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Alpibectir–Ethionamide combination (AlpE)
for the treatment of tuberculosis
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Maria Jose Rebollo López9, Sonja Ghidelli-Disse10, Thilo Werner10, Lluis Ballell9,
David Barros-Aguirre 9, Vanessa Mathys 11, Karine Soetaert11,
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Benoit Deprez 12,13,15, Nicolas Veziris4,6, Modesto J. Remuiñán9,15,
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Ethionamide (Eto) and prothionamide (Pto) are second-line antibiotics used
for tuberculosis (TB) treatment. Both are prodrugswhose antibacterial activity
depends onbioactivation by oxidases inMycobacterium tuberculosis, including
the Baeyer-Villiger monooxygenase MymA. Through biophysical, genetic, and
cellular assays, we show that the clinical candidate alpibectir (Alp, BVL-
GSK098) binds the transcriptional regulator VirS, increasingMymAexpression
and potentiating Eto and Pto activity. Alpibectir also boosts the activity of the
corresponding host-derived sulfoxide metabolites. We additionally show that
alpibectir exhibits intrinsic antibacterial activity via overexpression of the
mymA operon. The alpibectir/Eto (AlpE) combination is rapidly bactericidal in
vitro and in mice, lowers the frequency of spontaneous resistance of Eto, and
remains active on Eto- and isoniazid-resistant strains, including isolates with
inhA promoter mutations. Alpibectir was safe in a Phase 1 human clinical trial.
Together with the potentiation data presented here, these findings highlight
its potential to optimize TB chemotherapy by reducing Eto/Pto doses, which
can minimize dose-related side effects, enhancing adherence.

Tuberculosis (TB) is one of the leading causes of mortality worldwide1.
Its causative agent is the bacterial pathogen Mycobacterium tubercu-
losis (M. tuberculosis). The impact of the COVID-19 pandemic has been
profound, resulting in a setback in diagnosis and treatment, reversing
years of hard-won progress in reducing TB fatalities and underscoring
the critical need to strengthen research andmedical efforts to combat
this persistent scourge. The growing threat of drug-resistant TB
exacerbates this challenge, necessitating the use of less efficient and

less safe second-line drugs2,3, thereby prolonging the treatment dura-
tion and diminishing its success.

Thioamides, including ethionamide (Eto) and prothionamide
(Pto), are recommended by the World Health Organization (WHO) as
second-line agents for treating drug-resistant pulmonary TB3 and as
first-line treatment for TB meningitis4. Despite their efficacy, these
drugs pose a hurdle to treatment adherence due to dose-dependent
adverse events5,6. Eto and Pto are prodrugs, so their antibacterial
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activity is linked to their level of bioactivation. The main bioactivating
enzyme is the mycobacterial monooxygenase EthA, which initiates a
series of catalytic events leading to the formation of an Eto/Pto-NAD
adduct targeting InhA, an enoyl-reductase playing a pivotal role in the
synthesis of mycolic acid in the mycobacterial cell envelope7,8. The
expression of EthA is repressed by the transcriptional regulator EthR9.
Inhibition of EthR by small molecules was shown to enhance EthA
expression10–17. The most potent EthR inhibitor, BDM41906, demon-
strated increased biotransformation of Eto and its major metabolite
ethionamide-sulfoxide (Eto-SO) by EthA, and increased the suscept-
ibility of M. tuberculosis to both Eto and Eto-SO in vitro18 and to Eto
in vivo13,18,19. Although this was an exciting proof of concept, the ther-
apeutic potential was constrained. The continuous use of Eto and Pto
over the last 60 years has led to the selection of resistant clinical
isolates mutated in ethA, rendering these strains resistant to Eto/Pto,
even in combination with BDM41906.

An unexpected rebound of optimism in this strategy emerged
with our discovery of compounds capable of stimulating the expres-
sion of alternative Eto/Pto activation pathways20,21. Specifically,
SMARt751 was shown to interact with VirS and induce the over-
expression of the mymA operon, which was concomitantly identified
for its ability to activate Eto. Importantly, by stimulating Eto activation
through the upregulation of MymA, SMARt751 not only enhanced Eto
efficacy but also circumvented resistance to Eto in clinical strains
mutated in ethA21. However, despite these promising effects, SMARt751
also triggered activation of peroxisome proliferator-activated recep-
tors alpha (PPARα) and the constitutive androstane receptor (CAR) at
all tested doses in vivo. Due to these potential drug metabolism and
pharmacokinetics (DMPK) and safety concerns, further development
of SMARt751 was not pursued. Nevertheless, a multi-parametric lead
optimization program led to the design of alpibectir, which demon-
strated microbiological efficacy, pharmacokinetic properties, and
safety profiles adequate for clinical development (manuscript in
preparation).

Here, we elucidated the complex mode of action of alpibectir,
linked to its molecular interaction with VirS. The ability of alpibectir to
stimulate the mymA operon leads to a triple effect on the bacteria.
First, overexpression ofmymA improves the bioactivation of both Eto
and its major metabolite Eto-SO. Importantly, alpibectir overcomes
acquired Eto resistance by circumventing EthA-dependent Eto bioac-
tivation. Finally, alpibectir has its own growth inhibitory effect, intri-
guingly, also subordinated to the overexpression of themymA operon.
The confluence of these effects allows alpibectir to potentiate the
antibacterial activity of Eto in vivo in a 4-week acute murine model of
TB and makes the combination a powerful anti-TB medication candi-
date. Alpibectir was safe and well tolerated in a Phase I clinical trial22

and a Phase 2a study (NCT05473195) has established a proof of con-
cept for the combination in patients with pulmonary TB23. Alpibectir is
envisaged for future use in combination with Eto and Pto in patients
with isoniazid (INH) mono-resistant or multidrug-resistant (MDR) TB,
including TB meningitis.

Results
Alpibectir enhances Eto activity against M. tuberculosis
The antibacterial activity of the alpibectir/Eto (AlpE) combination on
M. tuberculosis was first assessed using a checkerboard microtiter
assay (Fig. 1). Bacterial growth was monitored by quantifying fluores-
cence intensity of a GFP-expressing M. tuberculosis H37Rv strain after
5 days of incubation. Concentration-response curves of Eto were
plotted for each individual concentration of alpibectir tested. IC50 and
IC90 extrapolated from each curve refer to the concentrations of Eto
required to inhibit 50%and90%of bacterial fluorescence, respectively.
The IC50 and IC90 values of Eto alone were found to be 1.0mg/L and
3.7mg/L. In this assay, a concentration of 0.03mg/L (100 nM) of alpi-
bectir was found to reduce the IC90 value of Eto bymore than 100-fold

(down to 0.03mg/L). Maximum potentiation of Eto activity (almost
200-fold reduction in the IC90 of Eto) was observed at a concentration
of 0.1mg/L (300nM) of alpibectir (Fig. 1E).

Strikingly, we also observed concentration-dependent growth
inhibition by alpibectir in the absence of Eto (Fig. 1C). We confirmed
through optical density measurements that the decrease in fluores-
cence observed upon treatment with alpibectir alone was due to
bacterial growth inhibition and not to dose-dependent quenching of
bacterial fluorescence by alpibectir (SI Fig. 1). These results reveal that
alpibectir not only potentiates Eto but can also contribute by itself to
the inhibition of M. tuberculosis growth. Interestingly, close structural
analogues of alpibectir that lack Eto-boosting activity also lack intrinsic
growth inhibition, consistent with a narrow structural requirement
shared between both activities (SI Fig. 2).

Alpibectir boosts Eto activity in infected macrophages
In the context of infection,M. tuberculosisprimarily resideswithin host
cells24. Therefore, penetration of host cells and the effectiveness of
anti-TB drugs within the intracellular environment are crucial for
treatment success. The antibacterial activity of Eto in the presence of
alpibectir was assessed on luminescent M. tuberculosis H37Rv in
infected THP-1 cells by measuring the luminescence of intracellular
bacteria. As a control, macrophages were confirmed to be viable irre-
spective of drug treatment (SI Fig. 3). The maximum intrinsic activity
and boosting effect of alpibectir were observed at a concentration of
≤0.03mg/L, reducing the IC90 of Eto from 0.1mg/L (in the absence of
alpibectir) to 0.01mg/L (Fig. 1F).

These experiments demonstrate that alpibectir is highly potent
in increasing the antibacterial activity of Eto in infected macro-
phages. A comparable boost of Eto activity was observed in an
independent macrophage survival assay that quantifies protection
from infection-induced macrophage lysis (SI Fig. 4). In this assay,
however, alpibectir used alone showed no detectable intrinsic
activity, suggesting that while it can inhibit intracellular bacterial
growth, the effect is insufficient on its own to prevent macrophage
lysis (Fig. 1F).

Alpibectir preferentially activates the VirS/MymA pathway
We then assessed the impact of alpibectir on the transcriptome and
proteome of M. tuberculosis. When M. tuberculosis was exposed to a
concentration of 0.1mg/L of alpibectir, RNA-seq identified 37 genes
that were upregulated by more than two-fold (Fig. 2). Notably, the
most prominently overexpressed mRNAs corresponded to the virS-
mymA regulon (rv3082c to rv3089), a profile reminiscent of what was
previously observed with SMARt75121. The transcription of rv0077c,
the gene encoding the oxidoreductase EthA221, was also increased,
although to a lesser extent. The addition of Eto did not change the
transcriptomics profile induced by alpibectir, indicating that Eto does
not interfere with the alpibectir-mediated induction of the mymA
operon (SI Table 1).

Next, we quantified modifications of the M. tuberculosis global
proteome upon treatment with alpibectir (SI Table 1). We compared
the total protein content of an M. tuberculosis culture treated with
alpibectir to that of a culture treated with DMSO using isobaric
labelling-based mass spectrometry25. Out of the approximately 2,200
proteins identified, 9 proteins were overproduced upon alpibectir
treatment. Eight of them correspond to the proteins of the virS-mymA
regulon and the ninth is the EthA2 protein.

