using one-way
ANOVA with Dunnett’s multiple comparisons test (GraphPad Prism
version 9.3.1).

Ethics statement
Experiments involving animals were performed with ethical approval
from the Institute for Animal Care and Use Committee at Pharmacol-
ogy Discovery Services Taiwan, Ltd.

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

Data availability
All data supporting the findings of this study are available within the
Source Data File. Structural data have been deposited and are available
in the ProteinDataBank (PDB)under accession code9S5X. Sourcedata
are provided with this paper.

References
1. Jensen, J. S. & Unemo, M. Antimicrobial treatment and resistance in

sexually transmitted bacterial infections. Nat. Rev. Microbiol. 22,
435–450 (2024).

2. Cohen, M. S. et al. Reduction of concentration of HIV-1 in semen
after treatment of urethritis: implications for prevention of sexual
transmission of HIV-1. AIDSCAP Malawi Res. Group. Lancet 349,
1868–1873 (1997).

3. Darville, T. Pelvic inflammatory disease due to Neisseria gonor-
rhoeae and Chlamydia trachomatis: Immune evasion mechanisms
and pathogenic disease pathways. J. Infect. Dis. 224,
S39–s46 (2021).

4. Reekie, J. et al. Risk of ectopic pregnancy and tubal infertility fol-
lowing gonorrhea and chlamydia infections. Clin. Infect. Dis. 69,
1621–1623 (2019).

5. Unemo, M. et al. WHO global antimicrobial resistance surveillance
for Neisseria gonorrhoeae 2017-18: a retrospective observational
study. Lancet Microbe 2, e627–e636 (2021).

6. Unemo, M. et al. Gonorrhoea. Nat. Rev. Dis. Prim. 5, 79 (2019).
7. Ouk, V. et al. High prevalence of ceftriaxone-resistant and XDR

Neisseria gonorrhoeae in several cities of Cambodia, 2022-23:WHO
Enhanced Gonococcal Antimicrobial Surveillance Programme
(EGASP). JAC Antimicrob. Resist. 6, dlae053 (2024).

8. Lan, P. T. et al. The WHO Enhanced Gonococcal Antimicrobial
Surveillance Programme (EGASP) identifies high levels of ceftriax-
one resistance across Vietnam, 2023. Lancet Region. Health West.
Pac. 48, 101125 (2024).

Article https://doi.org/10.1038/s41467-025-63508-w

Nature Communications |         (2025) 16:8309 11

https://doi.org/10.2210/pdb9S5X/pdb
www.nature.com/naturecommunications


9. Payne, D. J. et al. Discovery of a novel and potent class of FabI-
directed antibacterial agents. Antimicrob. Agents Chemother. 46,
3118–3124 (2002).

10. Heath, R. J. & Rock, C.O. Fatty acid biosynthesis as a target for novel
antibacterials. Curr. Opin. Investig. Drugs 5, 146–153 (2004).

11. Gerusz, V. et al. From triclosan toward the clinic: discovery of
nonbiocidal, potent FabI inhibitors for the treatment of resistant
bacteria. J. Med. Chem. 55, 9914–9928 (2012).

12. Parker, E. N. et al. Implementation of permeation rules leads to a
FabI inhibitor with activity against Gram-negative pathogens. Nat.
Microbiol. 5, 67–75 (2020).

13. Asturias, F. J. et al. Structure and molecular organization of mam-
malian fatty acid synthase.Nat. Struct.Mol. Biol. 12, 225–232 (2005).

14. Remmele, C. W. et al. Transcriptional landscape and essential
genes of Neisseria gonorrhoeae. Nucleic acids Res. 42,
10579–10595 (2014).

15. Yao, J., Bruhn, D. F., Frank, M. W., Lee, R. E. & Rock, C. O. Activation
of exogenous fatty acids to acyl-acyl carrier protein cannot bypass
FabI inhibition in Neisseria. J. Biol. Chem. 291, 171–181 (2016).

