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Schémas thérapeutiques DOTS et DOTS-plus



Traitement de la tuberculose :
la problématique

Streptomycine (STR) 1943

Ac. para-aminosalycilique (PAS) 1948

Isoniazide (INH) 1952
Pyrazinamide (PZA) 1954

Cyclosérine (CYS) 1955

Éthionamide (ETH) 1956

Éthambutol (EMB) 1963
Rifampicine (RIF) 1965
Ofloxacine (OFX) 1982



¨ Développer une antibiothérapie
¤ + efficace
¤ + courte
¤ - toxique

¨ Contrer l’expansion des cas de MDR-TB
¤ 490 000 cas (2016) 600 000 RIF-R

Traitement de la tuberculose :
challenges





¨ « Repositionnement » d’antibiotiques existants
¤ délais d’approbation + courts
¤ compléments possibles dans de nouvelles 1res lignes

¨ Découvertes de nouvelles cibles
¤ approche phénotypique (whole cell screening)

¤ approche ciblée (structure-guided & fragment-based)

¨ Potentialisation d’anti-TB existants
¤ ciblage de fonctions non-essentielles
¤ potentialisation jusqu’à l’inversion de la résistance

Traitement de la tuberculose :
les approches
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Enzymes involved in mycolic acid (MA) biosynthesis
continue to feature prominently as targets for new anti-
mycobacterials. FadD32 is the target of a series of 4,6-
diaryl-5,7-dimethyl coumarins which inhibit the fatty acyl
ACP synthase activity of this enzyme [16]. This activity
transfers the meromycolyl-AMP intermediate to the ACP
domain of Pks13, which catalyses the final step in MA
biosynthesis. The druggability of Pks13 was confirmed by
demonstrating that it is the target of the benzofuran,
TAM1 [17], and a series of thiophene (TP) compounds
[18]. Optimisation of TAM1 led to the development of
TAM16, which inhibits the thioesterase activity of Pks13,
is potently bactericidal in vitro and in vivo and has a low
frequency of resistance [19!]. Interestingly, co-treatment
with isoniazid (INH) and TP sterilised cultures of Mtb,
raising the possibility that simultaneous targeting of two
different steps in the MA biosynthesis pathway could
eliminate persisters [18]. Yet another enzyme in this
pathway, the b-ketoacyl synthase, KasA, was identified
as the target of an indazole sulphonamide [20]. Although
bacteriostatic in vitro, this compound, which binds at a site
distinct from other KasA inhibitors, shows cidality in mice.
In a further advance, the enzyme WecA, which initiates the
biosynthesis of arabinogalactan — another key component

of the cell envelope — was genetically validated and
shown to be the primary target of tunicamycin [21].

Encouraging results on the early bactericidal activity of
meropenem in combination with amoxicillin-clavulanic
acid in humans [22] has repositioned b-lactams, and, more
broadly, the targeting of peptidoglycan (PG) biosynthesis,
centre-stage in TB drug discovery. The non-classical L,D-
transpeptidases, LdtMt1 and LdtMt2, which catalyse the
formation of 3!3 transpeptide linkages in the PG net-
work, have attracted particular attention as targets of
carbapenems [23!]. Faropenem, which is orally bioavail-
able, approved for use in humans, more resistant to
hydrolysis by b-lactamases, and bactericidal against rep-
licating and nonreplicating Mtb, shows considerable
promise as an antitubercular [24]. This drug displays
synergy with other TB drugs [24], as do combinations
of cephalosporins and rifampicin (RIF) [25]. As outlined
below, such synergistic interactions may prove important
in treatment shortening. In another advance, the first
cephalosporins showing selective activity against non-
replicating Mtb have been identified [26]. These com-
pounds are also active in macrophages although their
target/s have yet to be identified.
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Current Opinion in Microbiology

An integrated approach to TB drug discovery. Whole-cell active hits from phenotypic screening or target-led approaches are subjected to MOA
deconvolution to distinguish hits with a sole/primary target in Mtb from those with a prodrug or complex MOA. Conditional knockdown mutants
(hypomorphs) can be used in target-based or target-biased whole-cell screens to identify target-selective or pathway-selective hits, and/or to
confirm the target-selectivity of existing hits [64].

Current Opinion in Microbiology 2018, 45:39–46 www.sciencedirect.com
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Nouvelles cibles

and show excellent narrow-spectrum activity against
drug-resistant strains, has also been developed [30].
These compounds are well tolerated, active in multiple
murine infection models, and display no cross-resistance
to existing TB drugs. Taking a different approach to
targeting protein synthesis, 3-aminomethylbenzoxabor-
oles have been developed that inhibit Mtb leucyl-tRNA
synthase (LeuRS) [31!] and show potency comparable to
INH in vivo [32]. The oral bioavailability and other
attractive features of these aminoacyl-tRNA synthetase
inhibitors bode well for further progression of this prom-
ising new class of drugs.

The caseinolytic protease, Clp, is essential for the degra-
dation of short-lived regulatory proteins and of misfolded
or damaged proteins [33], which Mtb is especially prone
to accumulate under the hostile conditions it encounters
during infection. Given its central role in protein homeo-
stasis, Mtb Clp, comprising the ClpP1P2 proteolytic
complex and regulatory ATPases, ClpC1 and ClpX, has
emerged as a high-priority target for which a range of
inhibitors with distinct MOAs have been identified. Las-
somycin specifically targets ClpC1 and is active against
replicating and non-replicating Mtb [34]. In contrast,
acyldepsipeptides (ADEPs) inhibit ATP-dependent pro-
tein degradation by preventing interaction of ClpP1P2

with ClpC1 or ClpX [35], whereas bortezomib, a dipep-
tide-boronic acid with good antitubercular activity, acts
by inhibiting ClpP1P2 [36].