These findings confirm that the observed rise in transcription of
the virS-mymA and ethR2-ethA2 regulons induced by alpibectir treat-
ment leads to an increased production of their corresponding pro-
teins. Altogether, this underscores the exceptional functional
selectivity of alpibectir, which has virtually no other effect than pre-
dominantly stimulating the mymA operon, and to a lesser extent the
ethA2 gene. Notably, while a tenfold reduction in EthA protein
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Fig. 1 | Effect of alpibectir on the susceptibility ofM. tuberculosisH37Rv to Eto.
A Checkerboard assay with increasing Eto and alpibectir concentrations. The
fluorescenceof aGFP-expressingM. tuberculosis strainwasmeasured after 5 days of
incubationwith the correspondingdrug concentrations.BConcentration-response
curve obtained for Eto in the absenceof alpibectir.CConcentration-response curve
obtained for alpibectir in the absence of Eto. D Eto concentration-response curves

for each alpibectir concentration. E IC90 of Eto at different concentrations of
alpibectir. F Eto concentration-response curves and IC90 of Eto alone or in com-
bination with alpibectir against intracellular H37Rv. Luminescence of intracellular
H37Rv was measured after 5 days of incubation. Results shown are representative
of 3 biological replicates. Data points represent the mean± standard deviation of 2
technical replicates. Source data are provided as a Source Data file.
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production was observed, no significant change in ethA expression
(less than a 2-fold difference) was detected.

Alpibectir modifies VirS activity through direct interactions
Transcriptomic data suggest that alpibectir may interact with the
transcriptional regulator VirS to stimulate the expression of the virS/
mymA operon. Here we wanted to elucidate whether this stimulation
involves direct or indirect interactions between alpibectir and VirS.
First, we developed a synthetic gene circuit in mammalian cells that
quantitatively reports the expression of the secreted alkaline phos-
phatase (SEAP) gene, designed to sense interactions between the
bacterial protein VirS and its cognate DNA operator region in a con-
trolled biological context devoid of other bacterial proteins. We
observed a strong concentration-dependent reduction of SEAP pro-
duction upon alpibectir treatment (IC50 = 0.001mg/L) (Fig. 3A). Con-
versely, we showed that synthetic gene circuits designed to sense
interactions between EthR2 or EthR and their respective cognate DNA
operator were modestly impacted by alpibectir (IC50 = 0.27mg/L) or
not affected at all, respectively (SI Fig. 5). These findings are consistent
with the low change in transcriptomic level for ethA2 and ethA.

The direct binding between alpibectir and VirS was confirmed
using differential scanning fluorimetry, a method that assesses the
impact of a ligand on the temperature atwhich a protein unfolds26. The
assay revealed a concentration-dependent thermostabilizing effect of
alpibectir on VirS (Fig. 3B, C). Notably, the most pronounced stabili-
zation, resulting in a 10 °C increase in themelting temperature of VirS,
was achieved in the presence of an equimolar concentration of alpi-
bectir (Fig. 3C).

To improve our understanding of the direct interaction between
VirS and alpibectir, we co-crystallized their complex and refined the
crystal structure at a resolution of 1.49 Å (PDB ID 8RCX; SI Table 2).
Alpibectir resides within a fully enclosed and predominantly hydro-
phobic cavity of VirS. The carbonyl group of alpibectir establishes 2
hydrogen bonds with the Nδ2 side chain amides of Asn11 and Asn149
(Fig. 3D and Fig. 3E). Its piperidine moiety is anchored on one side
through the Ile80 side chain and on the opposite side by the Tyr129
and Ser146 side chains. The isoxazoline ring engages prominently with
the Met153 side chain, while Gly142 provides the necessary spatial
accommodation for the trifluoromethyl group adjacent to the CH2-
CH2 aliphatic chain of the compound. This trifluoromethyl group is
further stabilized by the side chains of Ile7, Leu49, Phe52, Val53, and
Ser146. The second trifluoromethyl group is anchored by the side
chains of Ile101, Leu114, Met153, and Phe197.

Conclusively, the integration of the transcriptomic and the
structural data presented herein indicates that the upregulation of the
mymA operon is caused by the direct physical interaction of alpibectir
with the putative ligand-binding domain of VirS.

To assess whether the specificity of alpibectir for VirS also trans-
lated in bacterio, we tested its impact on a virS mutated strain of M.
tuberculosis (strain 8 F with mutation Cys278Arg in VirS). Consistent
with published data, the loss of function mutation in virS resulted in a
slight decrease in susceptibility to Eto21,27 (Fig. 4). Alpibectir did not
restore Eto activity in strain 8 F, confirming the specificity of its activity
through VirS, and highlighting the central role of this transcriptional
regulator in controlling the boost of the bioactivation of Eto mediated
by alpibectir.

Strikingly, the mutation in virS (strain 8 F) not only abrogated the
Eto-boosting activity of alpibectir, but it also suppressed the intrinsic
antibacterial activity of alpibectir, leading to the conclusion that both
the boosting and the intrinsic activities of alpibectir are under the
control of VirS.

Alpibectir has distinct intrinsic and ethionamide boosting
actions
To delineate the intrinsic and the Eto-boosting activities of alpibectir,
we investigated additionalmutants in the virS-mymA regulon. Insertion
of a transposon into the mymA open reading frame (Rv3083::Tn),
which abrogates the expression of the entire operon without affecting
the expression of VirS, resulted in the lossof both the Eto-boosting and
intrinsic antibacterial activity of alpibectir (SI Table 3 and SI Fig. 7).
These findings rule out the possibility that the intrinsic antibacterial
activity of alpibectir results from the expression of any VirS-regulated
gene outside the virS-mymA regulon. They align with the RNAseq
experiments, which demonstrate that alpibectir predominantly mod-
ulates the expression level of the virS-mymA regulon. This suggests
that both the Eto-boosting effect and the intrinsic antibacterial activity
of alpibectir arise fromupregulationof themymAoperon. Remarkably,
the inactivation of adhD, the fourth gene in the operon, by homo-
logous recombination (which, in addition,might impact the alpibectir-
mediated overexpression of the genes downstream of adhD), resulted
in a complete loss of the intrinsic antibacterial activity of alpibectir,
without affecting its Eto-boosting effect (Fig. 5). Future studies aimed
at generating clean, non-polar deletions of genes within the mymA
operon and performing gene complementation experiments will be
necessary to fully elucidate the genetic basis of the intrinsic activity of
alpibectir.

In conclusion, by stimulating the expression of themymA operon,
alpibectir leads to two distinct outcomes: on one hand, the over-
production of the MymA protein potentiates the bioactivation of Eto;
on the other hand, the overexpression of adhD and/or of its down-
streamgenes directly or indirectly affects the growth ofM. tuberculosis
in vitro.
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AlpE is bactericidal against M. tuberculosis
Next, we assessed the speed of the anti-TB activity of AlpE using time-
kill curves. At a concentration near its MIC (2.5mg/L), Eto alone
exhibited a constant yet relatively slow bactericidal activity in vitro,
resulting in an approximate 4-log10 reduction of CFU in 7 days, never
reaching the limit of detection of 102 CFU/mL. After this 7-day period,
rapid regrowth was observed in the culture at day 21 (Fig. 6A). At a
tenfold higher Eto concentration (25mg/L), a similar initial rate of

CFU reduction was observed, reaching the detection limit after
14 days. Nonetheless, the onset of regrowth was observed by
21 days (Fig. 6A).

Conversely, combining Eto 2.5mg/L with alpibectir resulted in
rapid bactericidal activity, driving bacterial counts down to the
detection limit (10² CFU/mL) within 7 days, with no regrowth observed
up to 21 days. In comparison, as well-documented, INH at 10 times its
MIC (2.5mg/L) failed to prevent bacterial regrowth.
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provided as a Source Data file. B The thermal denaturation of VirS was monitored
using SYPRO Orange in the presence of increasing concentrations of alpibectir.
The fluorescence signalwas plotted as a function of temperature.α-latalbuminwas
used as a negative control (SI Fig. 6). Source data are provided as a SourceData file.
C The melting point (Tm) of VirS was obtained using the first-derivative of the
fluorescence as a function of temperature (-dF/dT) andwasplotted as a function of
ligand/proteinmolar ratio. Data points represent themean± standard deviation of
5 technical replicates.DAclose-up viewof the VirS-ligandbinding domain showing
the interactions between alpibectir and the protein. The VirS protein is shown as a
transparent cartoon. Alpibectir and interacting VirS amino acid side chains are

represented by stickswith nitrogen, oxygen,fluorine, and sulfur atoms in blue, red,
pink, and yellow, respectively, and carbon atoms in magenta (alpibectir) or cyan
(protein). The two asparagine amino acids, Asn11 and Asn149, which establish
hydrogen bonds with the drug are distinguished by their green-colored carbon
atoms. Gly142 is located by coloring (cyan) its Cα atom onto the protein ribbon.
The interacting residues are labelled, and the hydrogen bonds are represented by
dashedorange lines. Electrondensity of Fo-Fc omitmapcontoured at 2.0σ is shown
with a grey mesh around alpibectir. The image was produced by the PyMOL
Molecular Graphics System (version 2.4.0, Schrödinger, LLC). The inset shows the
structural formula of alpibectir. E A 2D schematic diagram of alpibectir-VirS
interactions generated by the program LigPlot+62. Oxygen, nitrogen, carbon, and
fluorine atoms are in red, blue, black, and pink, respectively. Hydrogen bonds are
shownas green dotted lineswith the distance indicated, while the blue spoked arcs
represent protein residues in contact with the alpibectir molecule.
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In comparison to the intrinsic growth-inhibitory activity shown in
Fig. 5, no bactericidal activity was observed when alpibectir was used
alone at concentrations up to 0.3mg/L, suggesting that it affects
bacterial fitness rather than viability. Similarly, AlpE was equally
effective in killing the H37Rv strain mutated in adhD, indicating that
the intrinsic effect of alpibectir does not contribute to the killing effect
of the combination nor does it accelerate it (Fig. 6B).