16. Wittke, F. et al. Afabicin, a first-in-class antistaphylococcal anti-
biotic, in the treatment of acute bacterial skin and skin structure
infections: clinical noninferiority to vancomycin/linezolid. Anti-
microb. Agents Chemother. 64, e00250–00220 (2020).

17. Hafkin, B., Kaplan, N. & Murphy, B. Efficacy and safety of AFN-1252,
the first staphylococcus-specific antibacterial agent, in the treat-
ment of acute bacterial skin and skin structure infections, including
those in patients with significant comorbidities. Antimicrob. Agents
Chemother. 60, 1695–1701 (2015).

18. Unemo, M. et al. The novel 2024 WHO Neisseria gonorrhoeae
reference strains for global quality assurance of laboratory inves-
tigations and superseded WHO N. gonorrhoeae reference strains—
phenotypic, genetic and reference genome characterisation. J.
Antimicrob. Chemother. 79, 1885–1899 (2024).

19. Altschul, S. F. et al. Gapped BLAST and PSI-BLAST: a new genera-
tion of protein database search programs. Nucleic acids Res. 25,
3389–3402 (1997).

20. Apicella, M. A. et al. The pathogenesis of gonococcal urethritis in
men: confocal and immunoelectron microscopic analysis of ure-
thral exudates from men infected with Neisseria gonorrhoeae. J.
Infect. Dis. 173, 636–646 (1996).

21. Jarvis, G. A., Li, J. & Swanson, K. V. Invasion of human mucosal
epithelial cells byNeisseria gonorrhoeae upregulates expression of
intercellular adhesion molecule 1 (ICAM-1). Infect. Immun. 67,
1149–1156 (1999).

22. Kaplan, N. et al. Mode of action, in vitro activity, and in vivo efficacy
of AFN-1252, a selective antistaphylococcal FabI inhibitor. Anti-
microb. Agents Chemother. 56, 5865–5874 (2012).

23. Masuko, A. et al. In vitro and in vivo activities of TP0480066, a novel
topoisomerase inhibitor, against Neisseria gonorrhoeae. Anti-
microb. Agents Chemother. 65, e02145–20 (2021).

24. Heimbach, T. et al. Enzyme-mediated precipitation of parent drugs
from their phosphate prodrugs. Int. J. Pharm. 261, 81–92 (2003).

25. Rautio, J. et al. Prodrugs: design and clinical applications. Nat. Rev.
Drug Disc. 7, 255–270 (2008).

26. Rautio, J., Meanwell, N. A., Di, L. & Hageman, M. J. The expanding
role of prodrugs in contemporary drug design and development.
Nat. Rev. Drug Disc. 17, 559–587 (2018).

27. McComb, R., Bowers, G. & Posen, S. Alkaline Phosphatase. Vol. 9,
986 (Plenum Press, 1979).

28. Yuan, H., Li, N. & Lai, Y. Evaluation of in vitro models for screening
alkaline phosphatase-mediated bioconversion of phosphate ester
prodrugs. Drug Metab. disposition: Biol. Fate Chem. 37, 1443–1447
(2009).

29. Connolly, K. L. et al. Pharmacokinetic data are predictive of in vivo
efficacy for cefixime and ceftriaxone against susceptible and

resistant Neisseria gonorrhoeae strains in the gonorrhea mouse
model. Antimicrob. Agents Chemother. 63, e01644–18 (2019).

30. Basarab, G. S. et al. Responding to the challenge of untreatable
gonorrhea: ETX0914, a first-in-class agent with a distinct
mechanism-of-action against bacterial Type II topoisomerases. Sci.
Rep. 5, 11827 (2015).

31. Bulik, C. C. et al. Pharmacokinetic-pharmacodynamic evaluation of
gepotidacin against Gram-positive organisms using data from
murine infection models. Antimicrob. Agents Chemother. 61,
e00115–16 (2017).