DNA replication
The discovery that the natural product, griselimycin,
inhibits mycobacterial DNA replication by binding to
the b clamp [37!] has re-ignited interest in targeting
DNA metabolism for TB drug discovery [38]. Analogues
with superior pharmacokinetic properties, such as the
cyclohexyl derivative, CGM, which shows good activity
in mice, have been identified. When administered in
combination with RIF and pyrazinamide, CGM was more
effective than the standard TB drug regimen. Ongoing
studies are aimed at identifying improved analogue(s) to
further progress this novel class of antituberculars [39].

Central metabolism
The majority of current TB drugs act on pathways of
macromolecular synthesis. However, phenotypic HTS
has significantly expanded the target space for new drugs
through the identification of small molecule inhibitors of
central metabolism. For example, an azetidine derivative
with bactericidal activity [40!], as well as sulfone and
indoline-5-sulfonamides [41], have been shown to inhibit
tryptophan synthase allosterically by binding to the
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New drug targets in Mtb. The targets featured in this figure are described in Table 1 and/or in the main text. mAGP denotes the mycolyl-
arabinoglalactan-peptidoglycan complex which comprises the cell wall core of Mtb.

Current Opinion in Microbiology 2018, 45:39–46 www.sciencedirect.com

Evans & Mizrahi, Curr Opin Microbiol, 2018



Inhibiteurs de la synthèse des acides 
mycoliques , de DprE1 et MmpL3



Nouvelles cibles
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drug-resistant strains, has also been developed [30].
These compounds are well tolerated, active in multiple
murine infection models, and display no cross-resistance
to existing TB drugs. Taking a different approach to
targeting protein synthesis, 3-aminomethylbenzoxabor-
oles have been developed that inhibit Mtb leucyl-tRNA
synthase (LeuRS) [31!] and show potency comparable to
INH in vivo [32]. The oral bioavailability and other
attractive features of these aminoacyl-tRNA synthetase
inhibitors bode well for further progression of this prom-
ising new class of drugs.

The caseinolytic protease, Clp, is essential for the degra-
dation of short-lived regulatory proteins and of misfolded
or damaged proteins [33], which Mtb is especially prone
to accumulate under the hostile conditions it encounters
during infection. Given its central role in protein homeo-
stasis, Mtb Clp, comprising the ClpP1P2 proteolytic
complex and regulatory ATPases, ClpC1 and ClpX, has
emerged as a high-priority target for which a range of
inhibitors with distinct MOAs have been identified. Las-
somycin specifically targets ClpC1 and is active against
replicating and non-replicating Mtb [34]. In contrast,
acyldepsipeptides (ADEPs) inhibit ATP-dependent pro-
tein degradation by preventing interaction of ClpP1P2

with ClpC1 or ClpX [35], whereas bortezomib, a dipep-
tide-boronic acid with good antitubercular activity, acts
by inhibiting ClpP1P2 [36].

DNA replication
The discovery that the natural product, griselimycin,
inhibits mycobacterial DNA replication by binding to
the b clamp [37!] has re-ignited interest in targeting
DNA metabolism for TB drug discovery [38]. Analogues
with superior pharmacokinetic properties, such as the
cyclohexyl derivative, CGM, which shows good activity
in mice, have been identified. When administered in
combination with RIF and pyrazinamide, CGM was more
effective than the standard TB drug regimen. Ongoing
studies are aimed at identifying improved analogue(s) to
further progress this novel class of antituberculars [39].

Central metabolism
The majority of current TB drugs act on pathways of
macromolecular synthesis. However, phenotypic HTS
has significantly expanded the target space for new drugs
through the identification of small molecule inhibitors of
central metabolism. For example, an azetidine derivative
with bactericidal activity [40!], as well as sulfone and
indoline-5-sulfonamides [41], have been shown to inhibit
tryptophan synthase allosterically by binding to the
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New drug targets in Mtb. The targets featured in this figure are described in Table 1 and/or in the main text. mAGP denotes the mycolyl-
arabinoglalactan-peptidoglycan complex which comprises the cell wall core of Mtb.

Current Opinion in Microbiology 2018, 45:39–46 www.sciencedirect.com

Evans & Mizrahi, Curr Opin Microbiol, 2018



Inhibiteurs LeuRS et r23S
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and show excellent narrow-spectrum activity against
drug-resistant strains, has also been developed [30].
These compounds are well tolerated, active in multiple
murine infection models, and display no cross-resistance
to existing TB drugs. Taking a different approach to
targeting protein synthesis, 3-aminomethylbenzoxabor-
oles have been developed that inhibit Mtb leucyl-tRNA
synthase (LeuRS) [31!] and show potency comparable to
INH in vivo [32]. The oral bioavailability and other
attractive features of these aminoacyl-tRNA synthetase
inhibitors bode well for further progression of this prom-
ising new class of drugs.

The caseinolytic protease, Clp, is essential for the degra-
dation of short-lived regulatory proteins and of misfolded
or damaged proteins [33], which Mtb is especially prone
to accumulate under the hostile conditions it encounters
during infection. Given its central role in protein homeo-
stasis, Mtb Clp, comprising the ClpP1P2 proteolytic
complex and regulatory ATPases, ClpC1 and ClpX, has
emerged as a high-priority target for which a range of
inhibitors with distinct MOAs have been identified. Las-
somycin specifically targets ClpC1 and is active against
replicating and non-replicating Mtb [34]. In contrast,
acyldepsipeptides (ADEPs) inhibit ATP-dependent pro-
tein degradation by preventing interaction of ClpP1P2

with ClpC1 or ClpX [35], whereas bortezomib, a dipep-
tide-boronic acid with good antitubercular activity, acts
by inhibiting ClpP1P2 [36].

DNA replication
The discovery that the natural product, griselimycin,
inhibits mycobacterial DNA replication by binding to
the b clamp [37!] has re-ignited interest in targeting
DNA metabolism for TB drug discovery [38]. Analogues
with superior pharmacokinetic properties, such as the
cyclohexyl derivative, CGM, which shows good activity
in mice, have been identified. When administered in
combination with RIF and pyrazinamide, CGM was more
effective than the standard TB drug regimen. Ongoing
studies are aimed at identifying improved analogue(s) to
further progress this novel class of antituberculars [39].