Alpibectir reduces the frequency of spontaneous
resistance to Eto
We then evaluatedwhether the enhanced killing effect of AlpE impacts
the frequency of resistance (FoR) of M. tuberculosis H37Rv compared
to Eto alone. INH andmoxifloxacin (Mox) were used as references. The
FoR to INH andMox (at 10-fold and 4-fold agarMIC, respectively) were
consistent with literature data28,29, with values around 10−6 and 10−8,
respectively. Eto at 2.5mg/L (agar MIC) resulted in a FoR of 5 × 10−7.
Remarkably, the combination of 0.012mg/L alpibectir with 2.5mg/L
Eto prevented the emergence of resistant colonies, indicating a FoR
below the detection limit of 10−9 (Table 1).

In thepresenceof alpibectir, resistantmutantswereonly obtained
at lower Eto concentrations, ranging from 0.375 to 1mg/L (SI Table 4).
Detailed analysis of these low-resistance clones revealed mutations in
genes previously associated with Eto resistance, namely ethA, mymA,
or virS. Four clones had simultaneous mutations in both ethA and
mymA (SI Table 5). Subsequently, the susceptibility of 14 resistant
clones to various anti-TB drugs was tested. All clones were sensitive to
moxifloxacin, linezolid, ethambutol, bedaquiline, rifampicin, and pre-
tomanid, indicating the absence of a global or specific mechanism of
cross-resistance between AlpE and other TB drugs (SI Fig. 8).

Alpibectir restores Eto and Pto activity in ethA mutants
Pto is the propyl analogue of Eto (SI Fig. 9). Both antibiotics are con-
sidered interchangeable for MDR-TB treatment regimens and for
treatment of tuberculous meningitis in adults and children5,30.

Since the efficacy of the prodrugs depends on their bioactivation
level, it is crucial to assess whether the overexpression of mymA
mediated by alpibectir potentiates Pto and Eto to the same extent. The
antibacterial activities of AlpE (alpibectir/ethionamide) and alpibectir/
prothionamide were compared against the H37Rv strain and various
isogenic clones with mutations in the ethR-ethA regulon, the virS-
mymA regulon, or both simultaneously (SI Fig. 10). The concentration-
response curves for Eto alone (IC50 = 1.18mg/L) and Pto alone
(IC50 = 0.31mg/L) were similar against H37Rv, with Pto being slightly
more potent. The inclusion of alpibectir similarly enhanced the effi-
cacy of Eto and Pto, shifting the IC50 values to 0.03mg/L for both (SI
Table 3). Consistent with published data, the potency of Eto and Pto

was compromised by the inactivation of ethA (Rv3854::Tn) or mymA
(Rv3083::Tn)27. Complete resistance to both thioamides was observed
in the double mutant strain CD6R1 (ethA-/mymA-), which lacks both
bioactivation pathways27. Remarkably, alpibectir restored the sensi-
tivity of both Eto and Pto in the ethA-deficient strain at levels equiva-
lent to those observed in H37Rv. This suggests that the enhanced
expression of the mymA operon induced by alpibectir achieves max-
imum activation of both prodrugs, irrespective of the ethA expression
level. As expected, alpibectir did not enhance Pto potency in the
mymA-deficient strain (Rv3083::Tn). This set of results collectively
demonstrates that alpibectir uniformly boosts the activity of both
thioamides through stimulation of the virS-mymA regulon, even in
strains that lack EthA production.

Alpibectir boosts the potency of Eto and Pto sulfoxide
metabolites
Upon oral administration, human flavin-containing monooxygenases
(FMO) convert some of the circulating Eto or Pto into sulfoxide deri-
vatives Eto-SO30–33 and Pto-SO (manuscript in preparation), respec-
tively. Interestingly, these intermediates are as active as their
corresponding parental prodrug. As already suggested by Vannelli and
colleagues34 and confirmed by us18,34, both Eto-SO and Pto-SO still
require M. tuberculosis FMOs such as EthA to be further transformed
and become effective. Interestingly, addition of alpibectir to Eto-SO
and Pto-SOboosted their respective potency against H37Rv in a similar
amplitude to the one observed with the respective parental com-
pounds (SI Table 3), showing that MymA, like EthA, is able to finalize
the transformation of the sulfoxide derivatives into active compounds.
Finally, the reduced potency of Eto-SO and Pto-SO observed against an
EthA-deficient mutant was fully restored by the addition of alpibectir.
This observation implies that both the parental prodrugs and their
respective SO derivatives, whether they are produced by the liver or
the lung FMOs, will be boosted by alpibectir.

Alpibectir boosts Eto in recombinant strains over-
expressing inhA
Although the intracellular activation of Eto and INH occurs through
distinct and independent enzymatic pathways, it results in the for-
mation of analogous covalent adducts between each drug and nicoti-
namide adenine dinucleotide (NAD). Both adducts subsequently
inhibit the enoyl reductase InhA, a key enzyme in mycolic acid
biosynthesis31–33. Here, we assessed the antibacterial activity of Eto
alone or in combination with alpibectir on M. tuberculosis over-
expressing inhA (SI Fig. 11). When inhA is expressed at basal level,
alpibectir decreased the IC50 of Eto from0.07 to 0.01mg/L, consistent
with the observed effect on theH37Rv strain (Fig. 1). Overexpression of
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inhA increased the IC50 of Eto from 0.07 to 1.4mg/L. Notably, treat-
ment of the inhA-overexpressing strainwith AlpE decreased the IC50 of
Eto from 1.4 to 0.3mg/L. This shows that alpibectir is potent enough to
enhance the efficacy of Eto, even when its target, InhA, is significantly
overproduced. This also suggests that the bioactivation of ethiona-
mide by MymA results in the formation of an NAD-adduct, similar to
the process observed with EthA. Addition of alpibectir did not impact
theMIC of INH, confirming that although InhA is targeted by both INH
and Eto, alpibectir is specific for the activation of Eto (SI Fig. 12).

AlpE inhibits growth of MDR-TB, including ethA and inhA
mutants
The in vitro susceptibility of M. tuberculosis to Eto alone or the com-
bination (AlpE) was assessed using liquid cultures (BACTECTM MGITTM

960). The activity is expressed as theMIC to suppress the growthof the
strains. First, the activity was assessed on the standard laboratory
strain H37Rv. The MIC was 1mg/L for Eto alone. In the presence of
alpibectir (tested at 0.017, 0.05, or 0.1mg/L), theMIC of Eto decreased
significantly to ≤0.031mg/L, once more demonstrating the strong Eto
potentiation by the booster (SI Table 6). The presence of alpibectir
alone did not inhibit the growth of the bacteria at any of the 3 con-
centrations tested. Next, we looked at a panel of INH-resistant M.
tuberculosis clinical strains (MIC> 0.1mg/L) that also exhibited cross-
resistance to Eto (MIC > 5mg/L). Among the 21 strains selected, 12 had
mutations in the inhA promoter and 16 had amutation in katG (S315T).
Most strains (18/21) were also resistant to rifampicin (Table 2). The

ability of alpibectir to potentiate Eto activity was evaluated on these
strains using alpibectir at 0.017mg/L or 0.05mg/L, combined with Eto
at 0.8mg/L. This concentration corresponds approximately to 1/6th of
the clinical breakpoint (5mg/L) above which strains are classified as
resistant to Eto35. This sub-inhibitory Eto concentration was chosen to
allow detection of changes in drug susceptibility of the strains to Eto in
the presence of alpibectir. The two alpibectir concentrations enable
the detection of a dose-dependent effect for certain strains with the
higher concentration capturing the full extent of Eto potentiation.

Remarkably, 11 (92%) of the 12 INHR/EtoR strains mutated in the
inhA promoter were re-sensitized to Eto 0.8mg/L in the presence of
0.05mg/L alpibectir and 9 strains (75%) were re-sensitized with
0.017mg/L alpibectir. All 9 INHR/EtoR clinical isolateswithoutmutation
in the promoter of inhAwere sensitive to 0.8mg/L Eto in the presence
of 0.017mg/L alpibectir. Alpibectir alone did not inhibit the growth of
any of the strains up to the highest tested concentration of 0.05mg/L.
Overall, 95% of INH/Eto cross-resistant isolates demonstrated sensi-
tivity to the combination of Eto (0.8mg/L) and alpibectir (0.05mg/L).
Only one isolate (13M2489, lineage 2) was unresponsive to the alpi-
bectir/Eto combination. Whole genome sequencing of this strain
revealed a large deletion in the virS/mymA regulon, consistent with the
proposedmode of action of alpibectir. Thismutation is extremely rare
among lineage 2 strains. In the CRyPTIC database, which includes data
from 12,287M. tuberculosis isolates, 4295 strains belong to lineage 2,
and none of these exhibits a complete deletion of the virS-mymA
regulon. It is worth noting, however, thatM. tuberculosis sublineage 4.8
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naturally harbors a similar large deletion encompassing the virS-mymA
regulon36, rendering these strains intrinsically unresponsive to alpi-
bectir. Accordingly, particular caution will be necessary in regions
where this sublineage is prevalent, to avoid lowering the Eto dose to
sub-MIC levels in patients infected with such strains.

AlpE is active in vivo in a 4-week acute murine model of TB
The ability of alpibectir to potentiate the activity of Eto was evaluated
in an acute mouse model of TB37,38. Mice were intravenously (IV)
infected with M. tuberculosis H37Rv and then treated for 28 days with
various doses of Eto, alone or in combination with alpibectir. In
untreated controls, lung bacillary load increased by +3.5 log10 CFU
(p < 0.0001) relative to the initial load of 5.4 log10 CFU at pre-

treatment. Oral administration of INH (25mg/kg q24h, reflecting the
human equivalent dose39) reduced the bacillary burden to 4.4 log10 at
D28 (p =0.06), equivalent to a 1 log10 reduction from the initial load
(Fig. 7, SI Table 7A).

