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Tuberculosis remains the leading cause of death from an infectious disease'*
Here we report the discovery of a first-in-class small-molecule inhibitor targeting
PurF, the first enzyme in the mycobacterial de novo purine biosynthesis pathway.
Thelead candidate, JNJ-6640, exhibited nanomolar bactericidal activity in vitro.
Comprehensive genetic and biochemical approaches confirmed thatJNJ-6640 was

highly selective for mycobacterial PurF. Single-cell-level microscopy demonstrated a
downstream effect on DNA replication. We determined the physiologically relevant
concentrations of nucleobases in human and mouse lung tissue, showing that these

levels were insufficient to salvage PurF inhibition. Indeed, proof-of-concept studies
using along-actinginjectable formulation demonstrated the in vivo efficacy of the
compound. Finally, we show that inclusion of JNJ-6640 could have a crucial role in
improving current treatment regimens for drug-resistant tuberculosis. Together, we
demonstrate thatJNJ-6640 is a promising chemical lead and that targeting de novo
purine biosynthesis represents a novel strategy for tuberculosis drug development.

Tuberculosis (TB) remains a critical global health crisis, persisting as
aleading cause of morbidity and mortality worldwide. Current esti-
matesindicate analarmingburden, with approximately 10.8 million new
active TB infections and 1.25 million deaths reported in 2023 alone'.
Despite extensive research efforts and the implementation of newer
bedaquiline-pretomanid-containing treatment regimens, the emer-
gence of drug-resistant TB presents asubstantial challenge to global TB
controlinitiatives. In addition, the prolonged treatment duration and
potential adverse effects associated with some of the drugsin the existing
treatments contribute to poor patient adherence as well as higher treat-
ment failure rates. Therefore, there is an urgent need for more effective,
shorterand well-tolerated TB treatment regimens. Furthermore, owing
to emerging drug resistance, new drugs with novel modes of action are
urgently required that contribute to these future regimens.

In the pursuit of novel antitubercular drugs, targeting essential
metabolic pathways of Mycobacterium tuberculosis, the causative
agent of TB, has gained considerable attention as exemplified by
the transformational success of bedaquiline in the clinic’>. Among
these pathways, the de novo purine biosynthetic pathway, which
resultsinthe synthesis of inosine monophosphate (IMP), stands out
forits essential role in M. tuberculosis physiology* ®. Purines serve as
essential building blocks for nucleic acids and energy-carrying mole-
cules, aswell as signalling molecules, thus, are an attractive target for
antimycobacterial drug development. The first and committed step
of de novo purine biosynthesis in M. tuberculosis is catalysed by an
amidophosphoribosyltransferase, known as PurF. Inhibition of PurF
ispredicted to disrupt the synthesis of purine nucleotides, essential
for various cellular processes crucial for M. tuberculosis survival and
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7310 tothe serieslead JNJ-6640.MIC,, values against whole-cell M. tuberculosis
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replication. Yet, until now, PurF represented acompletely unexplored
target for TB drug discovery.

Here we report the discovery and validation of a first-in-class
small-molecule inhibitor targeting PurF. This inhibitor represents a
novel chemical scaffold, identified through phenotypic whole-cell
screening of a diverse set of compounds active against non-tuberculous
mycobacteria. The lead compound, JNJ-6640, demonstrated excep-
tional bactericidal activity in vitro. A comprehensive investigation
into the molecular target of this compound, using a series of genetic
and biochemical approaches, successfully identified PurF. Moreover,
proof-of-conceptinvivo studies showed the efficacy of the compound
inmouse models. Finally, we present convincing evidence that inhibi-
tors of PurF could have a crucial role in future combination regimens
used for the treatment of drug-resistant TB. This work highlights the
potential of compounds targeting PurF to contribute to future treat-
ment regimens for drug-resistant TB.

Discovery of JNJ-6640

To identify new inhibitors of M. tuberculosis growth, a phenotypic
whole-cell guided screen was initiated using a diversity set of 4,924
compounds previously shown to be active from ascreening campaign
against Mycobacterium avium. An in silico hit-triaging cascade was
used to identify chemical series with limited predicted liabilities and
good chemical tractability. This led to the identification of a pyrro-
lidinopyrimidine series, exemplified by JNJ-7310, a racemic mixture
with moderate potency against M. tuberculosis (minimal inhibitory
concentration of 90% (MIC,,) = 328 nM; Fig. 1a). Separation of this
racemic mixture into its enantiomers showed stereospecific activity
against M. tuberculosis, with one enantiomer (JNJ-0999) having an
MIC,, =110 nM. As the parent compound (JNJ-7310) has the classical
features present in several known kinase inhibitors, the secondary
amine between the pyrimidine and pyrazole rings was changed
to an ether to eliminate this property. This resulted in the prepara-
tion of compoundsJNJ-6627 and JNJ-6640. Again, one enantiomer
(JNJ-6640) was more active, maintaining exceptional potency against
M. tuberculosisinvitro (MIC,, = 8.6 + 3.9 nM; minimal bactericidal con-
centration 0f99.9% (MBC,,,) =140 + 63 nM; Fig. 1b and Extended Data
Table1).JNJ-6640 was profiled against a panel of clinical isolates with
known resistance profiles. No clear target-specific cross-resistance
was observed, suggesting that this compound series had anovel mode
of action and/or resistance compared with other clinical compounds
(Extended Data Table1).

JNJ-6640 inhibits purine biosynthesis
Given the promising in vitro efficacy, we next focused on identifying
and validating the molecular target of our lead molecule: JNJ-6640.
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M. tuberculosis was incubated with approximately 25x MIC,, of
JNJ-7310,JNJ-6627 or JNJ-6640 to select drug-resistant colonies. Acom-
parable frequency of resistance to clinical compounds was observed
(Extended DataFig.1a). All the selected clones were confirmed to pro-
vide a19-217-fold increase in MIC,, compared with the drug-sensitive
parental strain and resistance had no effect on bacterial growth (Fig. 2a,
Extended Data Table 2 and Extended Data Fig. 1b). There was clear
cross-resistance against other compounds from the series; however,
no cross-resistance was observed against a panel of clinical drugs, sug-
gesting anovel mode of action fromthe compoundstested (Extended
Data Table 2). Genomic DNA from the resistant clones was analysed
via whole-genome sequencing to identify the molecular changes
responsible for drug resistance. This analysis identified four differ-
entsingle-nucleotide polymorphisms (1241V, F428C, F428V and S470F;
Extended Data Fig. 1¢), all within the gene encoding the enzyme PurF
(purF; Rv0808). Using an established database of genetic variance of
M. tuberculosis clinical isolates’, we found that PurF is well conserved
both between clinical isolates (73% positions conserved) and Myco-
bacterium species (93% average homology). Furthermore, none of the
resistance-conferring mutations were identified among circulating
clinical M. tuberculosis isolates, suggesting that there is no existing
resistance (Extended Data Fig. 1c).

PurF catalyses the transfer of a nitrogen atom from glutamine to
phosphoribosylpyrophosphate (PRPP) to form glutamate and phos-
phoribosylamine (PRA) in the first and committed step of de novo
purine biosynthesis®. A plethora of in silico methods predicted JNJ-6640
to bind near the phosphoribosyl transferase (PRTase) active siteinan
AlphaFold model of M. tuberculosis PurF (MtPurF)°. Pending determina-
tion of the exact binding mode via X-ray crystallography, induced fit
dockinginto this putative binding site suggests that the pyridyl group
of JNJ-6640interacts with P31,1.283,1424 and F428 (Fig. 2b). This predic-
tionis further supported by the resistance mutations L283V and F428V,
which are expected to affect the hydrophobicinteractions and disrupt
T-Trinteractions, respectively. This binding pose provides an explana-
tionfor the higher potency of R*-enantiomers (JNJ-0999 and JNJ-6640)
than the S*-enantiomers (JNJ-6627), where the pyridyl group position
induces weaker interactions with these amino acids. Furthermore, the
pyrazole group of JNJ-6640 is predicted to form H-bond interactions
with T393 and Q294. This interaction is optimized in JNJ-6640 via the
oxygen linker-induced tautomeric form of the pyrazole ring, provid-
ing an explanation for the enhanced activity over JNJ-0999 (Fig. 2b).

To assess the effect of JNJ-6640 on de novo purine biosynthesis
within a whole-cell context, we measured the incorporation of sta-
ble isotope-labelled nitrogen atoms into adenine and adenosine
monophosphate (AMP) following a 4-h co-treatment with 100 nM
JNJ-6640 and ®N-(amide)-labelled glutamine (Fig. 2c and Extended
DataFig.2a-g). Addition of JNJ-6640 resulted inamarked reductionin
theincorporation of labelled nitrogen into these purine metabolites,
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Fig.2|JNJ-6440 targetidentification and de-risking. a, Susceptibility of
JNJ-6640-resistant clones (R1-R5). MIC,, values are shown in Extended Data
Table 2. b, Induced fit docking model of JNJ-6640 (cyan) in the M¢tPurF-binding
pocket (grey). Phe428 (pink), key interactions and resistance residues are
annotated. ¢, Percentage *N-stable isotope incorporation following 100 nM
JNJ-6640 treatment. Control metabolite (glutamine) was the most abundant
nitrogen-containing metabolite. n=5biological replicates, representative of
twoindependent experiments. Significance was calculated with two-sided
(Bonferroni-Dunn) Student’s t-test with Welsh correction. d, Growth kinetics
of CRISPRi-mediated purFtranscript knockdown strains (low, mediumand
high) compared with ‘empty’ vector (control) and kill (atpE high) controls after
ATcinduction.n=3independent experiments. e, CRISPRi-mediated PurF ‘low’
knockdownincreases susceptibility to JNJ-6640 (MICs, = 6.4 nM for —ATc and

indicatingaclearinhibition of de novo purine biosynthesis. Conversely,
unlabelled experiments demonstrated anaccumulation of glutamine
following PurF inhibition for 24 h (Extended Data Fig. 2h).

PurFis predicted to be essential in vitro based on previous genome-
wide essentiality screens*® and has subsequently been shown, using
atransposon mutant, to be essential for M. tuberculosis survival in an
animal model ofinfection®. Here gene essentiality was confirmed using
genetic transcript knockdownwith a characterized CRISPR interference
(CRISPRi) system*. Multiple CRISPRi-mediated transcript knockdown
strains were generated, each with a different predicted strength of purF
transcript reduction (low-high knockdown). Following validation of
each strain (Extended Data Fig. 3a,b), growth assays were established
to measure the effect of transcript knockdown on bacterial survival
(Fig. 2d). This showed that low reduction in purF transcript had lim-
ited effect on bacterial growth, whereas high knockdown had a more
than 3-log bactericidal effect after 9 days, confirming essentiality of
PurF. We next hypothesized that a reduction in PurF protein levels
would lead toincreased susceptibility of the strain to JNJ-6640. Indeed,
when using the CRISPRi-mediated low-transcript knockdown strain,
we showed that the induction of purF transcript knockdown led to an
eightfold increase in susceptibility to JNJ-6640, providing additional
evidence of target engagement (Fig. 2e). As acontrol, no changein the
susceptibility of bedaquiline was observed following purfF transcript
knockdown (Extended Data Fig. 3c).