Central metabolism
The majority of current TB drugs act on pathways of
macromolecular synthesis. However, phenotypic HTS
has significantly expanded the target space for new drugs
through the identification of small molecule inhibitors of
central metabolism. For example, an azetidine derivative
with bactericidal activity [40!], as well as sulfone and
indoline-5-sulfonamides [41], have been shown to inhibit
tryptophan synthase allosterically by binding to the
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New drug targets in Mtb. The targets featured in this figure are described in Table 1 and/or in the main text. mAGP denotes the mycolyl-
arabinoglalactan-peptidoglycan complex which comprises the cell wall core of Mtb.
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Inhibiteurs AtpE et QcrB



En clinique…

¨ Bedaquiline
¤ C208 (2b) : 160 MDR-TB (Diacon et al., N Engl J Med, 2014)

n conversion : 79% vs. 58% 
n guérison : 58% vs. 32%
n mortalité : 13% vs. 2%

¤ Borisov et al., Eur J Resp, 2017 : 428 MDR/XDR-TB
n conversion : 92%
n SSE : 6% ; 1 décès non relié à Bedaquiline

¨ Delamanid
¤ O 204 (2) : 421 MDR-TB (Skripconoka et al., Eur J Resp, 2013)

n issue favorable : 74% vs. 55% 
¤ Hafkin et al., Eur J Resp, 2017 : 66 MDR/XDR-TB

n Conversion : 80%



En clinique…

¨ Pretomanid
¤ NCT01498419 (2b) : 207 (MDR)-TB (Dawson et al., 

Lancet, 2015)
n activité bactéricide MPaZ > HRZE
n pas d’allongement du QT > 500 ms

¤ NC-005 (2b) : 218 (MDR—TB (Dawson et al., CRIO, 2017)

n activité bactéricide BMPaZ > HRZE
n efficacité 3x plus rapide
n raccourcissement de 3 mois envisageable 
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significant clinical interaction appears to occur between 
rifamycins and bedaquiline, leading to a reduction in 
concentration of bedaquiline in the blood. As a result, 
the combined use of these two drugs are restricted in 
their use to treat drug-sensitive tuberculosis.

Delamanid
By October, 2017, 976 patients had received delamanid, 
made available by Otsuka, for a compassionate use 
programme that used approval processes of the European 

Respiratory Society–WHO Tuberculosis Consilium, 
Médecins Sans Frontières (MSF), and others.37,41,42 The 
Otsuka proprietary delamanid studies yielded consistent 
favourable outcomes (eg, sputum smear and conversion): 
phase 2 trial 204, 143 (74%) of 192 people;43 phase 3 
trial 213, 276 (81%) of 339 people;44 and programmatic 
use in Latvia, 17 (84%) of 19 people.45 Results of these 
compassionate use programmes are encouraging, with 
53 (80%) of 66 patients achieving sputum culture 
conversion.46 The efficacy and safety of the use of 

Phase Study population Study groups Notes

Otsuka Trial 213 
(NCT01424670)

3 511, HIV- adults (aged 
≥18 years)

2 months delamanid (100 mg twice daily) and 4 months
delaminid (200 mg daily) plus OBR vs 6 months placebo plus OBR

Opened September 2011, completed 
June, 2016, preliminary findings presented 
at IUATLD October, 2017, confirm efficacy 
with less toxicity, results mid-2018; Otsuka

STREAM Stage 1 
(ISRCTN78372190)

3 424, HIV– and HIV + adults 
(aged ≥18 years)

4 months daily moxifloxacin, clofazimine, pyrazinamide, ethambutol, 
isoniazid (high dose), kanamycin (daily for 3 months, then 3 times per 
week), prothionamide, and 5 months of moxifloxacin, clofazimine, 
pyrazinamide, ethambutol daily

Opened 2012, closed to accrual June, 2015, 
preliminary findings presented at IUATLD 
October, 2017, results mid-2018; IUATLD, 
BRMC, USAID

NC-005 (NCT02193776) 2b 60,  HIV- adults (aged 
≥18 years)

Serial sputum culture counts:  8 weeks bedaquiline (200 mg daily), 
pretomanid (200 mg daily), moxifloxacin, pyrazinamide, single arm 
study with long follow-up

Opened November, 2014, preliminary 
findings presented at CROI, 2017, results 
mid-2018; TB Alliance

OPTI-Q (NCT01918397) 2 100, HIV– and HIV + adults 
(aged ≥18 years)

6 months levofloxacin (14, 17, or 20 mg/kg/d) plus OBR vs 6 months 
levofloxacin (11 mg/kg/d) plus OBR

Opened January, 2015, results mid-2018; 
South Africa, Peru; NIAID, Boston University, 
CDC TBTC

NC-006 STAND 
(NCT02342886)

3 13 (of original target of
300), HIV– and HIV+ children 
(aged ≥14 years)

6 months pretomanid (200 mg), moxifloxacin, pyrazinamide daily, 
single arm study

Opened February, 2015, paused 
October, 2016–May, 2017, accrual not 
resumed, results March, 2018; TB Alliance

NiX-TB (NCT02333799) 3 109 (of original target of
300), HIV– and HIV + adults 
(aged ≥18 years)

6 months bedaquiline (200 mg daily for 2 weeks then 200 mg 
three times weekly), pretomanid (200 mg daily), linezolid (600 mg 
twice daily), single arm study

Opened March, 2015, preliminary findings 
presented at CROI, 2017, accrual closed 
November, 2017, with opening of NC-007 
XeNiX trial; TB Alliance

NExT-5001 
(NCT02454205)

2/3 300, HIV– and HIV + adults 
(aged ≥18 years)

6–9 months bedaquiline, linezolid, levofloxacin, pyrazinamide, and 
either high-dose isoniazid or ethionamide or terizidone daily (all oral) 
vs 6–8 months kanamycin, moxifloxacin, pyrazinamide, ethionamide, 
terizidone daily, and 16–18 months moxifloxacin

Opened October, 2015, results January, 
2019; University of Cape Town

MDR-END 
(NCT02619994)