Evaluation of Eto alone (5–200mg/kg) showed a dose-dependent
improvement in treatment efficacy; however, only the 200mg/kg dose
led to a statistically significant 1 log10 CFU reduction compared with
pre-treatment (SI Table 7B).

In mice treated solely with alpibectir at 0.1, 0.5, or 1.6mg/kg, lung
CFU counts at D28 did not fall below the initial load. Nevertheless, at
1.6mg/kg, alpibectir produced lower CFU counts than at 0.5 or 0.1mg/
kg, and was 2.1 log10 below the untreated control, consistent with the
intrinsic growth-inhibitory effect of alpibectir observed in vitro.

Combinations of alpibectir and Eto resulted in greater bacterial
load reduction: whereas Eto at 5mg/kg alone was onlymodestly active
(7.8 log10 CFU), adding alpibectir at 0.1, 0.5, or 1.6mg/kg reduced the
CFU counts by an additional 1.5 (p =0.0043), 2.8 (p < 0.0001), and 2.3
(p < 0.0001) log10, respectively (Fig. 7). Moreover, Eto doses of 15 or
50mg/kgcombinedwith0.5or 1.6mg/kg alpibectir decreased theCFU
counts by more than 1 log10 relative to pre-treatment levels. In com-
bination with alpibectir, Eto at 15mg/kg achievedmaximal bactericidal
activity (Emax). Increasing the ethionamide dose to 50mg/kg pro-
vided no additional benefit, suggesting that the pharmacological tar-
get, InhA, is already saturated at 15mg/kg. In contrast, the lowest
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Table 1 | Frequency of spontaneous resistance of M. tuber-
culosis H37Rv to INH, Mox, or Eto alone or combined with
alpibectir (AlpE)

Frequency of resistance to

INH
(2mg/L)

Mox
(0.32mg/L)

Eto
(2.5mg/L)

AlpE (Eto (2.5mg/L) +
alpibectir (0.012mg/L))

3 × 10−6 4 × 10−8 5 × 10−7 <1 × 10−9

Source data are provided as a Source Data file.
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tested dose of Eto (5mg/kg) failed to reach this level of activity, indi-
cating that the minimal effective Eto dose in the presence of alpibectir
lies between 5 and 15mg/kg in this murine model.

A sigmoidal dose-effect analysis (SI Fig. 13) indicated that an Eto
dose of ±90mg/kg was required to achieve a 1 log10 CFU reduction
compared with the initial bacillary load, matching the effect of 25mg/
kg INH. In contrast, in the presence of alpibectir at 0.1, 0.5, or 1.6mg/
kg, the Eto dose needed for this same reduction fell to 33.0, 7.5, and
8.5mg/kg, respectively. Notably, alpibectir at doses ≥0.5mg/kg low-
ered the required Eto dose by tenfold (SI Fig. 13). Strikingly, alpibectir
alone at 1.6mg/kgpreventedmortality (p = 0.0001), consistentwith its
impact on lung CFU counts (SI Fig. 14B) and with its intrinsic growth-
inhibitory activity observed in vitro. Although alpibectir at 0.1 and
0.5mg/kg also had a significant yetmoderate impact on survival (17%),
combining alpibectirwith as little as 5mg/kg Eto completely prevented
mortality (SI Fig. 14C).

Discussion
TB remains a significant global health problem1. In 2023, an estimated
10.8 million people fell ill with TB and 1.25 million died. Increasing
resistance of M. tuberculosis to currently available anti-TB drugs
threatens the progress made toward the global goal of TB elimination
in recent years. Designed to take control of specific gene expression in
the M. tuberculosis pathogen, alpibectir is a first-in-class compound
tested in human22.

Alpibectir is the culmination of more than two decades of
research aimed at stimulating the expression of genes involved in the
bioactivation of the prodrugs Eto and Pto15. The first generation of
compounds emerged from a target-based approach designed to inhi-
bit EthR, the transcriptional repressor of ethA, which encodes the

principal enzyme activating Eto inM. tuberculosis10. The leadmolecule,
BDM41906, over-sensitized bacteria to Eto by 20-fold in vitro but, as
anticipated, was ineffective against clinical strains harboring ethA
mutations, commonly observed in clinical practice. A second series of
compounds emerged serendipitously from a structural diversification
campaign around BDM41906. We observed that two families of com-
pounds lost all affinity for EthR but unexpectedly still boosted Eto
activity. SMARt420 and SMARt751, the lead representatives of these
families, were found to stimulate two alternative pathways of Eto-
activation: EthR2-EthA220 and VirS-MymA21, respectively. The key
finding of these studies was that these compounds not only enhanced
the potency of Eto against pan-sensitiveM. tuberculosis strains but also
restored full sensitivity to strains carrying ethA mutations, the pre-
dominant allele conferring Eto resistance in clinical settings.

Alpibectir has emerged from an intense optimization campaign
aimed at targeting VirS to enhance the expression of the mymA
operon. Through a series of biochemical and biophysical experiments,
we collected evidence that alpibectir directly interacts with VirS,
modulating its DNA-binding capabilities. The co-crystal structure
of the alpibectir-VirS complex revealed howalpibectir binds to theVirS
ligand-binding domain rather than the helix-turn-helix (HTH) region,
indicating an allosteric mechanism of action rather than steric inter-
ference at the regulator-DNA interface. The in-cell transcription
regulator-DNA binding assay further confirmed that alpibectir mod-
ulates VirS-driven activity, which was also shown to stimulate the
expression of themymA operon in our transcriptomics experiments40.

Unexpectedly, alpibectir alone exhibited a concentration-
dependent inhibitory effect on bacterial growth. Transcriptional ana-
lysis showed that alpibectir specifically stimulates the mymA operon.
Its selectivity in controllingmymA expression via interaction with VirS
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Fig. 7 | Lung CFU counts assessed at D28 in infected BALB/c mice treated with
Eto and alpibectir. # Lung CFU counts that are statistically significantly lower than
pre-treatment (p <0.05; exact values are given in SI Table 7A); * Lung CFU counts
that are statistically different compared to the groups without alpibectir
(p <0.0001 except for Eto 5mg/kg vs. Alpibectir 0.1mg/kg + Eto 5mg/kg whereby
p =0.004); ns non-significant difference; PT pre-treatment group; UT untreated
control group. The limit of detection was at 1.24 log10 CFU. The pre-treatment and

untreated groups contain data from 11 and 12 mice, respectively. The treated
groups contain data from 4, 5, or 6 mice. Each treatment group is colored differ-
ently. Data points represent the bacterial load per mouse. The means ± standard
deviations are given. Statistical analyses were performed using one-way ANOVA
(two-sided)with Dunnett’s test formultiple comparisons. Source data are provided
as a Source Data file.
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suggests that the compound’s intrinsic activity depends on one or
more genes within this operon. Supporting this hypothesis, the anti-
bacterial effect of alpibectir was completely abolished in virS ormymA
mutants. Further, we demonstrated that the intrinsic antibacterial
effect of alpibectir can be separated from its ability to enhance Eto
activity by genetically disrupting adhD, the fourth open reading frame
in the seven-member mymA operon, thereby altering alpibectir-
mediated overexpression of the remaining three downstream genes.

Interestingly, alpibectir’s intrinsic activity, demonstrated in vitro,
also manifested in vivo, as evidenced by reduced bacterial growth and
prevention of mortality in an acute mouse TB model. While this
intrinsic effect is largely masked by Eto co-treatment in vitro, its con-
tribution to limiting bacterial growth in vivo is evident. Additional
in vivo experiments involving the adhD mutant will be necessary to
further elucidate these mechanisms.

Due to the ethR/ethA-independent bioactivation mechanism,
alpibectir overcomes Eto resistance and keeps potent activity against
drug-resistant strains. Alpibectir restores the activity of Eto in ethA
mutants, which again confirms that its main mode of action is to
bioactivate Eto through the action of the EthA homologous enzyme
MymA. Eto bioactivation by EthA and MymA remains mechanistically
unresolved, and their relative catalytic contributions are unknown.
Nonetheless, alpibectir-driven upregulation of mymA increases Eto
potency relative to baseline, consistent with increased formation of
the activated species. Moreover, the growth protection conferred by
inhA overexpression, even in the presence of alpibectir, supports the
view that theMymA-catalyzedproduct is the Eto-NADadduct targeting
InhA, aligning with the established target-engagement model. Inter-
action with a relatively low amount of regulator protein (VirS) leading
to the production of a high amount of effector enzyme (MymA) and in
turn leading to the expected phenotype may be one of the greatest
benefits of using drugs targeting bacterial regulatory systems, like
alpibectir.

At the outset of this millennium, INH was often acknowledged as
the cornerstoneof thefirst-line regimen againstTBdue to its high early
bactericidal activity (EBA), achieving a remarkable80 to90% reduction
in viable bacilli in just 2 days41,42. However, INH mono-resistance is the
most prevalent form of drug-resistant TB worldwide (besides strep-
tomycin resistance), with estimates rising to 7% among new TB cases
and 8 to 11% among previously treated TB cases43,44, a total of
approximately 1 million cases annually. INH mono-resistant TB is
associated with a higher risk of acquiring further drug resistance,
evolving towards MDR-TB, and dramatically reducing treatment suc-
cess rate45–47. Consequently, agents with an EBA comparable to that of
INH, sharing the same mode of action without being perturbed by
existing INH resistance mechanisms, would certainly be a key asset to
be associated with new therapeutic regimens. Almost all Eto-resistant
clinical strains with inhA promoter mutations were re-sensitized to Eto
in thepresence of alpibectir, demonstrating that this compound is able
to potentiate the activity of Eto to such an extent that it compensates
for InhA overexpression. In addition, due to the use of a katG-inde-
pendent activation mechanism, AlpE is active on katG-mutated INH-
resistant strains. Combination with alpibectir lowered the concentra-
tion of Eto required for cidality and increased the rate of killing, AlpE
being as rapidly bactericidal as INH and much more efficient in con-
trolling regrowth in vitro. Finally, the presence of alpibectir drastically
reduced the frequency of resistance of Eto compared to the latter
alone. Due to this very favorable microbiological profile, AlpE has the
potential to become an essential drug for the treatment of INH mono-
resistant and M(X)DR TB as an alternative to fluoroquinolones or
linezolid, thereby fostering antibiotic stewardship.