32. Louie, A., Liu, W., Kulawy, R. & Drusano, G. L. In vivo pharmacody-
namics of torezolid phosphate (TR-701), a new oxazolidinone anti-
biotic, against methicillin-susceptible and methicillin-resistant
Staphylococcus aureus strains in a mouse thigh infection model.
Antimicrob. Agents Chemother. 55, 3453–3460 (2011).

33. Silver, L. L. Appropriate targets for antibacterial drugs. Cold Spring
Harb. Perspect. Med. 6, a030239 (2016).

34. Brötz-Oesterhelt, H. & Brunner, N. A. How many modes of action
should an antibiotic have?. Curr. Opin. Pharmacol. 8, 564–573
(2008).

35. Parker, E. N. et al. An Iterative Approach Guides Discovery of the
FabI Inhibitor Fabimycin, a Late-Stage Antibiotic Candidate with In
VivoEfficacy against Drug-ResistantGram-Negative Infections.ACS
Cent. Sci. 8, 1145–1158 (2022).

36. Yao, J., Maxwell, J. B. & Rock, C. O. Resistance to AFN-1252 arises
from missense mutations in Staphylococcus aureus enoyl-acyl
carrier protein reductase (FabI). J. Biol. Chem. 288, 36261–36271
(2013).

37. Schiebel, J. et al. Staphylococcus aureus FabI: inhibition, substrate
recognition, and potential implications for in vivo essentiality.
Structure 20, 802–813 (2012).

38. Maltarollo, V. G. et al. Do go chasing waterfalls: Enoyl reductase
(FabI) in complex with inhibitors stabilizes the tetrameric structure
and opens water channels. J. Chem. Inf. Model. 62, 5746–5761
(2022).

39. Demissie, R., Kabre, P. & Fung, L. W. Nonactive-site mutations in S.
aureus FabI that induce triclosan resistance. ACS Omega 5,
23175–23183 (2020).

40. Igawa, G. et al. Neisseria cinerea with high ceftriaxone MIC is a
source of ceftriaxone and cefixime resistance-Mmdiating penA
sequences in Neisseria gonorrhoeae. Antimicrob. Agents Che-
mother. 62, e02069–17 (2018).

41. Goytia, M. & Wadsworth, C. B. Canary in the coal mine: How resis-
tance surveillance in commensals could help curb the spread of
AMR in pathogenic Neisseria. mBio 13, e0199122 (2022).

42. Wadsworth, C. B., Arnold, B. J., Sater, M. R. A. & Grad, Y. H. Azi-
thromycin resistance through interspecific acquisition of an
epistasis-dependent efflux pump component and transcriptional
regulator in Neisseria gonorrhoeae. mBio 9, e01419–18 (2018).

43. Spratt, B. G., Bowler, L. D., Zhang, Q. Y., Zhou, J. & Smith, J. M. Role
of interspecies transfer of chromosomal genes in the evolution of
penicillin resistance in pathogenic and commensal Neisseria spe-
cies. J. Mol. Evol. 34, 115–125 (1992).

44. Connolly, K. L. et al. Preclinical testing of vaccines and therapeutics
for gonorrhea in female mouse models of lower and upper repro-
ductive tract infection. J. Infect. Dis. 224, S152–s160 (2021).

45. Martin, J. K. 2nd et al. A dual-mechanism antibiotic kills Gram-
negative bacteria and avoids drug resistance. Cell 181,
1518–1532.e1514 (2020).

46. Aron, Z. D. et al. trans-Translation inhibitors bind to a novel site on
the ribosome and clear Neisseria gonorrhoeae in vivo. Nat. Com-
mun. 12, 1799 (2021).

47. Youse, M. S. et al. Optimization of ethoxzolamide analogs with
improved pharmacokinetic properties for in vivo efficacy against
Neisseria gonorrhoeae. J. Med. Chem. 67, 15537–15556 (2024).