2 238, HIV– and HIV + adults 
(aged ≥18 years)

9 or 12 months delamanid, levofloxacin (750 or 1000 mg), linezolid 
(600 mg daily for 2 months, 300 mg daily thereafter) vs local regimen

Opened January, 2016, results December, 
2019; Korea

STREAM Stage 2 
(NCT02409290)

3 1155, HIV– and HIV + adults 
(aged ≥18 years)

9 months moxifloxacin, clofazimine, ethambutol, pyrazinamide daily, 
with initial 2 months isoniazid, kanamycin, prothionamide daily, 
or 9 months bedaquiline, clofazimine, ethambutol, levofloxacin, 
pyrazinamide daily, with initial 2 months isoniazid (high dose), 
prothionamide daily (all oral), or 6 months bedaquiline, clofazimine, 
levofloxacin, pyrazinamide daily, with initial 2 months isoniazid 
(high dose) and kanamycin vs 20–24 month local regimen

Opened April, 2016, results April, 2021; 
IUATLD, BMRC, USAID, TB Alliance

Janssen C211 
(NCT02354014)

2 60, HIV- adults (aged 
≥18 years)

Pharmacokinetics, safety, dose-range 6 months bedaquiline (daily for 
2 weeks, then 3 times a week) plus OBR, single arm study

Opened May, 2016, results March 2021; India, 
Philippines, Russia, South Africa; Janssen

ACTG A5343 DELIBERATE 
(NCT02583048)

2 84, HIV– and HIV + adults 
(aged ≥18 years)

Pharmacokinetics, QTC 6 months bedaquiline daily plus OBR, or 
6 months delamanid daily plus OBR, or 6 months bedaquiline and 
delamanid daily plus OBR

Opened August, 2016, results 2019; ACTG

endTB
(NCT02754765)

3 750, HIV– and HIV + adults 
(aged ≥18 years)

9 months bedaquiline, linezolid, moxifloxacin, pyrazinamide daily, 
or 9 months of bedaquiline, linezolid, clofazimine, levofloxacin, 
pyrazinamide daily, or 9 months of bedaquiline, linezolid, delamanid, 
levofloxacin, pyrazinamide daily, or 9 months of delamanid, linezolid, 
clofazimine, levofloxacin, pyrazinamide daily, or 9 months of delamanid, 
clofazimine, moxifloxacin, pyrazinamide daily vs local regimen

Opened December, 2016, results September, 
2020; Georgia, Kazakhstan, Kyrgyzstan, 
Lesotho, Peru; MSF, Partners in Health

TB-PRACTECAL 
(NCT02589782)

2/3 630, HIV– and HIV + adults 
(aged ≥18 years)

6 months bedaquiline, pretomanid, moxifloxacin, linezolid daily, 
or 6 months bedaquiline, pretomanid, linezolid, clofazimine daily, 
or 6 months bedaquiline, pretomanid, linezolid daily (all oral) vs local 
regimen

Opened January, 2017, results March, 2021; 
Belarus, South Africa, Uzbekistan; MSF

(Table 3 continues on next page)

Tiberi et al., Lancet Infect Dis, 2018



¨ « Repositionnement » d’antibiotiques existants
¤ délais d’approbation + courts
¤ compléments possibles dans de nouvelles 1res lignes
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De nombreux antituberculeux 
sont des pro-drogues

Rifampicine
Éthambutol
Fluoroquinolones

✘ ✘
Bioactivation

Isoniazide ⇥ KatG
Pyrazinamide ⇥ PncA
Éthionamide ⇥ EthA
Thiacétazone ⇥ EthA/Mma4
Delamanid ⇥ Ddn
Pretomanid ⇥ FGD1/Ddn



Pourquoi l’Ethionamide ?
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Schwartz, Am Rev Resp Dis, 1966

Effets secondaires :
- 50% des patients (10% ESS)
- le plus souvent réversibles et 

dose-dépendants
- disparaissant dès 500 mg/j (2/3 de la 

dose thérapeutique)

L’ETH est aussi efficace que l’INH !



Mécanisme d’action de l’Éthionamide

adapté de Rubin N Engl J Med 2017

EthA catalyse la formation d’un adduit entre ETH et le NAD
qui inhibe InhA, une enoyl-acyl reductase indispensable à la 

synthèse des acides mycoliques

Engohang-Ndong et al., Mol Microbiol 2004



Une cible thérapeutique de choix

+++

BDM
41906

adapté de Rubin N Engl J Med 2017

Willand et al., Nature Medicine 2009

En inhibant le répresseur transcriptionnel
la bio-activation de ETH est libérée
démultipliant son potentiel anti-TB
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sensibilité à l

’ETH
 d

’une 
sélection d

’isolats cliniques

the expression of ethA and ethR. However,
SMARt-420 strongly activated the expression of
the distantly located group of genes bcg_0107c–
bcg_0108c, corresponding to rv0076c–rv0077c (Fig.
1C) in M. tuberculosis. According to protein ho-
mology, Bcg_0108c is predicted to be a member
of the large family of oxidoreductases (http://
enzyme.expasy.org/EC/1.-.-.-), which also includes
EthA. In silico analyses revealed that bcg_0108c
is neighboring the tetR type transcriptional re-
gulator gene bcg_0109 (http://pfam.xfam.org/
family/PF00440), indicating analogies between
the rv0076c-rv0078 and the ethR-ethA loci
(rv3854c-rv3855). The genetic organization of
the two loci is also similar: rv0077c and rv0078,
like ethA and ethR, are divergent open reading
frames, both separated by small intergenic re-
gions [76 base pairs (bp) and 62 bp for ethR-ethA
and rv0077c-rv0078, respectively] (Fig. 1C). By
analogy with the transcriptional organization
of the ethA-ethR regulon (20), these observa-
tions indicate that Rv0078 might regulate the
expression of rv0077c by binding within the
intergenic region. This hypothesis was confirmed
with surface plasmon resonance experiments
(SPR, Biacore), demonstrating the specific bind-
ing of Rv0078 to the intergenic region of rv0077c-
rv0078 (Fig. 2A). In contrast, no binding of EthR
to the intergenic region of rv0077c–rv0078 was
observed, even at high concentrations of protein,
thus excluding EthR for controlling the expres-
sion of the rv0076c–rv0078 locus (Fig. 2B). Con-
versely, no interaction was detected between
Rv0078 and the ethA–ethR intergenic region, indi-
cating the absence of cross-talk between the two
regulons (Fig. 2B). We assigned the names EthR2
and EthA2 to Rv0078 and Rv0077c, respectively.
The direct binding of SMARt-420 to EthR2 was