In addition to de novo purine biosynthesis, purine nucleotides
can also be produced by recycling nucleobases via the purine sal-
vage pathway. In M. tuberculosis, this salvage pathway consists of
hypoxanthine-guanine phosphoribosyltransferase (Hpt; Rv3624c)
and adenine phosphoribosyltransferase (Apt; Rv2584c), which utilize

MIC,, = 0.8 nMfor +ATc). n =3 technical replicates, representative of two
independent experiments. f, Nucleobase rescue assay with CRISPRi-mediated
high, medium and no (control) purFtranscript knockdownin the presence

of 10 pM nucleobase or nucleoside with (+ATc) and without (-ATc) induction.
Starting inoculum was approximately 1 x 10° CFU ml™. n =3 independent
experiments. g, MtPurF (ICs, =1 nM) and Homo sapiens PPAT (HsPPAT;

IC5o =14 pM) enzymatic assays withJNJ-6640. n =2 biological replicates. h, Cell
proliferation assay withJNJ-6640 and three known cell proliferationinhibitors
using 93 different cancer cell lines derived from different tissue types.
Theaverage pIC;,shown for each tissue type: pICs, - 4 (IC5, ~ 100 pM) was
considered non-active. Aza, azathioprine; MMPR, 6-methyl-mercaptopurine
riboside; MPA, mycophenolic acid. Representative dataset from two
independent experiments. For panels c-f, datashown are mean + s.d.

nucleobases, including hypoxanthine and adenine. Hpt converts
guanine, xanthine and hypoxanthine back to guanosine monophos-
phate (GMP), xanthosine monophosphate (XMP) and IMP, respec-
tively, whereas Apt recycles adenine back to AMP™. Although we and
others have established PurF as essential for M. tuberculosis survival
both in vitro*® and in vivo®, we hypothesized that supplementing
our CRISPRi-mediated high transcript knockdown strain with exog-
enous hypoxanthine or adenine nucleobases could rescue the effect
of inhibition of purine biosynthesis (Extended Data Fig. 4a). Indeed,
the inhibition of de novo purine biosynthesis was partially rescued
by hypoxanthine at concentrations exceeding 0.1 mM, whereas the
presence of adenine had limited effect. As shown for genetic inhibition
of PurF, the addition of hypoxanthine (0.03 mM) also led to a rescue
of JNJ-6640-treated M. tuberculosis, whereas the addition of adenine,
guanine or xanthine had no substantial effect on bactericidal activ-
ity (Extended Data Fig. 4b,c). Given the potential for rescue by high
levels of exogenous nucleobases, we next determined the physiologi-
callevels of nucleobases and nucleosides in human lung tissue. Lung
tissue samples from 15 patients with TB and 15 patients without TB
(30total) were analysed by mass spectroscopy and compared withan
equivalent experiment in mice (Table 1). These patient samples were
collected in the KwaZulu-Natal province of South Africa, where the
first cases of extensively drug-resistant TB (XDR-TB) were identified
in 2005 (ref. 11). Critically, these analyses revealed that nucleobase
and nucleoside levels in humans, ranging from 0.01t0 11.79 uM, were
below the concentrations required to rescue PurF inhibition (Fig. 2f).
The presence of TB infection did not affect nucleobase or nucleoside
levelsin lungtissue. Finally, there was no evidence that the purine sal-
vage pathway was significantly upregulated in response to JNJ-6640
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Table 1| Measured nucleobase and nucleoside concentrations in human and mouse lung tissue infected or uninfected with TB

Concentration (ngg™ (uM))

Metabolite Human TB lung Human non-TB lung Mouse TB lung Mouse non-TB lung
Xanthine 212+112(1.39) 241292 (1.59) 465+144 (3.06) 440+46.8 (2.89)
Adenine 20.2+70.7 (0.15) 1.3+0.9 (0.07) 585+136 (4.33) 367+98.9 (2.72)
Guanine 846+601(5.6) 736+335 (4.87) BQL (0.52) BQL (0.52)

Inosine 670682 (2.5) 608+417 (2.27) 4,038+1,090 (15.1) 3,180+360 (11.9)
Hypoxanthine 1,390+722(10.19) 1,600+485 (11.79) 711£211(5.23) 639+58.6 (4.7)
Adenosine 124152 (0.46) 93.7+671(0.35) 6,208+1,300 (23.2) 6,00+310 (22.8)
Guanosine 356+264 (1.26) 323+190 (1.14) 402+89.6 (1.42) 213+55.2 (1.46)

n=15 (human) and 4 (mouse). Data shown are mean+s.d. Calculation of uM assumes ngg™ is equal to ngl™. BQL, below quanitification limit (less than 78.5ngg™).

treatment (Extended DataFig. 4d). Together, this provides convincing
evidence thatJNJ-6640 inhibits purine de novo biosynthesis and that
the physiological levels of nucleobases and nucleosides in humans and
mice are insufficient to counteract its activity.

To definitively demonstrate target engagement between PurF and
JNJ-6640, recombinant MtPurF protein was expressed and purified
froman Escherichia coliexpression system (Extended Data Fig. 5a-d).
This purified PurF enzyme demonstrated catalytic activity using a
coupled-coupled assay format. In brief, the glutamate produced by
PurF was converted to a-ketoglutarate with abyproduct of hydrogen
peroxide, which was quantified using HyPerBlu reagent. In this assay,
JNJ-6640 robustly inhibited PurF in a dose-dependent manner (50%
inhibitory concentration (IC,,) =1 nM; Fig. 2g).

Given the ubiquitous and essential role of purinesinall organisms,
itis not surprising that the M¢PurF shares 56-57% homology with
the human and mouse PurF homologues (PPAT) within the PRTase
domain, whereJNJ-6640is predicted tobind. Therefore, to investigate
the potential for off-target toxicity, the human homologue PPAT was
also expressed, purified and shown to be active in the same coupled-
coupled format.Inthisassay,JNJ-6640 was more than10,000-fold less
active against PPAT (IC, = 14 uM; Fig. 2g). Similar inhibitory potencies
andselectivity indexes were seen for other compounds from this series
(Extended Data Fig. Se). To further investigate undesirable effects in
human cells, we performed a cell proliferation assay against 93 differ-
ent cancer cell lines to investigate potential liabilities in host toxicity.
Three knowninhibitors of cell proliferation (azathioprine, MMPR and
MPA) were used as controls (Fig. 2h). This analysis showed that, com-
pared with the three controls, JNJ-6640 had minimal activity against
any of the cancer cell lines tested with an average activity of negative
log of the IC, in molar (pICs,) < 4 (IC5, > 100 pM). These results dem-
onstrate clear target engagement with MtPurF and indicate a large
safety window based on selectivity over the human orthologue for
purine biosynthesis.

PurF inhibition affects DNA replication

To evaluate the activity of JNJ-6640 on mycobacterial growth kinet-
ics and heterogeneous phenotypic response at the single-cell level,
we carried out timelapse imaging of M. tuberculosis grown in micro-
fluidic devices. M. tuberculosis constitutively expressing tdTomato
fluorescent protein in the cytoplasm was used in these experiments
toidentify cell division and lysis events upon compound treatment™.
After approximately 6-10 h of treatment with 0.6 M JNJ-6640, most
of the bacteria stopped elongating and growth was arrested for the
remainder of drug exposure (up to 144 h), with a significant number
of lysis events (approximately 50%) detected during the latter part of
exposure (Fig.3a,b); asimilar effect was observed for bedaquiline” and
ciprofloxacin (Extended DataFig. 6a,b) under similar conditions. This
cell lysis continued even after drug removal (measured for 72 h after
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washout), suggesting a persistent suppression of bacterial growth in
the absence of compound. None of the remaining, intact M. tuberculosis
exhibited regrowth after drug washout, even upon supplementation
with a physiologically relevant mixture of nucleobases determined
from uninfected mouse lung tissue (Table 1). In addition, timelapse
microscopy was also used to assess the effect of JNJ-6640 on bacterial
DNA replication. To visualize the replisome machinery, we constructed
areporter strain of M. tuberculosis, expressing DnaN as a fusion pro-
tein with GFP. This provides a real-time readout of the DNA replisome
machinery, when actively replicating the bacterial chromosome™.
When treated with 0.6 uM JNJ-6640, the bacteria stopped dividing,
and DNAreplicationwasinhibited, marked by the disappearance of the
replisome (GFP-DnaN) foci over time, followed by cell lysis. Again, even
after removal of JNJ-6640, not only was bacterial regrowth inhibited
but these lysis events also continued, suggesting a persistent bacteri-
cidal effect evenin the presence of a physiologically relevant mixture
of nucleobases (Fig. 3c,d).

Invivo-relevant activity of JNJ-6640

To further characterize the bactericidal effects of JNJ-6640, we
assessed the activity under different in vitro and ex vivo condi-
tions. We first showed that JNJ-6640 is active in cholesterol media
(MICy,=29.1+1.7 nM), which is considered the main carbon source
for M. tuberculosis in vivo®. JNJ-6640 was also active against intracel-
lular bacteria in THP-1 cells (ICs, = 26.1 + 10.1 nM), with comparable
activity with in vitro axenic M. tuberculosis experiments (Extended
DataTable1). We further validated the intracellular activity of JNJ-6640
by carrying out imaging of macrophages infected with fluorescent
M. tuberculosis over time (Extended DataFig. 6¢,d).JNJ-6640 prevented
the expansion ofintracellular bacteria, and this effect was maintained
even when the macrophage growth media was supplemented with a
mixture of nucleobases (Extended Data Fig. 6c,d).

During infection in vivo, M. tuberculosis persists in infected mac-
rophages and in sites of caseous necrosis within granulomas. As such,
the bactericidal activity of JNJ-6640 against non-replicating persis-
tent M. tuberculosis was evaluated using the ex vivo rabbit caseum
assay previously developed®®. However, JNJ-6640 lacked activity
in caseum at concentrations up to 128 pM (Extended Data Fig. 7a).
In line with observations of hypoxia in necrotic TB granulomas®,
we also assessed the bactericidal activity of JNJ-6640 in an intracel-
lular hypoxic environment. In brief, our ‘foamy macrophage’ assay
consisted of infected THP-1 cells incubated for 4 days in hypoxic
conditions to generate lipid-loaded macrophages infected with
non-replicating bioluminescent M. tuberculosis®® (Extended Data
Fig. 7b,c). The ratio of IC,, values between the end of the hypoxic
incubation (day 4) and after 1 day of normoxic regrowth (day 4 +1)
was used to characterize compounds, with IC;, ratios of more than 2
classed as bactericidal. Control compounds established to be either
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bactericidal (rifampicin; ratio = 96) or bacteriostatic (isoniazid;
ratio = 0.65) under low-oxygen (dormancy) conditions showed the
expectedresults, inline with their documented relative activitiesin
other non-replicating and hypoxic assays (Extended Data Fig. 7d-f).
JNJ-6640 demonstrated bactericidal activity in this hypoxic assay
(ratio = 45; Fig. 4a), which s particularly encouraging as the majority
of TB drugs are not effective under intracellular hypoxic conditions
(Extended DataFig. 7f).

PurFis ahigh-value targetinvivo

Given the promising bactericidal profile of JNJ-6640, confirma-
tion of the molecular target and clear selectivity versus the human
orthologue, we next focused on demonstrating in vivo efficacy. Early
ADME (absorption, distribution, metabolism and excretion) profil-
ing revealed that JNJ-6640 was rapidly metabolized (high intrinsic
clearance) in liver microsomes and hepatocytes, as well as showed
inhibition of some cytochrome P450 (CYP) enzymes (Extended Data
Table 3). Although the high intrinsic clearance did not translate into
a high in vivo mouse clearance, the short half-life (¢, = 0.76 h) led
to a rapid decline of JNJ-6640 plasma concentration (Extended
Data Fig. 8a,b). Given the physicochemical properties of JNJ-6640
and low aqueous solubility, we used a long-acting injectable (LAI)
aqueous-based suspension as an alternative approach to achieve
invivo proof of concept. LAl delivery systems allow for prolonged and
sustained drug release into the bloodstream over extended periods
of time?. Pharmacokinetic studies in mice showed that subcutane-
ous injection of a LAl formulation (1,500 mg kg™) led to sustained
exposure of JNJ-6640 for at least 4 weeks (Extended Data Fig. 8a,c).
Furthermore, the dose was well tolerated in mice and no adverse clini-
cal signs of toxicity or effect on body weight were observed for the
duration of the study. On the basis of these data,JNJ-6640 was deemed
to be safe and tolerable for an in vivo proof-of-concept study.

