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NAG : N-acétylglucosamine

NAM : acide N-acétylmuramique

NGM : acide N-glycolylmuramique

OMS : Organisation Mondiale de la Santé
PARBN : Phenylalanine-Arginine BR-
Naphtylamide

PBP : Penicillin-Binding Proteins

PIM : Phosphatidyl-myo-inositol-mannosides

PIM; : Phophatidyl-myo-isonitol
dimmannosides

PG : Peptidoglycane

PMA : Phorbol 12-myristate 13-acetate
PTH : Prothionamide

PZA : Pyrazinamide

R : Rugueux - « rough »

RFB : Rifabutine
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ROS : “Reactive Oxygen Species”
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SAM : S-adénosyl-méthionine
SCID : Severe Combined ImmunoDeficiency
SDR : « Short chain
Dehydrogenase/Reductase »

STR : Streptomycine

TAC : Thiacétazone

TAG : Triacylglycérol

TCS : Triclosan

TDM : Tréhalose Dimycolate

TDZ : Tédizolide

TET : Tétracycline
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Thl : Lymphocytes CD4+ T-helper
THP : Tétrahydropyridine

TLR-2 : « Toll-Like Receptor 2 »
TMM : Tréhalose Monomycolate
TNF-a : Tumor Necrosis Factor a
TOB : Tobramycine

VIH : Virus de I'lmmunodéficience Humaine

VP : Verapamil
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1. Généralités

Le genre des mycobactéries, nommé pour la premiere fois en 1896 par Lehmann et Neumann [1],
appartient au phylum des Actinobacteria. Ces bacilles acido-alcoolo résistants sont des
microorganismes saprophytes retrouvés principalement dans I’'environnement tel que I'eau et le sol.
Les actinobactéries, notamment les mycobactéries, possedent un génome riche en Guanine-Cytosine
[2]. Ces derniéres appartiennent a la famille des Mycobacteriaceae, provenant du sous-ordre des
Corynebacterineae au sein de I'ordre des Actinomycetales et de la classe des Actinomycétes. Les
mycobactéries se démarquent des autres bactéries car elles ne répondent pas a la coloration de Gram
classiquement utilisée. Elles sont cependant discriminées grace a la coloration de Ziehl-Neelsen
spécifique de ce genre bactérien en raison de la richesse en lipides particuliere de la paroi

mycobactérienne, capable de retenir le colorant rose de la fuschine apres un lavage acido-

alcoolique [3].

1.1. Classification

Le genre Mycobacterium regroupe prés de 200 especes validées, renfermant une grande diversité
morphologique, physiologique ou encore biochimique qui a poussé la communauté scientifique a

classer les espéces selon différents critéres.

1.1.1. Classification de Runyon

L'une des premieres classifications en date est la classification de Runyon qui repose sur des
observations phénotypiques et temporelles de différentes mycobactéries [4]. Cette classification a
permis de différencier les mycobactéries a croissance lente (MCL) des mycobactéries a croissance
rapide (MCR). Ce temps de croissance ainsi que la pigmentation des mycobactéries ont permis a Ernest
Runyon de les distinguer en quatre groupes :

I- Les photochromogénes qui se pigmentent aprés exposition a la lumiere, croissance lente

(ex : Mycobacterium kansasii, Mycobacterium marinum)

II- Les scotochromogenes qui sont toujours pigmentées d’orange a jaune, croissance lente

(ex : Mycobacterium gordonae, Mycobacterium scrofulaceum)

23



Chapitre | : Le genre Mycobacterium

Figure 1 : Classification des mycobactéries principales selon leur temps de croissance et leur
virulence
adapté de Johansen MD, et al. 2020 [5]

Mycobactéries non-tuberculeuses

Mycobactéries a croissance rapide  Mycobactéries a croissance lente
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IlI- Les non photochromogeénes qui ne sont jamais pigmentées, croissance lente (ex : Mycobacterium

tuberculosis, Mycobacterium avium)

IV- Les mycobactéries a croissance rapide (ex : Mycobacterium smegmatis, Mycobacterium fortuitum,

Mycobacterium abscessus).

1.1.2. Classification selon la pathogénicité

Une autre classification existante repose sur la pathogénicité des especes mycobactériennes. On vient
distinguer le genre en 3 grands groupes (Figure 1) [5] :

I- Les mycobactéries pathogeénes stricts pour ’'Homme ou I'animal. On y retrouve les espéeces du

complexe M. tuberculosis et Mycobacterium leprae, respectivement responsables de la tuberculose et
de la lepre. Ces deux pathogénes s’opposent aux Mycobactéries Non-Tuberculeuses (MNT),
comprenant d’autres pathogenes stricts tels que Mycobacterium marinum ou Mycobacterium
ulcerans. Ces MNT, ou mycobactéries atypiques, englobent toutes les autres especes
mycobactériennes telles que :

II- Les mycobactéries pathogénes opportunistes. Au sein de ce groupe, on retrouve des espéces qui

peuvent causer des infections chez 'Homme sous certaines conditions, notamment le complexe
Mycobacterium abscessus-chelonae, M. avium ou encore M. fortuitum.

llI- Les mycobactéries non-pathogenes telles que M. smegmatis, M. gordonae ou encore

Mycobacterium vaccae.

1.1.3. Mycobactéries a croissance lente ou rapide

Méme si 'ensemble des classifications se rejoignent pour décrire une espece mycobactérienne, le
temps de croissance de ces espéces reste une caractéristique couramment utilisée. Les MCL forment
des colonies en milieu solide aprés 7 jours d’incubation, contre moins de 7 jours pour les MCR. Le
complexe des mycobactéries tuberculeuses regroupe des espéces a croissance lente, avec par exemple
un temps de génération d’environ 20 heures pour M. tuberculosis [6]. Aujourd’hui, I'espece ayant la
croissance la plus lente est M. leprae avec un temps de génération compris entre 12 et 14 jours [7].
Enfin parmi les MNT, on retrouve les deux types de croissance, lente (M. marinum, M. ulcerans ou

M. avium) et rapide (M. smegmatis, M. fortuitum ou M. abscessus).
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Figure 2 : Arbre phylogénétique du genre Mycobacterium obtenu par comparaison des

génomes entiers
Tortoli E, et al. 2017, [8]
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1.2.Phylogénie

Ces classifications ont ensuite été consolidées par de nombreuses études phylogénomiques et de
nouvelles techniques de génétique et de séquencage. En effet, le séquencage de I’ARNr 16S et de
6 autres genes conservés (hsp65, rpoB, smpB, sodA, tmRNA et tuf) [9], ainsi que la comparaison des
génomes entiers [10] ont confirmé la distinction initialement phénotypique entre MCL et MCR.
Néanmoins, la taxonomie et la phylogénie des mycobactéries ont subi certaines modifications ces
dernieres années. En effet, en 2018 I'étude de Gupta et al. basée sur la comparaison de protéines
conservées a suggéré |'existence de cinq groupes monophylétiques distincts : Tuberculosis-Simiae,
Terrae, Triviale, Fortuitum-Vaccae et Abscessus-Chelonae [11]. Cette nouvelle nomenclature a souligné
le risque d’une certaine confusion en clinique lors du diagnostic et du traitement des infections
mycobactériennes [12]. Plus récemment, une étude a utilisé de nombreuses méthodes différentes
permettant de définir les limites d’'un genre tels que le séquencage et la similarité de séquence de
I’ARNr 16S, le pourcentage d’identité protéique et nucléotidique, I'alignement de fractions de génome
et le pourcentage de protéines conservées. Ainsi, ces travaux ont confirmé [ affiliation des
mycobactéries en un genre Mycobacterium unique [13]. Enfin, d’un point de vue plus phylogénique et
évolutif, certaines analyses ont montré que parmi les MCR, le complexe M. abscessus-chelonae était
le cluster le plus ancestral du genre Mycobacterium avec une liaison étroite a un ancétre commun

(Figure 2) [8].

2. Différentes especes du complexe des mycobactéries

2.1. Mycobactéries a croissance lente : 'exemple de Mycobacterium tuberculosis

Approximativement la moitié des espéces du genre Mycobacterium sont des MCL et comporte
I’ensemble des mycobactéries strictement pathogenes (M. tuberculosis, M. leprae, M. marinum ou
M. ulcerans). On y retrouve également des pathogénes opportunistes tel que le complexe M. avium
ou encore M. kansasii. On associe le phénotype de croissance lente a un mode de vie intracellulaire et
a la pathogénicité, contrairement aux MCR qui sont majoritairement environnementales et qui
incluent seulement un nombre limité de pathogénes opportunistes. La MCL la plus décrite aujourd’hui
est M. tuberculosis, un pathogéene humain obligatoire, et I'agent étiologique de la tuberculose. Ce
bacille a été identifié et isolé pour la premiére fois par Robert Koch en 1882 [14], prouvant I'aspect

infectieux et transmissible de la tuberculose. Cette affection est considérée comme I'une des plus
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Figure 3 : Régime d’antibiothérapie de premiére intention requis dans le cadre d’infections
pulmonaires a une souche sensible de M. tuberculosis

Le régime antibiotique classique traitant les infections pulmonaires a une souche de M. tuberculosis
sensible est divisé en deux phases, une premiéere phase de 2 mois comprenant de I'isoniazide (INH), de
la rifampicine (RIF), de I'éthambutol (EMB) et de la pyrazinamide (PZA) par voie orale. Cette premiére
période est suivie d’'une seconde phase de 4 mois ou I'INH et 'EMB sont maintenus.

2 mois 4 mois
Isoniazide  pyrazinamide Rifampicine
Rifampicine  gepamputol Isoniazide
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anciennes touchant 'Homme, avec des représentations de la pathologie dans la littérature et I'art
égyptien [15]. L'ancienneté de ce syndrome a été démontrée par la mise en évidence de signes
physiopathologiques caractéristiques de la tuberculose et d’ADN mycobactérien sur des squelettes
datant de plusieurs millénaires [16,17]. C’est une infection hautement contagieuse, principalement
pulmonaire, parfois extra-pulmonaire, transmise via les aérosols et les sécrétions respiratoires. Bien
gue les traitements cliniques curatifs et préventifs aient permis de ralentir I'épidémie, la tuberculose

N

n‘en reste pas pour autant éradiquée a travers le monde. La stratégie curative dans le cadre
d’infections pulmonaires a une souche sensible de M. tuberculosis comprend deux phases, une
premiere phase de 2 mois de traitement incluant la prise d’isoniazide (INH), de rifampicine (RIF),
d’éthambutol (EMB) et de pyrazinamide (PZA) par voie orale. Puis I'INH et 'EMB sont conservés
pendant quatre mois supplémentaires (Figure 3). La stratégie préventive, mise en place depuis 1924
basée sur le vaccin BCG (vaccin bilié de Calmette et Guérin), reste encore aujourd’hui le seul vaccin
validé et est majoritairement efficace pour prévenir la tuberculose chez I'enfant [18]. De plus,
I’'avénement de nombreuses souches multirésistantes au traitement antibiotique curatif recommandé
en premiére intention (Figure 3) explique pourquoi la tuberculose reste encore aujourd’hui un
probleme de santé publique majeur et I'une des maladies infectieuses les plus meurtriéres au monde.
L’Organisation Mondiale de la Santé (OMS) estime, en 2021, a 10,6 millions le nombre de personnes
ayant contracté la tuberculose, et a 1,6 millions le nombre de décés dus a cette maladie a travers le
monde [19].

Tout cela souligne le recours a de nouvelles stratégies de traitements et notamment de nouveaux

antibiotiques ou combinaisons thérapeutiques plus efficaces.

2.2. Mycobactéries a croissance rapide : Mycobacterium fortuitum et Mycobacterium abscessus

Les mycobactéries a croissance rapide comprennent de nombreuses espéces ubiquitaires de
I’environnement et sont généralement non-pathogénes a l'instar de M. smegmatis. Ce sous-groupe
des MCR contient néanmoins certains pathogénes opportunistes tels que le complexe M. fortuitum ou
le complexe M. abscessus-chelonae [20]. Ces espéces sont considérées comme non-pathogenes dans
I’environnement, mais peuvent le devenir en fonction de facteurs environnementaux ainsi que du
statut immunitaire et infectieux de I'h6te [21]. De plus, les modifications de I'environnement par
I’'Homme ainsi que I'interaction avec celui-ci, tels que I'installation de dispositifs mécaniques pouvant
altérer la température ou I'humidité du milieu, peuvent expliquer I'émergence de maladies

infectieuses humaines causées par ces agents pathogenes [22].
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Figure 4 : Différents régimes d’antibiothérapie recommandés contre une infection a
M. fortuitum selon le type d’infection
Le régime thérapeutique contre M. fortuitum différe selon le type d’infection et se doit d’étre adapté

a l'isolat clinique rencontré.

La prescription pendant 12 mois de deux antibiotiques est recommandée en cas d’infections
pulmonaires, seulement aprés un prélevement exempt de pathogene.

Dans le cas d’infections de la peau, des os ou des tissus mous, il est recommandé d’utiliser au moins
deux antibiotiques sur une période pouvant aller de 4 a 6 mois.

Puis dans le cas d’infections disséminées, une premiere phase de 2 a 6 semaines comprend 2 agents
parentéraux (AMK et une -lactamine -CFX ou IMP-) suivie d’une seconde phase plus longue allant de

2 a 6 mois et incluant des antibiotiques oraux.

A adapter selon la sensibilité de la souche

& &
Prélévement négatif
Poumons D .
e A
y____? & 12 mois 4
Peau
Tissus mous QO %
Os
Qék O Macrolides
o AMK Q
Disséminées Doxycycline
CFX / IMP Fluoroquinolones
Pr2-6 semaines 4
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M. abscessus depuis sa distinction en tant qu’espéce en 1992 jusqu’en 2013
adapté de Lee M-R, et al. 2015 [23]
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2.2.1. Mycobacterium fortuitum

M. fortuitum a été nommeée pour la premiére fois par da Costa Cruz en 1938 et identifiée comme étant
la cause d’une infection cutanée chez I'Homme [24,25]. Actuellement, le complexe M. fortuitum
contient différentes espéces (M. fortuitum, Mycobacterium peregrinum, Mycobacterium senegalense,
Mycobacterium  porcinum,  Mycobacterium  neworleansense, = Mycobacterium  boenickei,
Mycobacterium houstonense, Mycobacterium brisbanense, Mycobacterium septicum, Mycobacterium
conceptionense, Mycobacterium farcinogenes et Mycobacterium setense) [20]. M. fortuitum, tout
comme I'ensemble des MNT, est une bactérie environnementale que I'on retrouve notamment dans
les réseaux de distribution d’eau, les sources d’eau naturelles, mais aussi dans le sol et la poussiére
[26]. Cette mycobactérie fait partie des MNT les plus communément isolées avec M. avium et
M. abscessus [21] et se trouve étre la seconde MCR la plus fréquemment retrouvée chez les patients
atteints de mucoviscidose, apres M. abscessus [27]. Généralement, on retrouve des infections
pulmonaires a M. fortuitum chez des patients ayant des pathologies pulmonaires sous-jacentes telles
que la mucoviscidose, un cancer pulmonaire, une bronchiectasie, une fibrose pulmonaire
idiopathique, une tuberculose antérieure, ou encore une surinfection mycobactérienne [28]. Les
infections a M. fortuitum ne sont pas uniquement pulmonaires mais peuvent également étre localisées
au niveau cutané [29], affecter des tissus mous, des os, ou encore étre disséminées a tout I’organisme
[30] et sont responsables de la majorité des infections post-chirurgicales liées aux MCR [31].
M. fortuitum est un pathogene difficile a traiter en clinique avec des isolats hautement résistants a de
nombreux antibiotiques, notamment aux anti-tuberculeux tels que I'INH, 'EMB, I'éthionamide (ETH)
et la clofazimine (CFZ) [32,33]. On retrouve également une résistance inductible aux macrolides et
notamment a la clarithromycine (CLR), s’expliquant par la présence de la méthylase Erm39 [34,35]. Il
n’en reste pas moins que M. fortuitum est sensible a différents antibiotiques oraux ou parentéraux
comprenant les fluoroquinolones tels que la ciprofloxacine (CIP) ou la moxifloxacine (MOX) ; les -
lactamines tels que I'imipénéme (IMP) ou la céfoxitine (CFX) ; ou bien les aminoglycosides comme
I"amikacine (AMK). C’est pourquoi des directives sont tout de méme établies pour le traitement de ces
infections, méme si celles-ci sont plutot empiriques et dépendent de la sensibilité de chaque isolat
clinique (Figure 4). Il n’existe donc pas de choix optimal d’antibiotiques a prescrire, comme pour la
plupart des autres infections mycobactériennes [36]. En général pour des infections pulmonaires a
M. fortuitum, il est recommandé d’utiliser a minima deux antibiotiques pendant au moins 12 mois a la
suite d’un prélevement négatif.

Au moins deux agents antibactériens sont également préconisés pour des infections de la peau, des
tissus mous ou des os, sur une période plus courte de 4 a 6 mois, avec la possibilité de procéder a des

résections chirurgicales en cas de difficulté thérapeutique. Enfin, pour des infections disséminées, un
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Figure 6 : Différentes caractéristiques différenciant le morphotype lisse de morphotype

rugueux de M. abscessus

Images de colonies sur milieu solide issues de Medjahed H, et al. 2010 [37]
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Figure 7 : Structure des glycopeptidolipides synthétisés par M. abscessus
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traitement de 2 a 6 semaines comprenant deux agents parentéraux (AMK et une B-lactamine -CFX ou
IMP-) est recommandé, suivi de 2 a 6 mois de traitement incluant des antibiotiques oraux (macrolides,
fluoroquinolones, doxycycline (DOX), etc.) devant étre adaptés aussi selon la susceptibilité de la souche
infectieuse [31,36] (Figure 4). L'ensemble de ces difficultés thérapeutiques, associées a la prévalence
assez élevée de ces infections soulignent I'urgence de pouvoir proposer de nouvelles stratégies

antibiotiques aux patients.

2.2.2. Mycobacterium abscessus

2.2.2.1. Présentation générale du complexe et différents morphotypes

M. abscessus a été isolée pour la toute premiere fois en 1953 chez une patiente ayant un abces du
genou [39]. Cette MNT a croissance rapide ubiquitaire de I'environnement a d’abord été assimilée a
M. chelonae en 1972 [40], mais sa phylogénie et sa place dans la classification a été modifiée de
nombreuses fois [23] (Figure 5). Ce n’est qu’en 1992 que M. abscessus flt classée comme espéce a
part entiére. A ce jour, le complexe M. abscessus comprend trois sous-espéces : M. abscessus subsp.
abscessus, M. abscessus subsp. bolletii et M. abscessus subsp. massiliense [41,42]. Ces trois sous-
especes different par leur profil génétique mais aussi par leur susceptibilité respective aux
antibiotiques et notamment aux macrolides [43], d’ou I'importance de pouvoir les discriminer en
thérapeutique [44]. Une caractéristique supplémentaire non négligeable est que M. abscessus existe
sous la forme de deux morphotypes distincts que I'on peut distinguer en milieu solide ou liquide. On
différencie le morphotype lisse, ou « smooth » (S) du morphotype rugueux, ou « rough » (R) (Figure 6).
Phénotypiquement, le variant S présente des colonies rondes, lisses et crémeuses, et est relativement
homogene en suspension liquide; a l'inverse les colonies du variant R sont trés rugueuses et
organisées en structures serpentines et seront capables de former des agrégats en milieu liquide. Au
niveau de la membrane mycobactérienne, le morphotype S se distingue du morphotype R par la
présence abondante de glycopeptidolipides (GPLs) [38,45]. Ces molécules comprennent une partie
lipidique reliée au noyau peptidique qui peut étre soit di- ou tri-glycosylé chez M. abscessus [46]
(Figure 7). La présence de GPLs a la surface de M. abscessus influence grandement ses propriétés
physiopathologiques (Figure 6). En effet, ces GPLs seraient responsable en grande partie des capacités
de mobilité (« sliding motility ») du variant S et d’agrégation du variant R [45]. Ce phénoméne
d’agrégation exacerbé, nommé « cording », permet au morphotype R de former de larges structures
organisées de bacilles téte-béches appelées « cordes » [47] (Figure 8). Ces cordes représentent un
phénoméne physiopathologique de virulence dans les infections a M. abscessus. De plus,

contrairement a ce que I'on pouvait penser, le morphotype S n’est pas le seul a pouvoir former des
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Figure 8 : Représentation de cordes formées par le morphotype rugueux de M. abscessus
adapté de Bernut, et al. 2014 et Sanchez-Chardi A, et al. 2011, [47,48]

A, B: Images de microcopie électronique a balayage a différents grossissements présentant
I’organisation étroite des bacilles au sein d’une corde. Echelles : (A) 7,5 um et (B) 1,9 um.

C : Coloration Ziehl-Neelsen montrant une corde. Echelle : 20 pm.

D : Image de microscopie confocale présentant une corde extracellulaire dans le zebrafish infecté.
Echelle : 25 pm.
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biofilms puisque I'absence de GPL n"empéche pas au morphotype R d’en produire [49]. Ces structures
sont définies comme étant une communauté de bactéries agrégées au sein d’une matrice
extracellulaire permettant I'agrégation, I'adhésion, la rétention d’eau et I'apport de nutriments sur
une surface solide. Cette matrice, ajoutée a I'agrégation mycobactérienne, permet aux biofilms d’étre
plus résistants aux agressions environnementales, aux désinfectants, a la pénétration d’antimicrobiens
mais aussi au systéme immunitaire au sein d’un hote infecté [50-52]. Les biofilms sont donc un
phénoméne physiopathologique contribuant largement a la persistance des infections a M. abscessus.
En outre, lors de l'infection a M. abscessus, les deux morphotypes de M. abscessus interagissent
différemment avec les cellules immunitaires. Par exemple, le variant S, contrairement au type R, est
plutét phagocyté de maniere individuelle au sein de macrophages et est capable de limiter
I"acidification du phagosome [53]. Ce morphotype lisse inhibe I'apoptose via I'action des GPLs polaires,
contrairement au morphotype R qui entraine une apoptose caspase-dépendante plus importante [54].
Les GPLs a la surface de la mycomembrane permettent également de masquer les agonistes des Toll-
Like Receptor 2 (TLR-2) tels que les phophatidyl-myo-isonitol dimmannosides (PIM;) [55] ce qui limite
la mise en place de la réponse inflammatoire. En effet, le variant R, délesté de ces GPLs, va pouvoir
interagir avec les TLR entrainant une forte production de TNF-o. et ainsi une réaction
hyperinflammatoire [55]. De plus, le variant R forme naturellement plus d’agrégats que le variant S et
notamment les cordes qui empéchent la phagocytose de M. abscessus par les cellules immunitaires
innées tels que les macrophages et neutrophiles [48]. De maniére générale, suite a la colonisation et
la détection des bacilles par les premiéres lignes de défenses immunitaires (macrophages,
neutrophiles), I'inflammation générée va engendrer un recrutement massif de cellules immunitaires
environnantes au site d’infection menant a la formation d’un granulome [56] (Figure 9). Le granulome
est caractéristique des infections mycobactériennes et représente une interface dynamique entre hote
et pathogéne qui a pour role de contenir I'infection. Celui-ci est formé de cellules immunitaires innées
infectées ou non, telles que des macrophages, des neutrophiles ou des cellules dendritiques [5].
Certaines de ces cellules dans un état apoptotique, ou nécrotique, peuvent favoriser la prolifération
mycobactérienne et vont engendrer une activation de I'immunité [57]. La maturation du granulome
est associée au recrutement de cellules de I'immunité adaptative telles que des lymphocytes T et B en
périphérie de cette structure. Néanmoins, lors de l'infection, une transition irréversible du variant S
vers le variant R peut survenir [58]. Cette transition est associée a la perte des GPLs a la surface de la
bactérie qui engendre une virulence accrue associée a une hyperinflammation et a la formation
massive de cordes entrainant des lésions tissulaires. Ces cordes peuvent perturber la formation et
I'intégrité des granulomes, occasionnant un moins bon contréle de l'infection a long terme et

participant ainsi a I'expansion et a la dissémination du processus infectieux [5,57] (Figure 9). Des
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Figure 9 : Colonisation de M. abscessus, recrutement du systéme immunitaire et
échappement du granulome

Aprés infection et colonisation, M. abscessus est reconnu par les cellules immunitaires environnantes
créant une certaine inflammation qui va entrainer un recrutement massif du systéme immunitaire inné
et adaptatif jusqu’a la formation du granulome. Cette structure permet de contenir I'infection
mycobactérienne, mais dans certains cas, notamment une présence trop importante de cordes
formées par le variant rugueux de M. abscessus, ce granulome peut ne se former générant un contréle
défaillant de I'infection
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études de transcriptomique et génomique comparative ont révélé I'existence d’insertions, de
délétions et de polymorphisme nucléotidique au niveau des génes impliqués dans la synthese (mps1
et mps2) ainsi que dans le transport (mmpS4 - mmpl4a et mmpl4b) des GPLs [59,60] expliquant la
survenue de cette transition vers le morphotype R. Cependant, les éléments déclencheurs de cette
transition phénotypique demeurent inconnus. L'ensemble de ces caractéristiques explique toutefois
pourquoi le morphotype R est considéré comme la forme la plus virulente et retrouvée dans les
infections aigués et séveres a M. abscessus a la fois dans de nombreux modeles cellulaires, animaux et
chez 'Homme [48,61,62], tandis que le variant S est considéré comme la forme environnementale

colonisante et persistante de la bactérie (Figure 6) [63].

2.2.2.2. Physiopathologie de I'infection chez 'Homme

M. abscessus entraine des manifestations cliniques diverses, comprenant des infections pulmonaires
ainsi que des infections extra-pulmonaires et dans de plus rares cas, disséminées a tout I'organisme.
De nombreuses études suggérent que la prévalence des infections aux MNT, et notamment a
M. abscessus, a fortement augmenté ces dernieres décennies [64,65], jusqu’a dépasser celle de la
tuberculose dans les pays industrialisés [66] ou la majorité de ces infections sont décrites. De maniere
générale, la prévalence mondiale des infections a MNT est largement sous-estimée. Cela est d a
I’absence de déclaration obligatoire dans certains pays mais aussi car elles sont considérées a tort via
la similarité des symptomes, comme des infections a M. tuberculosis dans des pays en développement

fortement touchés par la tuberculose [67,68].

a. Epidémiologie et symptdmes des infections extra-pulmonaires & M. abscessus

M. abscessus est I'une des MNT les plus couramment retrouvées dans des infections extra-
pulmonaires. Celle-ci se retrouve au niveau de la peau, des tissus mous, des os, ou encore dans de plus
rares cas disséminées a tout I'organisme [23]. Au niveau cutané, M. abscessus peut causer des lésions
multiples telles que des abces, des nodules érythémateux pourpres ou des lésions ulcératives [29,69]
(Figure 10). Deux mécanismes majeurs d’acquisition d’une infection extra-pulmonaire a
M. abscessus sont connus : un passage de I'agent infectieux a travers la barriére cutanée ou bien une
atteinte secondaire aprés une infection disséminée. Dans le premier cas, le passage transcutané peut
survenir apres des actes chirurgicaux [70,71], des tatouages [72,73], de I'acupuncture [74] ou encore
de la mésothérapie [69]. Ces infections peuvent étre causées suite a I'utilisation de matériel contaminé

ou bien via les réseaux d’eaux potables [75] et leur localisation dépend de la nature de I'intervention.
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Figure 10 : Symptomes extra-pulmonaires visibles suite a une infection a M. abscessus
adapté de Lee M-R, et al. 2015 ; Grubbs J, et al. 2019 et Wongkitisophon P, et al. 2011, [23,69,76]

A : abces cutané sur la joue droite, B : nodules érythémateux et plaques sur le front, C : nodule sous-
cutané sur le bras
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Ces infections extra-pulmonaires peuvent, dans certains cas, engendrer une infection disséminée chez
des personnes immunodéprimées ou sous traitement immunosuppresseur. Enfin, des bactériémies
peuvent étre observées lors d’une infection du systeme circulatoire, notamment lors d’utilisation de

cathéters [77-79].

b. Epidémiologie et symptdmes des infections pulmonaires & M. abscessus

Les infections pulmonaires aux MNT ne cessent d’augmenter a travers le monde depuis plusieurs
décennies mais la quantification de la prévalence de ces maladies reste difficile et complexe. Ceci
s’explique du fait de la déclaration non obligatoire des infections dans certains pays, puisqu’un
prélevement positif n’est pas forcément corrélé a un syndrome afférent au micro-organisme [64].
M. abscessus est la MCR la plus fréquemment retrouvée dans les infections pulmonaires causées par
les MNT. Néanmoins sa répartition géographique est trés hétérogene et differe selon les continents et
les pays [22,80,81]. Globalement la proportion d’infections pulmonaires a M. abscessus est plus élevée
dans les pays occidentaux tels que la France, le Royaume-Uni ou les Etats-Unis que dans les pays
orientaux comme la Chine [82]. Les infections pulmonaires a M. abscessus sont généralement
chroniques et évoluent progressivement avec une altération de la qualité de vie, comprenant des
symptomes persistants et parfois irréversibles tels que le déclin de la fonction pulmonaire. Néanmoins,
ce pathogene peut entrainer une maladie fulgurante avec une insuffisance respiratoire aigué [23,36].
Les symptomes des infections pulmonaires a M. abscessus sont caractérisés par de la fievre, des
douleurs musculaires, une toux persistante, une fatigue générale, une perte de poids, une dyspnée,
une hémoptysie ainsi qu’une production excessive de mucus pouvant favoriser des infections
pulmonaires diverses. Ces symptomes ainsi que la sévérité du syndrome varient grandement d’une
personne a I'autre, néanmoins ils peuvent évoluer si I'infection n’est pas prise en charge correctement.
Dans ce cas, on retrouve des cas de bronchiectasie nodulaire ou les voies respiratoires sont
endommagées, des simples nodules pulmonaires, une inflammation des poumons, ou encore des
formes plus graves de fibroses cavitaires, ou des cicatrices irréversibles peuvent entrainer in fine une
insuffisance respiratoire (https://rarediseases.org/rare-diseases/nontuberculous-mycobacterial-lung-
disease/). Ces affections pulmonaires surviennent majoritairement chez des personnes ayant des
problemes pulmonaires sous-jacents ou des prédispositions médicales génétiques ou

environnementales.
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Figure 11 : Différentes catégories de facteurs de risques aux infections aux MNT et
notamment a M. abscessus
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c. Facteurs de risques environnementaux et humains aux infections a M. abscessus

Parmi les facteurs de risques favorisant les infections aux MNT et notamment a M. abscessus, on
compte trois différentes catégories : les facteurs de risques environnementaux, les facteurs humains
non génétiques, et les facteurs de risques génétiques (Figure 11).

M. abscessus étant un micro-organisme de I’environnement, des niches écologiques comme I’eau ou
le sol peuvent étre considérées comme une source d’infection humaine [21]. Différentes études
montrent que ces niches peuvent étre la source d’infection des patients, que ce soit I'eau des
canalisations ménageres [83,84], de I'h6pital [75], ou encore la terre des jardins domestiques [85].
Les facteurs de risques non génétiques sont divers et variés, et provoquent généralement une
inflammation accrue du systéme respiratoire exacerbant le risque d’infection a M. abscessus. lls
comprennent notamment des maladies structurelles des poumons telles que les Broncho-
Pneumopathies Chroniques Obstructives (BPCO), appelées aussi emphyseme lors de la dégradation
des alvéoles pulmonaires ou bronchite chronique lorsque la toux chronique s’accompagne
d’expectorations. Les BPCO réduisent le flux d’air, entrainent une difficulté a respirer et augmentent
donc le risque d’infections pulmonaires [86]. Les pneumoconioses sont également un facteur
aggravant des infections aux MNT, et représentent I'ensemble des inflammations pulmonaires
résultant de I'inhalation de particules solides, majoritairement minérales telles que la silice, le charbon
ou I'amiante et pouvant mener a des fibroses pulmonaires [87]. Les séquelles pulmonaires irréversibles
causées par une tuberculose antérieure peuvent également exacerber le risque d’infections a
M. abscessus [88]. Parmi les autres facteurs de risques, on retrouve également certains cancers, tels
gue des leucémies ou cancers du poumon [89-91], pouvant s’expliquer par les agents thérapeutiques
utilisés pour lutter contre ces maladies et qui entrainent une immunosuppression et donc favorisent
les infections microbiennes [92]. Dans cette méme lignée, I'ensemble des traitements
immunosuppresseurs tels que les corticostéroides [93,94] ou les agents anti-TNF-qo, [95] entrainent une
augmentation du risque d’infection aux MNT. Enfin, I'immunodéficience qu’engendre le Virus de
I'Immunodéficience Humaine (VIH) augmente le risque des maladies associées aux MNT [96], suite a
la déplétion de I'immunité a médiation cellulaire liée a la chute des lymphocytes CD4* T-helper (Th1),
qui ont un role majeur dans la défense et le contrdle des infections mycobactériennes [92]. Ces défauts
immunitaires sont retrouvés majoritairement dans les infections disséminées a M. avium, ou encore
M. kansasii mais quelques cas rapportent aussi des infections pulmonaires a M. abscessus chez des
patients atteints de VIH [97,98].

Enfin, parmi les facteurs de risques d’origine génétique, la maladie qui prédispose le plus aux infections

aux MNT est la mucoviscidose. La prévalence globale de ces infections chez les patients atteints de
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mucoviscidose est en moyenne de 8% a travers le monde [99], avec une dominance des complexes
M. avium et M. abscessus [100]. La colonisation mycobactérienne représente dans la plupart des cas
une contre-indication pour la greffe pulmonaire, d’ou la nécessité de surveiller activement ces patients
[82,101]. Cette maladie autosomale récessive est causée par des mutations au sein du géne cftr codant
le canal chlorure transmembranaire CFTR (Cystic Fibrosis Transmembrane conductance Regulator).
Cette protéine a pour role de réguler les niveaux d’ions entre le compartiment extracellulaire et
intracellulaire des cellules épithéliales de plusieurs organes tels que le foie, le pancréas, I'appareil
génital ou encore les poumons [102]. L’altération de la fonction du canal CFTR au niveau pulmonaire
va modifier la composition et la densité-viscosité du mucus qui empéchera la fonction mucociliaire
ainsi que le renouvellement du mucus [103]. Cette accumulation de mucus pathologique augmente la
colonisation polymicrobienne et limite I'accés des cellules immunitaires ce qui va faciliter les infections
bactériennes. A cela s’ajoute I'inflammation chronique des bronches et les potentiels dommages
tissulaires au niveau des poumons qui favoriseront I’établissement d’infections chroniques. De plus, la
protéine CFTR régule de nombreux processus tels que la défense des voies respiratoires. La proximité
de ce canal avec d’autres transporteurs d’ions permet une régulation directe ou indirecte du pH des
voies respiratoires, et un pH acide est retrouvé dans les voies aériennes des patients atteints de
mucoviscidose, ce qui complique I'élimination des bactéries par les défensines qui sont tres sensibles
aux variations de pH [104]. Enfin, les infections mycobactériennes sont exacerbées chez ces patients ;
en effet, il a été montré chez le modéle zebrafish que CFTR joue un réle important dans I'élimination
intramacrophagique de M. abscessus [105]. En effet, ces canaux CFTR vont permettre une production
de dérivés réactifs de I'oxygene (« Reactive Oxygen Species », ROS) par la NADPH oxydase Nox2 qui
donnera lieu a I’élimination des bacilles phagocytés. Dans ce modele de mucoviscidose, le défaut de
I'activité de CFTR engendre une baisse de I'activité Nox2, et donc une chute de la production des ROS
qui représentent les principaux effecteurs antimycobactériens produits par le macrophage. Il s’en suit
une augmentation de la multiplication intra- et extracellulaire de M. abscessus, ainsi qu’une baisse du
chimiotactisme des neutrophiles aboutissant a un stade aigu de I'infection.

L'ensemble de ces facteurs de risques explique I'augmentation de la prévalence des infections a
M. abscessus. Néanmoins, de nombreuses recherches se doivent d’étre menées afin de mieux
comprendre la pathogeneése de ces infections et pour contrecarrer plus activement ces infections. Pour
ce faire, différents modeles cellulaires ou animaux ont été mis en place ces derniéres années pour

contribuer a ces avancées.

43



Chapitre | : Le genre Mycobacterium

Figure 12 : Différents modéles d’études expérimentaux précliniques (in vitro, ex vivo et
in vivo) pour I'étude de la pathogenése de M. abscessus et I’activité de molécules candidats
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2.2.2.3. Modeles d’étude expérimentaux

Le développement de traitements efficaces contre M. abscessus a été retardé par le manque de
modeles appropriés pour étudier les phases chroniques et aigués de I'infection. Néanmoins, les récents
progres sur les modeéles cellulaires et animaux permettent a présent de mieux appréhender les
interactions hote-pathogeéne, ainsi que I'action de nouvelles molécules actives contre M. abscessus
[106] (Figure 12).

Dans un premier temps, les cellules naturellement infectées par M. abscessus chez 'Homme sont les
macrophages. Ainsi, ce type cellulaire a permis des avancées majeures dans la description des
premiéres étapes d’invasion des morphotypes S et R (voir Chapitre |: Le genre Mycobacterium,
2.2.2.1. Présentation générale du complexe et différents morphotypes). Pour cela, la lignée de cellules
monocytaires THP-1 différenciées en macrophages grace a I’action de Phorbol 12-myristate 13-acetate
(PMA) est largement utilisée. Des macrophages humains primaires peuvent étre également adoptés,
et sont d’un point de vue physiologique plus pertinents que les monocytes différenciés de type THP-1.
Néanmoins, certains biais peuvent survenir aux vues de I'origine différente des cellules contrairement
al'utilisation d’une lignée immortalisée. De plus, les cellules THP-1 représentent un modele bien établi
et validé dans de nombreuses études impliquant les mycobactéries et sont comparables aux
macrophages humains primaires concernant différents aspects cruciaux de l'infection [107]. Les
« foamy macrophages » ou macrophages spumeux jouent un réle important dans la persistance des
mycobactéries, et notamment M. tuberculosis [108]. Ces macrophages tres riches en gouttelettes
lipidiques sont retrouvés dans les granulomes et contiennent des bacilles gorgés d’Inclusions
Lipidiques Intracellulaires (ILI) riches en triacylglycérol (TAG) [109] servant de source de carbone et
d’énergie sur le long terme. Des modeles expérimentaux de macrophages spumeux ont été mis en
place pour la compréhension de I'accumulation, de la consommation et de I'utilité de ces lipides chez
les mycobactéries [109-111].

Le modéle macrophagique présente des analogies avec certaines amibes considérées comme des
niches environnementales pour certaines MNT [112] et pouvant également représenter une source
potentielle d’infections humaines. Cette niche unicellulaire permet une protection des mycobactéries
dans la nature ainsi que des échanges génétiques favorables entre bactéries, ou entre mycobactéries
et amibes [113]. Ainsi, en laboratoire, ce modéle a permis la mise en évidence de certains facteurs
déterminants dans la survie et la virulence intracellulaire de M. abscessus [114-116]. De plus, il devient
un outil remarquable permettant un criblage de composés anti-mycobactérien vis-a-vis de leur activité
intracellulaire ainsi qu’une identification des meilleurs candidats [117,118].

Des modeles multicellulaires plus complexes peuvent étre également exploités dans I'étude des

infections a M. abscessus préalablement a I'utilisation de modéles animaux. Un modele in vitro de
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granulomes a été mis en place pour mimer la formation de granulomes naturels ainsi que I’'ensemble
du recrutement cellulaire mis en place autour des bacilles [119]. Nous savons que ces structures sont
caractéristiques des infections mycobactériennes de par le recrutement de cellules immunitaires
innées et adaptatives dans le but de contenir l'infection [120] (voir Chapitre |: Le genre
Mycobacterium, 2.2.2.1. Présentation générale du complexe et différents morphotypes). Ainsi ce
modeéle mis en place permet de mieux appréhender la physiopathologie des infections
mycobactériennes, la réponse immunitaire précoce [121] et éventuellement, d’identifier des
traitements thérapeutiques plus adaptés.

Les organoides représentent un autre modele multicellulaire récemment développé dans le but de
mieux appréhender les interactions entre hote et mycobactéries, notamment au niveau des cellules
pulmonaires. Ce modéle permet de mimer et reproduire in vitro la structure et les propriétés
biologiques de I'environnement pulmonaire humain in vivo. En effet, des organoides des voies
respiratoires humaines ont permis d’étudier les étapes précoces de I'infection au niveau pulmonaire
[122] et montrent que M. abscessus est capable de se développer au sein de cet environnement. Les
organoides sont formés de cellules basales, de cellules ciliées et de cellules caliciformes permettant
d’élucider la fagon dont M. abscessus peut interférer avec la fonction mucociliaire ou encore
I’expression de cytokines proinflammatoires lors de linfection. A partir de cela, un modéle
d’organoides pulmonaires alvéolaires dérivés de cellules de patients atteints de mucoviscidose a été
mis au point [123]. Ces organoides présentent des caractéeres représentatifs des poumons de patients
atteints de mucoviscidose tels qu’un dysfonctionnement du transporteur CFTR, une accumulation
accrue de mucus, un stress oxydatif accentué, une mort cellulaire augmentée ainsi qu’une infection
accrue a M. abscessus. Ce modele représente un outil supplémentaire permettant de décrypter les
infections mycobactériennes dans un contexte de mucoviscidose, mais aussi de tester 'action de
composés antibactériens dans un environnement mucoviscidosique.

Enfin, des modeles animaux sont utilisés pour étudier la physiopathologie de M. abscessus. Le poisson
zébre (Danio rerio) représente un modele de choix pour suivre en temps réel la chronologie de
I'infection et comparer la pathogenese des variant S et R de M. abscessus ainsi que d’étudier
I'importance de I'immunité innée dans le contréle des infections a M. abscessus [48,57]. En effet, cet
organisme posséde une immunité innée proche de celle de 'Homme et donne acces a I'étude des
phases précoces d’interaction entre pathogéne et cellules immunitaires innées [124], permettant
d’étudier notamment la formation des granulomes qui sont difficiles a observer dans les modéles
mammiféres classiques [125,126]. De par la transparence de ses embryons, ce modéle permet un suivi
spatiotemporel aisé de l'infection et de l'interaction h6te-pathogene a travers des techniques de

microscopie non-invasives [127]. Cette caractéristique est exacerbée par la modification génétique
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simple du poisson zébre qui permet la génération de cellules immunitaires fluorescentes. Grace a son
développement rapide et ses bonnes capacités reproductives, le poisson zébre présente également un
intérét croissant dans le criblage de composés chimiques présentant une activité antimycobactérienne
[128,129]. De plus, la transparence des embryons vient accentuer les intéréts du poisson zébre en
pharmacologie de par la possibilité de quantifier et suivre I'efficacité antibactérienne du composé ainsi
gue la toxicité potentielle des molécules via la visualisation de modification morphologiques,
phénotypiques ou fonctionnelles [128].

Enfin, ’'emploi du modele murin reste encore aujourd’hui le plus pertinent pour I'étude des infections
et de l'efficacité de nouveaux agents antimicrobiens [130]. Néanmoins, il ne permet pas une
observation directe des interactions entre cellules de I'hote et pathogeénes, ni d’une réelle infection.
En effet, I'infection de souris immunocompétentes telles que les BALB/c ou C57BL/6 par M. abscessus
ne permet pas d’observer la persistance de I'infection mais plutot une clairance de celle-ci en 1 mois
[128,131]. Ainsi, de nombreux modeéles murins immunodéprimés ont été développés permettant un
haut niveau d’infection a M. abscessus, tels que les souris SCID (Severe Combined ImmunoDeficiency),
GMSCF-KO (Granulocyte-Macrophage Colony-Stimulating Factor Knock-Out) ou les nude qui
permettent une infection pulmonaire visible et stable jusqu’a 40 jours accompagnée de symptomes
pulmonaires [132]. Plus récemment, un modéle de souris immunocompétentes (C57BL/6NCrl)
infectées de maniere intratrachéale par des billes d’agar incorporant M. abscessus a été mis au point.
Celui-ci va générer une infection pulmonaire chronique capable de persister sur plus de 2 mois
permettant de pouvoir étudier la pathologie et les lésions pulmonaires ainsi que les marqueurs de
I'inflammation sur une période plus longue [133]. Un modéle d’infection par aérosols, se rapprochant
plus de la porte d’entrée naturelle des mycobactéries, a été mis en place pour I'étude des infections a
M. abscessus chez des souris immunocompétentes C3HeB/Fel préalablement utilisées pour I'étude de
M. tuberculosis [134,135]. Associé a des corticostéroides, tels que la dexaméthasone, ce modele
permet une infection pulmonaire durable et constante par M. abscessus avec des symptomes
pulmonaires favorisant ainsi I’évaluation d’antibiotiques administrés par voie intranasale. De maniére
générale, les modeles murins sont primordiaux dans I’étude préclinique de I'efficacité et de I'innocuité
de nouveaux anti-bactériens, mais aussi dans l'optimisation de la posologie et de la voie
d’administration de ces molécules [130]. Ces propriétés sont indispensables lorsque la thérapie

souffre, a ce jour, d’'un manque alarmant de traitements efficaces.
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Figure 13 : Régime thérapeutique recommandé dans le cadre d’une infection a M. abscessus
Le régime antibiotique contre les infections a M. abscessus est divisé en deux phases et son contenu,
notamment le nombre de molécules associées, va dépendre du profil de sensibilité de la souche aux
macrolides (S : sensible, R : résistant).

La premiere phase, ou « phase intensive » dure de 3 a 12 semaines et comprend une dose quotidienne
d’un macrolide oral (CLR ou AZM), d’AMK parentérale ainsi que d’une B-lactamine injectée (CFX ou
IMP). La seconde phase, ou « phase de prolongation » peut durer jusqu’a plus d’un an ol un macrolide
et de '’AMK en aérosol seront prescrits. A ces cocktails d’antibiotiques peuvent s’ajouter de nombreux
autres antibiotiques a adapter selon la susceptibilité de la souche pathogéne impliquée.
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1. L'antibiothérapie conventionnelle contre M. abscessus

Les infections causées par M. abscessus représentent un réel défi en clinique pour les patients et les
professionnels de santé car elles restent tres difficiles a traiter du fait de la résistance naturelle de
cette bactérie a la plupart des classes d’antibiotiques disponibles. Les raisons expliquant cette
résistance sont multiples. D’une part, la paroi de M. abscessus est trés riche en lipides complexes et
constitue un véritable bouclier pour I'entrée de nombreux agents antimicrobiens. D’autre part, cette
bactérie met en place de nombreux mécanismes (innés ou acquis) lui permettant de résister a I'action
des antibiotiques [136]. Ainsi, de nombreux comités d’experts se réunissent régulierement pour définir
des stratégies thérapeutiques optimales et recommandations a suivre pour traiter ces infections. Le
consortium de 2016 a permis de réunir la fondation américaine de la mucoviscidose (US Cystic Fibrosis
Foundation) ainsi que la société européenne de la mucoviscidose (European Cystic Fibrosis Society)
pour essayer d’harmoniser la gestion et la thérapie des infections aux MNT dans le cadre de la
mucoviscidose [100]. En 2020, des recommandations ont été énoncées a I'encontre des infections
pulmonaires aux MNT via le regroupement d’un panel d’experts sélectionnés par les quatre principales
sociétés internationales de médecine respiratoire et de maladies infectieuses que sont I’ATS (American
Thoracic Society), 'ERS (European Respiratory Society), I'ESCMID (European Society of Clinical
Microbiology and Infectious Diseases) et I'IDSA (Infectious Diseases Society of America) [137]. Ces
recommandations ont été reprises et ajustées en 2022 par le Centre de Contrble des Maladies de
Colombie Britannique (BC Centre for Disease Control) dans la section 12 de leur manuel du médecin
pour la tuberculose abordant les MNT pulmonaires et leur traitement [138]. Ces comités mettent en
évidence la difficulté d’attribuer un traitement optimal et universel contre les MNT, notamment vis-a-
vis de M. abscessus. En effet, le traitement est largement dépendant de chaque patient et de chaque
souche infectieuse, et il existe trés peu de corrélation entre la susceptibilité d’une souche in vitro
(concentration minimale inhibitrice -CMI-) et I'efficacité thérapeutique d’un composé in vivo, ce qui
accentue la complexité et la prédictibilité du traitement en clinique [137]. Néanmoins, de ces
différentes recommandations émerge une stratégie thérapeutique divisée en deux étapes, incluant
une phase initiale dite « intensive » suivie d’une phase de « prolongation » (Figure 13). Ces phases
contiennent des combinaisons d’antibiotiques différentes, et celles-ci varient selon la sensibilité de
Iisolat clinique aux macrolides, une classe d’antibiotiques cruciale dans le traitement des infections a
M. abscessus [139]. De maniére générale, la phase intensive a pour objectif de faire baisser rapidement
la charge bactérienne globale. Elle comprend I'administration quotidienne d’au moins 3 molécules en
cas de sensibilité aux macrolides, ou 4 dans le cas contraire (Figure 13). On y retrouve principalement
un macrolide oral tel que I'azithromycine (AZM) ou la CLR, une R-lactamine (CFX ou IMP) parentérale

ainsi que l'injection quotidienne d’AMK. Ce régime thérapeutique peut également étre complété par
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Figure 14 : Structure des macrolides, dont ceux utilisés dans le traitement contre

M. abscessus et leur mode d’action sur la synthése des protéines procaryotes

Les macrolides (AZM et CLR utilisées contre M. abscessus) ciblent la boucle de ’ARNr 23S de la grande
sous-unité 50S du ribosome mycobactérien a travers des liaisons hydrogenes, ainsi que des liaisons
électrostatiques et hydrophobes qui empécheront la liaison peptidique entre le néo-peptide et I'acide
aminé de I’ARNt. Cela aura pour conséquence d’inhiber I’élongation de la chaine peptidique en cours
de synthése et donc étre délétére pour M. abscessus.

Les cycles lactones sont représentés en bleus, les sucres désosamines et cladinoses sont
respectivement représentés en orange et en rouge.
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d’autres classes d’antibiotiques. La phase de prolongation s’étend sur au moins 12 mois et le choix de
son contenu dépendra du profil de sensibilité/résistance de chaque isolat clinique mais aussi de la
tolérance du patient aux antibiotiques prescrits. Néanmoins, elle comporte en général au moins
I"administration d’AMK en aérosol et d’'un macrolide administré par voie orale.

En définitive, ces régimes thérapeutiques different énormément entre chaque patient et sont en
constante évolution. Une certaine adaptabilité est ainsi demandée aux praticiens afin de choisir un
cocktail d’antibiotiques approprié et optimal tenant compte de I'ensemble des informations a leur
disposition. Enfin, ces associations d’antibiotiques ciblant des enzymes ou voies métaboliques
différentes doivent se compléter afin de pouvoir contrecarrer les potentielles résistances qui

pourraient émerger au cours du traitement.

1.1.Les macrolides

Les macrolides sont la pierre angulaire du traitement des infections a M. abscessus avec notamment
I'utilisation recommandée de I’AZM ou de la CLR [137]. Cette classe d’antibiotiques a vu le jour avec la
découverte de I'érythromycine en 1952, produite par I'actinomycete Saccharopolyspora erythraea
(autrefois nommeée Streptomyces erythraeus) [140]. Depuis sept décennies, de nombreux dérivés de
I’érythromycine ont été synthétisés afin de contrecarrer l'instabilité acide de I'érythromycine ainsi que
les résistances a cet antibiotique, tout en améliorant ses propriétés pharmacocinétiques. Les années
1980 ont vu la découverte de certains macrolides de seconde génération dérivés de I'érythromycine
tels que la CLR et 'AZM [141], encore aujourd’hui largement utilisés en clinique et particulierement
dans le traitement des infections mycobactériennes. Cette classe d’antibiotiques est formée de
molécules ayant un cycle lactone de 14 (CLR) ou 15 carbones (AZM), ainsi que des sucres désosamines
et cladinoses (Figure 14) et inhibe la synthese protéique [142]. En effet, en se fixant sur la boucle de
I’ARNr 23S de la grande sous-unité 50S du ribosome via des liaisons hydrogénes réversibles entre le
désosamine et les résidus adénine A2058 et A2059, la CLR et I'’AZM vont pouvoir inhiber I'élongation
du néo-peptide [143]. De plus, ils vont former des interactions électrostatiques et hydrophobes
bloquant le tunnel de sortie par lequel le peptide en cours de synthese s’éloigne du centre
peptidyltransférase en empéchant la liaison peptidique entre le néo-peptide et I'acide aminé
provenant de ’ARNt [143,144] (Figure 14). Puisque les macrolides représentent la base du traitement
contre M. abscessus, ce pathogene a pu sélectionner de nombreux mécanismes de résistance afin de
contrecarrer son action [145]. Ainsi dans certains cas, les macrolides peuvent étre prescrits pour leurs
propriétés immunodulatrices, ce qui vient accentuer la sélection de résistances causée par

I’administration de doses sub-inhibitrices. En outre, différents travaux ont mis en garde contre
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Figure 15 : Structure des B-lactamines (céfoxitine et imipénéme) et leur mode d’action sur
les transpeptidases du peptidoglycane de M. abscessus

Les R-lactamines, en mimant le dipeptide D-alanyl-D-alanine, vont venir inhiber les D,D-
transpeptidases (DDTs) et principalement chez M. abscessus les L,D-transpeptidases (LDTs) et ainsi
bloquer la synthese finale du peptidoglycane, qui aura pour conséquence un effet bactéricide sur la
mycobactérie.
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I'utilisation prolongée d’AZM, principalement a cause de ces propriétés immunodulatrices qui vont
empécher I'acidification lysosomale, la dégradation phagosomale et I'autophagie et perturber les voies
IFN-y et TNF-a requises pour le contrble des infections mycobactériennes [146]. Cela pourrait
entrainer, notamment chez des patients atteints de mucoviscidose, une élimination insuffisante des
bacilles et engendrer I’établissement d’une infection chronique a M. abscessus. Néanmoins, une étude
de cas francaise n’a montré aucun lien entre la hausse des maladies pulmonaires causées par
M. abscessus et I'utilisation de thérapies inhalées ou de faibles doses d’AZM [147]. Malgré tout,
I'utilisation prolongée d’antibiotiques, dont les macrolides, n’est pas recommandée afin de limiter

I"apparition de souches cliniques multirésistantes aux antibiotiques.

1.2.Les R-lactamines

Les B-lactamines représentent la classe d’antibiotiques la plus utilisée contre les bactéries pathogenes,
et celle-ci existe depuis pres d’un siécle avec la découverte de la pénicilline dans la fin des années 1920
par Alexander Fleming [148]. Ce n’est que dans le début des années 1940 que cette molécule fut
purifiée et développée dans un but thérapeutique et médical par Howard Florey, Ernst Chain et leurs
collaborateurs [149,150]. Aujourd’hui, les R-lactamines regroupent différentes familles d’antibiotiques
telles que les analogues de pénicilline, les monobactames, les carbapénémes et les céphalosporines
[151]. Ces molécules, contenant toutes un noyau B-lactame (Figure 15), inhibent la synthese finale du
peptidoglycane (PG), composé essentiel de la paroi mycobactérienne [152]. Cette derniere étape
consiste en la réticulation du PG par la formation de liaisons covalentes entre les chaines peptidiques
latérales (L-Alaninyl-D-isoGlutaminyl-meso-diaminopimelyl-D-alanyl-D-Alanine) du disaccharide
composé de N-acétylglucosamine (NAG) et d’acide N-acétylmuramique (NAM) ou d’acide N-
glycolylmuramique (NGM) (Figure 15) [153]. Cette inhibition résulte du blocage de I'activité des
transpeptidases mycobactériennes de la famille des protéines liant la pénicilline (« Penicillin-Binding
Proteins » -PBP-), notamment les D,D-transpeptidases (DDTs) et majoritairement chez M. abscessus
les L,D-transpeptidases (LDTs) qui catalysent respectivement les réactions de transpeptidation de type
4->3 et 323 [153]. Les DDTs et les LDTs sont donc la cible des deux seules R-lactamines utilisées dans
le traitement contre M. abscessus, a savoir la CFX, une céphalosporine semi-synthétique de seconde
génération et I'[MP, un carbapénéme [137]. Ces deux molécules (Figure 15) vont inhiber de la méme
maniére 'étape finale de synthése du PG, en mimant le dipeptide D-alanyl-D-alanine, substrat des LDTs
et DDTs, elles se lient au site actif de ces enzymes et ainsi avoir un effet antibactérien [154]. Cependant,
les deux R-lactamines utilisées possedent des efficacités différentes. En effet, 'lMP exerce une

meilleure activité sur M. abscessus que ce soit in vitro [155] ou au sein de macrophages infectés [156],
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Figure 16 : Structure de I'amikacine et mécanismes d’inhibition de la synthése protéique
bactérienne associés

Les aminoglycosides et 'AMK inhibent la syntheése protéique de trois maniéres différentes. En venant
se lier au site A de I’ARNr 16S de la petite sous-unité (30S) du ribosome mycobactérien, I’AMK inhibe
I'initiation en bloguant I’association des deux sous-unités du ribosome, mais aussi la translocation en
entrainant une terminaison prématurée et donc des protéines synthétisées non fonctionnelles. Enfin
le mécanisme majeur retrouvé chez cette classe d’antibiotiques est la perturbation de I'arrivée de
I'aminoacyl-ARNt correct au site de décodage qui aura pour conséquence des erreurs de traduction et
donc des protéines non fonctionnelles.
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ce qui s’explique notamment par le fait que les DDTs sont activement inhibées par I’'ensemble des R-
lactamines tandis que les LDTs, majoritaires chez M. abscessus, sont préférentiellement inhibées par
les carbapénémes [157].

Dans I'ensemble, les R-lactamines représentent une classe d’antibiotiques indispensable dans le
traitement des infections a M. abscessus, bien que seulement deux molécules soient recommandées
en thérapeutique. Récemment, plusieurs études ont montré que I'utilisation simultanée de plusieurs
R-lactamines présente une synergie in vitro [158,159] contre des isolats cliniques [160] et in vivo dans

un modele murin [161] ouvrant la voie a I'optimisation des traitements .

1.3.Les aminoglycosides

L'AMK est le troisieme antibiotique recommandé en premiere intention dans le traitement de
M. abscessus avec les macrolides et les B-lactamines. Elle fait partie de la famille des aminoglycosides,
une classe d’antibiotiques découverte au début des années 1940 avec l'isolation, a partir de
I'actinobactérie Streptomyces griseus, de la streptomycine par Albert Schatz [162,163]. La
streptomycine s’est avérée comme étant le premier traitement efficace contre M. tuberculosis [164]
et reste utilisée aujourd’hui en seconde intention [165]. A partir de cette molécule, de nhombreux
dérivés ont été isolés ou synthétisés, telle que la kanamycine (KAN) isolée a partir de Streptomyces
kanamyceticus en 1957 [166]. C'est a partir de cette derniére qu’a été synthétisée 'AMK [167],
rapidement approuvée par la Food and Drug Administration (FDA) en 1981 et fréquemment utilisée
dans la thérapie contre M. abscessus [137]. LAMK est formée d’une structure centrale de sucres
aminés reliés par des liaisons glycosidiques, et dérive de la KAN par I'ajout d’une chaine S-4-amino-2-
hydroxybutyryl en position 1 du cycle désoxystreptamine (Figure 16). Ses caractéristiques cationiques
I'aident a traverser les membranes bactériennes et atteindre sa cible [168,169]. Les aminoglycosides,
dont 'AMK, inhibent la synthése protéique en se liant au site A de ’ARNr 16S de la petite sous-unité
(30S) du ribosome bactérien (Figure 16) [170]. Cette liaison inhibe I'initiation et I'élongation de la
traduction et engendre des erreurs de traduction [171]. Plus précisément, I'’AMK va élaborer des
liaisons électrostatiques avec les adénines A1408, A1492 et A1493 du site de décodage au niveau de
I’ARNr 16S qui auront pour conséquence de perturber I'arrivée de I'aminoacyl-ARNt portant I'acide
aminé correspondant a '’ARNm en cours de traduction [172]. En outre, ces erreurs de traduction
peuvent conduire a une accumulation de protéines mal repliées au sein de la membrane engendrant
des dommages qui faciliteront I'entrée et I'action d’antibiotiques qui vont ainsi exacerber les
phénoménes bactéricides [169,173]. En effet, les aminoglycosides se démarquent des autres

inhibiteurs de synthése de par leur effet bactéricide, notamment di a cette altération des membranes
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Figure 17 : Structure des tétracyclines, et notamment de la tigécycline utilisée contre les
infections a M. abscessus et son mode d’inhibition de I’élongation de la traduction
mycobactérienne

La TGC se lie a I'ARNr 16S de la petite sous-unité 30S du ribosome mycobactérien, particulierement
avec sa chaine 9-t-butyl-glycylamide qui va lier le site de décodage, ce qui empéche I'entrée de ’ARNt
au niveau du site A. La liaison de cet antibiotique entraine donc un arrét de la traduction en empéchant
I'incorporation d’un nouvel acide aminé au néo-peptide en formation.
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bactériennes [169,174].

Différentes études ont montré la synergie de I’AMK avec d’autres antibiotiques tel que la CFZ[175,176]
ou encore le linézolide (LNZ) [177], qui peuvent étre utilisés lors du traitement contre M. abscessus.
De plus, I'association avec certains antibiotiques, tel que la CFZ, permet de prévenir I'émergence de
résistances a ’AMK [178]. Cependant, une étude récente n’a pas retrouvé la synergie entre AMK et
LNZ et a montré un antagonisme fort entre AMK et AZM [179]. Ces travaux démontrent que de
nombreux efforts doivent encore étre réalisés pour mieux appréhender les interactions entre

antibiotiques dans un but d’optimisation des traitements.

1.4. Les tétracyclines

D’autres classes d’antibiotiques sont recommandées dans le traitement des infections a M. abscessus,
notamment en cas de difficulté d’éradication. Celles-ci incluent, entre autres, les tétracyclines, telles
que la tigécycline (TGC) ou la minocycline (MNC). La famille des tétracyclines a vu le jour dans les
années 1940 avec I'auréomycine (ou chlortétracycline) isolée a partir de I'actinomycete Streptomyces
aureofaciens par le professeur Benjamin Duggar au sein des laboratoires Lederle [180]. L'utilisation a
grande échelle de cet antibiotique aprés la seconde guerre mondiale, en agronomie et en thérapie
humaine, a favorisé I'émergence et la sélection d’organismes résistants. Par la suite, d’autres
tétracyclines naturelles ou semi-synthétiques ont été décrites, telles que la DOX ou la MNC, utilisée
parfois dans la phase de prolongation du traitement (Figure 13) [100]. Cette derniere fait partie plus
particulierement de la famille des glycylcyclines et sert de molécule parent a la TGC. En effet, la MNC
est modifiée sur sa partie hydrophobe désignée par le cycle D afin de donner lieu a la TGC, aussi
nommée 9-(t-butyl-glycylamido)-minocycline, ou anciennement GAR-936 [181,182] (Figure 17). La
synthése de ces nouveaux dérivés glycylcyclines a permis de contrecarrer les mécanismes de résistance
existant contre les tétracyclines classiques que sont I'efflux, la protection du ribosome ou encore la
modification chimique [182-184]. De maniere générale, I'ajout de la chaine 9-t-butyl-glycylamide
augmente I'affinité de la TGC au ribosome [185] améliorant ainsi son activité in vitro sur les MCR, et
principalement M. abscessus [186]. Cet antibiotique a également montré son efficacité en clinique
dans un usage compassionnel ou le traitement standard présentait ses limites [187]. Cette étude
rapporte une amélioration de I'état infectieux de plus de 60% des patients traités grace a
I’administration parentérale de TGC pendant plus d’un mois. Toutefois, si son utilisation reste limitée
au vue de sa forte toxicité, une formulation de TGC inhalée a permis d’améliorer la posologie et
présente une efficacité notoire dans un modéle murin d’infection pulmonaire [188].

D’un point de vue mécanistique, les tétracyclines inhibent la synthése protéique. La TGC se lie de
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Figure 18 : Liaison de la tigécycline a I’ARNr 16S du ribosome bactérien

La TGC se lie au niveau de la sous-unité 30S du ribosome bactérien dans un poche formée par la boucle
h34 et la boucle h31.

A : Modéle de la carte de densité électronique du site de liaison de la TGC (vert). L’hélice h34 et h31
sont respectivement représentées en bleu et en rose, les ions Mg?* sont en jaune.

B : Structure de la TGC et vue schématique d’ensemble des liaisons de cette molécule avec la poche
de liaison de I’ARNTr 168S. La chaine 9-t-butyl-glycylamide est encadrée en bleu et ses interactions avec
le résidu C1054 sont indiquées via les fleches cyan et violette.

A et B provenant de Schedlbauer A, et al. 2015, [189]
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maniére réversible a différents résidus des régions hélicoidales H31 et H34 de ’ARNr 16S de la petite
sous-unité 30S du ribosome bactérien [189,190] (Figure 18). En particulier le substituant 9-t-butyl-
glycylamide va se lier au nucléotide C1054 de I’ARNr 16S au niveau du site de décodage, ce qui
empéche I'entrée de I’ARNt au niveau du site A [185,189]. La liaison de la TGC entrainera donc un arrét
de la traduction en bloquant I'incorporation de nouveaux acides aminés au sein de la chaine peptidique
en cours de synthese [190] (Figure 17).

Bien que la TGC contourne les mécanismes de résistance classiquement déployés par M. abscessus vis-
a-vis des tétracyclines, des améliorations de ces molécules peuvent étre entreprises. Ainsi, de
nouveaux dérivés de tétracycline ont récemment vu le jour, notamment I’'omadacycline qui, en dépit
d’une activité in vitro similaire a la TGC, présente I'avantage de pouvoir étre administrée oralement,
ce qui augmente sa tolérabilité [191,192]. L’éravacycline est une tétracycline validée par la FDA au
méme titre que I'omadacycline ou la TGC qui présente une certaine efficacité in vitro sur M. abscessus
[193] et qui pourrait s’ajouter au traitement actuel contre ce pathogéne [194]. Enfin, différentes
études ont montré une synergie entre la TGC et différents antibiotiques, tels que la rifabutine (RFB)
[195,196]. Ces travaux soulignent I'intérét que peut représenter cette classe de molécules, méme si
un développement reste nécessaire dans I'espoir de pouvoir les inclure définitivement dans les

traitements contre M. abscessus.

1.5. Les fluoroquinolones

Parmi les autres antibiotiques utilisés, la MOX peut étre prescrite oralement durant la longue phase
de prolongation (Figure 13) [100]. Cet antibiotique fait partie de la classe des quinolones qui a vu le
jour avec le développement de I'acide nalidixique en 1962 par George Y. Lesher et ses collaborateurs
[197]. Cette molécule a rapidement été utilisée chez ’'Homme pour ses propriétés antibactériennes,
notamment dans les infections du tractus urinaire, puis a été modifiée dans un but d’amélioration
thérapeutique. Ainsi dans les années 1970, 'ajout d’un groupement fluor a permis d’améliorer son
efficacité antibactérienne, donnant naissance aux fluoroquinolones [198]. Depuis, de nombreux autres
analogues ont été synthétisés, grace a I'attrait que représente cette classe d’antibiotiques de par son
efficacité élevée, son large spectre d’activité, ses bons parameétres pharmacocinétiques, ses
formulations orales ou intraveineuses et ses faibles effets secondaires [198].

Parmi ces analogues, nous pouvons citer la CIP, datant de 1983 qui reste largement prescrite
aujourd’hui, ou la MOX, qui a vu le jour plus récemment avec un premier brevet datant de 1991. La
MOX a été approuvée en 1999 par la FDA et reste trés largement utilisée dans le cadre d’infections

bactériennes pulmonaires. Cette fluoroquinolone de 4™ génération a montré une efficacité accrue et
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Figure 19 : Structure et mode d’action de la moxifloxacine

La MOX interagit et se lie a I’ADN gyrase, une enzyme impliquée dans le désenroulement de la double
hélice d’ADN bactérien. Cette topoisomérase de type Il crée des breches simple- ou double-brins dans
I’ADN pour permettre a ’ADN polymérase de répliquer le chromosome bactérien. En interagissant
avec cette enzyme, la MOX vient inhiber la réplication de I’ADN et laisse des breches au sein du
chromosome, engendrant un effet bactéricide sur M. abscessus.

Structure de I’ADN gyrase de M. tuberculosis dans sa forme apo provenant de Petrella S, et al. 2019,
[199]
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meilleure que d’autres fluoroquinolones contre M. tuberculosis, mutée ou non au sein de sa cible [200-
203]. Cependant, des travaux montrent une action de cette molécule sur une faible proportion
d’isolats cliniques de M. abscessus in vitro [204,205], méme si des études montrent une large efficacité
dans des cas ophtalmiques de kératite [206,207]. De plus, un modéle d’infection a M. abscessus chez
le poisson zébre révéle une trés faible activité de la MOX [208]. Toujours est-il que la MOX est entrée
dans le traitement des infections a M. abscessus grace a sa capacité a inhiber la réplication de ’ADN
mycobactérien, permettant ainsi de la combiner aux autres classes d’antibiotiques. En effet, cet
antibiotique interagit avec les topoisomérases de type I, telles que I'ADN gyrase, une enzyme
impliquée dans la résolution de la topologie nucléique. L’ADN gyrase a pour role de désenrouler et
séparer les brins de la double hélice d’ADN bactérien pour permettre a I’ADN polymérase de répliquer
I’ADN en créant des breches simple- ou double-brins [209]. Cette étape est donc indispensable a la
réplication du chromosome bactérien, et donc a la multiplication bactérienne. En interagissant
principalement avec les sous-unités o, de I’ADN gyrase, la MOX vient former un complexe ternaire avec
I’ADN et la topoisomérase qui aura pour conséquence d’inhiber la réplication du chromosome
mycobactérien [210] (Figure 19). De plus, I'inhibition de I'action des topoisomérases va maintenir la
présence de breches dans '’ADN qui engendrera I'effet bactéricide des fluoroquinolones [211].
Malheureusement, 'utilisation accrue des fluoroquinolones chez ’'Homme et I’animal a engendré un
relargage massif de ces molécules dans I’'environnement qui a exacerbé la pression de sélection sur les
micro-organismes et a contribué a I'émergence de résistances [210]. De plus, une étude a montré un
antagonisme dans plus de 60% des cas lorsque la MOX est associée a la CLR, ou dans plus de 40% des
cas avec I'AZM in vitro, ex vivo et dans un modéle murin contre des isolats cliniques de M. abscessus
subsp. abscessus [212]. Cependant, cette méme étude ne montre que trés peu d’antagonisme entre
la MOX et les macrolides contre des isolats cliniques de M. abscessus subsp. massiliense. Puis, une
observation prospective a montré une résolution de lésions cutanées causées par M. abscessus plus
rapide avec un traitement combinant CLR et MOX, en comparaison a un traitement conjuguant AMK
et MOX [213]. Cela met a nouveau en évidence I'importance d’adapter correctement le traitement

antibiotique a I'isolat clinique impliqué.