analyzed in vitro by means of thermal shift as-
say. The dose-dependent thermal stabilization of
EthR2 through binding to SMARt-420 is illus-
trated in Fig. 2C, whereas no interaction be-
tween BDM41906 and EthR2 was observed at
equivalent concentrations, which is in agree-
ment with the lack of effect of BDM41906 on
the transcription of ethA2.
A detailed understanding of the interaction

of SMARt-420 with EthR2 was obtained from the
x-ray structure of the complex, which shows that
EthR2 forms a homodimer in which one mol-
ecule of SMARt-420 is embedded in each mono-
mer (Fig. 2D). The structure also confirmed EthR2
as a typical TetR-type regulator harboring two
twistable helix-turn-helix (HTH) motifs that are
typically involved in the binding of the homodimer
to its DNA target (26). In this family of repressors,
binding of ligands to the distant specific pockets
located in the regulatory core of the homodimer
induces allosteric reorganization of the architec-
ture of the HTH motifs and thereby modifies
the binding properties of the protein to its DNA
target (23). In agreement with this paradigm, the
EthR2–SMARt-420 cocrystal revealed that the dis-
tance separating the HTHmotifs is far larger than
the ±34 Å required for the binding of the regu-
lator to DNA (27–29), thus providing the mech-
anism of action of SMARt-420 (Fig. 2D).

To quantify the inhibition of EthR2-binding
to its DNA target by SMARt-420, we designed
a synthetic mammalian gene circuit that senses
the EthR2-DNA interaction in human cells and
produces a quantitative reporter gene expres-
sion readout [secreted alkaline phosphatase
(SEAP)] (Fig. 3A) (30). In contrast to its repressor
role in mycobacteria, binding of EthR2 to the
chimeric promoter used in this assay is expected
to activate the expression of the SEAP reporter
gene. In the absence of SMARt-420, we observed

strong SEAP production, confirming the binding
of EthR2 to its DNA promoter in this cellular con-
text. Upon adding SMARt-420, a dose-dependent
inhibition of SEAP production was observed,
confirming that SMARt-420 impairs the DNA-
binding properties of EthR2. In contrast and as
expected, no effect was observed when the cells
were incubated with BDM41906, confirming the
specificity of the SMARt-420–EthR2 interaction
(Fig. 3A). In vitro, SPR experiments showed that
SMARt-420 inhibits in a dose-dependent manner

Blondiaux et al., Science 355, 1206–1211 (2017) 17 March 2017 2 of 5

Table 1. Impact of BDM41906 and SMARt-420 on the ethionamide susceptibility of a selec-
tion of clinical strains. (Panel A) Antibiotic profile. Threshold concentrations above which bacteria
are considered clinically resistant are indicated.The drug-sensitivity status of each strain is reported;
green indicates “under the threshold concentration,” and red indicates “above the threshold con-
centration.” Specifically, for ETH, MICs have been defined by MGIT960 and are reported (values in
micrograms per milliliter). All selected strains except the reference pan-susceptible laboratory strain
H37Rv (group 1) are multidrug-resistant (INH- and RIF-resistant). Group 2 includes ETH-sensitive strains.
Group 3 contains ETH-resistant strains without mutation in ethA. Group 4 contains ETH-resistant
strains mutated in ethA. (Panel B) MIC of ETH in the presence of 10 mM first-generation booster
BDM41906. (Panel C) MIC of ETH in the presence of 10 mM SMARt-420.
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the binding of EthR2 to its DNA target (Fig. 3B),
thus confirming that no other partner is required.
The expression of ethA2 upon inhibition of

EthR2 by SMARt-420 leads to efficient bioactiva-
tion of ETH in the bacteria. To evaluate the role
of EthA2 in the SMARt-420–controlled bioacti-
vation of ETH, M. tuberculosis H37Rv was engi-
neered to overexpress ethA2 by using the multicopy
plasmid pMV261 (31). Under these conditions,
the minimal inhibitory concentration (MIC) of
ETH decreased from 2 to 0.25 mg/ml, suggesting
that EthA2 takes part in the bioactivation of ETH
when overexpressed, thus reducing the innate
resistance of the bacteria to ETH (Fig. 3C).
SMARt-420 is the most active compound of a

spiroisoxazoline series for which the binding to
EthR2 (thermal shift assay) and the inhibition of the

DNA binding of EthR2 (SEAP assay) were shown to
be correlated to the ETH-boosting effect on sensi-
tive and on ETH-resistantM. tuberculosis (fig. S2).
As indicated by the transcriptomic analyses,

the basal expression level of ethA2 in the absence
of SMARt-420 is low inM. tuberculosis. We mea-
sured the relative abundance of mRNA by means
of high-throughput RNA-sequencing (RNA-seq)
in M. tuberculosis cells grown to mid-log phase.
We found that ethA2 belongs to the 10% least-
expressed genes in M. tuberculosis (rank 3609
out of the 3973 TB genes), whereas ethA is among
the 10% genes with the highest levels of expres-
sion. When compared with each other, ethA2-
mRNAs were about 60 times less abundant than
ethA-mRNAs in M. tuberculosis grown under
standard conditions. Low expression of ethA2 in

the absence of EthR2 inhibitors is of clinical im-
portance, offering an explanation as to why EthA2
has not been previously identified as involved in
ETH activation, and therefore mutations in this
gene have not been observed in clinical isolates
resistant to ETH so far.
Human-adaptedM. tuberculosis complex com-

prises seven main phylogenetically distinct line-
ages (32). We analyzed the genome sequences of
217 geographically diverse clinical strains repre-
senting all seven lineages (33) and confirmed the
presence of the rv0076c–rv0078 locus in all
strains. In addition, the presence of the locus was
confirmed in a collection of ETH-resistant (171)
and ETH-sensitive (253) clinical isolates of
M. tuberculosis (34). Nomutation in this locus was
observed in the ETH-sensitive population. Only