The reason why Eto is used in the majority of programs instead of
Pto is poorly documented. The choice between using Eto or Pto can
vary based on several factors, including regional availability, cost, side
effect profiles, and historical treatment practices48. Alpibectir

increased the susceptibility of M. tuberculosis to both Eto and Pto,
equivalently.

In vivo in humans, an important fraction of Eto and Pto is meta-
bolized to a sulfoxide derivative (Eto-SO and Pto-SO) by the hostflavin-
monooxygenases FMO1, FMO2.1, and FMO349. These metabolites are
known to be as potent as their progenitor against M. tuberculosis
in vitro49,50. Because of a genetic polymorphism, Europeans and Asians
lack FMO2.1. However, in sub-Saharan Africa, a region in which TB is a
major health problem, a substantial proportion of individuals express
FMO2.1. In contrast to FMO1 and FMO3, which are expressed primarily
in the kidneys and liver, respectively, the main site of expression of
FMO2 is the lungs. Thus, it cannot be excluded that these poly-
morphisms, aswell as individual differences,might lead to variations in
the transformation of Eto and Pto to their corresponding sulfoxides. It
was thus essential to better understand how such possible differences
could produce possible discrepancies in the boosting efficacy of alpi-
bectir. Strikingly, we show here that alpibectir not only increases the
potency of Eto and Pto, but also of their sulfoxide metabolites. This
suggests that the final activity of AlpE or alpibectir/prothionamide is
independent of FMO polymorphism as thioamides and their metabo-
lites are potentiated equivalently.

Alpibectir was shown to be safe and well tolerated in a first-in-
human study with healthy participants22. Alpibectir was recently
investigated in a Phase 2a trial in South Africa; an open-label, rando-
mized, 2-stage clinical trial that recruited adults with newly diagnosed,
rifampicin- and isoniazid-susceptible pulmonary TB to determine
bactericidal activity, pharmacokinetics, safety, and tolerability of Eto
and alpibectir at various doses (NCT05473195). This trial established
proof of concept, demonstrating that 27mg of alpibectir potentiated
the bactericidal activity of 250mg of ethionamide to levels compar-
able to both the standard 750-mg ethionamide dose and 300mg of
isoniazid, while maintaining a favorable safety profile. These findings
position the alpibectir-ethionamide combination as a promising can-
didate for future TB treatment regimens23. Due to the novel mode of
action, this approach has the potential to create a paradigm shift in
treatment options for antimicrobial resistance.

Methods
Reagents and consumables
Alpibectir batch RL01L234A0was provided by BioVersys AG. Details of
the synthesis of alpibectir and its analoguewill be described elsewhere
(manuscript in preparation). Eto (E6005), Pto (SMB00387), INH
(I0500000), and DMSO (D8418) were purchased from Sigma.

Chemical synthesis of Eto-SO and Pto-SO
Eto-SO and Pto-SO were synthesized as follows. Firstly, meta-
chloroperoxybenzoic acid (2.97 g, 12.0mmol for Eto-SO or 2.74 g,
11.1mmol for Pto-SO)was added to a solution of Eto (2 g, 12.0mmol) or
Pto (2 g, 11.1mmol) in MeOH (30mL) at 0 °C. After 4 h of agitation at
0 °C, the solvent was removed in vacuo, and the crude product was
purified by column chromatography (mobile phase: ethyl acetate/
MeOH 90/10). The desired product was isolated as yellow micro-
crystals (yield: 0.65 g for Eto-SO and 1.41 g for Pto-SO). Eto-SO 1H NMR
(300MHz, DMSO-d6) δ (ppm) 9.38 (s, 1H), 8.56 (dd, J = 5.2, 0.5 Hz, 1H),
8.48 (s, 1H), 7.39 (s, 1H), 7.31 (dd, J = 5.2, 1.7 Hz, 1H), 2.78 (q, J = 7.6 Hz,
2H), 1.23 (t, J = 7.6Hz, 3H). Pto-SO 1H NMR (300MHz, DMSO-d6) δ
(ppm) 9.39 (brs, 1H), 8.57 (dd, J = 5.2, 0.6Hz, 1H), 8.50 (brs, 1H), 7.38 (s,
1H), 7.32 (dd, J = 5.2, 1.7 Hz, 1H), 2.74 (t, J = 7.5 Hz, 2H), 1.70 (s, J = 7.4Hz,
2H), 0.91 (t, J = 7.4 Hz, 3H).

Bacterial strains
All strains were cultured from frozen stocks in Middlebrook 7H9
medium (BD Difco) supplemented with glycerol 0.2% (Euromedex),
Tween 80 0.05% (Sigma-Aldrich) and oleic acid-albumin-dextrose-
catalase 10% (OADC, BD Difco) except if otherwise indicated.
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All strains used are briefly described in Table 3. Recombinant M.
tuberculosis strains expressing an enhanced green fluorescent protein
(GFP) were obtained by transformation with an integrative plasmid
containing the Aequoria Victoria egfp gene51. Luciferase-expressing M.
tuberculosis H37Rv was obtained by transformation with the pEG200
plasmid52. Except for strain E1, which is a derivative of the W4 Beijing
strain, all other strains are derived fromH37Rv20. Strains 8 F andCD6R1
are spontaneous mutants selected in vitro and Rv3854::Tn and
Rv3083::Tn are transposon mutants27. CD6R1, Rv3854::Tn, and
Rv3083::Tn were kindly gifted by Dr. Deborah Hung (Broad Institute,
USA)27. M. tuberculosis H37Rv overexpressing InhA was obtained by
transformation with plasmid pMV261ΩinhA53. As a control, H37Rv was
also transformed with the empty pMV261 vector.

H37RvΔadhDwas constructed as previously describedwith some
modifications54. The DNA substrate for allelic replacement of adhD
(Rv3086) consisted of the 500 bp upstream and downstream regions
of adhD on either side of a cassette composed of hygR (hygromycin
resistance gene) under its own promoter and the sigA promoter in
frame with Rv3087 in order to restore the expression of the last genes
of the operon. The constructwas synthesized and cloned into a pUC57
vector between NdeI and HindIII restriction sites (GeneCust). E. coli
DH5α strain transformed with the plasmid was grown in LB medium
supplemented with 100 µg/mL ampicillin at 37 °C. The pUCΔadhD
plasmid was isolated (QIAprep Spin Miniprep kit, Qiagen), digested
with NdeI and HindIII (FastDigest, Thermo Fisher Scientific), and gel
purified (QIAquickgel extraction,Qiagen).M. tuberculosisH37RvpJV53
was cultured in 20mL 7H9 supplemented with 0.2% succinate and
20 µg/mL kanamycin in 25 cm² tissue-culture flasks. Cultures were
incubated at 37 °C until mid-log phase and induced with 0.2% acet-
amide. Electrocompetent M. tuberculosis (200 µL) was transformed
with 100ng of salt-free dsDNA. Electroporated bacteria were resus-
pended in 6mL 7H9 and following an incubation at 37 °C for 72 h,
harvested by centrifugation at 3000 x g for 5min and plated on 7H10
with 50 µg/mL hygromycin. Allelic exchange was confirmed by
sequencing.

Extracellular antibacterial activity
Stock solutions of Eto, Pto, and INH were prepared in DMSO at 10mg/
mL, while alpibectir and its analoguewere prepared at 10mM. Aliquots
were stored at −20 °C. To set up the assay plates, all compounds were
initially transferred to a 384-well low-volume polypropylene plate
(Corning 3672).

For checkerboard assays, ten 3-fold serial dilutions of Eto and
alpibectir (or its analogue) weredistributed vertically and horizontally,
respectively, in black Greiner 384-well clear bottom polystyrene plates
(Greiner 781091) using an Echo 550 liquid handler (Labcyte). The assay
was conducted with two technical duplicates per biological replicate,
with a total of three biological replicates. DMSOwas added to relevant
wells to ensure a final concentration of 0.6% across all wells. The assay

plates were inoculated with 50 µL/well of M. tuberculosis H37Rv cul-
tures expressing GFP at an optical density (OD600 nm) of 0.02 and
incubated at 37 °C for 5 days. GFP fluorescence (λex = 485 nm/
λem = 535 nm) was read using the Ensight Multimode plate reader
(PerkinElmer, USA). For OD measurement of non-GFP expressing
strains, an inoculum of OD600 nm 0.002 was used and plates were
incubated at 37 °C for 7 days before ODmeasurement at 600 nmusing
the Ensight multimode plate reader. IC50 and IC90 values were calcu-
lated by fitting fluorescence values for each concentration on Graph-
Pad Prism version 10.2.2 (GraphPad Software, Inc., San Diego, CA).

For assays evaluating the antibacterial activity of Eto, Eto-SO, Pto,
Pto-SO, or INH in combination with a fixed concentration of alpibectir,
ten 3-fold serial dilutions of Eto, Eto-SO, Pto, Pto-SO, or INH were
performed in duplicates into black Greiner 384-well clear bottom
polystyrene plates (Greiner 781091) using an Echo 550 liquid handler
(Labcyte).DMSOwasadded to relevantwells to ensure a concentration
of 0.3% across all wells. To evaluate the effect of alpibectir on the
antibacterial activity of the compounds, alpibectir was added at the
indicated concentrations using the Echo 550 liquid handler. The assay
plates were inoculated and incubated as mentioned above. GFP
fluorescence or OD were measured and analyzed as detailed above.