Article https://doi.org/10.1038/s41467-025-63508-w

Nature Communications |         (2025) 16:8309 12

www.nature.com/naturecommunications


48. Abutaleb, N. S., Elhassanny, A. E. M. & Seleem,M. N. In vivo efficacy
of acetazolamide in a mouse model of Neisseria gonorrhoeae
infection. Microb. Pathogenesis 164, 105454 (2022).

49. Elhassanny, A. E. M., Abutaleb, N. S. & Seleem, M. N. Auranofin
exerts antibacterial activity against Neisseria gonorrhoeae in a
female mouse model of genital tract infection. PLoS ONE 17,
e0266764 (2022).

50. Chisholm, S. A. et al. Cephalosporin MIC creep among gonococci:
time for a pharmacodynamic rethink?. J. Antimicrob. Chemother.
65, 2141–2148 (2010).

51. Moran, J. S. & Levine, W. C. Drugs of choice for the treatment of
uncomplicated gonococcal infections. Clin. Infect. Dis. 20,
S47–S65 (1995).

52. World Health Organization Target Product Profile for Therapy of
Diagnosed Uncomplicated Gonorrhoea. (JSTOR, 2020).

53. Ramnauth, J. et al. 2,3,4,5-Tetrahydro-1H-pyrido[2,3-b and e][1,4]
diazepines as inhibitors of the bacterial enoyl ACP reductase, FabI.
Bioorg. Med. Chem. Lett. 19, 5359–5362 (2009).

54. Gerusz, V. et al.WO2020099341AntibioticCompounds,Methods of
Manufacturing the Same, Pharmaceutical Compositions Containing
the Same and Uses Thereof. WO/2020/099341, WIPO (2020).

55. Kabsch, W. XDS. Acta Crystallogr. Sect. D., Biol. Crystallogr. 66,
125–132 (2010).

56. Vonrhein, C. et al. Data processing and analysis with the autoPROC
toolbox. Acta Crystallogr. Sect. D. Biol. Crystallogr. 67, 293–302
(2011).

57. Agirre, J. et al. The CCP4 suite: integrative software for macro-
molecular crystallography. Acta Crystallogr. Sect. D., Struct. Biol.
79, 449–461 (2023).

58. McCoy, A. J. et al. Phaser crystallographic software. J. Appl. Crys-
tallogr. 40, 658–674 (2007).

59. Rao, N. K. et al. Ternary complex formation of AFN-1252 with Aci-
netobacter baumannii FabI and NADH: Crystallographic and bio-
chemical studies. Chem. Biol. Drug Des. 96, 704–713 (2020).

60. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and
development ofCoot.ActaCrystallogr. Sect. D. Biol.Crystallogr.66,
486–501 (2010).

61. Murshudov, G. N., Vagin, A. A. & Dodson, E. J. Refinement of mac-
romolecular structures by the maximum-likelihood method. Acta
Crystallogr. Sect. D. Biol. Crystallogr. 53, 240–255 (1997).

62. Lovell, S. C. et al. Structure validation by Calpha geometry: phi,psi
and Cbeta deviation. Proteins 50, 437–450 (2003).

63. CLSI. M07 Methods for Antimicrobial Susceptibility Testing of
Aerobic Bacteria, 11th Edition. (Clinical Laboratory Standards Insti-
tute, USA, 2018).

64. CLSI. M100 Performance Standards for Antimicrobial Susceptibility
Testing, 13th Edition. (Clinical Laboratory Standards Institute,
USA, 2020).

65. CLSI. M26-A Methods for Determining Bactericidal Activity of Anti-
microbial Agents; Approved guideline. (Clinical Laboratory Stan-
dards Institute, USA, 1999).

66. Madeira, F. et al. The EMBL-EBI Job Dispatcher sequence analysis
tools framework in 2024.Nucleic Acids Res. 52, W521–w525 (2024).

67. Letunic, I. & Bork, P. Interactive Treeof Life (iTOL) v6: recent updates
to the phylogenetic tree display and annotation tool. Nucleic Acids
Res. 52, W78–w82 (2024).