Blondiaux et al., Science 355, 1206–1211 (2017) 17 March 2017 3 of 5

Fig. 1. SMARt family of molecules reveals alternative ETH bioactiva-
tion pathway. (A) Bidimensional representation of the properties of ETH-
boosting compounds (BDM). The x axis indicates the shift in the melting
temperature (DTm) of EthR in the presence of BDM compounds, which trans-
lates the capacity of the compounds to bind and thermostabilize EthR in vitro
(values are provided in table S1).The y axis indicates the potency [expressed as
the negative logarithm of the median effective concentration (EC50)] of a panel
of compounds to increase ETH antibacterial activity onM. tuberculosis–infected
macrophages. EC50 is the concentration of compound that allows ETH at
0.1 mg/mL (10 times less than the normal MIC) to inhibit 50% ofM. tuberculosis
growth in macrophages. Blue dots and red dots represent compounds of the
oxadiazole-piperidine family (first-generation boosters) and of the spiroisoxazo-

line family (SMARt), respectively. (B) RNA-seq analysis of genes that are
differentially expressed in M. bovis BCG exposed for 24 hours to 25 mM
BDM41906 (2) or SMARt-420 (3) in comparison with dimethyl sulfoxide–
treated bacteria (1). Only genes showing a minimum twofold change (FC) in
transcript abundance in at least one condition are shown. RPKM, reads per
kilobase per million mapped reads. Whereas BDM41906 specifically induce
the expression of ethA and ethR, SMARt-420 massively induces the expres-
sion of bcg_0108c and bcg_0107c. A weak, but statistically significant, induction
of ethA and ethR is also observed. (C) Comparison of the genetic organization
and predicted function of the corresponding M. tuberculosis loci and proteins.
Genes bcg_0107c and bcg_108c correspond to rv0076c and rv0077c, respec-
tively. Rv0078 is predicted as a transcriptional repressor of the TetR family.
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the binding of EthR2 to its DNA target (Fig. 3B),
thus confirming that no other partner is required.
The expression of ethA2 upon inhibition of

EthR2 by SMARt-420 leads to efficient bioactiva-
tion of ETH in the bacteria. To evaluate the role
of EthA2 in the SMARt-420–controlled bioacti-
vation of ETH, M. tuberculosis H37Rv was engi-
neered to overexpress ethA2 by using the multicopy
plasmid pMV261 (31). Under these conditions,
the minimal inhibitory concentration (MIC) of
ETH decreased from 2 to 0.25 mg/ml, suggesting
that EthA2 takes part in the bioactivation of ETH
when overexpressed, thus reducing the innate
resistance of the bacteria to ETH (Fig. 3C).
SMARt-420 is the most active compound of a

spiroisoxazoline series for which the binding to
EthR2 (thermal shift assay) and the inhibition of the

DNA binding of EthR2 (SEAP assay) were shown to
be correlated to the ETH-boosting effect on sensi-
tive and on ETH-resistantM. tuberculosis (fig. S2).
As indicated by the transcriptomic analyses,

the basal expression level of ethA2 in the absence
of SMARt-420 is low inM. tuberculosis. We mea-
sured the relative abundance of mRNA by means
of high-throughput RNA-sequencing (RNA-seq)
in M. tuberculosis cells grown to mid-log phase.
We found that ethA2 belongs to the 10% least-
expressed genes in M. tuberculosis (rank 3609
out of the 3973 TB genes), whereas ethA is among
the 10% genes with the highest levels of expres-
sion. When compared with each other, ethA2-
mRNAs were about 60 times less abundant than
ethA-mRNAs in M. tuberculosis grown under
standard conditions. Low expression of ethA2 in

the absence of EthR2 inhibitors is of clinical im-
portance, offering an explanation as to why EthA2
has not been previously identified as involved in
ETH activation, and therefore mutations in this
gene have not been observed in clinical isolates
resistant to ETH so far.
Human-adaptedM. tuberculosis complex com-

prises seven main phylogenetically distinct line-
ages (32). We analyzed the genome sequences of
217 geographically diverse clinical strains repre-
senting all seven lineages (33) and confirmed the
presence of the rv0076c–rv0078 locus in all
strains. In addition, the presence of the locus was
confirmed in a collection of ETH-resistant (171)
and ETH-sensitive (253) clinical isolates of
M. tuberculosis (34). Nomutation in this locus was
observed in the ETH-sensitive population. Only
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Fig. 1. SMARt family of molecules reveals alternative ETH bioactiva-
tion pathway. (A) Bidimensional representation of the properties of ETH-
boosting compounds (BDM). The x axis indicates the shift in the melting
temperature (DTm) of EthR in the presence of BDM compounds, which trans-
lates the capacity of the compounds to bind and thermostabilize EthR in vitro
(values are provided in table S1).The y axis indicates the potency [expressed as
the negative logarithm of the median effective concentration (EC50)] of a panel
of compounds to increase ETH antibacterial activity onM. tuberculosis–infected
macrophages. EC50 is the concentration of compound that allows ETH at
0.1 mg/mL (10 times less than the normal MIC) to inhibit 50% ofM. tuberculosis
growth in macrophages. Blue dots and red dots represent compounds of the
oxadiazole-piperidine family (first-generation boosters) and of the spiroisoxazo-