1.6.Nouvelles classes d’antibiotiques et alternatives

1.6.1. Les phénazines

La classe des phénazines, incluant particulierement la CFZ, une riminophénazine, figure parmi les
nouvelles classes d’antibiotiques récemment inclues dans le traitement des infections

mycobactériennes. Cette molécule a vu le jour en Irlande dans les années 1950 grace a I'équipe de
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Figure 20 : Structure et mode d’action de la clofazimine

La CFZ fonctionnerait comme une pro-drogue chez les mycobactéries en étant réduite par la protéine
NADH:quinone oxydoréductase NDH-2 de la chaine respiratoire. Cette molécule rentre en compétition
avec le substrat de cette enzyme, la ménaquinone (MQ) et est ensuite oxydée par 'O, permettant une
production de ROS délétéres pour la mycobactérie.

La chaine respiratoire contient la NADH déshydrogenase NDH-1 qui permet la translocation de
protons, tandis que NDH-2 ne transfére pas de protons, mais permet, tout comme la NDH-1, de
déshydrogéner le NADH en NAD®. La succinate déshydrogenase permet |’oxydation du succinate en
fumarate, ainsi que la réduction de la MQ en ménaquinol (MQH.).

Le complexe cytochrome, pompant des protons, contient les cytochromes bcc, aa3 et bd, et permet la
réoxydation de la MQ.

La F1Fo synthase est une ATP synthase permettant la synthése d’ATP de par la rotation de I'anneau
membranaire du domaine Fo. Cette rotation est due au flux de protons, qui va in fine permettre de
piéger I’ADP dans le domaine F1 qui sera ensuite phosphorylé en ATP.

MQ, ménaquinone ; MQH,, ménaquinol ; ETC, « electron transport chain » ; ROS, « reactive oxygen
species », CFZ, clofazimine

Adapté de Foo CS-Y, et al. 2020, et Yano T, et al. 2011, [214,215].
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Vincent Barry, initialement pour son activité antituberculeuse [216]. Ce n’est qu’en 1986 que Novartis
recoit I'approbation de la FDA pour sa production et son utilisation contre les infections a M. leprae,
apres qu’une étude ait prouvé son efficacité en combinaison avec la RIF et la dapsone [217]. Toutefois,
cette molécule, démontrant son activité sur M. tuberculosis est aujourd’hui utilisée dans le traitement
des infections causées par des isolats multirésistants de ce pathogéne [165,218,219] et peut entrer
également dans la phase de prolongation des infections a M. abscessus [100,137] (Figure 13). Bien
gu’il n’y ait pas d’évaluation franche et validée de l'activité de la CFZ en comparaison a d’autres
antibiotiques du régime thérapeutique, cette molécule présente une trés bonne activité in vitro sur
différents isolats cliniques de M. abscessus [220]. De plus, la CFZ s’est montrée efficace dans différents
cas cliniques, notamment des cas d’ostéomyélites de la machoire dues a M. abscessus [221] ou de
péritonites infectieuses [222]. Puis I'ajout de la CFZ a un traitement antibiotique existant a permis une
large amélioration des résultats thérapeutiques d’infections pulmonaires a M. abscessus [223]. Ces
études illustrent la tolérance et la sGreté de cet antibactérien au sein du traitement actuellement
utilisé, tout en apportant une valeur ajoutée dans un but d’éradication des infections persistantes.
Cela démontre également les certaines synergies retrouvées au préalable in vitro avec d’autres
antibiotiques tels que 'AMK, la CLR, la TGC ou encore plus récemment avec I'omadacycline
[175,176,178,224,225].

Le mode d’action de la CFZ n’est pas encore entierement élucidé, et n’a pas encore été décrit chez
M. abscessus. Néanmoins, des études suggerent que la CFZ fonctionne principalement comme un pro-
drogue chez M. smegmatis en étant réduite par la NADH:quinone oxydoréductase NDH-2, enzyme de
la chaine respiratoire bactérienne [215]. La CFZ rentre en compétition avec la ménaquinone (MQ),
substrat de la NDH-2 chez M. tuberculosis, suggérant le méme mécanisme d’action chez cette espéce
[226]. Une oxydation spontanée par I'O; de la CFZ réduite permet ensuite la production de ROS,
compromettant la survie de la bactérie [215,227] (Figure 20). Ce mode d’action basé sur la production
de ROS peut expliquer pourquoi on ne retrouve que trés peu d’isolats cliniques présentant des
résistances a la CFZ, ce qui en fait une molécule trés intéressante a développer dans les traitements
antimycobactériens. Néanmoins, des études approfondies sur son mode d’action chez M. abscessus

demeurent nécessaires dans un objectif de compréhension et d’approbation totale de ce composé.

1.6.2. Les oxazolidinones

Connue depuis la fin des années 1970, la classe des oxazolidinones, comprend notamment le LNZ. Ce
dernier a été synthétisé au milieu des années 1990 sous le nom de U-100766 [228] et représente le

premier membre de la famille des oxazolidinones rapidement approuvée en 2000 [229]. Cette
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Figure 21 : Structure et mode d’action du linézolide

Le LNZ inhibe I’élongation de la synthése protéique en se liant au site A de ’ARNr 23S au sein du site
catalytique de la sous-unité ribosomale 50S, proche de la petite sous-unité 30S. La présence du LNZ
perturbe I'arrivée de I'aminoacyl-ARNt, ce qui s"accompagne d’un arrét de la synthése protéique.
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molécule présente un large spectre d’activité, avec notamment un effet sur des bactéries a Gram
positive telles que Enterococcus faecium, Staphylococcus aureus ou encore Streptococcus pyrogenes
et Streptococcus pneumoniae [230]. L'étude originale de 1996 montre une tres bonne activité in vitro
contre M. tuberculosis avec des CMI inférieures a celles de I'INH [228]. Cette activité s’explique de par
la présence du groupement N-aryl au centre et du groupement 5-acylaminométhyl [231] (Figure 21).
Le LNZ présente de tres bonnes propriétés pharmacocinétiques avec une bonne absorption apres
administration orale. Cet antibiotique synthétique inhibe la synthéese protéique comme de
nombreuses autres classes d’antibiotiques. Plus particulierement, cette inhibition est permise grace a
la liaison au niveau du site A proche du site catalytique de la sous-unité 50S du ribosome bactérien, a
proximité de la petite sous-unité 30S, perturbant ainsi I'arrivée de I'aminoacyl-ARNt [232-235]
(Figure 21). La majorité des études sur le LNZ conduites envers ce genre bactérien montrent son
activité in vitro, et sont principalement réalisées contre M. tuberculosis. Celles-ci présentent une
bonne activité sur des isolats cliniques [236,237] ainsi qu’un bon effet chez les patients contre des
infections multirésistantes a M. tuberculosis malgré les effets secondaires qu’engendre ce traitement
[238]. Néanmoins, cette molécule peut étre incluse dans les traitements contre M. abscessus
(Figure 13) due a la tres bonne activité du LNZ in vitro contre des souches cliniques de M. abscessus
[204] et a son efficacité dans différents cas cliniques [239,240]. Cela peut s’expliquer via les synergies
existantes entre le LNZ et d’autres antibiotiques tels que I'’AMK, la TGC [177] ou la CLR [241].
Malheureusement le LNZ ne fait pas exception en termes d’effets indésirables dans le traitement des
infections mycobactériennes [240]. Ainsi, des analogues structuraux du LNZ, tels que le tédizolide (TDZ)
et la pro-drogue phosphate ester associée (TDZ phosphate) ont été congus de facon a limiter ces effets
déléteres [242—-244]. Le TDZ présente une meilleure activité in vitro que le LNZ contre M. abscessus
[245,246], avec un effet bactériostatique sur les trois sous-especes du complexe [247]. En outre, une
synergie est retrouvée avec des antibiotiques classiquement inclus dans le régime thérapeutique
comme I’AMK, la CLR ou I'IMP in vitro et dans un modéle macrophagique [248,249]. Ainsi, ces études
suggerent que le LNZ et particulierement le TDZ pourraient représenter des molécules avantageuses a

inclure dans le traitement des infections particulierement difficiles a éradiquer.

1.6.3. Les diarylquinolines

Les diarylquinolines, notamment la bédaquiline (BDQ) sont également positionnées dans les
recommandations au traitement des infections a M. abscessus. La BDQ a vu le jour dans les années
2000 sous le nom de R207910, ou encore TMC207, dans le cadre du traitement de la tuberculose [250].

La premiére mention de cette molécule de synthese date de 2004 par des chercheurs de la compagnie
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Figure 22 : Structure et mode d’action de la bédaquiline

La diarylquinoline de synthese (BDQ) inhibe la synthése métabolique d’ATP chez M. abscessus. La BDQ
vient cibler les sous-unités c de la Fo F; ATP synthase mycobactérienne qui va ainsi empécher la rotation
de I'anneau transmembranaire indispensable a la force motrice et donc au transfert de protons
nécessaire a la synthése d’ATP.
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Johnson & Johnson, et un fort engouement est rapidement apparu avec les premieres descriptions de
ce composé [251-253]. La molécule s’est avérée étre tres efficace sur des souches multirésistantes de
M. tuberculosis invitro tout en présentant de bons parametres pharmacocinétiques et
pharmacodynamiques chez la souris mais aussi chez I’'Homme avec une bonne absorption [251]. Ces
données expliquent pourquoi la BDQ a été le premier antibiotique validé par la FDA depuis plus de
40 ans dans le traitement de la tuberculose multirésistante aux antibiotiques [254]. Par la suite, sa tres
bonne activité in vitro contre de nombreux isolats cliniques du complexe M. abscessus a été montrée
[220,255], et le repositionnement de molécules antituberculeuses représente une option intéressante
et rapide dans le développement de molécules efficaces contre M. abscessus [256]. Ainsi, la BDQ a un
effet bactériostatique sur M. abscessus et présente une haute efficacité dans un modele d’infection
de macrophages [257] ainsi que dans un modéle d’infection chez le poisson-zébre [258]. Par ailleurs,
une étude de cas présente I'efficacité de la BDQ dans le traitement d’une ostéomyélite causée par
M. abscessus en association avec d’autres antimycobactériens, notamment la CFZ [259]. La BDQ
présente un mécanisme d’action unique et différent de celui des autres antimycobactériens en
bloquant la production d’ATP, molécule vitale et source d’énergie nécessaire a toute cellule, en ciblant
la FoF1 ATP synthase mycobactérienne. Plus particulierement, elle se fixe sur les sous-unités c de I’ATP
synthase, codées par le géne atpE, qui forment I'anneau transmembranaire nécessaire au transfert de
protons permettant la synthese métabolique d’ATP pour la mycobactérie [253,258] (Figure 22). Enfin,
I'ajout de la BDQ dans le régime thérapeutique contre les infections a M. abscessus est également
attrayant de par les synergies retrouvées. Une activité synergique a été mise en évidence lorsqu’elle
est combinée a la RFB aussi bien sur des populations bactériennes en croissance qu’en dormance [260].
On retrouve également une combinaison favorable in vitro entre la BDQ, les oxazolidinones tels que le
LNZ ou le TDZ [261] ou encore avec la CFZ [262]. Enfin, des résultats contradictoires concernent I'lMP
ou certains groupes présentent une certaine synergie in vitro ou dans un modele d’infection murin
[263] alors que d’autres montrent un effet antagoniste [264].

L'ensemble de ces données démontrent que la BDQ est un antibiotique intéressant a prendre en
considération dans les traitements difficiles a M. abscessus, néanmoins des études poussées sur les

interactions médicamenteuses et le développement d’analogues doivent étre entreprises.

1.6.1. Les autres classes d’antibiotiques

Il existe d’autres classes d’antibiotiques qui apparaissent ou sont repositionnées contre M. abscessus
et qui présentent un fort intérét dans le traitement de ses infections persistantes. Ces antibiotiques ne

sont pas conventionnellement inclus dans le régime thérapeutique mais pourraient se positionner
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Figure 23 : Structure et mode d’action de la rifabutine

La RFB, en ciblant les sous-unités B de I’ARN polymérase, inhibe la synthése d’ARN par cette enzyme a
partir de I’ADN. Ainsi, la transcription de I’ADN mycobactérien est bloquée engendrant des effets
dommageables irréversibles chez M. abscessus.
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comme alternatives possibles lors d’un échec thérapeutique [265].

La RIF et ses dérivés, notamment la RFB qui, contrairement a la RIF utilisée contre M. tuberculosis,
présente une activité sur le complexe M. abscessus [266]. Cette molécule est active in vitro sur de
nombreux isolats cliniques [267], aussi bien dans des modeéles d’infections de macrophages que dans
des modeéles murins [248,268]. De plus, la RFB exerce une activité synergique avec d’autres
antibiotiques du régime thérapeutique classique, tels que I'lMP [159,248], la TGC ou la CLR [195]. En
outre, la RFB est déja approuvée par la FDA dans le traitement de la tuberculose, et peut donc
facilement étre repositionnée dans le traitement des infections a M. abscessus [269]. S’ajoutant aux
synergies retrouvées, la RFB présente I'avantage d’'un mécanisme d’action distinct de celui des autres
classes d’antibiotiques. En effet, elle inhibe I’ARN polymérase, et plus particulierement la sous-unité
codée par le géne rpoB, engendrant un arrét de la transcription (Figure 23). Enfin, des dérivés de RIF
et de RFB ont été synthétisés afin de contrecarrer les mécanismes de résistance qu’a M. abscessus
contre cette classe d’antibiotiques, notamment par la modification des groupements en C25 et
présentent un intérét tout particulier dans le traitement de ce pathogéne opportuniste [270,271].
Une autre classe de molécules plus récente et de plus en plus étudiée est basée sur les inhibiteurs de
MmpL3. Cette protéine mycobactérienne est un transporteur transmembranaire de la famille des RND
(Resistance-Nodulation-Cell Division) et permet le transport a travers la membrane des tréhalose
monomycolates (TMM) [272,273] (Figure 24). Ces TMM serviront de substrats a I'antigene 85 (Ag85)
pour estérifier I'arabinogalactane (AG) ou pour la synthese de tréhalose dimycolates (TDM) ancrés
dans le feuillet externe de la mycomembrane (voir Chapitre Ill : Paroi et acides mycoliques. 2.3.
Transport et transfert a la paroi). Le caractére essentiel de MmpL3 chez les mycobactéries, dont
M. abscessus, en fait une trés bonne cible a inhiber [274]. La premiére mention de cette classe
d’antimycobactériens date de 2012 avec la mise en évidence de I'urée adamantyle AU1235 [275] qui
présente une trés bonne activité in vitro contre M. abscessus [276]. De nombreuses études s’en sont
suivies décrivant d’autres inhibiteurs de MmpL3, qu’ils soient basés sur des criblages de molécules
actives contre M. tuberculosis tels que le composés PIPD1, premier inhibiteur de MmpL3 décrit chez
M. abscessus, [277,278] ou originalement synthétisés. Des familles chimiques distinctes peuvent
inhiber ce transporteur, parmi celles-ci on retrouve de maniere non exhaustive les dérivés de
pipéridinol (PIPD1), les indoles-2-carboxamides (Composé 6 et 12, IC5 et 1C25) [279,280], les
benzimidazoles (EJMCh-6) [281] ou encore les benzothiazoles (CRS400393) (voir Discussion générale
et Perspectives) [282,283] (Figure 25).

Dans I'ensemble, le défi quotidien que représente le traitement antibiotique a dynamisé les études
visant a proposer de nouvelles stratégies thérapeutiques, notamment via des alternatives aux

antibiotiques qui suscitent de plus en plus d’intérét dans la communauté scientifique.
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Figure 24 : Mode d’action et inhibition du transporteur MmpL3

La protéine transmembranaire MmpL3 (Mycobacterial membrane protein Large 3) est un transporteur
essentiel mycobactérien de la famille des RND (Resistance-Nodulation-Cell Division). Il permet le
transport a travers la membrane plasmique des tréhalose monomycolates (TMM) qui serviront de
substrat a I'antigene 85 (Ag85) pour estérifier 'arabinogalactane (AG), composé essentiel de la paroi
mycobactérienne ou pour synthétiser le tréhalose dimycolate (TDM) qui sera ancré dans le feuillet
externe de la mycomembrane. L’inhibition du transporteur Mmpl3 via différentes classes de
molécules engendre une accumulation de TMM dans le cytoplasme de la mycobactérie et I'absence
d’acides mycoliques au niveau de I’AG étant délétere pour la bactérie.
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1.6.2. Les bactériophages : une alternative aux antibiotiques

Différentes alternatives aux antibiotiques peuvent étre envisagées pour contrecarrer et éradiquer les
infections a M. abscessus en contournant les mécanismes de résistance existant. Ainsi, cet objectif
provoque un intérét croissant notamment autour des mycobactériophages dans le traitement
d’infections mycobactériennes [284]. Les bactériophages sont connus sous ce nom depuis plus d’un
siecle avec leur premiere dénomination par Félix d’Hérelle [285] bien que d’autres avant lui aient décrit
ces agents comme pouvant infecter et lyser les bactéries [286]. Les bactériophages sont des virus
ubiquitaires de I'environnement infectant spécifiguement les bactéries. On peut les classer en deux
types : les phages lysogéniques et les phages lytiques qui se différencient selon leur cycle d’infection
[287,288] (Figure 26). Brievement, ce cycle consiste en une phase d’adsorption a la bactérie, suivie de
I'injection de I’ADN phagique qui peut mener a deux voies différentes. Les phages lysogéniques, ou
tempérés, vont venir insérer leur ADN au sein du chromosome bactérien, ou en formant un plasmide,
ce prophage est ainsi maintenu de maniere stable au sein de la bactérie jusqu’au passage en phase
lytique qui peut étre induite par un stress. A I'inverse, les phages lytiques, présentant un intérét dans
un usage thérapeutique, vont eux se répliquer au sein de la bactérie, engendrer la lyse bactérienne et
ainsi libérer de nombreux virions dans I'environnement extérieur pouvant a leur tour réinfecter
d’autres bactéries du méme type [289].

Les bactériophages rencontrérent un succes notoire pendant I'entre-deux-guerres, mais sont
rapidement tombés en désuétude avec I'arrivée en force des antibiotiques au cours du 20éme siécle
et notamment de la pénicilline [148], bien qu’ils soient encore largement utilisés dans certains pays de
I'Est, tels que la Géorgie [290]. Néanmoins, avec l'usage massif des antibiotiques, de nombreuses
especes multirésistantes ont vu le jour et ont engendré des infections persistantes difficiles a traiter.
Ainsi, 'engouement autour des bactériophages s’est intensifié récemment, pour parer au besoin
urgent de nouvelles thérapies et contourner le développement trés long et colteux de nouvelles
classes d’antibiotiques [66]. Les succes observés dans différents cas cliniques utilisant des phages a
titre compassionnel pour traiter des infections a M. abscessus rendent compte de ces efforts en
matiére de phagothérapie. Une premiere étude datant de 2019 décrit I'utilisation d’un cocktail de trois
mycobactériophages modifiés génétiquement en association avec des antibiotiques pour traiter une
infection disséminée a M. abscessus subsp. massiliense chez une patiente atteinte de mucoviscidose
[291]. Ce traitement intraveineux a permis, de résoudre I'infection sans effets secondaires notoires et
de permettre une amélioration du tableau clinique de la patiente sans pour autant éradiquer
M. abscessus. Cette étude princeps a ouvert la voie a d’autres traitements personnalisés et
compassionnels de patients infectés par M. abscessus ou M. avium avec une augmentation de I'état

de santé chez environ 50% des patients traités par phagothérapie [292]. Néanmoins, le succes du
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Figure 25 : Structures de différents inhibiteurs de MmpL3 décrits chez M. abscessus
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traitement phagique peut étre entravé par la production d’anticorps neutralisants chez certains
patients [293,294]. Ainsi de nombreuses études doivent encore étre menées sur l'action des
bactériophages et leur association avec d’autres antibactériens afin de mieux comprendre leur réle et
leur place dans la médecine personnalisée du futur. Il est néanmoins peu probable que I'utilisation
généralisée des bactériophages puisse remplacer les antibiotiques. Cependant, son utilisation pourrait
tout de méme constituer une aide précieuse contre des infections mycobactérienne multirésistantes

[295].

2. Mécanismes de résistance aux antibiotiques chez M. abscessus

Le traitement des infections a M. abscessus est connu pour étre tres difficile et fréquemment associé
a des impasses thérapeutiques, ce qui s’explique, entre autres, par la résistance accrue de cette
bactérie a la plupart des antibiotiques. Ces mécanismes de résistance mis en jeu sont soit des
mécanismes innés naturellement présents, soit acquis via des mutations au sein des génes codant les

cibles des antibiotiques [136].

2.1. Polymorphisme génétique et mutations acquises

Le polymorphisme génétique retrouvé chez M. abscessus peut notamment expliquer la résistance
intrinseque aux antituberculeux de premiére intention.

Nous pouvons citer I'exemple de I'INH, antibiotique de premiere ligne dans le traitement de la
tuberculose. Cette molécule inhibe I'énoyl-ACP-réductase InhA du complexe FAS-Il de M. tuberculosis,
impliquée dans la synthese des acides mycoliques retrouvés a la paroi, grace a sa bioactivation par la
protéine KatG [296,297] (voir Chapitre Ill : Paroi et acides mycoliques, 3.2.1. Inhibiteurs indirects
d’InhA). Or, chez M. abscessus, le gene katG differe de celui de M. tuberculosis (74% d’identité), ce qui
peut expliquer en quoi I'INH est totalement inopérant contre cette MNT [298]. Les enjeux causés par
cette résistance et les limites de traitement engendrées feront notamment I'objet d’une partie des
travaux de cette thése.

Un second antituberculeux de premiére intention, 'EMB, présente une faible activité sur M. abscessus
contrairement a M. tuberculosis. Cet antibiotique cible les trois arabinosyltransférases EmbA, EmbB et
EmbC impliquées dans la synthése de I'AG et du lipoarabinomannane (LAM), tous deux des
composants majeurs de la paroi [299-301]. La résistance intrinséque de M. abscessus a 'EMB
s’explique notamment par des différences ponctuelles dans la séquence d’acides aminés de la région

ERDR (embB resistance-determining region) de la protéine EmbB entre les deux espéces. M. abscessus
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Figure 26 : Cycle d’infection des bactériophages lytiques et lysogéniques

Le cycle d’infection débute par I'adsorption du bactériophage a la membrane bactérienne suivie de
I'injection de son matériel génétique. Deux voies différentes sont possibles selon la nature du phage :
les phages lysogéniques ou tempérés, vont intégrer leur ADN au sein du génome bactérien (prophage)
qui pourra étre répliqué a chaque division bactérienne. Sous l'induction d’un stress, le génome
phagique peut reprendre un cours lytique et grace a l'utilisation des machineries transcriptionnelles
et traductionnelles de la bactérie, le phage va pouvoir se multiplier activement, engendrant la lyse
bactérienne et la libération de nombreux virions dans I’'environnement extérieur, lesquels pourront
alors infecter d’autres bactéries environnantes pour perpétuer le cycle lytique.
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présente un résidu glutamine en position 303 a la place de I'isoleucine (1303Q) et une méthionine en
position 304 au lieu d’une leucine (L304M), ce qui pourrait expliquer la résistance a 'EMB chez
M. abscessus [136,302].

Un autre exemple de polymorphisme génétique est observé vis-a-vis de certaines fluoroquinolones.
Des acteurs de cette classe d’antibiotiques ciblant les sous unités A et B de I’ADN gyrase (GyrA et GyrB)
présentent une assez faible activité contre M. abscessus contrairement a d’autres pathogenes. Cela se
traduit par les différences nucléotidiques et protéiques présentes chez M. abscessus, principalement
au niveau de 'acide aminé 83 de GyrA, un résidu critique pour la résistance aux fluoroquinolones, ou
la sérine est remplacée par une alanine chez les espéces résistantes [303]. Au sein de GyrB, les résidus
lysine 447 et sérine 464, sont respectivement remplacés chez les mycobactéries par une arginine et
une asparagine. Ces éléments expliquent, du moins en partie, le niveau de résistance de M. abscessus
aux fluoroquinolones en comparaison a Escherichia coli ou d’autres bactéries sensibles a ces composés
[303,304].

Des mutations chromosomiques spontanément acquises peuvent également étre observées aprés une
exposition a des concentrations trop faibles en antibiotiques. Par ailleurs, I'émergence de résistances
peut également résulter d’'une mauvaise observance du traitement et de la pression de sélection
exercée par le traitement antibiotique chez certains patients. Les populations bactériennes sensibles
vont étre les premieres a étre éliminées tandis que les quelques bacilles résistants vont perdurer, se
multiplier et prendre le dessus si le traitement n’est pas correctement poursuivi jusqu’a son terme.
Cette domination de souches résistantes peut conduire a I’échec thérapeutique que I'on connait chez
M. abscessus.

Concernant les macrolides (AZM et CLR), certaines mutations apparaissent au sein du gene rrl codant
I’ARNr 23S et plus particulierement au niveau des adénines A2058 et A2059 de la région
peptidyltransférase du gene de I'’ARNr 23S [305,306] conférant un niveau élevé de résistance aux
macrolides [307]. Des mutations au niveau de la guanine G2659 de rrl peuvent également étre
retrouvées chez des souches résistantes au LNZ [235]. Néanmoins, dans le cas des macrolides, ces
événements restent assez rares, car sont souvent masqués par la présence d’un autre mécanisme de
résistance inductible aux macrolides impliquant Erm41l une « erythromycin ribosome
methyltransferase » [43] (voir Chapitre Il : Antibiothérapie et mécanismes de résistance aux
antibiotiques chez M. abscessus, 2.3. Enzymes protégeant la cible des antibiotiques : Erm41). La
pression de sélection va étre supérieure si cette protéine n’est pas fonctionnelle pouvant entrainer
davantage de mutations au sein de rrl, ce qui est notamment le cas chez la sous-espéce M. massiliense

qui présente une protéine Erm41 tronquée [308].
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Figure 27 : Mécanisme d’hydrolyse de I'imipénéme par la B-lactamase Blamas

La R-lactamase Blawas de M. abscessus hydrolyse I'IMP au niveau de son noyau R-lactame (fleche

rouge). Le groupement méthoxy de la CFX protége cet antibiotique de I’hydrolyse par Blamas.
Adapté de Zhai L, et al. 2012, [309].
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De nombreux experts recommandent d’utiliser I’AMK comme alternative lors d’une résistance aux
macrolides. Néanmoins, des mutations spontanées sont également retrouvées au niveau du géne rrs,
codant la sous-unité 16S du ribosome, cible des aminoglycosides dont 'AMK. On peut noter
majoritairement la substitution du résidu alanine en position 1374 (A1408 selon la numérotation faite
chez E. coli) qui engendre une importante résistance a I’AMK ainsi qu’a d’autres aminoglycosides
[310,311]. D’autres mutations au sein du gene rrs ont également été mises en évidence, telles que les
substitutions T1406A, A1408G, C1409T ou encore G1491T (numérotation E. coli) [136,312,313]. Ces
résidus sont nécessaires pour la bonne liaison de I'antibiotique a I’ARNr 16S expliquant les forts taux
de résistance retrouvés en cas de mutations a ce niveau.

Bien que ces exemples restent les plus relatés, 'ensemble des cibles des antibiotiques peuvent

spontanément muter engendrant une inefficacité des antibiotiques du régime thérapeutique.

2.1.Enzymes modifiant / inactivant les antibiotiques

Les mécanismes de résistance les plus courant chez M. abscessus sont en lien avec une pléthore
d’enzymes capables de modifier ou inactiver chimiquement les antibiotiques pour les rendre

inopérants [145].

2.1.1. B-lactamines

Le résistome de M. abscessus contient une seule enzyme identifiée permettant de cibler et hydrolyser
les R-lactamines. Celle-ci est codée par le gene MAB_2875 et représente la B-lactamase de classe A
Blamas. Cette enzyme a large spectre peut hydrolyser efficacement plusieurs membres des R-
lactamines tels que les carbapénéemes, les pénicillines ou les céphalosporines [314]. La R-lactamase
Blamag agit sur le noyau R-lactame de cette classe d’antibiotiques ce qui permet leur dégradation et
une certaine résistance de M. abscessus a ceux-ci (Figure 27). Il est intéressant de noter que la CFX,
une des R-lactamines utilisée dans le traitement clinique de M. abscessus, n’est quasiment pas
hydrolysée par Blamas ce qui justifie son utilisation actuelle [314]. Cela peut s’expliquer par le
groupement méthoxy arborée par la CFX et qui altére la fonction d’hydrolyse de Blamas en bloquant
I'acylation de I'’enzyme [314,315]. De plus, cette B-lactamase n’hydrolyse que trés lentement I'IMP,
expliquant également son efficacité certaine dans le traitement clinique de M. abscessus.

Afin de contrecarrer I'effet des R-lactamases telles que Blamas, de nombreux inhibiteurs de ces
enzymes ont vu le jour. L'avibactam, développée par Actavis et AstraZeneca, est un inhibiteur
réversible de Blamas. Son ajout in vitro permet de faire baisser les CMI de I'lMP, de la CFX et d’autres

R-lactamines. De plus, cette molécule permet aussi une activité supérieure de RB-lactamines au sein de
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CoA sur le premier groupement amine situé en 2’ de I’AMK.
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Figure 28 : Inactivation enzymatique de I'amikacine par I'acétyltransférase Eis2 et sa

Représentation de la forme apo de I'’enzyme Eis2, sans substrat. La structure est composée de deux
trimeres superposés, chague monomere contient 16 feuillets B et 11 hélices o.

Représentation in silico du docking de I’AMK au sein de la poche de liaison d’Eis2 liée a I'acétyl-CoA
(ACO). Les résidus majeurs interagissant avec I’AMK via des liaisons hydrogenes sont : Y23, F26, R28,
E34, N38, F117, S119, L197, R228, Q245 et D410.
Adapté de Ung KL, et al. 2019, [316]
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macrophages infectés, dans un modeéle d’infection in vivo de poisson zébre [317] ou encore dans un
modeéle murin d’infections pulmonaires a M. abscessus [318]. En augmentant I'efficacité des RB-
lactamines, l'avibactam ouvre la voie vers de nouvelles approches thérapeutiques associant
antibiotiques et inhibiteurs enzymatiques, néanmoins la formulation actuelle de I'avibactam associé a
la ceftazidime qui n’a pas d’activité contre M. abscessus ne permet pas encore son utilisation en
clinique [319]. Ainsi, d’autres inhibiteurs des B-lactamases ont émergés, tels que le relebactam [320],
le vaborbactam [321], le nacubactam ou encore le zidebactam [322]. Tous montrent un effet lorsqu’ils
sont combinés avec différentes R-lactamines, telle que I'IMP. Enfin, il a été suggéré de remplacer I'IMP
seul par l'association IMP-relebactam dans le régime thérapeutique actuel des infections a
M. abscessus [319]. Ainsi, ces études démontrent qu’il est important d’envisager de nouvelles

associations thérapeutiques pour contrer les résistances de la bactérie et d’optimiser les traitements.

2.1.2. Aminoglycosides

M. abscessus produit également des enzymes capables de modifier les aminoglycosides conférant une
certaine résistance a I’AMK. Il existe notamment deux acétyltransférases (Eis2 -Enhanced Intracellular
Survival 2- et AAC(2’) -Aminoglycoside 2’-Acétyltransférase-) et une phosphotransférase (APH(3"))
capables de neutraliser ces molécules [145]. La modification chimique des aminoglycosides va
empécher la liaison a I’ARN ribosomal en diminuant leur affinité et donc entraver leur activité.
AAC(2’) codée par le gene MAB_4395 est capable d’acétyler le groupement amine situé en position 2’
[323] de certains aminoglycosides, tels que la KAN B, la dibékacine, la tobramycine ou encore la
gentamicine C [324]. Similairement, Eis2 codée par le gene MAB_4532c va venir acétyler le premier
groupement amine de différents aminoglycosides tels que la KAN B, la capréomycine, I’'hygromycine B
ou I'’AMK ce qui va augmenter la résistance a ces composés (Figure 28) [316,324]. Globalement,
I'inactivation des genes MAB_ 4395 ou MAB_4532c codant ces acétyltransférases engendre une
sensibilité accrue de M. abscessus aux aminoglycosides, démontrant le role crucial de ces enzymes
dans la résistance a cette classe de molécules [324].

Une autre famille d’enzymes modifiant les aminoglycosides comporte la 3"’-O-phosphotransférase
codée par le gene MAB_2385. Parmi les douze phosphotransférases d’aminoglycosides codées par
M. abscessus [325], la 3”’-O-phosphotransférase est responsable de la résistance a la streptomycine
[326] tout comme son proche homologue APH(3")-Ic chez M. fortuitum [327]. Néanmoins, d’autres
phosphotransférases d’aminoglycosides (MAB_0163c, MAB _0313c, MAB 0327, MAB 0951,
MAB_1020, MAB_3637c, MAB_4910c ou MAB_4395) et d’autres acétyltransférases d’aminoglycosides
(MAB_0247c, MAB_0404c, MAB_0745, MAB_4235c, et MAB_4324c) potentielles n’ont pas encore été
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Figure 29 : Mécanisme de résistance a la tétracycline via la monooxygénase FAD-
dépendante MabTetX
Le gene MAB_1496¢ code pour la monooxygénase FAD-dépendante MabTetX permettant d’hydrolyser

la tétracycline et certains de ses dérivés comme la doxycycline. L'expression de cette enzyme est
régulée par le répresseur transcriptionnel MabTetXr de la famille des régulateurs TetR. Ce dernier va
venir se lier sur la séquence d’ADN en amont de son géne MAB_1497c (opérateur) engendrant
I'inhibition de sa propre expression et celle de MabTetX.

La présence de tétracyclines va engendrer un changement conformationnel du répresseur permettant
la synthése de MabTetX qui pourra hydrolyser I'antibiotique.
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étudiées mais leur forte homologie de séquence avec les protéines citées précédemment laissent a
penser qu’elles peuvent également participer a la résistance contre certains aminoglycosides
[136,145,328]. Des études biochimiques et structurales approfondies de ces enzymes modifiant les
aminoglycosides pourraient ouvrir la voie sur le développement de nouveaux inhibiteurs spécifiques

pouvant contourner ces mécanismes de résistance intrinseques.

2.1.3. Tétracyclines

Bien qu’efficace contre M. tuberculosis, 1a famille des tétracyclines présente assez peu d’efficacité sur
M. abscessus. En effet, ce pathogene opportuniste exprime une monooxygénase FAD (Flavine Adénine
Dinucléotide)-dépendante, la MabTetX, codée par le géne MAB_1496¢c [184]. Cette enzyme permet
d’hydrolyser la tétracycline et la DOX chez M. abscessus. De plus, la délétion du gene MAB_1496¢ rend
la bactérie extrémement sensible a ces antibiotiques, démontrant I'importance de cette protéine sur
la résistance intrinseque de M. abscessus. L'expression de MabTetX est régulée par le répresseur
transcriptionnel MabTetXr codé par le géne MAB_1497c, appartenant a la superfamille des régulateurs
TetR [184]. Ce répresseur va réprimer sa propre expression ainsi que celle de MabTetX en absence de
son ligand, les tétracyclines, en se liant en diméres a des séquences inversées répétées (opérateurs)
en amont de la région promotrice de I'opéron MAB_1497c/MAB_1496¢ (Figure 29). A I'inverse, en
présence de tétracycline, un changement conformationnel du régulateur MabTetXz permettra la
dissociation du répresseur au niveau de la région opératrice, permettant la levée de la répression et
I’expression de MabTetX. La TGC, glycylcycline inclus dans le traitement de M. abscessus, est la seule
tétracycline qui n’est pas un substrat de MabTetX et qui n’est donc pas impactée par la
monooxygénase MabTetX. La modification structurale au niveau de la partie hydrophobe de la TGC
désignée par le cycle D via I'ajout d’une chaine 2-tert butylglycylamido rend incapable I'expression de

MabTetX ce qui lui permet de résister a ce mécanisme d’inactivation enzymatique intrinseque [184].

2.1.4. Rifamycines

La résistance intrinseque de M. abscessus aux rifamycines telles que la RIF et la rifapentine (RFP)
s’explique par différents mécanismes. Ces molécules sont sensibles a I'auto-oxydation intra- ou
extracellulaire en présence d’oxygéne et de cations métalliques divalents en lien avec leur motif
hydroquinone [269,329]. A I'inverse, la RFB n’est pas sujette a |'auto-oxydation, ce qui explique son
activité antibactérienne contre M. abscessus.

De plus, le mécanisme principal d’inactivation réside dans la présence de I’ADP-ribosyltransférase

85



Chapitre Il : Antibiothérapie et mécanismes de résistances chez M. abscessus

Figure 30 : Inactivation de la rifabutine par Arrmas

La RFB est inactivée chez M. abscessus grace a la présence de I’ADP-ribosyltransférase Arrvas codée
par le géne MAB _0591. Cette enzyme catalyse la formation d’un intermédiaire ADP-ribosyl-
oxocarbénium de NAD" ainsi que I’ADP-ribosylation sur le groupement OH positionnée en C23 de la

RFB.
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Arruag codée par le géne MAB_0591 [325,330]. La délétion génétique de ce gene chez M. abscessus
entraine une activité in vitro plus de 100 fois supérieure de la RIF par rapport a la souche parentale.
L’'enzyme Arrmwas catalyse I’ADP-ribosylation du groupement hydroxyle sur le C23, rendant ainsi inactive
la RIF [269,331]. Un autre mécanisme potentiel est basé sur le fait que M. abscessus exprime des
homologues de monooxygénases FAD-dépendantes, notamment de la famille des Rox qui inactivent
les rifamycines chez d’autres bactéries [332]. Néanmoins, il reste a déterminer si M. abscessus possede
réellement cette activité monooxygénase envers les rifamycines.

Bien que la structure de la RFB permette de contourner I'auto-oxydation, cet antibiotique peut étre
ADP-ribosylé par Arrmas comme les autres rifamycines de par la présence du méme groupement en
C23 [271,333] (Figure 30). Néanmoins, la RFB est moins efficacement modifiée par cette enzyme,
suggérant I'importance d’autres parties de ces molécules dans la résistance. Par ailleurs, des études
ont démontré I'intérét du C25 des rifamycines, ou des modifications au niveau de ce carbone peuvent
augmenter son activité et protéger contre I'action d’Arrmas, Nnotamment grace a de gros groupements
carbamates [330,334,335]. Ainsi récemment, des dérivés de rifamycines ou de RFB possédant des
groupements en C25 liés par un carbamate ont montré une résistance a la modification par Arrpas en
empéchant la liaison de I’'enzyme a ceux-ci [271] sans pour autant étre affectés dans leur liaison a I’ARN
polymérase conférant une bonne activité antimycobactérienne [270].

Ces travaux montrent que la connaissance des mécanismes de résistance est primordiale afin de

développer de nouveaux traitements capables de les contourner.

2.2.Enzymes protégeant la cible des antibiotiques : Erm41

Intrinsequement, M. abscessus est également capable de protéger la cible des antibiotiques et ainsi
diminuer I'affinité des composés pour celle-ci. C’'est le cas avec la méthyltransférase Erm41, codée par
le géne MAB 2297, protégeant la cible des macrolides [43]. Cette enzyme vient transférer des
groupements méthyles sur 'ARNr 23S de la boucle du centre peptidyltransférase au niveau de la
grande sous-unité du ribosome. Plus particulierement, le transfert d’un ou deux méthyles provenant
de la S-adénosyl-L-méthionine se fait sur 'adénine en position 2058, entrainant une perte d’affinité
des macrolides pour leur cible en empéchant la mise en place de la liaison hydrogéne entre le sucre
désosamine et ce résidu, et non pas seulement chez M. abscessus (Figure 31) [336,337]. En effet, ce
genre d’enzyme est présent chez d’autres bactéries telles que E. coli ou S. aureus [338] ou chez
différentes mycobactéries. On retrouve, par exemple, la protéine Erm37 chez M. tuberculosis [339],
Erm38 chez M. smegmatis [340] ou encore Erm39 chez M. fortuitum [35]. Néanmoins, certaines

différences au sein méme du complexe M. abscessus sont a noter. M. abscessus subsp. massiliense
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Figure 31 : Méthylation de ’ARNr 23S par Erm41

La méthyltransférase de M. abscessus Erm41, codée par le géne MAB_ 2297, transfére un ou deux
groupements méthyles sur ’ARNr 23S de la boucle du centre peptidyltransférase de la grande sous-
unité du ribosome. Les groupements méthyles proviennent de la S-adénosyl-L-méthionine, et sont

ajoutés a I'adénine A2058, cible des macrolides. Ainsi, I'azithromycine et la clarithromycine perdent

leur activité et sont inopérants chez les souches exprimant ce mécanisme de résistance inductible.

Erm, « erythromycin resistance methylase » ; A, adenine ; C, cytosine ; G, guanine ; U, uracile ; AZM,

azithromycine ; CLR, clarithromycine.
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présente une protéine Erm41 tronquée [308] et est donc sensible a I'action des macrolides si aucun
polymorphisme dans le géne rrl n’est retrouvé (voir Chapitre Il : Antibiothérapie et mécanismes de
résistance aux antibiotiques chez M. abscessus, 2.1. Polymorphisme génétique et mutations
acquises). Cependant, chez les especes possédant la protéine fonctionnelle, il peut exister un
polymorphisme du gene erm(41) étant associé a la perte de I'activité méthylase. La modification la
plus courante consiste en la modification en cytosine du nucléotide thymine en position 28 (sequovar
T28C), engendrant une substitution du résidu tryptophane en arginine en position 10 de la protéine
Erm41. Cette modification entraine la perte d’activité d’Erm41 et ainsi une sensibilité aux macrolides
[307]. Ces enzymes Erm entrainent une résistance inductible a la classe d’antibiotiques fondamentale
des macrolides. En effet, la présence de CLR, ou plus favorablement d’AZM, induit I'expression d’Erm41
chez M. abscessus permettant la résistance a ces antibiotiques de premiere ligne [341]. Cette
inductibilité est notamment d{, chez M. abscessus, a I'activateur de transcription WhiB7, codé par le
géne MAB_3508c, fortement induit en présence de macrolides et conservé chez les actinomyceétes
[342,343]. Ce régulateur transcriptionnel WhiB7 est impliqué dans de nombreux autres mécanismes
de résistance aux antibiotiques. Il peut étre induit en présence de différents antibiotiques ciblant le
ribosome, tels que les tétracyclines, les macrolides ou les aminoglycosides. L'implication de WhiB7
dans la résistance a I’AMK a été rapportée via l'induction du gene eis2 codant une acétyltransférase
précédemment citée [342]. Néanmoins, la résistance aux macrolides gouvernée par Erm41 n’est
généralement pas détectée en début de traitement clinique, c’est pourquoi il est primordial de déceler

une potentielle résistance au plus vite afin de pouvoir adapter la thérapie curative (Figure 13).

2.3.Export actif via des pompes a efflux

M. abscessus exprime également une vaste panoplie de protéines membranaires jouant le réle de
pompes a efflux. Ces dernieres assurent le maintien de I'homéostasie de la cellule bactérienne en
transportant une large gamme de substrats tels que des composant nécessaires a I'assemblage de la
paroi, des facteurs de virulence ou encore des toxines. Ainsi, ces pompes a efflux peuvent également
participer a I'export de substances exogenes tels que les antibiotiques. Parmi celles-ci, il existe chez
les mycobactéries les transporteurs de la famille des MmpL (Mycobacterial membrane protein Large)
[272], pouvant agir de concert avec les transporteurs MmpS (Mycobacterial membrane protein Small).
Dans cette lignée, une certaine résistance naturelle aux dérivés du thiacétazone (TAC) est retrouvée
[344,345]. Plus particulierement, le TAC est une molécule précédemment utilisée contre
M. tuberculosis, mais retirée du régime thérapeutique a cause de ses effets secondaires, notamment

en cas d’infection par le VIH [346,347]. Le repositionnement récent de ce composé a conduit au
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Figure 32 : Mécanisme de résistance aux dérivés du thiacétazone

M. abscessus est capable de résister aux dérivés du thiacétazone (TAC), tels que les composés D6, D15
et D17, a travers I'export de ces molécules dans le milieu extérieur via le systéme MmpS5/MmpL5. Ce
couple est codé par les génes MAB_4383c (mmps5) et MAB_4382c (mmpL5), tous deux régulés par un
régulateur transcriptionnel de la famille TetR codé par le géne MAB_4384. Ce régulateur se lie en
dimeére sur la séquence nucléotidique palindromique IRss;.s en amont du gene MAB_4383c permettant
la répression de I'expression des protéines d’efflux. En présence d’analogues du TAC, ces derniers
viennent se lier au répresseur qui se détache de I’ADN et permet I'expression de MmpS5 et MmplL5
engendrant I'efflux des molécules.

Adapté de Halloum |, et al. 2017 et Richard M, et al. 2018, [345,348].
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développement de différents analogues, dont les plus performants (D6, D15 et D17) présentent une
activité bactériostatique vis-a-vis de M. abscessus [345]. Ces molécules sont bioactivées par EthAuas
codé par MAB_0985, lui-méme régulé par EthRuas, codé par MAB_0984c, qui appartient a la famille
des régulateurs transcriptionnels TetR. Néanmoins, la sélection de mutants résistants spontanés aux
analogues du TAC ont mis en évidence des mutations au sein du gene MAB_4384. Ce dernier code un
répresseur TetR du systéme de pompes a efflux MAB_4383¢c/MAB_4382c, permettant I'export actif
des analogues du TAC. Ainsi, des mutations dans MAB_4384 (notamment au niveau de I'asparagine
N15 ou de la phénylalanine F57) ou sa délétion génétique entrainent une surexpression des protéines
d’efflux codées par MAB_4383c et MAB_4382c conduisant a une résistance accrue a ces composeés
[345,348]. Les deux protéines codées par MAB_4383c et MAB_4382c sont homologues du systeme
MmpS5/MmpL5 de M. tuberculosis connues pour permettre I'efflux de la CFZ ou encore de la BDQ
[349]. Chez M. abscessus, le régulateur codé par MAB 4384 se lie en dimere sur la séquence
palindromique au sein de la région IRss;s en amont des génes MAB_4383c et MAB_4382c ce qui
permet la répression des protéines d’efflux associées [348] (Figure 32). Les analogues de TAC viennent
lier ce répresseur, ce qui résulte, en cas de traitement, au détachement de I’ADN du répresseur et a
une induction de I'expression du systéme MmpS5/MmpL5 générant un efflux important de ces
molécules (Figure 32).

Un systeme équivalent a ce dernier est également responsable de la résistance a la CFZ et la BDQ chez
M. abscessus. En effet, a I'instar de chez M. tuberculosis, I'export de ces deux antibiotiques est
également régulé par une protéine de la famille TetR, codée par le gene MAB_2299c [350]. Des
mutations au sein de ce géne, ou une délétion génétique de MAB_2299c vont entrainer une
surexpression des transporteurs membranaires codés par MAB_2300 et MAB_2301 correspondants a
un couple MmpS/MmplL, facilitant I'efflux de la CFZ et la BDQ vers le milieu extérieur. De plus, la
délétion supplémentaire des génes MAB_2300 et MAB_2301 restaurent la sensibilité a ces deux
antimycobactériens prouvant le réle des protéines d’efflux associées dans la résistance a la CFZ et la
BDQ [350]. D’un point de vue mécanistique, le régulateur MAB_2299c se fixe a I’ADN, sur la région
promotrice IR300/01 €n amont des génes MAB_2300/MAB_2301 et réprime leur expression. Ainsi, en
présence de BDQ ou de CFZ, ces derniers se lient a TetR qui va se dissocier du promoteur permettant
une transcription plus importante des protéines MmpS/MmpL codées par MAB_2300/MAB_2301
(Figure 33). De plus, il a été démontré que MAB_2299c peut également se lier a une séquence
nucléotidique en amont d’un autre systéme MmpS/MmpL analogue au précédent, codé par les génes
MAB_1134c/MAB_1135c [351]. Ce couple de génes code pour un systéeme d’efflux pouvant aussi
exporter la CFZ et la BDQ a l'extérieur de la bactérie. En effet, la délétion des génes

MAB_1134c/MAB_1135c augmente la sensibilité aux deux agents antibactériens cités. En outre, cette
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Figure 33 : Mécanisme de résistance a la clofazimine et la bédaquiline

M. abscessus résiste a la clofazimine (CFZ) et la bédaquiline (BDQ) via un systéme d’export impliquant
des protéines de la famille MmpL/MmpS. Les protéines impliquées sont codées par les génes
MAB_1134c et MAB_1135c pour le premier systéme d’efflux, et par les genes MAB_2300 et MAB_2301
pour le second systéme. Ces deux couples protéiques sont régulés par le régulateur transcriptionnel
TetR codé par le gene MAB_2299c qui, en se détachant de ’ADN en présence de CFZ ou de BDQ,
permet I'expression des protéines d’export.
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méme délétion au sein de la souche sensible délétée de MAB _2299c, MAB_2300 et MAB_2301 [350]
exacerbe la sensibilité de ce mutant a la CFZ et la BDQ [351]. Ainsi, le répresseur MAB_2299c régule
I’expression de deux systémes d’efflux indispensables a la résistance de M. abscessus contre la CFZ et
la BDQ (Figure 33).

Le role des pompes a efflux a également été identifié dans la résistance au LNZ. Il a été montré que
certains isolats cliniques résistants au LNZ présentent des niveaux transcriptionnels plus importants
des génes mmpl9 et ImrS (lyncomycin resistance protein of Staphylococcus aureus) [352]. Cette étude
suggere donc une potentielle implication de transporteurs dans la résistance au LNZ, qui sera
corroborée par une récente étude montrant un réle du répresseur codé par MAB_4384 [235]. En effet,
ici une fréguence élevée de mutants spontanés faiblement résistants au LNZ présentent des mutations
au sein du géne MAB_4384 impliqué dans la régulation du systéme d’efflux MmpS5/MmpL5 cité plus
haut et ayant un role dans la résistance aux analogues du TAC.

D’autres études récentes ont suggéré un role de ces pompes a efflux dans la résistance a la CLR. Celles-
ci montrent une transcription supérieure des pompes a efflux codées par les génes MAB_3142 et
MAB_1409 [353] ou encore MAB_2355C, MAB_1409c ou MAB_1846 [354] chez les souches présentant
une résistance a la CLR, sans que ces souches présentent une surexpression d’Erm41. Méme si ces
résultats ne montrent qu’une hausse des transcrits et non pas des protéines, ni de I'activité de celles-
ci, lutilisation d’inhibiteurs de pompes a efflux (verapamil-VP-, phenylalanine-arginine R-
naphtylamide-PARN- ou carbonyl cyanide 3-chlorophenylhydrazone-CCCP-) réduit les CMI de la CLR
vis-a-vis de souches cliniques [353] suggérant un réle de I'efflux de ce macrolide dans la résistance que
posséde M. abscessus.

En effet, différents inhibiteurs des pompes a efflux ont vu le jour ces derniéres années dans le but de
contrecarrer cette résistance intrinséque de M. abscessus [355]. Parmi ceux-ci on compte ceux
précédemment cités (VP, PARBN, CCCP) mais aussi la thioridazine ou encore la tétrahydropyridine (THP).
Le VP va, entre autres, permettre d’améliorer I'activité in vitro et ex vivo de la BDQ sur différentes
souches cliniques du complexe M. abscessus [257,356]. La THP, et ses dérivés, régulent les pompes a
efflux des ions calcium et peut conférer un effet additif dans le traitement de M. abscessus en
réduisant les CMI de I’AMK, la CIP et la CLR [357,358]. De plus, la thioridazine va favorablement réduire
I’efflux des antibiotiques ciblant le ribosome bactérien tels que 'AMK, la CLR ou encore la TGC via la
surexpression de genes codant des systémes de transport [359]. L'ensemble de ces inhibiteurs
permettent de mieux décrypter le role des pompes a efflux dans la résistance intrinséque aux
antibiotiques de M. abscessus et ouvrent la voie a une nouvelle approches dans le traitement des

infections mycobactériennes.

93



tances chez M. abscessus

ésis

écanismes de ré

7

tm

érapie e

Antibiothé

Chapitre Il

d1d ZN1 0ag/z4d oVl
s1dwpy s7dwpm
- SSdwip Sdwp
60rT gV Sawy OGETT YW T0€£Z avW oZ8Er YW
ZrIe gvw s SPETT 8YW 006z gvw _ JVE8EY GV
. I \ !
1 { \ \
[} 4
N - e
R o) ZN1 0ag/z4d oVl P
b A ~ 7 - - \I T
~ r e /
~_ XNy - ’
B S e sadwogd _ \\ asespwAiod NYY
- S P % g4y
N N N Jodx3y P y y 1650 8vW
WvoET N S P 7/ 9/qI> €] ino avim
aee ownmv_ YEOE| v N 0 % Jﬁ j ,7 enuye,p auad / _l a1y
6502V HNI aqui3 2N : : Z
(80VTV) Ammogv am3 X O T : \\ anbnoiqnue,|
NS
Si ) - % il e op uonesyipon Y
ANV 41D / I A v P = 3 s
HLvd (vE8S) o B S :
sapIsodA|boulwy  sapijoidep aiko vk | \.m i w” oS B AN \
sauojouinbolon|4 7 L% r, - X P S—

e Xoope . : S me_U>E ejl uonepAxo-ony
sanbjwosowoay> anbnisuab y L ¥ S. . - B4
suonenp awsiydiowAjod -~ : .. ~_ —

s 2 ~
s/ Qe 9 S - -
_ 7 N \\ = S
. ~
e . / Xy
_ - — AR / P
- \\ 7 2/q1> ej unod A N
s asAjoupAH y 4 aque.p a1ad N
Ve
e \\ /  3|qI> e|ap R
e / ,/ uonesyipon XI9LqeW N
4 / / ummz‘qul_l N
/ N
\ / N
/ / ) N N
, / 131 \ ~
awelde|g nekoN / / X0oa \ h AN
o s.87 avw \ / 5 — anbjoiqnue,
- avwe g - ( - - op uonesyipoyy )
7
N ’ ! \mIU awosoqry _
| WZV / | ga1a s6i |
saulwejoe|-g _ , 2zesy avn 8 9AH 575 -0
- \
Zsia |_ ANV g NI
dvo
umm.w\-ﬂﬂﬁm 8 NV d1s | s6ct"avm
coez §|_| (.2)ovv
(.E)HAV
saulpAoeaya)
sopljoidoep

sapisodA|bouiwy

94



Chapitre Il : Antibiothérapie et mécanismes de résistances chez M. abscessus

En conclusion, M. abscessus présente une large variété de mécanismes de résistance (Figure 34) qui
expliquent la difficulté a traiter et éradiquer les infections a ce pathogene. L’ensemble de ces travaux
soulignent également I'importance de développer de nouveaux antimycobactériens efficaces et
ciblant de nouvelles voies métaboliques pour contrecarrer ces mécanismes de résistances, bien qu’une
des résistances naturelles aux antibiotiques de ce pathogéne opportuniste est conférée par les

propriétés particuliéres de sa paroi.

Figure 34 : Mécanismes de résistance, innés ou acquis, a diverses classes d’antibiotiques
chez M. abscessus

M. abscessus contient un large panel de mécanismes de résistance aux antibiotiques expliquant la
difficulté d’éradication des infections causées par ce pathogene en clinique. Parmi ceux-ci, il existe des
mécanismes acquis telles que les mutations chromosomiques au sein des genes codant les cibles de
ces antibiotiques tels que rrl ou rrs mais aussi des mécanismes innés a la bactérie. Cette derniére
catégorie regorge de protéines modifiant les antibiotiques tels que la B-lactamase Blamas, capable
d’hydrolyser certaines R-lactamines comme I'IMP, la monooxygénase FAD-dépendante MabTetX
hydrolysant les tétracyclines, I’ADP-ribosyltransférase Arrmag qui neutralise les rifamycines.
M. abscessus détient également des enzymes cytoplasmiques capables de modifier chimiquement les
aminoglycosides, comprenant les acétyltransférases Eis2 et AAC(2’) ou encore la phosphotransférase
APH(3”). Un autre mécanisme de résistance mis en jeu consiste en la modification de la cible des
antibiotiques, comme Erm41 capable de méthyler I'adénine A2058 de I’ARNr 23S de la grande sous-
unité ribosomale, ce qui conduit a une perte d’affinité pour les macrolides (AZM et CLR). Enfin, la
membrane plasmique renferme une grande variété de pompes a efflux pouvant exporter des
antibiotiques vers I'extérieur.

STR, streptomycine; KAN B, kanamycine B; HYG B, hygromycine B; AMK, amikacine ; CAP,
capréomycine ; TOB, tobramycine ; DIB, dibékacine ; GEN C, gentamycine C; DOX, doxycycline ; TET,
tétracycline ; AZM, azithromycine ; CLR, clarithromycine; RIF, rifampicine; RFB, rifabutine; IMP,
imipénéme ; CFX, céfoxitine ; EMB, éthambutol ; INH, isoniazide ; TAC, thiacétazone ; CFZ, clofazimine ;
BDQ, bédaquiline ; LNZ, linézolide.
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Chapitre Il : Paroi et acides mycoliques

Figure 35 : Structure de la paroi des bactéries a Gram négative et a Gram positive
Les bactéries a Gram négative présentent un espace périplasmique contenant le peptidoglycane

localisé entre la membrane plasmique et la membrane externe. Cette derniére renferme des porines
ou d’autres transporteurs spécifiques, ainsi que le lipopolysaccharide fortement immunogéne.

Les bactéries a Gram positive présentent une large couche de peptidoglycane qui surplombe la
membrane plasmique. Au sein de cette membrane sont ancrés les acides lipotéichoiques tandis que
les acides téichoiques sont liés au peptidoglycane.

Bactérie a Gram négative Bactérie a Gram positive

Lipopolysaccharide

Acide
téichoique
Porine
Membrane C
externe 2
- Peptidoglycane
Périplasme
Peptidoglycane
- . i Acide
Périplasme Lipoprotéine lipotéichoique
Membrane Membrane
plasmique plasmique
Cytoplasme Cytoplasme
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Chapitre Il : Paroi et acides mycoliques

1. La paroi mycobactérienne, une structure atypique

Les mycobactéries possedent une paroi particuliére et complexe qui la distingue des autres bactéries
et qui en fait un atout majeur dans les mécanismes de pathogénése et de résistance aux antibiotiques.
Généralement, les bactéries sont classées en deux grands groupes selon la composition de cette paroi

grace a la coloration de Gram.

1.1. Paroi des Gram positive et Gram négative

Il'y a plus d’un siecle, en 1884, le docteur Hans Christian Gram a mis au point la technique de coloration
éponyme encore utilisée aujourd’hui pour discriminer les types de bactéries [360,361]. Ainsi, les
bactéries a Gram positive, colorées en bleu retenant le complexe cristal violet-iode se distinguent des
bactéries a Gram négative qui adoptent une coloration rose sur frottis permise par la décoloration a
I’éthanol suivie de la coloration a la fuschine [362,363]. Cela résulte d’'une composition différente de
leur paroi (Figure 35) qui vont, selon leurs propriétés d’hydrophobicité respectives, retenir ou non la
coloration de Gram. Brievement, les bactéries a Gram négative présentent une membrane interne et
externe espacées par une fine couche de périplasme [364]. Au sein de cet espace périplasmique se
retrouvent de nombreuses protéines ainsi que le PG formé d’unités répétées de NAM et de NAG liées
par des liaisons peptidiques B-1-2>4 permettant de maintenir la forme et I'intégrité des cellules [365].
La membrane externe est marquée par la présence de porines ou encore de glycolipides, dont le
lipopolysaccharide (LPS), connu pour étre une endotoxine et un facteur de virulence activant
fortement le systéeme immunitaire inné [366,367]. A l'inverse, les bactéries a Gram positive n’ont
gu’une membrane interne surplombée par un large périplasme contenant de nombreuses couches de
PG [363]. De longs polyméres composés de phosphates de glycérol et de phosphates de ribitol se lient
de maniere covalente au PG (acides téichoiques), tandis que certains sont ancrés a la membrane
interne via un diacylglycérol et traversent le PG (acides lipotéichoiques). Ces polymeres représentent
a eux deux les constituants majeurs de la paroi bactérienne a Gram positive [364] (Figure 35).

Les membres du genre Mycobacterium se distinguent de cette classification binaire car ils présentent

une paroi unique non colorée par la coloration de Gram.

1.2.La paroi mycobactérienne

Anciennement, les mycobactéries étaient associées aux bactéries a Gram positive de par la structure

de leur paroi, néanmoins la distinction avec les deux autres groupes bactériens s’est faite de par
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Chapitre Il : Paroi et acides mycoliques

I'architecture de la paroi et sa composition particuliere, caractérisée par sa richesse en lipides qui
représentent environ 40% de la masse séche de la cellule [368]. La paroi de M. abscessus présente de
grandes similarités avec d’autres especes mycobactériennes a croissance lente ou rapide. Ainsi, de
I'intérieur vers I'extérieur, la paroi mycobactérienne est composée d’une membrane plasmique, d’un
périplasme contenant le PG lié de maniére covalente a 'AG qui est lui-méme surplombé par la

membrane externe ou mycomembrane.

1.2.1. Membrane plasmique

La membrane plasmique mycobactérienne est semblable a celle retrouvée chez les autres bactéries,
et joue un réel réle dans la physiologie cellulaire. Elle permet le transport d’électrons et de métabolites
divers, la production d’ATP et participe au maintien de l'intégrité cellulaire. Elle est composée
principalement de phospholipides polaires associés a des protéines, assemblés en une bicouche
lipidique asymétrique [369]. La membrane interne contient les phospholipides typiques tels que la
cardiolipine, le phosphatidylinositol, le phosphatidylglycérol et le phosphatidyléthanolamine
[368,370]. Au sein de celle-ci, et principalement dans le feuillet externe plus épais, sont ancrés
différents glycoconjugués [371] (Figure 36), dont les phosphatidyl-myo-inositol-mannosides (PIM) ou
les lipoglycanes tels que le lipomannane (LM) et le LAM. Les PIM sont les phospholipides majoritaires
de la membrane interne en représentant plus de 40% de la masse lipidique de cette structure [370].
lIs sont formés d’une base phosphatidyl-myo-inositol contenant d’un a six résidus mannoses et jusqu’a
quatre chaines acyles (Aci4PIMi¢) [372]. Ces derniers se retrouvent également a la surface
mycobactérienne et servent de base lipidique a la formation du LM et du LAM par I'ajout successif de
groupement mannoses et arabinoses [372,373]. L’'ensemble de ces glycolipides joue un role important
dans l'intégrité de la membrane interne et dans la perméabilité de I'enveloppe bactérienne [374-376].
Chez M. abscessus, la structure des PIM, LAM et LM different légérement des autres especes
mycobactériennes, avec une taille supérieure et un squelette mannane du LM et du LAM présentant
une ramification différente leur apportant une certaine plus-value dans la virulence et la survie
intracellulaire. Des substitutions au sein du LAM telles que des groupements succinyles ou acétyles,
ainsi qu’un groupement méthyle sur I'un des résidus mannosyle des PIM ont également été mis en
évidence [377]. De plus, les mycobactéries, y compris M. abscessus, sont capables de modifier la
structure des PIM en réponse a I'environnement. En effet, il a été montré qu’en présence d’un stress
engendrant une fluidification membranaire importante, une chaine acyle s’ajoute au groupement
inositol des PIM, naturellement tri-acylés, afin de maintenir I'intégrité de la membrane plasmique et

de faire face aux changements environnementaux [378]. Enfin, la membrane interne des
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Chapitre Il : Paroi et acides mycoliques

Figure 36 : Représentation schématique de la paroi mycobactérienne de M. abscessus

La paroi mycobactérienne est une structure multicouches riche et complexe se composant d’une
membrane plasmique, d’un périplasme surplombé par le peptidoglycane auquel vient se lier de
maniere covalente I'arabinogalactane. Ce dernier est estérifié par les acides mycoliques formant le
feuillet interne de la mycomembrane qui contient en sa partie externe de nombreux lipides et
glycolipides. La membrane plasmique est composée de phospholipides et contient des phosphatidyl-
myo-inositol-mannosides (PIM), du lipomannane (LM), du lipoarabinomannane (LAM), ou encore des
transporteurs de la famille des MmpL (Mycobacterial membrane protein Large) et des complexes
protéiques impliqués dans la sécrétion. Le peptidoglycane est composé d’acide N-glycolyl
muramiques, d’acide N-acétyl muramiques et de N-acétyl glucosamines. Les chaines peptidiques
latérales du peptidoglycane sont réticulées par les D,D-transpeptidases (DDT) et L,D-transpeptidases
(LDT). Associé au PG, I'arabinogalactane est lui-méme estérifié par les chaines d’acides mycoliques qui
composent le feuillet interne de la mycomembrane. Le feuillet externe de cette mycomembrane
contient une grande diversité de lipides « libres » tels que les glycopeptidolipides (GPLs), les tréhalose
monomycolates (TMM), les tréhaloses dimycolates (TDM), les diacyl-tréhaloses (DAT), les tréhaloses
polyphléates (TPP), ainsi que des glycolipides ou lipoglycanes présents également dans la membrane
plasmique, tels que les PIM, le LM et le LAM.
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mycobactéries contient de nombreuses protéines jouant le role de pompes a efflux, incluant
notamment les transporteurs lipidiques de la famille MmpL/MmpS permettant de maintenir
I’'homéostasie et le bon assemblage de la paroi [272], ainsi que divers systemes de sécrétion de type

VIl exportant de nombreux protéines effectrices [5,379].

1.2.2. Périplasme, peptidoglycane et arabinogalactane

L’espace périplasmique ceinturant la membrane plasmique, est défini comme une couche granulaire
de faible densité et est délimité en sa périphérie par le PG, lui-méme lié de maniére covalente a I'AG
[371] (Figure 36). Ce PG est composé d’une base glycannique d’unités alternées de NAG et de NAM
reliées entre elles par des liaisons B-124 et de courtes chaines latérales peptidiques [380].
Contrairement aux autres bactéries, chez les mycobactéries les acides muramiques peuvent étre N-
acétylés (NAM) ou bien N-glycosylés lorsque la fonction N-acétyl est oxydée pour former de I'acide N-
glycolylmuramique (NGM) [381,382]. Les chaines peptidiques latérales de L-Alaninyl-D-isoGlutaminyl-
meso-diaminopimelyl-D-alanyl-D-Alanine sur le NAM sont réticulées entre-elles a plus de 70% [152].
Cette réticulation du PG est catalysée par les DDTs et principalement par les LDTs chez M. abscessus,
formant respectivement des liaisons 4> 3 et 3->3 [153] (Figure 15). La structure globale du PG permet,
via une certaine rigidité, de maintenir I'intégrité et la forme de la cellule mycobactérienne et de résister
a la pression osmotique [380,383]. De plus, les modifications N-glycolyl sur les acides muramiques
pourraient exercer un effet de renforcement de la structure et potentiellement de protection contre
la dégradation due au lysozyme et aux R-lactamines [382]. Les résidus NGM du PG sont reliés de
maniére covalente a I’AG par une liaison phosphodiester entre le domaine galactane de I’AG et environ
10% des NGM [384]. L'AG est un hétéropolysaccharide hautement ramifié composé de D-
galactofuranosyl et D-arabinofuranosyl [380]. La partie galactane contient une trentaine de molécules
de D-galactofuranosyl alternativement liées par des liaisons R(1-2>5) et B(12>6) [385,386]. A ces unités
D-galactofuranosyls B(1-2>6) se lient trois tricosaméres (23 résidus) de D-arabinofuranosyls, en
particulier aux groupement hydroxy en C5 des unités positionnées en 8, 10 et 12 de la chaine galactane
[383]. Cette couche d’AG permet de faire le lien entre le PG et la mycomembrane externe via les acides

mycoliques, qui sont caractéristiques des mycobactéries (Figure 36).