68. Mallegol, J., Fernandes, P., Seah, C., Guyard, C. & Melano, R. G.
Determination of in vitro activities of solithromycin at different pHs
and its intracellular activity against clinical isolates of Neisseria
gonorrhoeae from a laboratory collection. Antimicrob. Agents
Chemother. 57, 4322–4328 (2013).

69. Lu, P. et al. A subpopulation of intracellular Neisseria gonorrhoeae
escapes autophagy-mediated killing inside epithelial cells. J. Infect.
Dis. 219, 133–144 (2019).

70. Hubatsch, I., Ragnarsson, E. G. & Artursson, P. Determination of
drug permeability and prediction of drug absorption in Caco-2
monolayers. Nat. Protoc. 2, 2111–2119 (2007).

71. Peng, Y., Yadava, P., Heikkinen, A. T., Parrott, N. & Railkar, A.
Applications of a 7-day Caco-2 cell model in drug discovery and
development. Eur. J. Pharm. Sci. 56, 120–130 (2014).

72. Fenech, M. The in vitro micronucleus technique. Mutat. Res. 455,
81–95 (2000).

73. Ames, B. N., McCann, J. & Yamasaki, E. Methods for detecting car-
cinogens and mutagens with the Salmonella/mammalian-micro-
some mutagenicity test. Mutat. Res. 31, 347–364 (1975).

74. Clive, D., Johnson, K. O., Spector, J. F., Batson, A. G. & Brown,
M. M. Validation and characterization of the L5178Y/TK+/−
mouse lymphoma mutagen assay system. Mutat. Res. 59,
61–108 (1979).

75. National Research Council.Guide for the care and use of laboratory
animals (National Academies Press, 2011).

76. EUCAST. Breakpoint Tables for interpretation of MICs and zone
diameters, version 14.0. (EUCAST, 2020).

Acknowledgements
CARB-X funding for this research is supported by federal funds from the
U.S. Department of Health and Human Services (HHS); Administration
for Strategic Preparedness and Response; Biomedical Advanced
Research and Development Authority; UK Department of Health and
Social Care (GAMRIF); under agreement number 75A50122C00028, and
by awards from Wellcome (WT224842) and Germany’s Federal Ministry
of Education and Research (BMBF). The content of this manuscript is
solely the responsibility of the authors and does not necessarily repre-
sent the official views of CARB-X or its funders. This work utilised NIAID’s
suite of preclinical services for preclinical models of infectious diseases
(Contract No. HHSN272201700020I/75N93023F00002). All in vivo
animal models were performed at Pharmacology Discovery Services,
Taiwan. We acknowledge the efforts of Camille Kowalski, Daniel Biasse
and Caroline Mathon, and the staff of the Translational Laboratory at
Debiopharm. We thank Zrinka Ivezic Schoenfeld for her insights that
improved the manuscript. We also acknowledge the contribution of the
teams at Jubilant Biosys, Eurofins Cerep, France; European Research
Biology Centre, France and Italy; Admescope, Finland, Noida, India;
Sygnature Discovery, Nottingham, UK; Evotec International GmbH,
France; and Micromyx/Microbiologics, Kalamazoo, MI, USA.

Author contributions
V.G., P.R., Q.R., V.M., T.F., M.G., R.L., A.A., D.P., M.M., V.T., and M.S.
contributed to medicinal chemistry design, compound synthesis, ana-
lytics and formulation. J.B., G.D., N.K., M.L., D.A., V.R., P.D., F.B., J.A., S.J.,
M.U., and D.R.C. evaluated antibacterial properties, enzymology and/or
microbiology. L.F.D. and J.B. were responsible for ADME. J.H.P. was
responsible for toxicology. C.R. and F.C. performed crystallographic
studies. J.D., L.F.D., X.L., S.D., M.U., and D.R.C. contributed to in vivo
efficacy assessments. V.G. and D.R.C. wrote the manuscript with input
from all authors.