Intracellular antibacterial activity
THP-1 cells were cultured at a density of 2 × 105 to 1 × 106 cells/mL in
RPMImedium (ThermoFisher 61870036) supplementedwith 10% fetal
bovine serum (FBS, Gibco 10500) at 37 °C, 5% CO2.

For the intracellular assay in Fig. 1F, whichmeasures luminescence
of intracellularM. tuberculosis: A single-cell bacterial suspension ofM.
tuberculosis H37Rv pEG200 (expressing a luciferase operon) was pre-
pared for infection. Briefly, an exponential phase culture was cen-
trifuged at 3200 x g for 5min and the pellet resuspended in RPMI-FBS
before centrifugation at 100 x g to remove clumps. The supernatant
was passed 5 times through a 0.9mmdiameter needle and the ODwas
measured. THP-1 cells (5mL of 5 × 106 cells) were simultaneously
infected by adding the bacterial suspension at a multiplicity of infec-
tion of 10 and differentiated with 40ng/mL phorbol 12-myristate-13-
acetate (SigmaP1585). The cells were incubated for 4 h at 37 °C, 5%CO2

and the adherent cell monolayer was detached with a cell scraper. The
cells were washed 4 times by centrifugation at 300 x g and resus-
pended in 25mLof RPMI-FBS.Opaquewhite 384-well assay plateswere
prepared as described above for the extracellular assay. Plates were
inoculated with 50 µL of the cell suspension (1 × 104 cells/well) and
incubated for 5 days at 37 °C, 5% CO2. The antibacterial activity of the
compounds was determined by measuring luminescence of intracel-
lular bacteria. The experiment was performed in triplicate. For this
assay, THP-1 cells transfected with Incucyte® CytoLight Red Lentivirus
(EF-1 Alpha promoter, puromycin selection, Sartorius 4482) were used
to enable measurement of their viability in the presence of drug
treatment. The infected THP-1 cells (as described above) were dis-
tributed to black 384-well assay plates and incubated for 5 days. Ima-
ges (3fieldsperwell) were acquired at 20Xusing theGE INCell 6500HS
(GE Healthcare Life Sciences) automated confocal microscope with a
561 nm laser and 600/54nm emission filters for detection of THP-1
cells. Images were processed using the Columbus image analysis
software version 2.9.1 (PerkinElmer).

For the intracellular assay in Supplementary Fig. 4 of the Sup-
plementary Information, which measures macrophage survival: Prior
to infection, 5mL of 5 × 106 THP-1 cells (1 × 106 cells/mL) were differ-
entiated with 40ng/mL phorbol 12-myristate-13-acetate (Sigma P1585)
and incubated for 3 days. A single-cell bacterial suspension was pre-
pared for infection. Briefly, an exponential phaseM. tuberculosisH37Rv
culture was centrifuged at 3200 x g for 5min and the pellet resus-
pended in RPMI-FBS before centrifugation at 100 x g to remove
clumps. The supernatant was passed 5 times through a 0.9mm dia-
meter needle and the OD was measured. The medium of the adherent

Table 3 | M. tuberculosis strains used in the study

Strain Description

H37Rv Reference WT genome

E1 W4 Beijing ethA missense mutant (Gly343Ala)

8 F H37Rv virSmissense mutant (Cys278Arg)

Rv3854::Tn H37Rv ethA transposon insertion mutant (4327379)

Rv3083::Tn H37RvmymA transposon insertion mutant (3448753)

CD6R1 H37Rv ethA frameshift (cAA302) and mymA deletion
mutant (Δ13 kb)

H37Rv pMV261ΩinhA H37Rv overexpressing InhA

H37Rv pMV261 H37Rv transformed with empty pMV261 plasmid

H37Rv ΔadhD Allelic replacement of adhD by hygromycin resis-
tance gene hygR in H37Rv
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THP-1 was renewed, and the bacterial suspension was added at a
multiplicity of infection of 10. The cells were incubated for 2 h and then
washed 3 times with RPMI. They were incubated with 50mg/L amika-
cin (Sigma A1774) for 1 h to kill extracellular bacteria. The cell mono-
layer was washed 3 times with phosphate buffered saline (PBS, Sigma
#D8537) and detached with trypsin-EDTA 0.25% (Gibco 25200056).
The cell suspension was centrifuged at 100 x g for 5min and the pellet
resuspended in 25mL of RPMI-FBS. 384-well assay plates were pre-
pared as described above for the extracellular assay. Plates were
inoculated with 50 µL of the cell suspension (1 × 104 cells/well) and
incubated for 5 days at 37 °C, 5% CO2. The antibacterial activity of the
compounds was determined by measuring macrophage survival. On
day 4, 5 µL of 0.05% resazurin was added to each well and resorufin
fluorescence was read on day 5 after an incubation of 16 h at 37 °C, 5%
CO2. The experiment was performed in triplicate.

Time-kill assay
Serial ten-fold dilutions of Eto, INH, and alpibectir were prepared in
DMSO. Appropriate volumes for each treatment were added to non-
ventilated 25 cm² tissue-culture flasks. DMSO volume was compen-
sated so that the concentration of DMSO in all flasks was
equal to 0.25%.

The flasks were inoculated with 10mL of M. tuberculosis H37Rv
WT or ΔadhD cultures diluted to an OD600 nm of 0.005 (theoretically
corresponding to 5 × 105 CFU/mL) and incubated at 37 °C without
shaking.

Cultures from each flask were plated on square plates containing
Middlebrook 7H10 solid medium (BD) supplemented with glycerol
0.2% (Euromedex), Tween 80 0.05% (Sigma-Aldrich) and oleic acid-
albumin-dextrose-catalase 10% (OADC, BDDifco) on days 0, 2, 4, 7, 14,
and 21. On day0, only 3 cultureswereplatedwhereas onother days, all
cultures were plated. Before plating, cultures were 10-fold serially
diluted (up to 10−7) and 10 µL of each serial dilution and of the non-
diluted culture were plated. CFUs were counted after incubating the
plates for 3 weeks at 37 °C. The lowest possible number of countable
CFUs (limit of detection) is 1 when plating 10 µL of a non-diluted cul-
ture, which amounts to a log10 CFU/mL of 2.

Three biological replicates were performed for H37Rv WT and
three replicates for H37Rv ΔadhD.

Transcriptomics
M. tuberculosisH37Rv cultures were diluted to anOD600 nm of 0.2 from
a fresh exponentially growing culture and were incubated at 37 °C
without shaking until an OD600 nm of 0.7 was reached. To study the
effect of alpibectir alone on gene expression levels, 25mL cultures
were treated with 0.1mg/L of alpibectir for 24 h in triplicate. To study
the effect of Eto combined with alpibectir, cultures were first treated
for 20h with 0.1mg/L alpibectir followed by an additional 4 h with
2mg/L Eto. The final DMSO concentration in all cultures was equal to
0.1%. Cultures were treated only with 0.1% DMSO as controls (in tri-
plicate for comparison with alpibectir alone or in a single replicate for
comparison with alpibectir and Eto treatment). RNA extraction and
transcriptomics analysis were performed as previously described21.
Briefly, after the treatment duration, 10mL of the cultures were har-
vested by centrifugation at 3000 x g for 5min, resuspended in 1mL of
RNAproTM (FastRNAProBlueKit,MPbiomedicals) andhomogenized in
impact-resistant 2mL tubes containing 0.1mm silica spheres (Lysing
Matrix B, MP biomedicals) using a FastPrep FP120 cell disrupter
(Thermo Fisher Scientific) at 6.0Hz for 40 s. The ribolysed cells were
centrifuged at 12,000 x g to remove cellular debris and RNA was pur-
ified following themanufacturer’s instructions. Ribosomal RNA (rRNA)
depletion was performed using QIAseq FastSelect –5S/16S/23S Kits;
Qiagen. Libraries for Illumina sequencing were prepared with the
TruSeq RNA sample preparation kit version 2.0 rev. A (Illumina Inc.).
All cDNA libraries were uniquely indexed. cDNA libraries were

sequenced using an Illumina NextSeq 500 system (Illumina Inc.) in
high-output mode. All samples were multiplexed on one lane of the
flow cell and sequenced in single-read sequencing mode with read
lengths of 150 bp. Raw RNA-seq reads were processed with Illumina
quality control tools using default settings. Sequences shorter than
50 bp and/or that contained any ‘Ns’ and/or with a mean quality score
lower than 30were removed using PRINSEQ. Next, rRNA-specific reads
were filtered out by mapping all the reads on M. tuberculosis rRNA
sequences using Bowtie2 (http://bowtie-bio.sourceforge.net/bowtie2/
index.shtml). Analysis of the RNA sequencing data was conducted
using the SPARTA open-source software package with default para-
meters (https://sparta.readthedocs.io/en/latest/). A total of 4036
genes could be analyzed. Raw and processed RNA-seq reads were
deposited in the ArrayExpress repository (accession code E-
MTAB-16253).