In ashort acute model of infection, mice were inoculated with 200
colony-forming units (CFU) for 7 days, then treated with either one or
two doses (1 dose per week) 0f 1,500 mg kg JNJ-6640 LAIL Two doses
ledtoal.8 log CFUreduction compared with vehicle control (Fig.4b).
Asingleinjectionalsoled to amore modest but statistical reductionin
CFU, indicating adose-response effectininvivo activity. We were also
ableto demonstrate areductioninbacterial burdeninachronic model

¢, Representative snapshots of M. tuberculosisreplisome reporter strain
(MTB::gfp-dnaN, green channel) expressing cytoplasmic TdTomato (magenta
channel), before, during and after exposure to 0.6 uMJNJ-6640. Bacteria
undergoing DNA replicationidentified by green focirepresentingactive
replisome complex. Scale bars, 3 pm. d, Number of bacteriawith a GFP-DnaN
fociwhenexposedto 0.6 uMJNJ-6640 (grey shading) and after washout and
supplementation with 1x NB mix (blue shading). The lines (n=8) represent
individual xy positionsimaged over time. A representative dataset from two
independent experiments.

of infection (Fig. 4c). Once weekly doses 0f 1,500 mg kg™ JNJ-6640 LAl
for 8 weeks resulted in a significant 0.5 log CFU reduction compared
with vehicle control. These efficacy data provide clear proof of concept
that an inhibitor of PurF canlead to areductionin CFU in vivo.

JNJ-6640 contributes to TBregimens

Finally, we investigated the inclusion of JNJ-6640 in drug combina-
tions for drug-resistant TB treatment. The recommended regimen for
pre-XDR-TBrequires a 6-month, all-oral combination therapy involv-
ing bedaquiline-pretomanid-linezolid®?. One of the key rationales
of this study was to identify compounds with novel modes of action
that could become alternative combination partners for bedaquiline
and pretomanid. This is owing primarily to the toxicity of linezolid as
wellas emerging drug resistance? . We first tested the replacement
of linezolid with various concentrations of JNJ-6640 in combination
with bedaquiline and pretomanidin vitro (Fig. 4d and Extended Data
Fig. 9a). Replacement of linezolid with 0.1-10 phM JNJ-6640led to a
dose-dependent decrease in CFU compared with just bedaquiline
and pretomanid. AsJNJ-6640 led to a statistically significant reduc-
tionin CFU in vivo (Fig. 4b,c), we next replicated our combination
studies in an animal model of infection (Fig. 4e). Here mice were
inoculated with 10,000 CFU to effectively assess the contribution
of JNJ-6640 activity to the bedaquiline-pretomanid backbone regi-
men. Human equivalent doses of bedaquiline and pretomanid were
supplemented with either linezolid or JNJ-6640 over 2 weeks. This
showed that combination with JNJ-6640 led to a similar decrease in
CFU as seen for combination with linezolid, replicating our results
from in vitro experiments. Finally, through DiaMOND analysis of
pairwise combinations®, we have provided evidence that, as well
as linezolid, JNJ-6640 also exhibits more favourable interactions
with bedaquiline and pretomanid than moxifloxacin in the in vitro
combinations tested (Extended Data Fig. 9b). Given the increasing
prevalence of fluoroquinolone resistance, these findings highlight
the potential of JNJ-6640 as a promising alternative to moxifloxa-
cinin the standard-of-care regimen used for MDR-TB (bedaquiline,
pretomanid, linezolid and moxifloxacin). Collectively, these data
provide compelling evidence that inhibitors of purine biosynthesis
could be an attractive addition to future treatment regimens for
drug resistant-TB.
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Fig.4|Translation of JNJ-6640 activity. a, Susceptibility of JNJ-6640 in afoamy
macrophage assay. ICs, comparisonatday 4 (30 pM) and day 4 +1(0.66 pM);
ratio of 45 (bactericidal). n=2individual experiments with 4 technical replicates.
b,JNJ-6640 (1,500 mg kg™ LAI; subcutaneous) efficacy inanacute mouse model
for TB administered once fortnightly (66401/14, 7 days post-infectionand day 1
treatment phase) or once weekly (6640 2/14,7 and 14 days post-infection, and
daylandday7treatment phase).21Days post-infectiondataareshown.n=35
animals. Representative of two independent experiments.BDQ, 25 mg kg™
bedaquiline oral administration (PO) once daily (qd). ¢,JNJ-6640 (1,500 mg kg™
LAI; subcutaneous) efficacy in the chronic mouse model for TB. 84 Days post-
infectionareshown.n=6animals. 6640 8/56,8x doses, once weekly of JNJ-6640.
d, Invitro combination studies replacing linezolid withJNJ-6640. Day 10 data
areshown. 6640,10 tMJNJ-6640;B, 0.5 uM bedaquiline; HR, 5.8 pMisoniazid
and 14.58 pMrifampicin; L, 6 pMlinezolid; Pa, 7 uM pretomanid. Bedaquiline,
pretomanid and linezolid concentrations reflect the mouse equivalent human
dose based on efficacious exposure. The full datasetis shownin Extended
DataFig.9.n=3biological replicates, representative of twoindependent
experiments. Dashed lineindicates the startinginoculum. e, Invivo combination
study demonstrating thatJNJ-6640 canreplacelinezolid ina high acute model.
Two week treatment. 24 Days post-infection are shown. 6,640,1,500 mg kg™
JNJ-6640 LAl (subcutaneous; once weekly); B, 25 mg kg bedaquiline (PO qd);
L,100 mg kg™ linezolid (PO qd); Pa, 40 mg kg™ pretomanid (PO qd); SoT, start of
treatment (10 days post-infection). n =5 (SoT) or 6 (treatment groups) animals.
Forall panels, datashown are mean + s.d. Significance was calculated with
one-way analysis of variance (ANOVA) with Dunnett’s (b), Tukey’s multiple
comparisons (d,e) or two-sided unpaired t-test (c).

Discussion

Here weidentified and validated a first-in-class small-molecule inhibi-
tor of de novo purine biosynthesis via the inhibition of PurF, the first
enzymeinthe pathway. Targeting metabolic pathways inmycobacteria,
suchas purine biosynthesis, was previously viewed with scepticism due
to possible on-target toxicity against human homologues. However,
our current data, along with the previous identification of compounds
targeting ATP synthase, such as bedaquiline?, or cytochrome bc,
(ref. 28) suggest that selectively targeting metabolic enzymes is an
effective strategy for the development of new antibiotics to combat
tuberculosis. The validation of PurF represents a much-needed new
target for anti-TB drug discovery.

Starting froma phenotypic hit froma screening campaign, amedici-
nal chemistry programme resulted in the discovery of the lead mole-
cule, JNJ-6640, which demonstrated remarkable potency against
M. tuberculosis. A myriad of genetic and biochemical evidence showed
thatJNJ-6640 inhibits PurF. Correlationbetween enzymatic and in vitro
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activity, together with the selection of mutations within PurF conferring
high-level resistance, provide clear evidence of target selectivity for
MtPurF. Furthermore, we showed via an enzymatic assay with human
PPAT, that this chemical seriesis highly selective for the mycobacterial
PurF homologue. Finally, we demonstrated ex vivo and in vivo efficacy
proof of principle for JNJ-6640 in various models, providing convinc-
ing evidence that affirm the critical role of PurF in the mycobacterial
purine biosynthesis pathway and demonstrate that inhibition of PurF
is a promising strategy for future TB drug discovery. The efficacy of
JNJ-6640 varied across the different models used in this study and,
due to the heterogeneous nature of TB disease in the clinical setting,
highlights the importance of using multiple models when assessing
compound efficacy.

The WHO target regimen profile outlines the need for more effica-
cious TB treatment regimens that allow for simpler, shorter and safer
therapy of all forms of TB?. The long-term goal is the development of
a pan-TB regimen consisting of three to four entirely novel drugs to
overcome existing resistance mechanisms. In the near term, efforts
are focused on replacing the two weakest components of the MDR or
pre-XDR-TB standard-of-care regimens: moxifloxacin, due to resist-
ance, and linezolid, due to toxicity. Our data suggest that replacing
linezolid withJNJ-6640, in combination with bedaquiline and pretoma-
nid, has comparable efficacy with bedaquiline-pretomanid-linezolid,
the current standard of care for pre-XDR-TB treatment. This was sup-
ported with DiaMOND? pairwise interaction data, which predicted
thatJNJ-6640 exhibits more favourable interactions with bedaquiline
and pretomanid, than either linezolid or moxifloxacin. A systematic
approach, supported by additional preclinical data, will be required
to validate these interactions and to identify additional drug targets,
thereby maximizing the potential contribution of PurF inhibitors to
clinically relevant, next-generation treatment regimens.

Prolonged treatment durations in patients can contribute to non-
compliance, leading to the emergence of drug-resistant strains and
higher treatment failure. Shortening the duration of existing TB treat-
ment regimens necessitates not only the discovery of new drugs but
also the use of novel drug delivery approaches such as LAls or new
treatmentregimens. The inclusion of LAlsin TB treatment has become
anattractive optionto reduce oral treatment length, overall pill burden
and improve patient compliance. To this regard, an ongoing phase |
study is exploring the safety and tolerability of a bedaquiline LAl in
healthy volunteers. Thus, although we utilized aJNJ-6640 LAl here
toimprove compound exposure and obtainin vivo efficacy, in general,
assessment of compound LAl viability should be included early in TB
drug discovery programmes to provide more LAl options for future
TB treatmentregimens.

We demonstrated that high exogenous concentrations of hypox-
anthine can rescue the activity of JNJ-6640. Given the potential for
rescue in patients, we quantified the physiological concentrations of
nucleobases and nucleosides in human and mouse TB-infected lung
tissue. Our findings clearly demonstrate that these concentrations
are below those required to rescue JNJ-6640 activity. Furthermore,
previous work, using a bespoke library of transposon mutants, dem-
onstrated the essentiality of multiple components of de novo purine
biosynthesis pathway (PurF, PurM and PurQ) for M. tuberculosis sur-
vival in mice, validating this pathway as a critical target for TB drug
development®. Our in vivo efficacy data of JNJ-6640 also showed that
the salvage pathway does not sufficiently compensate for the chemical
inhibition of PurF. Together, these data suggest that de novo purine
biosynthesis is critical for bacterial survival within host tissues and
that host levels of nucleobases are insufficient to rescue JNJ-6640 activ-
ity. In addition, they also showed that M. tuberculosis cannot salvage
purine metabolitesin sufficient quantities to compensate for the loss
of de novo biosynthesis.

Previous drug discovery efforts have focused on inhibitors that
target GuaB2 (inosine-5’-monophosphate dehydrogenase; Rv341ic),



an essential downstream member of the purine biosynthetic path-
way, which converts IMP to XMP* 3, However, despite the promising
invitroactivity of inhibitors targeting GuaB2, and demonstration that
GuaB2is essential to M. tuberculosis survival in vivo®, translating these
findingsinto anin vivo efficacy proof of concept has proven challeng-
ing®*. Nevertheless, as GuaB2 and PurF inhibitors are only rescued by
high (non-physiologically relevant) concentrations of guanine and
hypoxanthine, respectively, combining these inhibitors could offer a
synergisticapproachto enhance the efficacy of TB treatment regimens
by simultaneously targeting distinct components of the same pathway.

Although JNJ-6640 represents a valuable tool compound for validat-
ing PurF asanovel drugtargetin M. tuberculosis, further optimization
isrequired to progress towards a preclinical candidate. The metabolic
instability of the compound is probably attributed to the central pyr-
rolidine core, as supported by in silico and in vitro metabolite identi-
fication studies. Although initial efforts to block this core enhanced
invitro metabolic stability, they also resulted in reduced anti-TB acti-
vity. Ongoing optimization efforts are focused on scaffold hopping of
the pyrrolidine core to identify metabolically stable analogues, while
maintaining the remarkablein vitro potency of JNJ-6640, for enhanced
invivo efficacy.

In conclusion, focusing on the unexplored biology and chemical
space of key metabolic pathways led to the discovery and develop-
ment of bedaquiline, the cornerstone component of standardized
drug-resistant TB treatment. The discovery of JNJ-6640 and, more
importantly the validation of PurF as a viable drug target, represents
another validated metabolic target and an advancement in TB drug
discovery research.
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Methods

Ethics and inclusion statement

This research represents a collaborative effort between multiple
research groups based in Belgium, the UK, South Africa, the USA,
Canada, France and Spain. Authorship was determined solely based
on substantial contributions to the conception, design, execution or
interpretation of the work, and the roles and responsibilities of each
author were defined according to their area of expertise. All studies
involving animals or human participants received approval from the
appropriate institutional ethics committees (see relevant sections)
and were carried out inaccordance withinternational and institutional
ethical guidelines. All experiments involving M. tuberculosis or other
pathogenswere conducted inthe appropriate biosafety-level facilities
under strict containment protocols. No part of the research involved
the use of identifiable human data or samples without consent.