Competing interests
V.G., V.T., M.S., J.B., and T.F. are listed as inventors on the patent
application WO2020099341 “Antibiotic compounds, methods of man-
ufacturing the same, pharmaceutical compositions containing the same
and uses thereof” which covers compound 2, Debio 1453 and Debio
1453P listed in thismanuscript.V.G., P.R.,Q.R., V.M.,M.G., R.L., A.A., D.P.,
M.M., were each employees of Debiopharm Research and Manufactur-
ing SA. J.D., X.L., J.H.P., L.F.D., J.B., G.D., T.F., P.D., F.B., and D.R.C. were
each employees of Debiopharm International SA. S.D. and N.K. were
paid consultants of Debiopharm International SA. The remaining authors
declare no competing interests.

Article https://doi.org/10.1038/s41467-025-63508-w

Nature Communications |         (2025) 16:8309 13

www.nature.com/naturecommunications


Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-025-63508-w.

Correspondence and requests for materials should be addressed to
Vincent Gerusz or David R. Cameron.

Peer review information Nature Communications thanks Charlene
Kahler, and the other, anonymous, reviewer(s) for their contribution to
the peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article's Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article's Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2025

1Debiopharm Research and Manufacturing SA, Martigny, Switzerland. 2Debiopharm International SA, Lausanne, Switzerland. 3Antimicrobial Pharmacody-
namics and Therapeutics, Department of Pharmacology, University of Liverpool, Liverpool Health Partners, Liverpool, UK. 4Nobelex Biotech, Inc., Toronto,
ON, Canada. 5Sygnature Discovery, Biocity, Nottingham, UK. 6Novalix, Strasbourg, France. 7WHO Collaborating Centre for Gonorrhoea and Other STIs,
National Reference Laboratory for STIs, Department of LaboratoryMedicine, Faculty ofMedicine andHealth,ÖrebroUniversity,Örebro, Sweden. 8Institute for
Global Health, University College London (UCL), London, UK. e-mail: vincent.gerusz@debiopharm.com; david.cameron@debiopharm.com

Article https://doi.org/10.1038/s41467-025-63508-w

Nature Communications |         (2025) 16:8309 14

https://doi.org/10.1038/s41467-025-63508-w
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:vincent.gerusz@debiopharm.com
mailto:david.cameron@debiopharm.com
www.nature.com/naturecommunications

	The bactericidal FabI inhibitor Debio 1453 clears antibiotic-resistant Neisseria gonorrhoeae infection in vivo
	Results
	Development of NgFabI inhibitors and the discovery of Debio 1453
	Debio 1453 activity against N. gonorrhoeae and non-gonococcal Neisseria spp. in vitro
	Debio 1453 in vitro time-kill kinetics
	Debio 1453 selection for mutants with reduced in vitro susceptibility
	Development of phosphate prodrug Debio 1453 P for in vivo assessments
	Debio 1453 demonstrates low potential for toxicity in vitro
	Debio 1453 efficacy in N. gonorrhoeae-infected mice
	Debio 1453 efficacy in surrogate Staphylococcus aureus-infected neutropenic mice

	Discussion
	Methods
	Chemical synthesis
	Compound 1
	Compound 2
	Debio 1453
	Debio 1453 P

	Solubility determination
	Kinetic solubility of Debio 1453
	Solubility of Debio 1453 P

	Co-crystallisation
	NgFabI inhibitory assays
	Bacterial growth conditions
	MIC determinations and time-kill assays
	In silico comparison of FabI across Neisseria species
	Intracellular killing
	In vitro selection of mutants with reduced Debio 1453 susceptibility
	DNA sequencing
	Caco-2 permeability and in vitro hepatic clearance determinations
	Genotoxicity assessments
	Cytotoxicity assessment
	Plasma protein binding determination
	Neisseria gonorrhoeae murine vaginal infection model
	Staphylococcus aureus neutropenic murine thigh infection model
	Ceftriaxone PK simulation
	Statistical analysis
	Ethics statement
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