1.2.3. La mycomembrane

La structure la plus externe de la paroi, définie sous le terme de mycomembrane, est caractérisée par

sa haute teneur en acides mycoliques composant le feuillet interne de celle-ci. Les acides mycoliques,
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définis comme de longues chaines d’acides gras a-alkyl B-hydroxy de 60 a 90 atomes de carbone (voir
Chapitre Il : Paroi et acides mycoliques, 2. Les acides mycoliques) estérifient les D-arabinofuranosyls
terminaux de I’AG [387,388]. Le feuillet externe de la mycomembrane consiste en une riche variété
de lipides et de glycolipides libres non liés de maniere covalente [368]. Parmi les lipides et lipoglycanes
de la mycomembrane de M. abscessus, on retrouve des PIM, du LAM, du LM, des lipides dérivés du
tréhalose (TMM, TDM, des tréhalose-polyphléates -TPP-, et les précurseurs de ces derniers les 2,3
diacyl tréhaloses -DAT-) ou encore des GPLs [389,390]. Certains de ces lipides sont communs au genre
Mycobacterium tels que les TMM ou les TDM, tandis que d’autres sont restreints a certaines espéces
a l'instar des GPLs produits par M. abscessus, M. fortuitum ou encore M. avium et non pas par
M. tuberculosis [391,392]. Ces lipides de surface ont notamment un réle dans la modulation de
I'immunité de I’'hote [393]. En effet, les PIM interférent avec la maturation du phagosome et stimulent
la fusion avec les endosomes précoces pour avoir acces aux nutriments nécessaires a la survie intra-
phagosomale [394]. Nous savons, de surcroit, que les PIM sont des agonistes des TLR-2 [55], entrainant
une forte réponse pro-inflammatoire TNF-a.. Ces activateurs de I'immunité sont, chez le variant S de
M. abscessus, masqués par les GPLs ayant un rble dans sa morphologie mais également dans sa
virulence [38]. La modulation des niveaux de GPLs a la surface entraine la transition du morphotype S
vers le morphotype R associé a une hypervirulence, une hydrophobicité accrue et une agrégation des
bacilles sous la forme de « cordes », ce qui altére le contréle de I'infection par les cellules immunitaires
[53]. S'ajoutant aux PIM, le LM et le LAM exposés a la surface constituent également des antigénes
initiant la réponse immunitaire chez I'Homme. Les différentes structures chimiques de ces
glycoconjugués interagissent avec des récepteurs du systéme immunitaire tels que les TLR ou encore
les lectines de type C [395]. Enfin, I'ensemble de ces lipides externes participent a la tres faible
perméabilité, et a I’hydrophobicité de la paroi mycobactérienne jouant un réle de barriere naturelle a
la pénétration de certains antibiotiques [396]. En outre, ces lipides sont impliqués dans les
phénoménes de « cording » et de formation de biofilms qui contribuent a la résistance intrinseque des

mycobactéries a divers agents antimicrobiens.

2. Les acides mycoligues

2.1. Description, structure et propriétés

Les acides mycoliques sont des composés essentiels et représentent plus de 60% du contenu de la
paroi mycobactérienne et 50% de sa masse séche [396]. lIs se retrouvent sous trois formes chez les

mycobactéries : libres, liés au tréhalose (TMM et TDM) ou encore estérifiés sur les unités terminales
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Figure 37 : Structure générale des acides mycoliques

Cette représentation est basée sur les acides mycoliques de type a chez M. tuberculosis.

La branche a (ou R1) est représentée en orange tandis que la longue chaine d’acide méromycolique
(ou R2) est surlignée en rouge. Le motif mycolique est encadré, et met en évidence le caractere a-
ramifié et B-hydroxylé de ces acides gras. P, site proximal ; D, site distal.

Motif mycolique
Chalne méromycolique

P OH R2 ©-OH
\/\/\/\/\/m O
COOH

(04
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Figure 38 : Acides mycoliques de M. tuberculosis

M. tuberculosis synthétise trois classes d’acides mycoliques. Les acides mycoliques o représentent
I’espece majoritaire et présentent deux cycles cyclopropanes situés en position proximale et distale de
la chaine méromycolique. Les mycolates methoxy portent un groupement oxygéné (en cis ou en trans),
ainsi que des branchements méthyles et un cyclopropane. Enfin, les acides mycoliques keto présentent
un groupement cétone (en cis ou en trans) ainsi qu’un cycle cyclopropane et des méthyles.
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de I'AG [387,388]. Ces acides gras a-ramifiés et B-hydroxylés a trés longues chaines carbonées ont été
désignés sous le nom d’acides mycoliques pour la premiére fois en 1938 [397] et structurellement
décrits en 1950 [398]. lIs affichent une tres grande variabilité structurale parmi les especes
mycobactériennes et jouent un role majeur dans I'architecture et I'imperméabilité de la paroi, la
résistance aux lésions chimiques, la déshydratation, ou encore la virulence [399,400].
Structurellement, ces acides mycoliques se composent d’une courte chaine alkyl (branche a) de 24 a
26 carbones en position a du groupe acide carboxylique et d’une chaine méroaldéhyde, en position
(chaine méromycolique), plus longue et constituée de 42 a 62 atomes de carbone selon I'espece [387]
(Figure 37). La variabilité entre les classes d’acides mycoliques est définie par trois caractéristiques, la
longueur de la chaine o et de la chaine méromycolique ainsi que de la position des différents
groupements chimiques. Ces groupes fonctionnels se positionnent principalement a deux endroits de
la chaine méromycolique, au niveau du site proximal proche de I'acide R-hydroxylé ou au niveau du
site distal situé plus a I'extrémité de cette chaine [399,401] (Figure 37).

Chez M. tuberculosis, trois types d’acides mycoliques sont décrits, en majorité les acides mycoliques o
présentant deux cycles cis-cyclopropanes, ainsi que les mycolates methoxy portant un groupement
oxygéné du méme nom (cis ou trans) et les acides mycoliques keto avec un groupement cétone (cis ou
trans), tous deux portant un cycle cyclopropane en position proximale et des branches méthyles
(Figure 38) [399]. Chaque espece de mycolates présente des propriétés cruciales pour la physiologie
de la bactérie en fonction des groupements associés. De maniere générale, les acides mycoliques o
jouent un réle dans la structure et la stabilité de la paroi. Les fonctions localisées en position proximale
sont responsables du maintien de la viscosité de la paroi, par exemple les insaturations trans
proximales et la cyclopropanation proximale entrainent une baisse de la fluidité, rendant la chaine
méromycolique plus rigide [401,402]. A I'inverse, les insaturations cis et les groupements méthyles en
position distale perturbent I'empaquetage local des acides mycoliques ce qui permet aux lipides
extractibles d’intercaler leurs chaines acyles [396]. De plus, I'ajout d’un cycle cyclopropane en position
distale permet une meilleure résistance au stress oxydatif expliquant, en partie, la persistance
intramacrophagique de M. tuberculosis [403]. L'ensemble de ces mycolates cyclopropanés présentent
un roéle crucial dans la pathogénicité et la virulence dans un modéle murin. En effet, la perte totale
d’acides mycoliques cyclopropanés confére une atténuation sévere lors de I'infection in vivo [404].
Puis, la délétion du géne pcaA chez M. tuberculosis, entrainant un défaut de cis-cyclopropanation
proximale des mycolates a, cause une défaillance de virulence in vivo notamment par I'incapacité a
former des cordes, phénomene largement impliqué dans la physiopathologie mycobactérienne [405].
Les acides mycoliques extractibles ont également leur réle dans la pathogenése et la virulence

mycobactérienne de par leur réle immunostimulant. En effet, il a été montré que les TDM sont
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Figure 39 : Acides mycoliques de M. abscessus

M. abscessus synthétise trois types d’acides mycoliques o avec une insaturation cis en position
proximale et une insaturation cis ou trans en position distale ou un groupement cyclopropane au
niveau distal de la chaine méromycolique. Une chaine d’acide méromycolique plus courte avec une
insaturation cis caractérise les acides mycoliques de type o’.
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Figure 40 : Structure des acides mycoliques époxy
Les acides mycoliques époxy, retrouvés notamment chez M. fortuitum ou encore M. smegmatis

présentent une insaturation proximale, ainsi qu’un groupement époxyde avec un méthyle adjacent en
position distale.
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reconnus par les lectines de type C Mincle qui engendrent, avec le segment transmembranaire du
récepteur Fcy, une large production de cytokines proinflammatoires tels que le TNF, I'IL-1RB et I'IL-6,
permettant le recrutement de cellules immunitaires via une inflammation de type M1 médiée par les
macrophages et la formation de granulomes in vivo [406,407]. Les acides mycoliques methoxy activent
également I'immunité et notamment les lymphocytes T en se liant a la protéine présentatrice
d’antigene CD1b présente sur les cellules immunitaires innées [408,409]. Enfin, les groupements
oxygénés vont, de la méme maniere, étre essentiels a la virulence de M. tuberculosis. Ces derniers ont
un réle dans la croissance intracellulaire [410] et la virulence in vivo dans un modeéle murin [411]. En
outre, I'oxygénation du groupe distal des mycolates methoxy et keto intervient dans I'induction de la
réponse inflammatoire tandis que les mycolates o ne provoquent pas d’inflammation [412]. En plus
des différences dans les groupements fonctionnels, les acides mycoliques peuvent adopter des
conformations variées (huit différentes) selon la courbure de leurs chaines dépendante de
I'arrangement des extrémités ou des différents groupements fonctionnels [413]. Une certaine
adaptabilité de conformation est d’ailleurs possible en réponse a la pression, ou la température
ambiante. Cet empaquetage divergent est un des facteurs majeurs qui déterminera I'épaisseur, la
densité, la résistance ou encore la perméabilité de la mycomembrane avec des stabilités plus ou moins
grande pour chaque conformation. Il a notamment été montré que la présence d’un cycle trans-
cyclopropane va préférablement stabiliser les mycolates keto et methoxy en comparaison aux
groupement cis-cyclopropanes [414]. De plus, la présence des composants oxygénés stabilise certaines
conformations plus stables des acides mycoliques o, et pourrait favoriser une mycomembrane
nettement plus résistante et imperméable aux molécules externes [413].

M. abscessus synthétise des acides mycoliques o et des especes comprenant une chaine
méromycolique plus courte, nommeés o’ qui présentent une double liaison cis au niveau de la chaine
méromycolique [344,399] (Figure 39). Les mycolates o, contenant de 76 a 80 atomes de carbones,
sont les espéces les plus abondantes chez M. abscessus. Cette espece présente une gamme de trois
types d’acides mycoliques a. comprenant exclusivement des doubles liaisons cis en position proximale,
tandis que la position distale peut présenter une insaturation cis, trans ou alors, en plus faible
proportion, un cycle cis-cyclopropane [344] (Figure 39). En outre, la synthése des acides mycoliques o’
de 62 ou 64 atomes de carbone est permise par le seul gene MAB_1915. En effet, I'introduction du
géne orthologue MSMEG 4301 dans la souche Pasteur 1173 de M. bovis BCG a permis I'expression de
mycolates o’ non produits naturellement par cette espéece [415]. Ces données montrent ainsi que le
produit de ce gene exerce une action enzymatique qui entre en jeu dans I'étape de condensation entre

les courtes chaines acyles a et les chaines méromycoliques chez les especes mycobactériennes [416].
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Enfin, nous savons que M. abscessus est capable de former des biofilms in vitro et chez les patients
infectés, qui viennent renforcer la résistance intrinseque de ce pathogéne. Une étude récente a
montré une régulation différentielle de genes impliqués dans la synthése des acides mycoliques
lorsque M. abscessus est dans cette conformation communautaire [51]. On retrouve notamment une
surexpression de génes impliqués dans I’élongation et la modification de la chaine méromycolique,
tels que MAB_2030 et MAB_2028 codant les protéines KasA/B impliquées dans I'élongation ; le géne
MAB_2032 codant une réductase ; MAB_3354 ayant un potentiel réle de désaturase et MAB_3455¢
codant un acyl-CoA thiolase putative. Le contenu des biofilms présente davantage de mycolates libres
ainsi que d’acides mycoliques plus longs avec probablement une augmentation de la cyclopropanation
en comparaison a ceux retrouvés dans un état planctonique [51].

A l'instar de M. abscessus, M. fortuitum présente des acides mycoliques o et des quantités variables
d’especes o’ plus courtes, mais aussi des acides mycoliques oxygénés de type époxy [399,417]. Ces
derniers présentent, sur leur chaine méromycolique, une insaturation au niveau proximal ainsi qu’un
groupement époxyde trans a la position distale avec une branche méthyle adjacente [418] (Figure 40).
La composition en acides mycoliques de M. fortuitum est comparable a celle retrouvée chez la souche
non-pathogene M. smegmatis bien que cette derniere contienne plus de mycolates o’ [419].

La biosynthese des acides mycoliques nécessite de nombreuses étapes impliquant diverses enzymes
décrites ci-dessous. Cette synthése se fait en trois grandes étapes clés : 1) la synthese et I'élongation
des chaines o et méromycoliques ; 2) l'insertion des diverses modifications au niveau de la chaine
méromycolique donnant la signature au mycolate ; 3) I'activation et la condensation de ces deux
chaines d’acides gras précédant I’élaboration du motif mycolique. Cette synthése met en jeu les
systemes FAS (« Fatty Acid Synthase ») qui, a chaque cycle, ajouteront deux atomes de carbone
apportés par un malonyl-CoA.

La grande diversité et I'implication des acides mycoliques a différents niveaux en font une cible
thérapeutique de choix. Plus particulierement, le ciblage des multiples enzymes impliquées dans la
synthése des acides mycoliques présente une certaine attractivité du fait de leur spécificité et absence

chez les mammiféeres.

2.2.Voie de synthése des acides mycoliques

2.2.1. Synthése de malonyl-CoA et carboxyacyl-CoA

Le malonyl-CoA est un substrat universel chez les mycobactéries et essentiel a la synthése des acides

mycoliques et autres acides gras venant s’incorporer a la chaine acyle en cours de synthése durant les
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Figure 41 : Synthése de malonyl-CoA a partir d’acétyl-CoA

La carboxylation d’'une molécule d’acétyl-CoA est catalysée par un complexe acyl-CoA carboxylase
subdivisé en trois sous-parties, a, B et €. La sous-unité o (vert) est responsable de la carboxylation de
la biotine grace a son activité biotine carboxylase (BC). Cette carboxybiotine est ensuite transférée a
une molécule d’acétyl-CoA via I’activité carboxy transférase (CT) de la sous-unité B (bleu) du complexe.
La sous-unité € (orange) permet de réguler positivement I’activité du complexe acyl-CoA carboxylase.

BCCP-Biotine

/ ATP + HCO;

Biotine Mg?
carboxylase

>aCCA3 l b ADP + Pi

Carboxybiotine

/ Acétyl-CoA

Carboxy
tranférase

* \_/y BCCP-Biotine

Malonyl-CoA

o
)

112



Chapitre Il : Paroi et acides mycoliques

cycles itératifs impliquant les systemes FAS. Il est généré a partir de la carboxylation d’une molécule
d’acétyl-CoA catalysée par un complexe acétyl-CoA carboxylase [420]. Chez les mycobactéries, ces
complexes enzymatiques ayant une large diversité de substrats sont appelés acyl-CoA carboxylases
(ACC) et permettent les deux demi-réactions nécessaires a I'étape de carboxylation. Elle consiste, dans
un premier temps, a la carboxylation ATP-dépendante de la biotine par le domaine biotine carboxylase
(BC) ou sous-unité o.. Cette étape est suivie, dans un second temps, par le transfert du groupement
carboxyle (de la carboxybiotine) a la molécule d’acétyl-CoA par la sous-unité 8 ou carboxyltransférase
(CT). De plus, ces ACC contiennent une sous-unité € modulant positivement I'activité du complexe
[421-424] (Figure 41). Chaque sous-unité catalytique est codée par un géne distinct [425]. Chez
M. tuberculosis, trois génes codent la sous-unité o, (accAl, accA2 et accA3), six génes codent la sous-
unité B (accD1, accD2, accD3, accD4, accD5 et accD6) et le géne accE5 (Rv3281) code la sous-unité ¢
[387,425]. 'association de trois types de sous-unités va donner la spécificité au complexe, notamment
via les sous-unités B. Il a été montré chez M. tuberculosis que la protéine AccA3 forme des complexes
fonctionnels d’ACC avec AccE associée aux trois protéines essentielles pour la synthése d’acides gras,
AccD4, AccD5 ou AccD6 [426]. AccA3 permet de fournir la biotine carboxylée aux trois protéines AccD
essentielles [427]. L'enzyme essentielle AccD6 va permettre la biosynthese des acides mycoliques, et
plus particulierement la néosynthese de malonyl-CoA (a partir -préférentiellement- d’acétyl-CoA ou
encore de propionyl-CoA) qui va constituer la base du fonctionnement du systeme FAS 1l [426,428—
430]. Le remplacement par I’AccD5 dans le complexe va permettre de générer du méthylmalonyl-CoA
nécessaire a I'élongation de substrats lipidiques méthylés préférablement a partir de propionyl-CoA
[422,423,431,432]. Tandis que I’AccD4 va étre responsable de la carboxylation des acyl-CoA Cas26
produit par FAS |, donnant lieu aux carboxyacyl-CoAs entrant en jeu dans I'étape de condensation
mycolique entre les deux chaines (o et méromycolique) des acides mycoliques [426,431,433] (voir
Chapitre Il : Paroi et acides mycoliques, 2.2.4. Modifications, activations et condensation des chaines

d’acides mycoliques).

2.2.2. FASI

La biosynthése des acides gras, et notamment des acides mycoliques implique des étapes successives
et cycliques intégrant les systémes de types FAS avec en premier lieu le systeme FAS I. Ce polypeptide
multifonctionnel est initialement retrouvé chez les champignons et les eucaryotes supérieurs, mais est
également présent chez les actinomycetes tels que les mycobactéries [434,435]. Ce dernier codé par
le géne Rv2524c chez M. tuberculosis, contrairement au complexe FAS Il des procaryotes, est capable

d’une synthése de novo d’acides gras a partir du malonyl-CoA précédemment synthétisé et a été
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Figure 42 : Organisation du systeme multifonctionnel FAS |

L’enzyme FAS | présente sept domaines distincts aboutissant a la synthese de novo d’acyl-CoAs a partir
de malonyl-CoA. Les sept domaines de cette enzyme sont organisés ainsi : acyltransférase (AT), 2-
trans-énoyl réductase (ER), déshydratase (DH), malonyl/palmitoyl transférase (MPT), « acyl carrier
protein » (ACP), B-ketoacyl réductase (KR) et R-ketoacyl synthase (KS).

Adapté de Elad N, et al. 2018, [436]

N' — AT |— ERj— DH |— MPTj— ACPA— KR — KSH— C
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montré comme essentiel chez M. smegmatis [437] et potentiellement chez M. tuberculosis [438].
L’enzyme FAS | a une structure complexe et présente sept domaines distincts [436,439]. Ces derniers,
organisés dans un ordre précis, sont les suivants: acyltransférase, 2-trans-énoyl réductase,
déshydratase, malonyl/palmitoyl transférase, « acyl carrier protein » (ACP) ou protéine porteuse
d’acyl, B-ketoacyl réductase et B-ketoacyl synthase [439] (Figure 42). Cette enzyme multifonctionnelle
va générer des intermédiaires qui resteront liés a I'enzyme et qui subiront une transacylation vers les
autres domaines catalytiques de FAS | [401]. Grace a cela, les mycobactéries sont capables d’une
synthése bimodale d’acyl-CoAs [434,437]. En effet, bien que les acyl-CoAs Cys.15 Soient synthétisés en
majorité, le systeme FAS | peut également entrainer leur élongation en acyl-CoAs Cs.56 constituant la
chaine a des acides mycoliques suite a la carboxylation par un complexe ACC [440,441]. Enfin, les acyl-
CoAs Cieas sont utilisés pour la synthése des phospholipides membranaires, mais représentent
également les substrats du complexe FAS Il nécessaires a la synthése et I’élongation de la chaine

méromycolique.

2.2.3. FASII

Le systéme FAS I, incapable de synthese d’acides gras de novo, a pour role I'élongation des acyl-CoAs
Ci6.18 résultant de FAS | en acyl-ACPs Cao-60. |l est composé d’enzymes monofonctionnelles distinctes
agissant toutes sur un substrat malonyl porté par une protéine ACP, plus particulierement nommée
AcpM et codée par le géne Rv2244 chez M. tuberculosis [442]. La protéine AcpM transfere les
intermédiaires de la chaine acyle a chaque enzyme de FAS Il [443] et sa forme active, ou holo-ACP, est
4’-phosphopantéthénylée sur le résidu sérine 41 conservé par l'action de la phosphopantéthényl
transférase PptT [444,445]. AcpM va étre transacylée avec une molécule de malonyl-CoA grace a
I'action catalytique de la transacylase de malonyl-CoA-ACP FabD, codée par le géne Rv2243 chez
M. tuberculosis, permettant la synthése de malonyl-ACP, unité d’élongation et substrat de FAS Il [446].
Chaque cycle permet d’introduire 2 atomes de carbone a la chaine acyl en cours d’élongation et
comporte quatre étapes menées par quatre enzymes distinctes et essentielles (Figure 43). Dans un
premier temps, une premiére étape de pivot entre FAS | et FAS Il consiste en la réaction de
condensation de Claisen entre les acyl-CoAs Cic.15 et le malonyl-ACP grace a la B-ketoacyl ACP synthase
de type lll FabH et permet la formation de B-ketoacyl-ACPs [447]. Ensuite, la premiére étape du cycle
répétitif réside en la réduction du dérivé R-ketoacyl-ACP en R-hydroxyacyl-ACP par la B-ketoacyl-ACP
réductase NADPH-dépendante MabA [448]. Cette enzyme codée par le gene Rv1483 chez
M. tuberculosis et MAB_2723c chez M. abscessus présente une spécificité pour les substrats a longue

chaine Cg.20. MabA s’organise spontanément en tétrameére et renferme une poche de liaison largement
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Figure 43 : Voie de biosynthése des acides mycoliques chez les mycobactéries

Schéma basé sur la voie de synthése des acides mycoliques chez M. tuberculosis. Celle-ci débute par
la synthese de novo d’acides gras par le complexe FAS |, a partir d’acétyl-CoA et de malonyl-CoA,
aboutissant a la formation d’acyl-CoAs Caa26 (future branche o) et d’acyl-CoAs Cis1s. Ces derniers,
apres condensation avec le malonyl-ACP par FabH pour donner les R-ketoacyl-ACP, entreront dans le
complexe FAS Il d’élongation. Cette étape d’élongation comprend de nombreux cycles itératifs
comprenant quatre enzymes monofonctionnelles, chacune ayant un réle particulier. MabA permet de
réduire les B-ketoacyl-ACP en R-hydroxyacyl-ACP qui seront ensuite déshydratés en trans-2-enoyl-ACP
par HadAB et HadBC. Les produits de cette déshydratation seront réduits par la protéine InhA donnant
lieu aux acyl-ACPs qui reprendront le cycle d’élongation en étant pris en charge par KasA ou KasB pour
étre condensés avec une molécule de malonyl-ACP. Lorsque I'élongation arrive a son terme les acyl-
ACPs (future chaine méromycolique) vont subir diverses modifications ou ajout de groupements
conférant la signature des acides mycoliques finaux. Apres activation de chacune des deux branches,
leur condensation par la protéine Pksl3 permet la production d'a-alkyl-B-ketoesters. Enfin la
réductase CmrA permet la production d’acides mycoliques matures liés au tréhalose pour former les
tréhalose monomycolates (TMM). Ces produits, transportés par MmpL3, seront ensuite transférés a la
mycomembrane par I’Ag85 pour former une molécule de tréhalose dimycolate (TDM) ou étre estérifiés
a I'arabinogalactane (AG).
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hydrophobe [449,450]. De plus, il a été montré que M. tuberculosis est capable de réguler la
biosynthése des acides mycoliques a travers des modifications post-traductionnelles de MabA. Plus
particulierement, la phosphorylation de trois thréonines (T21, T114 et préférentiellement T191) par la
sérine/thréonine kinase PknB diminue I'activité R-ketoacyl-ACP réductase de MabA, notamment via
une altération de la liaison du cofacteur NADPH [451].

Les B-hydroxyacyl-ACP résultant de I'étape précédente vont ensuite étre pris en charge par les deux
hétérodimeres de R-hydroxyacyl-ACP déshydratases HadAB/HadBC codés par le cluster essentiel de
génes Rv0635-Rv0636-Rv0637. Ce complexe catalyse la déshydratation aboutissant a la production des
2-trans-énoyl ACPs [452]. Ces enzymes sont, de la méme maniére que MabA ou d’autres enzymes,
régulées par la phosphorylation de sérines et de thréonines apparaissant comme un mécanisme de
régulation clé chez les mycobactéries [453]. Cette phosphorylation est dépendante de la phase de
croissance, agissant principalement pendant la phase stationnaire, elle permet de réguler
négativement l'activité des déshydratases HadAB/BC et la synthése des acides mycoliques via
I'inhibition de I’élongation des chaines méromycoliques [454].

Suite a cela, les intermédiaires énoyl-ACPs vont étre réduits par la 2-trans-énoyl-ACP réductase InhA.
Cette protéine, codée par le géne Rv1484 chez M. tuberculosis ou MAB_2722c chez M. abscessus, va
catalyser la réduction en acyl-ACP en présence de NADH [455,456] (voir Chapitre Il : Paroi et acides
mycoliques, 3. L'énoyl-ACP réductase InhA).

Enfin, les cycles additionnels d’élongation sont initiés par les B-ketoacyl-ACP synthases KasA et KasB
qui catalysent la réaction de condensation entre les acyl-ACPs et le malonyl-ACP. Cette réaction va
permettre la production, a partir des acyl-ACPs générés par InhA, de R-ketoacyl ACPs requis pour
I’élongation de la chaine méromycolique jusqu’a sa taille définitive [457,458]. Ces deux enzymes ont
un role similaire en catalysant la méme réaction enzymatique, mais ont des substrats et produits
différents. En effet, KasA permet la production d’acides gras monoinsaturées jusqu’a 40 atomes de
carbone, tandis que KasB va catalyser la production de chaines polyinsaturées pouvant atteindre 54
atomes de carbone [457,459]. Il a été ainsi proposé que KasA soit impliquée dans les premiers cycles
d’élongation et que KasB prenne le relais pour atteindre la taille définitive de la branche
méromycolique. Ce qui est appuyé par une étude ou la délétion de kasB entraine une diminution de la
taille de cette chaine [460], tandis que la mutation de KasA supprime totalement I'activité de
condensation [457]. Pour finir, l'activité de ces protéines est également régulée par la
phosphorylation/déphosphorylation mais de maniére opposée. Lorsque la phosphorylation de KasA
diminue son activité, celle de KasB permet de I'augmenter, permettant ainsi a M. tuberculosis de

moduler ce processus d’élongation [461].
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L'ensemble de ces étapes répétées (Figure 43) vont permettre de synthétiser de longues chaines
d’acyl-ACP de 40 a 60 atomes de carbone. La production d’acides mycoliques matures nécessite
désormais une étape de condensation des chaines produites par FAS | et FASII, précédée par

I’activation de ces chaines et la modification de la branche méromycolique.

2.2.4. Modification de la chaine méromycolique et condensation

Les chaines méromycoliques subissent, dans un premier temps, d'importantes modifications avant
d’étre associées a la branche a. Ces modifications vont définir la classe d’acides mycoliques et
constituer la signature de chaque espece mycobactérienne. Elles incluent Iintroduction
d’insaturations, de groupements oxygénés, de fonctions méthyles ou de fonctions cyclopropanes
permises par différentes enzymes [387].

L'introduction de doubles liaisons chez les mycobactéries reste assez peu décrite, avec de nombreuses
hypothéses, mais il est proposé que les double liaisons cis servant de substrats aux enzymes
modificatrices ultérieures sont introduites pendant I'élongation par FAS Il via des réactions de
déshydratation/isomérisation [462]. De plus, le génome de M. tuberculosis présente les trois
désaturases DesA1l, DesA2 et DesA3 codées respectivement par les genes Rv0824c, Rv1094 et Rv3229c
[425]. Bien que DesA3 ait un rble dans la synthese d’acide oléique [463], la délétion conditionnelle de
DesAl conduit a un niveau élevé de dérivés monoénoiques de petite taille, d’acides gras tronqués et
a une perte de la biosynthese des acides mycoliques suggérant un role de cette protéine dans la
désaturation distale de la chaine méromycolique [464]. De plus, il a récemment été suggéré que la
protéine essentielle DesA2 ait un réle précoce dans la synthése des acides mycoliques, potentiellement
dans I'ajout de la double liaison proximale [465]. Néanmoins I'activité exacte de ces enzymes reste
encore a démontrer pour le moment.

L'introduction de fonctions oxygénées nécessaires a la formation des mycolates methoxy et keto est
liée a la formation d’un précurseur hydroxylé catalysé par la méthyltransférase S-adénosyl-méthionine
(SAM)-dépendante MmaA4, ou Hma [411,466]. En effet, la délétion du géne hma entraine une perte
de production de mycolates keto ou methoxy [411]. Le précurseur hydroxylé apparait comme le
substrat de I'enzyme MmaA3 qui va permettre la méthylation de la fonction alcool, et ainsi donner lieu
aux mycolates methoxy [467,468].

D’autres méthyltransférases SAM-dépendantes seront responsables de lintroduction des cycles
cyclopropanes ou des branches méthyles. On peut notamment citer la protéine PcaA (ou UmaAz2),
responsable de I'ajout d’un cycle cis-cyclopropane proximal sur les acides mycoliques a [405]. Tandis

que la protéine MmaA2 catalyse I'addition de cyclopropane en position distale des mycolates o, ainsi
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Figure 44 : Condensation mycolique finale formant les acides mycoliques matures

L'étape de condensation mycolique a proprement dite est précédée par |’activation des deux branches
constituant les acides mycoliques. Les acides méromycoliques provenant de FAS Il sont activés en acyl-
AMPs par FadD32 (1), tandis que les acyl-CoAs Ca4.26 provenant de FAS | sont carboxylés par le complexe
acétyl-CoA carboxylase AccA3-AccE-AccD4 (1’ et 2’).

Les acyl-AMPs sont chargés sur le domaine ACP N-terminal de la polykétide synthase Pks13 (2) qui les
transférera au domaine ketoacylsynthase (KS) (3). Les carboxyacyl-CoAs (2’) sont chargés sur le
domaine acyltransférase (AT) de Pks13 (3’) et transférés au domaine ACP C-terminal (4’). Le domaine
KS va ainsi catalyser la condensation entre les deux chaines produisant les a-alkyl B-ketoesters (4). Le
domaine thioestérase (TE) charge les produits de condensation sur son site actif (5) et catalyse leur

transfert au tréhalose (6) donnant lieu aux précurseurs des TMM. Ces derniers seront réduits par CmrA
résultant en la formation des TMM (7).

Adapté de Quémard A, et al. 2016, [469]
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gu’en position proximale des acides mycoliques oxygénés cis [470,471]. De plus, I'enzyme CmaA2
accompagnée de MmaAl, vont permettre la cyclopropanation proximale des mycolates oxygénés
trans [470,472]. Suite a ces modifications, la chaine méromycolique, mais également la branche o
subissent une activation avant I'étape de condensation a proprement dite (Figure 44). Les acyl-CoAs
Ca4-26 produits par FAS | vont étre carboxylés par le complexe acétyl-CoA carboxylase AccA3-AccE-
AccD4, permettant la synthese de carboxyacyl-CoAs, futurs substrats de la condensation mycolique
[426,433]. En parallele, I'’AMP-ligase d’acides gras FadD32, codée par le géne essentiel Rv3801c chez
M. tuberculosis, catalyse la formation d’acyl-AMPs (ou méromycolyl-AMPs) a partir des acyl-ACPs
modifiés provenant de FAS Il [416,433,473]. Ces produits activés seront ensuite transférés a la
polykétide synthase Pks13 pour |'étape de condensation [474]. Cette enzyme présente cing domaines
essentiels a son activité : ACP N-terminal, ketoacylsynthase, acyltransférase, ACP C-terminal et
thioestérase [416,475] (Figure 44). De plus, I'activité de Pks13 dépend de I'ajout du groupement
phosphopantéthéine par la phosphopantéthényl transférase PptT [444] et va permettre la production
d’a-alkyl B-ketoesters précurseurs des acides mycoliques. De plus, le domaine thioestérase catalyse la
libération des produits de Pks13, puis le domaine acyltransférase transfere ces produits a une molécule
acceptrice de tréhalose, donnant lieu aux précurseurs des TMM [476].

Enfin, suite a cette condensation de Claisen, les précurseurs 3-oxo-mycolates liés au tréhalose sont
réduits par la réductase CmrA codée par le géne Rv2509. Cette enzyme permet la production d’acides
mycoliques matures estérifiés au tréhalose (TMM) et est requise pour la liaison des mycolates a I'AG

[477,478).

2.3.Transport et transfert a la paroi

L'étape finale de la biosynthése des acides mycoliques consiste au transport et au transfert de ces
acides gras a la paroi mycobactérienne. Ces étapes sont conduites grace au transporteur MmplL3 et
aux mycolyltransférases du complexe Ag85 (Ag85 ABC) [469,479].

La protéine essentielle MmplL3 transporte les mycolates sous forme de TMM, leur permettant de
traverser la membrane plasmique et ainsi pouvant étre pris en charge par le complexe Ag85
[273,274,480]. De plus, une étude récente a montré I'existence de deux protéines accessoires
s’associant a MmplL3. La protéine codée par MSMEG_5308 chez M. smegmatis, ou Rvi057 chez
M. tuberculosis, permet de stabiliser le complexe en présence d’un stress, tandis que la protéine TtfA
codée par le gene MSMEG_0736 ou Rv0383c est nécessaire au transport des TMM [481,482].

Le complexe Ag85 est formé de protéines sécrétées capables de lier la fibronectine et catalyse le

transfert de chaines mycoloyls sur une molécule de TMM formant le TDM. Un transfert peut également
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Figure 45 : Schéma de la réaction de réduction du substrat énoyl-ACP en acyl-ACP catalysée

par la protéine InhA
Chollet A, et al. 2018, [483]
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étre conduit sur I’AG donnant lieu au complexe mycolates/AG/PG de la mycomembrane [484,485]. Les
trois protéines du complexe partagent le méme substrat, néanmoins l'activité de I’Ag85C reste

supérieure a celle des deux autres [486].

L’'ensemble de ces étapes nécessaires a la synthése et au transport des acides mycoliques a la paroi
mycobactérienne implique une majorité d’enzymes essentielles. Ce caractére essentiel fait de chacune
de ces enzymes des cibles propices au développement d’inhibiteurs. Ainsi, au cours des années la
plupart des étapes ont pu étre chimiquement inhibées [387] et un regain d’intérét récent voit le jour
envers la découverte de nouveaux composés ciblant cette voie métabolique [487-489]. L’antibiotique
clé de la lutte contre la tuberculose reste depuis plus de 70 ans I'INH, et cette molécule cible la 2-trans-
énoyl ACP réductase InhA prouvant l'intérét de cibler cette protéine chez les mycobactéries, bien

gu’elle soit principalement exploitée chez M. tuberculosis.

3. L’énoyl ACP réductase InhA

3.1.Description et fonction d’InhA

La protéine InhA, codée par le géne Rv1484 chez M. tuberculosis, ou MAB_2722c chez M. abscessus,
est une 2-trans-énoyl-ACP réductase impliquée dans I’élongation des acides mycoliques. Elle fait partie
de la superfamille des « Short chain Dehydrogenase/Reductase » (SDR), et présente une activité
dépendante du cofacteur NADH [490]. En effet, ce dernier apporte un ion hydrure sur le carbone 3 du
groupe trans-2-acyl permettant la réduction de la double liaison conjuguée au groupe carbonyle énoyl-
ACP [456], permettant la formation des acyl-ACPs saturés [455] (Figure 45). InhA s’organise
généralement en tétramére comprenant 8 hélices o (H1 a H8) et 7 feuillets 8 (S1 a S7) et présente le
motif hautement conservé des SDR Tyr-Xe-Lys [483,490]. Le site actif d’InhA pouvant accueillir le
cofacteur et le substrat est représenté par une poche délimitée par les feuillets S4 et S5 d’un c6té, et
par les hélices H6 et H7 de I'autre [483]. Chez M. tuberculosis, la lysine 165, présente sur I'hélice H5, a
le role de stabiliser le cofacteur via des liaisons hydrogenes avec les groupes hydroxyles du
nicotinamide. En effet, son remplacement par un résidu alanine ou méthionine a empéché la liaison
au cofacteur NADH [491]. De plus, la tyrosine 158, présente également sur I’'hélice H5, joue un rdle
essentiel dans I'activité enzymatique d’InhA. Son remplacement par une phénylalanine ou une alanine
fait baisser I'activité catalytique de la protéine, tandis que la mutation Tyr158Ser ne modifie pas son
activité [491]. Ces résultats suggerent que ce résidu tyrosine permet de stabiliser I'état de transition
de l'intermédiaire énolate et non pas d’étre un donneur de protons comme chez d’autres énoyl-

réductases [490]. En outre, le résidu phénylalanine 149, présent sur le feuillet S5, permet de faciliter
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Figure 46 : Mécanisme catalytique de réduction opérée par InhA et représentation des
résidus déterminants dans celui-ci
Adapté de Chollet A, et al. 2018, [483]
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Figure 47 : Structure de différents inhibiteurs indirects d’InhAwrs
A : Isoniazide (INH), B : Ethionamide (ETH), C : Prothionamide (PTH)
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I’orientation du cycle nicotinamide dans le site actif d’InhA en réduisant I'énergie de I’état de transition
et ainsi aider le transfert d’ion H* entre NADH et le substrat énoyl [492]. Enfin, le résidu sérine 123
d’InhA permet, via des liaisons hydrogenes, le positionnement correct d’'une molécule d’eau entre ce
résidu et la lysine 165, dans le but de transférer un proton vers le substrat énolate. L'ensemble des
résidus impliqués dans le mécanisme catalytique de réduction du motif énoyl sont représentés en
Figure 46. Enfin, I'activité de cette énoyl-ACP réductase, a I'instar des autres protéines du complexe
FAS Il, peut étre régulée par la phosphorylation réalisée par différentes sérine/thréonine kinases.
L'ajout post-traductionnel d’un groupement phosphate sur le résidu thréonine 266, ou sa mutation en
aspartate ou glutamate mimant I'effet de la phosphorylation, conduit a I'inhibition de la synthese des
acides mycoliques a travers une perte d’affinité pour le cofacteur NADH [493].

InhA a été identifiée en 1994 comme étant la cible principale de I'INH, encore aujourd’hui un
antituberculeux de premiere intention tres largement utilisé en clinique [296]. L'inactivation de cette
protéine chez M. smegmatis entraine une inhibition de la synthése des acides mycoliques, une
accumulation d’acides gras saturés provenant de FAS| et une modification de la morphologie
entrainant une lyse des bacilles [494]. Ceci démontre le role essentiel de la protéine InhA dans la

biosynthése des acides mycoliques et I'intérét de cibler cette enzyme chez les mycobactéries.

3.2.Inhibiteurs d’InhA

Depuis la découverte de I'activité de I'INH sur cette enzyme, un engouement particulier a vu le jour
autour du développement de nouveaux inhibiteurs d’InhA, une cible de choix trés largement validée
par toute une série d’études combinant génétique, caractérisation biochimique et structurale [487].
Les techniques récentes de criblage a haut débit ont contribué a la découverte de nouvelles familles
de composés possédant une activité inhibitrice de la protéine InhA. Ainsi, nous pouvons classer ces

familles de molécules selon leur inhibition directe, ou indirecte d’InhA.

3.2.1. Inhibiteurs indirects d’'InhA

L'INH et ses analogues structurels tels que I'ETH ou le prothionamide (PTH) (Figure 47) sont les
inhibiteurs indirects majoritaires et présentent des similarités d’action. Ces derniers, nécessitant une
bioactivation préalable pour pouvoir inhiber I'activité d’InhA sont décrits comme des prodrogues.
L'INH requiert une activation par la catalase-péroxidase KatG afin de générer un radical isonicotinoyl
qui va réagir avec NAD" et ainsi former un adduit INH-NAD pouvant bloquer le site actif d’InhA [495-

497] (Figure 48). Bien que de nombreuses mutations soient retrouvées au sein du gene katG codant
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Figure 48 : Mécanisme d’activation et d’action de I'isoniazide chez M. tuberculosis

Chez M. tuberculosis, I'isoniazide (INH) est activé par la catalase-péroxidase KatGurs pour former le
radical isonicotinoyl réagissant avec NAD* pour générer I'adduit INH-NAD capable d’inhiber I'énoyl-
ACP-réductase InhA du complexe FAS-1l, entrainant I'arrét de la synthese d’acides mycoliques et la
mort bactérienne.
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I'activateur ou inhA codant la cible [498], I'INH reste a ce jour I'un des composés les plus efficaces
contre la tuberculose expliquant son maintien dans le régime thérapeutique de premiére ligne, méme
si des optimisations doivent étre entreprises.

En cas de résistance, les analogues thioamides de I'INH sont utilisés en deuxiéme intention. L'ETH
présentant un groupement 2-éthyle pyridine, et la PTH portant un groupement 2-propyl-pyridine
(Figure 47) sont des prodrogues activées par la monooxygénase EthA, elle-méme régulée par le
répresseur transcriptionnel EthR [499,500]. De maniére similaire au mécanisme impliquant I'INH, I'ETH
et le PTH vont former un adduit covalent avec NAD* permettant d’inhiber InhA.

Aux vues de I'émergence de nombreuses mutations affectant les activateurs de ces molécules, ces
dernieres années ont vu le développement en masse de molécules inhibant I’'enzyme InhA de maniére

directe.

3.2.2. Inhibiteurs directs d’InhA

Parmi les nombreux inhibiteurs directs d’InhA décrits, seules les principales classes d’inhibiteurs
présentant une activité antimycobactérienne contre M. tuberculosis et présentant un intérét dans le
repositionnement pour lutter contre les infections a M. abscessus sont décrites ci-dessous.

Le triclosan (TCS), retrouvé dans des produits de soins personnels, est connu pour inhiber la
biosynthése des acides gras chez E. coli ou il cible I’énoyl-ACP réductase Fabl [501]. Ce 5-chloro-2-(2,4-
dichlorophénoxy)phénol (Figure 49) a large spectre présente une certaine efficacité contre les
mycobactéries, et son mode d’action a été mis en évidence par la caractérisation de mutants
résistants, et co-résistants al'INH et 'ETH, chez M. smegmatis et M. tuberculosis portant des mutations
au sein du géne inhA [502,503]. Le TCS se lie préférentiellement au complexe InhA-NAD* dans le but
d’inhiber son activité et étre délétere pour les mycobactéries. Cette molécule contenant deux cycles,
A et B, est en constante optimisation structurelle afin d’améliorer son activité qui reste relativement
modeste. En effet, de nombreux analogues ont vu le jour [504], parmi ceux-ci, certains portent des
groupements plus volumineux tels qu’un triazole, des cycles aromatiques azotés, une chaine carbonée
supérieure ou encore une substitution du groupe phényle, et ont montré des interactions améliorées
avec InhA et des effets antibactériens accrus [505-507].

Le composé naturel connu sous le nom de pyridomycine (Figure 49) est produit par Streptomyces
pyromycetes et Dactylosporangium fulvum et présente une activité bactéricide a faible concentration
contre M. tuberculosis [508]. Ce dernier agit sur la protéine InhA en entrant en compétition avec le
cofacteur NADH au niveau du site de liaison de la protéine, entrainant une perte de synthése des acides

mycoliques et un effet bactéricide [509]. Les inhibiteurs directs d’InhA rentrent généralement en
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Figure 49 : Structure de divers inhibiteurs directs d’'InhAuts
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compétition avec le substrat et non avec le cofacteur, ce qui fait de la pyridomycine une molécule
intéressante de par son mode d’action.

D’autres classes de composés inhibant InhA ont vu le jour a l'instar des pyrrolidines carboxamides
(Figure 49). Ces derniers possedent un cycle phényle (A), un cycle 5-oxopyrrolidine (B) et un cycle
cyclohéxyle (C). Ces composés viennent interagir avec InhA, et une substitution 3-phényle au niveau
du cycle A inhibe fortement I'activité de la protéine de M. tuberculosis [510].

Des dérivés du pyrrole (Figure 49) renfermant des groupements benzamide, pyrazoline, hydrazine,
phénylthiourée, phénoxy ou isoaxole sont également retrouvés. Ces composés présentent une activité
contre M. tuberculosis en interagissant avec InhA via des liaisons hydrogene dans la poche de liaison
hydrophobe, similairement au TCS [511-513]. Le noyau pyrrole apparait comme étant le groupement
crucial dans I'activité inhibitrice contre InhA, en effet son remplacement par un noyau phényle ou
hétéroaryle diminue drastiquement I'activité de cette classe de molécules.

Une liaison réversible d’InhA via I'occupation du site de liaison du substrat a été montré pour des
analogues de méthyl-thiazoles (Figure 49) décrits comme une nouvelle classe de molécules
antimycobactériennes [514]. De plus, des nouveaux inhibiteurs a base de thiadiazole ont été décrits et
inhibent InhA a des concentrations inférieures avec une efficacité antibactérienne améliorée [515].
Ces analogues sont notamment pourvus de propriétés améliorées en termes d’hydrophobicité, de
solubilité, de perméation et de clairance, ce qui représente un atout considérable pour le
développement préclinique et clinique de futurs composés.

Des dérivés d’acétamide ont également vu le jour, plus particulierement des 2-(4-oxoquinazoline-
3(4H)-yl)acétamides identifiés comme des inhibiteurs de I'’énoyl-ACP réductase InhA. Le candidat
inhibiteur principal inhibant la protéine présente un cycle phényle, crucial pour I'inhibition d’InhA et
un groupement chlore entrainant une hydrophobicité accrue importante pour la liaison a I'enzyme de
M. tuberculosis (Figure 49) [516].

Enfin, des nouveaux inhibiteurs ont récemment été découverts par criblage, et notamment la famille
des 4-aminoquinolines [517]. Plus particulierement, le composé 19k (Figure 49) basé sur le ligand
d’InhA préalablement identifié, LABIO-17. Ce composé présente une substitution par un atome de
brome a la place du groupe ester éthylique, et exerce une meilleure activité inhibitrice d’InhA ainsi
gu’une activité antimicrobienne supérieure sur un panel d’isolats de M. tuberculosis [518]. De plus, ce
composé présente une bonne solubilité, une bonne stabilité au pH, ainsi qu’un taux d’élimination

modéré, ce qui en fait une molécule particulierement intéressante.

Ces inhibiteurs directs d’InhA offrent de nombreuses possibilités d’amélioration mais surtout valident
I'intérét de InhA en tant que cible thérapeutique dans le développement de nouveaux composés

antimycobactériens.
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Les régimes thérapeutiques actuels recommandés contre les infections mycobactériennes ne
sont ni adaptés, ni optimaux et ne permettent d’éradiquer I'infection que trés rarement, d’autant plus
dans des cas de comorbidités. Les cas de tuberculose ne diminuent pas a travers le monde, tandis que
I’on assiste a I’émergence des infections causées par des MNT opportunistes telles que M. abscessus
ou encore M. fortuitum. Ce phénomene s’explique notamment par la recrudescence de résistances
aux antibiotiques au travers de la sélection naturelle de mutations ou la mauvaise observance des
traitements. Nous savons, en outre, que les mycobactéries possedent naturellement un trés grand
nombre de mécanismes de résistance incluant de nombreuses protéines capables de neutraliser les
antibiotiques ou leur cible. Ces micro-organismes possedent également une paroi bactérienne
complexe et trés riche en lipides qui forment un véritable bouclier naturel a la plupart des
antimycobactériens.

Les enzymes impliquées dans la synthése de ces mémes lipides sont la cible de plusieurs agents
antituberculeux majeurs et représentent des cibles particulierement intéressantes a exploiter dans le
cadre de nouveaux développement thérapeutiques, notamment chez les MNT contre qui,
paradoxalement aucun antibiotique ne cible cette voie métabolique.

Les enzymes de la biosynthése des acides mycoliques en sont un exemple frappant, a l'instar de la

protéine InhA ciblée par I'INH ou I'ETH dans le traitement de la tuberculose.

C’est dans ce contexte que s’inscrivent mes travaux de thése, qui ont eu pour objectif d’identifier de
nouvelles molécules efficaces vis-a-vis des MNT grace a la mise en pratique des diverses approches

suivantes :

- La modification de molécules efficaces connues afin d’optimiser leurs propriétés intrinseques
et permettre une efficacité antibactérienne accrue,

- La mise en évidence et la validation d’une cible thérapeutique a exploiter chez un pathogéne,

- Lerepositionnement de molécules précédemment démontrées comme étant efficaces sur une

autre espéce mycobactérienne ou un autre pathogene.

La modification de molécules nécessite une collaboration active avec des chimistes synthétisant
de nouveaux composés. Un des objectifs de mes travaux a été de cribler une banque de composés
dérivés d’'INH fournie par I'équipe du Pr Vipan Kumar (Université Guru Navak Dev, Amritsar, Inde)
contre I'espéce M. tuberculosis. Suite a I'identification des meilleurs candidats, la détermination de
leur cible ainsi que des études de type relation structure-activité ont été mises en ceuvre afin d’évaluer

I'intérét de ces analogues structuraux d’INH (Article 1).
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La validation d’une cible thérapeutique et le repositionnement de molécules sont intéressants
dans le cas d’impasse thérapeutique rencontrée par exemple dans le cas des infections a M. abscessus
ou d’autres MNT. Cette problématique a été centrale dans le deuxieme axe de mes travaux de these
dans lequel je me suis focalisé sur I'action du composé NITD-916. Précédemment décrit contre
M. tuberculosis, I'objectif ici a été de démontrer son mode d’action contre M. abscessus a différentes
échelles : tout d’abord via son action in vitro sur les souches de référence ou des isolats cliniques, puis
dans un modele d’infection cellulaire et enfin au sein d’'un modele complexe d’organoides pulmonaires
dérivés de cellules de patients atteints de mucoviscidose. En paralléle, nous avons apporté des
éléments génétiques, biochimiques et structuraux chez M. abscessus pour valider InhA comme la cible

de ce composé chez ce pathogene (Article 2).

La validation de NITD-916 et de sa cible chez M. abscessus nous a naturellement conduit a évaluer
son efficacité thérapeutique contre M. fortuitum, une autre MNT opportuniste émergente. Des
méthodes in vitro et in cellulo similaires a celles réalisées chez M. abscessus accompagnées de
I’évaluation de l'activité de ce composé dans un modeéle d’infection in vivo de poisson zébre, ont
permis de démontrer son efficacité contre ce pathogéne et de confirmer InhA en tant que cible

exploitable (Article 3).

135



Résultats

136






Résultats

138



Résultats

Article 1 : “Designing quinoline-isoniazid hybrids as potent anti-tubercular agents inhibiting mycolic

acid biosynthesis”,

Matthéo Alcaraz *, Bharvi Sharma*, Francoise Roquet-Baneres, Cyril Conde, Thierry Cochard, Franck

Biet, Vipan Kumar, et Laurent Kremer. European Journal of Medicinal Chemistry, 2022, Vol 239, Page
114531. PMID : 357 59907, DOI : 10.1016/j.ejmech.2022.114531.

L'INH est I'antibiotique de premiére ligne dans la lutte contre la tuberculose, il cible I'’énoyl-ACP
réductase InhA, une enzyme essentielle et clé de la biosynthése des acides mycoliques. Cette cible est
validée chez M. tuberculosis depuis de nombreuses années, néanmoins |'utilisation accrue de I'INH
accentue les nombreux échecs thérapeutiques dus a I'émergence de souches résistantes. InhA reste
tout de méme une cible prometteuse a exploiter dans le développement de nouveaux composés
antimycobactériens.

Ces constats nous ont menés a synthétiser divers analogues d’INH, en collaboration avec I'équipe du
Pr Vipan Kumar, afin de pouvoir améliorer les propriétés physicochimiques de I'INH et mettre en
évidence des structures prometteuses a prendre en compte dans le développement de nouveaux
inhibiteurs.

Au sein de ces travaux, nous rapportons la synthese de nouveaux analogues d’INH et leur activité
contre M. tuberculosis. Plus particulierement, les bases de Schiff hybrides d'INH 1H-1,2,3 triazoles liés
a la quinoline (16a-16g) ont présenté une certaine activité bactéricide contre la souche de
M. tuberculosis mc? 6230. Ces molécules, tolérées a hautes concentrations par des cellules humaines
et présentant de bons parameétres ADMET (Absorption, Distribution, Métabolisme, Excrétion,
Toxicité), dépendent de la bioactivation par la catalase péroxidase KatG pour permettre I'inhibition de
la synthése de novo des acides mycoliques via InhA, a I'instar de I'INH.

Dans I’ensemble, ces résultats présentent des hybrides quinoline-INH prometteurs dans la lutte contre

les infections a M. tuberculosis qui nécessitent une évaluation préclinique plus poussée.
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Isoniazid is a cornerstone of modern tuberculosis (TB) therapy and targets the enoyl ACP reductase InhA, a key
enzyme in mycolic acid biosynthesis. InhA is still a promising target for the development of new anti-TB drugs.
Herein, we report the design, synthesis, and anti-tubercular activity of new isoniazid hybrids. Among these, 1H-
1,2,3 triazole-tethered quinoline-isoniazid conjugates 16a to 16g exhibited high activity against Mycobacterium
tuberculosis with minimal inhibitory concentrations in the 0.25-0.50 pg/mL range and were bactericidal in vitro.
Importantly, these compounds were well tolerated at high doses on mammalian cells, leading to high selectivity
indices. The hybrids were dependent on functional KatG production to inhibit mycolic acid biosynthesis.
Moreover, overexpression of InhA in M. tuberculosis resulted in high resistance levels to 16a-16g and reduced
mycolic acid biosynthesis inhibition, similar to isoniazid. Overall, these findings suggest that the synthesized
quinoline-isoniazid hybrids are promising anti-tubercular molecules, which require further pre-clinical

evaluation.

1. Introduction

Mycobacterium tuberculosis (Mtb), the pathogen responsible for the
centuries-old infectious disease tuberculosis (TB), kills over 1.4 million
people worldwide each year [1]. Since the beginning of 2020, the
COVID-19 pandemic has had massive health, social, and economic
consequences. As a result, the pandemic has threatened to reverse
progress toward global TB targets. The WHO reported a 21% decrease in
TB care and facilities since 2019, resulting in an estimated half-million
additional TB-related deaths, slowing the decade-long progress toward
the “End TB Strategy” [2]. The rise in animal-to-human transmission
(zoonotic TB) and the increased risk of survival associated with
co-infections such as HIV impedes the desired TB control [3,4]. More-
over, the emergence of multi-drug resistant (MDR) and extensive-drug
resistant (XDR)-TB strains, prolonged treatment regimens involving a

combination of eight to ten drugs and the possibility of treatment failure
highlight the severity of the situation and provide a strong impetus for
the search for new anti-TB scaffolds [5,6]. Identifying new functional
entities with improved permeability profiles is regarded as an ideal
strategy for combating drug resistance [7-9]. Re-engineering of
pre-existing anti-TB moieties/drugs, on the other hand, is seen as a more
practical and efficient way to generate promising and safe
anti-mycobacterial medications in a much shorter time [10].

Quinoline is an intriguing structural core found in a wide range of
natural compounds, commercially available pharmaceuticals, and clin-
ically approved anti-TB prospects like ciprofloxacin, levofloxacin,
moxifloxacin, and gatifloxacin or bedaquiline (TMC207, Sirturo) (Fig. 1)
[11]. This latter has a diarylquinoline core and was approved by the
US-FDA in 2012 to treat pulmonary MDR-TB after a 40-year wait. This
ATP synthase inhibitor is very effective against both replicating and
non-replicating strains [12]. However, side effects such as
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Abbreviations

ADMET absorption, distribution, metabolism, excretion and
toxicity

INH isoniazid

Mab M. abscessus

MDR multi-drug resistant

Mma M. marinum

Mtb Mycobacterium tuberculosis

RFB rifabutin

SAR structure-activity relationship

SI selectivity index

TB tuberculosis

TLC thin-layer chromatography

XDR extensive-drug resistant

phospholipidosis induction at high concentrations, unexplained deaths,
and deadly heart problems owing to QT interval prolongation limit its
use [13]. The addition of functionalities such as oxadiazole (I) to the
quinoline core has resulted in excellent anti-TB results [14]. Further-
more, the rapid use of hydroxychloroquinoline (HCQ) during the
COVID-19 period has boosted the popularity of the quinoline core,
which further strengthened the therapeutic potential of this moiety in
the pharmaceutical sector.

Type II fatty acid synthase (FAS-II) enoyl-acyl carrier protein (ACP)
reductase (InhA) is a validated target in anti-mycobacterial drug dis-
covery. InhA is involved in synthesizing and elongating fatty acids to
produce mycolic acids, the primary component of the mycobacterial cell
wall [15-17]. The well-known anti-tubercular drug, isoniazid (INH), is
an InhA inhibitor [15]. The catalase-peroxidase (KatG) enzyme oxidizes
INH to an isonicotinoyl radical that forms a covalent adduct
(INH-NAD™) with NADH [18-21]. This adduct inhibits InhA by binding
to its catalytic domain, forming a ternary complex (InhA-isonicoti-
noyl-NADH) [22-24]. Consequently, the bacterial surface wrinkles and
bulges, resulting in deformed and swollen rods that ultimately burst. It
leads to disruption of mycolic acid biosynthesis and bacterial cell death
[17,23]. However, the clinical use of INH in drug-resistant TB is limited
due to mutations in either katG or inhA [25,26]. Further, the low
permeability of INH (logP = —0.70) in Mtb granuloma has indicated its

N
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correlation with the longer duration of treatment [27,28]. In addition,
the mycolic acid outer layer is too hydrophobic to allow drugs to pass
through efficiently, posing a risk of antibiotic deposition at the cell wall.
As a result, chemically modulating INH with a lipophilic core (II) would
enhance its diffusion through the cell envelope while preventing the
generation of inactive metabolites produced after N-acetylation by the
N-acetyl transferase (NAT) prior to KatG activation [29,30]. As a result,
the chances of INH resistance are reduced.

We have previously described the 4-aminoquinoline-isoindoline-
dione-INH triad’s potent anti-mycobacterial activity (III, MIC = 6.0
pM) [31] (Fig. 1). The presence of quinoline and INH was critical for
hybrids to inhibit bacterial growth. Furthermore, we reported the syn-
thesis of isatin-bis-INH hybrids as promising bactericidal compounds
with improved activity against intracellular Mtb compared to INH [32].
Herein, we decided to combine INH and its heterocyclic analogs (nico-
tinic acid hydrazide/pyrazine-2-carbohydrazide) with quinoline, keep-
ing in mind the synergistic effect of lipophilicity for mycobacterial cell
wall permeation (by introducing aryl core) and physicochemical pa-
rameters (by introducing triazole) required for effective drug-like
properties. To develop a robust structure-activity relationship (SAR),
we introduced a variety of linkers and varied the rigidity/flexibility on
the synthesized hybrids. The success of the triazole core in anti-TB drug
discovery is demonstrated by compound I-A09 (IV), which is currently
in clinical studies [33] (Fig. 1). In addition, nicotine- and pyrazine-based
scaffolds were added in this investigation to evaluate their
anti-mycobacterial potential to that of INH. Moreover, genetic and
biochemical studies were also carried out to propose the mode of action
of the most active hybrids by targeting InhA and inhibiting mycolic acid
biosynthesis.

2. Results and discussion
2.1. Chemistry

The synthetic methodology involved the initial synthesis of 7-chlor-
oquinoline based precursors 2, 5, and 7. For the synthesis of 4-azido-7-
chloroquinoline 2, 4,7-dichloroquinoline 1 was heated with NaN3 in
anhydrous DMF. The reaction of 1 with various alcohol amines (etha-
nolamine/propanolamine) produced 3, which was then mesylated and
azidated to form 4a-b [34]. Propargylation of 4-piperazinyl-7-chloro-
quinoline 6 (obtained by reacting 1 with piperazine) in the presence
of potassium carbonate and propargyl bromide afforded

1-A09
mPTPB inhibitor

Current designed prototype

Fig. 1. Design of synthesized hybrids based on anti-mycobacterial drugs/active molecules carrying quinoline core and isoniazid.
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N-propargylated-piperazinyl-quinoline 7 [35] (Scheme 1).

The alkyne precursor 9, was obtained by treating 4-hydroxybenzal-
dehyde/vanillin 8 with propargyl bromide in dry acetone. Cu-
promoted azide-alkyne cycloaddition (CuAAC) between appropriate
azides (2 and 5) and alkyne 9 yielded 12a-b and 13a-d with latent free
aldehydic functionality. 2-azido-benzaldehyde 11 was synthesized by
reacting 2-nitrobenzaldehyde with NaN3 and HMPA (hexamethylphos-
phoramide). Click reaction of 11 with 7 in the presence of CuSO4.5H20
and sodium ascorbate afforded 14 in excellent yield (Scheme 2).

The target hybrids viz. 7-chloroquinoline-isoniazid Schiff bases 16a-
g were synthesized by the condensation reaction of triazolylquinolines
12-14 with INH 15a by heating in a microwave synthesizer (Scheme 3).
The structures to the synthesized hybrids were assigned based on
spectral data and analytical techniques. For instance, hybrid 16g
exhibited a molecular ion peak at m/z 552.1923 [M+1]" in its HRMS
spectrum. In 'H NMR, the presence of singlet at 5 2.75 and 3.16 corre-
sponding to methylene (-CHj) protons of piperazine, singlet at 5§ 3.79
corresponding to methylene (-CH3) proton attached to triazole, singlets
at § 8.19 and 8.51 corresponding to triazole and iminic protons, multi-
plet ranging between § 7.43-7.65 along with doublets at 5 8.64 (J = 4.8
Hz) and 8.69 (J = 3.6 Hz), corresponding to INH (Hb and H?) protons,
together with other required numbers of protons favored the formation
of 16g. In addition, the appearance of characteristic absorption peaks at
6 52.2, 52.7, 52.8, corresponding to methylene, and § 162.3 corre-
sponding to amide carbons of INH in '3C NMR confirmed the assigned
structure.

Further, to compare the anti-mycobacterial activities of 7-chloroqui-
noline-isoniazid, the corresponding INH analogs, namely, nicotinic hy-
drazide 15b and pyrazine-2-carbohydrazide 15¢, were incorporated to
synthesize their complementary 7-chloroquinoline hybrids. The reaction
resulted in the formation of 7-chloroquinoline-nicotinic hydrazones
17a-g and 7-chloroquinoline-pyrazine hydrazones 18a-g, as shown in
Scheme 4.

2.2. Anti-mycobacterial activity and structure-activity relationship

We evaluated the synthesized library of compounds (precursors and
the target hybrids) for their anti-mycobacterial activities against Mtb
mc?6230, M. marinum (Mma) M strain, and M. abscessus (Mab)
CIP1045367 (S and R variants) using INH as a standard drug. The anti-
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concentrations (MIC) are listed in Table 1. As apparent, even at the
highest tested concentration of 200 pg/mL, most precursors, 1H-1,2,3-
triazole tailored quinoline (12-14) with a free aldehydic group, were
inactive on the tested strains. The inclusion of the INH core in these
precursors resulted in hybrids 16a-g with MIC values ranging from 0.25
to 0.50 pg/mL. The MIC value of the hybrid 16a, which has a triazole
ring at the C-4 position of the quinoline core, was 0.25 pg/mL, which is
in the same range as the MIC values reported for isatin-bis-INH conju-
gates [32]. The inclusion of a methoxy substituent at the ortho-position
of the phenyl ring in 16b resulted in decreased anti-mycobacterial ac-
tivity with a MIC of 0.50 pg/mL. The presence of flexible linkers such as
ethyl and propyl on the 4-aminoquinoline ring resulted in hybrids 16¢-f
having anti-mycobacterial activities ranging from 0.25 to 0.50 pg/mL.
Among these hybrids, 16f having a propyl chain as a spacer and an
ortho-anisyl ring proved to be the most potent with a MIC value of 0.25
pg/mL. Compound 16g with a rigid piperazine ring at the C-4 position of
quinoline again showed potent activity (MIC = 0.25 pg/mL). Addi-
tionally, two of the most promising compounds, 16d and 16g, exhibited
MIC values of 50 pg/mL against Mma, two-fold lower potency than INH
(25 pg/mL). The non-tuberculous Mma is closely affiliated to Mtb and is
responsible for TB-like illness in fish, frogs, and humans (upon exposure
of injured skin to aqueous environment infected with the strain) [36].
Mma’s genetic similarity and pathology to human TB, as well as its
improved safety profile for lab workers, make it an ideal surrogate
model for studying Mtb. In addition, these hybrids failed to show any
activity (MIC >200 pg/mL) against smooth or rough variants of Mab
strains in the same manner as INH does (MIC >200 pg/mL).
Pyrazine-2-carbohydrazide and nicotinic hydrazide were included in the
present study to see if the anti-mycobacterial activity is attributable to
hydrophilic  INH. The lack of activity caused by
pyrazine-2-carbohydrazide and nicotinic hydrazide confirmed INH’s
need to achieve good anti-mycobacterial outcomes. Generalized SAR in
the graphical form is sketched in Fig. 2.

To explore the safety, effectiveness, physicochemical characteristics,
and drug-like properties of the most potent hybrids 16a-g, we theoret-
ically calculated ADMET studies (Table S1). Compound 16a showed an
intestinal absorption value of 100%, indicating its high oral bioavail-
ability. Poor diffusion values (LogBB values ranging between —1.45 and
—1.64) for permeating the blood-brain barrier subside the chances of
side effects associated with the central nervous system. In addition, all
the most potent compounds possess the potential to act as P-

mycobacterial activities, expressed as minimum inhibitory
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Scheme 1. Synthesis of quinoline-based precursors 2-7.
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Scheme 4. Synthesis of 1H-1,2,3 triazole-tethered quinoline-nicotinoyl 17a-g and quinoline-pyrazine-2-carbohydrazone 18a-g.

Table 1

MIC" (ng/mL) values determined in either 7H9 broth against M. tuberculosis (Mtb) me?6230 carrying the empty pMV261 and M. marinum (Mma) M strain or in Cation-
adjusted Mueller-Hinton broth (CaMHB) against M. abscessus (Mab) CIP104536" (S and R variants). ND, non-determined.

Entry clogP” Mtb Mma Mab(S) Mab(R) Entry clogP” Mtb Mma Mab(S) Mab(R)
12a 4.12 >200 ND ND ND 17a 4.26 >200 ND ND ND
12b 3.71 >200 ND ND ND 17b 3.85 >200 ND ND ND
13a 3.91 >200 ND ND ND 17c¢ 4.04 >200 ND ND ND
13b 4.18 50 200 >200 >200 17d 4.31 >200 ND ND ND
13c 3.50 >200 ND ND ND 17e 3.63 >200 ND ND ND
13d 3.77 >200 ND ND ND 17f 3.90 >200 ND ND ND
14 3.60 100 >200 >200 >200 17g 3.74 >200 ND ND ND
16a 4.20 0.25 >200 >200 >200 18a 4.03 >200 ND ND ND
16b 3.79 0.5 >200 >200 >200 18b 3.62 >200 ND ND ND
16¢ 3.99 0.5 200 >200 >200 18c 3.81 ND ND ND ND
16d 4.26 0.5 50 >200 >200 18d 4.08 >200 ND ND ND
16e 3.58 0.5 >200 >200 >200 18e 3.40 >200 ND ND ND
16f 3.85 0.25 100 >200 >200 18f 3.67 >200 ND ND ND
16g 3.68 0.25 50 >200 >200 18g 3.51 >200 ND ND ND
INH® 0.05 25 >200 >200 6! 2.23 92

4 MICgg, Minimum inhibitory concentration that inhibits 99% of bacterial growth (pg/mL).

b clogP, lipophilicity parameter calculated from Molinspiration.

¢ INH, isoniazid (reference drug).
4 from reference [37].

glycoprotein I and II inhibitors. The majority of the hybrids showed
resistance to inhibition of most CYP450 isoforms, which increases the
possibility of drug clearance and reduces the risk of drug-drug in-
teractions and other negative side effects. These compounds had high
lipophilicity values, with LogP >3.95, good drug permeability, and
solubilization. There was also an intriguing correlation between lip-
ophilicity (clogP) and anti-mycobacterial activity (MIC). In the case of
14, for example, the addition of a lipophilic aryl moiety to quinoline-
piperazinyl precursor 6 (clogP = 2.23, MIC = 92 pg/mL) resulted in
decreased antimycobacterial activity (clogP = 3.60, MIC = 200 pg/mL).
Except for quinoline-INH derivatives 16a-g, converting free aldehyde to

heterocyclic hydrazones had little effect on lipophilicity and anti-
mycobacterial activity. Interestingly, conversion of precursor 6 (MIC
= 92 pg/mL) to 16g (MIC = 0.25 pg/mL) substantially increased the
antimycobacterial activity by ~370 fold [37]. This could be attributed
to the synergism between INH and the lipophilic aryl core, contributing
to anti-mycobacterial potential and cell permeability.

It is also worth noting that the current framework 16f (MIC = 0.25
pg/mL) with INH coupled via a hydrazone motif has 24 times the anti-TB
activity than INH condensed to 4-aminoquinoline-isoindoline-dione
motif III (Fig. 1, MIC = 6.0 uM). As a result, the improved anti-
mycobacterial effects in the current set of hybrids over the previously
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Fig. 2. Graphical representation of anti-mycobacterial SAR.

reported ones [32,37] highlight the importance of the existing structural
framework in designing effective anti-mycobacterial agents.

2.3. Quinoline-INH conjugates (16a-g) are bactericidal against
M. tuberculosis

We next investigated the bactericidal potency of the quinoline-INH
hybrids (16a-16g) exhibiting low MIC values (0.25-0.50 pg/mL) to-
wards Mtb. Bacterial cultures were individually treated with low con-
centrations of each 16a-16g for 6 days, analogous to their respective
MIC values that resulted in a deduction of kill curves by determining the
colony-forming units (CFU). Exposure of the bacterial cultures to 1x MIC
of the test compounds resulted in a progressive growth decline over
time, likewise INH (Fig. 3A). Increased concentration (5x MIC) of the
test compounds caused a more rapid decrease in bacteria’s growth
during the first 3 days of treatment, whereas an appreciable 2-log
reduction in CFU compared to the inoculum was achieved on day 6
(Fig. 3B). An increase in dose to 20x MIC further improved the killing
activity of the quinoline-INH hybrids (16a-16g) after 6 days of exposure

A

o

to the compounds (~3-log reduction in CFU) but did not show a higher
activity as compared to INH (Fig. 3C). Overall, these results suggest that
hybrids 16a-g exert a bactericidal activity comparable to INH against
replicating Mtb.