line family (SMARt), respectively. (B) RNA-seq analysis of genes that are
differentially expressed in M. bovis BCG exposed for 24 hours to 25 mM
BDM41906 (2) or SMARt-420 (3) in comparison with dimethyl sulfoxide–
treated bacteria (1). Only genes showing a minimum twofold change (FC) in
transcript abundance in at least one condition are shown. RPKM, reads per
kilobase per million mapped reads. Whereas BDM41906 specifically induce
the expression of ethA and ethR, SMARt-420 massively induces the expres-
sion of bcg_0108c and bcg_0107c. A weak, but statistically significant, induction
of ethA and ethR is also observed. (C) Comparison of the genetic organization
and predicted function of the corresponding M. tuberculosis loci and proteins.
Genes bcg_0107c and bcg_108c correspond to rv0076c and rv0077c, respec-
tively. Rv0078 is predicted as a transcriptional repressor of the TetR family.
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Rv2628!
Rv3131!
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ilvH%
menG%
gmhA%
Rv3027c!
Rv0232!
nrdB%
Rv2085!
Rv2626c!
Rv0077c!
Rv0076c!
Rv0078!
hspX%
Rv3130c!
Rv1738!
nrp%
nuoL%
dppC%
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Rv3160c!
esxH%
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1 2 3
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!!

2,5!et!+!
2!à!2,5!
1,5!à!2!
1!à!1,5!
0,5!à!1!
inchangé!
D0,5!à!D1!
D1!à!D1,5!
D1,5!à!D2!
D2!à!D2,5!
D2,5!et!D!

logFC!

Gènes!
Facteur!de!varia7on!(FC)!
Condi7ons!expérimentales!
1! 2! 3!

ethR% D1,8091! 13,4004! 3,8108!
ethA% 6,2350! 8,3745! 2,6507!
whiB7% 3,0489! IC! IC!
Rv2027c! 1,5645! IC! IC!
Rv0007! 2,3644! IC! IC!
Rv2628! 2,3418! IC! IC!
Rv3131! IC! D1,7930! IC!
Rv2742c! 2,1869! IC! IC!
rplJ% 1,5005! IC! IC!
ilvH% 2,0833! IC! IC!
menG% 2,5973! 2,4613! IC!
gmhA% 2,5172! IC! IC!
Rv3027c! 1,8779! IC! IC!
Rv0232! IC! 2,1089! 2,7910!
nrdB% IC! 1,8095! 2,5013!
Rv2085! IC! 1,8796! 1,7544!
Rv2626c! IC! 1,9029! IC!
Rv0077c! IC! IC! 48,3184!
Rv0076c! IC! IC! 12,0888!
Rv0078! IC! IC! 10,4948!
hspX% IC! D1,7532! IC!
Rv3130c! 1,9281! D2,4536! IC!
Rv1738! 2,0352! D3,7929! D2,9953!
nrp% D1,8792! IC! IC!
nuoL% D1,5178! IC! IC!
dppC% D1,9866! IC! IC!
Rv1271c! D2,1938! IC! IC!
Rv3161c! D2,1435! D1,7979! IC!
Rv3160c! D1,9907! IC! IC!
esxH% D1,9592! IC! IC!
mmr% D7,4482! D6,4420! D6,2849!

Expression différentielle des gènes exprimés chez 
M. bovis BCG après 24h d’exposition 
à BDM41906 (2) et SMARt-420 (3)



Un régulon silencieux
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ethA2 est l’un des gènes les moins exprimés 
chez M. tuberculosis (3609 sur 3973)
même dans une souche ethA-mutée 
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the expression of ethA and ethR. However,
SMARt-420 strongly activated the expression of
the distantly located group of genes bcg_0107c–
bcg_0108c, corresponding to rv0076c–rv0077c (Fig.
1C) in M. tuberculosis. According to protein ho-
mology, Bcg_0108c is predicted to be a member
of the large family of oxidoreductases (http://
enzyme.expasy.org/EC/1.-.-.-), which also includes
EthA. In silico analyses revealed that bcg_0108c
is neighboring the tetR type transcriptional re-
gulator gene bcg_0109 (http://pfam.xfam.org/
family/PF00440), indicating analogies between
the rv0076c-rv0078 and the ethR-ethA loci
(rv3854c-rv3855). The genetic organization of
the two loci is also similar: rv0077c and rv0078,
like ethA and ethR, are divergent open reading
frames, both separated by small intergenic re-
gions [76 base pairs (bp) and 62 bp for ethR-ethA
and rv0077c-rv0078, respectively] (Fig. 1C). By
analogy with the transcriptional organization
of the ethA-ethR regulon (20), these observa-
tions indicate that Rv0078 might regulate the
expression of rv0077c by binding within the
intergenic region. This hypothesis was confirmed
with surface plasmon resonance experiments
(SPR, Biacore), demonstrating the specific bind-
ing of Rv0078 to the intergenic region of rv0077c-
rv0078 (Fig. 2A). In contrast, no binding of EthR
to the intergenic region of rv0077c–rv0078 was
observed, even at high concentrations of protein,
thus excluding EthR for controlling the expres-
sion of the rv0076c–rv0078 locus (Fig. 2B). Con-
versely, no interaction was detected between
Rv0078 and the ethA–ethR intergenic region, indi-
cating the absence of cross-talk between the two
regulons (Fig. 2B). We assigned the names EthR2
and EthA2 to Rv0078 and Rv0077c, respectively.
The direct binding of SMARt-420 to EthR2 was

analyzed in vitro by means of thermal shift as-
say. The dose-dependent thermal stabilization of
EthR2 through binding to SMARt-420 is illus-
trated in Fig. 2C, whereas no interaction be-
tween BDM41906 and EthR2 was observed at
equivalent concentrations, which is in agree-
ment with the lack of effect of BDM41906 on
the transcription of ethA2.
A detailed understanding of the interaction

of SMARt-420 with EthR2 was obtained from the
x-ray structure of the complex, which shows that
EthR2 forms a homodimer in which one mol-
ecule of SMARt-420 is embedded in each mono-
mer (Fig. 2D). The structure also confirmed EthR2
as a typical TetR-type regulator harboring two
twistable helix-turn-helix (HTH) motifs that are
typically involved in the binding of the homodimer
to its DNA target (26). In this family of repressors,
binding of ligands to the distant specific pockets
located in the regulatory core of the homodimer
induces allosteric reorganization of the architec-
ture of the HTH motifs and thereby modifies
the binding properties of the protein to its DNA
target (23). In agreement with this paradigm, the
EthR2–SMARt-420 cocrystal revealed that the dis-
tance separating the HTHmotifs is far larger than
the ±34 Å required for the binding of the regu-
lator to DNA (27–29), thus providing the mech-
anism of action of SMARt-420 (Fig. 2D).