Animal ethics statement

Allthe invivo efficacy and lung nucleobase studies were performed at
Janssen Pharmaceuticain Beerse, ina certified BSL3 facility inagreement
with European Directive (2010/63/EU) and national directives for the
protection of animals for experimental purposes. All procedures were
approved by the Ethics Committee of Janssen Pharmaceutica (license
number LA1100119), located in Beerse, Belgium, whichisaccredited by
Association for Assessment and Accreditation of Laboratory Animal
CarelInternational (AAALAC) since 2004 under the unit number 001131
(https://www.aaalac.org/). For pharmacokinetic studies at Pharmaron,
allprocedures were approved by the Institutional Animal Care and Use
Committee and Pharmaron holds full AAALAC accreditation.

Human ethics statement

The collection of human biological samples for this study was approved
by the University of KwaZulu-Natal Biomedical Research Ethics Com-
mittee (BREC reference number BEO19/13). The protocol includes
the acquisition of lung tissue from anonymized patients undergoing
pneumonectomy or lobectomy procedures at two public hospitalsin
Durban, South Africa: Inkosi Albert Luthuli Central Hospital and King
Dinizulu Hospital Complex. Written, informed consent was obtained
from all study participants who were routinely assessed for extent of
disease and fitness for surgery according to standard imaging and
clinical parameters. Of note, the patients with TB in this study cohort
completed 9-24 months of anti-TB treatment before surgery, largely
determined by M. tuberculosis susceptibility profiles. Lung tissue speci-
mens from15 patients with TB who were HIV negative (n = 15) had visible
tubercles with a variable combination of associated haemorrhage,
cavitation, fibrosis and bronchiectasis. Control lung specimens (n =15)
were obtained from patients with cancer who were TB and HIV nega-
tive undergoing lung surgery. Upon resection, representative tissue
samples were immediately placed in conical tubes and snap frozen
ondryice before transport. Samples were then stored at —80 °C until
thawed for homogenization.

Mice

Six-to-eight-week-old female Balb/cBy mice were purchased from
Charles-River or Janvier. Mice were allocated in the BLS3 facility in
individually ventilated cages in HEPA-filtered racks and rested for at
least 5 days to allow acclimatization. Access to water and food was ad
libitum.

Bacterial strains and growth conditions

The M. tuberculosis H37Rv strain was kindly provided by R. Brosch (Insti-
tut Pasteur). The strain was regularly passaged in mice to maintain viru-
lence and retain PDIM-related genes. To prepare frozen stocks, H37Rv
was grown in Middlebrook 7H9 (Becton-Dickinson) culture medium
supplemented with10% oleic acid-albumin-dextrose-catalase (OADC)

complex (Becton-Dickinson), 0.2% glycerol and 0.05% Tween 80
(Sigma-Aldrich). Upon reaching stationary phase, the H37Rv culture
was harvested in glycerol (15%; Becton-Dickinson) containing Mid-
dlebrook 7H9 medium and frozen at -80 °C.

Guided compound screening and MIC assay

Compoundsscreened in dose-response were tested in fourfold dilutions
from5 mMto0.005 uMinblack, clear bottom, 384-well microtitre plates
(Greiner). Using an Echo liquid handler, alow volume dilution range in
100% DMSO was dispensedinthe plates (150 nl per well). Reference plates
wereincluded as well as positive and negative control wells in each plate.
M. tuberculosis H37Rv (5 x 10° CFU mlI™) diluted in Middlebrook 7H9
medium supplemented with 10% OADC, 0.2-0.5% glycerol and 0.05%
Tween 80 was added to the compound plates (30 pl). Plates were incu-
bated for 7 days at 37 °C. Before absorbance measurements (optical
density at 620 nm (ODy,,)) using an Envision multimode plate reader
(Perkin Elmer), the plates were shaken (4 minat1,000 rpm). MIC;, values
were determined asthe lowest drug concentration, inhibiting at least 50%
growth observedin the positive control wells using Microsoft Excel and
presented as pMIC;, (Supplementary Fig.1). For dose-response curves
with]JNJ-6640 or the CRISPRi-mediated transcript knockdown strain,
plates were generated as above, with compounds tested in twofold dilu-
tions, with the presence or absence 0f 100 ng ml™ anhydrotetracycline
(ATc). MIC,, values were determined as the lowest drug concentration
inhibiting at least 90% growth observed in the positive control wells.

MBC,,, assay

M. tuberculosis H37Rv (1 x 10° CFU ml1™) diluted in Middlebrook 7H9
medium supplemented with 10% OADC, 0.5% glycerol and 0.05%
Tween 80 was added to 96-well plates containing compounds in
dose-response. In each compound plate, two reference compounds
indose-response and positive control wells were included. Afterincu-
bation of the plates for17 days, 5 pl of each condition was stamped on
7H10 plates supplemented with 0.4% charcoal (Sigma-Aldrich), 0.5%
glyceroland10% OADC. In brief, a tenfold serial dilution was prepared
of each concentrationin PBS, plated on 7H10 six-well plates (plus 0.4%
charcoal, 0.5% glyceroland10% OADC) and incubated for 21 days before
counting CFU. The MBC,,, was defined as the concentration giving at
least 3-log,, reduction compared with the initial CFU. For nucleotide
rescue experiments, M. tuberculosis (5 x 10° CFU ml™?) was treated for
17 days in the presence of 1 uM JNJ-6640 supplemented with either
various concentrations of hypoxanthine or adenosine.

Resistance generation

Toisolate resistant colonies, agar plates containing approximately 25x
MIC,, of either compoundJNJ-7310,JNJ-6627 or JNJ-6640 were inocu-
lated with WT M. tuberculosis (1-5 x 108 CFU) to select resistant colonies.
Individual colonies were re-plated in the presence of compound for
approximately 3 weeks to confirm resistance. Genomic DNA was iso-
lated fromresistant colonies using the Quick-DNA fungal and bacterial
miniprep kit (Zymo Research). Following whole-genome sequencing,
reads were aligned to the M. tuberculosis H37Rv genome (release 4,
2021-03-23; mycobrowser.epfl.ch). Comparison of the sequences of
PurF homologues from different species, with the location of resist-
ance mutations, is shown in Supplementary Fig. 2.

Molecular modelling

A model of MtPurF was generated using an AlphaFold model
(AF-P9WHQ7-F1) and compared with crystal structures of other PRPP
amindotransferases®*~® The SiteMap detection tool was used to pre-
dict putative binding pockets**° (D-score 0f 1.03 was detected at the
PRTase active site; Supplementary Fig. 3), and JNJ-6640 was docked in
the putative binding site using IFD-MD (Schrodinger)**. All SiteMap
and IFD-MD calculations were performed using Schrodinger software
(release 2024-2, Schrodinger).
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Stableisotope labelling

For the ®N stable isotope labelling experiment, 10 ml M. tuberculosis
H37Rv cultures (OD¢,, = 0.8 in 7H9 complete media) were treated with
either DMSO (to 0.1% final concentration) or JNJ-6640 (100 nM final
concentration) in DMSO (0.1% final concentration) and simultaneously
supplemented with ®N-amide-glutamine (2 mM final concentration;
Cambridge Isotope Laboratories). After 4 hincubation at 37 °C with
shaking, cultures were centrifuged at 3,000g for 10 min at 4 °C. The
supernatant was discarded and the pellet washed by resuspending
in150 mM ammonium acetate solution (pH 6.6) in ultra-pure water
before centrifuging again as previously. Supernatant was discarded
and pellet resuspended in 1 ml metabolite extraction solution (2:2:1
acetonitrilezmethanol:water; all liquid chromatography-mass spec-
trometry (LC-MS) grade) and placed on dry ice for 10-20 min with
frequent vortexing. Samples were then transferred to tubes containing
0.1-mm glass beads and the cells lysed using a Precellys 24 homog-
enizer (Bertin Technologies; 3 x 20 sat 6.0 ms™). Samples were frozen
at-80 °Covernight before being thawed, vortexed and centrifuged at
15,000g for 10 min at 4 °C. The supernatants were taken and filtered
using prewashed Spin-X 0.22-pm centrifuge filters (Corning) by cen-
trifuging for15,000g for 10 min at 4 °C. Filtrates were stored at—70 °C
until LC-MS analysis. For quality control purposes, additional bacte-
rial samples were taken as above but using unlabelled glutamine, and
background controls were taken by performing the same method on
the mediawithoutbacteria and on the extraction solution only. Equal
aliquots from each experimental sample were combined into a pooled
sample. This pooled sample was used to create a dilution series and
identical run control samples that were placed regularly throughout
the LC-MS sample run.

LC-MSwas performed using an Agilent 1290 Infinity Il Bio LC system
connectedtoanAgilent Accurate Mass 6546 QTOF mass spectrometer.
Chromatography was performed using an InfinityLab Poroshell 120
HILIC-Z column (Agilent; 2.1 x 150 mm, 2.7 pm) at 15 °C. Abinary gradient
was used with 20 mM ammonium acetate in water (pH 9.3) containing
5 uM InfinityLab Deactivator Additive (Agilent) for mobile phase A and
pure acetonitrile for mobile phase B. Flow rate was 400 pl min™ with
thesolventgradient changinglinearly between the following times and
holds: 0-1minfor 90% mobile phase B; 8 min for 78% phase B; 12 min for
60% phase B; and 15-18 min for 10% phase B. The solvent ratio was then
returned to 90% phase B before re-equilibrating for 4.5 5 min. For MS,
ionization was performed using ESl in negative mode with nebulizer
pressure of 30 psig and a nitrogen drying gas flow rate of 9 Imin™ata
temperature of 225 °C. The capillary, nozzle and fragmentor voltages
sett03,000V,500 Vand 80V, respectively. The MS acquisition rate was
1spectra per second. Metabolites were identified by their m/z values,
MS/MS fragmentation, and comparison of fragmentation patterns and
retention times to standards. Chromatogram alignment, targeted feature
extraction, quantification and isotopologue analysis were performed
using the Agilent MassHunter software suite. Stable isotope-labelled
abundances were corrected for the natural abundance of ®N and con-
firmed by checking for lack of corresponding signal inthe samplesincu-
bated with unlabelled glutamine. For quality control purposes, extracted
metabolites withanr-squared value of less than 0.85 in the pooled sample
dilutionseries or arelative standard deviation in the run control samples
of more than 25% were removed from analysis. Metabolite abundances
were normalized to the soluble protein content in each sample as meas-
ured by bichinchonic acid assay (Pierce BCA Protein assay kit, Thermo
Scientific) performed as per the manufacturer’sinstructions.

Measurement of glutamine levels

Ten millilitres of M. tuberculosis H37Rv cultures (ODg,, = 0.8 in 7H9
complete media) was treated with either DMSO (to 0.1% final concentra-
tion) or JNJ-6640 (1,000 nM final concentration) in DMSO (0.1% final
concentration). After 24 h ofincubation at 37 °C with shaking, samples

were processed for LC-MS analysis as described above. The LC-MS
was performed using an Agilent 1290 Infinity Il LC system connected
to an Agilent Accurate Mass 6545 QTOF mass spectrometer. Chroma-
tography was performed using an Cogent Diamond Hydride Type C
silica HPLC column (MicroSolv) at 25 °C. A binary gradient was used
with 0.2% acetic acid in water for mobile phase A and 0.2% acetic acid
in acetonitrile for mobile phase B. The flow rate was 400 pl min™with
the solvent gradient changing linearly between the following times
and holds: 0-2 min for 85% mobile phase B; 3-5 min for 80% mobile
phase B; 6-7 min for 75% mobile phase B; 8-9 min for 70% mobile
phase B; 10-11 min for 50% mobile phase B; and 11-25 min for 20%
mobile phase B. The solvent ratio was then returned to 85% phase B
before re-equilibrating for 5 min. For MS, ionization was performed
using ESlin positive mode with nebulizer pressure of 50 psigand a
nitrogen drying gas flow rate of 51 min"at 300 °C. The capillary, nozzle
and fragmentor voltages were set to1,500 V,2,000 Vand 100 V, respec-
tively. Data were analysed as above with glutamine levels normalized
tothe sum of all the extracted metabolite intensities for each sample.