2.4. Invitro cytotoxicity against macrophages

Many anti-TB drugs display toxicity toward eukaryotic cells. Herein,
we evaluated the eventual cytotoxic activity of 16a-16g in human THP-
1 macrophages, incubated for 24 or 72 h with increasing concentrations
of each compound. INH and rifabutin (RFB) were used as internal con-
trol drugs. As shown in Fig. 4, most compounds had a little effect on cell
survival after 24 h of exposure, particularly at concentrations <10 pg/
mL (CCsp > 100 pg/mL), except for 16g (CCso = 13 pg/mL). In general,
16a, 16¢, 16d, 16e, 16f showed reduced cytotoxicity compared to RFB
(CCsp = 60 pg/mL) but higher cytotoxicity than INH, which did not alter
cell survival at the highest concentration tested. Similar effects on cell
survival were observed when testing cytotoxicity against Vero cells
(Fig. S1). Further exposure of THP-1 macrophage to the compounds for

C

8 8 85
7 79
£ a 6 I 2 61
5 -unt £ 5
S5 =INH & L o5
2 16a o °
8 ~ 16 D 5 2
= 16c = 4 "
-~ 16d
16e
3 16f 3 33
-~ 16g
2 . Y 2
2 -
6 1 2 3 4 5 6 7 0o 1 2 4 5 6 7 o 1 2 3 4 5 6 71

Days

Days Days

Fig. 3. Growth of M. tuberculosis mc?6230 treated with the 16a-g hybrids. Bacteria grown in 7H9 broth supplemented with 10% OADC, 0.025% tyloxapol and 109
uM pantothenic acid were incubated at 37 °C for 6 days with increasing drug concentrations corresponding to 1x MIC (A), 5x MIC (B), and 20x MIC (C) of each
compound. At different time points, CFU was determined by plating 10-fold dilutions of each culture onto Middlebrook 7H10 agar plates supplemented with 10%
OADC and pantothenic acid. The average of four independent experiments completed in technical triplicates is shown, with error bars representing stan-

dard deviations.
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Fig. 4. Cytotoxicity assay of INH, rifabutin, and 16a-g in THP-1 cells. Cells were differentiated with PMA for 48 h and exposed to increasing concentrations of each
compound (starting at 100 pg/mL) for an additional 24 h (left panel) or 72 h (right panel) at 37 °C with 5% CO.. INH and RFB were included as reference drugs.

Results are the mean of three independent experiments done in triplicates.

72 h (Figs. 4), 16g appeared as the most cytotoxic compound (CCso = 18
pg/mL), followed by 16¢, 16d and 16e (CCsp = 34 pg/mL, 67 pg/mL and
73 pg/mL, respectively). With CCso > 100 pg/mL, 16a, 16b and 16f
display selectivity indices (SI = CCso/MIC) of >200. Overall, these re-
sults indicate that most quinoline-INH hybrids are well tolerated at high
doses on Vero kidney cells and macrophages, leading to high selectivity
indices. The high SI is of particular interest for subsequent medicinal
chemistry improvements to produce related compounds with
augmented activity and biophysical properties, although some of the
molecules already have shown good ADMET and physicochemical
properties predictions.

2.5. Overexpression of InhA increases resistance to the quinoline-INH
hybrids

Increased InhA expression or mutations that result in a decreased
enzymatic affinity for binding to NADH are critical parameters in INH
resistance. The covalent connection between INH and quinoline frag-
ments in structural templates of hybrids 16a-g causes substantial
changes in the parent structure of INH either by imparting lipophilicity
or by protecting the free NHy of INH. Consequently, it remains to be
established whether the new hybrids share the exact mechanism of in-
hibition as INH by targeting InhA or follow a different pathway in the
mechanism of action. The inhA gene of the FAS-II system was cloned
under the control of the strong hsp60 promoter into pMV261 [39], and
the resulting plasmid was introduced into Mtb to explore whether 16a-g
inhibits the enoyl ACP reductase InhA of the FAS-II pathway [38]. The
influence of InhA overexpression determined the MIC of 16a-g on
Middlebrook 7H9 broth and on Middlebrook 7H10 supplemented with
OADC enrichment. Overexpression of inhA mediated high levels of
resistance to each compound (25-fold enhanced MIC on pMV261-inhA)
as compared to the control strain harboring the empty pMV261, similar
to INH (20-fold enhanced MIC), and this was confirmed in both liquid
medium as well as on agar plates (Table 2 and Fig. S2). Together, these
results suggest that both INH and the INH hybrids share a similar mode
of action, implicating the enoyl ACP reductase InhA.

2.6. 16g inhibits de novo synthesis of mycolic acids

We next assessed the mechanisms of action of the quinoline-INH
hybrids by extracting the radioactive lipids from Mtb cultures treated
for 15 h with increasing concentrations of INH (0.01, 0.05 and 0.25 pg/
mL) or 16g (0.05, 0.25 and 1.25 pg/mL) before labeling with 1 pCi/mL
[14C]acetate for an additional 7 h [40]. Mycolic acid methyl esters
(MAMEs) were then separated and analyzed by thin-layer chromatog-
raphy (TLC). Similar to INH, the production of the three mycolic acid

Table 2

MIC (pg/mL) values were determined in 7H9 broth or 7H10 agar supplemented
with 10% OADC and 109 uM pantothenic acid of the most potent analogs against
M. tuberculosis mc26230 overexpressing InhA.

MIC (pg/mL)

7H9 broth 7H10 agar

Compound pMV261 pMV261-inhA pMV261 pMV261-inhA
16a 0.25 >200 0.25 6.25

16b 0.5 50 0.25 12.5

16¢ 0.5 12.5 0.25 6.25

16d 0.5 12.5 0.25 6.25

16e 0.5 25 0.5 12.5

16f 0.25 25 0.25 6.25

16g 0.25 6.25 0.25 6.25

INH 0.05 1 0.05 1

classes (o, methoxy, keto) was altered in a dose-dependent manner
(Fig. 5). Treatment with 1.25 pg/mL 16g abolished mycolic biosyn-
thesis, whereas the production of fatty acid methyl esters (FAMEs)
remained unaffected. This indicates that, like INH, 16g specifically in-
hibits FAS-II but not FAS-I, as expected for InhA inhibition. Notably, the
mycolic acid profile of the recombinant strain carrying pMV261-inhA
remained unaltered in the presence of 1.25 pg/mL 16g (Fig. 5). This
confirms that this strain is refractory to mycolic acid biosynthesis inhi-
bition by 16g, consistent with its high resistance level to 16g. Overall,
these observations are in line with specific inhibition of InhA, similarly
to INH or isatin-bis-INH hybrids [32].

2.7. Strains resistant to 16d, 16f, and 16g are cross-resistant to INH and
mutated in KatG

To assess the mechanism of action of the hybrids and investigate
their functional relatedness with INH, we selected spontaneously resis-
tant strains of Mtb in the presence of 5x MIC or 20x MIC of either 16g
(designated strains Mtb-16gR), 16f (designated Mtb-16f%) or 16d
(designated Mtb-16d®). The resistance frequency to these inhibitors
ranged from 1.16 x 107 % to 7.1 x 1077 (Table 3). Each resistant mutant
was highly cross-resistant to all other inhibitors as well as to INH, as
defined by their very high resistance levels (MIC >200 pg/mL)
(Table S2). That these strains remained susceptible to ethionamide
(ETH), a drug that also targets InhA [15] (Table S2), suggests that mu-
tations do not occur in inhA, which was subsequently confirmed by
sequencing the inhA gene and its promoter region and whole genome
sequencing (data not shown).

Since resistance to INH is mainly driven by mutations in katG [41],
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Fig. 5. Inhibition of mycolic acid biosynthesis by
16g. M. tuberculosis mc?6230 carrying either the
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empty pMV261 or the pMV261-inhA were treated
with increasing concentrations of INH or 16g in 7H9
broth supplemented with 10% OADC, 0.025% tylox-
apol and 109 pM pantothenic acid at 37 °C for 15 h
with agitation. The cultures were labeled with 1 pCi/
ml [**C]acetate at 37 °C for 7 h. Following extraction,
total mycolic acids and fatty acids were derivatized
and equal counts (50, 000 cpm) of the corresponding
methyl esters were loaded onto a TLC plate. *c1-
labeled lipids were separated after 2 runs in hexane/
ethyl acetate (19/1, v/v) and exposed overnight.

UNTIO.Ol 0.05 0.25.0.05 0.25 1.25I UNTIO.Ol 0.05 0.25II 0.05 0.25 1.25I

INH 16g INH

Table 3

Spontaneous mutation frequency conferring resistance to 16g, 16f and 16d in
M. tuberculosis following exposure to 5x or 20x MIC. One resistant colony from
each plate was subjected to whole genome sequence or PCR/sequencing of katG.

Strain Mutation frequency Gene SNP AA change
Mtb-16g5x 1.8x107° katG A1780C F594C
Mtb-16g8ox 7.1x1077 katG 1.557del 186 del
Mtb-168 1.16 x 10° katG A480G W161R
Mtb-16d5 1.52x10°° katG 665_666insC Stop
Mtb-16d50x 5x1077 katG G1484A G495D

this gene was sequenced in each clone selected for resistance on plates
(Table 3). Results indicate that single nucleotide polymorphisms (SNPs)
occurred in katG. The resistor selected in the presence of 5 x MIC 16d
harbored a single nucleotide insertion at position 665, resulting in a
premature stop codon after residue 274. The mutant chosen in the
presence of 20x MIC 16d harbored a G495D amino acid replacement
while those selected with 5x MIC 16f or 16g harbored W161R and
F594C single point mutations, respectively (Table 3). Whole genome
sequencing of mutant Mtb-16g50x revealed a 3.6 kb deletion ranging
from position 2155554 to 2159232, comprising essentially fadB5, IppC,
Rv1910c, furA and part of the katG gene (Fig. S3). In addition, Mtb
strains Mtb-11c®, Mtb-11dR and Mtb-INHR® carrying the G421D, L430P,
and W438Stop mutations in KatG, respectively [32], were growing in
the presence of 1 pg/mL 16a-g, while the parental strain failed to grow
at these concentrations (Fig. S4). Complementation of Mtb-1 lcR,
Mtb-11d®R and Mtb-INHR? by introducing the pSMT3-katG [42] restored
the susceptibility to INH as well as to 16a-g (Table S3).

Overall, this confirms that mutations in KatG are prominent con-
tributors of resistance to the quinoline-INH conjugates. The point mu-
tations, insertions or large deletions reported here are different from
those identified previously with isatin-bis-INH conjugates [32] and are
not frequently detected in clinical strains resistant to INH [25,43]. These
findings imply that the antimicrobial activity of quinoline-INH hybrids
relies on KatG biotransformation, similarly to isatin-bis-INH hybrids
[32].

We anticipate that further functional and structural studies should
confirm the binding of 16a-g to the KatG binding pocket and should help
explain how these mutations affect the binding of quinoline-INH hybrids
and the activity of KatG. However, since these compounds cannot
overcome bioactivation by KatG, it can be inferred that they are prob-
ably less potent against INH-resistant clinical strains carrying mutations
in katG. Although subsequent studies should investigate this point using
a broad panel of clinical isolates resistant to INH, this may represent a
limiting step compared to direct InhA inhibitors [44-48]. From a
mechanistic point of view, these genetic studies indicate that the
quinoline-INH hybrids, similarly to isatin-INH hybrids [32] or to INH,

16g

are pro-drugs that undergo biotransformation by KatG and, upon acti-
vation, are likely to react with NAD to generate the corresponding ad-
ducts, which in turn inhibit InhA activity, ultimately leading to mycolic
acid cessation. That 16a-g appear completely inactive against Mab
(Table 1) is caused by the poor capacity of KatGyap to activate the
compounds, as previously shown for INH [49], further validating the
KatG-dependent requirements of this family of compounds to be active.
Collectively, these results provide strong evidence that quinoline-INH
hybrids and isatin-INH hybrids share the same mode of bioactivation
and action and that the mycolic acid pathway represents the primary
target of these compounds. In addition, despite sharing a quinoline core
with fluoroquinolones or bedaquiline (Fig. 1), which are clinically used
drugs targeting the DNA gyrase [50] or the ATP synthase [51], respec-
tively, the most active quinoline-INH hybrids display another mode of
action. Taken collectively, the comparison of the structures and mode of
action of these families of molecules indicates that bioactivation and
activity of INH-containing hybrids rely mainly on INH rather than on the
other structural elements.

3. Conclusion

INH is one of the most effective first-intent anti-TB drugs and is still
utilized as a scaffold for generating new compounds to fight TB. In this
study, we have synthesized and explored the anti-mycobacterial efficacy
of new quinoline-based heterocyclic hydrazones. Among these,
quinoline-INH hybrids 16a-g appeared to be the most promising ones
with MIC values ranging from 0.25 to 0.50 pg/mL and 50 to >200 pg/
mL against Mtb and Mma, respectively. In contrast, hybrids of quinoline
with nicotinic acid hydrazide and pyrazine-2-carbohydrazide failed to
elicit favorable results. The potent anti-TB INH-based chemical entities
exert high in vitro killing activity against Mtb and displayed low toxicity
against various mammalian cell types. The compounds are pro-drugs
that require KatG activation to inhibit de novo synthesis of mycolic
acids by targeting InhA. Substantially improved (370- and 24-fold) anti-
mycobacterial activity of the current set of hybrids involving an
appropriately arranged quinoline, triazole, and INH exemplifies the
success of the present approach compared to previously reported
quinoline-based hybrids [32,37]. Future studies are requested for the
advancement of these compounds to the next level of in vivo studies.

4. Materials and methods
4.1. Chemistry
4.1.1. General information

The reactions were performed by employing standard protocols and
techniques. Schiff base condensation reactions were carried out on an
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Anton Paar Monowave-50 microwave reactor. Melting points were
recorded using open capillaries and Stuart digital melting-point appa-
ratus (SMP10) and uncorrected. JEOL (400 MHz) and Bruker Avance II
(500 MHz) spectrometers were used to record '"H NMR spectra, and
JEOL (100 MHz) and Bruker Avance II (125 MHz) spectrometers for 3¢
NMR spectra with DMSO-dg as a solvent. The chemical shifts (5) were
expressed in parts per million (ppm) and coupling constants (J values)
were specified in hertz (Hz). Splitting patterns are designated as s:
singlet, d: doublet, t: triplet, m: multiplet, dd: double of the doublet.
Using ESI as the source, mass spectral data were assembled on Bruker
high-resolution mass spectrometer (micrOTOF QII) equipment.

4.1.2. General procedure for the synthesis of conjugates 12-13

K2CO3 (1.2 mmol) was added to a well-stirred solution of 4-hydrox-
ybenzaldehyde/vanillin 8 (1 mmol) in acetone, and the resulting
mixture was stirred for 30 min at room temperature to generate anion.
On addition of propargyl bromide (1 mmol), the reaction mixture was
refluxed for 12 h. After completion of the reaction as monitored by TLC,
KoCO3 was filtered off, and acetone was evaporated under reduced
pressure to yield O-propargylated benzaldehyde/O-propargylated
vanillin 9 in excellent yields. The precursors 9 (1 mmol) and 4-azido-7-
chloroquinoline 2 (1 mmol) were dissolved in EtOH: H5O (8:2) mixture,
and CuS04.5H0 (0.055 mmol) and sodium ascorbate (0.143 mmol)
were added in a catalytic amount. The reaction mixture was stirred for 3
h at room temperature. After TLC monitoring of the reaction, the crude
product was extracted with chloroform and water. The organic layer was
dried with Na;SO4 and concentrated under reduced pressure to yield the
desired hybrids 12a-b. Compounds were purified by recrystallization
using ethyl acetate: hexane (8:2) mixture. The same protocol was
employed for the synthesis of target compounds 13a-d with propargy-
lated precursor 9 and azidoquinolines 5a-b.

4.1.2.1. 4-((1-(7-chloroquinolin-4-yl)-1H-1,2, 3-triazol-4-yl)methoxy)
benzaldehyde (12a). Yield 88%, pale white solid, MP = 194-196 °C, 'H
NMR (500 MHz, DMSO-dg) 6: 5.45 (s, 2H, -OCHy), 7.31 (d, J = 8.4 Hz,
2H, Ar-H), 7.79 (d, J = 9.0 Hz, 1H, Ar-H), 7.85 (d, J = 4.5 Hz, 1H,
Ar-H), 7.91 (d, J = 8.4 Hz, 2H, Ar-H), 7.99 (d, J = 9.1 Hz, 1H, Ar-H),
8.28 (s, 1H, triazole-H), 8.97 (s, 1H, Ar-H), 9.14 (d, J = 4.6 Hz, 1H,
Ar-H), 9.88 (s, 1H, -CHO). '3C NMR (100 MHz, DMSO-dg) &: 61.5,
115.7, 117.6, 120.7, 125.7, 127.5, 128.5, 129.5, 130.4, 132.3, 135.9,
140.7, 143.4, 149.7, 152.8, 163.3, 192.0. HRMS (ESI) calced for
C1oH15CIN4O, [M+1]1" 365.0727, found 365.0745.

4.1.2.2. 4-((1-(7-chloroquinolin-4-yD)-1H-1,2, 3-triazol-4-yl)methoxy)-3-
methoxybenzaldehyde (12b). Yield 84%, pale white solid, MP =
193-195 °C, 'H NMR (400 MHz, DMSO-dg)5: 3.74 (s, 3H, ~OCH3), 5.40
(s, 2H,-OCH,), 6.43 (d, J = 5.4 Hz, 1H, Ar-H), 7.31-7.37 (m, 2H, Ar-H),
7.42 (dd, J = 8.9, 2.0 Hz, 1H, Ar-H), 7.49 (dd, J = 8.5, 1.9 Hz, 1H,
Ar-H), 7.78 (d, J = 1.9 Hz, 1H, Ar-H), 8.25 (d, J = 9.1 Hz, 1H, Ar-H),
8.29 (s, 1H, triazole-H), 8.37 (d, J = 5.2 Hz, 1H, Ar-H), 9.88 (s, 1H,
~CHO). '3C NMR (125 MHz, DMSO-ds) &: 55.9, 61.7, 109.3, 114.6,
115.6, 117.4, 120.7, 122.4, 125.4, 128.3, 129.5, 135.8, 140.6, 143.7,
144.5, 149.6, 152.9, 162.9, 192.1. HRMS (ESI) calcd for CooH;5CIN4O3
[M+1]" 395.0833, found 395.0865.

4.1.2.3. 4-((1-(2-((7-chloroquinolin-4-yl)amino)ethyl)-1H-1,2, 3-triazol-

4-yl)methoxy)benzaldehyde (13a). Yield 84%, pale white solid, MP =
103-107 °C, 'H NMR (400 MHz, DMSO- dg) &: 3.84 (s, 3H, -CH,+NH
(exchangeable with D20)),4.69 (s, 2H, —-CHy), 5.17 (s, 2H, -OCHy), 7.35
(d, J = 8.3 Hz, 2H, Ar-H), 7.81 (d, J = 9.1 Hz, 1H, Ar-H), 7.86 (d, J =
4.3 Hz, 1H, Ar-H), 7.93 (d, J = 8.3 Hz, 2H, Ar-H), 8.01 (d, J = 9.1 Hz,
1H, Ar-H), 8.29 (s, 1H, triazole-H), 8.98 (s, 1H, Ar-H), 9.15 (d, J = 4.4
Hz, 1H, Ar-H), 9.87 (s, 1H, -CHO0).!3C NMR (100 MHz, DMSO-dg)s:
42.7,48.1,61.9,115.7,116.2,124.3,125.1,125.3,125.9, 130.1, 132.3,
132.7, 135.9, 142.2, 152.8, 163.3, 191.8. HRMS (ESI) calced for
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Co1H18CIN5O, [M+1]" 408.1149, found 408.1112.

4.1.2.4. 4-((1-(3-((7-chloroquinolin-4-yl)amino)propyl)-1H-1,2,3-triazol-
4-yDmethoxy)benzaldehyde (13b). Yield 82%, brown semisolid, 'H NMR
(400 MHz, DMSO-dg) 6: 2.18-2.25 (m, 2H, —-CH>), 3.33-3.38 (m, 3H,
—CH, +-NH (exchangeable with D50)), 4.50 (t, J = 6.9 Hz, 2H, —-CH)),
5.20 (s, 2H, -OCHy), 6.57 (s, 1H, Ar-H), 7.17 (d, J = 8.7 Hz, 2H, Ar-H),
7.51 (d, J=9.0 Hz, 1H, Ar-H), 7.82 (d, J = 8.7 Hz, 3H, Ar-H), 8.22 (d, J
= 6.6 Hz, 1H, Ar-H), 8.28 (s, 1H, triazole-H), 8.36 (d, J = 8.5 Hz, 1H,
Ar-H), 9.82 (s, 1H, -CHO). 13¢ NMR (100 MHz, DMSO-dg) 6: 28.7, 40.5,
47.9, 61.9, 115.6, 116.3, 124.3, 125.3, 125.4, 125.8, 130.3, 132.3,
132.5, 135.9, 142.5, 152.7, 163.4, 191.8. HRMS (ESI) calcd for
Ca9H2oCIN505 [M+11" 422.1306, found 422.1364.

4.1.2.5. 4-((1-(2-((7-chloroquinolin-4-yl)amino)ethyl)-1H-1,2,3-triazol-
4-yDmethoxy)-3-methoxybenzaldehyde (13c). Yield 84%, pale white
solid, MP = 203-205 °C, 'H NMR (400 MHz, DMSO-ds) 5:3.32-3.36 (m,
3H, -CH; +-NH (exchangeable with D,0)), 3.76 (s, 3H, -OCH3s), 4.54 (t,
J = 7.1 Hz, 2H, -CHy), 5.24 (s, 2H, -OCHy), 6.45 (d, J = 5.4 Hz, 1H,
Ar-H), 7.29-7.35 (m, 2H, Ar-H), 7.41 (dd, J = 8.7, 2.0 Hz, 1H, Ar-H),
7.51(dd, J=8.5,1.9 Hz, 1H, Ar-H), 7.79 (d, J = 1.9 Hz, 1H, Ar-H), 8.24
(d, J = 9.0 Hz, 1H, Ar-H), 8.30 (s, 1H, triazole-H), 8.36 (d, J = 5.2 Hz,
1H, Ar-H), 9.86 (s, 1H, —CHO).BC NMR (100 MHz, DMSO-dg) 6: 42.8,
48.3, 61.9, 100.1, 110.3, 113.4, 117.5, 124.5, 124.6, 125.7, 126.2,
127.1, 130.5, 134.2, 142.3, 148.6, 149.6, 150.2, 151.7, 153.2, 192.0.
HRMS (ESD) caled for CyoHyoCINsOs [M+117 438.1255, found
438.1205.

4.1.2.6. 4-((1-(3-((7-chloroquinolin-4-yl)amino)propyl)-1H-1,2, 3-triazol-
4-yDmethoxy)-3 methoxybenzaldehyde (13d). Yield 86%, brown semi-
solid, 'H NMR (400 MHz, DMSO-dg) 6: 2.16-2.24 (m, 2H, -CH,-),
3.25-3.30 (m, 3H, -CH»- + -NH (exchangeable with D50)), 3.76 (s, 3H,
—0OCHjy), 4.50 (t, J = 6.9 Hz, 2H, —-CH3), 5.21 (s, 2H, -OCH>), 6.41 (d, J =
5.5 Hz, 1H, Ar-H), 7.33-7.39 (m, 2H, Ar-H), 7.44 (dd, J = 9.0, 2.0 Hz,
1H, Ar-H), 7.51 (dd, J = 8.3, 1.7 Hz, 1H, Ar-H), 7.76 (d, J = 1.9 Hz, 1H,
Ar-H), 8.23 (d, J = 9.0 Hz, 1H, Ar-H), 8.28 (s, 1H, triazole-H), 8.36 (d, J
= 5.0 Hz, 1H, Ar-H), 9.80 (s, 1H, -CHO).!3C NMR (100 MHz,
DMSO-dg)s: 28.9, 47.9, 55.9, 62.2, 99.2, 110.1, 113.0, 117.8, 124.7,
124.8, 125.6, 126.3, 127.3, 130.4, 134.3, 142.5, 148.7, 149.7, 150.8,
151.8, 153.3, 191.9. HRMS (ESD) caled for Cp3HooCINsO3 [M+1]F
452.1411, found 452.1473.

4.1.3. General procedure for the synthesis of conjugates 14

To a well-stirred solution of O-nitrobenzaldehyde 10 (1 mmol) in
HMPA, NaNj3 (2 mmol) was added, and the resulting mixture was heated
at 60 °C for 5-6 h. After completion of the reaction, the reaction mixture
was extracted with ether and ice-cold water. The organic layer was dried
over NaySO4 and concentrated under reduced pressure to afford 11. O-
azido-benzaldehyde 11 and N-propargylated-piperazinylquinoline 7
were dissolved in ethanol:H,0 (8:2) along with subsequent addition of a
catalytic amount of CuSO4.5H20 (0.055 mmol) and sodium ascorbate
(0.143 mmol). The reaction mixture was stirred for 3 h at room tem-
perature. After the reaction as monitored by TLC, the crude product was
extracted with chloroform and water. The organic layer was dried with
NaySO4 and then concentrated under reduced pressure to yield the
desired conjugates 14. Compounds were purified by column chroma-
tography using silica gel (60-120 mesh) and ethyl acetate: hexane (8:3)
mixture.

4.1.3.1. 2-(4-((4-(7-chloroquinolin-4-yl)piperazin-1-yl)methyl)-1H-1,2,3-
triazol-1-yl)benzaldehyde (14). Yield 87%, brown semisolid, 'H NMR
(400 MHz,CDCl3) é: 2.87 (s, 4H, —CHy), 3.25 (s, 4H, -CH>), 3.91 (s, 2H,
—CH»), 6.81 (d, J = 3.3 Hz, 1H, Ar-H), 7.39 (d, J = 8.9 Hz, 1H, Ar-H),
7.53(d, J = 7.9 Hz, 1H, Ar-H), 7.65 (t, J = 7.5 Hz, 1H, Ar-H), 7.75 (td, J
= 7.7, 1.5 Hz,1H, Ar-H), 7.90-8.00 (m, 4H, triazole-H + 3Ar-H), 8.08
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(dd, J=7.7,1.3 Hz, 1H, Ar-H), 9.90 (s, 1H, -CHO). I3CcNMR (100 MHz,
CDCl3) 6: 52.0, 52.9, 53.1, 109.1, 125.0, 125.3, 125.5, 126.3, 128.8,
129.9, 130.2, 130.3, 134.8, 135.0, 145.0, 151.9, 156.9, 188.6. HRMS
(ESI) caled for Co3HaiCINgO [M+1]17" 433.1465, found 433.1412.

4.1.4. General procedure for the synthesis of conjugates 16-18

Conjugates 16a-g were synthesized by subjecting 12-14 (1 mmol)
and INH (1 mmol) to microwave irradiation at 100 °C for 15-20 min in
ethanol as a solvent. 16a-g precipitated out from reaction mixture upon
cooling the mixture, which upon filtration and washing with ether
afforded pure 16a-g in excellent yields. The same protocol was applied
for the synthesis of hybrids 17, 18.

4.1.4.1. (E)-N’-(4-((1-(7-chloroquinolin-4-yl)-1H-1,2,3-triazol-4 yD
methoxy)benzylidene) isonicotinohydrazide (16a). Yield 74%, pale white
solid, MP = 230-232 °C, 'H NMR (500 MHz, DMSO-dg)é: 5.38 (s, 2H,
~OCH,), 7.20 (d, J = 8.4 Hz, 2H, Ar-H), 7.74-7.81 (m, 5H, 2H" +
3Ar-H), 7.83 (d, J = 4.5 Hz, 1H, Ar-H), 7.98 (d, J = 9.1 Hz, 1H, Ar-H),
8.26 (s, 1H, triazole-H), 8.39 (s, 1H, -CH=N), 8.77 (s, 2H, H?), 8.95 (s,
1H, Ar-H), 9.13 (d, J = 4.5 Hz, 1H, Ar-H), 12.02 (s, 1H, -NH
(exchangeable with Dy0)). 13¢ NMR (125 MHz, DMSO-dg) &: 61.3,
115.6, 117.5, 120.7, 122.0, 125.7, 127.4, 128.4, 129.5, 135.9, 140.7,
140.9, 143.8, 149.5, 149.7, 150.7, 152.8, 160.2, 162.1. HRMS (ESI)
caled for CysH1gCIN7O9 [M+111 484.1211, found 484.1256.

4.1.4.2. (E)-N’-(4-((1-(7-chloroquinolin-4-yl)-1H-1,2,3-triazol-4-yl)
methoxy)-3-methoxybenzylidene)isonicotinohydrazide (16b). Yield 73%,
light brown solid, MP = 188-190 °C, H NMR (500 MHz, DMSO-dg)é:
3.81 (s,3H, OCHj3), 5.19 (s, 2H, —-OCHy), 6.72 (d, J = 5.3 Hz, 1H Ar-H),
7.20-7.23 (m, 2H, Ar-H), 7.41 (s, 1H, Ar-H), 7.67 (d, J = 8.3 Hz, 1H,
Ar-H), 7.79-7.85 (m, 4H, 2HP +3Ar-H), 8.29 (s, 1H, triazole-H),
8.39-8.41 (m, 2H, -CH=N+Ar-H), 8.78 (d, J = 5.1 Hz, 2H, HY),
12.01 (s, 1H, -NH (exchangeable with D,0)). 1*C NMR (125 MHz,
DMSO-dg)é: 55.8,61.9,109.3,113.9,117.9,120.4,121.2,122.7, 125.9,
127.5, 127.8, 128.5, 129.4, 135.8, 140.7, 143.2, 144.2, 148.1, 149.7,
150.8,152.7,160.1, 162.9. HRMS (ESI) calcd for CogHaoCIN,O3 [M+1]7"
514.1316, found 514.1372.

4.1.4.3. (E)-N’-(4-((1-(2-((7-chloroquinolin-4-yl)amino)ethyl)-1H-1,2,3-
triazol-4-yDmethoxy)benzylidene)isonicotinohydrazide (16c). Yield 72%,
pale white solid, MP = 196-198 °C, H NMR (500 MHz, DMSO-dg)5:
3.84-3.86 (m, 2H, ~CH,), 4.72 (s, 2H, ~CH,), 5.29 (s, 2H, ~OCH,), 6.95
(s, 1H, -NH (exchangeable with D»0)), 7.25 (d, J = 8.3 Hz, 2H, Ar-H),
7.71-7.79 (m, 5H, 2HP + 3Ar-H), 7.89 (d, J = 4.4 Hz, 1H, Ar-H), 7.98
(d, J=9.1 Hz, 1H, Ar-H), 8.29 (s, 1H, triazole-H), 8.37 (s, 1H, -CH=N),
8.79 (s, 2H, HY), 8.96 (s, 1H, Ar-H), 9.12 (d, J = 4.5 Hz, 1H, Ar-H),
12.01 (s, 1H, -NH (exchangeable with D;0)). 13¢ NMR (125 MHz,
DMSO-dg)s: 42.8, 48.1, 61.7, 115.7, 117.9, 120.8, 121.2, 125.6, 127.3,
128.1, 129.6, 134.9, 140.1, 140.9, 143.7, 149.6, 149.9, 150.3, 152.9,
160.1, 162.4. HRMS (ESI) caled for CoyH23CINgOs [M+117 527.1632,
found 527.1681.

4.1.4.4. (E)-N’-(4-((1-(3-((7-chloroquinolin-4-yl)amino)propyl)-1H-

1,2, 3-triazol-4-yl)methoxy)benzylidene)isonicotinohydrazide (16d). Yield
75%, pale white solid, MP 148-150 °C, 'H NMR (400 MHz,
DMSO-dg)é: 2.17-2.23 (m, 2H, —CH>), 4.49 (t, J = 6.9 Hz, 2H, —CH>),
5.16 (s, 2H, -OCH,), 6.44 (d, J = 5.7 Hz, 1H, Ar-H), 7.09 (d, J = 8.7 Hz,
2H, Ar-H), 7.46 (dd, J = 9.0, 2.1 Hz, 1H, Ar-H), 7.65-7.68 (m, 3H,
Ar-H), 7.76-7.78 (m, 4H, 2HP +2Ar-H), 8.26 (s, 1H, triazole-H),
8.36-8.37 (m, 2H, -CH=N + -NH (exchangeable with D;0)), 8.73 (d,
J = 5.5 Hz, 2H, INH), 11.94 (s, 1H, -NH (exchangeable with D,0)). 3¢
NMR (125 MHz, DMSO-dg)é: 28.6, 47.7,49.3,61.8,115.6,116.4,119.9,
121.4, 125.3, 126.9, 127.2, 128.9, 130.1, 135.1, 140.1, 140.3, 142.9,
148.9, 149.8, 150.2, 152.7, 158.2, 162.2. HRMS (ESI) calcd for
CagHasCINgO, [M+1]" 541.1789, found 541.1724.
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4.1.4.5. (E)-N’-(4-((1-(2-((7-chloroquinolin-4-yl)amino)ethyl)-1H-1,2,3-
triazol-4-yl)methoxy)-3-methoxybenzylidene)isonicotinohydrazide (16e).
Yield 73%, light brown solid, MP = 183-185 °C, 'H NMR (400 MHz,
DMSO-dg)s: 3.24-2.83 (m, 3H, -CH+NH (exchangeable with D30)),
3.81 (s, 3H, -OCH3), 4.71 (s, 2H, —-CH5), 5.17 (s, 2H, -OCH>), 6.78 (d, J
= 5.1 Hz, 1H Ar-H), 7.21 (dd, J = 18.5 Hz, 6.2 Hz, 2H, Ar-H), 7.41 (s,
1H, Ar-H), 7.64 (d, J = 8.4 Hz, 1H, Ar-H), 7.78-7.83 (m, 5H, 2H"
+3Ar-H), 8.27 (s, 1H, triazole-H), 8.38 (s, 1H, -CH—=N), 8.77 (d, J = 5.1
Hz, 2H, H?), 12.01 (s, 1H, -NH (exchangeable with D;0)). 3C NMR
(100 MHz, DMSO-dg)s: 42.6, 48.3, 55.8, 61.9, 109.3, 113.4, 117.9,
120.9, 121.3, 122.7, 125.9, 127.5, 127.9, 129.5, 135.6, 140.7, 143.1,
144.3, 148.2, 149.6, 150.9, 152.7, 160.2, 162.9. HRMS (ESI) calcd for
CasHasCINgO5 [M+1] 557.1738, found 557.1756.

4.1.4.6. (E)-N’-(4-((1-(3-((7-chloroquinolin-4-yl)amino)propyl)-1H-

1,2, 3-triazol-4-y)methoxy)-3-methoxybenzylidene)isonicotinohydrazide
(16f). Yield 71%, pale white solid, MP = 132-134 °C, 'H NMR (400
MHz, DMSO-dg)é: 2.29-2.32 (m, 2H, -CH>), 3.81 (s, 3H, -OCH3), 4.59
(t, J = 6.0 Hz, 2H, -CHy), 5.20 (s, 2H, -OCH>), 6.74 (d, J = 5.0 Hz, 1H,
Ar-H), 7.20-7.23 (m, 2H, Ar-H), 7.45 (s, 1H, Ar-H), 7.65 (d, J = 8.3 Hz,
1H, Ar-H), 7.76-7.81 (m, 5H, 2HP +3Ar-H), 8.29 (s, 1H, triazole-H),
8.37 (s, 1H, -CH=N), 8.78 (d, J = 5.1 Hz, 2H, H%), 12.02 (s, 1H, -NH
(exchangeable with D,0)). 13C NMR (100 MHz, DMSO-de)s: 28.5, 40.9,
47.8,55.5,62.3,109.8,113.7,117.7,120.1, 121.7, 122.4, 125.7, 127.5,
127.9, 128.2, 129.4, 133.2, 140.8, 142.9, 144.1, 148.3, 149.7, 150.8,
152.8, 160.1, 162.4. HRMS (ESI) caled for CogHyyCINgOs [M+11"
571.1895, found 571.1845.

4.1.4.7. (E)-N’-(2-(4-((4-(7-chloroquinolin-4-yl)piperazin-1-yl)methyl)-
1H-1,2,3-triazol-1-yDbenzylidene)isonicotinohydrazide (16g). Yield 76%,
brown semisolid, 1H NMR (400 MHz, DMSO-dg) 8: 2.75 (s, 4H, -CHy),
3.16 (s, 4H, —-CH,), 3.79 (s, 2H, —~CH,), 6.93 (d, J = 4.9 Hz, 1H, Ar-H),
7.43-7.65 (m, 7H, 5Ar-H + 2Hb), 7.92 (d, J = 1.9 Hz, 1H, Ar-H), 7.96
(d, J=9.0 Hz, 1H, Ar-H), 8.19 (s, 1H, triazole-H), 8.51 (s, 1H, -CH—=N),
8.64 (d, J = 4.8 Hz, 1H, HY), 8.69 (d, J = 3.6 Hz, 1H, H*), 8.95 (s, 1H,
Ar-H), 12.13 (s, 1H, -NH (exchangeable with D,0)). 3C NMR (100
MHz, DMSO-dg) 6: 52.2, 52.7, 52.8, 109.1, 121.8, 124.0, 126.2, 126.5,
126.9, 128.5, 129.3, 129.8, 130.6, 131.5, 134.1, 135.2, 143.8, 144.3,
149.1, 150.1, 152.2, 152.7, 156.7, 162.3. HRMS (ESI) calcd for
CaoHa6CINGO [M+1]* 552.1949, found 552.1923.

4.1.4.8. (E)-N’-(4-((1-(7-chloroquinolin-4-yD)-1H-1,2,3-triazol-4-yl)
methoxy)benzylidene)nicotinohydrazide (17a). Yield 76%, pale white
solid, MP = 238-241 °C, 'H NMR (400 MHz, DMSO- dg) 6: 5.16 (s, 2H,
—OCHy), 7.15 (d, J = 7.6Hz, 2H, Ar-H), 7.48-7.61 (m, 4H, 3Ar-H+ Hd),
8.01-8.06 (m, 2H, Ar-H), 8.26 (s, 1H, triazole-H), 8.31-8.36 (m, 3H,
—CH=N +Ar-H), 8.91-9.09 (m, 3H, H’> +H® +H%), 11.97 (s, 1H, -NH
(exchangeable with D,0)). *C NMR (100 MHz, DMSO-dg) &: 61.4,
115.6, 117.6, 120.7, 125.9, 127.5, 127.6, 128.6, 129.5, 129.5, 130.5,
132.3, 135.9, 140.8, 143.8, 144.6, 149.9, 150.0, 152.8, 159.8, 160.2,
163.3. HRMS (ESI) caled for CysH1g8CIN,O4 [M+1]1" 484.1211, found
484.1171.

4.1.4.9. (E)-N’-(4-((1-(7-chloroquinolin-4-yl)-1H-1,2,3-triazol-4-yl)
methoxy)-3-methoxybenzylidene)nicotinohydrazide (17b). Yield 71%,
brown solid, MP = 270-272 °C, TH NMR (400 MHz, DMSO-dg) 6: 3.79 (s,
3H, -OCH3), 5.32 (s, 2H, -OCHy), 7.23-7.27 (m, 2H, Ar-H), 7.36(s, 1H,
Hd), 7.71-7.99 (m, 4H, Ar-H), 8.22-8.35 (m, 4H, triazole-H + CH=N +
2Ar-H), 8.94-9.12 (m, 3H,H* +H° +H®, 11.91 (s, 1H, -NH
(exchangeable with D50)).13C NMR (100 MHz, DMSO-dg) &: 56.2, 62.4,
109.3, 113.9, 121.0, 122.7, 125.7, 126.3, 127.1, 128.0, 138.0, 143.1,
144.0, 144.7, 144.9, 145.4, 148.5, 150.0, 150.3, 150.6, 155.4, 160.0.
HRMS (ESI) caled for CosHooCIN,O3 [M+1]" 514.1316, found
514.1367.
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4.1.4.10. (E)-N’-(4-((1-(2-((7-chloroquinolin-4-yl)amino)ethyl)-1H-

1,2, 3-triazol-4-yl)methoxy)benzylidene)nicotinohydrazide = (17c). Yield
72%, light brown solid, MP = 226-228 °C, 'H NMR (400 MHz,
DMSO-dg)é: 3.82 (s, 3H, -CH+NH (exchangeable with D50)), 4.66 (s,
2H, -CH,-), 5.13 (s, 2H, -OCH,), 7.05 (d, J = 7.6Hz, 2H, Ar-H),
7.50-7.64 (m, 4H, 3Ar-H+ H%), 8.01-8.06 (m, 2H, Ar-H), 8.25-8.36 (m,
5H, triazole-H + —-CH=N + H°+ Ar-H), 8.92-9.01 (m,2H, H?* +HP),
11.97 (s, 1H, -NH (exchangeable with D,0)). 1*C NMR (100 MHz,
DMSO-dg)s: 42.7, 48.2, 61.6, 115.3, 116.2, 123.1, 124.3, 125.2, 125.4,
125.6, 128.6, 129.8, 130.2, 132.4, 132.9, 135.1, 135.4, 135.8, 142.1,
148.9, 151.6, 152.9, 159.8, 160.2. HRMS (ESI) calcd for Co7Hy3CINgO5
[M+1]" 527.1632, found 527.1676.

4.1.4.11. (E)-N’-(4-((1-(3-((7-chloroquinolin-4-yl)amino)propyl)-1H-
1,2, 3-triazol-4-yl)methoxy)benzylidene)nicotinohydrazide = (17d). Yield
70%, pale white solid, MP = 136-138 °C, 'H NMR (400 MHz, DMSO-dg)
§:2.16-2.21 (m, 2H, —~CHy), 4.21 (t, J = 6.8 Hz, 2H,-CH,), 5.17 (s, 2H,
—OCHy), 7.10 (d, J = 7.8 Hz, 2H, Ar-H), 7.52-7.68 (m, 4H, 3Ar-H+ Hd),
8.04-8.08 (m, 2H, Ar-H), 8.29-8.38 (m, 5H, triazole-H + —-CH=N +
H°+ Ar-H), 8.93-9.01 (m, 2H, H* +HP), 12.01 (s, 1H, -NH (exchange-
able with D20)). '3C NMR (100 MHz, DMSO-dg) &: 28.9, 47.9, 49.2,
62.2, 115.8, 116.4, 120.1, 123.4, 124.4, 124.9, 125.1, 125.3, 125.6,
129.8, 132.4, 132.6, 135.1, 135.9, 140.1, 141.9, 142.7, 148.9, 151.9,
152.8, 162.1. HRMS (ESI) caled for CogHasCINgOy [M+1]71 541.1789,
found 541.1721.

4.1.4.12. (E)-N’-(4-((1-(2-((7-chloroquinolin-4-yl)amino)ethyl)-1H-

1,2, 3-triazol-4-yl)methoxy)-3-methoxybenzylidene)nicotinohydrazide
(17e). Yield 72%, light brown solid, MP = 194-196 °C, 'H NMR (400
MHz, DMSO-dg) &: 3.23-2.84 (m, 3H, -CH; +-NH (exchangeable with
D-0)), 3.82 (s, 3H, -OCH3s), 4.74 (s, 2H, —CH3), 5.19 (s, 2H, —OCHy),
7.21-7.26 (m, 2H, Ar-H), 7.41 (s, 1H, Hd), 7.72-8.10 (m, 4H, Ar-H),
8.27 (s, 1H,triazole-H), 8.32 (m, 3H, triazole-H + CH=N + 2Ar-H),
8.94-9.12 (m, 3H, H? +H" +H®), 11.91 (s, 1H, -NH (exchangeable with
DZO)).BC NMR (100 MHz, DMSO-dg) &: 42.6, 47.9, 55.7, 61.9, 100.2,
113.7, 117.8, 123.1, 124.6, 124.8, 125.9, 126.3, 126.4, 127.2, 129.8,
130.4, 134.1, 135.1, 142.6, 148.6, 151.2, 151.7, 152.8, 159.8, 162.1.
HRMS (ESD) caled for CpgHssCINgO3 [M+117 557.1738, found
557.1778.

4.1.4.13. (E)-N’-(4-((1-(3-((7-chloroquinolin-4-yl)amino)propyl)-1H-
1,2, 3-triazol-4-yl)methoxy)-3-methoxybenzylidene)nicotinohydrazide
(17f). Yield 78%, brown semisolid, 'H NMR (400 MHz, DMSO- dg) &:
2.27-2.31 (m, 2H, —-CH>), 3.83 (s, 3H, -OCH3), 4.57 (t, J = 6.0 Hz, 2H,
—CHy), 5.21 (s, 2H, -OCH3), 7.23-7.29 (m, 2H, Ar-H), 7.47 (s, 1H, Hd),
7.73-8.11 (m, 4H, Ar-H), 8.29 (s, 1H, triazole-H), 8.31 (m, 3H, CH=N
+ 2Ar-H), 8.94-9.10 (m, 3H, H* +H" +HY), 11.97 (s, 1H, -NH
(exchangeable with D,0)). 13C NMR (100 MHz, DMSO-de)5: 28.7, 40.9,
47.8,56.0,62.3,109.8,113.2,117.9, 123.4, 124.3,124.9, 125.8, 126.0,
127.1, 127.3, 129.8, 135.1, 135.6, 142.8, 148.7, 148.9, 149.7, 150.7,
151.8,152.3,155.2, 160.2. HRMS (ESI) calcd for CogHa7CINgO3 [M+1]17
571.1895, found 571.1834.

4.1.4.14. (E)-N’-(2-(4-((4-(7-chloroquinolin-4-ylpiperazin-1-yDmethyD)-
1H-1,2,3-triazol-1-yDbenzylidene)nicotinohydrazide (17g). Yield 78%,
brown semisolid, 'H NMR (400 MHz, DMSO-dg)é: 2.76 (s, 4H, —-CH)),
3.14 (s, 4H, -CH>), 3.81 (s, 2H, -CH>), 6.97 (d, J = 5.1Hz, 1H, Ar-H),
7.39-7.60 (m, 6H, 5Ar-H + Hd), 7.78 (m, 1H, Ar-H), 8.30 (s, 1H,
triazole-H), 8.31-8.35 (m, 2H, Ar-H), 8.38 (s, 1H, -CH=N), 8.91-9.09
(m, 3H, H* +H® +H%), 11.98 (s, 1H, -NH (exchangeable with D,0)). 1°C
NMR (100 MHz, DMSO-dg)s: 52.1, 52.6, 52.9, 109.1, 123.4, 124.9,
125.2, 125.7, 126.9, 128.7, 129.1, 129.8, 130.4, 131.2, 134.4, 135.0,
135.2, 138.1, 139.4, 145.2, 148.9, 151.8, 152.4, 156.8, 162.4. HRMS
(ESI) caled for CaoHoCINgO [M+1]" 552.1949, found 552.1921.
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4.1.4.15. (E)-N’-(4-((1-(7-chloroquinolin-4-yl)-1H-1,2, 3-triazol-4-yl)
methoxy)benzylidene)pyrazine-2-carbohydrazide (18a). Yield 75%, pale
white solid, MP = 235-237 °C, 1H NMR (500 MHz, DMSO-dg) 6: 5.41 (s,
2H, -OCHy), 7.23 (d, J = 8.3 Hz, 2H, Ar-H), 7.73 (d, J = 8.2 Hz, 2H,
Ar-H), 7.81 (d, J = 9.0 Hz, 1H, Ar-H), 7.89 (d, J = 4.0 Hz, 1H, Ar-H),
8.02 (d, J = 9.0 Hz, 1H, Ar-H), 8.30 (s, 1H, triazole-H), 8.61 (s, 1H,
—-CH=N), 8.79 (s, 1H, Ar-H), 8.93 (s, 1H, Ar-H), 9.01 (s, 1H, H), 9.17
(d, J = 4.0 Hz, 1H, Hb), 9.27 (s, 1H, H*, 12.19 (s, 1H, -NH
(exchangeable with D50)). 13¢ NMR (125 MHz, DMSO-dg)s: 61.4,
115.7, 117.6, 120.7, 125.8, 127.5, 127.6, 128.6, 129.4, 129.5, 135.8,
143.7, 143.8, 144.5, 145.2, 148.2, 149.8, 150.0, 152.8, 159.8, 160.2.
HRMS (ESI) caled for GCp4H;7CINgO, [M+1]" 485.1163, found
485.1121.

4.1.4.16. (E)-N’-(4-((1-(7-chloroquinolin-4-yl)-1H-1,2,3-triazol-4-yD)
methoxy)-3-methoxybenzylidene)pyrazine-2-carbohydrazide (18b). Yield
72%, brown solid, MP = 249-251 °C, 'H NMR (500 MHz, DMSO-dg)5:
3.82 (s, 3H, -OCHsy), 5.36 (s, 2H, -OCH3), 7.27-7.32 (m, 2H, Ar-H), 7.47
(s, 1H, Ar-H), 7.77-7.84 (m, 2H, Ar-H), 7.98 (d, J = 8.6 Hz, 1H, Ar-H),
8.26 (s, 1H, triazole-H), 8.53 (s, 1H, -CH—=N), 8.78-8.94 (m, 3H, H°
+H® +Ar-H), 9.14 (s, 1H, Ar-H), 9.27 (s, 1H, HY), 12.22 (s, 1H, -NH
(exchangeable with D,0)). '3C NMR (125 MHz, DMSO-dg)s: 55.9, 61.7,
109.2, 113.8, 117.5, 120.7, 122.6, 125.7, 127.6, 127.9, 128.4, 129.5,
135.9, 140.7, 143.7, 144.3, 148.2, 149.7, 149.8, 149.9, 150.5, 152.8,
160.0. HRMS (ESI) caled for CosHioCINgO3 [M+1]11 515.1269, found
515.1213.

4.1.4.17. (E)-N’-(4-((1-(2-((7-chloroquinolin-4-yl)amino)ethyl)-1H-

1,2, 3-triazol-4-y)methoxy)benzylidene)pyrazine-2-carbohydrazide

(18c). Yield 74%, pale white solid, MP = 231-23 °C, 'H NMR (500 MHz,
DMSO-dg)s: 3.85 (d, J = 4.3 Hz, 2H, —CH>), 4.70 (s, 2H, —-CHj), 5.19 (s,
2H, -OCHy), 6.95 (s, 1H, -NH (exchangeable with D;0)), 7.11 (d, J =
8.2 Hz, 2H, Ar-H), 7.51 (d, J = 8.8 Hz, 1H, Ar-H), 7.66-7.79 (m, 4H,
Ar-H), 8.26-8.29 (m, 2H, triazole-H, Ar-H), 8.58 (s, 1H, -CH=N),
8.79-8.93 (m, 3H, HP +H® +Ar-H), 9.27 (s, 1H, H, 12.17 (s, 1H, -NH
(exchangeable with D;0)). 13C NMR (125 MHz, DMSO-de)s: 42.9, 48.3,
61.6, 115.5, 124.7, 125.3, 125.6, 127.4, 129.3, 132.2, 132.7, 134.6,
142.8, 143.0, 143.7, 144.5, 145.2, 148.2, 150.1, 159.7, 160.2. HRMS
(ESI) caled for CogHaoCINgO, [M+1]1" 528.1585, found 528.1543.

4.1.4.18. (E)-N’-(4-((1-(3-((7-chloroquinolin-4-yl)amino)propyl)-1H-
1,2, 3-triazol-4-yl)methoxy)benzylidene)pyrazine-2-carbohydrazide

(18d). Yield 74%, pale white solid, MP = 144-147 °C, 'H NMR (400
MHz, DMSO-dg) §: 2.22 (t, J = 5.5 Hz, 2H, —-CHy), 3.36-3.37 (m, 2H,
—CHy), 4.50 (t, J = 6.7 Hz, 2H, -CHy), 5.15 (s, 2H, -OCHy), 7.08 (d, J =
8.6 Hz, 2H, Ar-H), 7.55 (d, J = 8.9 Hz, 1H, Ar-H), 7.64 (d, J = 8.5 Hz,
3H, Ar-H), 8.27 (s, 1H, triazole-H), 8.29-8.39 (m, 2H, Ar-H), 8.51-8.73
(m, 3H, H*+Ar-H), 8.87 (s, 1H, Hb), 9.21 (s, 1H, H%), 12.13 (s, 1H, -NH
(exchangeable with D,0)). *C NMR (125 MHz, DMSO-dg) 5: 28.7, 40.5,
47.8, 61.6, 115.5, 125.3, 125.5, 125.9, 127.4, 129.4, 129.6, 132.2,
136.0, 142.8, 143.8, 144.4, 145.1, 148.2, 150.1, 152.9, 159.8, 160.2.
HRMS (ESD) caled for CoyHpsCINgOs [M+111 542.1741, found
542.1782.

4.1.4.19. (E)-N’-(4-((1-(2-((7-chloroquinolin-4-yl)amino)ethyl)-1H-

1,2, 3-triazol-4-y)methoxy)-3-methoxybenzylidene)pyrazine-2-carbohy-
drazide (18e). Yield 75%, pale white solid, MP = 234-237 °C, H NMR
(500 MHz, DMSO-dg)é: 3.23-3.29 (m, 3H, -CH» +-NH (exchangeable
with D,0)), 3.81 (s, 3H, ~OCH3), 4.73 (s, 2H, —~CHy), 5.18 (s, 2H,
—OCHy), 6.81 (d, J = 5.1 Hz, 1H, Ar-H), 7.24 (dd, J = 18.4, 6.5 Hz, 2H,
Ar-H), 7.39 (s, 1H, Ar-H), 7.71 (d, J = 8.5 Hz, 1H, Ar-H), 8.21 (s, 1H,
Ar-H), 8.35 (s, 1H, triazole-H), 8.51 (s, 1H, -CH=N), 8.54 (d, J = 8.6
Hz, 1H, Ar-H), 8.79-8.86 (m, 3H, H® +H® +Ar-H), 9.27 (s, 1H, HY),
12.19 (s, 1H, NH (exchangeable with D50)). 13¢ NMR (125 MHz,
DMSO-dg)s: 42.9, 48.3, 55.8, 61.6, 109.2, 113.8, 122.3, 125.3, 126.0,
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126.9, 127.4, 137.8, 142.9, 143.7, 144.3, 145.1, 148.5, 149.8, 150.1,
150.3, 155.9, 160.1. HRMS (ESI) caled for CoyHp4CINgO3 [M+117
558.1691, found 558.1635.

4.1.4.20. (E)-N’-(4-((1-(3-((7-chloroquinolin-4-yl)amino)propyl)-1H-
1,2, 3-triazol-4-yl)methoxy)-3-methoxybenzylidene)pyrazine-2-carbohy-
drazide (18f). Yield 76%, pale white solid, MP = 146-148 °C, 'H NMR
(500 MHz, DMSO-dg) &: 2.28-2.30 (m, 2H, —-CH,), 3.52-3.54 (m, 3H,
—CHy+-NH (exchangeable with D;0)), 3.82 (s, 3H, -OCH3), 4.57 (t, J =
5.9 Hz, 2H, —-CH,), 5.18 (s, 2H, -OCH>), 6.78 (d, J = 5.2 Hz, 1H, Ar-H),
7.22 (dd, J = 18.0, 8.0 Hz, 2H, Ar-H), 7.37 (s, 1H, Ar-H), 7.73 (d, J =
8.6 Hz, 1H, Ar-H), 8.00 (s, 1H, Ar-H), 8.34 (s, 1H, triazole-H), 8.55 (s,
1H, -CH—=N), 8.59 (d, J = 8.8 Hz, 1H, Ar-H), 8.79-8.93 (m, 3H, HP +H¢
+Ar-H), 9.26 (s, 1H, H%), 12.18 (s, 1H, -NH (exchangeable with D50)).
13C NMR (125 MHz, DMSO-ds)s: 28.6, 40.8, 47.7, 55.9, 62.1, 109.1,
113.6, 122.4, 125.5, 126.0, 126.9, 127.7, 137.7, 142.8, 143.8, 144.5,
145.2, 148.2, 149.7, 150.0, 150.3, 155.1, 159.8. HRMS (ESI) calcd for
CasHasCINgO5 [M+1]" 572.1847, found 572.1872.

4.1.4.21. (E)-N’-(2-(4-((4-(7-chloroquinolin-4-yDpiperazin-1-yDmethyl)-
1H-1,2,3-triazol-1-yDbenzylidene)pyrazine-2-carbohydrazide (18g). Yield
73%, brown semisolid, 1H NMR (400 MHz, DMSO-dg) &: 2.76 (s, 4H,
—CHy), 3.16 (s, 4H, —CH5>), 3.80 (s, 2H, —-CH>), 6.93 (d, J = 5.0 Hz, 1H,
Ar-H), 7.47 (dd, J = 9.0 Hz, 2.0 Hz, 1H, Ar-H), 7.55-7.64 (m, 3H,
Ar-H), 7.91 (d, J = 1.7 Hz, 1H, Ar-H), 7.96 (d, J = 9.0 Hz, 1H, Ar-H),
8.16-8.18 (m, 1H, Ar-H), 8.41 (s, 1H, triazole-H), 8.49 (s, 1H, -CH—=N),
8.64 (s, 2H, H+Ar-H), 8.82 (d, J = 2.2 Hz, 1H, H), 9.19 (s, 1H, HY),
12.47 (s, 1H, -NH (exchangeable with D,0)). 1*C NMR (100 MHz,
DMSO-dg)s: 52.1, 52.7, 52.9, 109.2, 121.9, 124.3, 126.1, 126.6, 126.8,
128.6, 129.8, 130.7, 131.6, 134.2, 135.3, 137.7, 143.9, 144.2, 149.4,
150.2, 152.3, 152.8, 156.9, 162.1. HRMS (ESI) calcd for CagH25CIN19O
[M+1]" 553.1901, found 553.1934.

4.2. Strains, plasmids, and culture conditions

The pantothenate-auxotrophic Mth mc?6230 strain [52] was grown
in  Middlebrook 7H9  broth  supplemented with  10%
oleic-albumin-dextrose-catalase enrichment (OADC), 0.025% tyloxapol
and 109 pM pantothenic acid or Middlebrook 7H10 agar supplemented
with OADC and with 109 pM pantothenic acid at 37 °C without agita-
tion. Recombinant strains carrying pMV261-inhA [39] were grown in a
7H9 broth medium containing 25 pg/mL kanamycin or on Middlebrook
7H10 agar supplemented with 10% OADC containing 25 pg/mL kana-
mycin at 37 °C for either 2 weeks. M ma M strain [53] and Mab
CIP104536" [54] were grown in 7H9 broth supplemented with OADC
enrichment and 0.025% tyloxapol.

4.3. Drug susceptibility testing

MIC was defined as the lowest concentration of compound inhibiting
99% of bacterial growth, at which no change in turbidity was observed
and performed in 7H9 broth supplemented with 10% OADC, 0.025%
tyloxapol at 37 °C (for Mtb) and 30 °C (for Mma) without agitation and in
CaMHB for Mab, according to the CLSI guidelines [55]. For Mtb
me?6230, 109 M pantothenic acid was added to all experiments. MIC
determination was done using the broth dilution method. Briefly, a
log-phase (ODggp ~ 1) culture was diluted to an ODggp = 0.05 (Mtb) in
7H9 medium or with an inoculum containing 5.10% CFU/mL (Mma and
Mab) and deposited in 96-well plates. Compounds were then directly
added (in general 4 pL/well of a 10 mg/mL stock solution) to the
first-row wells. Serial 2-fold dilutions were then completed starting from
the first row. Plates were wrapped in parafilm and were then placed in a
37 °C incubator and observed after 7 days for Mtb or at 30 °C and
observed after 6 days for Mma and 4 days for Mab. Control wells
included DMSO as vehicle control, in which bacterial growth was not
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inhibited (as for untreated wells). INH was included as a reference drug.
4.4. Kill kinetics

Kill kinetic experiments were completed as previously described [56,
571. Briefly, Mtb mc?6230 was grown to log-phase (ODggp ~ 1), diluted
to an ODggpp = 0.05 and deposited into all wells of a 96-well microtiter
plate. Increasing concentrations of compounds 16a-g and INH (positive
control) were added to each well corresponding to 1x, 5x, and 20x the
respective MIC values. DMSO was included as a negative control and
was added to the respective wells at the highest volume used in the
experiment. Plates were sealed with parafilm and left to incubate at
37 °C until required. At the designated time points, 20 pL of each
required well was serially diluted in sterile PBS and plated on 7H10 agar
medium supplemented with 10% OADC and 109 pM pantothenic acid.
Plates were incubated at 37 °C for 3 weeks until visible colonies formed
and were enumerated by visual inspection.

4.5. Cell culture and cytotoxicity assay

Vero kidney epithelial cells (ATCC® CCL-81) and human THP-1
monocytes were cultured in RPMI 1640 (Life Technologies) supple-
mented with 10% foetal calf serum (Sigma-Aldrich) and incubated at
37 °C with 5% CO;. Once the desired confluency was achieved, cells
were detached from the flask surface using trypsin (ThermoFisher)
before adding 4 mL of culture medium and enumerated in a Malassez
counting chamber. Cell density was adjusted to 2 x 10* cells/well in a
96-well microtiter plate and left to adhere overnight at 37 °C with 5%
CO2. Monocytes were differentiated into macrophages in the presence of
20 ng/mL Phorbol Myristate Acetate (PMA) in a 96-well flat-bottom
tissue culture plate (1 x 10° cells/well) and incubated for 48 h at
37 °C with 5% COa. Serial dilutions of the test compounds (ranging from
100 pg/mL to 0.78 pg/mL) were added to the cells, which were further
incubated at 37 °C with 5% CO,, for 24 h or 72 h after which 10% (vol/
vol) resazurin dye was added to each well and left to incubate for 4 h at
37 °C with 5% CO,. INH and RFB were included as reference drugs. Data
were acquired using a fluorescent plate reader (excitation 540 nm,
emission 590 nm).

4.6. Generation of spontaneous mutants and genotyping

Spontaneous Mtb mutants resistant to compounds 16d, 16g, and 16f
were selected by diluting and plating mid-log phase cultures at ~1 x
10® CFU/mL on 7H10 agar medium supplemented with OADC, pan-
tothenic acid, and 5x or 20x the respective MIC of the compounds. The
frequency of spontaneous resistant mutants was enumerated by visual
inspection of the colonies. One individual colony growing on each
compound was picked was subsequently grown in 7H9 medium sup-
plemented with OADC, tyloxapol and pantothenic acid. The degree of
resistance (and cross-resistance) to compounds 16d, 16g, and 16f and
INH was evaluated by MIC determination. The katG gene in the various
resistant mutants was PCR amplified using Q5 high fidelity polymerase
(NEB), and the resulting products were purified using a PCR clean-up
system (Macherey-Nagel) prior to sequencing using the specific oligo-
nucleotides: 5'-cggtcttgcggggttatcge-3’; 5'-gaagctctcatgggeggace-3; 5'-
cctetegetgegggtggate-3' and 5'-aactacctcggaaagggcaace-3’.

4.7. Whole-genome sequencing

DNA was extracted using NucleoBond AXG 100 DNA kit (Macherey-
Nagel, Germany) according to the manufacturer’s instructions. DNA was
quantified using Qubit™ dsDNA BR Assay Kit and Qubit™ 4 fluorometer
(Invitrogen, Thermo Fischer Scientific). Library preparation and Illu-
mina sequencing was performed by Novogene (Cambridge, UK) on
[lluminaNovaSeq platform (2x150bp). The short-read data were first
trimmed using fastp v0.23.2 [58], based on a Phred scale base quality
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threshold of Q30 and removing reads of less than 21 bp. Kraken2
v2.0.9-beta [59] with the bacteria database was used to perform taxo-
nomic identification at the read level in order to check for potential
contamination. All reads assigned to the Mycobacteriaceae family were
extracted and then assembled using SPAdes v3.15.3 [60] with the
“—careful” option. Reads were mapped to H37Rv reference genome
using Burrow-Wheeler Aligner (BWA) mem (v0.7.17-r1188) (http://arxi
v.org/abs/1303.3997).

4.8. Fatty acid and mycolic acid analysis

To appreciate the drug-induced changes in the lipid profile, Mtb
mc?6230 cultures were exposed to increasing drug concentrations of
INH or 16g for 15 h prior to metabolic labeling in the presence of 1 pCi/
mL of [2-'*C]acetate (59 mCi/mmol, PerkinElmer) for an additional 7 h
at 37 °C. Extraction of total mycolic acids was carried out as previously
reported [61]. Briefly, cell pellets were washed and treated with 15%
tetrabutylammonium hydroxide (TBAH) at 100 °C overnight. Fatty acids
and mycolic acids were methyl-esterified and extracted in diethyl ether.
Extracts were dried and resuspended in dichloromethane for application
to a silica-coated plate. Fatty acid methyl esters (FAMEs) and mycolic
acid methyl esters (MAMEs) were developed twice on normal phase TLC
in hexane/ethyl acetate (19/1, v/v). The [14C] -labeled FAME and
MAME contents were analyzed using an Amersham Typhoon imaging
system.

4.9. Statistical analyses

Statistical analyses were performed on Prism 5.0 (Graphpad) and
detailed for each figure legend. *p < 0.05; **p < 0.01; ***p < 0.001.
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Table S1. ADMET properties of the most active molecules.

Properties Predicted values

Compound | 16a | 16b | 16c | 16d | 16e | 16f | 16¢g
Absorption

Water solubility (log | -3.604 | -3.179 |-3.565 | -3.798 | -3.624 | -3.844 | -3.662
mol/L)

Caco2 permeability log | 0.637 0.952 | 1.386 | 1.431 1.163 | 1.135 | 0.599
Papp in 10 cm/s

Intestinal absorption | 100 95.172 | 93.496 | 94.35 88.027 | 88.932 | 89.692
(human) (%)

Skin Permeability log Kp | -2.735 | -2.735 |-2.737 | -2.737 | -2.736 | -2.736 | -2.734
P-glycoprotein substrate | Yes No Yes Yes Yes Yes Yes
P-glycoprotein I inhibitor | Yes Yes Yes Yes Yes Yes Yes
P-glycoprotein IT'| Yes Yes Yes Yes Yes Yes Yes
inhibitor

Distribution

VDss (Log L/Kg) 0.517 0.174 10.339 |0.377 0.356 | 0.391 | 0.699
Fraction unbound Human | 0.132 0.197 |0 0 0.003 |0 0.115
BBB permeability -1.494 | -1.679 |-1.54 |-1.555 |-1.648 | -1.656 | -1.457
CNS permeability -3.085 | -3.776 |-3.316 | -3.259 |-3.492 | -3.442 | -2.393
Metabolism

CYP2D6 substrate No No No No No No No
CYP3A4 substrate Yes Yes Yes Yes Yes Yes Yes
CYPI1A2 inhibitior No No No No No No No
CYP2C19 inhibitior Yes No Yes Yes Yes Yes No
CYP2C9 inhibitior Yes Yes Yes Yes Yes Yes Yes
CYP2D6 inhibitior No No No No No No No
CYP3A4 inhibitior Yes Yes Yes Yes Yes Yes Yes
Excretion

Total Clearance (log |-0.141 |0.049 |-0.098 | -0.218 | 0.099 |-0.019 |0.35
ml/min/kg)

Renal OCT2 substrate No No No No No No Yes
Toxicity

Oral Rat Acute 2.826 0.546 |2.893 | 2.898 2918 |2.89 3.239
TOXiCity (LD50)

(mol/kg)

Hepatotoxicity Yes Yes Yes Yes Yes Yes Yes
Skin Sensitisation No No No No No No No

T. pyriformis toxicity 0.285 0.285 ]0.286 | 0.286 0.285 | 0.285 |0.286
(Log pg/L)

Minnow toxicity -1.104 | -1.827 | 1.979 | 0.793 1.132 | -0.381 | 1.01
(log mM)

LogP 4.2068 | 4.2154 | 4.3297 | 4.7198 | 4.3383 | 4.7284 | 3.95
TPSA (in °A?) 107.18 | 116.41 | 116.41 | 119.21 | 128.44 | 128.44 | 104.43
Num of HBA/HBD 7 8 8 4.5 4 4 9
Molar refractivity 131.61 | 138.10 | 138.10 | 149.98 | 151.66 | 156.47 | 161.38




Table S2. MIC (pug/mL) values of quinoline-INH compounds determined in 7H9 broth
supplemented with OADC against M. tuberculosis mc*6230 katG mutants. INH and ETH were
included as control drugs.

Cpd | WT | Mtb-16gR0« | Mtb-16gRs, Mtb-16fRs, Mtb-16dRs« | Mtb-16dR;0x
16a | 0.25 >200 200 >200 >200 >200
16b | 0.5 >200 200 200 200 >200
16¢ | 0.5 >200 100 200 100 200
16d | 0.5 200 50 50 50 200
16e | 0.5 >200 200 200 200 >200
16f | 0.25 >200 100 200 100 200
16g | 0.25 >200 10 50 200 200

INH | 0.05 >2 >2 >2 >2 >2

ETH | 1.56 1.56 1.56 1.56 1.56 1.56




Table S3. Drug susceptibility profiles of M. tuberculosis mc*6230 mutants carrying the G421D (Mtb-
11c?), L430P (Mtb-11dR) and W438Stop (Mtb-INHR?*) mutations in KatG and the corresponding
strains complemented with pSMT3-katG towards compounds 16a-16g. INH was included as a
positive control. MIC (ug/mL) values were determined in 7H9 broth supplemented with OADC.