Proteomics
Protein extraction and proteomics analysis were performed as pre-
viously described21.M. tuberculosisH37Rvwas cultured in 7H9 without
glycerol and supplemented with 2% (w/v) glucose and 0.025% (v/v)
tyloxapol at 37 °C for about 7 days until anOD600 nm of 0.8. The culture
was diluted to an OD600 nm of 0.2 and split in 4 subcultures. Two of
themwere further incubated for 72 h in the presence of 1μM(0.33mg/
L) alpibectir and the others were similarly incubated with DMSO.
Protein extracts were prepared by centrifuging the culture and wash-
ing the pellet with PBS. The pellet was resuspended in 1mL lysis buffer
(50mMTris-HCl, pH 7.4, 0.8 (v/v) % NP-40, 1.5mMMgCl2, 5% glycerol,
150mMNaCl, 25mMNaF, 1mMNa3VO4, 1mMdithiothreitol (DTT) and
one Complete EDTA-free protease inhibitor tablet (Roche)) and dis-
rupted using a TissueLyser II (Qiagen) for three cycles at full amplitude
for 5min in refrigerated supports. Bacterial lysates were centrifuged at
14,000 x g for 30min and the supernatant filtered using Millex LG
(PTFE) 0.2 μm/13mm diameter. Filtered supernatants were further
ultracentrifuged at4 °C for 60min (140,000 x g, 55,000 rpm). Samples
were prepared in quadruplicate.

SDS sample buffer (2% SDS, 10% glycerol, 0.005% bromophenol
blue, 100mM Tris-HCl, 125mM Tris Base) was added to 37.5μL of the
M. tuberculosis protein extract. Proteins were digested according to a
modified single pot solid-phase sample preparation (SP3) protocol55,56.
Briefly, proteins were bound to paramagnetic beads (SeraMag Speed
beads, GE Healthcare, CAT#45152105050250, CAT#651521050502) in
50%ethanol (final concentration). Beadswerewashed4 timeswith 70%
ethanol and proteins digested by resuspending in 0.1mM HEPES (pH
8.5) containing TCEP, chloroacetamide, trypsin, and LysC followed by
overnight incubation.

Peptides were labeled with isobaric mass tags (TMT10, Thermo
Fisher Scientific, Waltham, MA) using the 10-plex TMT reagents,
enabling relative quantification of 10 conditions in a single
experiment56,57. The labeling reaction was performed in 40mM trie-
thylammoniumbicarbonate, pH 8.5 at 22 °C and quenched with gly-
cine. Labeled peptide extracts were combined into a single sample per
experiment, lyophilized and subjected to LC-MS analysis.

Samples were pre-fractionated by reversed-phase chromato-
graphy at high pH to 16 samples of which 10 were measured58.

After lyophilization, dried samples were resuspended in 0.05 %
trifluoroacetic acid in water. Half of the sample was injected into an
Ultimate3000 nanoRLSC (Dionex) coupled to a Q-Exactive (Thermo
Fisher Scientific). Peptides were separated into custom-made 35 cm×
100 µm (ID) reversed-phase columns (Reprosil) at 55 °C, gradient
elution was performed from 3.5% acetonitrile to 29% acetonitrile in
0.1% formic acid and 3.5% DMSO over 120min.

The Q Exactive Plus operated with a data-dependent top 10
method.MS spectra were acquired using 70.000 resolution and an ion
target of 3E6. Higher energy collisional dissociation (HCD) scans were
performed with 35% NCE at 35.000 resolution (at m/z 200), and ion
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target settings was set to 2E5 so as to avoid coalescence56. The
instruments were operated with Tune 2.4 and Xcalibur 3.0 build 63.

Mascot 2.4 (Matrix Science, Boston, MA) was used for protein
identification with a 10 parts per million mass tolerance for peptide
precursors and 20mD (HCD) mass tolerance for fragment ions.

To create the fasta file for mascot searching, all proteins corre-
sponding to the taxonomy ‘Mycobacterium tuberculosis H37Rv’ were
downloaded from Uniprot (release 20170621) and supplemented with
common contaminant protein sequences of bovine serum albumin,
porcine trypsin and mouse, rat, sheep and dog keratins. To assess the
false discovery rate (FDR), “decoy” proteins (reverse of all protein
sequences) were created and added to the database, resulting in a
database containing a total of 7,994 protein sequences, 50% forward,
50% reverse.

Unless stated otherwise, we accepted protein identifications as
follows: (i) For single spectrum to sequence assignments, we required
this assignment to be the best match and a minimumMascot score of
31 and a 10x difference of this assignment over the next best assign-
ment. Based on these criteria, the decoy search results indicated < 1%
false discovery rate (FDR). (ii) For multiple spectra to sequence
assignments and using the same parameters, the decoy search results
indicated <0.1% FDR. Quantified proteins were required to contain at
least 2 uniquepeptidematches. FDR forquantifiedproteinswas< 0.1%.

Protein abundance ratios were calculated by IsobarQuant59. Fold-
change ratioswere calculated from sum ion areas of compound-treated
samples and compared to one vehicle control that was set to 1. The
complete list of analyzed proteins is provided as Supplementary Data 1.

In-cell transcriptional regulator assay
The in-mammalian cell bacterial regulator reporter assay was per-
formed as previously described in refs. 20,21. To construct chimeric
bacterial-mammalian transcriptional regulators, the coding sequence
of EthR, EthR2, or VirS was fused to the Herpes simplex derived
transactivator protein VP16. The sequence was optimized for expres-
sion in human/mouse, synthesized (Genscript) and introduced into
pSEAP2-control (Clontech) using EcoRI/XbaI to generate expression
vectors PSV40-EthR-VP16-HA-pA (pCK310), PSV40-EthR2-VP16-HA-pA
(pVT20), and PSV40-VirS-VP16-HA-pA (pCK461), respectively. To enable
transcriptional control by the chimeric transcriptional regulators
constructed above, the promoter region recognized by EthR, EthR2, or
VirS, i.e., the intergenic region between ethA and ethR, between ethA2
and ethR2, or between virS and mymA, was cloned upstream of a
minimal variant of the human cytomegalovirus-derived promoter
(PhCMVmin) into pSEAP2-basic (Clontech) using XhoI/EcoRI to generate
OEthR-PhCMVmin-SEAP-pA (pCK311), OEthR2-PhCMVmin-SEAP-pA (pVT23),
OVirS-PhCMVmin-SEAP-pA (pCK462), respectively.

Baby hamster kidney cells (BHK-21, American Type Culture Col-
lection CCL-10) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM, Gibco 41966) supplemented with 10% (v/v) heat-inactivated
FBS and 1% (v/v) penicillin/streptomycin (Gibco 15140) in a humidified
atmosphere with 5% CO2 at 37 °C. Prior to transfection, cells from a
confluent grown culture dish were split 1:2 to a new petri dish and
grown for 16 hours. For transfections with the EthR and EthR2 reg-
ulatory systems, 10μg of total plasmid DNA (8μg pCK310 and 2μg
pCK311 or 5μg pVT20 and 5μg pVT23) were added to 1mL Opti-MEM
reduced serummedium (Gibco 11058021),mixedwith 30μLMegaTran
1.0 transfection reagent (Origene TT200003) and incubated for 15min
at room temperature. For transfections with the VirS regulatory sys-
tem, 10μg of total plasmid DNA (5μg pCK461 and 5μg pCK462, ratio
1:1) were mixed with 0.5mL 1x Jetprime buffer and 10 µL of jetPRIME
transfection reagent (Poly Transfection 114-15), vortexed for 10 sec,
and incubated for 10min at room temperature. The DNA mixes were
each transferred to the cells and incubated for 6 h for plasmid uptake.
The medium was then removed, the cells washed twice with PBS and
detached by adding 1mL of 0.05% trypsin-EDTA (Gibco 25300). The

cells were resuspended in 8mL DMEM to neutralize the trypsin,
counted, and diluted to 500,000 cells/mL using fresh culture medium
before 100 µL of the suspension was distributed per well in a 96-well
plate. Compound dilutions were prepared by adding 4.8 µL of alpi-
bectir (10mM stock solution in DMSO) to 600 µL culturemedium. For
EthR and EthR2, 100 µL of a two-fold dilution of the compound solu-
tionwere added to the cells to reachfinal compound concentrations of
20 nM to 40 µM ( = 13.3mg/L). For VirS, 100 µL of a five-fold dilution of
the compound solution were added to the cells to reach final com-
pound concentrations of 0.0008nM to 40 µM ( = 13.3mg/L). After
incubation for 48 h, SEAP expression was quantified from cell culture
supernatants using the p-nitrophenyl phosphate-based method57.

Binding interaction between alpibectir and VirS
The recombinant protein VirSwas produced aspreviouslydescribed in
ref. 59. Briefly, BL21(DE3) cells transformed with pET28aΩVirS were
cultured in LB medium containing 50 µg/mL kanamycin and protein
expression was induced with 1mM isopropyl-β-D-thiogalactoside
overnight at 28 °C. Harvested bacteria were suspended in lysis buffer
(1X PBS, 100 mM L-arginine, 5mM imidazole) containing a tablet of
cOmplete EDTA-free protease inhibitor cocktail (Roche) and lysed by
Emulsiflex-C3 (Avestin). The lysate was centrifuged (46,000 x g, 4 °C)
and the supernatant incubated with HisPur Cobalt-NTA affinity resin
(Thermo Fisher Scientific) at 4 °C for 1 h. VirS was eluted in 1X PBS, 100
mM L-arginine, 1M NaCl, 500mM imidazole, and 10% glycerol. The
binding interaction between alpibectir and VirS was evaluated by
thermal shift assay (TSA), conducted in an iCycler RT-PCR system (Bio-
Rad, Hercules, CA). SYPROOrange (ThermoFisher Scientific) was used
as extrinsic fluorescent dye at a final concentration of 5X and VirS was
used at a final concentration of 8.17mg/L. Alpibectir was added at a
concentration comprised between 0.08 and 33.3mg/L. Sample solu-
tions were dispensed into a 96-well optical reaction plate (MicroAmp™
Optical, Thermo Fisher Scientific) and the plate was sealedwith optical
PCR plate sheet (Thermo Fisher Scientific). The final DMSO con-
centration was equal to 0.5% in all tested conditions. The plate was
heated from 20 to 95 °C with a heating rate of 0.7 °C/min. The fluor-
escence intensity was recorded with wavelength ranges of 450–490
and 560–580 nm for excitation and emission, respectively. Each con-
dition wasmeasured at least in quintuplicate. Data were analyzed with
GraphPad Prism 10 (GraphPad Software, Inc., San Diego, CA).