Generation of CRISPRi-mediated knockdown strains

DNA fragments encoding small guide RNAs (sgRNAs) that specifically
target purFwere cloned into the pIRL2 plasmid as previously described*.
Inbrief,complimentary single-stranded oligos, obtained from an online
database of sgRNA sequences (pebble.rockefeller.edu), were annealed
then cloned into pIRL2 (Addgene) via BsmBl restriction sites using
Golden Gate Assembly (Supplementary Table 1). Resulting colonies were
Sanger sequenced to confirmthe presence of the target sequence. Tar-
getingand empty vector pIRL2 plasmids (500 ng) were electroporated
into WT M. tuberculosisH37Rv. Colonies were selected from 7H10 agar
plates containing 50 pg ml™ kanamycin. Inducible transcript knockdown
using 100 ng mI™ ATc was confirmed using quantitative real-time PCR
(rt—-qPCR). CFU counts were taken on days 7,14 and 21 by plating serial
dilutions onto 7H10 agar before incubation at 37 °C for 3 + 1 weeks to
measure the effect of transcript knockdown on growth over time.

rt-qPCR

CRISPRi-mediated knockdown strains with and without the presence
of 100 ng ml™ ATc or JNJ-6640-treated H37Rv were grown to mid-log
phase and diluted to an OD, of 0.05 in 7H9. The empty vector strain
was growninthe presence of ATc. After 4 days, RNA was extracted using
the RNeasy kit (Qiagen) and genomic DNA was depleted using Turbo
DNAse (Invitrogen). cDNA was generated using Superscript Il reverse
transcriptase (Invitrogen). Relative transcript knockdown of each gene
was determined using SYBR green and gene-specific primers (Supple-
mentary Table1). rt-qPCRwas performed using the Applied Biosystems
7500 Fast Real-Time PCR System with the following conditions: 50 °C
for20s,95°Cfor10 minthen40 cyclesof95°Cfor10s, 60 °Cfor1 min
followed by 95 °C for15s, 60 °C for 1 min, 95 °C for 30 s and 60 °C for
15s. Transcripts of interest were normalized against sigA. Analysis was
performed using the comparative Ct method*.

Determination of nucleobases levels in TB-infected and
uninfected mouse lung tissue
Mice were infected intranasally with 200 CFU per mouse for 7 days
before euthanizationand lung collection. Lung tissue was snap frozen
inliquid nitrogen and kept at =80 °C until further processing. Frozen
lungs where homogenized inrefrigerated GentleMACS M tubes contain-
ing 2.5 ml70:30 methanol:water, using the GentleMAC Octa Dissocia-
tor on program ‘RNA_02_01’. Lung homogenate aliquots (50 pl) were
transferred to screwcap Micronic tubes filled with 450 pl refrigerated
acetonitrile, vortexed for 10 s, incubated onice for 10 min and stored
at—80 °C until bioanalysis.

Liquid chromatography was performed on an Acquity Premier
system (Waters) and this was coupled to an Xevo TQ Absolute Triple
Quadrupole Mass Spectrometer (Waters). For UHPLC analysis, a Cogent
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Diamond Hydride 4 u2.1 x 150 mm column was used (MicroSolv Tech-
nology) at30 °C. Solvent A consisted of 0.2% acetic acid in water and sol-
vent B of 0.2% aceticacid in acetonitrile. Chromatographic separation
ofthe nucleobases was obtained at a flow rate of 0.4 ml min™under the
following conditions: gradient starting conditions were 95% solvent B
withanisocratic hold for 2 min, then multiple linear gradient steps were
applied eachfollowed by anisocratic hold for 1 min, first to 80% solvent
Bin3 min, followed by alinear gradient to 50% solventBin1 minanda
final step to 20% solvent Bin 0.5 min, afterwards the initial conditions
were reached in 0.1 min. Total run time was 16 min to obtain optimal
equilibration of the analytical column. The injection volume was 1 pl.
Electrospray MS analysis was carried out onan Xevo TQ Absolute Triple
Quadrupole Mass Spectrometer (Waters) operated in the positiveion
mode. Theinstrument was optimized by flow injection for each nucle-
obase. The following internal standards were used: adenosine-"C,y, °N
and xanthine-*C, ®N,. Selective reaction monitoring transitions were
used as a quantifier: adenine (135.9 > 118.9), guanine (151.9 > 134.9),
hypoxanthine (136.9 > 118.9), adenosine (268 >118.9), guanosine
(284.1>151.9),inosine (268.9 >136.9) and xanthine (152.9 > 110); asec-
ond selective reaction monitoring transition was used as a qualifier
adenine (135.9 > 92), guanine (151.9 > 110), hypoxanthine (136.9 > 109.9),
adenosine (268 >135.9), guanosine (284.1 >134.9), inosine (268.9 > 110)
and xanthine (152.9 >135.9). For chromatographic evaluation, Waters
TargetLynx software version 4.2 (Waters) was used. Calibration curves
were plotted using appropriate log-log linear regression.

Human TB-infected and uninfected tissue homogenization and
metabolite extraction

Wet mass of selected human lung specimens for homogenization
ranged from 99 to 120 mg. Protocol for tissue homogenization was
asfollows: tissue sample was washed three times with 5 ml of refriger-
ated PBS (Gibco) and placed on adsorbent cloth to remove excess.
Samplewasthenaddedto arefrigerated gentleMACs M tubes (Miltenyi
Biotec) containing 1.3 ml of 70% methanol extraction solvent contain-
ing d,-alanine (Sigma) at afinal concentration of 100 pg ml™". Homog-
enization of tissue was performed using a gentleMACS Octo Tissue
Dissociator (Miltenyi Biotec), using the ‘RNA_02_01’ protocol. Tubes
were then centrifuged at 2,500g, 4 °C for 30 min and the supernatant
transferred to a 70-um nylon cell strainer (Falcon). The homogenate
flow-through was then filter sterilized using 0.22-um filter tubes (Cos-
tar Spin-X, Corning) at 13,000g at 4 °C for 10 min. Filtrates were then
placed in a SpeedVac centrifugal concentrator (Thermo Scientific)
and solvent removed overnight under vacuum. Dried residual solutes
werereconstituted in high-purity water and placed ina Thermomixer
(Eppendorf) atroom temperature and shaken for1h (1,300 rpm). For
LC-MS/MS analysis, samples were further diluted with acetonitrile
(ACN) to afinal solvent composition of 70% ACN.

LC-MS/MS analysis of human lung tissue

Metabolite extracts were analysed on a Thermo Q-Exactive mass spec-
trometer coupled to a Dionex Ultimate 3000 UPLC system. A Waters
X-Bridge BEH Amide 2.1 x 100 mm HILIC column was used with mobile
phase A (100% ACN) and mobile phase B (100% water), both containing
0.1% formic acid and runin gradient mode, at a flow rate of 200 pl min™
andatemperature of 40 °C. The Q-Exactive parameters were as follows:
ESlIvoltage of 3.5 kV was used, with a sheath gas flow rate of 45, aux gas
of 10 and sweep gas of 2. Capillary temperature was kept at 250 °C. For
high-resolutionmolecularion scans, the range was from 50 to 750 m/z at
aresolutionof 70,000, in positive ion mode. For parallel reaction moni-
toring analysis, the basic conditions were the same, but collision energy
values for each analyte were determined and were as follows: CE-40 for
adenine, NCE-30 for, CE-38 for guanine, NCE-30 for guanosine, NCE-20
forinosine, CE-50 for hypoxanthine, NCE-35 for xanthine; for the internal
control, d-alanine, withacollision energy value of 10, was used, which was
the minimum available and would suppress fragmentation. The gradient

conditions for both methods were as follows: 0 min for 90-10% ACN to
water then15min,30-70%ACN to water, with alinear gradient and finally
15.1-26 minat 70% ACN. A solvent composition of 90% ACN to 10% water
was used for columnregeneration. Each sample was analysed twice: once
using high-resolution molecularionscanand asecond timewith the MS
inparallel reaction monitoring mode where target molecularions were
fragmented and the spectraaccumulated for further post-run analysis.
Expected retention times on these methods were obtained from running
high-purity, analytical standards (IROA Technologies, Thermo Scien-
tific) for each analyte under the same conditions and used for molecule
verification purposes. Anexternal calibration series was prepared using
the same high-purity, reference compounds for guanine, hypoxanthine,
adenine, xanthine, guanosine, inosine and adenosine and used to calcu-
latethe concentration of analytesinthe tissue samples. Peak areaunder
curve values for analytes measured in samples were normalized to wet
mass of the tissue. The RAW files obtained were processed using Skyline
software (24.1.1.339) set up for this analysis and peak areas determined for
bothsampleanalytes and the external calibration standards. All solvents
used for MS analysis were of highest purity.

Assembly of constructs for enzymatic assays

Gene synthesis and cloning were performed at Epoch Life Sciences. DNA
encoding MtPurF (UniProt POWHQ?7) residues 35-527 was optimized for
E. coliexpression, synthesized and inserted into a custom-engineered
pET28a vector. DNA encoding Homo sapiens PPAT (UniProt Q06203)
residues 1-517 was optimized for Sf9 expression, synthesized and
inserted into the baculovirus transfer vector pVL1393. The openreading
frame of codon-optimized DNA sequences are documented in Sup-
plementary Fig. 4.

Expression of MtPurF

BL21(DE3) chemically competent cells (New England Biolabs) were
transformed with a pET28a vector containing a MtPurF expression cas-
sette with a C-terminal tag for affinity purification. After transformant
selection on LB agar plates supplemented with kanamycin (50 pg ml™),
a500-ml starter culture was inoculated with a single colony and incu-
bated overnight with shaking at 37 °C. The following day, the starter
culture was diluted (1:50) into fresh medium with 50 pg ml™ kanamycin
for expression. Cultures were grown with shaking to mid-log phase
(ODgqo - 1) and induced with 1 mM isopropylthio-B-galactoside. After
induction, cultures were transferred to a16 °C shaker and expression
was allowed to proceed overnight. The next day, cells were harvested by
centrifugation (5,000g for 15 min at4 °C). The pellet was transferred to
asterilebagand frozen at-80 °C. The soluble expressionyield, evalu-
ated by western blot, was estimated to be more than25 mg ™.

Expression of H. sapiens PPAT

Human PPAT was expressed ininsect Sf9 cells using abaculoviral expres-
sionsystem. In brief, recombinant baculovirus was generated using the
BestBac 2.0 system (Expression Systems) following the manufacturer’s
instructions. Linearized Av-cath/chiA baculovirus DNA was co-transfected
with a pVL1393 transport vector containing a human PPAT expression
cassette with C-terminal sortase, FLAG and 8-His tags into Sf9 cells using
Cell Fectin Il Reagent (Thermo Fisher) in a plate-based format. P, virus
was harvested and P, baculovirus-infected insect cells (BIICs) were gen-
erated following protocol based on a method previously described®.
Beforelarge-scale expression, an additional round of amplification was
performed to generate P, BIICs. BIICs were stored in liquid nitrogen.
Expression of human PPAT was carried out in Sf9 cells at an effective mul-
tiplicity of infection (MOI) of 0.3. Cells were expanded to reach desired
volume and split back to approximately 2 x 10° cells per millilitre on the
day of infection. P, BlICs wereincubated at 27 °C until almost thawed then
diluted slowly in a small volume of expression medium. The diluted P,
BlICs were then added directly to the culture, and expression was allowed
to proceed for approximately 72 h. After expression, cells were collected
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by centrifugation (1,000gfor 20 minat4 °C). The pellet was transferred
toasterilebagandfrozenat—80 °C.The soluble expressionyield, evalu-
ated by western blot, was estimated to be 1-5 mg ™.