Cpd myggso DGINHESS (EMOELICERS EMGRLI S (phslﬁf%lsl\fgfc) (psﬁl;-slj::(;) (pgil\’il’;:;-lk(cl;G)
16a 0.25 200 200 >200 0.5 1 1

16b 0.5 >200 >200 >200 0.5 1 1

16c¢ 0.5 200 200 200 0.5 0.5 0.5
16d 0.5 200 200 100 0.5 1 1

16e 0.5 >200 >200 200 0.5 1 1

16f 0.25 >200 >200 200 0.5 1 1

16g 0.25 200 >200 100 0.5 1 0.5
INH 0.05 >2 >2 >2 0.05 0.1 0.05




Figure S1. Cytotoxicity assay of INH and 16a-16g in Vero cells. Cells were exposed to
increasing concentration of each compound for 24 hrs at 37°C with 5% CO,. Results are

representative of three independent experiments done in duplicate.
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Figure S2. Drug susceptibility profiles of M. tuberculosis mc*6230 carrying either pMV261 or
pMV261-inhA towards compounds 16a-16g. INH was included as a positive control. Two
microliters of 10-fold serially diluted bacterial suspensions of exponentially growing cultures
were spotted on Middlebrook 7H10 plates supplemented with OADC enrichment and
pantothenate in the presence of increasing concentrations of compounds (pg/mL). Plates were
incubated at 37 °C for 20 days.

pMV261_inhA

S

pMV261 pMV261_inhA

0.00625 0.0125 0.025 - 0.0125 0.025




Figure S3. Deletion within the katG locus in the M. tuberculosis mc?6230 16gR20x mutant
strain. Schematic representation of deleted genes in the 3679 bp region detected by WGS. The top
line shows the gene organization in the parental strain mc?6230. The bottom line shows the gene
organization in 16g%0x and the consequence of the gene deletion affecting multiple genes
including katG and RvI913 reduced as pseudogene (black hatched box). Red cross-links indicate
regions with shared homologies. Coordinates were extracted from the H37Rv reference genome
(RefSeq accession: NC_000962.3). The deletion spans the first 558 bp of katG, furd, Rvi910c,
IppC, fadB5 as well as the first 42 bp of Rvi913.
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Figure S4. Drug susceptibility phenotypes of M. tuberculosis mc?6230 mutants carrying the
G421D (Mtb-11c®), L430P (Mtb-11d®) and W438Stop (Mtb-INH??) mutations in KatG. Strains
of exponentially growing cultures were streaked on Middlebrook 7H10 supplemented with
OADC enrichment and pantothenate and containing 0.05 ng/mL INH or 1 pg/mL of compounds
16a to 16g. Plates were incubated at 37°C for two weeks.

ﬁ Mtb-llcR
Mtb-INH| Mtb-11d"

16a 1ug/ml

INH 0.05ug/ml

16d 1ug/ml




Figure S5. '"H NMR of 4-((1-(7-chloroquinolin-4-yl)-1H-1,2,3-triazol-4-

yl)methoxy)benzaldehyde (12a)
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Figure S6. °C NMR of 4-((1-(7-chloroquinolin-4-yl)-1H-1,2,3-triazol-4-
yl)methoxy)benzaldehyde (12a)
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Figure S7. 'H NMR of 4-((1-(3-((7-chloroquinolin-4-yl)amino)propyl)-1H-1,2,3-triazol-4

yl)methoxy)benzaldehyde (13b)
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Figure S8. 1°C NMR of 4-((1-(3-((7-chloroquinolin-4-yl)amino)propyl)-1H-1,2,3-triazol-4
yl)methoxy)benzaldehyde (13b)
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Figure S9. DEPT-135 of 4-((1-(3-((7-chloroquinolin-4-yl)amino)propyl)-1H-1,2,3-triazol-4
yl)methoxy)benzaldehyde (13b)
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Figure S10. '"H NMR of 4-((1-(3-((7-chloroquinolin-4-yl)amino)propyl)-1H-1,2,3-triazol-4-

yl)methoxy)-3-methoxybenzaldehyde (13d)
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Figure S11. *C NMR of 4-((1-(3-((7-chloroquinolin-4-yl)amino)propyl)-14-1,2,3-triazol-4-

yl)methoxy)-3-methoxybenzaldehyde (13d)
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Figure S12. '"H NMR of 2-(4-((4-(7-chloroquinolin-4-yl)piperazin-1-yl)methyl)-1H-1,2,3-

triazol-1-yl)benzaldehyde (14)
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Figure S13. >*C NMR of 2-(4-((4-(7-chloroquinolin-4-yl)piperazin-1-yl)methyl)-1H-1,2,3-

triazol-1-yl)benzaldehyde (14)
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Figure S14. '"H NMR of (E)-N'-(4-((1-(7-chloroquinolin-4-yl)-1H-1,2,3-triazol-4-

yl)methoxy)benzylidene)isonicotinohydrazide (16a)
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Figure S15. *C NMR of (E)-N'-(4-((1-(7-chloroquinolin-4-yl)-1H-1,2,3-triazol-4-
yl)methoxy)benzylidene)isonicotinohydrazide (16a)
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Figure S17. 1 C NMR of (E)-N'-(2-(4-((4-(7-chloroquinolin-4-yl)piperazin-1-yl)methyl)-1H-

1,2,3-triazol-1-yl)benzylidene)isonicotinohydrazide (16g)
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Figure S18. '"H NMR of (E)-N'-(4-((1-(7-chloroquinolin-4-yl)-1H-1,2,3-triazol-4-
yl)methoxy)-3-methoxybenzylidene)nicotinohydrazide (17b)
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Figure S19. °C NMR of (E)-N'-(4-((1-(7-chloroquinolin-4-yl)-1H-1,2,3-triazol-4-

yl)methoxy)-3-methoxybenzylidene)nicotinohydrazide (17b)
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Figure S20. "H NMR of (E)-N'-(4-((1-(7-chloroquinolin-4-yl)-1H-1,2,3-triazol-4-
yl)methoxy)benzylidene)pyrazine-2-carbohydrazide (18a)
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Figure S21. 1 C NMR of (E)-N'-(4-((1-(7-chloroquinolin-4-yl)-1H-1,2,3-triazol-4-

yl)methoxy)benzylidene)pyrazine-2-carbohydrazide (18a)
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Figure S22. '"H NMR of (E)-N'-(4-((1-(7-chloroquinolin-4-yl)-1H-1,2,3-triazol-4-
yl)methoxy)-3-methoxybenzylidene)pyrazine-2-carbohydrazide (18b)
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Figure S23. 3C NMR of (E)-N'-(4-((1-(7-chloroquinolin-4-yl)-1H-1,2,3-triazol-4-
yl)methoxy)-3-methoxybenzylidene)pyrazine-2-carbohydrazide (18b)
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Figure S24. '"H NMR of (E)-N'-(4-((1-(2-((7-chloroquinolin-4-yl)amino)ethyl)-1H-1,2,3-
triazol-4-yl)methoxy)benzylidene)pyrazine-2-carbohydrazide (18c)
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Figure S25. *C NMR of (E)-N'-(4-((1-(2-((7-chloroquinolin-4-yl)amino)ethyl)-1H-1,2,3-
triazol-4-yl)methoxy)benzylidene)pyrazine-2-carbohydrazide (18c)
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Figure S26. 'H NMR of (E)-N'-(4-((1-(3-((7-chloroquinolin-4-yl)amino)propyl)-1H-1,2,3-

triazol-4-yl)methoxy)benzylidene)pyrazine-2-carbohydrazide (18d)
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Figure S27. 3C NMR of (E)-N'-(4-((1-(3-((7-chloroquinolin-4-yl)amino)propyl)-1H-1,2,3-

triazol-4-yl)methoxy)benzylidene)pyrazine-2-carbohydrazide (18d)
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Figure S29. '"H NMR of (E)-N'-(4-((1-(3-((7-chloroquinolin-4-yl)amino)propyl)-1H-1,2,3-
triazol-4-yl)methoxy)-3-methoxybenzylidene)pyrazine-2-carbohydrazide (18f)
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Figure S30. 3C NMR of (E)-N'-(4-((1-(3-((7-chloroquinolin-4-yl)amino)propyl)-14-1,2,3-
triazol-4-yl)methoxy)-3-methoxybenzylidene)pyrazine-2-carbohydrazide (18f)

OMNOANNMOOOMep o Q@ QW 0 -
DHMONONNN®ON ~O O ¥ - B o « o ~
dUoco@uTmAn REowo 0§ 8 - a = 4 © L650
nmnunmmnms TS T T M NSRS EY] - o [ un ~ @
EHEHEH AU B L S s S5 B P &
Ne===5\ N SN [ | | | |
600
W e 550
N>/“\<N
N 500

S
H;CO.
450

s
o
J)N 400
HN
cl N7
300
250
200
r150

100

T T T T T T T T T T T T T T T T
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20
1 (ppm)

32



Résultats

186
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Article 2 : “Efficacy and mode of action of a direct inhibitor of Mycobacterium abscessus InhA”,

Matthéo Alcaraz, Francoise Roquet-Banéres, Stephen Adonai Leon-Icaza, Jan Abendroth, Yves-Marie

Boudehen, Céline Cougoule, Thomas E. Edwards, et Laurent Kremer. ACS Infectious Diseases, 2022, Vol
8, N° 10, Page 2171-2186, PMID : 36107992, DOI : 10.1021/acsinfecdis.2c00314

Le traitement actuel contre les infections a M. abscessus souffre d’une inefficacité alarmante,
notamment chez les patients atteints de mucoviscidose, ce qui met en exergue le besoin urgent de
proposer de nouvelles molécules. Nous supposons que la protéine InhA est une cible intéressante a
explorer, néanmoins I'INH, et ses dérivés, sont inactifs contre M. abscessus en raison de l'incapacité
de la catalase-péroxidase KatGmap a convertir cette pro-drogue en un métabolite actif. Ainsi, I'objectif
ici a été de valider InhAuag en tant que cible médicamenteuse chez M. abscessus a travers I'étude de
I'activité du composé NITD-916, une 4-hydroxy-2-pyridone contournant I'activation par KatG
précédemment décrite chez M. tuberculosis.

Ces travaux ont démontré I'activité a faible concentration de NITD-916 sur les souches de référence
ainsi qu’un large panel d’isolats cliniques des trois sous-espéces du complexe M. abscessus. De plus,
cette molécule permet d’inhiber la croissance et I'infection macrophagique de M. abscessus, mais aussi
de réduire la formation et la croissance de cordes intracellulaires, fondamentales dans la
physiopathologie de ce pathogéne. Notre collaboration avec I'équipe de Céline Cougoule (IPBS,
Toulouse) a permis de montrer que NITD-916 réduit également la charge bactérienne (S ou R) au sein
d’organoides des voies respiratoires pulmonaires dérivés de cellules de patients atteints de
mucoviscidose.

D’un point de vue mécanistique, NITD-916 inhibe la synthése de novo des acides mycoliques de
maniére InhA dépendante, lorsque des mutants résistants spontanés étaient mutés au sein du gene
inhA. La structure cristallographique résolue grace a I'équipe de Thomas Edwards (UCB, Washington,
Etats-Unis) du complexe ternaire InhA:NADH:NITD-916 a permis de confirmer I'inhibition directe de
I’énoyl-ACP réductase par ce composé.

Dans I’ensemble, ces résultats indiquent que le ciblage direct d’'InhAwas est intéressant a exploiter dans

le développement de futurs antibactériens efficaces contre M. abscessus.
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Reduced M. abscessus
loads, cords and infection

Macrophage CF-derived airway organoid

ABSTRACT: There is an unmet medical need for effective treatments against Mycobacterium abscessus pulmonary infections, to
which cystic fibrosis (CF) patients are particularly vulnerable. Recent studies showed that the antitubercular drug isoniazid is inactive
against M. abscessus due to the incapacity of the catalase-peroxidase to convert the pro-drug into a reactive metabolite that inhibits
the enoyl-ACP reductase InhA. To validate InhAy,p as a druggable target in M. abscessus, we assayed the activity of NITD-916, a 4-
hydroxy-2-pyridone lead candidate initially described as a direct inhibitor of InhA that bypasses KatG bioactivation in Mycobacterium
tuberculosis. The compound displayed low MIC values against rough and smooth clinical isolates in vitro and significantly reduced
the bacterial burden inside human macrophages. Moreover, treatment with NITD-916 reduced the number and size of intracellular
mycobacterial cords, regarded as markers of the severity of the infection. Importantly, NITD-916 significantly lowered the
M. abscessus burden in CF-derived lung airway organoids. From a mechanistic perspective, NITD-916 abrogated de novo synthesis of
mycolic acids and NITD-916-resistant spontaneous mutants harbored point mutations in InhAy,p at residue 96. That NITD-916
targets InhAy;,p directly without activation requirements was confirmed genetically and by resolving the crystal structure of the
protein in complex with NADH and NITD-916. These findings collectively indicate that InhAyp is an attractive target to be
exploited for future chemotherapeutic developments against this difficult-to-treat mycobacterium and highlight the potential of
NITD-916 derivatives for further evaluation in preclinical settings.

KEYWORDS: Mycobacterium abscessus, NITD-916, macrophage, organoid, InhA, mycolic acid

M. abscessus is a rapidly growing nontuberculous mycobacte- tion of large bacterial cords.'”'> S and R variants can be

rium (NTM) of rising clinical significance and the cause of viewed as two representative forms of the same isolate, which
difficult-to-cure pulmonary diseases, particularly in patients
with cystic fibrosis (CF)." In these patients, infection with
M. abscessus is often associated with a more rapid decline in
lung function, and the presence of M. abscessus can be

can coexist in the patient and evolve differently in response to
the host immune pressure. They can also display specific

pathophysiological characteristics;'’ S variants are generally

deleterious for subsequent lung transplantation.””* The less virulent than their corresponding R variants,"""'*'" the
M. abscessus complex comprises three subspecies exhibiting latter being more frequently associated with severe pulmonary
different clinical outcomes and drug susceptible profiles to diseases in CF patients.”” In addition, different susceptibility

antibiotics:” M. abscessus subsp. abscessus (designated hereafter
M. abscessus), M. abscessus subsp. bolletii (designated hereafter
M. bolletii), and M. abscessus subsp. massiliense (designated
hereafter M. massiliense). All three subspecies can display
either a smooth (S) or a rough (R) morphotype as a
consequence of the presence or absence, respectively, of
surface-associated glycopeptidolipids (GPL).” ™' These mor-
phological changes are linked to major phenotypic differences,
including sliding motility, biofilm formation,””'" or produc-

profiles to drugs have been reported between S and R
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Figure 1. In vitro activity of NITD-916 against M. abscessus. (A) Cultures of M. abscessus CIP104536" (S) were exposed to either 1.95, 15.6, 31.2
ug/mL NITD-916 (corresponding to 1.25X, 10X, and 20X MIC) or 16 yg/mL imipenem (IPM) in CaMHB at 30 °C. At various time points,
bacteria were plated on LB agar and incubated at 37 °C for 4 days prior to CFU counting. Results are expressed as the mean of 2 independent
experiments in triplicates & SD. Inset: structure of NITD-916. (B) MIC (in g/mL) of NITD-916 and RFB against M. abscessus complex clinical
isolates. MIC values were determined in CaMBH for M. abscessus subsp. abscessus (n = 8), M. abscessus subsp. massiliense (n = 11), and M. abscessus
subsp. bolletii (n = 9). Data are plotted as mean values + SD. S refers to smooth strains; R refers to rough strains.

. 15,16 . .
variants, "~ thus warranting the need for evaluating

compounds/drug regimens against both variants.

Due to intrinsic resistance to a wide panel of antimicrobials,
including most antitubercular drugs, treatment of M. abscessus
lung disease remains extremely challenging.'’~*° Multidrug
regimens are administered for months to years, generally
comprising an oral macrolide (clarithromycin or azithromycin)
and intravenously administered aminozglycosides (amikacine)
and fB-lactams (imipenem or cefoxitin).” > Other drugs, such
as tigecycline or clofazimine, can be added to strengthen the
regimen, mostly in response to toxic side effects or poor
clinical response.”* However, despite intensive chemotherapy,
treatment success rates typically remain very low in the case of
macrolide resistance (25—40%), which occurs in at least 40—
60% of clinical isolates.”> Thus, given the unsatisfactory
performances of the current regimens, more effective drugs are
required. Unfortunately, de novo drug discovery efforts to
identify new chemical scaffolds are impeded by low hit
rates,””” explaining why the M. abscessus drug pipeline focuses
mainly on repurposing and reformulation of approved drugs.

In addition to mutations in genes encoding the drug targets
conducting to acquired drug resistance,”*® the widespread
resistome of M. abscessus results also from the low permeability
properties of the cell envelope, the expression of a wide range
of drug-modifying enzymes, the induction of efflux pumps and
the absence or dysfunctional drug-activating enzymes.'”***
The latter, for instance, explains why isoniazid (INH) is totally
inactive against M. abscessus. Indeed, it has been recently
shown that the catalase-peroxidase KatGyyp is unable to
transform INH into an active metabolite.”” INH, the most
efficient first-line anti-TB drug against actively replicating
M. tuberculosis, remains the first choice for prophylaxis and
treatment. Its biotransformation requires the catalase-perox-
idase KatG*”' to generate an isonicotinoyl radical that reacts
with NAD* to produce an INH-NAD adduct.*>** This adduct
blocks the enoyl-ACP reductase (InhA) of the type II fatty acid
synthase (FAS-IT),>*™*" leading to the arrest of mycolic acid
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biosynthesis. Mycolic acids are essential and unique long-chain
(Cyo—Cyo) a-alkyl, B-hydroxy fatty acids,®>*® and their
inhibition ultimately results in mycobacterial cell death.’
However, while being a validated drug target in M. tuberculosis,
it remains to be established whether InhA represents an
attractive target for future drug developments against
M. abscessus.

To fill this gap, this study was undertaken to test the
hypothesis whether NITD-916, a direct inhibitor of InhA that
bypasses the KatG bioactivation process,*’ offers potential for
future chemotherapeutic developments against M abscessus.
NITD-916 is a 4-hydroxy-2-pyridone lead candidate previously
identified in a phenotypic screen against M. tuberculosis that
exerts bactericidal activity against common INH-resistant TB
clinical isolates. Herein, we aimed at assessing the activity of
NITD-916 against M. abscessus S and R strains in vitro, in
macrophages as well as in CF lung airway organoids and report
the mechanism of action of the inhibitor in M. abscessus.

B RESULTS

M. abscessus Strains Are Susceptible to NITD-916
Treatment in Vitro. To address whether InhA inhibitors
bypassing KatG bioactivation can offer potential chemo-
therapeutic options against M abscessus, we first screened the
literature for commercially available direct InhA inhibitors,
previously validated against M. tuberculosis and for which in
vitro data and efficacy in mice have been reported. This led to
the 4-hydroxy-2-pyridone lead compound NITD-916.*° Initial
experiments revealed that the M. abscessus CIP104536" S
reference strain was particularly susceptible to NITD-916 in
CaMHB (MIC = 1.56 pg/mL which is S uM). However, as
shown previously for other compounds,*' the MIC was greatly
dependent on the medium, with values of 0.195 pg/mL and
6.25 pg/mL in Sauton’s medium and Middlebrook 7HY,
respectively (Table S1). MICs in an artificial sputum medium

https://doi.org/10.1021/acsinfecdis.2c00314
ACS Infect. Dis. 2022, 8, 2171-2186
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Figure 2. Intracellular activity of NITD-916 on M. abscessus complex-infected THP-1 cells. Macrophages were infected with M. abscessus reference
strains and clinical isolates (MOI of 2:1) for 4 h prior to treatment with 250 yug/mL AMK for 2 h to kill extracellular bacteria. Cells were then
exposed to either NITD-916 or to RFB at the indicated concentrations. Untreated (UNT) or DMSO-exposed cells were included as controls. CFU
were determined at 0, 1, and 3 days postinfection. The various strains tested and morphotypes are as follows: (A) M. abscessus CIP104536" (S);
(B) M. abscessus CIP104536" (R); (C) M. abscessus 2069 (S); (D) M. abscessus 2524 (R); (E) M. massiliense 179 (R); (E) M. massiliense 120 (S);
(G) M. bolletii 112 (R); (H) M. bolletii 108 (R). Data of 3 independent experiments in triplicates were analyzed with a Mann—Whitney ¢ test. *P <

0.05; **P < 0.01; *** P < 0.001; ****P < 0.0001.

(ASM) containing components of the CF sputum®’ were
comparable to those obtained in CaMHB.

To determine the effect of the compound in broth culture,
exponentially growing M. abscessus was exposed to increasing
concentrations of NITD-916, corresponding to 1.25X, 10X,
and 20X MIC. This resulted in a noticeable growth inhibition
(Figure 1A). However, the number of colony-forming units
(CFU) remained relatively stable at the lowest concentration
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tested during the 3 days of treatment and comparable to those
in the inoculum, suggesting a bacteriostatic effect. In addition,
the killing effect was not concentration-dependent, at least
during the first 2 days of treatment. An additional 1-Log drop
was observed after 3 days with 10X or 20X MIC. At these
concentrations, NITD-916 resulted in a growth inhibitory
effect comparable to the one of imipenem (IPM) used at the
MIC (16 pg/mL), a known f-lactam antibiotic active against

https://doi.org/10.1021/acsinfecdis.2c00314
ACS Infect. Dis. 2022, 8, 2171-2186
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Figure 3. Effect of NITD-916 treatment on intracellular M. abscessus loads and cording. (A) Percentage of infected THP-1 macrophages at 0, 1, and
3 days postinfection with M. abscessus CIP104536" (R) (MOI of 2:1) in the absence (UNT) of antibiotics or presence of NITD-916 (1.56 ug/mL
and 15.6 ug/mL) or RFB (12.5 pg/mL). DMSO-exposed cells were included as controls. Results are expressed as mean values + SD for three
independent experiments with 30 fields per condition. Data were analyzed using the ¢ test. ****P < 0.0001. (B) Representative immunofluorescent
fields were taken at 1 and 3 days postinfection showing macrophages infected with M. abscessus CIP104536" (R) expressing TdTomato (red) in the
absence of antibiotics (UNT) or in the presence of NITD-916 (1.56 pg/mL and 15.6 ug/mL) or RFB (12.5 pg/mL). DMSO-exposed cells were
included as controls. The surface and the endolysosomal system of the macrophages were detected using anti-CD63 antibodies (green). The nuclei
were stained with DAPI (blue). White arrows indicate individual or mycobacterial aggregates. Scale bar, S0 ym. (C) Percentage of macrophages
categories infected with different number of bacilli (<5 bacilli/cell, S—10 bacilli/cell, >10 bacilli/cell). The categories were counted at 0, 1, and 3
days postinfection in the absence of antibiotics or in the presence of NITD-916 (1.56 pg/mL and 15.6 ug/mL) or RFB (12.5 ug/mL). Untreated
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Figure 3. continued

(UNT) or DMSO-exposed cells were included as controls. Data are mean values + SD for three independent experiments performed in triplicates.
(D) Total number of intracellular cords displayed in 30 fields at 1, 2, and 3 days postinfection. Results are expressed as mean values + SD for three
independent experiments. Data were analyzed using the two-tailed nonpaired t test. *P < 0.05; **P < 0.01. (E) Representative images of
intracellular cords at macrophage 1, 2, and 3 days postinfection. Cords are in red, the macrophage surface is green, and the nucleus in blue as in
(B). Scale bar, 20 um. (F) Size of the intracellular cords (expressed by the area in um?) displayed in 10 fields. Results are expressed as mean values
+ SD for three independent experiments, and each symbol represents the size of a cord (n = 30). Data were analyzed using the Mann—Whitney ¢

test. ¥*P < 0.01; ****P < 0.0001.

M. abscessus.*”” In addition, while overexpression of KatG from
M. tuberculosis restored susceptibility to INH in M. abscessus
carrying pSMT3-katGyrp-tdTomato as previously reported,”
the MIC of NITD-916 remained unchanged in this strain as
compared to its parental progenitor (Table S2). This implies
that, in contrast to INH, the activity of NITD-916 is KatG-
independent in M. abscessus.

The potency of NITD-916 was next assayed using a
representative panel of clinical isolates from CF patients or
non-CF patients, comprising 8 M. abscessus, 11 M. abscessus,
and 9 M. abscessus strains. All these strains were susceptible to
NITD-916, similarly to the CIP104536" reference strains
(Figure 1B) and, in general, the MIC of R and S strains were
similar, although slight variations were observed between the
M. massiliense strains. The MIC values of NITD-916 were
found to be much lower than those of rifabutin (RFB),
included as a control drug.41 Overall, these results demonstrate
that NITD-916 exerts potent activity on the M. abscessus
complex and is equally active against strains isolated from CF
and non-CF patients.

NITD-916 Inhibits Intramacrophage Growth of M. ab-
scessus. To assess whether NITD-916 is active against
M. abscessus in a macrophage infection model, we next
compared the intracellular efficacy of the compound in
human THP-1 macrophages infected with either
CIP104536" S or R variants after 1 and 3 days of exposure
to the compound (Figure 2A and 2B). First, the cytotoxicity of
NITD-916 against THP-1 cells was investigated after 1 and 3
days of exposure to the compound. Figure S1 clearly shows
that NITD-916 exerts cytotoxicity only at very high
concentrations (>100 pug/mL) at both time points. NITD-
916-induced cytotoxicity was intermediate between INH (no
cytotoxicity at 100 pg/mL) and RFB (100% macrophage
killing at 100 ug/mL) after 3 days of exposure to each drug.
These results indicate that NITD-916 exhibits very little
toxicity at concentrations below 100 ug/mL and, based on
these results, all subsequent macrophage studies were
conducted with 1.56, 15.6, and 31.2 ug/mL NITD-916,
corresponding to 1X, 10X, and 20X MIC. RFB was included as
a positive control at 12.5 pg/mL, a concentration at which it
significantly reduces the intracellular burden.*’ DMSO-treated
macrophages were added as a negative control for intracellular
bacterial replication. At 0, 1, and 3 days postinfection (dpi),
macrophages were lysed and plated to determine the
intracellular bacterial burden after drug treatment. Similarly
to the DMSO condition, exposure of macrophages to NITD-
916 at 1X MIC failed to inhibit intramacrophage growth of
M. abscessus CIP104536" S (Figure 2A) and CIP104536" R
(Figure 2B) at 1 and 3 dpi. In contrast, exposure to 10X MIC
strongly decreased the intracellular bacterial loads at 1 dpi and
this effect was further amplified at 3 dpi in both strains.
Interestingly, there was no difference between 10X and 20X
MIC of NITD-916, and the CFU counts were comparable to
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those in the inoculum (Day 0), similarly to what was observed
in liquid cultures (Figure 1A). In addition, the NITD-916
susceptibility profile for the S variant at 1 and 3 dpi was
comparable to that of the R variant, with a ~2 log reduction in
the CFU counts at day 3, reaching the same level of inhibition
as RFB (Figure 2A and 2B).

We further explored the activity of NITD-916 against S and
R clinical isolates of the M. abscessus complex within THP-1
macrophages. Supporting our previous observations with the
CIP1045367 reference strains, we found that NITD-916 was
very active against all M. abscessus subspecies tested within
macrophages at 1 and 3 dpi when compared to day 0 and
DMSO treatment, irrespective of S and R morphotype:
M. abscessus 2069 (S) (Figure 2C), M. abscessus 2524 (R)
(Figure 2D), M. massiliense 179 (R) (Figure 2E), M. massiliense
120 (S) (Figure 2F), M. bolletii 112 (R) (Figure 2G), and
M. bolletii 108 (R) (Figure 2H). In all cases, the optimal
activity was reached in the presence of 10X MIC of NITD-916.
Overall, these results indicate that NITD-916 is a potent
intracellular growth inhibitor of M. abscessus.

Intracellular M. abscessus Loads and Cording Are
Reduced by NITD-916. THP-1 macrophages were infected
with red fluorescent M. abscessus strains expressing TdTomato
and exposed to either DMSO, NITD-916, or RFB, stained with
anti-CD63 and DAPI, and observed under the microscope. A
quantitative analysis highlighted a marked reduction in the
percentage of M. abscessus R-infected cells treated with NITD-
916 at 10X MIC (while no effect was observed at 1xX MIC),
which was comparable to the effect observed with 12.5 pyg/mL
RFB at 1 dpi (Figure 3A). This trend was even more
pronounced at 3 dpi. Since the proportion of NITD-916-
treated infected cells remained similar to the one at day 0, this
suggests that the compound is very likely to be bacteriostatic
inside the macrophage. Similar results were found when
macrophages were infected with M. abscessus S (Figure S2A).
Representative immunofluorescent fields illustrate the reduced
number of macrophages infected with the R (Figure 3B) or S
(Figure S2B) variants treated with NITD-916 at 1 and 3 dpi, as
compared to the untreated or DMSO-treated control cells.

Macrophages infected with the R variant were then classified
into three classes as judged by their bacterial load content:
poorly infected (<S bacilli/cell), moderately infected (S—10
bacilli/cell), and heavily infected (>10 bacilli/cell). Bacteria-
containing macrophages were then individually observed under
the microscope and scored for their belonging to one of the
three categories. The quantitative analysis indicates that
treatment with NITD-916 at 10X MIC or RFB significantly
reduces the percentage of heavily infected THP-1 cells and
increases the proportion of the poorly infected category, as
compared to the untreated or DMSO-treated cells at 1 and 3
dpi (Figure 3C), with ~20% of the infected bacilli belonging to
the heavily infected category and ~50% associated with the
poorly infected category at 3 dpi. Analysis performed on
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in M. abscessus-infected CF-derived airway organoids. (A) A generalized schematic showing the experimental

design. Representative images (B, D) and corresponding bacterial loads determined by CFU counting (C, E) of CF-derived airway organoids at 3
days postinfection with M. abscessus S (B, C) or R (D, E) expressing Wasabi in the presence or absence of treatment: untreated groups (Sn=9; Rn
= 10), treated with NITD-916 at 1.56 ug/mL (S n = 9; Rn = 10), NITD-916 at 15.6 ug/mL (Sn=11; Rn=9), or RFB at 12.5 ug/mL (Sn=8; R
n = 9). Graphs show means + SD of two independent experiments. Each dot represents one organoid. Data were analyzed using the Mann—

Whitney ¢ test. ***P < 0.001.

macrophages infected with the S variant generated a similar
category pattern (Figure S2C). Collectively, these data indicate
that NITD-916 enters THP-1 macrophages and impedes
bacterial replication of both M. abscessus S and R variants.

In contrast to the S variant, strains exhibiting a R
morphotype are typified by increased bacterial clumping and
R bacilli remain aggregated to generate compact colonies
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comprising corded structures on agar, in broth medium, and
inside macrophages.”'*'**! Figure 3D clearly illustrates that,
upon infection with TdTomato-expressing M. abscessus R, the
total number of intracellular cords displayed in 30 fields was
significantly reduced in the presence of NITD-916 at 10X MIC
or 12.5 pg/mL RFB when compared to untreated or DMSO-
treated cells, and this effect was maintained at 1, 2, and 3 dpi.
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Table 1. Characteristics of NITD-916 Spontaneous Resistant Mutants of M. abscessus”

MIC (ug/mL)

strain NITD-916 RFB
CIP104536" (S) 1.56 100
NITD916"! >100 50
NITD916™ >100 100
NITD916™ >100 50
NITDR916™ >100 50
CIP104536" (R) 1.56 12.5
NITD916™ >100 12.5
NITD916R¢ >100 12.5
NITD916% >100 25
NITD916%¢ >100 12.5

ETH

25
12.5
25
N
25
25
12.5
25
25
25

mutation in inhAy,p

AA change frequency of mutation
G287T G96V 2.3 % 1077
G286A G96S 2.3 % 1077
G286A G96S 2.3 % 1077
G287T G96V 2.3 % 1077
G287T G96V 2.4 % 107°
G287T G96V 24 % 107°
G287T G996V 24 % 107°
G287T G96V 24 % 107°

“MIC (ug/mL) were determined in CaMHB. Resistant strains were derived from either the smooth (S) or rough (R) M. abscessus CIP104536"
parental strains on LB agar supplemented with 15.6 pg/mL NITD-916 (10X MIC). Single-nucleotide polymorphism (SNP) in inhAyp
(MAB_2722¢) and corresponding amino acid (AA) changes as well as frequency of mutation are indicated.
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Figure 5. Overexpression of InhAy, variants in M. abscessus S and R strains. (A) Western blots using antibodies against the HA-epitope (upper
panel) and the Ag85 complex (lower panel) as loading control were done to assess the expression levels of the InhAy, variants in various strains
overproducing either InhAy,5(WT), InhAy45(G96V), or InhAy,5(G96S). Equal amounts of total lysates (10 ug) of each strain were separated on
a 12% SDS-PAGE. (B) Wild-type M. abscessus CIP104536" (S) and NITD916" strains were grown in CaMHB and exposed for 9 h with increasing
concentrations of ethionamide (ETH) or NITD-916 at concentrations corresponding to 1X and $X MIC. Equal amounts of total lysates (10 ug) of
each strain were separated on a 12% SDS-PAGE and probed with anti-KasA (upper panel) anti-Ag85 complex (lower panel) antibodies (used as

loading control).

The effect was not significant at 1X MIC. Representative
images of intracellular cords show the kinetics of cord
formation at 1, 2, and 3 dpi (Figure 3E). While very small in
size at 1 dpi, cords continue to elongate at 2 dpi and 3 dpi,
often leading to a structure capable of extruding out of the cells
at 3 dpi, presumably participating in macrophage killing. In the
presence of drugs (NITD-916 or RFB), there was a clear
reduction in size of the cords as compared to the untreated
cells. This effect is supported by a quantitative analysis of the
cord surface area (expressed in pm?). While control cords
continue to increase in size over time (reaching a surface area
>100 um?), their size remained constant (~20 pm?) upon
exposure to NITD-916 or RFB (Figure 3F). Together, these
results indicate that NITD-916 is highly effective in reducing
the number and size of M. abscessus cords, which is thought to
affect the outcome of the infection.

NITD-916 Reduces M. abscessus Loads in Human
Airway Organoids. Lung airway organoids (AO) from
healthy individuals have recently been developed to study
the early steps of interaction between M. abscessus and the
airway.*" In this biological model where mycobacteria are
injected in AO, M. abscessus was found to actively replicate
over 7 days in the lumen, and this was accompanied by
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reduced expression of mucin genes, usually participating in the
clearance of pulmonary pathogens.** Moreover, AO derived
from CF patients were characterized by low CFTR activity and
enhanced mucus accumulation, and the subsequent injection
of M. abscessus in these 3D structures revealed the production
of biofilms formed by the S variant and serpentine cords
formed by the R variant.*> Importantly, both variants
replicated more efficiently in CF AO than in AO derived
from healthy lungs, thus highlighting the relevance of this
model to study the pathogenesis of M. abscessus and to test the
therapeutic potential of compounds in a system that
recapitulates a CF environment.*’ As illustrated in Figure
4A, CF-derived AO were injected with the M. abscessus S and R
variants expressing Wasabi, and drug treatment was com-
menced 2 h later with NITD-916 at 1.56 ug/mL or 15.6 ug/
mL and with RFB at 12.5 pg/mL, included as a control drug.
After 3 days of treatment, fluorescence microscopy showed
high bacterial loads in AO left untreated or exposed to 1.56
ug/mL NITD-916, while exposing the AO to the 15.6 ug/mL
dose significantly reduced the green fluorescence signal,
similarly to the RFB treatment (Figure 4B). AO were then
lysed at 3 dpi, and plating the lysates on agar indicated a 2 log
increase in the CFU of M. abscessus S in the untreated control
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or in the presence of 1.56 pg/mL NITD-916 (Figure 4C). In
contrast, treatment with either 15.6 yg/mL NITD-916 or 12.5
pug/mL RFB was associated with a striking decrease in the
CFU counts, at levels similar to those found in the inoculum
(Day 0) (Figure 4C). Very similar results were observed for
M. abscessus R-containing AO (Figure 4D and 4E). Overall,
these results clearly indicate that NITD-916 is active in CF
patient-derived AO characterized with severe CF airway
dysfunction and susceptibility to M. abscessus infection.

Mutations in inhA,,; Confer High Resistance Levels
to NITD-916. Mutations in inhA coding for the enoyl-ACP
reductase of the type II fatty acid synthase have been reported
previously in M. tuberculosis mutants resistant to NITD-916."
To get insights into the mode of action of NITD-916 in
M. abscessus, a genetic approach was conducted involving the
selection of spontaneous NITD-916-resistant mutants derived
from either the smooth (S) or rough (R) M. abscessus parental
strains on agar supplemented with 15.6 ug/mL NITD-916
(10x MIC) at frequencies estimated to 2.3 X 1077 (S resistant
strains) and 2.4 X 107° (R resistant strains). MIC
determination of four individual colonies for each morphotype
confirmed their high resistance levels (MIC > 100 ug/mL)
against NITD-916 while remaining susceptible to RFB and
ETH (Table 1). Sequencing the inhAy,z (MAB_2722c) locus
identified single nucleotide polymorphisms (SNPs) across the
different resistors, leading to amino acid replacements at
position 96. In the S resistors, NITD916"! and NITD916™,
Gly96 was replaced by a Val residue, while in NITD916** and
NITD916", Gly96 was replaced by a Ser residue. All four
mutants derived from the R variant (NITD916™° to
NITD916"*) harbored a G96V amino acid exchange (Table
1). As shown for NITD916" resistance to NITD-916 was
independent of the medium (Table S1).

To validate inhA,, 5 as a specific target of NITD-916, wild-
type and mutated inhA,, alleles were cloned in frame with a
HA-tag under the control of the constitutive hsp60 promoter
to allow overexpression of the wild-type and mutated versions
of the protein. The resulting constructs, pMV261-inhAysp,
PMV261-inhAy,5(GI6V), and pMV261-inhAy,p(G9I6S), were
introduced in both S and R variants and expression of the
different InhAy,p variants was confirmed by Western blotting
using anti-HA antibodies, while levels of the Ag85 complex
remain constant (Figure SA). Whereas overproduction of the
wild-type proteins did not significantly alter the MIC values as
compared to the parental progenitors (2-fold effect), over-
production of InhAy45(G96V) or InhAy,5(G96S) resulted in
8- to 32-fold upshift in the MIC level (Table 2). These effects
were specific to NITD-916 as the MIC of RFB against the

Table 2. MIC (ug/mL) of NITD-916 and RFB Determined
in CaMHB at 30 °C against M. abscessus Overexpressing
Wild-Type and Mutated inhA,,; (MAB_2722c) Alleles

strain NITD-916 RFB
CIP104536" (S) 1.56 50
S + pMV261-inhAyy 3.12 50
S + pMV261-inhA,5(GI6V) 25 50
S + pMV261-inhAy,5(G96S) 50 50
CIP104536"(R) 1.56 12.5
R + pMV261-inhAy,p 3.12 12.5
R + pMV261-inhA,,5(G96V) 12.5 12.5
R + pMV261-inhA,,5(G96S) 50 12.5
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same recombinant strains were comparable to those of the
parental progenitors (Table 2). This indicates that transferring
the single point mutations identified in the NITD-916
spontaneous resistant mutants into a susceptible strain is
sufficient to confer high resistance levels to NITD-916.

It was previously reported that isoniazid, diazaborine, or
ethionamide (ETH) induced the production of a KasA-
containing complex in M. smegmatis and that formation of this
complex is a consequence of InhA inhibition while other FAS-
IT inhibitors such as thiolactomycin or isoxyl, inhibiting KasA
and the HadABC dehydratase, respectively, fail to induce this
complex.*® Thus, we inquired whether NITD-916 induces this
complex in M. abscessus by probing crude lysates from cultures
exposed to 1X and SX MIC NITD-916 with anti-KasA
antibodies. Figure SB reveals, in addition to free KasAy,p, the
presence of an additional immunoreactive band at both
concentrations. This protein comigrated with a protein also
present in the ETH-treated lysates (used as a positive control
of InhAy, inhibition) while absent in the untreated sample.
Importantly, this KasA-containing complex was not induced in
strain NITD916™ resistant to NITD-916, presumably because
the G96S mutation in InhA,, renders the enzyme insensitive
to NITD-916. Overall, these results suggest that InhA,, is the
primary target of NITD-916 in M. abscessus and that its
inhibition leads to the induction of a KasA-containing complex.

NITD-916 Inhibits De Novo Mycolic Acid Biosynthesis
in M. abscessus. In contrast to M. tuberculosis, M. abscessus
does not synthesize oxygenated mycolic acids but produces
exclusively a and o’ mycolates, corresponding to long-chain
(C7_79) and short chain (Cg,_g,) mycolic acid subspecies,
respectively.”” To interrogate whether NITD-916 inhibits de
novo synthesis of mycolic acids, ['*C]-labeled lipids were
extracted from wild-type M. abscessus cultures treated with
increasing concentrations of NITD-916 prior to labeling with 1
uCi/mL [2-"*CJacetate. Mycolic acid methyl esters (MAMEs)
and fatty acid methyl esters (FAMEs) were then separated by
thin-layer chromatography (TLC). Synthesis of both @ and &’
mycolates was dramatically affected in a dose-dependent
manner (Figure 6A). De novo synthesis was almost completely
abrogated in the presence of 1.56 pg/mL (1x MIC). ETH, a
drug known to target InhA and whose biotransformation is
dependent on EthA instead of KatG," was included as a
positive control. However, due to the elevated MIC of ETH
against M. abscessus (25 pug/mL), only partial inhibition was
achieved at the concentrations tested. Importantly, no
inhibition was noticed in the production of fatty acid methyl
esters (FAMEs) during treatment with NITD-916, which
indicates that, like ETH or INH, NITD-916 specifically
inhibits FAS-II rather than FAS-I, as expected for InhA-
dependent inhibition.

We next addressed whether resistance to NITD-916 can be
linked to an unaltered mycolic acid profile in strains carrying
mutations in InhAy,p. Supporting this hypothesis, mycolic
acid biosynthesis in strain NITD916"* (carrying G96S point
mutation) was much more refractory to inhibition by NITD-
916 as compared to the wild-type progenitor (Figure 6B).
Collectively, these biochemical data underline a mode of action
that results in the abolishment of mycolic acid biosynthesis by
targeting InhAy,p.

Structural Basis for InhAy,z Inhibition by NITD-916.
To demonstrate direct target engagement, we obtained a 1.45
A resolution crystal structure of InhAy,5 bound to NITD-916
and NAD (Figure 7A and Table S3). As described above,
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Figure 6. Inhibition of mycolic acid biosynthesis by NITD-916 in M. abscessus. (A) Dose—response effects of ETH and NITD-916 in M. abscessus
CIP104536" (S). The inhibitory effect on the incorporation of [2-"*CJacetate was assayed by exposing cultures to increasing concentrations of
ETH or NITD-916 for 1 h prior to labeling for another 2 h at 37 °C under shaking. The corresponding radiolabeled FAMEs and MAMEs were
extracted. Equal counts (50000 cpm) were loaded onto a TLC plate and lipids were developed in petroleum ether/acetone (95/S, v/v). (B)
Mutant NITD916™ is refractory to mycolic acid inhibition by NITD-916. M. abscessus CIP104536" (S) and its derivative NITD916** were
exposed to concentrations corresponding to 0.5X, 1X, and 5X MIC of NITD-916, labeled and subjected to lipid extraction and analysis as in (A).

resistance mutants arose at residue Gly96. In our structure, the
C, of Gly96 residues is in proximity to the 2'-hydroxyl of the
NMN portion of NAD as well as the phenyl moiety of NITD-
916 (Figure 7A). Mutation of this residue would cause a steric
clash with the phenyl ring of NITD-916, potentially explaining
the G96S and G96V resistance mutations. Modifying the
phenyl ring of NITD-916 could potentially result in molecules
which overcome resistance at G96. However, given the
proximity to the 2’-hydroxyl of the NMN portion of NAD,
mutation of G96 could also cause loss of InhA specific activity
and these resistance mutations may not arise in a clinical
setting. Residues interacting with NITD-916 are indicated in
Figure 7A.

Overall, our structure is similar to a previously obtained 3.2
A resolution structure of InhAyg bound to NITD-916 and
NAD" (Figure 7B). The 4-hydroxy-2-pyridin-2-one moiety
stacks on top of the nicotinamide ring, presumably where the
unsaturated portion of the substrate binds, whereas the 4,4-
dimethylcyclohexyl moiety projects into the hydrophobic
cavity presumably where the lipid portion of the substrate
binds. Thus, NITD-916 appears to be a direct substrate
competitor. In addition, there appears to be some induced fit
upon NITD-916 binding when compared to our structures of
the InhAy,; apoenzyme (1.75 A resolution) or the
holoenzyme (1.85 A resolution) (Figure 7C). Our structures
of InhAy;,p in the apoenzyme, holoenzyme, and NITD-916
inhibited state show that the residues spanning Thrl196
through Gly212 move considerably in response to the
ligand-bound state. In the InhAy,p apoenzyme state these
residues form a f-hairpin turn and generate an open catalytic
cavity. In the holoenzyme state, these residues change to an a-
helix which packs tightly against the cofactor and generate a
narrow substrate binding cleft. In the inhibited form, this new
a-helix moves away from the cofactor to accommodate the
binding of NITD-916. These residues and to a lesser extent a6
(numbering using the apoenzyme state) are the only major
conformational changes that occur between the different states.
Similar conformational changes have been observed previously
for InhAyrg substrates (e.g, PDB ID 1BVR™) and other
inhibitor-bound structures (e.g., PDB ID 1P44°°).

To complement the crystallography work and gain some
understanding of the effects of the inhibitor NITD-916 on the

2179

thermal stability of InhAy;,p we performed differential
scanning fluorimetry (DSF). Apoenzyme InhAy,; had a
melting temperature of 39.3 °C (Table S4 and Figure S3).
Incubation with the cofactor NAD to generate the holoenzyme
resulted in a modest increase in melting temperature to 39.8
°C (AT,, = 0.5 °C). Generation of the inhibited complex of
InhAy;,g with NAD and NITD-916 resulted in a large increase
in the melting temperature to 54.0 °C (AT, = 14.7 °C relative
to apo or 14.2 °C relative to NAD alone). Although such
stability measurements are not directly correlated with affinity,
significant stabilization can be indicative of potency in
biochemical experiments.

B DISCUSSION

The success rate of M. abscessus pulmonary disease treatment
remains very poor despite prolonged, multidrug antibiotherapy
with an important risk of severe secondary effects, emphasizing
the rapid need for more effective treatments.”* While mycolic
acids represent essential cell wall components in mycobacteria
and are the primary target of INH and ETH in M. tuberculosis,
none of the current drugs used in clinical settings against
M. abscessus infections are hitting mycolic acid biosynthesis.
However, recent studies have emphasized that this metabolic
pathway represents an attractive niche for druggable targets in
M. abscessus. First, thiacetazone has proven to bind to the
HadA component of the FAS-II HadABC dehydratase
complex, leading to mycolic acid inhibition in M. tuberculosis,"
and thiacetazone derivatives exhibited potent activity against
the M. abscessus complex.’” Second, a large number of hits
against M. abscessus have recently been shown to inhibit the
transport of mycolic acids across the membrane by targeting
the MmpL3 transporter.””>>>* In this context, the present
study was undertaken to evaluate the potential of inhibiting the
FAS-II enoyl-ACP reductase in M. abscessus. In agreement with
a previous study,”” our results indicate that the lack of activity
of INH in M. abscessus presumably relies on the incapacity of
KatGyup to convert INH into an active metabolite, while
partial susceptibility levels to INH were recovered when
overexpressing the katG gene from M. tuberculosis. This
indicates that while KatG-dependent inhibition of InhA is
compromised in M. abscessus, it opens, however, the possibility
of inhibiting mycolic acid biosynthesis via KatG-independent
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InhAwmas

Figure 7. Structural basis of inhibition of M. abscessus InhA by NITD-
916. (A) Crystal structure of M. abscessus InhA bound to NITD-916
and NAD solved at 1.45 A resolution. For simplicity only one
protomer of the tetrameric structure is shown. The protein is depicted
as gray ribbons and the inhibitor NITD-916 and cofactor NAD are
shown rendered in sticks. The final 2IF |—IF,| map for NITD-916 is
shown in blue mesh contoured at 1.0 sigma. The site of resistance
mutations G96 is circled in red and other residues which interact with
NITD-916 are labeled and shown with their side chains rendered in
sticks. (B) Overlay of the crystal structures of InhAy,; bound to
NITD-916 and NAD depicted as above, and InhAys bound to
NITD-916 and NAD shown in green ribbons for the protein and
green carbon sticks for the inhibitor and cofactor. (C) Overlay of the
crystal structure of InhA,yp in the apoenzyme state shown in cyan
ribbons, the holoenzyme state bound to NAD in magenta with NAD
in magenta sticks, and the inhibited state bound to NAD and NITD-
916 in gray as in the upper panels. The loop spanning residues
Thr196 through Gly212 moves significantly upon cofactor and
inhibitor binding.

inhibitors of InhA. This proof-of-concept was verified here
through the use and characterization of the mode of action of
the 4-hydroxy-2-pyridone lead candidate NITD-916, originally
identified in a phenotypic screen against M. tuberculosis."’
NITD-916 displayed low MIC values against a wide panel of
clinical isolates and exerted an in vitro static activity against
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M. abscessus at 1X MIC. This higher MIC value of NITD-916
against M. abscessus as compared to M. tuberculosis™ is
currently not known but may rely on differences in the
composition and/or architecture of the cell wall between the
two species, potentially affecting cell wall permeability to this
inhibitor. In addition, M. abscessus possesses a large number of
efflux pumps, which may also contribute to the lower
susceptibility of this species to NITD-916. However, at 1X
MIC concentration, the compound did not show any activity
in M. abscessus-infected macrophages. In contrast, at 10X MIC
there was a significant reduction in the intracellular bacterial
loads at 1 dpi, which remained comparable at 3 dpi, with
similar results obtained against various clinical isolates, with no
distinctions between S and R morphotypes. In general, at 3 dpi,
the CFU levels remained equivalent to those in the inoculum
(Day 0), indicating that NITD-916 behaves as a bacteriostatic
drug in the macrophage under the conditions tested. NITD-
916 not only reduced the intracellular bacterial burden but also
the proportion of infected macrophages, similarly to RFB, a
drug recently proposed to be included in drug regimens to
reduce treatment duration of M. abscessus pulmonary
diseases.” Furthermore, exposure of macrophages infected
with the R variant to NITD-916 was associated with a
reduction in the number and size of cords, presumably
resulting from bacterial growth inhibition. Therefore, com-
pounds, such as NITD-916 or RFB, inhibiting intracellular
cord formation participate also in the prevention of macro-
phage death caused by the disruptive activity of cords on
macrophage integrity. Consistently, we found that NITD-916
was as active as RFB in CF patient-derived AO recapitulating
the CF airway dysfunctions, such as thick mucus, and with
increased susceptibility to M. abscessus infection.”> Thus, our
data emphasize an unexploited chemical structure class active
against M. abscessus infections with promising translational
development possibilities for the treatment of CF patients.
From a mechanistic perspective, our genetic and biochem-
ical studies unambiguously indicate that NITD-916 does not
undergo bioactivation by KatG prior to binding to InhAy,s,
but rather inhibits biosynthesis of mycolic acids by directly
binding to InhAy,p. These assumptions can be inferred from
the following results: (i) A panel of spontaneous mutants
resistant to NITD-916 harbored point mutations in InhAy, at
residue 96, and the mycolic acid pattern of these mutants
remained unchanged upon exposure to NITD-916. Replace-
ment of Gly96 by a more bulky residue is associated with
NITD-916 resistance, suggesting that conservation of Gly96 is
requested for susceptibility to this compound. Multiple
sequence alignments of InhA proteins from different
mycobacterial species indicate that Gly96 is very well
conserved (Figure S4), thus suggesting that other NTM may
be susceptible to NITD-916 inhibition, although this remains
to be investigated in future studies. Interestingly, while
replacements occurred only at Gly96 in all M. abscessus
resistant mutants selected, many more mutations were
identified in residues within or near the active site of InhA
in M. tuberculosis resistant mutants.*”*® In addition, strains
harboring the InhAy,; G96S or G96V point mutations
remained fully sensitive to ETH, as shown previously in
M. tuberculosis.*® (ii) Overexpression of the mutated inhA
alleles in a susceptible strain conferred resistance to the
inhibitor. (iii) NITD-916 treatment induced the formation of a
KasA-containing complex, reported previously as a marker of
InhA inhibition.”® (iv) NITD-916 could be identified in a
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ternary NITD-916:NAD:InhAy,z costructure. Collectively,
these results indicate that NITD-916 shares the same mode
of action in M. abscessus and M. tuberculosis and confirms that
the biosynthetic steps of mycolic acids represent an excellent
pathway to be further exploited in drug discovery programs
against M. abscessus. Previous work indicated that NITD-916
has no mutagenic or cardiotoxicity potential and showed no in
vitro safety pharmacological liabilities and did not inhibit the
major CYP450 isoenzyme 3A4," thus stimulating new
medicinal chemistry programs for the rational optimization
of NITD-916-related analogues targeting InhAy,,g with
improved efficacy. Changes in the 4-hydroxy 2-pyridone may
include substitutions of the R6 lipophilic group and
replacement of the R3 phenyl group with other aromatic
substituents. In addition, to increase solubility and lip-
ophilicity, phosphate ester prodrugs are typically designed,
favoring oral administration and are rapidly hydrolyzed by
intestinal alkaline phosphatases. This has been emphasized by
synthesizing a 4-hydroxy methyl phosphate ester prodrug of
NITD-916, designated NITD-113, displaying improved
aqueous solubility by two log orders and with good
bioconversion to NITD-916 in mice.”” The availability of the
InhAy,p crystal structure in complex with NAD and NITD-
916 will greatly facilitate and guide the chemistry to generate
these analogues. In addition, the very high structural
conservation between InhAy;,g and InhAyrg is a key factor
prompting the future testing of a large panel of validated direct
InhA);rp inhibitors against M. abscessus. Indeed, such direct
InhAy;rp inhibitory scaffolds have been identified in high
throughout screenings, encoded library technology, or frag-
ment-based screenings and have received considerable
attention during these past few years.”” Another important
feature to consider in future studies relies on the possibility to
increase the activity of NITD-916 when given in combination
with other drugs. Since any M. abscessus antibiotic has to be
clinically administered in combination with other drugs,” the
absence of drug—drug interactions is critical for clinical
development and needs to be checked. Using the checkerboard
assay, we found that the Fractional Inhibitory Concentration
Index (FICI) values between NITD-916 and most drugs used
in clinics were in the 0.5—1.5 range (Table SS), suggestive of
an indifferent interaction between the compounds, and thus
highlighting the suitability of including NITD-916 in combina-
tional therapy.

B CONCLUSIONS

This work reports the potent in vitro and intracellular anti-
M. abscessus activity of NITD-916 and underscores the strong
activity of this unexploited chemical scaffold in CF-derived
AO, opening future possibilities for the treatment of CF
patients. Subsequent studies should now advance this
compound as well as its derivatives into preclinical animal
models. Our findings also support the view that targeting
mycolic acid biosynthesis has serious translational potential for
development into a real tool for treatment and control of
M. abscessus pulmonary diseases.

B METHODS

Mycobacterium abscessus Strains and Culture Con-
ditions. M. abscessus subspecies abscessus CIP1045367,
M. abscessus subspecies bolletii CIP108541", and M. abscessus
subspecies massiliense CIP108297" reference strains as well as
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clinical strains from CF and non-CF patients were reported
earlier.>>>® Bacteria were routinely grown and maintained at
37 °C in Middlebrook 7H9 broth (BD Difco) containing
0.025% Tyloxapol (Sigma-Aldrich) and 10% oleic acid,
albumin, dextrose, catalase (OADC enrichment; BD Difco)
(7HOT/OAP€) or on Middlebrook 7H10 agar (BD Difco)
containing 10% OADC enrichment (7H10°4P€). M. abscessus
carrying pTEC27 and expressing TdTomato was reported
earlier and grown in the presence of 1000 pg/mL
hygromycin.'* M. abscessus smooth and rough strains were
transformed with pSMT3-katGyp-tdTomato> and grown in
the presence of 1000 yg/mL hygromycin.

For drug susceptibility testing, bacteria were grown in
Cation-Adjusted Mueller—Hinton Broth (CaMHB; Sigma-
Aldrich). Rifabutin and NITD-916 were purchased from
Selleckchem and Merck, respectively, and dissolved in DMSO.

Drug Susceptibility Testing. The minimal inhibitory
concentrations (MIC) were determined according to the CLSI
guidelines.”” The broth microdilution method was used in
CaMHB with an inoculum of 5 X 10° CFU/mL in exponential
growth phase. The bacterial suspension was seeded in 100 uL
volumes in all of the wells of a 96-well plate, except for the first
column, to which 198 uL of the bacterial suspension was
added. In the first column, 2 uL of drug at its highest
concentration was added to the first well containing 198 yL of
bacterial suspension. Two-fold serial dilutions were then
carried out, and the plates were incubated for 3—5 days at
30 °C. MICs were recorded by visual inspection. MIC were
also determined using Middlebrook 7H9 supplemented with
OADC, Sauton’s medium, or an artificial sputum medium
(ASM) containing components of the CF sputum.*”

Growth Kinetics. To monitor growth inhibition of
M. abscessus CIP104536" (S), 96-well plates were setup as
for MIC determination, and serial dilutions of the bacterial
suspensions exposed to increasing concentrations of NITD-
916 were plated on LB agar plates after 0, 1, 2, and 3 days.
Colony-forming units (CFUs) were counted after 4 days of
incubation at 37 °C. Results from each drug concentration are
representative of 2 independent experiments in triplicates.

Cytotoxicity Assay. Human THP-1 monocytes were
grown in RPMI medium supplemented with 10% Fetal bovine
serum (Sigma-Aldrich) (RPMI*™®) and incubated at 37 °C in
the presence of 5% CO,. Cells were differentiated with 20 ng/
mL Phorbol Myristate Acetate (PMA) in 96-well flat-bottom
tissue culture microplates (2 X 10* cells/well) for 48 h at 37
°C with 5% CO, and exposed to decreasing concentrations of
NITD-916, RFB, or INH (starting at 100 yg/mL) for 24 or 72
h at 37 °C with $% CO,. Following incubation, 10% (v/v)
resazurin dye was added to each well and left to incubate for
another few hours at 37 °C and 5% CO,. Data were acquired
using a fluorescent plate reader (excitation 5S40 nm, emission
590 nm).

Intracellular Killing Assay. THP-1 were grown and
differentiated into macrophages as reported above but wells
were seeded with 10° cells. Infection with M. abscessus strains
was carried out at 37 °C in the presence of 5% CO, for4 h ata
MOI 2:1. After extensive washing with 1X phosphate buffered
saline (PBS), macrophages were incubated with RPMI™®
containing 250 pg/mL amikacin for 2 h and washed again
with PBS prior to the addition of 500 L RPMI"™ containing
DMSO (negative control) or 500 uL RPMI*™™ containing
either RFB or NITD-916. Drugs were renewed on a daily basis.
Cells were washed with PBS and lysed with 100 uL of 1%
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Triton X-100 after 1 day or 3 days postinfection. Serial
dilutions of macrophage lysates were plated onto LB agar
plates, and colonies were counted to determine intracellular
CFU.

Microscopy-Based Infectivity Assays. Differentiated
THP-1 macrophages were grown on coverslips in 24-well
plates at a density of 10° cells/mL for 48 h at 37 °C with 5%
CO, prior to infection with M. abscessus expressing TdTomato
for 4 h at a MOI of 2:1. After washing and AMK treatment to
remove the extracellular bacilli, cells were exposed to DMSO
(negative control), RFB, or NITD-916 and fixed at 0, 1, and 3
days postinfection with 4% paraformaldehyde in 1X PBS for 20
min. Cells were then permeabilized using 0.2% Triton X-100
for 20 min, blocked with 2% BSA in PBS supplemented with
0.2% Triton X-100 for 20 min, incubated with anti-CD63
antibodies (Becton Dickinson; dilution 1:1000) for 1 h and
with an Alexa Fluor 488-conjugated antimouse secondary
antibody (Molecular Probes, Invitrogen; dilution 1:1000) for
45 min. After S min of incubation with DAPI (dilution
1:1000), cells were mounted onto microscope slides using
Immu-mount (Calbiochem) and examined with an epifluor-
escence microscope using a 40X objective. Images were
acquired by focusing on combined signals (CD63 in green and
M. abscessus in red) and captured on a Zeiss Axioimager
upright microscope equipped with a 40X and 100X oil
objective and processed using Image] software. Equal
parameters for the capture and scoring of images were
consistently applied to all samples. For each condition,
approximately 1000 infected macrophages were analyzed.
The presence of the intra- or extracellular cords within or
among the macrophages infected exclusively with the
M. abscessus (R) variant were treated in the presence of
DMSO, RFB, or NITD-916, counted, and imaged using full-
field upright microscopy. Areas of intracellular cords were
quantified using Image].

Selection of Resistant M. abscessus Mutants and
Target Identification. Exponentially growing M. abscessus
CIP104536" S and R cultures were plated on LB agar
containing 15.6 ug/mL NITD-916, corresponding to 10X
MIC. After 1 week of incubation at 37 °C, four individual
colonies deriving from the S and R strains were selected, grown
in CaMHB and individually assessed for MIC determination
and scored for resistance to NITD-916. Identification of SNPs
in the NITD-916-resistant strains was completed by PCR
amplification using the primers MAB_2722¢ sl (F) §'-GTG
GCA GGA CTA CTT GAG GGC-3’ and MAB_2722c¢ s2 (R)
5’-TCA GAG CAG CTG AGT GTG AGC G-3' to produce a
810 bp amplicon for full coverage sequencing of the inhAypz
gene.

Cloning and Overexpression of the inhA,,z Alleles in
M. abscessus. Wild-type inhAy,p and the corresponding
mutated genes harboring the G287T or G286A poly-
morphisms were amplified by PCR (QS polymerase) using
genomic DNA prepared from the WT or spontaneous resistant
mutants as well the forward 5'-GGG GCA GGA TCC GAG
TGG CAG GAC TAC TTG AGG GCA A-3' and reverse 5'-
GGG CTA CGA ATT CTG CTA AGC GTA ATC TGG
AAC ATC GTA TGG GTA GAG CAG CTG AGT GTG
AGC GC-3’ primers (restriction sites are underlined and HA
tag coding sequence is in bold). PCR-amplified fragments were
cloned into the BamHI and EcoRI sites of pMV261,61 and the
resulting plasmids were introduced into M. abscessus following
selection in the presence of 250 pg/mL kanamycin.
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Immunoblotting. Bacteria cultures were collected by
centrifugation and lysed using 1 mm diameter glass beads
and a Mixer Mill MM 301 (Retsch, Germany) at a frequency
of 30 Hz for 10 min. Equal amount of total proteins (10 ug)
were separated by 12% SDS-PAGE and transferred to a
nitrocellulose membrane prior to Western blot analysis.
Primary antibodies used were rat anti-HA (1:5000 dilution),
rat anti-KasA (1:2000 dilution), or mouse monoclonal
antibody 32/15 (1:10 dilution) recognizing the Ag85
complex.” After washing, membranes were incubated for 45
min with an anti-rat or anti-mouse antibody conjugated to
HRP (dilution 1:5000), incubated with SuperSignal West
Femto (ThermoFisher Scientific) and revealed using a
ChemiDoc MP system (Bio-Rad).

Mycolic Acid Analysis. To investigate the drug-induced
changes in the mycolic acid profile, M. abscessus cultures were
exposed to increasing drug concentrations of either ETH
included as a positive control or NITD-916 for 1 h prior to
metabolic labeling in the presence of 1 uCi/mL of [2-"*C]-
acetate (59 mCi/mmol, PerkinElmer) for an additional 2 h
under shaking at 37 °C. Extraction of total mycolic acids was
carried out as previously reported.”® Briefly, cell pellets were
washed and treated with 15% tetrabutylammonium hydroxide
(TBAH) at 100 °C overnight. Fatty acids and mycolic acids
were methyl-esterified and extracted in diethyl ether. Lipid
extracts were dried and resuspended in dichloromethane and
separated by thin-layer chromatography (TLC). Fatty acid
methyl esters (FAMEs) and mycolic acid methyl esters
(MAMEs) were developed in petroleum ether/acetone
(95:5, v/v). The ["*C]-labeled FAME and MAME content
was analyzed using an Amersham Typhoon imaging system.

Human Bronchial Organoid Culture. The CHU of
Toulouse (CHU 19 244 C) and the CNRS (CNRS 205782)
approved the use of materials for this study. Organoids were
derived from a lung biopsy of a cystic fibrosis heterozygous
patient (GS42X/1811 + 1.6kbA — G), as previously
reported.*

Organoid Infections. On the infection day, organoids
were infected with M. abscessus S and R variants adjusted to
ODgyo = 0.2. Organoids in 25 pL drops of Matrigel (Fisher
Scientific) were seeded on Nunclon Delta surface 35 X 10 mm
Dish (Thermo Scientific). After Matrigel polymerization, 2 mL
of airway organoid complete media*® without N-acetylcysteine
and without antibiotics were added to each plate. Organoids
were microinjected using a Femtojet microinjector (Eppen-
dorf), as previously described.*” Two hours after infection,
organoids were collected, washed in 1X PBS, embedded into a
fresh matrix and treated or not for 3 days with 1.56 ug/mL or
15.6 ug/mL NITD-916 or 12.5 ug/mL RFB.

Live Imaging and Colony-Forming Unit Assay. At day
3 post infection, images of the organoids were acquired under
an EVOS M7000 Imaging System (20X, at 37 °C with 5%
CO,) (Thermo Scientific). Following image acquisition,
infected organoids were individually collected and lysed in
100 uL of 10% Triton X100 in PBS.** Serial dilutions of the
lysates were plated on LB agar plates and incubated for 4 days
at 37 °C prior to CFU counting.

Crystal Structure Determination. M. abscessus InhA
(InhAp,p) was expressed and purified using our standard
structural genomics expression and purification protocols
reported previously.é‘}”64 Briefly, the MAB 2722c¢ gene
encoding InhAy,p was cloned from genomic DNA into the
bacterial expression vector BG1861, which encodes a non-
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cleavable N-terminal Hiss tag. The protein was expressed in
BL21(DE3) cells with autoinduction media followed by cell
lysis and purification via nickel affinity then size exclusion
chromatography. InhAy.p crystallized at 23.06 mg/mL in the
apo state in the MCSG1 crystallization screen condition E1 (2
M (NH,),SO, 0.1 M Hepes pH 7.5); the crystal was
cryoprotected with reservoir supplemented with 20% v/v
ethylene glycol. InhAy,p crystallized at 23.06 mg/mL with 4
mM NADH in the JCSG+ crystallization screen condition E1
(0.1 M sodium cacodylate pH 6.27, 1.09 M sodium citrate
tribasic); the crystal was cryoprotected with reservoir
supplemented with 4 mM NADH and 20% v/v ethylene
glycol. InhAy;p crystallized at 23.06 mg/mL with 3.5 mM
NADH and 3.5 mM NITD-916 in the Index crystallization
screen condition H10 (0.2 M sodium citrate tribasic, 20% PEG
3350); the crystal was cryoprotected with reservoir supple-
mented with 3.5 mM NADH, 3.5 mM NITD-916, and 20% v/
v ethylene glycol. The apo and the NADH/NITD-916 bound
data sets were collected at the Advanced Photon Source
beamLine 21 ID-F with a Rayonix MX-300 CCD detector at
0.97872 A wavelength. The NADH bound data set was
collected in house on a Rigaku FR-E+ SuperBright X-ray
generator with a Saturn 944+ detector at 1.5406 A wavelength.
The apo structure was solved by molecular replacement using
MORDA and the M. tuberculosis InhA structure (PDB ID
2H71 superseded by 4U0J) as a search model. The structure
was refined with iterative rounds of refinement between
Phenix” and Coot.°® X-ray diffraction images have been
uploaded to the Integrated Resource for Reproducibility in
Macromolecular Crystallography (IRRMC) database (www.
proteindiffraction.org).®

Ligand Binding via Differential Scanning Fluorimetry
(DSF). Sypro dye based DSF experiments were performed on a
Bio-Rad CFX-96 thermal cycler at 0.1 mg/mL InhA,p in a
background buffer of 25 mM Tris pH 8.0, 200 mM NaCl, 1
mM TCEP, and 1% v/v glycerol. DMSO was kept constant at
2% v/v for all measurements. NAD alone or NAD and NITD-
916 were added to a final concentration of 1 mM.

Statistical Analyses. Statistical analyses were performed
on Prism 9.0 (Graphpad) and detailed for each figure legend.
*P £ 0.05, ¥* P < 0.01, *** P < 0.001, **** P < 0.0001.
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Table S1. MIC (in pg/mL) of ethionamide (ETH) and NID-916 determined in CaMHB,
Middlebrook 7H9, Sauton’s medium and ASM against wild-type M. abscessus CIP104536"and

against strain NITD916R%. Results were completed in triplicate in at least two independent
experiments.

Strain CaMHB 7H9 + OADC Sauton ASM

ETH NITD-916 ETH NITD-916 ETH NITD-916 ETH NITD-916
CIP104536" (S) 25 1.56 12.5 6.25 6.25 0.195 25 0.78
NITD916R?(S) 25 >200 12.5 >200 6.25 >200 25 >100

S2



Table S2. Activity of INH, NITD-916 and the quinoline-INH hybrid 16g* against M. abscessus
strains overexpressing KatGmrs. MIC (ug/mL) were determined in CaMHB at 30 °C. Results
were confirmed in two separate experiments.

(1)

MIC (ug/mL)
Strain INH NITD-916 16g
CIP104536" (S) > 1000 1.56 > 200
T
CIP104536" (S) + 625 156 100

pSMT3-katGurs-tdTomato
CIP104536" (R) > 1000 1.56 > 200
CIP104536' (R) +

pSMT3-katGurs-tdTomato

62.5 1.56 100

Alcaraz, M.; Sharma, B.; Roquet-Banéres, F.; Conde, C.; Cochard, T.; Biet, F.; Kumar, V.; Kremer,
L. Designing Quinoline-Isoniazid Hybrids as Potent Anti-Tubercular Agents Inhibiting Mycolic Acid
Biosynthesis. Eur J Med Chem 2022, 239, 114531.
https://doi.org/10.1016/j.ejmech.2022.114531.
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Table S3. Crystallographic data collection and refinement statistics.