To quantify the inhibition of EthR2-binding
to its DNA target by SMARt-420, we designed
a synthetic mammalian gene circuit that senses
the EthR2-DNA interaction in human cells and
produces a quantitative reporter gene expres-
sion readout [secreted alkaline phosphatase
(SEAP)] (Fig. 3A) (30). In contrast to its repressor
role in mycobacteria, binding of EthR2 to the
chimeric promoter used in this assay is expected
to activate the expression of the SEAP reporter
gene. In the absence of SMARt-420, we observed

strong SEAP production, confirming the binding
of EthR2 to its DNA promoter in this cellular con-
text. Upon adding SMARt-420, a dose-dependent
inhibition of SEAP production was observed,
confirming that SMARt-420 impairs the DNA-
binding properties of EthR2. In contrast and as
expected, no effect was observed when the cells
were incubated with BDM41906, confirming the
specificity of the SMARt-420–EthR2 interaction
(Fig. 3A). In vitro, SPR experiments showed that
SMARt-420 inhibits in a dose-dependent manner

Blondiaux et al., Science 355, 1206–1211 (2017) 17 March 2017 2 of 5

Table 1. Impact of BDM41906 and SMARt-420 on the ethionamide susceptibility of a selec-
tion of clinical strains. (Panel A) Antibiotic profile. Threshold concentrations above which bacteria
are considered clinically resistant are indicated.The drug-sensitivity status of each strain is reported;
green indicates “under the threshold concentration,” and red indicates “above the threshold con-
centration.” Specifically, for ETH, MICs have been defined by MGIT960 and are reported (values in
micrograms per milliliter). All selected strains except the reference pan-susceptible laboratory strain
H37Rv (group 1) are multidrug-resistant (INH- and RIF-resistant). Group 2 includes ETH-sensitive strains.
Group 3 contains ETH-resistant strains without mutation in ethA. Group 4 contains ETH-resistant
strains mutated in ethA. (Panel B) MIC of ETH in the presence of 10 mM first-generation booster
BDM41906. (Panel C) MIC of ETH in the presence of 10 mM SMARt-420.

RESEARCH | REPORT

 o
n 

M
ar

ch
 1

6,
 2

01
7

ht
tp

://
sc

ie
nc

e.
sc

ie
nc

em
ag

.o
rg

/
D

ow
nl

oa
de

d 
fr

om
 

Blondiaux et al., Science 2017

Im
pact de SM

AR
t-420 sur la 

sensibilité à l

’ETH
 d

’une 
sélection d

’isolats cliniques



Confirmation sur un modèle de 
souris infectée par ETHR-TB

dose of 30 mg/kg of SMARt-420 provides a circu-
lating concentration of SMARt-420 higher than
that required to boost ETH in vitro (table S5).
Restoration of sensitivity to ETH by SMARt-420
was evaluated in C57BL6/J mice infected by aero-
sol with 105 ETH-resistant M. tuberculosis bacilli
mutated in ethA. Seven days after infection, the
mice were treated with ETH alone or with ETH
in combination with SMARt-420. Daily admin-
istration of up to 50 mg/kg of ETH for 3 weeks
was ineffective in significantly reducing the bac-
terial load in the lungs (Fig. 4), confirming the
resistance to ETH of this strain. In contrast, mice
treated with a combination of ETH and SMARt-
420 (both at 50 mg/kg) showed a striking reduc-
tion of the bacterial load (4.6 log) in the lungs (Fig.
4). The absence of an effect observed with SMARt-
420 administered alone, and a dose-response to
ETH combined with SMARt-420, confirms that
the anti-TB activity of the combination is specif-
ically due to the restoration of ETH sensitivity of
this strain.
We show that drug-resistance to the widely

used antituberculosis drug ETH (36) can be cir-
cumvented by spiroisoxazoline SMARt-420, which
activates cryptic drug-bioactivation pathways in
drug-resistant pathogens. Other ETH activation
pathways may exist inM. tuberculosis, including
the recently described VirS-MymA (37), opening
supplementary avenues for reversing ETH-
resistance and boosting its activity.
Innovative treatment protocols could also be

explored, in which noncontinuous but regular
administration of SMARts to TB patients would
periodically toggle the expression of alternative
bioactivation pathways of pro-drugs. This ap-
proach could be used to limit the frequency of
resistance by systematically destroying subpop-
ulations of resistant bacteria that may emerge
during treatment.
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Fig. 4. Reversion of ETH
resistance in tuberculosis-
infected mice. Mice (five mice
per group) infected with ETH-
resistant bacteria were treated
with the control antibiotic
INH (25 mg/kg), ETH alone
(50 mg/kg), SMARt-420 alone
(50 mg/kg), or a combination of
ETH and SMARt-420. Pulmonary
bacillary loads were enumerated
by colony-forming units (CFUs)
after 3 weeks of treatment.
Administration of up to 50mg/kg
of ETH did not reduce the pul-
monary load of ETH-resistant
mycobacteria, whereas coadmin-
istration of ETH and SMARt-420
showed a dose-dependent reduc-
tion, with a maximum of 4.6 log
(control versus ETH50+SMARt-
420). Details and statistics are
available in “Bonferroni’s multiple
comparison test” in table S6.
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¨ démasque une voie de bio-activation cryptique chez les 
mycobactéries résistantes

¨ stratégie ouvrant la voie à la restauration de l’activité 
d’autres anti-tuberculeux :
¤ INH, PZA, …

¨ …voire à d’autres anti-infectieux

SMARt-420 permet de 
restaurer la sensibilité à l’ETH
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