Purification of MtPurF

All buffers were extensively sparged with N, to minimize oxidation of
the 4Fe-4S cluster. All purification steps were performed at 4 °Cunless
noted. The cell pellet was resuspended in 5 ml g of lysis buffer contain-
ing 25 MM HEPES pH 7.5, 500 mM NacCl, 10 mM MgCl,, 10% glycerol and
1mMdithiothreitol. The suspension was lysed by sonication and clarified
by centrifugation for 30 minat 35,000g. Clarified supernatant wasincu-
bated with1 ml ™ CaptureSelect C-tagXL Affinity Matrix (ThermoFisher
Scientific) for 1 h with gentle rolling. Slurry was filtered over a 2.5-cm
Bio-Rad Econo-Column. Bound resin was washed with 60 column volume
(CV) of lysis buffer. Lysis buffer was supplemented with3 mM C-tag pep-
tide (Biosynth International) to generate elution buffer. Resin was eluted
with5 x1CV of elution buffer; each elution was incubated with the resin
for 5 minbefore collecting. Elution poolwas concentrated to 0.5 mlusing
an Amicon Ultra30 kDaMWCO centrifugal filter. Concentrated sample
wasresolved onaSuperdex20010/300 size-exclusion chromatography
column (Cytiva) in buffer containing 25 mMHEPES pH7.5,150 mMNacCl,
2 mMMgCl,and1 mMdithiothreitol. Size-exclusion fractions containing
PurF were pooled, aliquoted and frozen at —80 °C for storage.

Purification of H. sapiens PPAT

All buffers were extensively sparged with N, in attempt to minimize
oxidation of the 4Fe-4S cluster. All purification steps were performed
at4 °Cunless noted. The cell pellet was resuspended in 5 ml g of lysis
buffer containing 25 mM HEPES pH 7.5, 500 mM NacCl, 10 mM MgCl,,
2 mM AMP, 25 mM imidazole, 10% glycerol and 10 mM dithiothreitol.
The suspensionwas lysed by sonication and clarified by centrifugation
for 30 min at 35,000g. Supernatant was applied to a 5-ml HisTrapFF
column (Cytiva) and washed with a stepwise gradient of lysis buffer
supplemented with either 50 mM, 75 mM or 100 mM imidazole before
eluting with buffer containing 25 mM HEPES pH 7.5, 500 mM NaCl,
10 mM MgCl,,2 mM AMP, 500 mMimidazole, 10% glyceroland 10 mM
dithiothreitol. Elution fractions containing PPAT had a light brown
colour. The PPAT-containing fraction was pooled and subjected to
ammonium sulfate precipitation to enhance purity. The sample was
brought to anammonium sulfate saturation of 40% and incubated for
30 min. The 40% ammonium sulfate precipitated sample was centri-
fuged for 5 min at 16,000g. After centrifugation, brown supernatant
containing PPAT was removed from the white-precipitated pellet,
calibrated to an ammonium sulfate saturation of 50% and incubated
for 30 min. The 50% ammonium sulfate precipitated sample was then
centrifuged for 5 minat16,000g. Clear supernatant wasremoved, and
the brown-precipitated pellet containing PPAT was resuspended in
lysis buffer, aliquoted and frozen at =80 °C for storage. The supporting
information for PPAT purification canbe found in Supplementary Fig. 5.

Biochemical M¢PurF inhibition

Aschematic of PurF enzyme function is shown in Supplementary Fig. 6.
PurF (20 nM) was incubated with varying concentrations of JNJ-6640
for30 minin25 mM Tris pH 8,10 mM MgCl,, 0.5 mg mI™BSA and 0.001%
Tween-20, before the addition of 70 mM glutamine and 2.5 mM phospho-
ribosyl pyrophosophatein aRevvity 384w ProxiPlate Plus for atotal reac-
tionvolume of 4 pl. Reactions were carried out for 3 hatroomtemperature
before quenching with20 mM AMP. Glutamate oxidase (0.05 U ml™) was
added and allowed toincubate for1hatroomtemperature. Anequal vol-
ume of HyPerBlu reagent was added and allowed to incubate for 30 min at
roomtemperature before reading luminescence onaBMG Pherastar FSX.

Biochemical human PPAT inhibition
PPAT (5 nM) wasincubated with varying concentrations of JNJ-6640 for
30 minin 25 mM Tris pH 8,10 mM MgCl,, 0.5 mg mI™ BSA and 0.001%

Tween-20, before the addition of 200 pM glutamine and 30 pM phos-
phoribosyl pyrophosophate in a Revvity 384w ProxiPlate Plus for a
total reaction volume of 4 pl. Reactions were carried out for 3 hatroom
temperature before quenching with 25 mM EDTA. Glutamate oxidase
(0.05U mI™")was added and allowed to incubate for 1 hat room tempera-
ture. An equal volume of HyPerBlu reagent was added and allowed to
incubate for 30 minat room temperature before reading luminescence
on aBMG Pherastar FSX.

Cell proliferation assay

Measurement of JNJ-6640 activity against a range of 93 cell lines
was performed by Oncolead (Germany). In brief, the cell lines (see
source data for Fig. 2h) were treated with varying concentrations
(0.25 nMto 25 pM) of JNJ-6640, azathioprine, MMPR and MPA in vitro
for 72 h. Growth inhibition was measured using sulforhodamin B, a
protein staining assay, to calculate the pICs, of the compounds in
each cellline.

Timelapse microscopy experiments

WT M. tuberculosis (Erdman strain) transformed with pND257 express-
ing tdTomato was grown and seeded for imaging into a microfluidic
deviceas previously described'>**. Imaging of the bacteriawas carried
outonaninverted wide-field fluorescent microscope (Thunder Imaging
System, Leica Microsystems), equipped with an environmental cham-
ber maintained at 37 °C (Okolab). The bacteria were imaged using a
x100/1.32NA oilimmersion objective (LeicaMicrosystems) onthe phase
andred (635 nm excitation and 642 nm emission) channels and images
captured using a scientific CMOS K8 camera (Leica Microsystems).
Imaging was carried out at 60-minintervals over a period of 13-16 days.
The full timelapse movie can be found in Supplementary Video 1.
Medium was pumped through the device with a flow rate of 10 ul min™
using asyringe pump. When necessary, the medium was supplemented
with 0.6 uMJNJ-6640 and/or 1x physiologically relevant nucleobase mix
(final concentrations: 518 nM guanine, 5.2 uM hypoxanthine, 4.3 pM
adenine, 1.42 pM guanosine, 15 uMinosine and 23 pM adenosine, recon-
stituted in DMSO; Supplementary Table 2). Experiments were carried
out at least two times for each condition and about 20-30 distinct
Xy positions were imaged in each experiment. Images were acquired
and assembled using the LAS-X software (Leica Microsystems) and ana-
lysed using FlJI software*’. For imaging of M. tuberculosis-infected
macrophages, mouse bone marrow-derived macrophages wereisolated
and differentiated as described earlier'. For infection, M. tuberculosis
bacteriatransformed with pND257 (expressing tdTomato) was grown to
ODgq,0f 0.4-0.8, washed and resuspended in DMEM medium. Bacteria
were filtered through a 5-pum filter to get rid of bacterial clumps and
the filtrate was used to infect the macrophages at an MOl of 1:1, over
aperiod of 4 h. Imaging of the infected macrophages was carried out
onaninverted wide-field fluorescent microscope (Thunder Imaging
System, Leica Microsystems), inanenvironmental chamber maintained
at 37 °C and 5% CO, (Okolab), using a x20/0.8 NA dry objective (Leica
Microsystems) onthe brightfield and fluorescence channel 555 nm exci-
tationand 594 nm emission) channels. Images were captured every2 h
over 7-10 days using a scientific CMOS K8 camera (Leica Microsystems).
Full timelapse movies can be found in Supplementary Videos 2 and 3.
Atleast 20 independent xy positions (3 x1 pm z-steps) were imaged for
each condition: no treatment, treatment with 3 tMJNJ-6640, treat-
ment with 3 pMJNJ-6640 plus supplementation with100 ng mI” IFNy,
treatment with 3 pMJNJ-6640 plus supplementation with 100 ng mI™*
IFNy and 1x physiologically relevant nucleobases mix (Supplementary
Table 2). Images were acquired and assembled using the LAS-X software
(Leica Microsystems) and analysed using FIJl software®’.

Rabbit caseum MBC assay
The rabbit caseum MBC assay was performed to assess the activity
of JNJ-6640 against non-replicating bacteria in ex vivo rabbit caseum
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homogenate, as previously described® ™, In brief, a 50 mM stock solu-
tion was serially diluted in DMSO to achieve the final concentration
range of 0.125-128 uM. The assay was conducted in a 96-well plate
format, with a 7-day incubation at 37 °C. After incubation, caseum
homogenate was sampled from each well and plated on 7H11 agar.
Colony enumeration was performed after 4 weeks.

Confirming dormancy in foamy macrophage assay

The transcript levels of Tgs1 (Rv3130c), hspX (Rv2031c) and Rv3290c,
known to be upregulated in stationary or low-oxygen conditions®**%,
were used to confirm the induction of dormancy in our assay. Total
RNA was extracted 4 days post-infection after hypoxia-infected or
normoxia-infected THP-1from at least three different batches. In brief,
to protect RNA from degradation, macrophages were rinsed with PBS,
then scraped with Maxwell RSC miRNA Tissue Kit homogenization solu-
tion/thioglycerol (50/1) (Promega). Followed by 10 min of incubation
with Maxwell RSC miRNA Tissue Kit lysis buffer (Promega), cells and
bacteria were lysed by bead beating into matrix B tubes containing
silicabeads (MP Biomedical) with the Super-Fast Prep-1instrument
(MP Biomedical). Finally, samples were processed into a Maxwell RSC
instrument for RNA extraction. Reverse transcription was performed
with100 ngtotal RNA using SuperScript IV VILO Master (Applied Bio-
systems) or without reverse transcriptase (—RT). qPCR amplifications
were run with a QuantStudio 12K Flex system (Applied Biosystems)
using the oligos in Supplementary Table 1. The mRNA content was
normalized to 16S expression, and relative expression was calculated
following the ACt method (ACt = Ct(gene) — Ct(16S)) and expressed
as 2, Also note that no change in CFU was observed between days O
and 4, further confirming non-replication.

Determiningbactericidality in foamy macrophages

Human THP-1cells (American Type Culture Collection TIB-202) main-
tained in RPMI1640 medium containing 10% fetal bovine serum (FBS),
1 mM pyruvate and 2 mM L-glutamine. A luminescent M. tuberculo-
sis H37Rv reporter strain (expressing LuxABCDE) was grown in Mid-
dlebrook 7H9 broth supplemented with 10% ADC, 0.4% glycerol and
0.05% Tween 80 until the mid-log phase. THP-1cells were infected ata
MOI of 0:4 in antibiotic-free RPMI 1640 medium containing 10% FBS,
1 mM pyruvate, 2 mM L-glutamine and 40 ng ml™ phorbol 12-myristate
13-acetate for 4 h at 37 °C with 5% CO,. Following a 4-h incubation
period, infected cells were harvested, washed and plated onto 96-well
plates containing compounds (up to 30 uM). Infected cells were incu-
bated under hypoxia (using anaeroPouch, Biomerieux). After 4 days of
incubation under hypoxic condition, cell luminescence was measured
using an Envision plate reader. The medium was then replaced, and
cellswereincubated under normoxiafor1day. The luminescence was
measured a second time using an Envision plate reader. Results were
calculatedin percentinhibition and analysed with Genedata software
using the equation shown for ‘Intramacrophage MIC,, assay with
M. tuberculosis’ shown in the Supplementary Methods.