Data collection and processing

InhAmas with NITD-916 and NAD

Wavelength (A)
Resolution range (A)
Space group

Unit Cell

Total reflections
Multiplicity
Completeness (%)
Mean I/sigma(l)
Wilson B-factor (A?)
R-merge (%)

0.97872

50-1.45

c2

78.31,102.31, 76.82 / 90, 114.65, 90
95,830 (6037)

3.87(2.26)

98.2(84.4)

18.13 (4.29)

11.58

4.6 (22.8)

Refinement

InhAwmas with NITD-916 and NAD

Number of reflections

Number of R-free reflections

R-work %

R-free %

RMS(bonds)

RMS(angles)

Ramachandran plot
Favored (%)
Allowed (%)
Outliers (%)

PDBID

93,841
1989
15.05
17.87
0.005
0.840

96.4
3.6

0
7UO0M
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Table S4. Differential scanning fluorimetry (DSF) measurements on InhAmas.

Sample Melting Temperature Tm (°C)

Repl Rep2 Rep3 Avg SD (ATm)
Apoenzyme 39.5 39.5 39.0 39.3 0.2 --
NAD 40.0 40.0 39.5 39.8 0.2 +0.5
NAD & NITD-916 54.0 54.0 54.0 54.0 0.0 +14.7
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Table S5. Interactions between NITD-916 and other antibiotics against M. abscessus
CIP104536" (S) and CIP104536" (R) were determined using the checkerboard assay in CaMHB
and MICs evaluated by REMA (resazurin microtiter assay). Plates were incubated for 4 days at
30 °C, after which 10 pL (10%, vol/vol) of resazurin 0.025% was added to the wells and
incubated overnight at 30 °C.

Interaction with NITD-916

CIP 104536 (S)

Compound MIC (pug/mL) FICI score (mean % SD) Outcome
IPM 16 0.75+0.21 Indifferent
AMK 50 1.25 Indifferent
RFB 50 1.21+0.07 Indifferent
CFX 64 1.17 £0.07 Indifferent
BDQ 0.0625 1.125 Indifferent
CFz 1 0.917+£0.26 Indifferent
EJMCh6 0.125 1.052 £ 0.07 Indifferent
CIP 104536" (R) Interaction with NITD-916
Compound MIC (ug/mL) FICI score (mean + SD) Outcome
IPM 16 0.625 Indifferent
AMK 50 1.25 Indifferent
RFB 12.5 1.17 £0.07 Indifferent
CFX 64 0.83+£0.07 Indifferent
BDQ 0.0625 1.125 Indifferent
CFz 1 0.833+£0.26 Indifferent
EJMCh6 0.125 1.542 £ 0.44 Indifferent

The Fractional Inhibitory Concentration Index (FICI) was calculated as follows: FICI = (MIC drug A in

combination/MIC drug A alone) + (MIC drug B in combination/MIC drug B alone), where drug A was NITD-916
and drug B was imipenem (IPM), amikacin (AMK), rifabutin (RFB), cefoxitin (CFX), bedaquiline (BDQ), clofazimine
(CFZ) or EJMCh6 (benzimidazole inhibiting MmpL3). Interaction between the two compounds was defined as
synergistic when FICI was < 0.5, indifferent when 0.5 < FICI < 4, and antagonistic when FICI was > 4.
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Figure S1. Cytotoxicity assay of NITD-916, isoniazid (INH) and rifabutin (RFB) on THP-1
differentiated macrophages. Cells were differentiated with PMA for 48 hrs and exposed to
increasing concentration of either NITD-916, INH or RFB (starting at 100 ug/mL) for an
additional 24 hrs (A) or 72 hrs (B) at 37 °C in the presence of 5% CO,. Results are the mean of

three independent experiments done in duplicates.
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Figure S2. (A) Percentage of THP-1 macrophages at 0, 1 and 3 days post-infection with M. abscessus
CIP104536" (S) (MOl of 2:1) in the absence (UNT) of antibiotics or presence of NITD-916 (1.56 pg/mL
and 15.6 ug/mL) or RFB (12.5 pg/mL). DMSO-exposed cells were included as controls. Results are
expressed as mean values * SD for three independent experiments with 30 fields per condition. Data
were analyzed using the Mann-Whitney t test. **** P < 0.0001. (B) Representative immuno-
fluorescent fields were taken at 1 and 3 days post-infection showing macrophages infected with M.
abscessus expressing TdTomato (red) in the absence of antibiotics (UNT) or in the presence of NITD-
916 (1.56 pg/mL and 15.6 pg/mL) or RFB (12.5 pg/mL). DMSO-exposed cells were included as
controls. The surface and the endolysosomal system of the macrophages were detected using anti-
CD63 antibodies (green). The nuclei were stained with DAPI (blue). White arrows indicate individual
or mycobacterial aggregates. Scale bar, 50 um. (C) Percentage of macrophages categories infected
with different number of bacilli (<5 bacilli/cell, 5 to 10 bacilli/cell, >10 bacilli/cell). The categories
were counted at 0, 1 and 3 days post-infection in the absence of antibiotics or in the presence of
NITD-916 (1.56 pug/mL and 15.6 pug/mL) or RFB (12.5 pg/mL). Untreated (UNT) or DMSO-exposed
cells were included as controls. Data are mean values + SD for three independent experiments.
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Figure S3. (A) Differential scanning fluorimetry (DSF) thermal shift analysis of InhAmas in the

apoenzyme state (blue curves in triplicate), in the presence of NAD (red curves) and NAD &
NITD-916 (purple curves). (B) First derivative profiles of melting curves.
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Figure S4. Multiple sequence alignments using Clustal Omega and the Jalview software of the
InhA proteins from M. tuberculosis (MTB), M. abscessus (MAB), M. leprae (MLP), M. bovis
(MBOV), M. marinum (MMAR), M. avium (MAC) and M. kansasii (MKAN). The percentage of
protein identity relative to InhAwmrs is indicated in the left margin. The red rectangle indicates the
position of the highly conserved Gly96 residue.
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Article 3 : “In vitro and in vivo efficacy of NITD-916 against Mycobacterium fortuitum”,

Francoise Roquet-Baneres*, Matthéo Alcaraz*, Claire Hamela*, Jan Abendroth, Thomas E. Edwards, et
Laurent Kremer. Antimicrobial Agents and Chemotherapy, 2023, Vol 67, N° 4, Page 1607-1622,
PMID : 36920188, DOI : 10.1128/aac.01607-22.

M. fortuitum est I'une des espéces mycobactériennes a croissance rapide les plus retrouvées dans les
infections avec M. abscessus, notamment chez des patients atteints de mucoviscidose ou avec des
pathologies sous-jacentes. Le traitement de ce pathogéne reste difficile en clinique en raison de sa
résistance accrue aux antibiotiques, a I'instar des autres mycobactéries, ce qui souligne un besoin de
développer de nouvelles thérapeutiques.

De par la haute identité entre les protéines InhA de M. abscessus et M. fortuitum (prés de 90%), nous
avons ainsi évalué l'activité de l'inhibiteur NITD-916 également sur ce pathogéne opportuniste
émergent. Ce composé a une trés bonne activité in vitro contre un panel de souches cliniques a faible
concentration, ainsi que dans un modele macrophagique. De plus, nous avons pu étudier |'efficacité
de ce composé dans un modele d’infection de poisson zébre. Un traitement de courte durée au NITD-
916 permet une protection significative des embryons infectés, corrélée a une baisse de la charge
bactérienne et des symptomes associés.

D’un point de vue mécanistique, identiquement a ce que l'on retrouve chez M. tuberculosis ou
M. abscessus, NITD-916 inhibe la synthése des acides mycoliques chez M. fortuitum de maniere InhA
dépendante. La résolution de la structure cristallographique du complexe InhA:NADH:NITD-916 a
permis de confirmer I'inhibition directe de cette enzyme.

Dans l'ensemble, ces travaux valident InhA comme une cible a développer également chez
M. fortuitum et indiquent que NITD-916 est actif contre ce pathogene ce qui renforce I'idée de devoir
le prendre en compte dans de futures évaluations précliniques ainsi que de développer des molécules

partageant son mécanisme d’action.
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ABSTRACT Mycobacterium fortuitum represents one of the most clinically relevant
rapid-growing mycobacterial species. Treatments are complex due to antibiotic resist-
ance and to severe side effects of effective drugs, prolonged time of treatment, and
co-infection with other pathogens. Herein, we explored the activity of NITD-916, a
direct inhibitor of the enoyl-ACP reductase InhA of the type Il fatty acid synthase in
Mycobacterium tuberculosis. We found that this compound displayed very low MIC val-
ues against a panel of M. fortuitum clinical strains and exerted potent antimicrobial ac-
tivity against M. fortuitum in macrophages. Remarkably, the compound was also
highly efficacious in a zebrafish model of infection. Short duration treatments were
sufficient to significantly protect the infected larvae from M. fortuitum-induced killing,
which correlated with reduced bacterial burdens and abscesses. Biochemical analyses
demonstrated an inhibition of de novo synthesis of mycolic acids. Resolving the crystal
structure of the InhAy, in complex with NAD and NITD-916 confirmed that NITD-916
is a direct inhibitor of InhAy,. Importantly, single nucleotide polymorphism leading
to a G96S substitution in InhA,, conferred high resistance levels to NITD-916, thus
resolving its target in M. fortuitum. Overall, these findings indicate that NITD-916 is
highly active against M. fortuitum both in vitro and in vivo and should be considered
in future preclinical evaluations for the treatment of M. fortuitum pulmonary diseases.

KEYWORDS Mycobacterium fortuitum, NITD-916, InhA, mycolic acid, macrophage,
zebrafish, infection

nfections caused by nontuberculous mycobacteria (NTM) are increasing globally, par-
ticularly in countries where the incidence of tuberculosis is declining (1). NTM are
environmental microorganisms, capable to induce persistent infections in individuals
with an impaired local or systemic immunity. NTM pulmonary diseases represent the
most frequently encountered clinical manifestations and can involve slow-growing
and rapid-growing mycobacteria (RGM), and has become a public health concern
around the world as well as in China (2). Mycobacterium fortuitum represents the sec- Copyright © 2023 American Society for

. . . R Microbiology. All Rights Reserved.
ond most frequent RGM after M. abscessus and can sometimes be isolated in cystic fi-
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including the skin (8), bones (9), or lymph nodes (10). M. fortuitum pulmonary disease Returned for modification 11 January 2023
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occurs predominantly in patients with underlying conditions, such as posttuberculosis Published 15 March 2023

changes (11), severe chronic obstructive pulmonary disease (COPD), and cancer (12). It
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Efficacy of NITD-916 against M. fortuitum

is generally associated with a poor prognosis and about a third of the affected patients
reported in the literature die, despite chemotherapy. The recent established guidelines
for M. fortuitum pulmonary diseases recommend a combination of two or three drugs
(13). Treatment often includes one or two intravenous drugs to be continued for an ini-
tial period (4 to 16 weeks)—amikacin and/or imipenem—and at least two oral drugs—
a fluoroquinolone (moxifloxacin or levofloxacin), co-trimoxazole, linezolid, clofazimine,
doxycycline—should be continued until at least 12 months after conversion to culture
negative to complete the treatment regimen. However, there is limited clinical evi-
dence to support these treatment regimens. In addition, M. fortuitum infections have
been reported with a high prevalence of resistance to several drugs, including macro-
lides, B-lactams, aminoglycosides and tetracyclines, and also antituberculosis (TB)
drugs such as isoniazid (INH), rifampin, ethambutol, clofazimine, ethionamide, and rifa-
butin (14, 15). M. fortuitum is considered resistant to INH because it expresses two
unrelated catalase-peroxidases (KatGl and KatGll) that are unlikely able to activate INH
efficiently (16), thus highlighting the potential of testing direct inhibitors of InhA to
counteract KatG-mediated resistance. The intrinsic resistome potentially responsible for
the broad resistance levels to many antibiotic classes has recently been emphasized
through analysis of a large set of available M. fortuitum genomes (17). M. fortuitum strains
have also been reported to express inducible clarithromycin resistance due to the pres-
ence of erm(39) (18), highlighting the need for alternative antibiotics to treat these infec-
tions. Thus, in order to increase the performances of the current drug regimens against
M. fortuitum diseases, new effective compounds targeting so far untapped target/path-
ways are needed.

The unique cell wall lipids, including mycolic acids, produced in mycobacteria play
essential roles in the physiology and virulence of these bacteria (19). In addition, the
mycolic acid biosynthetic pathway represents a validated site of action for the first-
intent drug INH and the second-intent drug ethionamide (ETH) (20). Therefore, this
pathway has also significant potential as a target for the development of novel anti-
mycobacterial drugs, not only in M. tuberculosis (21, 22) but also in NTM. In support of
this view, we recently demonstrated that inhibition of the mycolic acid pathway has
translational potential for treatment and control of M. abscessus pulmonary diseases
(23). This proof-of-concept was verified through the use and mode of action of the 4-
hydroxy-2-pyridone lead candidate NITD-916, initially discovered in a phenotypic
screen against M. tuberculosis (24). We reported the potent in vitro activity of NITD-916
against M. abscessus, through direct inhibition of the enoyl-ACP reductase InhA, lead-
ing to the arrest of mycolic acid biosynthesis. Importantly, NITD-916 reduced the intra-
cellular bacterial loads in M. abscessus-infected macrophages and diminished both the
number and size of cords. This compound was also very active in CF patient-derived al-
veolar organoids recapitulating the CF airway dysfunctions and characterized by the
presence of a thick mucus and increased susceptibility to M. abscessus infection (25).

These results prompted us to investigate whether NITD-916 may also exert activity
in M. fortuitum through InhA inhibition, thus offering potential for future chemothera-
peutic developments against M. fortuitum infections. In this study, we describe the
mechanism of action of the NITD-916 in M. fortuitum and assess its activity of in vitro,
in macrophages as well as in a zebrafish model of infection.

RESULTS

NITD-916 displays potent in vitro activity against M. fortuitum strains. The activ-
ity of NITD-916 was first tested against the reference strain ATCC 6841 in three differ-
ent broth media (Table 1). Following the CLSI guidelines (26), the MIC was found to be
extremely low in CaMHB (MIC = 0.04 pg/mL). The MIC was higher in 7H99AP¢ (0.31 g/
mL) or in Sauton’s medium supplemented with OADC (0.16 wg/mL). Conversely, the
MIC of INH was much lower in 7H9°APC or Sauton’s media than in CaMHB (50 wg/mL).
This indicates that the MIC of NITD-916 and INH vary considerably depending on the
medium used and that NITD-916 exerts a much more pronounced activity than INH
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TABLE 1 Characteristics MIC (in ng/mL) of INH and NITD-916 determined in CaMHB,
Middlebrook 7H9 supplemented with OADC or Sauton’s medium supplemented with OADC
at 30°C against M. fortuitum ATCC 68419

CaMHB 7H9 + OADC Sauton + OADC
Strain INH NITD-916 INH NITD-916 INH NITD-916
ATCC 6841 50 0.04 6.25 0.31 1.56 0.16

aThe values shown are representative of three independent experiments.

against M. fortuitum. We next determined the potency of NITD-916 using a panel of
nine clinical isolates. All strains were highly susceptible to NITD-916 (MIC = 0.16 to
0.31 wg/mL) (Table 2) while remaining poorly responsive to INH (50 to 100 wg/mL).
These isolates remained susceptible to amikacin (AMK) although MIC values (5 to
10 ng/mL) were slightly higher than those reported by others (MIC = 1 wg/mL) (27).
Altogether, these results demonstrate that NITD-916 exerts strong activity on M. fortui-
tum strains in vitro.

To assess the influence of NITD-916 in liquid culture, exponentially growing M. fortui-
tum was exposed to 0.02, 0.04, 0.16, and 0.31 wg/mL NITD-916 (corresponding to 0.5x,
1x, 4%, and 8x MIC), followed by CFU counting at various time points. This resulted in
noticeable growth inhibition (Fig. 1). At 0.04 wg/mL, NITD-916 exerted a bacteriostatic
effect during the 4 days of treatment. At 0.16 wg/mL, a 2-Log drop in the CFU was
observed during the first 72 h of exposure to the compound, after which the CFU counts
remained stable. No further decrease in the CFU counts occurred at higher concentra-
tions. This suggests that NITD-916 displays a moderate bactericidal activity at concentra-
tions above the MIC. This pattern of growth and kill was very similar to the one of AMK,
included an internal control drug. However, while AMK showed only limited bactericidal
activity at 1x MIC (5 uwg/mL) (Fig. 1), previous studies reported a concentration-depend-
ent activity of AMK with the main fall in CFU observed at 4x MIC or higher (27).

G96S mutations in inhA,,., confer high resistance levels to NITD-916. Single nu-
cleotide polymorphisms in inhA, encoding the enoyl-ACP reductase InhA involved
mycolic acid biosynthesis, have been identified previously in M. tuberculosis (InhAyg) (24)
and in M. abscessus (InhA,.) mutants resistant to NITD-916 (23). Multiple sequence align-
ments indicate that InhA,, is highly conserved, sharing 89.6% identity with InhA,,,s and
88.5% with InhA; (Fig. 2A). To address whether mutations in inhA confer high resistance
levels to NITD-916 in M. fortuitum, we selected independent clones growing on agar sup-
plemented with 3.1 wg/mL NITD-916 at frequencies estimated to 1.3 x 1077 (Table 3).
Subsequent MIC determination of the two selected colonies confirmed their high resist-
ant levels to NITD-916 (MIC = 5 to 10 ng/mL), corresponding to an ~128-fold increased
resistance level compared to the parental strain. Both resistors remained susceptible to
AMK and INH (Table 3). PCR/sequencing of the inhA,, locus identified amino acid
replacements at position 96, similarly to mutations identified previously in M. abscessus

TABLE 2 Activity of NITD-916 against M. fortuitum?®

Strain AMK® INH NITD-916
ATCC 6841 5 50 0.04
#2 5 100 0.16
#3 5 50 0.16
#4 5 50 0.16
#5 10 50 0.31
#6 10 100 0.31
#7 10 50 0.16
#8 10 100 0.16
#9 10 100 0.31
#10 5 100 0.31

9The MIC (ug/mL) was determined in CaMHB at 30°C against the reference ATCC 6841 strain and 9 clinical
isolates. The values shown are representative of three independent experiments.
bAMK, amikacin; INH, isoniazid.

April 2023 Volume 67 Issue 4 10.1128/aac.01607-22 3

Downloaded from https://journals.asm.org/journal/aac on 29 August 2023 by 193.54.110.55.


https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.01607-22

Efficacy of NITD-916 against M. fortuitum

14 -
13
12 4 —o— Untreated
T 1:) | —o— AMK 5 ug/mL
E 9 —o— NITD-916 0.02 pg/mL
e ? | —=— NITD-916 0.04 pg/mL
{2 -
2 6% —o— NITD-916 0.16 pg/mL
5 .
4] $ NITD-916 0.31 pg/mL
3 . . : ;
0 1 2 3 4

Time (Days)

FIG 1 In vitro activity of NITD-916 against M. fortuitum. M. fortuitum ATCC 6841 was exposed either
to 0.02, 0.04, 0.16, 0.31 ug/mL NITD-916 or 5 ug/mL AMK in CaMHB at 30°C. At various time points,
bacteria were plated on LB agar and further incubated at 37°C for 3 days prior to CFU counting.
Results from each drug concentration are representative of three independent experiments.

and M. tuberculosis resistant mutants (23). Both M. fortuitum®'® and M. fortuitum®? resis-
tors harbored a G96S point mutation. Introduction of the pMV261_inhA,,,; construct (23)
in M. fortuitum®'8 resulted in a 2- to 4-fold decrease in the MIC value of NITD-916 (data
not shown), thus indicating that complementing the defective inhA gene with a wild-type
copy of the gene was associated with a slight increase in susceptibility to NITD-916.

Crystal structures of InhA,,;, with NAD and NITD-916. We obtained a crystal struc-
ture of the InhAy, holoenzyme complex with NAD at 1.8 A resolution (Table S1). As with
other InhArz and InhA,,,; holoenzyme complexes the a-helix spanning residues T196-G204
(a5) resides close to the nicotinamide ring of NAD, generating a closed, small substrate
pocket. In the inhibited InhA,,o terary complex crystal structure obtained at 2.05 A resolu-
tion this a-helix moves away from NAD to accommodate the inhibitor NITD-916 (Fig. 2B).
Concomitantly, the a-helix spanning residues E210-A226 (a6) moves toward the substrate
binding pocket to interact with the inhibitor. The InhA, ternary complex with NAD and
NITD-916 is overall nearly identical to that obtained for InhAy; and InhA,,; (Fig. 2C). This
result is expected based on similar overall sequence identity between the mycobacterial spe-
cies and similar overall efficacy of NITD-916. The site of resistance G96S forms packing inter-
actions with the phenyl ring of NITD-916 in a manner similar to that observed in the other
mycobacterial species. Mutation of this residue to a serine would be expected to sterically
clash with the ligand, thereby decreasing its potency; this is also close to the 3" hydroxyl on
the nicotinamide portion of the substrate and the G96S mutation could also cause loss of fit-
ness of mycobacterial InhA.

NITD-916 inhibits mycolic acid biosynthesis by targeting InhA,,. The above-
mentioned results strongly suggest that NITD-916 targets the enoyl ACP reductase
InhA in M. fortuitum and is likely to inhibit de novo synthesis of mycolic acids. M. fortui-
tum produces essentially a- and epoxy-mycolic acids as well as variable amounts of «'
and/or w1-methoxy mycolic acids, depending on the strain (28, 29). To confirm that
NITD-916 affects the mycolic acid profile, M. fortuitum cultures were pretreated with
increasing concentrations of NITD-916 prior to labeling with 1 uCi/mL ['“Clacetate.
Radioactive lipids were extracted, methyl-esterified and separated by TLC. The de novo
synthesis of a-, &’-, and epoxy-mycolates was drastically altered in a dose-dependent
fashion and production was abrogated in the presence of 1.25 ug/mL NITD-916 (Fig.
2D). Ethionamide (ETH), a drug known to inhibit InhA and whose biotransformation is
dependent on EthA (30), was included as a positive control. ETH abrogated mycolic
acid biosynthesis at very high concentrations (500 ng/mL), in agreement with its high
MIC value (32 to 64 ng/mL; data not shown). However, the synthesis FAMEs remained
unaffected by NITD-916. This indicates that NITD-916 specifically inhibits the type Il but
not the type | fatty acid synthase, consistent with inhibition of InhAc.. In contrast, the
mycolic acid profile in M. fortuitumR'® carrying a G96S mutation in InhA-, was charac-
terized by a lack of mycolate inhibition compared to the parental strain (Fig. 2E).
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FIG 2 Structural basis of inhibition of M. fortuitum InhA by NITD-916 and effect on mycolic acid biosynthesis. (A) Multiple sequence alignments using
Clustal Omega and the Jalview software of the InhA protein from M. fortuitum (MFO) along with InhA from M. abscessus (MAB) and M. tuberculosis (MTB).
The percentage of protein identity is indicated in the left margin. The star highlights the position of the highly conserved Gly96 residue. (B) Crystal
structures of M. fortuitum InhA bound to NAD alone (gray ribbons) or NAD and NITD-916 (green ribbons and sticks). The a-helix spanning residues Thr196-
Gly204 moves away from the active site pocket (red arrow) to accommodate the inhibitor NITD-916 in a manner similar to how it would accommodate its
substrate. Resistance mutants arise at Gly96, labeled in red. (C) Overlay of the crystal structures of M. fortuitum InhA (green), M. abscessus InhA (magenta),
and M. tuberculosis InhA (cyan) bound to NAD and NITD-916. (D) M. fortuitum cultures were grown in 7H9°AP¢ Tyloxapol 0.025% at 37°C with agitation for
1 h in the presence of increasing concentrations of either ethionamide (ETH) or NITD-916. Bacteria were then labeled with ['*Clacetate for 2 h at 37°C with
agitation prior to mycolic acid extraction. Equal counts (50, 000 cpm) of radiolabeled lipids were loaded onto a TLC plate and resolved using the solvent
system petroleum ether/acetone (95/5, vol/vol). (E) M. fortuitum WT and M. fortuitum®'® carrying a G96S mutation in InhA,,., were grown in the presence of
increasing concentrations of NITD-916. Mycolic acid labeling, extraction and separation were processed as in (D).

Mycolates were still produced at 1.25 ug/mL NITD-916, a concentration which abro-
gated mycolic acid biosynthesis in the parental strain. This supports the idea that the
G96S replacement alters the activity of the inhibitor, most probably by preventing the
binding of the drug into InhAy,. Overall, biochemical and genetic data underscore
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TABLE 3 Characteristics of two NITD-916 spontaneous resistant mutants of M. fortuitum®

MIC (g/mL) Mutation in inhA,,.,
Strain AMK INH NITD-916 SNP AA change Frequency of mutation
ATCC 6841 5 50 0.04
M. fortuitum®R'® 5 50 10 G286A  G96S 13 %1077
M. fortuitum®2° 5 50t0 100 5to 10 G286A  G96S 1.3 x 1077

aMIC (ug/mL) were determined in CaMHB at 30°C. Resistant strains were derived from the ATCC 6841 reference
strain in 7H10°4° supplemented with 3.1 ug/mL NITD-916. Single-nucleotide polymorphism (SNP) in inhA, .,
and corresponding amino acid (AA) changes as well as the frequency of mutation are indicated. The MIC values
shown are representative of three independent experiments.

the mode of action of NITD-916, which abolishes mycolic acid biosynthesis by target-
ing InhA 0.

Reduced intramacrophage M. fortuitum loads upon treatment with NITD-916.
Because there is little information available regarding the kinetic of M. fortuitum growth in
macrophages, we first monitored intramacrophage growth at 1 and 3 days postinfection
(dpi) after infection of THP-1 cells using an MOI 5:1. While no increase was noticed at
1 dpi, a ~2 Log increase in the CFU was observed at 3 dpi, compared to the inoculum
(Fig. 3A). To exclude the possibility of extracellular bacterial growth, macrophages were
treated with 25 ug/mL AMK for 2 h and were extensively washed every day and replen-
ished with fresh medium. However, despite AMK treatment and washing, plating the
washes on LB agar revealed the presence of extracellular bacilli, corresponding approxi-
mately to ~3.5% of the intracellular bacterial loads (not shown). It appears also reasona-
ble to propose that the AMK pulse interfered with the intracellular growth of M. fortuitum
during the first 24 h postinfection, thereby limiting the intracellular replication of M. fortui-
tum observed at 1 dpi. This is supported by the fact that 5 wg/mL AMK is sufficient to in-
hibit in vitro growth of M. fortuitum (Fig. 1). That M. fortuitum has the capacity to survive
and grow intracellularly prompted us to assess the efficacy of NITD-916 in infected THP-1
macrophages. Previous studies have shown that NITD-916 exerts very little cytotoxicity af-
ter exposure of THP-1 to the drug for 1 or 3 days (23). Results in Fig. 3A indicate that
NITD-916 did not affect the intracellular loads at 1 dpi as the CFU counts were compara-
ble to those in the inoculum. However, there was a marked and dose-dependent decrease
in the intracellular loads at 3 dpi. At 0.62 wg/mL (the highest concentration tested), there
was a ~3 Log decrease in the CFU counts compared to the untreated cells at 3 dpi. At
this dose, the efficacy of NITD-916 was slightly lower than following treatment with
16 wg/mL IPM, for which a growth inhibitory effect was already noticed at 1 dpi.

To further investigate the effect of the drug treatment on infected cells, macrophages
were infected with eGFP-expressing M. fortuitum, exposed to either DMSO, NITD-916, or
IPM and stained with anti-CD63 antibodies and DAPI. Quantification of the percentage
of infected macrophages indicated that concentrations of NITD-916 = 0.16 wg/mL signif-
icantly reduced the proportion of macrophages infected with M. fortuitum (Fig. 3B). This
was further emphasized by examining the cells by at 3 dpi (Fig. 3C). At this time point,
very few infected cells were observed in the presence of 0.62 wg/mL NITD-916.

Collectively, these results indicate that NITD-916 can permeate both the host cell
membrane and the cell envelope of intracellular M. fortuitum, showing potent activity
against the bacteria within infected macrophages.

NITD-916 increases survival of M. fortuitum-infected zebrafish embryos. We
took advantage of the zebrafish embryo as an amenable model to study the chronology
of systemic M. fortuitum infections and found that intravenous injection of M. fortuitum
leads to aggressive and lethal infections in wild-type embryos, with worsening effects in
the absence of either functional innate immunity or CFTR (31). However, while this
model appears particularly conducive to spatiotemporal imaging of M. fortuitum infec-
tions, it has not been exploited yet to assess the in vivo efficacy of antibacterial agents
against M. fortuitum. We, thus, reasoned that it may represent an interesting biological
system allowing noninvasive observations to evaluate, in real time, the efficacy of NITD-
916 in a living vertebrate, as shown previously for other NTMs, such as M. marinum (32,
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FIG 3 Intracellular activity of NITD-916 on M. fortuitum-infected THP-1 cells. (A) Macrophages were infected with M. fortuitum ATCC
6841 at an MOI of 5:1 for 4 h, washed and treated with 25 ug/mL AMK for 2 h to kill the remaining extracellular bacteria. Infected
cells were then exposed to either NITD-916 at the indicated concentrations, AMK or IPM. Untreated (UNT) or DMSO-exposed cells
were included as controls. Cells were washed three times on a daily basis. CFU were determined at 0, 1, and 3 days postinfection.
Data of four independent experiments in triplicates were analyzed with a Mann-Whitney t test. ***, P < 0.001; ****, P < 0.0001; ns,
nonsignificant. (B) Percentage of infected THP-1 macrophages at 0 and 3 days postinfection with M. fortuitum ATCC 6841 (MOI of 5:1)
in the absence (UNT) or presence of increasing concentrations of NITD-916 or IPM. DMSO-exposed cells were included as controls.
Results are expressed as mean values + SD for three independent experiments with 30 fields per condition. Data were analyzed
using the Kruskal-Wallis test. ****, P =< 0.0001; ns, nonsignificant. (C) Representative immunofluorescent fields were taken at 0 and
3 days postinfection showing macrophages infected with M. fortuitum expressing eGFP in the absence of antibiotics (UNT) or in the
presence of either NITD-916 (1x, 0.04 wg/mL; 4%, 0.16 wg/mL; 8%, 031 ug/mL, 16%, 0.62 ug/mL) or IPM (1%, 16 wg/mL). The
surface and the endolysosomal system of the macrophages were detected using anti-CD63 antibodies (red). The nuclei were stained
with DAPI (blue). White arrows indicate individual or small mycobacterial aggregates. Scale bar, 50 um.

33) or M. abscessus (34-38). In a first set of experiments, noninfected embryos at 2 days
postfertilization (dpf) were exposed to increasing concentrations of NITD-916, ranging
from 0.4 to 6 wg/mL. The compound was changed on a daily basis for 4 days. No signs
of toxicity-induced killing or developmental abnormalities were observed, even at the
highest concentration tested (6 ug/mL). Complete embryo survival was recorded, even
at 6 ug/mL, indicating that, at the concentrations tested, NITD-916 was totally safe (Fig.
S1). Next, eGFP-expressing M. fortuitum was injected in the caudal vein of embryos at 30
h postfertilization (hpf) and subsequently exposed at 1 dpi for 4 days to 2, 4, or 6 ug/mL
NITD-916 and the fate of the treated embryos was monitored as illustrated in Fig. 4A. A
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FIG 4 In vivo efficacy of NITD-916 against M. fortuitum infected embryonic zebrafish. (A) Schematic of the in vivo efficacy protocol
showing the timeline of zebrafish embryo infection (M. fortuitum expressing eGFP) with various exposure periods or with
different concentrations of NITD-916 (daily changes), and compound washout after treatment. dpi, days postinfection. FPC,
Fluorescence pixel count; DOT, days of treatment. (B, C, D, E) At 30 hpf, embryos were infected with approximately 2,800 CFU (B,
C) and 900 CFU (D, E) of M. fortuitum expressing eGFP via caudal vein injection. A standard uninfected controlled was included
for each experiment. At 1 day postinfection, embryos were randomly split into equal groups of approximately 24 embryos per
group and (B) varying concentrations of NITD-916 (2, 4, and 6 wug/mL) or 6 ug/mL (C) were added to the water. Drugs were
changed daily, after treatment, which embryos were washed twice in fresh embryo water and maintained in embryo water. The
duration of the treatment is indicated with a colored line along the x axis (1 day in green, 2 days in blue, 3 days in brown, and
4 days in orange or red). Embryo survival was monitored daily over an 11-days period. Each treatment group was compared
against the untreated control group with significant differences calculated using the log rank (Mantel-Cox) statistical test for
survival curves. (B) Three replicates and (C) two replicates. ****, P < 0.0001. (D) Representative embryos from the untreated group
(upper panel) or treated group (6 wg/mL NITD-916) during 1 day (middle panel) or 4 days (lower panel) imaged at 5 dpi. Scale
bar, 500 um. At 4 DOT, the white arrows and white square indicate small infection foci. Enlargement scale bar, 30 um. (E) The M.
fortuitum burden was quantified after 2 (3 dpi) or 4 (5 dpi) days of exposure to 6 wg/mL NITD-916 by determination of the FPC
using the ImageJ software. The data are from two experiments (containing approximatively 36 embryos per group), with each
data point representing one infected embryo. The error bar represents the mean and standard deviation of the data set.
Statistical comparison was done using a Welch's t test, ****, P < 0.0001.
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significant increased survival was observed in all treated groups compared to the
untreated embryos (Fig. 4B). Remarkably, the 6 wg/mL NITD-916 treatment extended the
life span of infected zebrafish, reaching ~100% protection at 11 dpi, compared to 40%
for the untreated fish. To investigate whether reducing duration of treatment affects the
protective efficacy of NITD-916, infected embryos were exposed to 6 ug/mL NITD-916
for 1, 2, 3, or 4 days of treatment (DOT) and the efficacy of the treatment was judged by
monitoring the larval killing. Fig. 4C clearly shows that short treatments (1 or 2 DOT)
resulted in very high survival rates against M. fortuitum (=~75% of survival at 11 dpi com-
pared to ~30% to 40% for the untreated group) while the percentage of survival was
greater than 90% for longer periods of treatment (3 or 4 DOT). This dose-dependent
effect of NITD-916 was also supported by embryo imaging (Fig. S2). Together, these
results highlight a dose- and time-dependent effect of NITD-916 and indicate that this
compound is very efficient in this zebrafish test system against M. fortuitum infection.

We next monitored the kinetic of the bacterial burden upon intravenous infection
of embryos by fluorescence microscopy (Fig. 4D) and determination of the fluorescent
pixel counts (FPC) (Fig. 4E) at 3 and 5 dpi in the presence of absence of NITD-916. The
addition of 6 wg/mL NITD-916 for 4 days in fish water was accompanied by an impor-
tant reduction in the number of FPC at both time points (Fig. 4E). In addition, whole
embryo imaging at 5 dpi clearly highlighted the massive effect of the compound after
1 DOT, which was further exacerbated after 4 DOT (Fig. 4D), consistent with bacterial
burden quantification (Fig. 4E). At 4 DOT, infection foci were generally not detected
and, eventually, only individual bacilli could be observed. This pronounced effect of
NITD-916 in reducing the bacterial burden is likely to explain the high protective effi-
cacy of the compound on embryo survival.

Reduced pathophysiological symptoms in infected larvae treated with NITD-
916. We previously showed that the zebrafish/M. fortuitum model recapitulates major
mycobacterial pathophysiological features, such as cording and abscess formation (31).
Extracellular cord formation within the embryo is often representative of acute infection
and can be indicative of mycobacterial escape form the phagosome and macrophage
destruction (Fig. 5A, left panel) (39-41). Abscess formation can be linked to loss of infec-
tion control, typically occurring following cord formation and expansion (39-41) and rep-
resenting a marker of disease severity, associated with cell debris, tissue destruction, and
acute infection (Fig. 5B, left panel) (39). We, thus, inquired whether treatment of NITD-
916 would be associated with limited physiopathological signs, as a consequence of the
reduced bacterial burden. Our results indicate that at both 3 and 5 dpi, treatment with
NITD-916 coincided with a significant reduction in the proportion of embryos with cords,
which was particularly evident after 4 DOT (Fig. 5A, right panel). We observed a signifi-
cant increase in the number of embryos with abscesses, from 230% to ~50% between 3
and 5 dpi, in line with previous studies (31). Strikingly, we noticed a marked decrease in
the proportion of embryos with abscesses in the presence of NITD-916 at both time
points and this effect was dependent on the duration of the treatment (Fig. 5B, right
panel). After 4 DOT, we failed to detect abscesses in the treated fish. Collectively, these
results show that NITD-916 strongly reduces the physiopathological signs characterizing
acute and lethal M. fortuitum infections in the zebrafish model.

DISCUSSION

Infections caused by M. fortuitum isolates required long-term drug treatments due to
their inherent resistance levels to a large variety of antibiotics and standard disinfectants
(14, 42) and their capacity to assemble biofilms on surfaces that may contribute to bacte-
rial persistence (43). This emphasizes the urgent medical need to improve the performan-
ces of the current drug treatments against M. fortuitum diseases and the implementation
of new active molecules targeting untapped pathways. Guidelines for M. fortuitum treat-
ments recommend multidrug therapy (13) but none of the currently used drugs relies on
inhibition of the mycolic acid pathway, despite the fact that mycolic acids are essential
cell wall components in mycobacteria and represent the primary target of INH and ETH in
M. tuberculosis (20, 44). We have previously shown that this metabolic pathway represents
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FIG 5 Impact of NITD-916 on the evolution of M. fortuitum-induced symptoms in zebrafish. (A)
Confocal microscopy image representing a M. fortuitum cord (eGFP-green) in the zebrafish tail (left
panel). Nuclei of cells are stained in blue (DAPI). Scale bar, 100 wm. Proportion of zebrafish embryos
with mycobacterial cords detected with fluorescence microscopy at 3 and 5 days postinfection after 1
or 4 DOT (right panel). Results are from two separate experiments containing 35 to 40 embryos per
group. Error bars represent standard deviations. Statistical analysis was performed using Ordinary
one-way ANOVA (data passed normality test). *, P = 0.05; **, P = 0.01; ns, nonsignificant. (B)
Representative image of a M. fortuitum abscess (eGFP-green) at 5 dpi (left panel). Scale bar, 300 um
and enlargement scale bar, 100 um. Proportions of embryos with abscess detected by fluorescence
microscopy at 3 and 5 days after infection after 1 or 4 DOT (right panel). Results are from three
separate experiments containing 34 to 40 embryos per group. Error bars represent standard
deviations. Statistical analysis was performed using Ordinary one-way ANOVA (data passed normality
test). ¥, P < 0.05; **, P =< 0.01; ****, P < 0.0001.

an attractive target in M. abscessus and that the 4-hydroxy-2-pyridone lead candidate
NITD-916, originally identified in a phenotypic screen against M. tuberculosis (24) inhibits
InhA in M. abscessus (23). Importantly, NITD-916 significantly diminished the M. abscessus
burden in infected macrophages and reduced cording of the rough variant. Moreover,
NITD-916 reduced the bacterial loads in alveolar organoids derived from CF patients,
which are particularly susceptible to M. abscessus infection (25). These results prompted
us to explore the efficacy of the compound against M. fortuitum in vitro, in cellulo, and in
an animal model of infection.

In this study, we found that NITD-916 displays very low MIC values against a wide
panel of M. fortuitum clinical isolates characterized by a bacteriostatic activity in vitro at
1x MIC. Importantly, the compound showed very significant activity in reducing the
M. fortuitum burden in THP-1 macrophage after 3 days at concentrations correspond-
ing to 4x MIC and this effect was found to be dose-dependent, thus corroborating
previous results observed in M. abscessus-infected macrophages (23). We also report
here a robust and sustained activity of NITD-916 in infected zebrafish. Our results high-
light the in vivo efficacy of NITD-916 in this animal model, allowing to report the dose-
and time-dependent dynamics of infection foci formation/resorption. NITD-916 exerted
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an excellent protective effect at concentrations that had no impact on embryo survival
or development. Importantly, we provide evidence that this compound drastically re-
stricted the bacterial burden, even during short exposure times to NITD-916. In addition,
we found that NITD-916 treatment was correlated with a significant reduction in cording
as well as in abscess formation, both assigned as typical signs of mycobacterial infections
and considered as marker of disease severity. Because cords and abscesses are depend-
ent on uncontrolled mycobacterial replication and expansion (39), it is very likely that
limited cords and abscesses are a direct consequence of bacterial growth inhibition by
NITD-916. That most effects (embryo survival, cording, abscesses) are enlightened after
only 1 DOT, this suggests that NITD-916 is acting very rapidly in vivo, which is of particu-
lar interest to reduce the duration of drug treatment, thereby limiting potential side
effects often occurring during prolonged therapy. In addition of representing an increas-
ing public health problem, the M. fortuitum group is recognized as a major causative
agent of both fresh and saltwater fish mycobacteriosis, associated with ulcerative derma-
titis as well as organomegaly and granulomatous lesions in the internal organs (45, 46).
Because control of these infections in fish react poorly to antibiotherapy, we propose
NITD-916 to be further evaluated as a potent drug candidate for the treatment and con-
trol of fish mycobacteriosis.

Overall, the present study reports the usefulness of zebrafish as a preclinical model
to evaluate in real time the efficacy of a drug against M. fortuitum in the sole context of
innate immunity. This biological system may also be further exploited for medium-
throughput screenings to rapidly identify new chemical scaffolds with in vivo activity
against M. fortuitum, as reported previously for M. marinum (33). Our genetic and bio-
chemical studies unambiguously indicated that NITD-916 inhibits de novo biosynthesis
of mycolic acids by directly binding to InhA,o, thus sharing the same mode of action
than in M. tuberculosis or M. abscessus (23, 24). This is supported by the following rea-
sons: First, the high resistance levels to NITD-916 of two spontaneous mutants was
linked to the presence of G96S point mutations in InhAyo, similarly to those reported
previously in M. abscessus (23). Second, the mycolic acid profile of M. fortuitum®'® carry-
ing the G96S mutation remained unchanged upon exposure to NITD-916, suggesting
that replacement of the conserved Gly96 residue by a bulkier amino acid is likely to
affect the binding of the inhibitor into InhA. In contrast, M. fortuitumR'® remained
sensitive to INH, suggesting that Gly96 is probably not involved in the binding of the
INH-NAD adduct; Third, NITD-916 could be modeled in a NITD-916:NAD:InhA:o ter-
nary complex. Together, these results clearly establish a proof of concept that NITD-
916 inhibits the enoyl reductase activity of InhA,:, and that targeting the fatty acid
elongation step leading to mycolic acid production represents an excellent pathway to
be exploited in future drug discovery programs against M. fortuitum. Previous work
indicated that NITD-916 has no mutagenic or cardiotoxicity potential and displays
good pharmacological properties (24). This is of particular interest to encourage com-
ing medicinal chemistry programs for the rational optimization of NITD-916-related
analogs with improved efficacy. In this context, the availability of the InhA,,s crystal
structure in complex with NAD and NITD-916 will drive the design and chemical syn-
thesis of such derivatives.

Another important feature to consider in future studies relies on the possibility to
increase the activity of NITD-916 when associated with other drugs used in clinical set-
tings. The absence of drug-drug interactions is critical for clinical development and
remains to be verified experimentally.

In summary, this study adds a new lead compound to the preclinical M. fortuitum
drug pipeline and provides an interesting chemical starting point for subsequent opti-
mization programs. It supports the view that targeting mycolic acid biosynthesis has
an important translational potential for the development of new treatments against M.
fortuitum infections. The in vitro and in vivo activity of NITD-916 underlines the interest
of this unexploited chemical entity and additional experimentation is now required to
test NITD-916 in mouse infection models developed for M. fortuitum (47, 48). It is also
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expected that the results arising from this study will be useful in guiding the develop-
ment of improved 4-hydroxy-2-pyridones and other direct InhA inhibitors currently
being evaluated as antitubercular drug candidates (49, 50) against M. fortuitum as well
as against other NTM.

MATERIALS AND METHODS

Mycobacterium fortuitum strains and culture conditions. M. fortuitum subsp. fortuitum (ATCC
6841) and M. fortuitum clinical isolates were routinely grown and maintained at 37°C in Middlebrook
7H9 broth (BD Difco) supplemented with 10% oleic acid, albumin, dextrose, catalase (OADC enrichment)
and 0.025% Tyloxapol (Sigma-Aldrich) (7H9°AP<T) or on Middlebrook 7H10 supplemented with 10%
OADC enrichment (7H10°°%). M. fortuitum carrying pVV16-eGFP (31) was maintained in 7H9°APYT sup-
plemented with 100 wg/mL kanamycin (Euromedex).

Drug susceptibility testing. The MICs were determined according to the CLSI guidelines (26). All
cultures were first incubated at 30°C for 1 week in either Cation-adjusted Mueller-Hinton Broth (CaMHB),
7H9CAPC or Sauton’s medium supplemented with OADC. The broth micro-dilution method was used
with an inoculum of 5x10° CFU/mL in exponential growth phase in each medium. The bacterial suspen-
sion was seeded in 96-well plates (100 uL), except for the first column, to which 198 uL of the bacterial
suspension was added. In the first column, 2 ulL of drug at its highest concentration was added to the
198 ul of bacterial suspension. Two-fold serial dilutions were carried out and the plates were incubated
for 4 days at 30°C. MICs were recorded by visual inspection. Assays were completed in duplicate in three
independent experiments.

Growth kinetics. To monitor growth inhibition of M. fortuitum ATCC 6841, 96-well plates were set-
up as for MIC determination (CaMHB, 30°C) and serial dilutions of the bacterial suspensions exposed to
increasing concentrations of NITD-916 or amikacin (AMK) were plated on LB agar plates after 0, 1, 2, 3,
and 4 days. CFU were counted after 3 days of incubation at 37°C. Results from each drug concentration
are representative of three independent experiments in triplicates.

Monitoring intramacrophage growth inhibition. Human THP-1 monocytes were grown in RPMI
medium supplemented with 10% fetal bovine serum (Sigma-Aldrich) (RPMIF®) and incubated at 37°C in
the presence of 5% CO,. Cells were differentiated with 20 ng/mL Phorbol Myristate Acetate (PMA) in 24-
well flat-bottom tissue culture microplates for 48 h at 37°C with 5% CO,. Wells were seeded with 10° cells
and infection with M. fortuitum (MOI 5:1) was carried out at 37°C in the presence of 5% CO, for 4 h. After
extensive washing with 1x phosphate-buffered saline (PBS), macrophages were incubated with RPMIFES
containing 25 ug/mL AMK for 2 h and washed again with PBS prior to the addition of 500 L RPMIF®
containing either DMSO (negative control), AMK, imipenem (IPM) or NITD-916. Drugs were renewed on a
daily basis. Cells were washed 3 times with PBS every day and lysed with 100 uL of 1% Triton X-100 after
0, 1, or 3 dpi. Serial dilutions of macrophage lysates were plated onto LB agar plates and colonies were
counted to determine intracellular CFU.

Microscopy-based infectivity assay. Differentiated THP-1 cells were grown on coverslips in 24-well
plates and infected with M. fortuitum carrying pVV16-eGFP (MOI 5:1) for 4 h. After treatment with 25 pg/mL
AMK, cells were exposed to DMSO, IPM or different concentrations of NITD-916 and fixed at 0 and 3 dpi with
4% paraformaldehyde in 1x PBS for 15 min. Cells were permeabilized using 0.2% Triton X-100 before block-
ing with 2% BSA in PBS supplemented with 0.2% Triton X-100 for 20 min. The surface and the endolysoso-
mal system of macrophages were detected using anti-CD63 antibodies (Becton, Dickinson; dilution 1:1,000
for 1 h) and Alexa Fluor 488-conjugated anti-mouse secondary antibody (Molecular Probes, Invitrogen; dilu-
tion 1:100 for 45 min). After staining of nuclei with DAPI (dilution 1:1,000), cells were mounted onto micro-
scope slides using Immu-mount (Calbiochem). The percentage of infected macrophages were quantified
using an Evos M7000 Imaging System (40x, Thermo Fisher Scientific) while images were acquired using a
confocal microscope (63x, Zeiss LSM880). For each condition, approximatively 1000 infected macrophages
were analyzed and quantification of the percentage of infection were performed using ImageJ software.

Ethics. Zebrafish experiments were completed under European Union guidelines for the handling of
laboratory animals (http://ec.europa.eu/environment/chemicals/lab_animals/home_en.htm). Housing and
husbandry were approved by the Direction Sanitaire et Vétérinaire de I'Hérault for the ZEFIX-CRBM zebra-
fish facility (Montpellier) (registration number C-34-172-39). Handling and experiments were approved by
“le ministére de I'enseignement supérieur, de la recherche et de linnovation” under the reference
APAFIS#24406-2020022815234677 V3.

Zebrafish microinjection and infection. Single cell preparations of fluorescent M. fortuitum were
generated as previously described (31). At 24 hpf, embryos were dechorionated using Pronase (10 mg/
mL; Sigma-Aldrich) for up to 5 min at room temperature, followed by extensive washing in fish water. At
30 hpf, embryos were anaesthetized in 0.02% tricaine and infected with fluorescent M. fortuitum via cau-
dal vein injection (5 nL containing ~560 bacteria/nL for survival experiments and 2 nL containing ~450
bacteria/nL for FPC and symptom analyses). Bacterial inoculum was checked a posteriori by injection of 2
or 5 nL into sterile PBS and plating onto 7H10°4P€. Following infection, embryos were transferred to 6-
well plates (12 embryos/well) and incubated at 28.5°C for the duration of the experiment. Embryo age is
expressed as days postinfection.

Zebrafish monitoring and live imaging. Embryo survival was monitored daily based on the pres-
ence or absence of a heartbeat. Survival curves were determined by counting dead larvae for up to
12 days, or until uninfected embryos begin to die. At designated time points postinfection, embryos
were anaesthetized in 0.02% tricaine solution and mounted on 3% (wt/vol) methylcellulose solution for
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live imaging. Images were taken using a Zeiss Axio ZoomV16 coupled with an Axiocam 503 monochrome
camera (Zeiss). Fluorescent Pixel Count (FPC) measurements were determined using the ‘Analyze particles’
function in ImageJ. All experiments were completed at least two times independently.

Selection of NITD-916 resistant M. fortuitum mutants. Exponentially growing M. fortuitum were
plated on LB agar containing 3.1 uwg/mL NITD-916. After 1 week of incubation at 37°C, two individual
colonies selected, grown in CaMHB and individually assessed for MIC determination and scored for re-
sistance to NITD-916. SNP identification was completed by PCR amplification using primers inhA,,., (F)
5'-CCGGTCAGCTGCCCC-3" and inhA, o (R) 5'-GCACCCCTGCCGGAACG-3' to produce a 906-bp amplicon
for full coverage sequencing of the inhA,,, gene.

Mycolic acid analysis. M. fortuitum cultures were exposed to increasing drug concentrations of ei-
ther ethionamide (ETH) or NITD-916 for 1 h prior to metabolic labeling in the presence of 1 uCi/mL of
[2-"*CJacetate (59 mCi/mmol, Perkin Elmer) for an additional 2 h at 37°C under shaking. Extraction of
total mycolic acids was carried out as previously reported (30). Bacterial pellets were washed and treated
with 15% tetrabutylammonium hydroxide (TBAH) at 100°C overnight. Fatty acids and mycolic acids were
methyl-esterified and extracted in diethyl ether. Lipid extracts were dried and resuspended in dichloro-
methane and separated by thin-layer chromatography (TLC). Fatty acid methyl esters (FAMEs) and
mycolic acid methyl esters (MAMEs) were developed in petroleum ether/acetone (95:5, vol/vol). The
[*Cl-labeled FAMEs and MAMEs were analyzed using an Amersham Typhoon imaging system.

Crystal structure determination. M. fortuitum InhA (InhA,,) was expressed and purified using
standardized structural genomics protocols (51, 52). Briefly, the fabl gene encoding InhA,,., was cloned
from genomic DNA into the bacterial expression vector BG1861, which encodes a N-terminal His, tag.
The protein was expressed in BL21(DE3) cells with autoinduction media. Following centrifugation, the
cell pellet was stored at —80°C until purification. The cells were resuspended and lysed and purification
was performed via nickel affinity and size exclusion chromatography which showed a single main peak
with a slight shoulder. Fractions from the main peak (without the shoulder) were pooled and concen-
trated to 28.49 mg/mL with a final yield of 113 mg from 2 L of culture. InhA,,.,, was stored at —80°C until
used in crystallography experiments. Apo InhA,,., crystallized under several conditions as large plates,
but these crystals yielded low angle diffraction unsuitable for X-ray data collection. In contrast, InhA,:o
crystallized as a large plate at 19 mg/mL with 5 mM NADH in the MCSG-1 crystallization screen condition
H3 (0.2 M lithium sulfate, 20% wt/vol PEG 3350); the crystal was cryoprotected with reservoir supple-
mented with 5 mM NADH and 20% vol/vol ethylene glycol. InhA,,,; crystallized as a large plate at
19 mg/mL with 3.5 mM NADH and 3.5 mM NITD-916 in the JCSG+ crystallization screen condition A11
(0.2 M ammonium dihydrogen phosphate, 0.1 M Tris pH 8.5, 50% MPD); the crystal was harvested
directly without supplemental cryoprotection. The NADH and NADH/NITD-916 bound data sets were
collected at the Advanced Photon Source beamline 21 ID-F with a Rayonix MX-300 CCD detector at
0.97872 A wavelength. The NADH-bound structure was solved by molecular replacement using MORDA
and the M. abscessus InhA structure (PDB ID 7L6C) as a search model (23). The structures were refined with
iterative rounds of refinement between Phenix (53) and Coot (54). X-ray diffraction images have been
uploaded to the Integrated Resource for Reproducibility in Macromolecular Crystallography (IRRMC) data-
base (www.proteindiffraction.org) (55). The InhA,, crystal structures were deposited to the PDB with
accession codes 7K73 (NADH) and 7U00 (NADH & NITD-916).

Statistical analyses. Statistical analyses were performed on Prism 9.0 (GraphPad) and detailed for
each figure legend. *, P < 0.05; **, P = 0.01; ***, P < 0.001; ****, P = 0.0001; ns, nonsignificant.
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Table S1. Crystallographic data collection and refinement statistics.

Data collection and processing InhAmro with NAD InhAmro with NITD-916 and NAD
Wavelength (A) 0.97872 0.97872

Resolution range (A) 50— 1.80 (1.84 — 1.80) 50 —2.05 (2.10 — 2.05)
Space group P2, C2

Unit Cell 94.9490.9891.91/9090.96 90 79.30101.54 76.48 / 90 114.36 90
Unique reflections 112,564 (8,118) 34,582

Multiplicity 3.8(3.4) 3.6 (3.6)

Completeness (%) 98.7 (96.2) 99.6 (99.8)

Mean I/sigma(l) 18.2 (4.34) 13.32(3.30)

R-merge (%) 0.05 (0.268) 0.063 (0.391)

Refinement InhAmro with NAD InhAwmro with NITD-916 and NAD
Number of reflections 112,536 34,555

Number of R-free reflections 1925 2,035

R-work % 0.146 0.205

R-free % 0.177 0.247

RMS(bonds) 0.010 0.007

RMS(angles) 1.197 0.837

Wilson B-factor (A?) 24.64 26.94

Ramachandran plot

Favored (%) 95.58 95.30

Allowed (%) 4.27 4.32

Outliers (%) 0.15 0.38

PDBID 7K73 7U00
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Figure S1. Uninfected embryos were immersed in water containing increasing concentrations of

NITD-916 (ranging from 0.4 to 6 pg/mL) for 4 days. The red bar indicates duration of the

treatment. The graph shows the percentage of embryo survival exposed to the compound over a

12-day period. Results are from two separate experiments.
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Figure S2. Representative embryos from the untreated group and from the treated group with 2, 4
and 6 pg/mL NITD-916 at 5 days post-infection (4 days of treatment). White arrowheads show

eGFP-expressing bacteria. Scale bar, 300um. * indicates autofluorescence of the yolk.
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Les infections bactériennes dans leur globalité n’ont cessé d’augmenter ces derniéres années
tirant la sonnette d’alarme sur les infections bactériennes multirésistantes et I'utilisation exagérée ou
inadéquate des antibiotiques. Les autorités sanitaires estiment que si rien n’est fait, a partir de 2050
plus de 10 millions de déces annuels seront causés par ces infections bactériennes multirésistantes
[519]. Les mycobactéries sont également concernées avec I'exemple frappant de la tuberculose.
Définie comme I'une des infections les plus anciennes touchant ’'Homme, elle est a ce jour de plus en
plus décrite, avec de nombreuses solutions de traitement mises a disposition. Néanmoins, elle n’en
reste pas pour le moins éradiquée a travers le monde et continue d’étre préoccupante. De plus, une
réelle émergence d’infections aux MNT apparait, notamment a cause de certains pathogénes
opportunistes a l'instar de M. abscessus, M. fortuitum ou encore M. avium. La prévalence mondiale
des infections aux MNT, en constante hausse, est probablement sous-estimée en raison de I'absence
de déclaration obligatoire dans certains pays, mais aussi de par la similarité avec les symptomes
tuberculeux [520]. Cette confusion entraine globalement une mauvaise prise en charge de I'infection
et un traitement inadapté. Ces infections sont d’autant moins controlées chez des patients présentant
des comorbidités, tels que les patients atteints de mucoviscidose sujets a des symptoémes pulmonaires
aggravés de la maladie.

L'incidence grandissante et la sévérité des infections sont exacerbées par la limite rencontrée
avec les traitements actuels. Les infections mycobactériennes sont tres difficiles a traiter en clinique
et on considére notamment I'espéce M. abscessus comme étant la plus résistance aux antibiotiques.
En effet, le traitement recommandé est tres long et aboutit souvent a des impasses thérapeutiques,
ou bien a une rechute suite a un traitement non adapté ou inefficace. Les mycobactéries affichent de
nombreux mécanismes de résistance innés ou acquis permettant de contourner I'efficacité des agents
thérapeutiques présents sur le marché, comme nous avons pu le décrire pour M. abscessus au sein
d’une revue présentée en Annexe 1. Il a également été montré que ce pathogene opportuniste
présente une certaine plasticité génomique lui permettant de s’adapter rapidement a son
environnement et acquérir de nouveaux facteurs de virulence ou génes de résistance exogenes [521].

Ces constats soulignent la nécessité grandissante de proposer de nouvelles thérapies efficaces
pour lutter contre ces infections, particulierement dans une ére ou la recherche de nouveaux
antibiotiques reste un processus long, fastidieux et onéreux. C'est dans ce contexte qu’ont été initiés
ces travaux de thése qui ont eu pour objectif de mettre en évidence des molécules efficaces, mais
également de décrypter et valider une nouvelle cible exploitable dans le traitement des infections
aux MNT.

Pour ce faire, une premiére approche a consisté a optimiser et modifier la structure de I'INH,

afin de mettre en évidence de nouvelles entités chimiques présentant des activités améliorées contre
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M. tuberculosis. Si 'INH est un antibiotique phare dans le traitement antituberculeux, son utilisation
est associée a la recrudescence d’isolats cliniques résistants a cet antibiotique, d’ou la nécessité
d’apporter de nouveaux composés pour lutter contre la tuberculose. Une stratégie efficace peut
consister en la modification de molécules connues et validées en générant des dérivés avec des profils
pharmacologiques plus favorables [522]. Un concept attractif en chimie médicinale consiste en la
synthése de molécules hybrides ot au moins deux pharmacophores avec des fonctions biologiques
différentes sont liés afin de profiter de chacune de leur action ou contrebalancer les effets secondaires
de I'un ou de I'autre [523]. Par exemple, I'incorporation de groupements lipophiles dans des molécules
contenant I'INH peut augmenter la pénétration du composé au sein du bacille pour agir plus
efficacement [524]. Plus particulierement, nous avons mis en évidence I'activité antituberculeuse de
bases de Schiff hybrides d’INH 1H-1,2,3 triazoles liés a la quinoline (16a-16g). Ces résultats entrent
dans la lignée de travaux précédents menés par I'équipe, en collaboration avec I'’équipe du Pr Vipan
Kumar, grace a la description de I'apport des noyaux quinoline [525], isatine [526] ou triazole [527]. La
quinoline s’avere étre un groupement intéressant retrouvé dans de nombreux produits naturels ou
autres composés efficaces et approuvés tels que la BDQ ou les fluoroquinolones tels que la MOX, et
s’est montrée nécessaire a l'activité de ces conjugués, au méme titre que la partie INH [524,525].
Des diarylquinolines sont actuellement en cours de développement et d’évaluation clinique tels que
TBAJ-587 / TBAJ-876 (TB Alliance) [528,529] ou la sudapyridine (ou WX-081) [530], respectivement en
évaluation clinique de phase | (NCT04890535 / NCT05526911) et phase Il (NCT04608955) contre
M. tuberculosis [531-533]. Les groupements azoles, et notamment les 1, 2, 3-triazoles, ont également
montré leur importance et entrent dans la composition de plusieurs antituberculeux [534]. De
nombreuses études ont montré I'attractivité de ce groupement comme en témoigne, de maniére non
exhaustive, le composé [-A09 [535], les dérivés imidazo-[1,2-a]-pyridine-1,2,3-triazoles [536] ou encore
les hybrides isatine bis(isonicotinylhydrazone) [527]. Les hétérocycles 1,2,3-triazoles offrent de
nombreux avantages aux molécules tels qu’une meilleure stabilité, une amélioration de la solubilité,
ainsi qu’une meilleure activité antimicrobienne [537]. Bien que ces composés soient de grande taille
et que les entreprises pharmaceutiques privilégient les petites molécules moins colteuses a produire,
celles-ci présentent des intéréts non négligeables de par leurs différents groupements apportant tous
une plus-value. Globalement, les petites molécules diffusent mieux a travers les membranes mais la
paroi riche en lipides des mycobactéries représente un véritable bouclier protecteur, ainsi des
molécules lipophiles vont, a ce titre, étre avantagées. Par conséquent, I'ajout d’un noyau lipophile a
I'INH améliore sa diffusion a travers I'enveloppe et permettrait, dans certains cas, d’empécher la N-
acétylation causée par la N-acétyltransférase, décrite comme un mécanisme de résistance important

[538,539]. Ici, 'ensemble des molécules actives présentent une lipophilicité élevée avec un LogP
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supérieur a celui de I'INH, ainsi que de bons paramétres ADMET indiquant une bonne biodisponibilité
orale et un faible risque d’interaction médicamenteuse ou d’effets secondaires néfastes.

En résumé, ces résultats présentent des hybrides d’INH prometteurs dans la lutte contre les infections
a M. tuberculosis bien que ces inhibiteurs nécessitent des études précliniques et cliniques
approfondies. L'évaluation in vitro de leur combinaison avec d’autres antituberculeux pourrait étre
une premiere étape lorsque I'on sait que le traitement contre les isolats cliniques requiert I'usage d’un
cocktail de plusieurs antibiotiques. Enfin, ces études pourraient étre complétées par I'évaluation
in vivo des analogues au sein d’un modele animal préclinique murin avant de pouvoir envisager les

phases cliniques de développement médicamenteux.

Ces premiers travaux ont mis en évidence I'importance de proposer de nouvelles solutions
dans le traitement de la tuberculose qui pourraient également étre extrapolées aux infections
émergentes aux MNT. Dans cet optique, le second volet de mes travaux a permis de mettre en
évidence I'activité d’'une nouvelle classe de composés, les 4-hydroxy-2-pyridones et particulierement
la molécule NITD-916 contre les pathogenes opportunistes M. abscessus et M. fortuitum. En effet, ce
composé s’est montré trés efficace contre des souches cliniques des deux espéces que ce soit in vitro,
au sein de macrophages et d’organoides alvéolaires, ou bien dans un modele de poisson zébre infecté
par M. fortuitum. Des études précédentes ont montré I'innocuité de ce composé, ainsi que de bons
parametres pharmacologiques de distribution et de clairance ce qui en fait un tres bon candidat pour
des études précliniques et cliniques approfondies [540]. Ces derniéres pourraient inclure I’évaluation
de potentielles interactions médicamenteuses avec des antibiotiques du traitement, bien que nous
ayons pu mettre en évidence une interaction indifférente avec certains des médicaments utilisés en
clinique, suggérant la possibilité d’introduire NITD-916 dans le régime thérapeutique actuel.

Nos résultats représentent également une preuve de concept dans laquelle le ciblage direct de la
protéine InhA est approuvé chez ces deux MNT. En effet, le role essentiel d’InhA au sein des
mycobactéries est conservé, et NITD-916 inhibe la biosynthése de novo des acides mycoliques en se
liant de maniére directe a I'énoyl-ACP réductase InhA comme ont pu le montrer les études
biochimiques et la résolution des structures cristallographiques (PDB : 7UOM et PDB : 7U00). Ces
études valident donc InhA comme étant une cible a développer lors des programmes de recherche de
nouveaux composés chez les MNT telles que M. abscessus ou encore M. fortuitum. La résolution et la
disponibilité des structures ternaires contenant I'enzyme, le cofacteur et I'inhibiteur faciliteront
grandement I'élaboration d’analogues de NITD-916 dans de futures études de type structure-activité.
Elles viennent stimuler de nouveaux programmes de chimie médicinale dans un but d’optimisation de

pénétration, de solubilité, de distribution et d’activité du composé actif. En outre, la conservation
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structurelle entre la protéine InhA de M. tuberculosis et celle de M. abscessus (87,7% d’identité
protéique) ou M. fortuitum (88,5% d’identité protéique) est un facteur clé poussant a tester les
nombreux inhibiteurs directs validés contre M. tuberculosis. En effet, les techniques de criblage a haut
débit ont permis d’identifier une large diversité d’inhibiteurs directs contre la protéine InhA de
M. tuberculosis [487]. Ainsi, nos travaux démontrent l'intérét de repositionner des composés
préalablement décrits chez M. tuberculosis chez les MNT évitant par la-méme d’initier de nouveaux
programmes de criblage « de novo » souvent trés longs et onéreux. Enfin, dans la plupart des cas les
études concernant la tolérance, les propriétés pharmacocinétiques ou I'optimisation étant déja
conduites permettent une accélération de la découverte de nouveaux antibiotiques candidats contre
les MINT [541,542]. Le potentiel de cette démarche, basé sur I'inhibition directe d’InhA ainsi que les
parameétres pharmacologiques et structuraux vis-a-vis d’autres molécules inhibant la voie de synthese

des acides mycoliques sont discutés dans la revue ci-dessous.

“New therapeutic strategies for Mycobacterium abscessus pulmonary diseases - untapping the
mycolic acid pathway.”

Matthéo Alcaraz, Thomas E. Edwards et Laurent Kremer. Expert Review of Anti-infective Therapy, 2023,
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ABSTRACT

Introduction: Treatment options against Mycobacterium abscessus infections are very limited. New
compounds are needed to cure M. abscessus pulmonary diseases. While the mycolic acid biosynthetic
pathway has been largely exploited for the treatment of tuberculosis, this metabolic process has been
overlooked in M. abscessus, although it offers many potential drug targets for the treatment of this
opportunistic pathogen.

Areas covered: Herein, the authors review the role of the MmpL3 membrane protein and the enoyl-
ACP reductase InhA involved in the transport and synthesis of mycolic acids, respectively. They discuss
their importance as two major vulnerable drug targets in M. abscessus and report the activity of MmpL3
and InhA inhibitors. In particular, they focus on NITD-916, a direct InhA inhibitor against M. abscessus,
particularly warranted in the context of multidrug resistance.

Expert opinion: There is an increasing body of evidence validating the mycolic acid pathway as an
attractive drug target to be further exploited for M. abscessus lung disease treatments. The NITD-916
studies provide a proof-of-concept that direct inhibitors of InhA are efficient in vitro, in macrophages
and in zebrafish. Future work is now required to improve the activity and pharmacological properties of
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these inhibitors and their evaluation in pre-clinical models.

1. Introduction

Mycobacterium abscessus (Mabs) is a rapidly growing non-
tuberculous mycobacterium (NTM) of increasing clinical concern
[1]. This opportunistic pathogen is also often overshadowed by
other well-known mycobacteria such as Mycobacterium tubercu-
losis (Mtb), particularly in tuberculosis (TB)-endemic countries [2].
There is a probable underestimation of the number of cases of
Mabs infection, due to the overlapping of its clinical manifesta-
tions with diseases caused by Mtb. As a consequence of mis-
diagnosis and because this pathogen only poorly responds to
standard TB drug regimens, this can lead to ineffective manage-
ment of Mabs infection, thus contributing to the increase in the
number of cases [3]. Mabs is responsible for a wide panel of
clinical manifestations, such as skin and soft tissue infections as
well as severe pulmonary infections in patients with preexisting
lung disorders, such as bronchiectasis or cystic fibrosis (CF) [4]. In
CF patients, the presence of Mabs often correlates with rapid
deterioration of the lung function and can be pernicious for
subsequent lung transplantation [5-7]. Treatment of Mabs infec-
tions is very challenging and complicated by the existence of
three subspecies with different drug susceptibilities to antibiotics
and clinical outcomes [8]: M. abscessus subsp. abscessus,
M. abscessus subsp. bolletii and M. abscessus subsp. massiliense.
These complications are partially due to the presence or absence
of a functional erm(41) gene that encodes an rRNA methylase
that confers inducible macrolide resistance [9]. While erm(41) is

present in both M. abscessus subsp. abscessus and M. abscessus
subsp. bolletii, it is absent in M. abscessus subsp. massiliense,
explaining the difference in susceptibility to macrolides between
these subspecies [10].

Mabs is intrinsically resistant to many antibiotic classes,
rendering treatments very complicated and often unpre-
dictable [11-14]. Among the many contributing factors to
drug resistance, acquired drug resistance resulting from
mutations in the drug targets has been reported [1,15].
Importantly, the Mabs resistome encompasses various fac-
tors, such as the low permeability of the cell envelope and
the extraordinary ability of the bacteria to metabolize
most antibiotics, converting them to unproductive meta-
bolites, a mechanism which is driven by the production of
numerous drug-modifying enzymes [16]. In addition, the
expression of a large set of efflux pumps and the absence
or dysfunctional drug-activating enzymes are other deter-
minants of antibiotic resistance in this species [11,14,17].