Crystallization and structure determination of the alpibectir/VirS
complex was performed as previously described in ref. 59. Briefly, a
VirS construct (6HIS-SET3a-VirS) integrated in the pET28a plasmidwas
expressed recombinantly in E. coli and purified to homogeneity using
cobalt-NTA affinity resin. Crystals of alpibectir/VirS complex were
obtained through an in situ proteolysis approach. The method
involved incubating a mixed solution of VirS and alpibectir (at molar
ratio of 1:1) on ice for 20min, followed by the addition of subtilisin
(final concentration of 0.1mg/mL). Subsequently, sitting-drop vapor
diffusion crystallization experiments were conducted at 20 °C using a
reagent solution containing 0.3M sodium acetate trihydrate, 0.1M
Tris pH 7.5, 8% (w/v) PEG20,000, 8% (v/v) PEG500-MME. The crystal
structure was solved by the molecular replacement method using the
MOLREP program59 and the VirS AlphaFold2 model60 as search tem-
plate. Data collection and refinement statistics are provided in SI
Table 2. An electron density omit map was generated by excluding the
alpibectir molecule from the structure, then randomly modifying the
remaining atom coordinates within a range of 0–0.3Å, followed by
updating the corresponding structure factors and computing a resi-
dual map. The analysis of the interactions between alpibectir and VirS
in the crystal structure was facilitated using the LigPlot+ program61.

Binding interaction between alpibectir and α-latalbumin
As a negative control, the binding interaction between alpibectir and
the α-latalbumin protein (Sigma, L-5385) was evaluated by thermal
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shift assay (TSA), conducted in a CFX-Opus 96 Dx RT-PCR detection
system (Bio-Rad CFX-Opus 96, Hercules, CA). SYPRO Orange (Thermo
Fisher Scientific) was used as an extrinsic fluorescent dye at a final
concentration of 5Xandα -latalbuminwasused at afinal concentration
of 5 µM. Concentrations of alpibectir ranged from 0.250 to 100 µM.
Sample solutions were dispensed into a 96-well optical reaction plate
(MicroAmp™ Optical, Thermo Fisher Scientific) and the plate was
sealedwith optical PCRplate sheet (ThermoFisher Scientific). Thefinal
DMSOconcentrationwas kept at 0.5% in all wells. The platewas heated
from 20 to 85 °C with a heating rate of 1.8 °C/min. The fluorescence
intensity was recorded with a range of excitation and emission wave-
lengths of 450-490 and 560-580 nm, respectively. Each condition was
measured at least in quintuplicate. Data was analyzed with Prism 10
(GraphPad Software Inc.).

Determination of the FoR to alpibectir/Eto
Resistant mutants were selected on 7H11 plates containing various
drug concentrations. Plates were prepared in triplicate to spread
1mL of culture containing 107, 108, 109 bacteria. The inoculum was
prepared by sonicating an exponentially growing culture of M.
tuberculosis H37Rv using a LabSonic M (Sartorius) sonicator equip-
pedwith aMicrotipMS1 of 1mmdiameter for 1min at 80% amplitude
and a 0.8 cycle. Colonies were counted after an incubation of
21 days at 37 °C.

To test for cross-resistance, 14 clones selected on agar plates
containing alpibectir/Eto combinations (and cultured with selective
pressure) were streaked on plates containing either no antibiotic or
moxifloxacin (1mg/L; GSK978567A), linezolid (1mg/L; GSK
GW602383X), ethambutol (4mg/L; GSK GF133424A), bedaquiline
(0.5mg/L; GSK3377910A), pretomanid (PA824, 2mg/L; GSK3184596A),
or rifampicin (0.5mg/L; Sigma R3501). These concentrations corre-
spond to 2x the MIC or, whenever available, 2x the epidemiological
cut-off (ECOFF; representing measures of a drug MIC distribution that
separate bacterial populations into those representative of a WT
population and those with acquired or mutational resistance to
the drug).

Determination of MIC values by BactecTM MGITTM 960
Minimal inhibitory concentration (MIC) values of compounds against
M. tuberculosis H37Rv or clinical strains were determined in BactecTM

MGITTM 960 culture tubes supplemented with 10% OADC and inocu-
lated with an exponential phase preculture of the corresponding
bacterial strain. Tubes were continuously monitored and analyzed
using the EpiCenter software, thus enabling a precise assessment of
bacterial growth. The minimal inhibitory concentration is defined as
“no growth detected” at the time a 100-fold diluted control culture
(Growth control 1%) reaches 400GrowthUnit. An extended incubation
period of a further 7 days following the positivity of the “Growth
control 1%” allows determination of the drug concentration at which
no bacterial “late growth” is observed.

Eto was tested at 2, 5, and 10mg/L and in a few instances also at
20mg/L. Alpibectir was tested alone at 0.05mg/L. Alpibectir at
0.017mg/L and in a few cases 0.05mg/L was tested in the presence of
0.8mg/L Eto. Growth was measured by detection of oxygen con-
sumption in the BD BACTECTM MGITTM 960 automated system in all
tubes when the control tube showed growth.

Mouse efficacy study
To assess the bactericidal activity of boosted Eto, we used a 4-week
treatment model of TB. A total of 175 4-week-old female Balb/c mice
were intravenously infected into the tail vein with 0.5mL of a cali-
brated bacterial suspension and an injected bacillary load of 106 CFU
at D062.

Eto, INH, and alpibectir were suspended in 1% methylcellulose
(MC) (400cPs) in water. Alpibectir/Eto combinations were formulated

together into 1% MC. Mice were randomly allocated to 20 groups. A
pretreatment group consisted of 12 mice that were sacrificed at D1. A
negative control group consisted of 12 infected mice that were not
treated. Treatment was started the day after infection and given orally
on 6 out of 7 days for 4 weeks (D28). The treatment groups consisted
of 6 or 12mice each; for the latter, 6 mice were sacrificed after 2 weeks
(D14) of treatment. A positive control group was treated with INH
alone at the humanequivalent doseof 25mg/kg63. Eto (5, 15, 50, 100, or
200mg/kg) and alpibectir (0.1, 0.5, or 1.6mg/kg) were either given as
monotherapy or Eto (5, 15, or 50mg/kg) was combined with alpibectir
(0.1, 0.5, or 1.6mg/kg). Treatment efficacywas assessed in survival rate
at D28 and bacillary load reduction at D14 and D28 compared to
pretreatment (D1).

Mice were euthanized by cervical elongation. Lungs were
removed, homogenized, serially diluted, and spotted onto drug-free
Lowenstein Jensen for the determination of colony forming
units (CFUs).

CFU numbers were converted to CFU/lung by multiplying the
number of CFUs by the volume of the lung homogenate spotted and
the dilution at which the colonies were counted. CFU data was then
transformed into log10CFU/lung for calculationofmeans and standard
deviations (SD). The changes in the log10 CFU/lung at the endpoint
compared to the pretreatment (D1) were calculated. Dose-effect
curves were fitted to the log10D CFU data by using a sigmoidal
maximum-effect (Emax) model (GraphPad Prims, version 10.1.2,
GraphPad Software Inc, San Diego, CA, USA) to determine the effect of
Eto or of alpibectir/Eto combinations on the change in CFUs. The total
daily dose (TDD) needed for 1-log10 growth, stasis and 1-log10-kill were
determined. Mean CFU counts were compared using one-way analysis
of variance (One-Way ANOVA, no matching or pairing, assuming
Gaussian distribution and equal SDs, correction for multiple compar-
isons with Dunnett test (recommended by Prism); F (19, 103) = 35.59,
p <0.0001, R2 = 0.8678). The exact p-values are mentioned in the text.
Data fromD14 andD28were analyzed separately. All experimentswere
performed in female mice; sex was not considered as a variable in the
studydesign. All animalswere grown in ananimal facility underfiltered
air conditions (20–24 °C), with a 12 h light/dark cycle and relative
humidity ranging from45 to 85%, in plastic cages using sterilizedwood
shavings as bedding.

Statistics & Reproducibility
All experiments were conducted with at least 2 independent biological
replicates as detailed in figure legends and “Methods”. No statistical
methods were used to predetermine sample sizes, which are con-
sidered as standard. No data were excluded from experiments except
the in vivo study forwhich somemicewere excluded fromanalysis due
to culture contamination as indicated in Supplementary Table 7A.
Experiments were not randomized except the in vivo study for which
mice were randomly assigned to treatment and control groups. The
investigators were not blinded to allocation during experiments and
outcome assessment. Statistical analyses were carried out using
GraphPad Prism version 10.2.2 (GraphPad Software Inc.). Data are
presented as mean ± SD when applicable. For the in vivo study, sta-
tistical significance was analyzed using one-way ANOVA.

Ethical statement
The in vivo experimental project was favorably evaluated by the
Charles Darwin Ethics Committee no. 005, located at Pitié-
Salpêtrière Hospital (France), and clearance was given by the
French Ministry of Education and Research under the APAFIS no.
12380-2017112809414820 v3. The animal facility was authorized to
conduct animal experiments (license number C-75-13-08). The
individuals involved in the animal experiments underwent specific
training recognized by the French Ministry of Education and
Research.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The electron density map and the coordinates of the refined crystal
structure were deposited to the Protein Data Bank under PDB ID:
pdb_00008RCX [https://www.rcsb.org/structure/8RCX]. Tran-
scriptomics data were deposited in the ArrayExpress repository with
the accession code E-MTAB-16253. Themass spectrometry proteomics
data were deposited to the ProteomeXchange Consortium via the
PRIDE partner repository with the dataset identifier
PXD075165. Source data are provided with this paper.
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