Pharmacokinetics and tolerability in mouse

The pharmacokinetics of JNJ-6640 was investigated in female BALB/c
mice dosed as solution at1 mg kg™ intravenously.JNJ-6640 was also
dosed orally at 5 and 50 mg kg™ as a solution. For the intravenous and
oral arms, three animals were used. Animals had free access to food
and water through each study. Blood samples were taken at multiple
timepoints up to 24 h for intravenous dosing. The test compound
was also dosed at 1,500 mg kg™ subcutaneously as an LAl aqueous
suspension. Three animals were used. Animals had free access to food
and water through each study. Blood samples were taken at multi-
ple timepoints up to 672 h after subcutaneous dosing. The animals
were observed for any clinical signs of toxicity and effect on body
weights during the 28-day period after subcutaneous administra-
tion of 1,500 mg kg™. At the end of 672 h, the blood samples were

also collected for the clinical chemistry evaluation. Plasma samples
were prepared by protein precipitation with acetonitrile, and the
supernatant was analysed for concentrations of compound using a
qualified LC-MS/MS method.

Animal models

All experiments used 6-8-week-old female BALB/cBy mice. Regard-
ing samplesize, various scenarios were evaluated of 4-10 animals per
group. From the power analysis, it was concluded that considering 6
animals per group provided more than 80% power to detect all sig-
nificant effects of 1.5 CFU (log,,), assuming s.d. = 0.5, with 20 or less
groups (including the reference group). No blinding or randomization
was performed.

Intheshortacute model, experiments were performed as previously
detailed**°. Mice were infected intranasally with 200 CFU M. tubercu-
losis H37Rv per mouse. To verify the infection level, a subgroup of six
mice were euthanized 1 day after infection. After 1 week of infection,
treatment was started. Either the LAl was administered (subcutaneous)
onday1and day 7 or daily PO administration for 12 consecutive days.
Mice were then euthanized 3 days after the last dose to prevent carry
over effect. To monitor the evolution of the infection, a group of mice
were euthanized 7 days post-infection, when treatment started, and
21 days post-infection, when treatment had ended. Negative control
mice remained untreated.

Inthe chronic model, mice were infected intranasally with200 CFU
M. tuberculosis H37Rv per mouse. To verify the infection level, a sub-
group of six mice were euthanized 1 day after the infection. Mice were
infected 1 month before treatment start and treatment lasted for
8 weeks. Sixmice were euthanized at the start of treatment as a pretreat-
ment control. Negative control mice remained untreated.

Inthe high acute model, mice were infected intranasally with10,000
CFU M. tuberculosis H37Rv per mouse®. To verify the infection level, a
subgroup of six mice were euthanized 1 day after the infection. Mice
were infected for 10 days before treatment start and treatment lasted
for 2 weeks. Six mice were euthanized at the start of treatment as a
pretreatment control. As the highinfection levels would lead to severe
clinical signs, no ‘vehicle control’ mice were used in this study. Mice
were dosed by oral gavage (100 pl, drencher with rounded end straight,
0.9 mm x 25 mm, Socorex Swiss) except for the LAl formulation that
was injected subcutaneously in the upper back (100 pl) using aneedle
(26 G x 13 mm, BD Microlance). At euthanization, whole lungs were
aseptically collected in GentleMACS tubes (M tubes with strainer,
Miltenyi Biotec) containing 2.5 ml of PBS and homogenized using the
RNA_01_01settings of GentleMACS Octo Dissociator (Miltenyi Biotec).
Lung homogenate was diluted in PBS and plated in 7H10 charcoal agar
plates containing antibiotics (100 pg ml™ amphotericin, 25 pg ml™
polymyxin B, 50 pg ml™ carbenecillin and 20 pg ml™ trimethoprim).
Plates wereincubated at 37 °C during 3-5 weeks. After that, CFU counts
were recorded and data were expressed in the mean log CFU per lung
for each group. Statistical analysis was done by one-way analysis of
variance (ANOVA) with Sidak’s test for multiple comparisons or an
unpaired t-test (GraphPad Prism). An outline of the three mouse models
canbe foundin Supplementary Fig. 7.

Measurement of pairwise drug interactions

Pairwise druginteractions withJNJ-6640 were measured using amod-
ified checkerboard assay with DiaMOND, with interactions quanti-
fied using the fraction inhibitory concentrations at the 50% growth
inhibitory levels and calculated based on Loewe additivity as the null
model. Culturing conditions, experimental design and analysis for
drug interaction measurements with JNJ-6640 were as previously
described®so that druginteraction profiles withJNJ-6640 (measured
inthisstudy) could be directly compared with druginteraction profiles
with moxifloxacin (measured previously*?). In brief, M. tuberculosis
were adapted to four different in vitro conditions (with butyrate or



0.2 mM cholesterol as carbon sources, asimple dormancy model and
standard growth conditions) before drug treatment for the maximum
length usedinthese assays (10,24 and 5 days of treatment for butyrate,
cholesterol and standard, respectively,and 7 days of treatment followed
by 6 days of recovery for the dormancy model). Single and combina-
tion dose-response curves to calculate fractional inhibitory concen-
tration at 50% inhibition (FIC,,) values via DiaMOND were made in
these growth conditions to model aspects of the microenvironments
where M. tuberculosis are resident during infection’***, Bedaquiline and
pyrazinamide were sourced from Sigma, and pretomanid was sourced
from APEXBIO. Single-use aliquots of stock antibiotic solutions were
prepared in DMSO and stored at =30 °C.

Material availability
Allunique materials used in this article are readily available from the
authors.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Alldata supporting the findings of this study are available in this pub-
lished article (and its Supplementary Information). Should any raw
datafilesbe neededinanother format, they are available from the cor-
responding authors onreasonable request. The synthesis and chemical
verification of all compounds described are provided in the Supple-
mentary Methods. Source data are provided with this paper.

Code availability

No custom codes or mathematical algorithms were used in the arti-
cle. Data from the dose-response curves were measured with Perkin
Elmer EnVision and modelled using Genedata. Microscopy data were
processed using LAS-X and FlJI software. Mass spectroscopy data were
obtained using Thermo Q-Exactive and Waters TargetLynx, then further
analysed using either the Skyline software (24.1.1.339) or the Agilent
MassHunter software suite. The ACD/Spectrus software (2023 v1.1) and
Bruker TOPSPIN programme (v4.1) were used to support medicinal
chemistry efforts. Schrodinger software was used for the computa-
tional modelling (release 2024-2). Final analysis and figure preparation
were performed using Microsoft Excel and GraphPad Prism 10.
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generation experiments with PurF-targeting inhibitorsincluding JNJ-6640.
Sequencing of additional clones, not further profiled, also identified additional
mutations in PurF. Twelve clinical isolates (from a total of 49,982) contained an
aminoacid change within Sangstrom distance of JNJ-6640 binding that also
maintained agenetic variation. None of these variations have beenlinked to
JNJ-6640resistance.
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Extended DataFig.7|Activity of JNJ-6640 under non-replicating conditions.
a, Bactericidal activity ofJNJ-6640 in the ex vivo rabbit caseum assay. Bacterial
burdenand)NJ-6640 concentration are expressed onlog scales.n =3 biological
replicates. b, Schematic outlining the foamy macrophage assay adapted

from previous work?®. THP-1 cells were differentiated and incubated with

M. tuberculosis expressing LuxABCDE-based bioluminescence for 4 h. Infected
cellswerethenincubated with various concentrations of compound for 4 days
under hypoxic conditions. After 4 days, infected macrophages were incubated
innormoxic conditions for1day.IC,, values were determined through
measurement of bacterial bioluminescence, before (day 4) and after (day 4 + 1)
regrowth in normoxic conditions. Bactericidality was measured based onratio
oftheseICs, values. ¢, Relative expression of known dormancy genes Tgsl,

HspXand Rv3290cinmacrophages grown in dormancy conditions (Foam THP-1)
compared to normoxic conditions (THP-1). No difference in the expression of
the control gene, RpoA (Rv3457c), was observed. Relative expression compared
to16S-RSS shown. n =3 biological replicates. Dose-response curves of control
compoundsd, rifampicin (bactericidal) and e, isoniazid (bacteriostatic) in
afoamy macrophage assay. n =2 individual experiments with 4 technical
replicates. For a, c-e, datashown are mean + SD. f, Foamy macrophage ICs,
ratios to determine bactericidality in hypoxic conditions. ICs, values were
determined based on measurement of bacterial bioluminescence before

(day 4; D4) and after (day 4 +1; D4+1) regrowth in normoxic conditions.

IC,, ratios of >2 classed as bactericidal. n=2independent experiments
containing 4 technical replicates.
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Extended DataFig. 8| Murine pharmacokinetic (PK) parameters for JNJ- elimination phase. b, Comparison of total plasma concentration profiles
6640.a, Results are expressed as the mean = SD. n =3 animals were dosed for of JNJ-6640 administeredas1V (1mgkg™), PO (Smgkg™and 50 mgkg™) orSC
thelVand PO arms and n =3 animals by alternating sampling (froma total of (1500 mg kg™; LAI).n=3mice +SD (IVand PO) or n =3 mice (fromatotal of 6)

6 dosed) for SCarms (LAI), alternating sampling per time point was performed for LAIPK studies, alternating sampling in 3 mice per time point. ¢, PK profiles
tolimit the number of times blood was collected per animal, therefore we were following one or two doses 0f 1500 mg kg JNJ-6640 LAl over 4 weeks. n=3mice
unable to calculate error for these treatments. CL: clearance; C,,,,= maximum (fromatotal of 6) alternating samplingin 3 mice per time point. Datashownare
concentrationreached; t,: half-life; AUC: area under the curve; MRT: Mean mean +SD.

residence time; F: bioavailability; Vss: volume of distribution; Vz: terminal
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Extended DataFig.9|Contribution ofJNJ-6640 torelevant TB treatment
regimens. a, Invitro combination studies over 21days focused onreplacing
linezolid withJNJ-6640. Inoculum: starting inoculum: 5 x10° CFU; LOD: Limit of
detection.R: 0.1 uM rifampicin; HR: 5.8 pMisoniazid and 14.58 uM rifampicin;
B: 0.5 uMbedaquiline; Pa: 7 uM pretomanid; L: 6 uM linezolid; 6640: 0.1-10 pM
JNJ-6640.n =3 Dbiological replicates. Representative of two independent
experiments. Druginteraction profiles of partner drugs withJNJ-6640
compared to moxifloxacin. Datashownaremean + SD. b, Druginteractions are
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pairwise combination with bedaquiline, pretomanid, and pyrazinamide.
Partner drugs were selected based on their inclusionin a Phase 2C clinical
trial®***. Lower log, FIC,, values (towards the left) are indicative of more
synergisticdruginteractions. Missing bars depict pairs for which specific
pairwise drug combinations did not meet quality control metrics. Drug
interactions with linezolid and moxifloxacin were measured previously*>and
thedatareplotted here for comparison.n=3independent experiments. Data
shownis mean + SEM.