Standard multi-drug chemotherapy is very lengthy (for
months to years) and usually includes an oral macrolide (azi-
thromycin or clarithromycin) coupled with intravenously admi-
nistered aminoglycosides (amikacin) and B-lactams (imipenem
or cefoxitin) [18-20]. In some instances, mostly in response to
severe side effects or poor clinical response companion drugs,
such as tigecycline or clofazimine, are added to strengthen the
regimen [21]. Despite intensive chemotherapy, the success
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Article highlights

e Mycobacterium abscessus lung disease is a highly drug-resistant bac-
terial infection with very limited treatment options.

e The need to accelerate and improve novel antibiotics and regimens
for M. abscessus pulmonary infections is urgent.

e The M. abscessus drug discovery pipeline is currently underpopulated
and needs to be filled.

¢ The mycolic acid biosynthesis pathway, containing potential attrac-
tive drug targets, has recently been investigated for the search of
new effective compounds against M. abscessus.

¢ Hit compounds against InhA and MmpL3, involved in the synthesis
and transport of mycolic acids, are active against M. abscessus.

e The set of hit compounds identified encourages further hit-to-lead
development to improve efficacy and pharmacokinetic properties.

rate of treatment remains very low, particularly in the case of
erm(41)-induced resistance to macrolides (25-40%), which
appears in 40-60% of the clinical strains [22]. Thus, given the
poor performances of the current chemotherapy, new effec-
tive drugs are highly desired to treat Mabs lung diseases. De
novo drug discovery developments to identify novel chemical
scaffolds are usually hampered by low hit rates [23]. However,
the rise of pharmacological development activities for NTM
diseases during these last few years led to the discovery of
new drug targets as well as new chemotypes with good
activities against Mabs in vitro and in various animal models
[1,15,24].

Mycolic acids (MA) represent crucial elements of the
mycobacterial cell wall. They are homologous series of
Ceo-00 a-alkyl B-hydroxy fatty acids and are primarily found
as esters of the non-reducing arabinan terminus of arabino-
galactan [25] and as extractable free lipids within the cell
wall, mainly associated with trehalose to form trehalose
dimycolates (TDM) [26]. MA are the primary targets of iso-
niazid (INH) and ethionamide (ETH) in Mtb, two drugs largely
used for the treatment of TB. However, clinically used drugs
against Mabs infections hitting the MA pathway are not
available yet, though recent studies have emphasized that
this metabolic pathway represents an excellent niche for
druggable targets in Mabs. This is exemplified by the large
number of hit compounds inhibiting the MA transporter
MmpL3 [23,27,28] or the enoyl-ACP reductase InhA of the
type Il fatty acid synthase (FAS-II) [29], leading to the arrest of
MA biosynthesis and mycobacterial cell death. This has raised
strong interest in both MmpL3 and InhA as attractive targets
for future drug development against Mabs lung diseases. In
this review, we present recent research on inhibitors of the
MA pathway in Mabs and discuss how this may be further
exploited as alternative approaches to enhance treatment
outcomes and reduce the burden on the patient produced
by drug-associated side effects.

2. Mycolic acids and the mycobacterial cell envelope
2.1. The mycobacterial cell envelope

The cell wall of mycobacteria has been widely studied
during the last few decades. It comprises a wide range of

complex lipids rendering this envelope highly hydropho-
bic. Briefly, from the inside to the outside, the cell wall is
composed of a plasma membrane, a periplasmic space
surrounded by the peptidoglycan, an arabinogalactan
layer, and an outer membrane (Figure 1). The innermost
plasma membrane consists of a phospholipid bilayer which
anchored different glycolipids, such as phosphatidyl-myo-
inositol mannosides (PIM) [30] as well as lipoglycans, such
as lipomannan (LM) or lipoarabinomannan (LAM) [31].
These latter are synthetized by the successive addition of
mannose and arabinose residues to the PIM [32]. PIM, LM,
and LAM can also found in the outermost layer of the cell
envelope, where they may interact with host cells [33].
They also contribute to the integrity of the cell wall as
well as to antibiotic resistance or virulence [34]. The peri-
plasmic space, a granular layer, and low-density zone
[35,36] comprises peptidoglycan (PG) covalently linked to
arabinogalactan (AG), which is a highly branched hetero-
polysaccharide composed of D-galactofuranosyl and
D-arabinofuranosyl residues. PG consists of a glycan back-
bone of alternating units of N-acetylglucosamine and mod-
ified muramic acid (Mur) in a f-(1,4) linkage, with
tetrapeptide side chains attached to Mur, typically consist-
ing of L-alanyl-D-glutamine-meso-diaminopimelyl-D-alanyl
that are cross-linked. PG cross-links are catalyzed by D,
D-transpeptidases and  L,D-transpeptidases  forming,
respectively, 4-3 and 3-3 linkages in mycobacteria
[37,38]. This periplasmic structure allows to maintain the
cell shape [39]. Muramic residues of PG are covalently
tethered to AG via a disaccharide phosphate linker unit
[40,41]. AG is itself esterified by a-alkyl B-hydroxy long-
chain Cgo-Coo MA [42], forming the inner leaflet of the
outer membrane (mycomembrane). Interspersed within
the outer leaflet of the mycomembrane are found numer-
ous molecules, including proteins and extractible glycoli-
pids [43]. While some of these extractible lipids are
common to all mycobacteria, such as trehalose monomy-
colates (TMM) and TDM, others can be restricted to certain
species. Mabs or Mycobacterium avium, for instance, pro-
duce glycopeptidolipids (GPL) which are absent in Mtb
[44,45]. These lipids are immunogenic [46], participate in
biofilm formation and in masking underlying TLR-2 ago-
nists, thus modulating the host immune response [46,47].
The organization and composition of this asymmetrical
outer bilayer confer to mycobacteria a high intrinsic resis-
tance to many antimicrobial agents and host defense
mechanisms. In addition to the mycolyl arabinogalactan-
peptidoglycan (mAGP) complex that constitutes the cell
wall core, a loosely attached capsular-like structure outside
the mycomembrane has also been described.

2.2. Structures and properties of mycolic acids

MA are essential components of the mycobacterial cell envelope,
representing up to 60% of the cell wall content and 50% of its dry
weight. These very long fatty acids contain up to 90 carbon
atoms [26] and offer a broad structural diversity. MA are con-
stituted of a short alkyl chain (a—branch) of 24-26 carbon atoms
and a longer meromycolic chain containing between 42 and 62
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Figure 1. Model of the M. abscessus cell envelope. This schematic representation shows the multiple concentric layers composing the M. abscessus cell envelope,
consisting of a cytoplasmic membrane, a periplasmic space surrounded by the peptidoglycan layer, itself covalently attached to the arabinogalactan layer. The latter
is esterified by very long chain mycolic acids (MA), forming the inner leaflet of the outer membrane. Various glycolipids, including trehalose dimycolates (TDM),
trehalose monomycolates (TMM), glycopeptidolipids (GPL) or phospholipids constitute the outer leaflet of the outer membrane. The MmpL3 membrane protein
transports TMM across the cytoplasmic membrane. The Ag85 complex uses TMM as substrate to transfer MA onto arabinogalactan as well as to produce TDM, also
known as cord factor. A representation of the main MA subspecies (designated a-MA and a’-MA) shows the very long meromycolic acid branch (harboring sites of
chemical modification such as desaturation or cyclopropanation) joint to a shorter a-chain.

carbon atoms, depending on the mycobacterial species. They
can be secreted as free lipids, covalently bound to AG to form the
inner leaflet of the mycomembrane or esterified to trehalose to
generate TMM/TDM associated to the outer leaflet of the myco-
membrane [48]. Each mycobacterial species is typified by
a specific mycolic acid signature. Differences occur mainly at
two positions in the meromycolic acid chain, close to the B-
hydroxy acid (proximal site) or close to the -end of the chain
(distal site) [49] (Figure 1). Mabs synthesizes only a- and ao'-
mycolic acids, the latter comprising a shorter meromycolic
chain and one cis double bond, synthetized by the enzyme
coded by MAB_1915 [50]. a-mycolates are the most abundant
and the most apolar species, containing 74-80 carbon atoms in
Mabs. Halloum et al. established that Mabs a-MA consist of
a mixture of mycolates containing cis- or trans-double bonds as
well as cis-cyclopropane rings present in very minor amounts
[51]. In general, MA confer important characteristics to mycobac-
teria, such as low permeability to hydrophilic antibiotics, resis-
tance to chemical injury and to dehydration and persistence in
the macrophage phagolysosome [48]. Important structural dif-
ferences are found between mycobacterial species [49], explain-
ing distinct virulence traits or morphological phenotypes. a-
mycolates play a role in the cell wall structure and stability,
cyclopropanated mycolates decrease the fluidity of cell wall
[52], while oxygenated MA, found in Mtb, are essential for viru-
lence [53]. Cyclopropanated MA also play a crucial role in myco-
bacterial persistence in macrophages [54] and pathogenicity in

infected mice [55]. Interestingly, a mutant of Mtb lacking pcaA,
with a defect in the proximal cis-cyclopropane ring, is affected in
cording [56], while cords have been implicated in pathogenesis
[57,58]. Due to their essentiality and contribution in multiple
aspects of mycobacterial pathogenesis, understanding the var-
ious enzymatic steps leading to MA production and transport is
of paramount importance for future drug developments.

2.3. Mycolic acid biosynthesis and transport

The mycolic acid biosynthetic pathway comprises multiple
enzymatic activities that have been widely scrutinized in
M. smegmatis and Mtb [26] and engages the action of the
type | and type |l fatty acid synthases (FAS), designated FAS-|
and FAS-Il, respectively (Figure 2). FAS-l is an essential and
multifunctional enzyme that has a distinct capacity to elon-
gate acetyl-CoA to fatty acids beyond Cy¢, up to Cys/06 [59,60],
providing primers which are further elongated by FAS-Il to
generate the meromycolic acids (Csg), ultimately condensed
with the Cy¢ a-branch to form mature MA [26].

Unlike FAS-I, FAS-Il is not capable of de novo synthesis of
fatty acids but rather elongates acyl-CoA primers generated by
FAS-I. The elongation cycle requires malonyl-ACP, resulting
from the transacylation of malonyl-CoA and phosphopan-
tothenylated holo-ACP by the malonyl-CoA:ACP transacylase
FabD [61]. ACP shuttles the growing acyl chain from one
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Figure 2. Mycolic acid biosynthesis and transport in mycobacteria. The MA biosynthetic pathway starts with de novo synthesis of fatty acids by FAS-I, yielding both
the Cy4_5¢ acyl-CoA (a-branch) and the Ci¢_q5 acyl-CoA, which will be elongated by FAS-Il. The latter substrates undergo a condensation with malonyl-ACP in
a reaction catalyzed by FabH and resulting in B-ketoacyl-ACP derivatives. The elongation step is operated by FAS-Il through iterative cycles comprising the concerted
action of MabA, HadAB/BC, InhA and KasA/B and conducting to the synthesis of the Css meromycolic acid chain. During synthesis, these products are subjected to
chemical modification and the resulting meromycolyl-AMP are then condensed with the a-branch. The resulting mycolic B-ketoesters are thereafter reduced to yield
mature MA, subsequently transported and transferred to the cell wall by MmpL3 and the Ag85 complex, respectively. The red lines indicate the two sites of

inhibition which are the focus of this review.

enzyme to the other. The initiation step in elongation relies on
the condensation of acetyl-CoA with malonyl-ACP catalyzed
by B-ketoacyl-ACP synthase Ill (FabH), resulting in a B-ketoacyl
-ACP [62]. Then, reactions mediated by FAS-Il consist of itera-
tive cycles of four enzymatic steps, leading to the Csg mero-
mycolic acid chain. The first elongation step starts with the
reduction to the (3-keto group of the B-ketoacyl-ACP by MabA
to yield a B-hydroxyl-ACP intermediate [63], which is subse-
quently dehydrated by the action of the dehydratase com-
plexes HadAB and HadBC to generate enoyl-ACP [64]. These
intermediates are then reduced by the trans—2-enoyl-ACP
reductase InhA to produce saturated acyl-ACP [65,66]. Finally,
the B-ketoacyl-ACP synthases KasA or KasB initiate the addi-
tional cycles of elongation to form B-ketoacyl-ACP of increas-
ing chain length, until the required length for the
meromycolic chain is reached [67,68]. Before condensation
with the a-branch, the meromycolic acid undergoes modifica-
tions such as desaturation, introduction of oxygenated func-
tions, cyclopropyl or methyl groups, thanks to the action of

multiple S-adenosylmethionine (SAM)-dependent methyl-
transferases [53,54,55,69,70]. Finally, the polyketide synthase
Pks13 catalyzes the condensation of the a-branch with the
activated meromycolic acid chain [71], ultimately leading to
a mycolic B-ketoester, further reduced by CmrA to produce
mature mycolates esterified to trehalose (TMM) [72]. TMM is
then translocated across the membrane via the transporter
MmpL3 [73], an essential step required for the formation of
trehalose dimycolate (TDM) and esterification of arabinogalac-
tan by the antigen Ag85 complex [74,75].

The essentiality of most mycolic acid biosynthetic enzymes
makes them particularly suitable for the development of inhi-
bitors, and numerous enzymatic steps can be chemically
inhibited in Mtb, providing the ground for new anti-TB thera-
pies [76,77]. While this metabolic process is targeted by the
first-line (INH) and second-line (ETH) anti-TB drugs, both inhi-
biting the trans—2-enoyl-ACP reductase InhA [78-80], none
such clinically used drugs have been developed for the treat-
ment of Mabs infections. However, current efforts are



revisiting and/or optimizing existing FAS-Il inhibitors and vali-
dating InhA and MmpL3 as chemotherapeutic targets for the
treatment of Mabs diseases (Figure 2).

3. Chemical inhibition of MmpL3

MmpL3, encoded by the essential mmpl3 gene in Mtb and
M. smegmatis [73,81,82], belongs to the Resistance-Nodulation
-Cell Division (RND) family of membrane proteins [83] and is
a known transporter of TMM across the plasma membrane
[84]. Down-regulation of MmpL3 has a rapid bactericidal effect
and renders Mtb more susceptible to MmpL3 inhibitors [85].
Multiple high-throughput whole cell-based screens identified
MmpL3 as the target of several antitubercular compounds,
making MmpL3 one of the most promising pharmacological
targets in Mtb as well as in NTM, thus opening a new field in
the inhibition of mycolic acid transport. Blocking this trans-
porter leads to an intracellular accumulation of TMM with

Table 1. Main reported MmpL3 inhibitors against M. abscessus.
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a concomitant reduction in the TDM pool and in MA-bound
AG, causing bacterial death [73]. We report below the major
MmpL3 inhibitors for which an activity and/or mechanism of
action have been reported in Mabs. As shown in Table 1, these
inhibitors exhibit a wide structural diversity.

The first demonstration of the involvement of MmpL3 in
MA transport has been provided by studying the mechanism
of action of the adamantyl urea AU1235 in M. smegmatis and
Mtb [73,86]. AU1235 also exhibits low MIC against Mabs (1.5
pM) and other NTM [73,87]. The compound affects the trans-
location of TMM in Mtb and in M. smegmatis and whole-
genome sequencing of Mtb AU1235-resistant mutants unra-
veled mutations in mmpl3.

Following a strategy based on the repositioning of anti-
TB molecules, Dupont et al. screened a GSK library contain-
ing 177 validated compounds against Mtb [88] and identi-
fied a compound exhibiting very low MIC (0.33 uM) against
Mabs [23]. The lead molecule tested (GSK1985270A), also

ID Name Structure

MIC Ref
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. abscessus = 1.5 uM [73,87]
. smegmatis =9.3 pM

. fortuitum = 9.6-19.2 uM

. avium > 96 uM

. tuberculosis = 0.3-0.6 pM

. abscessus =0.33 uM
. tuberculosis = 0.33 pM

[23,151]

SX XX=X=X\X

. abscessus =0.36 uM [27]
. tuberculosis = 0.09 pM
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. abscessus =0.41 uyM [27]
. tuberculosis =0.01 uM

. abscessus =0.89 uM [93]
. avium = 28.5 uM

. chelonae = 0.89 uM

smegmatis = 5.55 uM

tuberculosis = 0.71 pM

abscessus =0.03 uM [93]
avium = 0.17-0.84 yM
chelonge = 0.02 uM

. smegmatis = 1-2 yM
tuberculosis = 0.07 uM
. abscessus = 0.38 uM

. tuberculosis = 0.24 pM

[28,96]
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abscessus = 0.04-0.65 uM
fortuitum = 0.16 M

. avium =5.22 yM

. intracellulare = 5.22 pM

. tuberculosis < 0.31 pM

. abscessus =20 pM (MICys)

[98-100]

SXS=XEX

[102]

M. abscessus =12 uM [103]
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designated PIPD1, belongs to the piperidinol class of mole-
cules. PIPD1 was not only active in vitro but it also reduced
the bacterial burden in macrophages as well as in zebrafish
embryos infected with Mabs. That PIPD1 targets MmpL3 was
demonstrated by the fact that it inhibited the transport of
TMM and because mutations occurring in MAB_4508
(mmpl3) in spontaneous resistant strains resulted in high
resistance levels to the compound [23]. PIPD1 exhibited
a good organ distribution after intraperitoneal administra-
tion in mice and was rapidly eliminated with a half-life of
about 3 h [89]. Related derivatives were synthesized, some
of which exhibiting low MIC, albeit not lower than the
parental molecule. Docking simulations further emphasized
MmpL3 as the major target for these analogs, paving the
way for the design of new generations of anti-MmpL3 inhi-
bitors with improved activity against Mabs.

The structurally unrelated compounds, the indole
—2-carboxamides (Compounds 6 and 12) originally identi-
fied as potent anti-TB molecules targeting MmpL3 [90]
showed very high activity against Mabs in vitro (MIC of
0.36 and 0.41 uM, respectively) and inhibited MA transport
[27]. Analysis of the mmpl3 sequences in Mabs sponta-
neous resistant mutants unraveled a common A309P
replacement in the transmembrane domain 5 of MmplL3.
Overproduction of the A309P mutated allele in a wild-type
strain of Mabs conferred co-resistance to PIPD1 as well as
to the indole—2-carboxamides, thus validating their com-
mon target. Compound 12 reduced the intramacrophage
Mabs burden at levels comparable to imipenem when
used at 24x the MIC concentration. Compounds 6 and
12 were nontoxic to Vero cells and were active at very
low concentrations with MIC ranging from 0.18 to 3.28 uM
against a wide panel of clinical isolates of the Mabs com-
plex (M. abscessus, M. massiliense, M. bolletii) from CF and
non-CF patients [27]. From a medicinal chemistry view,
indole—2-carboxamides are easy to produce and early stu-
dies indicated that they show good ADME properties
[27,91]. Subsequent studies showed that compounds 6
and 12 act synergistically with imipenem and cefoxitin
in vitro and increase the bactericidal activity of the [-
lactams against Mabs [92]. In addition, compound 12 also
showed synergism with imipenem and cefoxitin within
infected macrophages. These promising results are war-
ranting the further evaluation of this drug combination
in preclinical animal models. Other indole—2-carboxamide
derivatives, designated IC5 and IC25, showed activity
against a large panel of NTM, including Mabs,
M. chelonae and M. avium [93]. Importantly, the in vivo
efficacy of IC5 and IC25 was subsequently proven in
a Mabs infection mouse model with a significant reduction
in the bacterial loads in the lungs and spleens [94].
Pharmacokinetic studies indicate that 1C25 has a good
oral bioavailability in mice. A dose of 100 mg/kg leads to
a maximum concentration of 0.49 yg/ml and 2.47 ug/g in
the plasma and lungs, respectively, which is above the
MIC against Mabs [90]. Recently, some of indole-based
compounds were optimized to increase their aqueous
solubility and pharmacokinetic profiles by reducing the

number of carbon atoms while maintaining high antimy-
cobacterial activity [95]. The authors showed that aceta-
mide-based compounds with adamantane or
isopinocamphane head groups were optimal for antimyco-
bacterial activity compared with the parental molecules.
Electron-withdrawing or bulky group substituted in meta-
position favored the antimycobacterial in vitro activity.
These compounds display MIC values around 1 uM against
Mabs. The acetamide-based molecules showed better
metabolic stability, the aqueous solubility increased by 30-
fold compared to indole-based compounds and showed
a 20-fold better permeability. Surface plasma resonance
and docking studies further evidenced that MmplL3 is
directly inhibited by these acetamide-based compounds.

The benzimidazole lead compound EJMCh-6
(2-(2-cyclohexylethyl)-5,6-dimethyl-1H-benzo[d]imidazole)
showed excellent anti-Mtb activity in vitro [96] and its
mode of action involves the inhibition of MmpL3 in Mtb
[97]. In a subsequent study, EJMCh-6 was evaluated
against Mabs and found to show superior in vitro activity
as compared to imipenem, sutezolid, or linezolid against
a large number of clinical strains with MIC values varying
from 0.19 to 3 uM [28]. The compound rapidly decreased
the bacterial burden in Mabs-infected macrophages as
well as in a zebrafish model of infection. Strikingly, treat-
ment of the embryos with EJMCh—6 was associated with
increased embryo survival as compared to the non-treated
embryos. Insights into the mode of action of these com-
pounds were inferred from the generation of spontaneous
benzimidazole-resistant strains (generated at a frequency
of 5x107® when plating the bacteria in the presence of
10x the MIC concentration of EJMCh-6), followed by the
characterization of a large set of missense mutations in
MmpL3 [28]. Moreover, overexpression of the mutated
mmpl3 alleles in a susceptible Mabs strain induced high
resistance levels to EJMCh-6 and to other known MmpL3
inhibitors.

High throughput screening of commercially available
chemical libraries resulted in numerous hits active against
Mtb and NTM [98]. Among them, CRS400393, harboring an
amide-linked methylcycloheptyl group and two atoms of
chlorine on the amino benzothiazole expressed activity
against a broad-spectrum of the clinically-relevant myco-
bacteria, including Mabs (MIC of 0.04-0.65uM) with
a bactericidal effect against this species and an intracellu-
lar activity in Mabs-infected THP—1 cells [99,100]. As
reported for the benzimidazoles and indole—2-carboxa-
mides, these compounds also inhibit MA transfer to AG
and synthesis of TDM in a concentration-dependent man-
ner. Isolation of spontaneous resistant mutants of Mabs
with mutations in the transmembrane region of MmplL3
forming the binding pocket of known MmpL3 inhibitors
confirmed MmpL3 as the target. In addition, the lack of
effect of CRS400393 on the membrane potential and elec-
trochemical pH gradient of Mabs is in line with a direct
inhibition of MmpL3 rather than an inhibition via dissipa-
tion of the proton motive force from which MmpL3 drives
its energy. Determination of pharmacokinetic properties in
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Figure 3. Bioactivation of INH and inhibition of InhA by INH and NITD-916 in M. tuberculosis and M. abscessus. (A) In M. tuberculosis, INH is activated by KatGyrg to
form an isonicotinoyl radical which reacts with NAD* to form an INH-NAD adduct that inhibits the catalytic activity of the enoyl-ACP reductase InhAyyg of FAS-Il. In
M. abscessus, KatGyag is unable to convert INH into an active metabolite, explaining the intrinsic resistance of this organism to INH. In contrast to INH, NITD-916 is
not a prodrug and does not require KatG-mediated activation but has the capacity to inhibit InhA directly, resulting in the arrest of MA synthesis and bacterial death.
Red line: activity in M. tuberculosis; green line: activity in M. abscessus. (B) Crystal structure of InhAyag bound to NAD and NITD—916. InhAyag is @ homotetramer with
each protomer shown in a different color. The active site cavity is deep yet solvent exposed. NAD is shown in CPK coloring with dark gray carbon atoms, and NITD
—916 is shown in CPK coloring with light gray carbon atoms. The surface of G96 is colored in black. The dimethylcyclohexyl ring of NITD-916 is buried in
a hydrophobic pocket surrounded by M103, A157, Y158, M161, P193, and L218. T196, M199, and M215 also make up the binding pocket but are obscured by NITD

—916 from this perspective.

mouse model showed high concentrations above the MIC
of CRS400393 in lung tissues after intratracheal instillation
and a good oral bioavailability depending on the formula-
tion. This molecule showed the capacity to decrease lungs
CFU in a mouse model of pulmonary Mabs disease via the
intranasal route [100].

Other MmpL3-targeting inhibitors selected against Mtb
inhibited Mabs growth in vitro. For instance, while the ben-
zothiazole derivative HC2184 [101] reduces growth of Mabs by
7% at 20upM, the 4-thiophen—2-yloxane—4-carboxamide

HC2091 reduces this growth by 97% at 20 uM. This compound
is non-cytotoxic and shows good solubility [102].

Compound E11 is an acetamide inhibitor of MmpL3 in Mtb,
which is also effective against Mabs with a MIC value of 12 uM,
with no signs of toxicity on HepG2, Vero, and THP-1 cells, thus
promoting its further evaluation for the treatment of NTM
infections [103].

Overall, these studies illustrate the increasing interest in the
development of novel compounds targeting the transporter
MmpL3 in mycobacteria and particularly in Mabs. Although
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most of these compounds require further chemical optimiza-
tion and need to be tested in preclinical and clinical studies,
they support the view that targeting MA transport has strong
potential for development into a treatment of Mabs pulmon-
ary diseases.

4. Chemical inhibition of InhA
4.1. NITD-916

As mentioned above, MA biosynthesis inhibition is widely
exploited in the treatment of TB, as exemplified with INH
and ETH. Both drugs inhibit the enoyl-ACP-reductase InhA
of FAS-Il, leading to the arrest of MA production and bac-
terial death [65,78,79]. INH requires to be bioactivated by
the catalase-peroxidase KatG [104] to generate an isonicoti-
noyl radical reacting with NAD™ to form an INH-NAD adduct,
which in turn blocks InhA activity [105,106] (Figure 3A). In
contrast, KatG from Mabs (KatGyag) is unable to transform
INH into an active metabolite in Mabs [107], explaining why
INH is totally inefficient in this species. However, overex-
pression of KatG from Mtb in Mabs increases the suscept-
ibility of the strain to INH [29,107], implying that InhAyas
may still be a valuable enzyme to exploit in Mabs, provided
that the inhibitors do not require KatG-dependent activa-
tion. This led to the hypothesis direct inhibitors of InhAyag
may be particularly attractive for the development of new
therapies targeting the MA pathway. That InhAyms and
InhAmag share 88% identity [29], suggests that inhibitors of
InhAyts may also be active against InhAyag. This opened
the possibility to evaluate the efficacy of KatG-independent
InhAyts inhibitors against Mabs, such as NITD-916
(Figure 3A), a 4-hydroxy—2-pyridone previously identified
in a phenotypic screen against Mtb able to inhibit directly
InhApts [29,108]. NITD-916 was very active against the
Mabs reference strain (MIC of 0.5uM in Cation-Adjusted
Mueller Hinton broth), although the MIC value varied
greatly depending on the medium used, and exhibited
similar activity against a wide panel of clinical isolates [29].
In addition, this compound diminished the intramacrophage
burden of Mabs by ~ 2 Log in the CFU counts at day 3 post-
treatment at a concentration corresponding to 10x MIC.
This correlated also with a significant reduction in the pro-
portion of infected macrophages. Mabs exists in two mor-
photypes (smooth and rough) with the rough one being
able to aggregate in large and compact structures, known
as cords, on agar, in broth medium, inside macrophages or
in vivo [109-111]. This rough morphotype and particularly
intracellular cords are responsible of macrophage integrity
disruption, lysis and death leading to pro-inflammatory
response [46]. NITD-916 treatment correlated with
a reduction in the number and size of intracellular cords.
Consistently, NITD-916 is active in CF patient-derived air-
way organoids, used as model to recapitulate CF airway
dysfunctions with a low CFTR activity, an accumulation of
thick mucus and an increased susceptibility to Mabs infec-
tion [112,113]. In this CF environment, the efficacy of NITD
—916 emphasizes the potential of this class of compounds

for future drug developments and improvements for the
treatment of Mabs-infected CF patients. As expected, NITD
—916 was found to inhibit de novo biosynthesis of MA in
a dose-response manner, resulting in a bactericidal effect.
Spontaneous resistant mutants (obtained at the frequency
of 2.3x 1077 and 2.3x 107° in the smooth and rough strain,
respectively, in the presence of NITD-916 corresponding to
10x the MIC) harbor mutations in InhAyag, particularly at
position 96, a glycine which is conserved through different
mycobacterial species. These mutants, highly resistant to
NITD-916, were unaffected in their mycolates profile upon
exposure to NITD-916, unlike the parental strain. Direct
binding of NITD-916 to InhAyag Was confirmed by solving
the ternary complex with InhAyag together the cofactor
NAD and NITD-916 at a high resolution. NITD-916 packs
tightly against the NAD cofactor in a deep but partially
solvent-exposed cavity (Figure 3B). It forms one direct and
one water-mediated hydrogen bond with NAD. It forms
a single direct hydrogen bond with Tyr158 and one water-
mediated hydrogen bond with Thr196. All other interactions
are van der Waals-mediated with surrounding hydrophobic
residues. Overall, this proof-of-concept study validates the
anabolic MA pathway, and particularly the reduction step
catalyzed by InhApag, as an excellent target to be further
exploited in drug development programs against Mabs.

These encouraging results also prompted to investigate the
effect of NITD-916 in other NTM. Mycobacterium fortuitum
(Mfor) represents another rapidly-growing mycobacteria
encountered in patients [114]. This opportunistic pathogen is
highly resistant to a large variety of antibiotics, including (3-
lactams, aminoglycosides, macrolides, tetracyclines, or anti-TB
drugs [115,116]. As is the case for Mabs, none of the currently
used drugs relies on the MA pathway in Mfor. This difficulty to
clinically cure Mfor infections emphasizes the need for new
molecules to include in the drug regimen. Since InhA from
Mfor (InhApro) shares 88.5% identity with InhAys and 90%
identity with InhAyag, it was hypothesized that NITD-916
could also inhibit InhAyro. NITD-916 exhibited very low
MICs against several clinical isolates of Mfor [117] and strong
antimycobacterial activity against Mfor-infected macrophages.
Remarkably, the molecule was very active in a zebrafish model
of Mfor infection. Particularly, in this animal model, a short
time of treatment (1 day) was sufficient to significantly reduce
global bacterial loads, to limit physiopathological symptoms
such as cords and abscesses which are often associated with
the severity of the disease. This also led to a strong protective
effect of the embryos against killing by Mfor [117]. As for Mtb
or Mabs, NITD-916 drastically inhibited the de novo synthesis
of MA in an InhA-dependent manner. Supporting these
results, the resolution of the crystal structure of the ternary
complex InhApro-NAD-NITD-916 confirmed the direct bind-
ing of NITD-916 with InhAyo [117].

Other 4-hydroxy—2-pyridone analogues, NITD-529 (MIC of
2.5 uM) and NITD-564 (MIC of 0.31 uM), show a weaker activ-
ity in vitro against Mtb as compared to NITD-916 (MIC of 0.08
pM), demonstrating the importance of the pyridone core, the
4-hydroxy-group and a lipophilic group [108]. NITD-916 and
other pyridones are neither cytotoxic nor cardiotoxic and
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ID Name Structure MIC 1Cso Ref
1 NITD-916 M. tuberculosis =0.08 uM InhApyrg 1C50 = 0.57 uM [29,108,117]
M. abscessus = 0.5 uM
M. fortuitum = 0.01 uM
2 Triclosan OH Cl M. tuberculosis =43.1 yM InhApTg 1C50 =1 uM [122, 124, 152]
1) M. abscessus =21.6 uM
M. marinum = 21.6 uyM
M. avium = 64 uM
Cl Cl
3 Pyridomycin A M. tuberculosis =0.72 pM N.D. [129]
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M. smegmatis = 1.4 uM
M. bovis BCG=0.72 pM
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6  Methyl-thiazoles @Q
7 Triazoles
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M. tuberculosis =
0.5-2 uM

M. tuberculosis = 0.19 uM

M. tuberculosis = 4.76 UM

N.D. [134]

InhApyrg ICs50 =3 nM [135]
|nhAMTB |C50 =0.074nM [137]
InhAyrs 1Cs = 3.12 UM [138]

(Continued)
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Table 2. (Continued).

ID Name Structure

MIC ICso Ref
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4-aminoquinoline (19k)
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X

7

N

Br

O M. tuberculosis = 12.8 uM
N

|nhAMTB |C50 =20 HM [140]

O M. tuberculosis = 0.1-04uM  InhAwrs ICso = 0.23 M
N

present a low metabolic clearance in mouse and human
hepatic microsomes. NITD-916 has a good oral bioavailability
(66% at 25 mg/kg), and a plasma concentration in vivo above
the MIC, even if the distribution to mice lungs is weaker, there
is a good efficiency in both lungs and spleen of Mtb-infected
mouse model [108].

Related analogs of NITD-916 could be synthesized to
assess the effect of lipophilic or phenyl group replacement
by aromatic substituents. One may hypothesize that it remains
possible to optimize its structure to increase cell penetration
through the thick lipid barrier. Moreover, NITD-916 presents
a low aqueous solubility that limits a favorable oral adminis-
tration of the compound. A phosphate ester prodrug analog
(NITD-113) was designed and displaying better aqueous solu-
bility. This prodrug is rapidly hydrolyzed by intestinal alkaline
phosphatases and well bio-converted to NITD-916 in mice.
Since NITD-916 suffers from poor lung distribution in mice,
this prodrug strategy leads to a superior pulmonary distribu-
tion and is potentially transposable to other classes of com-
pounds. Importantly, future studies should also assess the
eventual harmful drug-drug interactions and a potential prof-
itable synergy with another class of clinically validated drug.
Since any Mabs antibiotic has to be clinically given in combi-
nation with other drugs [19], the lack of drug-drug interaction
is critical and needs to be evaluated. Early determination of
the Fractional Inhibitory Concentration Index indicates values
between NITD—-916 and most drugs used in clinics are in the
0.625 to 1.5 range [29], thus highlighting an indifferent inter-
action between these molecules and the suitability of introdu-
cing NITD-916 in combinational therapy. However, this will
need to be confirmed in mouse models of infection [118].

Collectively, these results prove that targeting mycolic acid
biosynthesis has an important translational potential for the
development of new treatments against Mabs and Mfor infec-
tions. These combined in vitro and in vivo data on NITD-916
underscore the interest of this under-exploited chemical entity.
Further experimentations are now required to test NITD-916 and
related analogs in mouse infection models. Importantly, these
results open the way for the evaluation of other direct InhA
inhibitors, currently being tested as antitubercular drug candi-
dates [119,120], against Mabs as well as against other NTM.

4.2. Other direct inhibitors of InhA

While de novo discovery of InhAyag inhibitors may be time
consuming and costly, the vast array of available chemotypes
active against InhAyg identified in previous screens against
Mtb could greatly facilitate the selection of candidates target-
ing InhApag, as exemplified with NITD-916. We report below
the major InhAytg inhibitors described in the literature, whose
antimycobacterial activities are not dependent on KatG and
which could be immediately assessed against Mabs (Table 2).

Triclosan is a well-known InhA inhibitor, found in personal care
products and inhibiting fatty acid biosynthesis as first demon-
strated in Escherichia coli where it targets the enoyl-ACP reductase
Fabl [121]. The mode of action of triclosan in mycobacteria came
from the characterization of spontaneous resistant mutants in
M. smegmatis and in Mtb carrying mutations in inhA and confer-
ring co-resistance to INH [122,123]. This molecule is a reversible
inhibitor of InhA binding preferably to the enzyme-NAD* complex.
Despite its cytotoxicity on eukaryotic cells and its modest antimi-
crobial activity against Mtb (MIC =43.1 uM), triclosan is still con-
sidered as an attractive hit undergoing structural optimization
[124]. For instance, a variety of analogs with bulkier groups such
as a triazole or a long carbon chain substituted on the A-ring
showed increased favorable interactions with InhA and improved
antibacterial effects [77,125,126]. Replacement of the phenyl
B-ring by aromatic nitrogen heterocycles, addition of heteroaro-
matics (pyridine, pyrimidine, or pyrazine) or substitution of phenyl
group with chloride, acetamide, oxalylic acid, piperazine, or isoxyl
has also performed [77,127]. Despite improvements in in vitro
activities, these compounds generally suffer from low solubility
and low bioavailability, limiting in vivo efficiency.

Pyridomycin is a natural product from Streptomyces pyrido-
mycetes and Dactylosporangium fulvum, exhibiting bactericidal
activity against Mtb [128] by acting as a direct competitive
inhibitor in the NADH-binding site of InhAyg [129], leading to
the reduction of a-, methoxy- and keto-MA synthesis.
Pyridomycin is efficient at low concentrations against Mtb
(MIC=0.72 uM). The absence of toxicity on human cells and
its efficacy on other mycobacterial species, including Mabs,
makes it a promising lead compound for future drug devel-
opments against NTM. However, a series of recent
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Figure 4. Proposed workflow for M. abscessus FAS-Il drug discovery. Activities against whole M. abscessus cells (MIC determination) and assays (inhibition of de novo
synthesis of MA, crystallography of inhibitors in complex with their target ...) of FAS-Il inhibitors, previously validated in M. tuberculosis are shown. Specific InhA
inhibitors screened against M. abscessus are indicated. Compounds are then tested for intracellular activity in macrophages, caseum, mucus and under nutrient/
oxygen starvation. The best hits are further evaluated in animal models (zebrafish and mouse) to determine the pharmacokinetics and toxicity parameters. Iterative
medicinal chemistry cycles during hit-to-lead optimization will advance compounds to preclinical developments.

pyridomycin derivatives failed to show a better activity than
the parental molecule [130], prompting for additional chemi-
cal optimization.

Pyrrolidine carboxamides exert a strong antitubercular
activity against InhA [131] and possess three rings, a phenyl
ring (A), a 5-oxopyrrolidine (B), and a cyclohexyl ring (C). The
authors showed that a 3,5-dichloro substitution in ring A or an
extension of aromatic rings increase the activity through
a better hydrophobic interaction with InhA. The 3-phenyl
substituted compound p24 inhibited 97% of InhAyg activity
at a concentration of 15 uM with an ICs5o of 0.39 uM.

Pyrrole derivatives harboring hydrazine, phenoxy, benza-
mide, pyrazoline, isoxazole, or phenyl thiourea moieties
were screened and showed an activity against Mtb through
InhA inhibition [132-134]. Molecular docking studies sug-
gest that these molecules show hydrogen bonding interac-
tions into the hydrophobic-binding pocket of InhA in the
same manner as triclosan. Pyrrole hydrazine with naphtoxy-
ring or pyrrol phenyl thioureas present MIC values in the
0.5-2 UM range against Mtb. Together with the absence of
toxicity against Vero cells, these compounds are fostering
further studies on this class of molecules.

Methyl-thiazole analogs are described as a novel class of
anti-mycobacterial compounds via InhA inhibition by
AstraZeneca, based on a former high-throughput screening
campaign by GlaxoSmithKline [135], highlighting a reversible
inhibition of the enzyme by occupying the substrate-binding
site, preferably in the NADH-bound form. The lead compound
presents a good inhibition of InhA with an ICs, of 3nM and
a cellular potency with MIC values of 0.19 uM. Based on this
screening, new thiadiazole-based inhibitors were described,
with nanomolar InhA 1Cs,, antimycobacterial efficiency and
improved hydrophobicity, solubility, permeation, and clear-
ance properties that are useful to predict the behavior of the
compound, and the ability to have an activity [136].

Recent studies showed new 1,2,3-triazoles tethered to
1,2,4-triazoles structures are strong InhA inhibitors [137]. The
most promising compound presents an ICs, of 0.074nM
against InhA, and docking simulations positioned this mole-
cule in the active site of the enzyme. These compounds await
to be tested in biological assays against whole bacteria.

Acetamide derivatives, particularly a series of 2-(4-oxoqui-
nazolin—3(4 H)-yl)acetamides was identified as InhAytg inhibi-
tors [138]. The lead compound harbors a phenyl ring and
a chloro group and presents 88% InhA inhibition at 10 uM,
with an 1Csq of 3.12 uM. This study revealed that the phenyl
ring is crucial for good InhA inhibitory activity, favoring
a modest antitubercular activity (MIC=4.76 uM), while
a substitution with chloro group results in increased hydro-
phobicity that is important for enzyme binding. In silico stu-
dies revealed binding interactions with InhA and with NAD™.
The absence of toxicity on cells of this class of compounds and
its efficacy are encouraging for future anti-mycobacterial
drugs based on this structure.

Several new InhA inhibitors were recently discovered via
virtual screening and support a recent study describing a series
of 4-aminoquinolines [139,140]. The lead compound (19k) was
based on LABIO-17, an InhA ligand identified from the initial
screen and found to inhibit InhA enzymatic activity. This mole-
cule harbors a substitution of the ethyl ester group of LABIO-17
by a bromine atom and exhibits the best InhA inhibitory activity
of the series (ICso = 0.23 uM) and shows activity against a panel of
resistant isolates of Mtb (MIC = 0.1-0.4 uM), respectively, 87-fold
and 32-fold better that LABIO—17. This molecule displays good
pH stability, solubility, or high permeant properties. Metabolic
studies showed a moderate elimination rate in rat liver micro-
some fractions for 19k, with a longer half-life than other haloge-
nated compounds. In addition to these parameters, the lead
compound presents a bacteriostatic activity in Mtb-infected
macrophages and in lungs of mice.
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Overall, these studies show that a plethora of direct InhA
inhibitors are available and ready to be assessed against NTM.

5. Conclusion

There is currently no treatment regimen that offers a reliable
cure for Mabs pulmonary disease [20], a situation that arises
from the intrinsic resistance of this species to a wide range of
antimicrobial agents, including most anti-TB drugs [16]. While
new drugs are urgently needed to populate the Mabs drug
discovery pipeline, de novo discovery efforts are time-
consuming and require important resources [15]. Recent
screens of anti-TB active molecules for anti-Mabs activity
have already generated new scaffolds as advanced lead com-
pounds for Mabs pulmonary infections with in vivo proof-of-
concept in animal models of infection [141]. These selected
leads target a wide range of enzymes/pathways such as pro-
tein biosynthesis, cell wall biosynthesis, DNA replication, DNA
topology, or ATP synthesis. PIPD1 was one of the first com-
pound identified from a screen of anti-TB validated molecules
and exerts potent Mabs activity via MmpL3 inhibition [23].
Deciphering the mode of action of PIPD1 highlighted the
particular vulnerability of the MmpL3 transporter in Mabs
and stimulated the discovery of other MmpL3 inhibitors
reported in this review, validating the MA pathway as
a valuable source for potential targets for the development
of new anti-Mabs drugs. This hypothesis was successfully con-
firmed with the demonstration that NITD-916, a previously
identified anti-TB compound and a direct inhibitor of the
enoyl-ACP reductase InhA, that overcomes KatG bioactivation,
is very active against Mabs and Mfor in vitro, in macrophages,
in pulmonary airway organoids as well as in zebrafish [29,117].
Overall, these data indicate that targeting the MA biosynthesis
pathway (transporter and biosynthetic enzymes) has a strong
potential for development into novel tools for the develop-
ment of efficient Mabs anti-infective chemotherapy.

6. Expert opinion

There are currently no FDA approved antibiotics to treat Mabs
lung diseases. Antibiotherapy against Mabs infection suffers
from a weak success rate, despite the long course of multidrug
treatment, thus prompting to the rapid discovery of more
efficient active compounds targeting Mabs in vitro and
in vivo. MA anabolism is currently being exploited for the
treatment of tuberculosis and has been deeply explored in
recent years to identify new anti-TB actives. This pathway has
only recently been the focus of studies aiming at disclosing
new inhibitors for future anti-Mabs therapy. Because MA is not
targeted by any anti-Mabs drug used in clinics, hitting the MA
pathway would also allow to bypass common acquired resis-
tance mechanisms found in clinical isolates. One way to popu-
late the anti-Mabs chemotype pipeline consists of screen,
against Mabs, chemical libraries generated during previous
TB drug discovery campaigns. This relies on the fact that the
genomes of Mabs shares considerable sequence similarity with
that of Mtb [142,143]. As predicted from DNA sequence

similarity at a broad level, these two species have in common
many biochemical pathways, intimating that drugs in devel-
opment for TB can serve as starting points to ‘jump start’ Mabs
drug discovery programs. It offers considerable advantages,
obviating the need to initiate the long-lasting and onerous de
novo chemical screens [141]. Similarly, many different InhAyg
inhibitors have been described that await to be tested against
whole Mabs. These sets of hit compounds identified are fos-
tering further hit-to-lead development to improve efficacy and
pharmacokinetic properties.

The validation that inhibitors against MmpL3 and InhA
are promising drug candidates opens the avenue to the
evaluation of small molecules hitting the other FAS-Il com-
ponents in Mabs. Since inhibitors of many enzymatic steps
in MA biosynthesis have been reported in Mtb [76,77], this
multiplies the possibility to rapidly identifying additional
active molecules against Mabs (Figure 4). Iterative medicinal
chemistry cycles coupled to in vitro assays should help at
optimizing compounds with improved efficacy. The best hits
should then be advanced in ex vivo as well as in in vivo
studies to determine toxicity, tolerability, and pharmacoki-
netic properties. In this context, zebrafish embryos have
been validated as a relevant model to study the chronology
of Mabs infection and used to rapidly test the efficacy of
compounds in vivo [23,144,145]. It appears particularly sui-
ted in drug screening programs and predictive for drugs
that might be orally administrated [146]. The use of murine
models of M. abscessus respiratory infection is also war-
ranted to address the efficacy and safety of new antimicro-
bial agents and to determine the best dosage and route of
drug administration. Many different mouse models have
been reported to assay experimental antimicrobial therapies
against Mabs, such as C3HeB/Fel, M-CSF KO, GKO, SICD,
NOD mice, and be exploited to modulate dosing frequency
and determine eventual adverse effects and the efficacy of
combinatorial drug regimens [118,147]. Alternatively, admin-
istration of corticosteroids in immunocompetent C3HeB/FeJ
mice permits higher levels of Mabs burden in the lungs and
pathology and is shown to be useful for the treatment with
antibiotics given intranasally [148].

M. avium is another opportunistic pathogen associated with
biofilm-related infections of the respiratory tract, which is emer-
ging globally and remains particularly laborious to treat [149]. It
causes pulmonary infections in immunocompromised individuals
and represents, together with Mabs, the major NTM found in CF
patients [150]. Since M. avium produces MA and possesses highly
conserved InhA and MmpL3 proteins with Mabs or Mtb, this
explains why inhibitors of InhA or MmpL3 are also active against
M. avium (Tables 1 and 2). As a corollary, new drugs targeting the
MA pathway in M. avium, which is a more common pathogen than
Mabs, may perhaps foster pharmaceutical companies to invest
more efforts for therapeutic strategies involving MA inhibition.
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Les inhibiteurs directs d’'InhAurs présentent donc un fort potentiel a exploiter contre
M. abscessus, dont notamment le TCS [503] qui présente un intérét de repositionnement tout
particulier a travers les nombreux analogues déja décrits [504]. Dans cette lignée, notre collaboration
avec I'équipe du Pr Vipan Kumar nous a permis d’évaluer 'activité d’adduits azoiques et d’adduits de
Mannich et de Glaser a base de TCS vis-a-vis de M. tuberculosis et des MNT (soumis pour publication).
Nous avons ainsi pu mettre en évidence des analogues présentant une meilleure activité
antimycobactérienne que la molécule parentale et présentant des propriétés pharmacologiques

favorables telles qu’une toxicité moindre sur les macrophages en culture.

Notre revue présentée précédemment expose également le potentiel d’inhibiteurs de MmpL3
qui ont montré leur efficacité contre M. abscessus. En effet, ce transporteur présente également un
intérét croissant pour le développement de nouveaux antituberculeux. Afin d’appuyer ces propos,
nous avons mis en place dans I'’équipe un systeme permettant de réaliser une inactivation génique
conditionnelle chez M. abscessus. Placé sous le contréle d’un promoteur de type Tet-OFF, nous avons
démontré le caractere essentiel de mmpl3 chez M. abscessus. J'ai notamment pu démontrer que la
réduction de I'expression du transporteur MmpL3 en présence d’anhydrotétracycline s’accompagnait
d’une perte des TDM et des acides mycoliques liés a I’AG avec pour conséquence une chute drastique
de la viabilité bactérienne (Annexe 2). Ces résultats et I'ensemble des inhibiteurs prometteurs
précédemment décrits, ouvrent un nouveau pan de recherche dans la lutte contre les infections a
M. abscessus sachant qu’aucun antibiotique utilisé en clinique a ce jour ne cible la voie de biosynthese

et de transport des acides mycoliques chez cette bactérie.

Par ailleurs, la recherche de nouveaux inhibiteurs ne se limite pas aux enzymes de la voie de
synthése des lipides de surface. D’autres cibles identifiées précédemment chez M. tuberculosis
présentent un intérét tout particulier, telles que I’ATP synthase, inhibée par la BDQ. Pour dépasser le
seul concept de repositionnement, nous avons étudié, en collaboration avec I'équipe du Pr Gerhard
Gruber (Nanyang Technological University, Singapour) un nouveau dérivé de la BDQ. De la méme
maniére, ce composé cible le domaine Fo de 'ATP synthase empéchant sa rotation et donc la
translocation de protons nécessaires a la production d’ATP (manuscrit soumis). Ce composé montre
une tres forte activité antimycobactérienne sur différentes MNT, incluant M. abscessus, M. fortuitum
et M. avium a trés faibles concentrations in vitro. J’ai, pour ma part, pu montrer I’action de ce dérivé
au sein de macrophages infectés par M. abscessus sans pour autant montrer d’effet toxique. De plus,
nous avons mis en évidence sa grande efficacité dans un modele d’infection in vivo de poisson zeébre

associée a une baisse de la charge bactérienne et des symptomes majeurs de virulence. Ce composé
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potentialise également I’activité d’autres antimycobactériens ce qui en fait un candidat intéressant a
inclure dans les cocktails thérapeutiques actuels méme si des études complémentaires précliniques et

cliniques doivent étre menées afin de le vérifier.

Néanmoins, nous savons que M. abscessus, et les mycobactéries en général développent
rapidement des résistances contre les antibiotiques, ce qui en fait un frein majeur dans la réussite de
la chimiothérapie. Ainsi, de nouvelles alternatives aux antibiotiques se doivent d’étre également
abordées et étudiées. Dans cette lignée, une alternative prometteuse consiste en I'utilisation de
bactériophages (voir Chapitre 1l : Antibiothérapie et mécanismes de résistance chez M. abscessus,
1.6.2. Les bactériophages: une alternative aux antibiotiques). Si la phagothérapie a pendant
longtemps souffert d’'une perte d’intérét devant le succés des antibiotiques, I'utilisation des
bactériophages, notamment pour le traitement d’infections causées par des pathogenes
multirésistants aux antibiotiques, revient sur le devant de la scéne. Bien que les autorités sanitaires ne
favorisent pas encore l'utilisation a grande échelle de cette approche, des usages a caractere
compassionnel et personnalisé peuvent étre autorisés comme cela a été décrit dans plusieurs cas
d’utilisation contre des infections mycobactériennes persistantes [292]. Ces cas soulignent les
avantages et les inconvénients d’une telle thérapie, ainsi que la nécessité de mieux comprendre les
interactions spécifiques entre phages et bactéries et d’optimiser I'efficacité des cocktails phagiques.
Néanmoins, leur utilisation nécessite d’étre couplée aux antibiotiques, et leur grande spécificité
complexifie leur utilisation a grande échelle. En conséquence, j’ai pu démontrer que I'efficacité d’un
des phages utilisés dans un traitement compassionnel [291], combiné a des antibiotiques tels que la
RFB était supérieure a I'action d’un des deux antibactériens seul in vitro. Ce qui a été corroboré au sein
d’un modele in vivo de poisson zebre délétée de la protéine CFTR, soulignant également I'impact de
I'immunité dans I'efficacité du traitement phagique (Annexe 3). En outre, cette étude met en évidence
I'utilisation d’un modele d’organisme vivant dans le but de pouvoir prédire la fiabilité et le succeés d’un

traitement phagique avant leur utilisation chez 'Homme.

Une seconde alternative envisageable a ['utilisation des antibiotiques réside dans le
développement de molécules photoactivables. En effet, un inconvénient majeur caractéristique de
nombreux antibiotiques est I'acquisition rapide de mutations dans le géne codant la cible ou
I'activateur. De plus, ces mécanismes de résistance peuvent également survenir par transfert
horizontal de genes entre espéces bactériennes dans un environnement soumis a une pression
antibiotique. Dés lors, I'utilisation de molécules a large spectre ne ciblant pas une protéine particuliére,

mais déstabilisant par exemple la membrane bactérienne, pourrait représenter un recours
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Figure 50 : Représentation des différentes stratégies mises en évidence par ces travaux et
exploitables dans de futures études envers les infections mycobactériennes
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supplémentaire pour éradiquer I'infection. La thérapie photodynamique se base sur I'administration
d’un photosensibilisateur irradié a une longueur d’ondes optimale qui, en présence d’oxygene, va
produire des ROS permettant des dommages oxydatifs irréversibles au niveau de la membrane et
contre des substrats organiques qui vont engendrer la lyse bactérienne [543]. Cette méthode, utilisée
contre les cellules cancéreuses, a montré son intérét contre diverses infections bactériennes. La
thérapie photodynamique est site spécifique et ne permet pas aux bactéries de développer une
résistance grace au temps court entre I'administration du photosensibilisateur et la stimulation par la
lumiere, combiné a un mode d’action trés large [544]. Cette méthode permet notamment de contréler
les biofilms bactériens, d’étre appliquée a des plaies cutanées locales mais également internes afin
d’éliminer un foyer infectieux bien localisé [545]. Une des thérapies antibactérienne photodynamique
développées récemment est basée sur I'utilisation de porphyrines [546]. L’action de ces dernieres a
été démontré in vitro contre les MNT [547] mais aussi in vivo dans des infections de la peau et des
tissus mous [548]. Ainsi, j'ai pu cribler un ensemble de composés dérivés de porphyrines synthétisés
par I’équipe du Dr Sébastien Ulrich (Institut des Biomolécules Max Mousseron, Montpellier) et étudier
leurs caractéristiques sur E. coli et M. abscessus. Les résultats obtenus rapportent une excellente
activité antibactérienne in vitro et dans un modele de biofilms (données non publiées). De plus, nous
avons pu démontrer la désagrégation morphologique de la membrane de M. abscessus due a I'action
d’un composé photoactivable cationique. Ces résultats sont encourageants dans une perspective
d’avenir de traitement contre les infections mycobactériennes multirésistantes aux antibiotiques mais

nécessitent encore d’étres étayés et validés par d’autres études.

En conclusion, face a I'impasse thérapeutique subie par les patients, il apparait essentiel de
développer de nouveaux traitements contre les infections mycobactériennes. Ainsi, les résultats
générés aux cours de cette these permettent de proposer de nouvelles molécules et nouvelles cibles
d’intérét a exploiter dans de futurs développements thérapeutiques (Figure 50). lls ouvrent également
la voie a de nouvelles approches a envisager et valider ultérieurement dans le but d’améliorer la prise

en charge de ces patients.
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> Mycobacterium abscessus est une bactérie non
tuberculeuse, environnementale, a croissance
rapide, qui est responsable d’infections pul-
monaires séveres, notamment chez les patients
atteints de mucoviscidose. Le traitement actuel
combine utilisation d’une B-lactamine et d’un
aminoglycoside associés a un macrolide. Cette
bactérie est polyrésistante a la plupart des anti-
biotiques utilisés en clinique. Les mécanismes de
résistance, innés ou acquis, qu’elle a développés,
conduisent fréquemment a des échecs théra-
peutiques, ce qui limite considérablement les
moyens de lutte disponibles pour le clinicien. Une
compréhension globale des mécanismes de résis-
tance de cette bactérie s’avere ainsi nécessaire
pour contrer les infections pulmonaires qu’elle
provoque. <

Mycobacterium abscessus a été isolée pour la premiere
fois en 1950, par Morris Moore et John B Frerichs, chez une
patiente de 63 ans ayant consulté pour divers troubles dont
un abces situé au niveau du genou, résultant d’un trauma-
tisme survenu 48 ans plus tot [1]. Cette mycobactérie non
tuberculeuse (MNT) & croissance rapide est classée dans
le phylum des Actinobactéries (Figure 1A). M. abscessus
regroupe en fait trois sous-especes bactériennes : M. abs-
cessus subsp. abscessus, M. abscessus subsp. bolletii et
M. abscessus subsp. massiliense. Celles-la différent par
leur profil génétique mais aussi par leur susceptibilité a
certains antibiotiques [2]. M. abscessus est un pathogéne
opportuniste intracellulaire (Figure 1B) qui est souvent
assimilé a d’autres mycobactéries. Confondue avec ces
autres especes, sa prévalence propre pourrait ainsi étre
largement sous-estimée. Son mode de transmission reste
encore largement incompris. Néanmoins, une étude réa-
lisée en 2016 suggére une transmission interhumaine
possible chez les patients atteints de mucoviscidose [3].
M. abscessus est responsable de manifestations cliniques
treés étendues. Outre des infections cutanées, osseuses,
disséminées et, voire, dans de rares cas, lorsque la barriere
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hémato-encéphalique est altérée, d’atteintes du systeme nerveux cen-
tral, M. abscessus est responsable d’infections pulmonaires séveres, en
particulier chez les patients souffrant de troubles pulmonaires comme la
mucoviscidose [4]. On estime en effet que 10 a 20 % de ces patients, qui
présentent une susceptibilité accrue aux infections bactériennes, sont
infectés par une MNT (principalement M. abscessus et Mycobacterium
avium). Uinfection par M. abscessus est I'une des infections bactériennes
les plus difficiles a traiter : elle est en effet multi-résistante aux antibio-
tiques, et le taux d’échec des traitements atteint prés de 60 % [5]. Sa
place de pathogene émergent s’explique par son incidence, qui peut sur-
passer, dans certains pays industrialisés, celle de Mycobacterium tuber-
culosis, ’agent étiologique de la tuberculose [4]. Le séquengage complet
du génome de M. abscessus a révélé la présence de plusieurs genes codant
des facteurs de virulence spécifiques de M. tuberculosis ainsi que de nom-
breux facteurs de virulence non mycobactériens, caractéristiques d’autres
pathogenes souvent associés a la mucoviscidose, tels que Pseudomonas
aeruginosa [6, 7]. La grande plasticité du génome de M. abscessus et les
nombreux mécanismes de résistance aux antibiotiques que déploie cette
bactérie témoignent de sa capacité d’adaptation a son environnement.

M. abscessus, une menace croissante pour les patients
atteints de mucoviscidose ?

(=) Voir la Synthese

La mucoviscidose est une maladie génétique héréditaire
de C. Ferec, m/s

causée par une mutation du géne codant la protéine
CFTR (cystic fibrosis transmembrane regulator) [8] (=P).
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Cette maladie autosomique récessive affecte, en particulier, les fonc-
tions digestives et respiratoires. La protéine CFTR est en effet une
protéine transmembranaire qui joue un réle de canal ionique loca-
lisé au pole apical des cellules épithéliales pulmonaires, permettant
I’échange d’ions chlorure et sodium au travers de la membrane des
cellules [9]. Des mutations du géne CFTR entrainent un dysfonctionne-
ment a "origine d’une mauvaise hydratation du mucus bronchique, qui,
de ce fait, devient de plus en plus épais et visqueux, favorisant ainsi
I’établissement d’infections polymicrobiennes chroniques. M. absces-
sus représente, avec M. avium, la MNT la plus fréquemment retrouvée
dans les expectorations de patients atteints de mucoviscidose, pou-
vant induire un déclin rapide de leurs fonctions pulmonaires [10]. Le
dysfonctionnement de CFTR réduit, entre autre, I'activité bactéricide
des macrophages en raison d’une diminution de leur production de
radicaux oxydants en réponse aux infections [11]. A Pincapacité du
systéme immunitaire inné a contr6ler efficacement les infections
bactériennes, s’ajoute la difficulté, pour le clinicien, a traiter ces
infections et a éradiquer le bacille responsable [12]. La présence de
M. abscessus peut aussi représenter une contre-indication a la greffe
pulmonaire, un recours souvent nécessaire chez les patients atteints
de mucoviscidose.

Lantibiothérapie comme traitement des infections
a M. abscessus

La majorité des molécules utilisées en clinique dans le traitement contre
M. abscessus ont un effet bactériostatique : elles ne font que stopper la
prolifération bactérienne, sans induire la mort des bactéries. Ces molé-
cules ne montrent également que peu ou pas d’activité vis-a-vis des
biofilms, constructions complexes formées de colonies bactériennes, ce
qui pourrait expliquer la relative inefficacité des régimes thérapeutiques
actuellement appliqués [13]. Pendant plusieurs années, les recom-
mandations thérapeutiques ont été fondées sur une trithérapie, asso-
ciant une B-lactamine (imipénéme ou céfoxitine), un aminoglycoside
(amikacine), administrés par voie parentérale pendant 12 mois, et un
macrolide (clarithromycine ou azithromycine), par voie orale. Afin d’op-
timiser cette thérapie chez les personnes atteintes de mucoviscidose, un
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Figure 1. M. abscessus, un bacille intracellu-
laire. A. Image de microscopie en contraste
de phase de M. abscessus. L’échelle représente
5 pm. B. Image d’immunofluorescence d’un
macrophage infecté par M. abscessus expri-
mant TdTomato (rouge). Les macrophages sont
détectés grace a un anticorps anti-CD63 (vert)
et les noyaux sont marqués au DAPI (bleu).

’échelle représente 10 pm.

consortium regroupant I’US Cystic Fibrosis Foundation et
I’€uropean Cystic Fibrosis Society, préconise maintenant
une premiére phase de thérapie dite intensive (durant
au moins un mois), suivie d’une phase de prolonga-
tion (de 12 mois) (Figure 2). Cette stratégie prend en
compte le profil de résistance aux antibiotiques de la
souche a lorigine de I'infection. Il est donc important
de différencier les isolats cliniques de M. abscessus qui
sont sensibles ou résistants aux antibiotiques, dont les
macrolides. U'action combinée de plusieurs antibiotiques
permet de cibler différentes voies métaboliques utilisées
par la bactérie afin de I’éradiquer (Figure 3) [14].

Les classes d’antibiotiques

Les B-lactamines regroupent une large classe d’anti-
biotiques (dont les pénicillines, les céphalosporines, les
carbapénémes). Elles agissent en inhibant la synthése
d’un composant essentiel de la paroi des mycobac-
téries, le peptidoglycane, formé d’une épine dorsale
alternant des chafnons N-acétyl glucosamine - acide
N-acétyl muramique, et de chaines tétrapeptidiques
(L-Alaninyl-D-isoGlutaminyl-meso-diaminopimelyl-
D-Alanine) liées & I"acide muramique. Lors de I’étape
finale de la synthese de cet hétéropolymere, des liai-
sons covalentes se forment entre les chaines latérales
des peptides monomeéres qui le composent, produisant
la macromolécule qui englobera la membrane plas-
mique. La réticulation du peptidoglycane est assurée
par des transpeptidases bactériennes qui appartiennent
A la famille des protéines liant la pénicilline (PBP), les
D,D-transpeptidases (DDT) et les L,D-transpeptidases
(LDT), qui catalysent respectivement des liaisons de
type 4—3 et 3—3 entre ces chaines peptidiques laté-
rales [15]. Les PB-lactamines agissent sur ces trans-
peptidases en entrant en compétition, par mimétisme,
avec le substrat de ces enzymes, bloquant ainsi la bio-
syntheése du peptidoglycane. Les céphalosporines et les
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Figure 2. Régime thérapeutique dans le cadre
d’infections a M. abscessus. La phase inten-
sive, d’une durée pouvant excéder un mois,
comporte une dose quotidienne d’amikacine
injectée par voie intraveineuse (AMK,,), d’un
antibiotique choisi parmi Iimipénéme (IPM),
la tigécycline (TGC) ou la céfoxitine (CFX),
ainsi qu’un macrolide (azithromycine (AZM)

ou clarithromycine (CLR)). La phase de prolongation, d’une durée d’environ 12 mois, comprend un macrolide, de I’AMK en aérosol ainsi que 2 a 3

antibiotiques choisis parmi la clofazimine (CFZ), le linézolide (LNZ), la minocycline (MNC) ou la moxifloxacine (MOX), dont le choix est dépendant

du profil de résistance de chaque isolat clinique.

carbapénemes présentent des activités différentes sur les deux types
de transpeptidases : plus efficaces contre les DDT pour les céphalos-
porines, supérieures contre les LDT pour les carbapénémes [16].

Les macrolides représentent une autre classe d’antibiotiques. Ils
ciblent, quant a eux, la syntheése protéique en interagissant avec I’ARN
ribosomique (ARNr) 23S de la grande sous-unité du ribosome (50S).
Ces antibiotiques empéchent ainsi I’allongement de la chaine pepti-
dique en bloquant le tunnel de sortie par lequel les peptides nouvel-
lement synthétisés s’éloignent du centre peptidyltransférase [17]. Les
macrolides, tels que la clarithromycine ou I"azithromycine ont un effet
bactériostatique auquel malheureusement M. abscessus subsp. abs-
cessus et M. abscessus subsp. bolletii sont souvent résistantes [18].
Les aminoglycosides sont des molécules hydrophiles qui inhibent la
synthése des protéines en se liant au site A de PARNr 16S constituant
la petite sous-unité des ribosomes [19]. Cette interaction est a I’ori-
gine d’'une mauvaise lecture du codon lors de la délivrance de ’ARN de
transfert (ARNt) des aminoacyls et, par conséquent, provoquent une
traduction erronée de I’ARN messager (ARNm).

Les tétracyclines inhibent également la synthése protéique des bac-
téries mais en prévenant I’association des aminoacyl-ARNt aux ribo-
somes bactériens [20]. Les membres de cette famille, comme la mino-
cycline, ne présentent généralement qu’une activité modeste contre M.
abscessus. Dérivée de la minocycline, la tigécycline fait exception. Elle
est la seule tétracycline a présenter une chaine 2-tert-butylglycyla-
mino liée au carbone C-9 du cycle aromatique du squelette de la molé-
cule (Figure 3). Ce substituant augmente I"affinité de la molécule pour
le ribosome, lui conférant une forte activité inhibitrice ainsi que la
capacité d’échapper aux mécanismes de résistance aux tétracyclines
les plus couramment développés par les bactéries [21].

Le traitement de I'infection par M. abscessus par ces antibiotiques,
dont la durée excéde souvent 12 mois, s’accompagne néanmoins
d’effets secondaires notoires, ce qui conduit, malgré leur efficacité, a
de nombreuses impasses thérapeutiques.

La polyrésistance de M. abscessus aux diverses classes
d’antibiotiques

Une résistance innée de la bactérie

La paroi mycobactérienne, une barriére naturelle

Si les mécanismes de résistance développés par M. abscessus sont
nombreux et variés, la paroi mycobactérienne, unique en son genre par
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la diversité des lipides qui la constituent, joue le role
de premiere barriére a I’encontre de nombreuses molé-
cules exogeénes, dont certains antibiotiques. Comme
toute cellule, la bactérie est bordée d’une membrane
constituée d’une bicouche lipidique : la membrane
interne (MI) (Figure 44). Ancrés dans cette bicouche,
se trouvent une grande variété de glycoconjugués : des
glycolipides et des lipoglycanes, tels

. ) ) (=») Voir la Synthese
que le phosphatidyl-myo-inositol

de L. Kremer et al.,

mannoside, le lipomannane ou le m/sn°6-7,
lipoarabinomannane [22] (=¥). juin-juillet 1999,
page 842

Entourant cette membrane interne,
I’espace périplasmique est constitué du peptidogly-
cane, un hétéropolymere lié de maniére covalente a
une couche d’arabinogalactane, elle-méme estérifiée
par des acides mycoliques, des acides gras a longues
chaines carbonées. Ces acides mycoliques, caractéris-
tiques des mycobactéries, constituent le feuillet interne
de la mycomembrane. Dans le feuillet externe de cette
derniére viennent s’insérer des lipides et glycolipides,
tels que le tréhalose monomycolate, le tréhalose dimy-
colate, le tréhalosepolyphléate mais aussi des gly-
copeptidolipides [23]. Cette vaste panoplie de lipides
participe grandement aux propriétés de résistance de la
paroi, par exclusion de taille des molécules exogénes,
mais aussi par son caractere hydrophobe, conférant une
résistance naturelle aux antibiotiques hydrophiles.
L’export actif a travers la membrane

Dans la membrane interne, de nombreuses pro-
téines jouant le rdle de pompes a efflux sont insérées
(Figure 4B). Parmi celles-ci, les protéines de la famille
MmpL (Mycobacterial membrane protein Large) [24]
permettent de maintenir ’homéostasie de la bactérie.
Elles sont également responsables d’une balance phy-
siologique permettant Iexport de toxines et de méta-
bolites produits par la bactérie. Ces protéines mem-
branaires ont une grande variété de substrats, comme
les facteurs de virulence, mais elles ont aussi un rdle
indispensable dans le transport de lipides et dans I’éla-
boration de la paroi bactérienne. Dans certains cas, les
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Figure 3. Structure chimique des principaux antibiotiques utilisés dans le traitement des infections pulmonaires @ M. abscessus. Les principales

classes d’antibiotiques préconisées dans le traitement ainsi que leur mode d’action sont indiqués. ROS : reactive oxygen species.

pompes a efflux peuvent participer a I’export, du cytoplasme vers le
milieu extérieur, de substances exogénes (telles que les antibiotiques)
qui auraient pénétré dans la cellule. Certaines de ces protéines Mmpl
agissent de concert avec des protéines MmpS (Mycobacterial mem-
brane protein Small), dont les génes sont adjacents a ceux codant
les MmpL. Le cluster de génes MAB_2300/MAB_2301, codant les pro-
téines MmpS/Mmpl, est ainsi impliqué dans I'export d’antibiotiques
comme la bédaquiline (BDQ) et la clofazimine (CFZ) (Figure 4B). Leur
capacité d’export n’induit toutefois pas de résistances importantes
[25] (Tableau I). Une protéine apparentée a la pompe a efflux LmrS
(lincomycin resistance protein of Staphylococcus aureus), ainsi que
MmpL9, participent & la résistance au linézolide (LNZ) chez M. absces-
sus. €n effet, des niveaux élevés de transcrits du gene codant Mmpl9
ont été décrits chez des souches résistantes au linézolide, témoignant
de implication probable de cette molécule dans "export de I"antibio-
tique [26] (Figure 4B). La résistance de M. abscessus aux analogues
du thiacétazone (TAC) s’explique également par I'export actif de ces
antibiotiques par le systéeme MAB_4383c/MAB_4382c, homologue de
mmpS5/mmpl5 chez Mycobacterium tuberculosis [27].