Extended Data Table 1| In vitro efficacy characterisation of
JNJ-6640

Condition JNJ-6640
M. tuberculosis H37Rv MICgq 8.6 £3.9nM
M. tuberculosis Erdman MICgq <20 nM
M. tuberculosis H37Rv MBCgg o 140 = 63 nM
M. tuberculosis non-replicative ICsq 2.8+0.7 upM
M. tuberculosis cholesterol media MICgq 29.1+1.7nM
M. tuberculosis Intracellular macrophage 1Cs, 26.1£10.1 nM
M. smegmatis MICgq 3.52+ 0.6 uM
M. marinum MICg, 5.48 + 0.36 nM
M. abscessus MICgyq 259221 uM
Resistance phenotype MIC  Fold
Strain
(M) change
INH RMP EMB AMK TAC SM OFL
Mtb H37Rv S S S S S S S 0.02 -
Mtb 11291 S S S S S S S 0.02 1
Mtb 11907 S S S R S S S 0.07 3
Mtb 11382 S S S S R S S 0.02 1
Mtb 9268 R S S S S S S 0.06 3
Mtb 10865 S S S S R S S 0.09 4
Mtb 11905 R S S S S S S 0.02 1
Mtb 11178 R R S S S S S 0.07 3
Mtb 7524 R S S R S S S 0.02 1
Mthb 11236 R S S S R R S 0.06 3
Mtb 11138 R R S S R S S 0.06 3
Mtb 8673 R R S R R S S 0.02 1
Mtb 10899 R R R R S S S 0.02 1
Mtb 9394 R S S R R S R 0.30 13
Mtb 8531 S S S R S S R 0.04 2
Mtb 11033 S R S S R R S 0.06 3

MICq, values in selected media conditions, species, strains and assays. n=22 independent
experiments consisting of >2 technical replicates. Data shown are mean+SD. Erdman and
clinicalisolate MICq4, performed once. INH: Isoniazid; RMP: Rifampicin; EMB: Ethambutol;
AMK: Amikacin; TAC: Thiacetazone; SM: Streptomycin; OFL: Ofloxacin. S: drug sensitive;
R: drug resistant. MIC: Minimum inhibitory concentration. Fold change compared to Mtb
H37Rv strain.
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Extended Data Table 2 | Profiling of JNJ-6640, JNJ-6627 and JNJ-7310-resistant clones against clinical compounds

Strain  Mutation JNJ-6640 JNJ-6627 JNJ-7310  BDQ RIF INH EMB LZD MOX CFZ PTD
WT 2.66 12.7 72.4 36.2 1.18 121 1720 626 41.7 114 69.6
6640-R1 1241V 116 (44) 526 (41) 2170(30) 45.2(1) 1.14(1) 130(1) 900 (0.5) 826(1) 425(1) 122(1) 134 (2)
6640-R2 1241V 108 (41) 446 (35) 4260 (59) 30.8(1) 091(1) 126(1) 649(0.33) 733 (1) 42.3(1) 723(1) 84.9(1)
6640-R3  [241V  97.1(37) 80 (6) 1890 (26) 31.5(1) 1.03(1) 138(1) 655(0.33) 794 (1) 435(1) 80.5(1) 148 (2)
6640-R4 1241V 952(36) 447 (35) 1960 (27) 29.4(1) 1147(1) 138(1) 644(0.33) 727(1) 43.6(1) 76.3(1) 102 (1)
6640-R5  [241V  90.9(34) 81.6(6) 1890 (26) 32.2(1) 099(1) 137(1) 604(0.33) 742(1) 43.3(1) 88.1(1) 88.3(1)
WT 4.01 16.9 80.1 1.3 1.29 83.7 1920 701 13.8 25.3 67.9
6627-R1  F428V 245 (61) 3000 (177) 7600 (95) 18.7(2) 1.8(1)  119(1) 1370(1) 668 (1) 21.1(2) 54.8(2) 98.5(1)
6627-R2  F428V 247 (62) 3300 (195) 8570 (107) 18.1(2) 234(2) 126(2) 1680(1) 687 (1) 241(2) 58.8(2) 115(2)
6627-R4  F428V 274 (68) 3679 (217) 9366 (117) 20.2(2) 215(2) 125(1) 1290 (1) 673 (1) 31.7(2) 69.3(3) 101 (1)
6627-R5  F428V 261 (65) 3300 (195) 7900 (99) 21(2) 1.90(1) 167(2) 1350 (1) 667 (1) 27.7(2) 78.8(3) 94.5(1)
6627-R6 1241V 92.5(23) 361 (21) 1627 (20) 7.42(1) 090(1) 111(1) 1210(1) 698 (1) 21.8(2) 36.0(1) 62.8(1)
6627-R7 1241V 85.5(21)  325(19) 1440(18) 7.69(1) 0.83(1) 90.3(1) 1100 (1) 699 (1)  19.9(1) 30.3(1) 57.6(1)
6627-R9 1241V 169 (42) 624 (37) 2690 (34) 20.1(2) 1.14(1) 88.6(1) 808(0.5) 727(1) 289(2) 53.5(2) 137 (2)
6627-R10 1241V 137(34) 508 (30) 2060 (26) 21.9(2) 1.15(1) 128(2) 735(0.5) 724(1) 28.3(2) 51 (2) 93.5(1)

WT 2.38 10.6 70 24.2 1.01 19.8
7310-R1  F428C  93.9(40) 3360 (318) 7630 (109) 57.5(2) 0.92(1) 24.5(1)
7310-R2  F428C  88.7(37) 1340 (127) 7780 (111) 55.9(2) 121(1) 25.3(1)
7310-R3  F428C  80.8(34) 3460 (327) 6830 (98) 96.9(4) 1.3(1)  25.1(1)
7310-R4  F428C  81.2(34) 2250 (213) 6620 (95) 88.6(4) 1.12(1) 25.9(1)
7310-R5  F428C 108 (46) 1360 (129) 7320 (105) 66.4(3) 1.21(1) 25.3(1)
7310-R6  F428C  91.3(38) 1040 (99) 7870 (113) 64.2(3) 1.15(1) 27.1(1)
7310-R7  F428C  96.3(41) 2540 (241) 8050 (115) 86 (4)  1.41(1)  20.5(1)
7310-R8  S470F  32.5(14) 409 (39) 2290 (33) 63.3(3) 1.36(1) 15.6 (1)
7310-R9  F428C  99.9(42) 2724 (258) 8290 (118) 70(3)  1.26(1) 24.7(1)
7310-R10  S470F  32.7(14) 387 (37) 2420(35) 72.9(3) 1.29(1) 19.1(1)

MICs, values (nM) against other compounds from the series and clinical compounds with fold difference from WT shown in brackets.



Extended Data Table 3 | In vitro ADME and toxicology
profile for JNJ-6640

Parameter JNJ-6640
Glu/Gal (ICs in pM) >100/>100
ACA (HepG2 IC,, in M) 28
AMES II negative
hERG (hts) (p|Cs) 4.97
Papp (A—B) (+ inh) x10% cm s 8.1(39.2)
Protein binding, % free (m/r/h) 4.4/3.9/0.5
LM Cl;p¢ in pL min mg protein® (m/r/h) 138/82/33
Hep Cl in uL min-* 108 cells™' (m/h) 110/52

CYP IC5 in uM (3A4/2D6/1A2/2C19) 0.69/1.2/<0.25/<0.25

m: mouse; h: human; r: rat. ACA: cytotoxicity; Glu/Gal: mitotoxicity; AMES: genotoxicity;
hERG: cardiotoxicity; Papp (A-B): permeability; LM Cl,..: liver microsome intrinsic clearance;

Hep Clint: hepatocyte intrinsic clearance; CYP ICy,: inhibition of cytochrome p450 enzymes.
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Reporting on sex and gender Sex and gender were not relevant to the experimental aims of the study and were thus not included as sample selection
criteria or were considered in study design.

Reporting on race, ethnicity, or N/A
other socially relevant
groupings

Population characteristics Study participants includes anonymised patients undergoing pneumonectomy or lobectomy procedures at two public
hospitals in Durban, South Africa. TB patients in this study cohort completed 9-24 months of anti-TB treatment prior to
surgery, largely determined by M. tuberculosis susceptibility profiles. The human research participants in this study represent
a diverse cohort recruited from Inkosi Albert Luthuli Central Hospital and King Dinuzulu Hospital Comple in KwaZulu-Natal,
South Africa. The study focuses on individuals affected by tuberculosis (TB) as well as TB negative control participants .
Covariate characteristics documented include age, gender, race, clinical disease status, TB and HIV status. Lung tissue
samples were selected at random from a collection of surgically resected lung specimens. The only selection criteria for
tissue sample selection were HIV and TB status.

Recruitment TB patients were undergoing surgery to remove visible tubercles with a variable combination of associated haemorrhage,
cavitation, fibrosis and bronchiectasis. Participants in this study were recruited prospectively from clinical settings in
KwaZulu-Natal, South Africa, specifically from Inkosi Albert Luthuli Central Hospital, King Dinuzulu Hospital Complex.
Recruitment targeted individuals undergoing clinically indicated surgical procedures. Where possible, informed consent was
obtained pre-operatively; however, in emergency cases or when immediate consent was not feasible, participants were
contacted post-operatively or telephonically to complete the consent process. Participants are consented for genetic testing,
including analysis and long-term storage (up to 20 years) of their biological material for future genomic and immunological
research. All samples are de-identified to protect participant confidentiality, and only key research personnel have access to
linked clinical and consent information.

Inclusion criteria for participant recruitment: Individuals undergoing clinically indicated thoracentesis and/or surgical
procedures. Exclusion criteria: Failure to meet the inclusion criteria or psychological/psychiatric condition preventing the
giving of informed consent.

Potential biases in the study may include self-selection bias, as participation requires informed consent, which may lead to
underrepresentation of individuals who are more critically ill, cognitively impaired, or hesitant to engage with research due to
mistrust or lack of understanding. Additionally, individuals who cannot be contacted post-operatively or who decline follow-
up may introduce attrition bias. There is also a possibility of participant selection bias, given that the study population is
limited to those undergoing specific clinical procedures or autopsies at selected institutions, which may not fully represent
the general population affected by TB or HIV. These biases may impact the generalizability of the results, particularly in
interpreting immunological or genotypic findings, as the sample may skew toward individuals with more severe disease
presentations or those with access to specialized healthcare facilities.

Ethics oversight The collection of human biological samples for this study was approved by the University of KwaZulu-Natal Biomedical
Research Ethics Committee (BREC reference number: BE019/13).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size For in vivo studies, various scenarios were evaluated for a sample size of 4 to 10 animals per group. From the power analysis, it was concluded
that considering 6 animals per group provided more than 80% power to detect all significant effects of 1.5 CFU (log10), assuming SD = 0.5,
with 20 or less groups (including the reference group). Aside from the animal studies, for the majority of the other experiments, at least three
or more biological replicates from at least 2 independent experiments (using multiple technical replicates) were performed. No formal sample
size calculation was performed for in vitro experiments.

Data exclusions  There were no data exclusions.

Replication The in vivo acute efficacy study was performed twice, with the same result replicated. The 'high acute' and chronic studies were performed
once due to the long study duration and the amount of compound required. All in vitro studies were performed at least twice, with the same
result replicated in all experiments.

Randomization  Mice were infected then randomly assigned different treatment groups. Randomisation was not applicable to the in vitro experiments
conducted in this study, as there was no allocation to treatment groups. Reference compounds and appropriate controls were included to

monitor consistency over time. Results were reproducible across multiple experiments conducted on different days and by different
operators, demonstrating robustness of the findings.

Blinding This is not relevant to our study as no experimental treatment groups were used where the quality of the outcome could be influenced.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChiIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern
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Plants

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Human THP-1 (ATCC TIB-202), HEK293 (ATCC CRL-1573) and HepG2 (ATCC HB-8065) cells
Authentication None of the cell lines used were authenticated.
Mycoplasma contamination All cell lines tested negative for mycoplasma contamination.

Commonly misidentified lines | Name any commonly misidentified cell lines used in the study and provide a rationale for their use.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Six to eight weeks old female Balb/cBy mice. Mice were group housed in Individually Ventilated Cages (IVC; Tecniplast Blue Line Next
1291H, 800 cm?) at 75 air changes per hour (Tecniplast Smart Flow AHU) with corncob (J. Rettenmaier & Séhne GmbH & Co.KG
REHOFIX MK 1500) bedding material. Ambient temperature was controlled at 22 +/- 2 °C and relative humidity at 55 +/- 10%. Mice
received ad libitum feed (SAFE Diets SAFE A04) and drinking water and were kept in a 12h/12h light-dark cycle. Ambient sound
(music) played 24h/24h at maximum 60 dBA.

Wild animals The study did not involve wild animals
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Reporting on sex

Field-collected samples

Ethics oversight

Findings apply to mice of one sex (female), sex was not considered in the study design since it would have no impact on the results of
our experiments. No additional information was collected.

The study did not involve samples collected from the field

All the in vivo efficacy studies were performed at Janssen Pharmaceutica in Beerse, in a certified BSL3 facility in agreement with
European Directive (2010/63/EU) and national directives for the protection of animals for experimental purposes. All procedures
were approved by the Ethics Committee of Janssen Pharmaceutica (license number LA1100119), located in Beerse, Belgium which is
accredited by Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC) since 2004 under the
unit number 001131 (https://www.aaalac.org/). For PK studies at Pharmaron, all procedures were approved by the Institutional
Animal Care and Use Committee and Pharmaron holds full AAALAC accreditation.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks

Novel plant genotypes

Authentication

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied: ) )
Describe-any-atithentication-procedtres foreach seed stock-tised-or-novel genotype generated—Describe-any-experiments-tused-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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