Si ’ensemble de ces transporteurs conférent une perméabilité ajus-
table a la paroi bactérienne et représentent ainsi des mécanismes
de résistance intrinseque aux antibiotiques chez M. abscessus, nos
connaissances sur I"implication d’autres systémes de transport poten-
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tiels dans la résistance aux antibiotiques de la bactérie
restent encore limitées. Toutefois, diverses études
sont actuellement menées dans le but d’identifier des
inhibiteurs spécifiques de ces pompes a efflux afin de
potentialiser 'efficacité des traitements [28].

Les enzymes modifiant/inactivant les antibiotiques

A c6té de ces systémes d’export, M. abscessus regorge
d’une grande variété d’enzymes capables de modifier
chimiquement de nombreux antibiotiques, et ainsi de
les rendre inopérants. Ces enzymes, qui limitent donc
considérablement les options de traitement, consti-
tuent un pan non négligeable du « résistome » de
M. abscessus (Tableau I). Parmi celles-1a, une seule,
ciblant les B-lactamines, a été identifiée chez M. abs-
cessus : la B-lactamase Blayy, (Figure 4C). Codée par le
géne MAB_2875, elle hydrolyse le noyau B-lactame de
nombreuses molécules antibiotiques, comme les péni-
cillines, les carbapénémes ou les céphalosporines. €n
clinique, I'utilisation de certains antibiotiques, comme
’imipénéme et la céfoxitine, reste néanmoins possible.
La Blayyg ne les dégradent en effet que trés lentement,
leur conférant une certaine efficacité [29]. Uavibac-
tam, développé par AstraZeneca, un inhibiteur spéci-
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qu'elle provoque. B. U'export d’antibiotiques, tels que la bédaquiline, la clofazimine ou encore le linézolide, implique des protéines transmembra-
naires, incluant par exemple les transporteurs de type MmpL. C. M. abscessus exprime de nombreuses enzymes capables de modifier et d’inactiver
directement les antibiotiques. Arry,; (une ADP ribosyltransférase) inhibe I’action de la rifampicine tandis que AAC(2’) et €is2 (des N-acétyltrans-
férases) ainsi que APH(3’) (une 3”’-0-phosphotransférase) neutralisent I'activité des aminoglycosides. MabTetX (une monooxygénase) inactive
I"activité des tétracyclines. D. D’autres enzymes modifient la cible des antibiotiques. La méthyltransférase €rm(41) inhibe I’action des macrolides
en méthylant PARNr 23S de la sous-unité 50S du ribosome, diminuant ainsi ’affinité de "antibiotique vis-a-vis du ribosome. €. Le polymorphisme
génétique est impliqué dans la résistance a plusieurs classes d’antibiotiques, incluant notamment les macrolides, les aminoglycosides ou les
rifamycines. MM : mycomembrane ; AG : arabinogalactane ; PG : peptidoglycane ; Ml : membrane interne ; LAM : lipoarabinomannane ; LM : lipo-
mannane ; TMM : tréhalose monomycolate ; TDM : tréhalose dimycolate ; GPL : glycopeptidolipide ; PIM : phosphatidyl-myo-inositol mannoside.
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Antibiotique  Voie métabolique/cible Géne(s) impliqué(s) Réf.
L. Syntheése des acides mycoliques /énoyl ACP Polymorphisme du géne katG codant I’enzyme d’activa-
Isoniazide ’ ; [31]
réductase InhA tion de I'INH
Rifampicine Transcription/ARN polymérase ADP-ribosylation de la rifampicine par Arry,, [35]
) . . 5 Inactivation par AAC(2’) [31]
Aminoglycosides Syntheése protéique/ARNr 16S o
Inactivation par APH(3”) [33]
Synthese du peptidoglycane/Penicillin- N
ﬁ-luctamines y . p P gy Inactivation par Bla,,,, [53]
binding protein
Synthése protéique/empéche
Tétracycline I'attachement de I’'aminoacyl- ARNt au ribo- Inactivation par MabTetX [34]
some
Macrolides Syntheése protéique/ARNr 23S Modification de la cible par le produit du gene erm(41) [18]
Analogues du Syntheése des acides mycoliques /déshydratases  Pompe a efflux de type MmpS/MmplL codée par [54]
thiacétazone HadABC MAB_4383c/4382¢c
. . ) ; . Pompes a efflux de type MmpS/Mmpl codées par
Bédaquiline Production d’énergie/ATP synthase [25,55]
MAB_2300/2301 et MAB_1135¢/1134c
Production de radicaux oxydants produits par . ;
. . . Pompes a efflux de type MmpS/Mmpl codées par
Clofazimine la NADH:quinone oxydoréductase [25,55]

MAB_2300/2301 et MAB_1135c/1134c

de type 2

Tableau I. Résistance innée et acquise aux antibiotiques chez M. abscessus. ACP : acyl carrier protein ; Inh : isoniazid ; KatG : catalase/peroxidase ;

Mmpl : Mycobacterial membrane protein Large ; MmpS : Mycobacterial membrane protein Small.

fique de la Blay,g, permet, également de réduire considérablement la
concentration minimale inhibitrice de certaines B-lactamines. Cette
molécule augmente ainsi I’efficacité de ces antibiotiques, ouvrant la
voie vers de nouvelles approches thérapeutiques, et donc a I’utilisa-
tion de cette famille ’antibiotiques [30].

La résistance de M. abscessus aux aminoglycosides s’explique par la
présence chez cette bactérie de trois enzymes (deux acétyltransfé-
rases et une phosphotransférase) capables de neutraliser cette classe
d’antibiotiques. Les deux N-acétyltransférases, AAC(2’) et Eis2, sont
codées respectivement par les génes MAB_4395 et MAB_4532c. AAC(2’)
acétyle le groupement amine situé en position 2’ de certains amino-
glycosides tels que la kanamycine ou la gentamycine [31], deux anti-
biotiques qui ne sont pas utilisés dans les traitements cliniques. €is2,
quant a elle, inactive ’amikacine, la kanamycine ou I’hygromycine, en
acétylant le premier groupement amine de ces molécules [32]. Uinac-
tivation des genes codant ces enzymes entraine une sensibilité accrue
des bactéries aux aminoglycosides [31]. La 3”’-0-phosphotransférase
(APH(3%)), codée par le géne MAB_2385, est, elle, déterminante dans
la résistance a la streptomycine [33]. Les modifications chimiques que
ces enzymes produisent sur les aminoglycosides, diminuent leur affi-
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nité pour I’ARNr 16S de la sous-unité 30S du ribosome,
ce qui les rend inopérantes (Figure 4C).

Bien qu’efficaces contre M. tuberculosis, les tétracy-
clines n’ont que peu d’effet sur M. abscessus. €n effet,
M. abscessus exprime une monooxygénase, la MabTetX
[34], qui inactive les tétracyclines (Figure 4C). La
délétion du gene MAB_1496c qui code cette enzyme,
entratne chez la souche mutée, une sensibilité accrue
a ce type d’antibiotique, vingt fois plus élevée par rap-
port a la souche parentale, confirmant I'importance de
cette enzyme dans la résistance aux tétracyclines.

La rifampicine est une molécule utilisée en premiere
intention pour le traitement de la tuberculose. M. abs-
cessus reste cependant insensible a Iaction de cet
antibiotique. La raison de cette résistance repose sur
la présence chez M. abscessus d’une ribosyltransfé-
rase, "ADP ribosyltransférase Arry,g, codée par le géne
MAB_0591. Cette enzyme est capable d’ADP ribosyler la
rifampicine, "'empéchant d’agir au niveau de la sous-
unité 3 de ’ARN polymérase [35] (Figure 4C). La décou-



verte de dérivés de la rifamycine, plus réfractaires a I’ADP-ribosylation
par Arry,s, représente néanmoins une piste de recherche prometteuse
dans la lutte contre M. abscessus [36].

Les enzymes protégeant la cible des antibiotiques

M. abscessus possede également une enzyme capable de protéger les
protéines ciblées par les macrolides (Tableau /). La méthyltransfé-
rase €rm(41), codée par le géne MAB_2997, est en effet capable de
méthyler "adénine en position 2058 de ’ARNr 23S de la sous-unité 50S
du ribosome [18] (Figure 4D). Par cette méthylation, cette enzyme
produit un encombrement stérique qui réduit I’affinité des macrolides
pour le tunnel de sortie du polypeptide. Il existe un polymorphisme du
géne erm(41) codant cette méthyltransférase, sur le nucléotide en
position 28 : thymine ou cytosine. Selon ce polymorphisme, les souches
cliniques de M. abscessus présentent une résistance a la clarithromy-
cine ou a I’azithromycine : le sequevar (ou variant) T28 (correspondant
& un résidu tryptophane [Trp] en position 10 de la protéine) est en
effet associé a une résistance inductible, alors que le sequevar C28
(correspondant & un résidu arginine [Argl0]) est associé a une sen-
sibilité de la bactérie aux macrolides [37]. Le niveau de résistance
de la bactérie, qui augmente progressivement en fonction du temps
d’exposition a la clarithromycine ou a I’azithromycine, est inductible
et directement lié a I’activateur de transcription WhiB7 [38]. Sachant
que les macrolides représentent la pierre angulaire de la thérapie anti-
M. abscessus, cette résistance aux macrolides inductible, observée
dans 40 a 60 % des souches cliniques [37], rend compte du probléme
majeur de santé publique que représente I'infection par cette bactérie.

Polymorphisme nucléotidique et résistance acquise

Aux mécanismes de résistance innée que nous avons décrits, s’ajoutent
des résistances acquises par M. abscessus. Ces résistances, fruit de
modifications génétiques qui sont retrouvées dans les isolats cliniques,
sont le résultat d’une exposition prolongée de la bactérie aux antibio-
tiques. Des mutations spontanées surviennent ainsi au sein des genes
codant les cibles protéiques des antibiotiques (Tableau | et Figure 4€),
mais d’autres mécanismes additionnels, tels que le transfert génétique
entre especes bactériennes, sont probablement impliqués.

Résistance acquise aux macrolides

Des mutations du géne rrl, qui code ’ARNr 23S [39], touchant les adé-
nines en position 2058 et 2059 de I’ARNr 23S, sont induites au décours
des expositions aux antibiotiques. Celles-ci réduisent I'activité des
macrolides, et sont retrouvées dans les isolats de M. abscessus, comme
c’est le cas pour d’autres espéces mycobactériennes, telles que M.
avium [39].

Résistance acquise aux aminoglycosides
Des mutations du gene rrs, qui code ’ARNr 16S et qui induisent une

résistance aux aminoglycosides, ont été décrites. Quatre mutations,
affectant PARNr 16S (T1406A, A1408G, C1409T et G1491T)!, ont été

! Thymine 1406 > adénine ; adénine 1408 > guanine ; cytosine 1409 > thymine ; guanine 1491 > thymine.
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associées a de hauts niveaux de résistance de M.
abscessus aux aminoglycosides [40]. Deux nouvelles
mutations (C1496T et T1498A)% ont été identifiées
récemment [41].

Résistance acquise aux rifamycines
M. abscessus est réfractaire a I’action de la rifampicine
qui est inactivée par I'action de la Arry,g. Toutefois, la
rifabutine, de la famille des rifamycines, fait excep-
tion. Dans un modele d’infection chez le poisson-zebre
(zebrafish) [42, 43] (=) ainsi que
dans un modéle murin d’infec-

(=) Voir la Synthese de
A. Bernut et al.,
m/s n° 6-1, juin-juillet
2015, page 638

tion par M. abscessus [44], cet
antibiotique présente des effets
bactéricides. Ces données confirment la capacité de la
rifabutine a inhiber la transcription chez M. abscessus,
a linstar de la rifampicine. Des mutations du géne rpoB
qui code la sous-unité 3 de ’ARN polymérase (H447Y,
H447D et S452L)° sont cependant a I’origine de la résis-
tance de la bactérie @ la rifabutine [43].

Conclusion et perspectives

Les nombreux mécanismes de résistance de M. abs-
cessus, conjugués a I"’émergence de souches multi-
résistantes, limitent considérablement les outils mis
a la disposition du clinicien pour traiter les infections
pulmonaires causées par cette mycobactérie atypique.
Le traitement actuel recommandé ne permet pas, dans
la plupart des cas, d’éradiquer des infections a M.
abscessus. Face a ce probleme de santé publique en
progression constante, des efforts doivent étre faits
pour encourager et favoriser des études ayant pour but
d’identifier de nouvelles pistes thérapeutiques pour
lutter contre les infections persistantes a M. absces-
sus, avec en particulier, I'identification de nouvelles
cibles d’intérét thérapeutique et le développement de
molécules auxquelles cette bactérie serait sensible.
Depuis plusieurs années, la recherche se concentre
sur la découverte et le repositionnement de molécules
actives vis-a-vis de M. abscessus comme, par exemple,
la rifabutine [43, 44], la bédaquiline [45, 461, le tédi-
zolide [47] ou les inhibiteurs du transporteur des acides
mycoliques MmpL3 [48, 49] (=P).

D’autres molécules ou formula-

(=) Voir la Nouvelle
de C. Raynaud et

tions sont actuellement testées L. Kremer, m/sn®8-9,
dans des essais cliniques, comme aoit-septembre 2020,
I’inhalation d’amikacine liposo-

male ou le monoxyde d’azote [50]. Des approches

page 691

? Cytosine 1496 > Thymine ; thymine 1498 > adénine.
¥ 0uc.13390T; c.133905G ; c.13550T
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(=) Voir la Chronique
génomique de

alternatives a I’antibiothérapie sont également en
cours d’étude. La phagothérapie, par exemple, tres
utilisée au début du xx® siécle, est remise au devant
de la scene dans la lutte contre les infections par
les MNT [51] (=9).

Ainsi, "administration d’un cocktail de mycobactériophages spéci-
fiques a une souche multirésistante de M. abscessus, dans le cadre
du traitement d’une infection disséminée chez une jeune patiente
atteinte de mucoviscidose, a amélioré I’état clinique de la patiente
et a suscité beaucoup d’espoir [52]. Si la phagothérapie reste encore
anecdotique dans les pays occidentaux, elle pourrait néanmoins
permettre d’établir des traitements personnalisés avec une toxicité
moindre, notamment chez les patients particulierement réfractaires a
I’antibiothérapie classique. ¢

B. Jordan, m/s
n° 10, octobre 2019,
page 806

SUMMARY

Mycobacterium abscessus, a model of resistance to multiple
antibiotic classes

Mycobacterium abscessus is an environmental fast-growing, non-
tuberculous mycobacterium responsible for severe lung infec-
tions, especially in patients with underlying lung disorders such as
cystic fibrosis. The standard chemotherapy combines a B-lactam
(imipenem or cefoxitin), an aminoglycoside (amikacin) and a
macrolide (clarithromycin or azithromycin). However, resistance
of this bacterium to most antibiotic classes, including nearly all
anti-tubercular drugs, leads frequently to treatment failure and
considerably reduces the therapeutic arsenal available to the clini-
cian. A comprehensive understanding of the innate and acquired
resistance mechanisms is thus necessary to counteract M. absces-
sus lung infections. ¢
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ossédées du Malin au Moyen-Age, les sorciéres hystériques sont vouées au blicher. Enfermées au xvi® siécle, maltraitées,
elles rejoignent la Cour des Miracles de I’Hospice de la Vieillesse-Femmes a la Salpétriere... Jusqu’a ce que le Dr Jean-
Martin Charcot (1825-1893) méne le combat qui transforme I’ancien hospice en hépital : €cole de la Salpétriére de
Paris est née, qui devient lieu de recherche, d’enseignement et de soins, de
renommée internationale.

Jean Martin Charcot n’a pas bonne presse, et pourtant... Hystérie et folie
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ABSTRACT

Mycobacterium abscessus is a multi-drug resistant non-tuberculous mycobacterial species causing
tuberculosis-like lung infections. The functional characterization of the extensive repertoire of
genes encoding virulence factors and drug targets has been largely restricted by the lack of
powerful genetic tools. In this study, we evaluated the performances of a Tet-OFF system,
previously optimized for Mycobacterium tuberculosis and Mycobacterium smegmatis.
Fluorescence reporter M. abscessus strains were developed where mCherry was under the control
of the Tet-OFF regulatory system on an integrative plasmid. The addition of anhydrotetracycline
(ATc) correlated with a decrease in fluorescence intensity not only in solid and broth medium but
also in colony-biofilms, for both smooth and rough variants of M. abscessus. Next, unmarked
mmpl3 conditional knock-down mutants were engineered in both smooth and rough M.
abscessus. Biochemical studies indicated that the addition of ATc was associated with a dose-
dependent decrease in i) the production of the MmpL3 protein, ii) the biosynthesis of trehalose
dimycolate and mycolylated arabinogalactan, iii) bacterial viability on agar and liquid medium as
well as in biofilms. Importantly, intravenous injection of ATc in zebrafish embryos infected with
the rough mmplL3 conditional mutant impeded bacterial growth and correlated with a significant
gain in embryo survival. These results suggest that mmpL3 is essential for M. abscessus growth in
vitro and in the infected host, thus validating MmpL3 as an attractive drug target. Together, this
study demonstrates the potential of ATc-dependent repression to modulate the expression of M.

abscessus genes in the infected host.

IMPORTANCE

Mycobacterium abscessus represents the most common rapidly-growing mycobacterial pathogen
in cystic fibrosis and is extremely difficult to eradicate. Essential genes are required for growth,
often participate in pathogenesis, and encode valid drug targets for further chemotherapeutic
developments. However, assessing the function of essential genes in M. abscessus remains
challenging, due to the limited spectrum of efficient genetic tools. Herein, we generated a Tet-
OFF-based system allowing to knock-down the expression of mmpL3, encoding the mycolic acid

transporter in mycobacteria. Using this conditional mutant, we confirm the essentiality of mmplL3
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in planktonic cultures, in biofilms and during infection in zebrafish embryos. Thus, in this study, we
developed a robust and reliable method to silence the expression of any M. abscessus gene during

host infection.

INTRODUCTION

Mycobacterium abscessus is a non-tuberculous mycobacterium responsible for a large array of
human diseases such as skin and soft tissue infections, disseminated disease or chronic lung
infections (1). It represents also an important pathogen in cystic fibrosis (CF) patients where it
colonizes the lungs, and is often associated with a more rapid decline in pulmonary function (2).
M. abscessus can also be associated with biomaterial-related infections, where the main
pathological mechanism involves biofilm formation (3, 4), a feature also reported in CF patients
(5). Biofilm formation contributes also to bacterial persistence in harsh environments (6),
rendering eradication extremely challenging.

M. abscessus can exist as two different phenotypes, either displaying a smooth (S) or a rough
(R) colony morphotype, typified by the presence or absence of cell surface glycopeptidolipids
(GPL), respectively (7-11). These two variants significantly differ in their virulence potential with
the R strain demonstrating a more pathogenic and aggressive behaviour in mice (12), zebrafish (7—
9) and CF patients (13). M. abscessus pulmonary diseases are very difficult to treat, owing to the
intrinsic resistance of this pathogen to most antimicrobials, irrespective of the morphotype (1, 14).
Thus, new chemical entities are urgently needed to populate the M. abscessus drug pipeline. This
has recently stimulated M. abscessus drug discovery by prioritizing screening of advanced
tuberculosis-active compounds for anti-M. abscessus activity (15), among which an inhibitor of the
mycolic acid transporter MmpL3 has been identified (16).

Essential genes are central to the activity of most antibacterial agents and are among the most
attractive targets for new therapeutic developments. By definition, essential genes are key players
in bacterial growth and/or infection. While their biological activities remain very difficult to
investigate, this can be achieved through the development of genetic tools permitting to silence
gene expression and to generate conditional knock-down mutants. Gene manipulation has been

widely developed during these last two decades, mainly in M. smegmatis and M. tuberculosis,
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through the generation of knock-out mutants and the development of regulated expression
systems, which have been instrumental to our understanding of pathogenic mechanisms and to
demonstrate the essentiality of genes encoding drug targets. However, functional genomics tools
are limited in M. abscessus, with mutagenesis tools developed in other species often proving to be
challenging to adopt in M. abscessus (17, 18). Despite these difficulties, recent studies have
reported the successful use of CRISPR/Cas-based systems to inducibly silence the expression of
targeted genes in M. abscessus (19). A previous study has evaluated the potential interest of a
conditional gene expression approach using the TetR/PipOFF system, allowing to generate a
fadD32 knock-down mutant in both S and R variants of M. abscessus (20). While these systems
have allowed studying the effect of gene down-regulation in vitro, they have not been exploited to
investigate the effect of gene silencing in M. abscessus during the infection process.

TetR-based systems have been widely used in mycobacteria to modulate gene expression and
designed either to induce (Tet-ON) or repress (Tet-OFF) gene expression in the presence of
anhydrotetracycline (ATc) (21-23). That ATc crosses biological membranes allows regulating gene
expression in M. tuberculosis-infected cells (21) and in infected mice (24). Whereas similar
regulatory systems are applicable to M. abscessus growing either in vitro or in the host remains to
be addressed. Herein, a Tet-OFF switch in which transcription of the target gene is turned off by
the addition of ATc, previously optimized for M. tuberculosis and M. smegmatis (22), was
implemented for use in M. abscessus S and R variants. The design of reporter strains in which a
fluorescence marker was placed under the control of the Tet-OFF regulatory system was
successfully used to demonstrate an ATc-dependent reduction of fluorescence intensity, on agar
plates, in planktonic cultures and in colony-biofilms. Subsequently, mmplL3 conditional mutants
were engineered to assess the essentiality of mmpL3 in M. abscessus in vitro, in colony-biofilms as

well as in infected zebrafish embryos.

RESULTS
Tet-OFF system-mediated mCherry repression is effective in M. abscessus.
Tet systems have originally been developed for modulating gene expression in mycobacteria (23).

To address whether this regulatory system is amenable for use in M. abscessus, we first
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constructed a vector derived from the integrative pMV306 where the mCherry gene was cloned
downstream of the tetO-4C5G operator region, which is itself under the control of the T38
repressor (25), yielding the pMV306-TetOFF-mCherry. Repression of transcription is mediated by
the addition of ATc, which binds to T38, allowing the T38-ATc complex to recognize the operator
region, subsequently blocking transcription of the mCherry gene (Fig. 1A). This mCherry
repressible plasmid was first introduced into the smooth (S) variant of M. abscessus CIP104536".
Growth of the parental (designated CIP S) and the transformed (designated CIP S::tetOFF-mCherry)
strains was monitored in the presence of a wide range of ATc concentrations (50 to 1000 ng/mL).
Fig. 1B shows that the presence of ATc did not alter bacterial growth, even at the highest
concentration tested (1000 ng/mL). Consecutively, the mCherry expression level was assessed by
measuring the fluorescence intensity of the cultures exposed to the various ATc doses for 6, 24, 48
and 72 hrs (Fig. 1C). A dose-dependent reduction in fluorescence intensity was particularly evident
from 24 hrs of incubation with ATc. The median repression rates were 87, 83, 88, 84, and 88% at 6
hrs and 38, 55, 63, 69, and 77% at 24 hrs for 50, 100, 200, 500 and 1000 ng/mL ATc, respectively.
However, longer exposure times to ATc did not further reduce fluorescence intensity, presumably

because the half-life of ATc is around 20 hrs (26).

Construction of a dual fluorescent Tet-OFF reporter strain.
To simultaneously follow mycobacterial growth and monitor gene repression in more complex
situations, the mWasabi coding sequence placed under the control of the constitutive promoter
Piesix (27) was introduced in the pMV306-TetOFF-mCherry (Fig. 2A). Following transformation into
the S and R variants of M. abscessus, the expression of mWasabi and mCherry was determined by
spotting bacterial cultures on LB agar containing ATc (50, 200, 500, 1000 ng/mL). While bacterial
spots exhibited both red and green fluorescence in the absence of ATc (Fig. 2B and
Supplementary Fig. 1A), the addition of ATc into the medium was associated with a strong
decrease of red fluorescence, without interfering with green signal. This confirms the ATc-
dependent repression of mCherry expression and the constitutive production of mWasabi in both
S and R variants on standard agar plates.

While only the R variant has a high propensity to aggregate in vitro and forms serpentine

cords (7, 11), both S and R variants can produce biofilms under particular growth conditions.
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Biofilms are known to contribute to bacterial persistence and are more tolerant antibacterial
agents (28). We thus monitored colony-biofilm formation (29) using an experimental protocol
illustrated in Fig. 2C, based on the rapid quantification of both green and red fluorescence levels.
This approach allowed to determine the level of ATc penetration (reflected by the decline in
mCherry expression) in these biofilm structures over time, while mWasabi expression remained
unaffected by ATc (Fig. 2D). Monitoring mWasabi fluorescence indicated that the S variant grew
horizontally and vertically (Fig. 2E), which is mirrored by the estimated colony volume for each
concentration of ATc tested (Fig. 2F). In contrast, drop in mCherry fluorescence was ATc- and time-
dependent (Fig. 2G) with an optimal decrease in mCherry expression observed on day 7 (Fig. 2H).
mCherry expression in S biofilms was negatively correlated with the ATc concentration from day 3
to day 7 (Fig. 2lI) (p=-0.5486, p-value=0.0184 for day 3; p=-0.7744, p-value=0.0002 for day 5; and
p=-0.9142, p-value <0.0001 for day 7). In addition, mCherry levels were also observed on cross-
sections of the height of S biofilms (Fig. 2J). Quantification indicates that fluorescence intensity
units (FIU) decreased along the whole height in the presence of increasing ATc doses (Fig. 2K and
2L).

Assessing the evolution of fluorescence intensity in the R strain carrying the dual reporter Tet-
OFF construct, showed that this strain grew mainly horizontally, as compared to the S strain
(Supplementary Fig. 1B, 1C and Fig. 2C). Growth was also determined by estimating the colony-
biofilm volume for each tested concentration of ATc over time (Supplementary Fig. 1D). The red
fluorescence did show an ATc- and time-dependence (Supplementary Fig. 1E). Optimal mCherry
fluorescence decrease was observed at day 7 (Supplementary Fig. 1F). The mCherry expression
showed a negative correlation with the ATc concentration at days 3, 5 and 7 (Supplementary Fig.

1G) (p=-0.6113, p-value=0.0070 for day 5; and p=-0.732, p-value=0.0005 for day 7).

Generation and functional validation of an mmpL3 conditional knock-down mutant.
MmpL3 conditional mutants using the Tet system were successfully used to demonstrate mmpL3

gene essentiality in M. tuberculosis (ARv0206c-mmpL3"™®

using the Tet-OFF system) (30) as well as
in M. smegmatis (AMSMEG0250-mmpL3"™ using Tet-ON system) (31), implying that MmpL3

represents an attractive pharmacological target in these species. Subsequent work from various
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groups identified a wide panel of chemical entities inhibiting MmpL3 in M. abscessus (16, 32-36),
although the essentiality of mmpL3 in M. abscessus remains to be established. To do so, the
mCherry coding sequence was replaced by a HA-tagged mmpL3 version into the dual reporter
plasmid, generating the pMV306-TetOFF-mmpL3-HA (Fig. 3A) and introduced in the wild-type M.
abscessus S strain. This merodiploid strain was then used to delete the endogenous mmpL3 gene
(Fig. 3B), resulting in a mutant whereby the unique copy of mmpL3 was under the control of the
Tet-OFF regulatory system. This conditional mutant was designated S AmmplL3::c while the
corresponding mutant in the R background was designated R AmmpL3::c. Essentiality of mmpL3
was next investigated by spotting culture droplets of the conditional knock-down mutants onto
agar plates containing range concentrations of ATc. In absence of ATc, the growth of S AmmplL3::c
and R Ammpl3::c strains were similar to their corresponding parental strains (Fig. 3C and
Supplementary Fig. 2A and 2C). Pronounced growth inhibition was observed in presence of 50
ng/mL ATc, as evidenced by the lack of colonies at the 102 and 107 dilutions. At 200 ng/mL ATc
(and higher concentrations), no colonies grew at the 10 dilution and only residual growth was
observed in the undiluted spots. This indicates that M. abscessus is unable to grow upon mmpL3
transcriptional repression and suggests that mmpL3 is essential for in vitro growth. These results
were also confirmed in planktonic cultures for both S and R conditional knock-down mutants
exposed for 6 days to increasing ATc concentrations (Fig. 3D and Supplementary Fig. 2B). The
planktonic growth showed a negative correlation with the concentration of ATc from day 2
onwards for the S variant (p=—0.576, p-value <0.0001 for day 2; p=—0.631, p-value <0.0001 for
day 3; p =—0.743, p-value <0.0001 for day 4; p =—0.819, p-value <0.0001 for day 5; and p=—0.824,
p-value <0.0001 for day 6). Similar results were also observed in the R variant (p=—0.637, p-value
<0.0001 or day 2; p=—0.850, p-value <0.0001 for day 3; p =—0.778, p-value <0.0001 for day 4; p
=—0.579, p-value <0.0001 for day 5; and p=—0.321, p-value <0.0001 for day 6).

Transcriptional repression of mmplL3-HA by ATc was next assessed at the protein level by
Western blotting using anti-HA antibodies. MmpL3-HA production declined in an ATc
concentration-dependent manner (p=—1, p-value=0.0028). In the presence of 1000 ng/mL ATc,
MmpL3-HA expression was almost completely abolished, while expression of the antigen 85

(Ag85) remains stable (Fig. 3E). Because, MmplL3 transports trehalose monomycolate (TMM)
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across the inner membrane, where it is used as a substrate by the Ag85 complex to convert TMM
into trehalose dimycolate (TDM) and to esterify arabinogalactan (31, 37), we next investigated the
effect of ATc-mediated loss of MmpL3 production on the synthesis the cell wall lipids. **C-acetate
labelled cultures were treated with ATc and apolar lipids were extracted and separated by thin
layer chromatography. Fig. 3F (left panel) shows a dose-dependent inhibition of TDM synthesis,
which was nearly abolished in the presence of 1000 ng/mL ATc in S AmmpL3::c while remaining
unaltered in the parental S progenitor. The effect of TDM synthesis inhibition in the ATc-mediated
mmpL3 knock-down mutant was comparable to chemical inhibition of MmpL3 in the wild-type S
strain using the indole-2-carboxamide compound 12 (Cpd12), a known MmpL3 inhibitor (32). As
expected, exposure to ATc of the mmpL3 knock-down mutant, but not of the parental S strain,
resulted in reduced mycolylated-arabinogalactan levels, similarly to the treatment with compound
12 (Fig. 3F, right panel). Quantifications of the ATc-dependent decrease in TDM and AG-bound

mycolic acid levels in S Ammpl3::c are shown in Fig. 3G.

Effect of mmpL3 knock-down in rough colony-biofilms.

R colony-biofilms of the mmpL3 conditional mutant showed an ATc-dependent growth and size
phenotype. The inhibitory effect of ATc is directly reflected by the colony diameter and particularly
evident at day 7 (Supplementary Fig. 3A). Indeed, untreated biofilm present a maximal diameter
of ~1500 pixels whereas the diameter of the biofilm treated with 1000 ng/mL ATc was ~1200
pixels (Supplementary Fig. 3B). The biofilm growth showed a negative correlation with the
concentration of ATc between day 3 and 7 (Supplementary Fig. 3C) (p=—0.5737, p-value =0.0128
for day 3; p=—0.749, p-value =0.0003 for day 5; and p=—0.826, p-value <0.0001 for day 7). The
number of CFU/membrane at day 7 is negatively correlated with the concentration of ATc (p
=—0.7054, p-value=0.0011) (Supplementary Fig. 3D). Moreover, the colony density at day 7
presents a moderate negative correlation with the concentration of ATc (p=—0.5988, p-
value=0.0086) (Supplementary Fig. 3E). However, this effect was not observed with the

S AmmpL3::c mutant (data not shown).

MmpL3 knock-down impairs bacterial growth and pathogenicity of M. abscessus in zebrafish.
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Zebrafish embryos have been previously exploited to study the virulence of M. abscessus (7, 38,
39). Here, we used this model to determine if we could trigger mmplL3 knock-down in vivo by
treating intravenously infected embryos with ATc to assess the effect on the infection outcome
(Figure 4A). While treatment of zebrafish embryos with compounds is often done by simply adding
the compound to the embryo water, our preliminary data indicate it is more reproducible to
deliver the compound by microinjection instead of immersion (data not shown). Therefore, we
first evaluated the toxicity of ATc microinjection at 2dpf using an increasing dose ranging from 1
ng to 100 ng and monitored treated embryos for 11 days. We found no toxicity signs in embryos
treated from 1 to 10 ng of ATc, as opposed to embryos treated with 20 ng, which started to exhibit
toxicity signs increasing with 50 ng and 100 ng (Supplementary Fig. 4, Table S4). We, thus, opted
for 10 ng of ATc which was the highest safest dose. We then injected 30 hours post-fertilization
(hpf) embryos in the caudal vein with 355 + 18 CFU of R AmmpL3::c, which were subsequently
treated at 1 day post-infection (dpi) with 10 ng ATc to repress the expression of mmpl3 (Fig. 4A).
Daily monitoring of embryo survival showed an increase in mortality over time in the non-treated
group (53% mortality at 12 dpi) as expected, while only 5% of embryos treated with ATc
succumbed to the infection (Fig. 4B). This strongly suggests that the temporal control of mmplL3
repression is working in vivo. In agreement with the reduced embryo mortality, the bacterial
burden from ATc-treated embryos was linearly decreasing overtime (r=-0.9105; p-value<0.0001) at
a rate of -0.8418 log;g per day (p-value<0.0001), as opposed to the non-treated control group in
which the bacterial burden was linearly increasing over time (r=0.9340; p-value<0.0001) at a rate
of 0.9674 logy, per day (p-value<0.0001) (Fig. 4C). Moreover, to corroborate the CFU results, we
took advantage of the transparency of the embryos to monitor the evolution of the mWasabi
fluorescence which reflects the bacterial burden. Real-time imaging of embryos clearly showed in
one hand, an increase of green fluorescence overtime in untreated embryos characterized with
the presence of big infection foci (Fig. 4D left panels), and in another hand, a reduction of green
fluorescence over time between 1 day post-treatment (dpt) and 3dpt in treated embryos with only
small residual infection foci persisting (Fig. 4D right panels).

Averall, these results correlate with the in vitro growth inhibition upon ATc treatment, confirm

the use of the Tet-OFF system to modulate gene expression in M. abscessus in the infected host
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and support the essential character of MmpL3 as a valuable drug target for the treatment of M.

abscessus diseases.

10



262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290

DISCUSSION

Deciphering the importance and biological functions of essential determinants in M. abscessus
remains challenging, due to the lack of relevant genetic systems to knock-down gene expression,
despite the recent development of CRISPR/Cas-based systems to inducibly silence the expression
of targeted genes in this species (19). In this study, we provided evidence that the Tet-OFF
regulatory system is applicable to M. abscessus growing in vitro as well as in the infected host.
First, we demonstrated that transcription of the target gene encoding either a fluorescent marker
is turned off in M. abscessus by the addition of ATc, as previously shown for M. tuberculosis and
M. smegmatis (22). The ATc-dependent reduction of fluorescence intensity was directly observed
on bacterial colonies and quantified in broth cultures as well as in colony-biofilms, thus validating
the efficacy and robustness of the method in M. abscessus. In addition, we showed that the Tet-
OFF silencing system is functional in both S and R variants, which responded similarly to ATc, thus
indicating that the presence of the outermost GPL layer in the S form did not play a major role in
preventing/limiting the entry of ATc inside the bacilli. This prompted us to design an mmpL3
conditional mutant in S and R variants to assess the essentiality of mmpL3 in M. abscessus. In in
vitro experiments, we found that growth inhibition was ATc dose-dependent, which could be
directly linked to the decreased production of the MmpL3 protein, translating into the blockage of
TMM transport. The lack of TMM export was related to reduced levels of AG mycolylation and
reduced pools of TDM, an expected phenotype relying on the fact that TMM serves as a substrate
for the Ag85 mycolyltransferases. We note that, even at the highest concentrations of ATc tested
(500 and 1000 ng/mL), both S AmmplL3::c and R AmmplL3::c grew very slowly in liquid media,
presumably indicating that the promoter is leaky, as judged by the low levels of MmpL3 produced
under these repressive conditions, which translates into a partial inhibition of TDM production and
AG mycolylation. Nevertheless, despite the presence of residual levels of MmplL3 upon ATc-
induced repression, these results highlight the wvulnerability of MmplL3 and the ensuing
implications for future chemotherapeutic developments for M. abscessus infections, as
exemplified by the wide list of chemotypes inhibiting this transporter in M. abscessus (16, 32—36).
Recent sequencing of a saturated transposon library in M. abscessus provided a comprehensive

prediction of essential genes in this mycobacterial species (40). However, these essential
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predictions require now further experimental confirmation. Typically, the Tet-OFF system reported
here can be extended for conditional gene modulation of any essential gene in M. abscessus. This
will be particularly useful to confirm these predictions and investigating whether inhibiting
essential proteins can provide therapeutic benefit, particularly warranted in the context of
multiple drug resistance of M. abscessus and unmet medical need to control/eradicate M.
abscessus infections (1, 14).

Biofilm development is one crucial pathogenicity factor in M. abscessus (41). Here, we
demonstrated that the TetOFF system may be applied to the recently developed M. abscessus
colony-biofilm model (42). This biofilm model consists of inducing bacterial colony growth onto a
polycarbonate membrane laying on an agar plate (43), for which nutritional or antibiotic
supplementation can be modified at will (29). We show here that ATc not only penetrates the
different mycobacterial layers that compose the colony-biofilms but that it can also modulate the
expression of mCherry. These results are in line with a previous study reporting the enhanced
accumulation of tetracycline in bacterial biofilms (44). The overexpression of hundreds of genes in
M. abscessus biofilms has recently been documented in both minimal medium (45) and synthetic
CF medium (46). Our results support the use of the Tet-OFF system for switching off these genes,
providing a valuable approach to study the consequences of silencing these genes during biofilm
development. Of note, the colony-biofilm model reported here does not recapitulate the cellular
characteristics with respect to cell-substratum and cell-cell adhesion found for instance in
mycobacterial pellicles growing at the liquid/air interface. Therefore, the differences observed in
S and R colony-biofilms may result from the absence of GPL in the R morphotype since their
presence, in M. smegmatis, favors biofilm formation by facilitating cellular attachment to the
substratum, sliding motility and intercellular aggregation (47, 48). To illustrate the feasibility of
this method, we monitored the effect of silencing mmpL3 gene expression during M. abscessus
colony-biofilm development using R AmmpL3::c. Knocking down mmpL3 gene expression reduced
biofilm growth in an ATc-concentration-dependent manner that could be corroborated at the level
of the relative colony volume over time. Interestingly, the negative correlation between density
(CFU/colony volume) and ATc concentration at day 7 points to a decrease in mycobacterial

viability within the biofilm. These results are reminiscent of the bactericidal effect of an N-
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substituted indolemethylamine (IMA6) targeting MmpL3, previously described on nutrient-starved
and oxygen-depleted non-replicating M. abscessus biofilm (49).

A major finding of this work relies on the possibility to decrease the transcription level of M.
abscessus genes during systemic infection in zebrafish embryos and visualize the effect of gene
silencing at a spatiotemporal level in a living vertebrate. In the case of infection with R AmmpL3::c,
intravenous injection of ATc at 1 dpi resulted in a rapid and progressive reduction in the bacterial
loads (quantified by determining the CFU over time) and infection foci (observed by fluorescence
imaging of whole embryos). This significantly rescued the survival of embryos, which barely
showed signs of pathology, as compared with the non-treated group of animals. Strikingly, the
phenotypes observed here in zebrafish using the inducible mmpL3 silencing system were very
similar to those observed following chemical inhibition when exposing M. abscessus-infected
embryos to MmpL3 inhibitors, such as PIPD1 (16) or benzimidazole derivatives (34). Overall, these
results are in line with previous work demonstrating that MmpL3 is required for the replication
and viability of M. tuberculosis, both under standard laboratory growth conditions and during the
acute and chronic phases of infection in mice (50). While zebrafish embryos recapitulate the acute
stages of M. abscessus infection in the sole context of innate immunity (7, 51), adult fish, where
both innate and adaptive immunity are operative, have been shown to be useful to describe M.
abscessus chronic infection (52). Future studies should address the applicability of ATc-induced
gene silencing in adult zebrafish to investigate the biological role of both essential and non-
essential genes in M. abscessus persistence and chronic infections.

To conclude, we have described a robust and stable genetic system to down-regulate genes in
M. abscessus under in vitro laboratory conditions and our data highlight MmpL3 as an essential
lipid transporter in M. abscessus, validating MmpL3 as target of therapeutic interest. This provides
a strong incentive for the subsequent developments of new or improved MmpL3 inhibitors in the

fight against M. abscessus pulmonary diseases.
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MATERIALS AND METHODS
Bacterial strains, plasmids and primers

Strains, plasmids and primers are listed in Table S1, Table S2, and Table S3, respectively.

Culture conditions

Escherichia coli strains Stellar™ (Takara bio) were grown at 37°C in Luria-Bertini (LB) medium
(Difco) or on LB agar (Roth) plates supplemented with kanamycin (50 pg/mL), hygromycin (200
pug/mL) or zeocin (50 pg/mL), when required. Smooth (S) and rough (R) variants of M. abscessus
subsp. abscessus CIP104536' (53) and related mutants were grown at 37 °C in Middlebrook 7H9
broth (BD Difco) supplemented with 10% oleic acid, albumin, dextrose, catalase (OADC
enrichment), 0.2% glycerol and 0.025% Tyloxapol (Sigma-Aldrich) ; Mueller Hinton broth
(Millipore) ; in Sauton liquid medium (4 g/L asparagine, 0.5 g/L K;HPO,4, 0.5 g/L MgSQ,, 2g/L citric
acid, 60 g/L glycerol, 0.05 g/L ferric ammonium citrate, 0.0002% ZnSQO,, adjusted to pH 7.2 with
NaOH) ; on Middlebrook 7H10 agar supplemented with OADC (7H10°*°) or on LB agar (Roth)
plates containing the appropriate antibiotics. When required kanamycin (250 pg/mL), hygromycin
(1 mg/mL) or zeocin (25 pg/mL) or various concentrations of anhydrotetracycline (ATc; Sigma-

Aldrich) (0, 50, 100, 200, 500, 1000 ng/mL) were added to the culture media.

Construction of Tet-OFF derived vectors

To control repression of gene expression, we adapted a repressible expression vector based on the
Tet-OFF system, reported previously (23, 25). pEN41A-T38538 and pEN12A-P766 plasmids were
kindly provided By D. Schnappinger (Addgene plasmid # 9524; http://n2t.net/addgene:49524;
RRID: Addgene_49524). Briefly, the T38 sequences (encoded by tetR38 with the Ptb38 promoter
sequence), the tet operator sequence (tetO-4C5G) and genes of interest — mCherry, mmpl3
(MAB_4508) fused to an HA-tag — were PCR-amplified using the Q5® High-Fidelity DNA Polymerase
(New England Biolabs) using pEN12A-P766, pEN41A-T38S38 and pGMCS-mCherry plasmids and M.
abscessus genomic DNA as templates. Primers were designed to add introduce a HA-tag at the 3’
end of mmpL3. Linear fragments were purified on agarose gels (NucleoSpin Gel and PCR Clean-up,

Macherey-Nagel). Following the manufacturer’s instructions, In-Fusion SNAP Assembly Master Mix
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(Takara) reactions were performed to insert these linear fragments into the integrative pMV306
(insertion at the attL5 mycobacteriophage insertion site in the glyV tRNA gene). The resulting
plasmids were transformed into Stellar™ competent cells (Takara Bio) then purified (NucleoSpin
Plasmid, Macherey-Nagel) and verified by sequencing. Plasmids were then electroporated into the
M. abscessus S and/or R variants. To monitor the bacteria in vivo, green versions of the resulting
plasmids were generated by adding the mWasabi coding sequence under the control of the
constitutive Pes+ promoter using the Pcil and Xbal restriction sites. The Peq+ element is a
derivative from the Pz promoter from mycobacteriophage L5 (54) associated with a ribosomal

binding site that increases expression levels (27).

Generation of an mmpL3 conditional knock-down mutants

The additional copy of mmplL3 (under the control of the Tet-OFF system, described above) was
first checked in the wild-type S strain by Western blotting, taking advantage of the HA-tag.
Unmarked deletion of the endogenous mmplL3 gene was performed in the merodiploid strain
using strategy developed previously (55). Briefly, the pUX1-katG-mmpL3 was designed to generate
an unmarked deletion of 2982 bp (99.2%) of the open reading frame. After the two steps of
selection of the homologous recombination events, the DNA junctions were PCR amplified and
sequenced to confirm the proper genotype of the mutants using primers listed in Table S3 and to
validate the generation of S AmmpL3::c. While this strategy failed in the rough morphotype, the R
Ammpl3::c conditional mutant was obtained by deleting the mmplL4b gene (MAB_4115c) in S
Ammpl3::c using the pUX1-katG-mmplL4b. The unmarked deletion of 2925 bp (98.7%) of the open
reading frame of mmpl4b was confirmed by PCR amplification and sequencing. Thus, the R

Ammpl3::c genotype corresponds to S AmmpL3::c, AmmplL4b.

Growth curves

Potential cytotoxicity of ATc on M. abscessus was determined as follows. Pre-cultures in
exponential phase were diluted to reach an optical density at 595 nm (ODsgs) of 0.05 in 15 mL of
7H9 broth supplemented with 10% OADC, 0.2% glycerol and 0.025% Tyloxapol, and containing a
range of ATc concentrations. Cultures were incubated at 37 °C under agitation (80 rpm). ODsgs

measurements were performed on a daily basis for 3 days.
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Pre-cultures of the AmmpL3::c mutants in exponential phase were diluted in Mueller-Hinton broth
medium to reach an initial ODsgs of 0.01 and dispensed in 96-well microtiter plates in the presence
of increasing ATc concentrations (200 uL/well). Plates were incubated at 37 °C without agitation
and measurements were taken on a daily basis using a spectrophotometer multimode microplate

reader (Tecan Spark 10M; Tecan Group Ltd., Switzerland).

Colony-biofilm model

M. abscessus biofilms were produced based on a recently developed method (42). M. abscessus
cultures were grown in Middlebrook 7H9 broth supplemented with OADC, 0.2% glycerol and
tyloxapol (0.025%) at 37 °C and 100 rpm for 72 hrs. Cultures were centrifuged at 3,500 rpm for 5
min, washed two times with sterile phosphate buffer saline (PBS) and then diluted to an OD of 0.5
(~1.5x10% colony-forming units (CFU)/mL). Autoclaved black, polycarbonate membranes
(diameter, 25 mm; pore size 0.2 um, Whatman, Merck, Darmstadt, Germany) were placed on
7H10°%°¢ and inoculated with 20 puL of the bacterial suspension. The membrane-supported

biofilms were statically incubated for 48 hrs at 37 °C, transferred onto fresh 7H10°°

containing
and ATc (50, 100, 200, 500, 1,000 ng/mL) and incubated at 37 °C for an additional 7 days. Every 24
hrs, the membrane-supported biofilms were imaged and processed using a binocular (ZEISS Axio
Zoom.V16, Zeiss, Germany) equipped with a lighting device (Zeiss HXP 200C Zeiss, Germany) at 7x
zoom, detecting mWasabi and mCherry fluorescence. On biofilm fluorescence pictures, a straight
line was drawn (covering all the diameter of the biofilm) and intensity fluorescence of each pixel
was retrieved to draw fluorescence spectra using the ZEN 2 software (Blue Edition).

MmpL3 conditional mutant biofilms were quantified by CFU counting after taking pictures.
Each membrane-supported biofilm was processed for quantifying the number of CFU per
membrane at day 7. Biofilms were removed from the plates with sterile clamps, deposited in a 50-
mL tube containing 10 mL PBS supplemented with 0.025% tyloxapol and a mixture of 5-mm- and
1-mm-diameter glass beads, vortexed for 15 s and sonicated once for the S variant and twice for

the R variant. The resulting bacterial suspension was diluted in a 10-fold bank dilution and plated

on LB agar. Plates were incubated at 37 °C for 4 days prior to CFU counting.
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Western blotting

Mycobacterial cultures were grown in Sauton’s broth containing tyloxapol (0.025%) and treated or
not with ATc. Bacteria were harvested, centrifuged for 10 min at 3,000 g at 4 °C, resuspended in
cold PBS containing protease inhibitor cocktail (Sigma-Aldrich). Bacteria were lysed by the addition
of 1 mm-diameter glass beads followed by four times 60 s cycles pulses at full speed in a bead-
beater device (Mixer Mill MM 301, Retsch). The lysates were collected and protein concentrations
assessed using the BCA Protein Assay Reagent kit (ThermoFisher Scientific), according to the
manufacturer’s instructions. Equal amounts of proteins (10 pg) were separated by 10% SDS-PAGE
and transferred to a PVDF membrane (Immobilon®-P, Merck Millipore). Protein detection was
done using rat anti-HA (1:5,000 dilution) antibodies or mouse monoclonal antibodies 32/15,
recognizing the Ag85 complex, (1:10 dilution) (56). Membranes were then incubated with anti-rat
or anti-mouse secondary antibodies conjugated to HRP (1:5,000). Signals were detected using HRP

reaction (SuperSignal West Femto, ThermoFisher Scientific) on a ChemiDoc MP system (Bio-Rad).

Whole cell radiolabelling experiments and lipid analysis

To visualize the ATc-induced changes on the lipid profile, cultures were inoculated at OD=0.01 in
the presence of increasing concentrations of ATc or left untreated for 72 hrs at 37 °C under gentle
agitation (100 rpm). As a control, cultures were also treated for 1 hr with the indole-2-
carboxamide compound 12 (32). Subsequently, metabolic labelling of lipids was performed by
adding 1 uCi/mL of [*Clacetate (56 mCi/mmol) for an additional 2 hrs at 37 °C. Cells were
harvested, delipidated and further processed to analyze the different lipid fractions, as previously
reported (32). The apolar lipid fraction containing TDM was separated on a one-dimensional thin
layer chromatography (TLC) plate using chloroform/methanol/water (40:8:1, v/v/v). Delipidated
cells were further processed to extract the mycolic acids, analyzed by TLC using petroleum

ether/acetone (95:5, v/v) and exposed to reveal **C-labeled mycolic acid methyl esters (MAMEs).
Zebrafish maintenance

Zebrafish (Danio rerio) were kept and handled in compliance with the guidelines of the European

Union for handling laboratory animals and approved by the Direction Sanitaire et Vétérinaire de
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I’'Hérault for the ZEFIX-CRBM zebrafish facility (Montpellier) (registration number C-34-172-39).
Handling and experiments were approved by “le ministere de I'enseignement supérieur, de la
recherche et de linnovation” under the reference APAFIS#24406-2020022815234677 V3.
Experiments were conducted using the zebrafish golden mutants (57), raised in the ZEFIX-CRBM
zebrafish facility and kept on a 12/12 hours light/dark cycle. Eggs were obtained by natural
spawning, quickly bleached and incubated at 28.5 °C in Petri dishes containing E3 medium (5 mM
NaCl, 0.17 mM KCl, 0.33 mM CaCly, 0.33 mM MgSO,).

ATc toxicity assay in zebrafish embryos

To assess the toxicity of ATc in zebrafish, 2 dpf embryos were injected intravenously with an
increasing dose of ATc ranging from 1 ng to 100 ng (n=20 embryos/dose). Embryos were placed
individually in 48-well plates and monitored daily for 11 days. Clinical signs of toxicity were
examined and quantified based on the following criteria: Edema, yolk opacification, swim bladder
inflation, bent body, heartbeat, blood flow and response to stimuli, each scored from 0 to 2
(0=absence, 1=mild, 2=severe), yielding a disease score ranging from 0 (no toxicity) to 14 (dead

embryo) (Table S4). The dose of 10 ng was chosen for further treatments.

Zebrafish infection

At 24 hours post-fertilization (hpf), embryos were dechorionated manually with fine tweezers and
placed in 60 mm Petri dishes containing E3 at 28.5 °C. At 30 hpf, embryos were anesthetized with
0.02% buffered MS222 (Tricaine; ethyl-3-aminobenzoate methanesulfonate salt) and placed in
1.5% agarose plates molded with 0.7 mm slots containing E3 supplemented with 0.02% buffered
MS222. Borosilicate glass capillaries (0.D.=1 mm; 1.D.=0.78 mm; 10 cm length) were pulled using a
micropipette puller (Sutter instruments P-97). Needles were opened with fine forceps and loaded
with 5 pL of the desired inoculum supplemented with 0.05% phenol red for microinjection
visualization. Microinjection was performed as previously described (7, 39). Embryos were injected
in the caudal vein with 1.5 nL of either the R AmmpL3::c preparation (355 + 18 CFU) or the PBS

control. Injected embryos were then rinsed twice and transferred in 60 mm small Petri dish
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containing embryo media at 28.5 °C. Inoculum was checked a posteriori by microinjecting a PBS

drop and plating it on 7H10°4°C,

Zebrafish ATc treatment

To repress the activity of the Tet-OFF promoter upon infection, half of the embryos from both
groups (control and infected) were injected at 1 day post-infection (dpi) intravenously with 10 ng
of ATc (4 nL of a 2.5 mg/mL solution in PBS) and the other half with the PBS control. Embryos were
rinsed twice and randomized over survival assays, CFU counts and imaging in 48-well plates
individually. For survival assays, embryos were monitored daily for 11 days (n=24 per group per
experiment). In the absence of a heart beat embryos were marked as dead. To quantify bacterial
burden at 2 dpi-1 day post-treatment (dpt), 3dpi-2dpt and 4dpi-5dpt, 5 embryos from each group
were individually disrupted in 50 uL of PBS supplemented with 0.025% of tyloxapol using pellet
pestles. Lysates were mixed vigorously with 50 pL of PBS 2% Triton-X-100, sonicated for 30 s and
left for 5 min at room temperature. 10 pL of 10-fold serial dilutions were plated on LB agar
supplemented with zeocin (50 ug/mL) and rifampicin (15 pg/mL). Plates were kept at 37 °C for 3

days until colonies were countable.

Fluorescence microscopy imaging

Mycobacterial cultures (ODgpo=0.5) expressing fluorescent proteins were ten-fold diluted and 3 pL
of each dilution were spotted on LB agar containing or not ATc and were incubated for 3 days at
37 °C. Pictures of bacterial spots and biofilms expressing fluorescent proteins were taken using a
binocular (ZEISS Axio Zoom.V16) equipped with a lighting device (Zeiss HXP 200C Zeiss) at 7x zoom
detecting the green (mWasabi) and red (mCherry) fluorescence using ZEN 2 (Blue Edition)
software.

For zebrafish imaging, embryos were anesthetized with 0.02% buffered MS222 and immobilized
with 0.5% low melting agarose in a lateral position in the microinjection molds. Images were
acquired with an EVOS™ M7000 Imaging System every 24 hrs post-ATc injection for 3 days with
the Olympus™ 2X Objective PlanApo 0.08 NA and the EVOS 10x Objective 0.3NA using the EVOS™
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Light Cube, GFP 2.0. After imaging, embryos were rinsed and transferred back the 48-well plate
with fresh E3. Image processing was done using ZEISS ZEN3.7 software.

Statistical analyses

All analyses were performed using R (R Core Team, 2017) with R commander (58—60) or GraphPad
Prism version 9.0.0 for Windows (GraphPad Software, San Diego, California, United States). The
normality of data was evaluated using a Shapiro-Wilk test. Descriptive data are cited as median
and interquartile range in case of non-normal distribution for each of the variables were
calculated. Spearman's rank correlation coefficient (p) was calculated to determine potential
relationships between the different concentrations of ATc and the evaluated variables from each
experiment. For absolute values of p, 0-0.19 is regarded as very weak, 0.2-0.39 as weak, 0.40-0.59
as moderate, 0.6—0.79 as strong and 0.8-1 as very strong correlation.

Zebrafish survival assays are represented in Kaplan-Meier graphs and analysed with a Log rank
test. For determination of bacterial counts, CFU were logio transformed and the significance
between multiple selected groups was determined using one-way ANOVA with Sidak’s Multiple
Comparisons test after validating the normality of the data. A significance level a priori was set at
o = 0.05. Significance is indicated as: ns, non-significant; * p < 0.05; ** p < 0.01; *** p < 0.001;

**%* p < 0.0001 unless stated otherwise in the figure’s legend.
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FIGURE LEGENDS

Figure 1. mCherry repression controlled by the presence of ATc is effective in M. abscessus.

(A) Schematic representation of pMV306 derivative plasmid carrying mCherry gene and Tet-OFF
system-mediated controlled by ATc. Absence of ATc allows constitutive gene transcription of
mCherry gene (top), whereas transcription is blocked when ATc is present in the medium
(bottom). (B) Growth of M. abscessus CIP S carrying the tetOFF-mCherry plasmid in the presence
of ATc. Bacteria were grown in 7H9 complete medium supplemented or not with different
concentrations of ATc (50, 100, 200, 500, 1000 ng/uL) and optical densities of the cultures were
recorded at 6, 24, 48 and 72 hrs. (C) Validation of mCherry repression in M. abscessus CIP S strain
carrying repressible mCherry. Bacteria was grown in 7H9 complete medium supplemented or not
with indicated concentrations of ATc. The fluorescence intensity of mCherry signal in relative

fluorescence units (RFU) were normalized to the cell density and expressed as % of control (0 ATc).

Figure 2. Use of dual fluorescent reporter during M. abscessus smooth biofilm growth.
(A) Schematic representation pMV306 integrative plasmid encoding dual fluorescence. Nucleotide
sequences of P+ promoter and the mWasabi gene were introduced on the repressible mCherry
plasmid version. (B) M. abscessus CIP S strain, expressing repressible mCherry and constitutive
mWasabi markers, was grown in 7H9 medium at OD=1. Culture was spotted onto LB agar plates
supplemented or not with different concentrations of ATc (50, 100, 200, 500, 1000 ng/mL). Plates
were incubated 3 days at 37 °C then fluorescent pictures were taken. (C) Representative timeline
used for biofilm growth of M. abscessus CIP S expressing the dual fluorescent reporter and tracked
over time. Fluorescent pictures of the biofilms were taken at 1, 3, 5, and 7 days showing (D)
mWasabi and (G) mCherry expression depending on ATc presence (50, 100, 200, 500, 1000 ng/mL)
or not. Scale, 2mm. (E) Relative growth (expressed in percentage) of the untreated biofilm (ATc 0)
measured by taking the average intensity levels of the constitutive mWasabi fluorescent protein
along the diameter of biofilms. 100% of growth is the maximum intensity at day 7. Light colors are
corresponding to error bars for each pixel. (F) Green colony volume of S biofilms grown in
presence of different concentrations of ATc. (H) Intensity levels of mCherry fluorescent protein

along the diameter of biofilms were retrieved from biofilms growing on different concentration of
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ATc at day 7. The mCherry intensity was normalized to the control without drug (ATc 0) and
expressed as %. (1) Relative colony volume percentage of S biofilms grown in presence of different
concentrations of ATc. Percentages were estimated by considering the red colony volume of S
biofilms grown in presence of 0 ng/mL at day 7 as 100%. (J) Transversal cuts of S biofilms grown in
presence of different concentrations of ATc at day 7. Scale, 2 mm. (K) Intensity levels of the
mCherry fluorescent protein along the height of biofilms were retrieved from biofilms growing on
different concentration of ATc. (L) Total red fluorescence intensity over colony height.
Fluorescence intensity was estimated the products of each fluorescence intensity (FIU) and its

corresponding height (pixels).

Figure 3. In vitro characterization of M. abscessus mmpL3 conditional knock-down mutant.

(A) Schematic representation of pMV306 derivative plasmid carrying HA-tagged mmpL3 version
under the control of Tet-OFF system. (B) Confirmation of mmpL3 wild-type locus deletion. PCR was
done with primers producing a 4.5 kb fragment in WT (lane 1), and a 1.5 kb fragment for a
deletion of mmpL3 (lane 2). The 1.5 kb fragment was verified by Sanger sequencing. M, molecular
size marker. (C) Parental (S wt) and mmpL3 conditional mutant (S AmmpL3::c) cultures were
grown to exponential phase and 3 plL of 10-fold serial dilutions were spotted onto LB agar medium
supplemented or not with ATc (50, 100, 200, 500, 1000 ng/mL). Plates were incubated at 37 °C.
Pictures were taken after 3 days. (D) Growth curves of the S mmplL3 conditional mutant (S
Ammpl3::c) facing range of concentrations of ATc during 6 days. Optical density (595 nm)
measurements were taken every day. (E) Western blotting analysis of ATc effect on MmpL3
protein level of the mmpL3 conditional mutant strain (left panel). Bacteria were grown during 72
hrs in Sauton’s medium in the presence of increasing concentrations of ATc, as indicated. The
upper membrane was treated for HA immuno-detection and the lower membrane was treated for
Ag85 immuno-detection (loading control). M, molecular size marker. MmpL3 protein levels
quantified from Western blot (right panel). Quantification was normalized and expressed in % of
the non-treated condition (ATc 0). Data are representative of 2 independent experiments. (F)
Effect of ATc on mycolic acid transfer in mmplL3 conditional mutant strain. Apolar lipids were

extracted and loaded to visualize TMM/TDM in the left panel. Arabinogalactan (AG)-coupled
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mycolic acids are shown in the right panel. Culture treated for 1 hr with the indole-2-carboxamide
compound 12 (Cpd12) was used as positive control. The conditional mutant was compared to the
parental strain treated without (UNT) or with the highest ATc concentration (ATc 1000). (G)
Densitometric analysis of TDM (Left panel) and AG-bound mycolic acids (right panel) from the
extracted lipids analyzed by TLC relative to the untreated condition. Results are representative of

3 independent experiments.

Figure 4. Conditional knock-down of mmpL3 in infected zebrafish embryos leads to reduced
bacterial burden and attenuation in virulence. (A) Schematic representation of the experimental
design. (B) Survival of zebrafish embryos upon infection at 1 dpf with an average of 355 + 18 CFU
of R Ammpl3::c, and treatment with 10 ng of ATc intravenously at 1 dpi. Embryos were monitored
for 12 days. Pooled results from 3 independent experiments are shown (n=24 per group per
experiment). The red arrow represents the day of ATc injection. For each experiment control
groups were included for the infection as well as the treatment and are represented by dashed
lines. Statistical analysis was performed using a Log rank (Mantel cox) test. (C) Bacterial burden
was analysed using CFU counts at 2 dpi, 3 dpi and 4 dpi. Inoculum was determined a posteriori and
shown as a triangle. Each point represents an embryo, with rounds corresponding to untreated
embryos and squares to treated embryos. Pooled results from 3 independent experiments are
shown (n=5 per group per time point per experiment). Horizontal lines correspond to the median.
Statistical analysis was performed using one-way ANOVA with Sidak’s Multiple Comparisons Test.
(D) Real-time imaging of zebrafish embryos infected with R AmmplL3::c expressing mWasabi,
untreated (left panels) or treated with 10 ng of ATc (right panels). Panels show one representative
embryo of each condition at 2dpi-1dpt (upper panels) and 4dpi-3dpt (lower panels). For each
embryo, 2 squares with dotted lines indicate the fields imaged with an objective with higher

maghnification (head on the left, and tail region on the right). Scale bars represent 200um.
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Mycobacteriophage—antibiotic therapy promotes enhanced
clearance of drug-resistant Mycobacterium abscessus
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ABSTRACT

Infection by multidrug-resistant Mycobacterium abscessus is
increasingly prevalent in cystic fibrosis (CF) patients, leaving
clinicians with few therapeutic options. A compassionate study
showed the clinical improvement of a CF patient with a disseminated
M. abscessus (GD01) infection, following injection of a phage cocktail,
including phage Muddy. Broadening the use of phage therapy in
patients as a potential antibacterial alternative necessitates the
development of biological models to improve the reliability and
successful prediction of phage therapy in the clinic. Herein, we
demonstrate that Muddy very efficiently lyses GDO1 in vitro, an effect
substantially increased with standard drugs. Remarkably, this
cooperative activity was retained in an M. abscessus model of
infection in CFTR-depleted zebrafish, associated with a striking
increase in larval survival and reduction in pathological signs. The
activity of Muddy was lost in macrophage-ablated larvae, suggesting
that successful phage therapy relies on functional innate immunity.
CFTR-depleted zebrafish represent a practical model to rapidly assess
phage treatment efficacy against M. abscessus isolates, allowing the
identification of drug combinations accompanying phage therapy and
treatment prediction in patients.

This article has an associated First Person interview with the first
author of the paper.

KEY WORDS: Mycobacterium abscessus, Phage therapy,
Cystic fibrosis, CFTR, Pathogenesis, Zebrafish

INTRODUCTION

The incidence of infection with non-tuberculous mycobacteria
(NTM) is on the rise, frequently surpassing the infection rate of
tuberculosis in many industrialised countries (Johansen et al.,
2020a). The Mycobacterium abscessus complex is among the
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most-relevant NTM affecting humans, and is an acknowledged
pathogen infecting a vast array of tissues associated with a broad
spectrum of clinical manifestations. Members of this complex are
rapid growers, often associated with severe pulmonary diseases,
particularly in cystic fibrosis (CF) patients (Cowman et al., 2019;
Johansen et al., 2020a). From a taxonomic perspective, the
M. abscessus complex comprises three subspecies exhibiting
different clinical outcomes and susceptibilities to antibiotic
treatments: M. abscessus subsp. abscessus (designated hereafter
M. abscessus), M. abscessus subsp. bolletii (designated hereafter
M. bolletii) and M. abscessus subsp. massiliense (designated
hereafter M. massiliense) (Adekambi et al., 2017). These complex
subspecies are among the most drug-resistant mycobacteria,
harbouring a vast array of innate and acquired drug resistance
mechanisms against most antibiotic classes (Johansen et al., 2020a;
Nessar et al, 2012). These mechanisms largely rely on the
expression of diverse enzymes that inactivate drugs, such as
B-lactams (Dubée et al., 2015), tetracyclines (Rudra et al., 2018),
rifamycins (Rominski et al., 2017a) and aminoglycosides
(Rominski et al., 2017b), and induce the expression of multiple
MmpL-based drug efflux pumps (Gutiérrez et al., 2019; Richard
et al., 2019).

Conventional therapeutic treatments often require prolonged
courses of regimens combining a macrolide (clarithromycin or
azithromycin), a -lactam (cefoxitin or imipenem) and an
aminoglycoside (amikacin) (Griffith et al., 2007). Macrolides
remain the cornerstone of M. abscessus multidrug regimens
(Griffith et al., 2007); however, treatment success rates are poor,
particularly in macrolide-resistant strains involving an inducible
ribosomal methylase encoded by erm(41) (Nash et al., 2009;
Richard et al., 2020). As such, treatments against M. abscessus
pulmonary diseases remain extremely challenging, often leading to
severe adverse effects and therapeutic failure. New therapeutic
interventions are thus required for the treatment and eradication of
multidrug-resistant M. abscessus strains, particularly in chronically
infected patients. In this context, phage therapy may represent a
potential antibacterial alternative that involves the administration
of phages that infect and lyse bacteria to eradicate or prevent
infectious diseases. In the growing era of personalised medicine,
phage therapies offer distinct advantages over broad-spectrum
antibiotics as they are highly specific toward a particular bacterial
pathogen without adversely affecting the host or host commensal
microbiota, and ultimately prevent the emergence of antibiotic
resistance (Luong et al., 2020). Supporting this view, genetically
engineered mycobacteriophages were recently administered to a
young CF patient chronically infected with a multidrug-resistant
M. massiliense strain (GDO1) following bilateral lung transplantation.
Intravenous phage treatment was well tolerated and associated with
significant clinical improvements, representing the first reported
therapeutic use of phages for a human mycobacterial infection and
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the first use of engineered mycobacteriophages (Dedrick et al.,
2019).

As phage-bacterial pairings are highly specific, there is
substantial variation in M. abscessus phage susceptibilities, and,
thus, phage therapy of large patient cohorts will require expansion
of our understanding of mycobacteriophage interactions in the host.
In these instances, the development of rapid and reliable pre-clinical
models to examine the efficacy of phage therapy against a particular
M. abscessus clinical isolate would represent a useful predictive
marker of successful phage inclusion in a patient prior to clinical
application. Moreover, although phage treatment alone is unlikely
to be sufficient to clear the infection (Dedrick et al., 2019), an
ideal pre-clinical model should allow the identification of top drug
candidates that would accompany phage therapy, recapitulating
phage—antibiotic cooperation that would facilitate successful
eradication in a patient setting.

One of the key steps in drug discovery and phage therapy relies on
the evaluation of the in vitro and in vivo potential of new treatments
against M. abscessus using adapted animal models. Early studies
confirmed that most immunocompetent mouse strains resulted in
clearance of M. abscessus in the first weeks after infection (Bernut
et al., 2014b; Obregon-Henao et al., 2015; Ordway et al., 2008),
making these animal models very limited for studying pathogenesis
or assaying the in vivo efficacy of drug treatments against
M. abscessus. Comparatively, recent work demonstrated that
C3HeB/Fe] mice allow the establishment of a chronic
M. abscessus infection (Le Moigne et al., 2020). Non-mammalian
models of infection have also been developed, including Drosophila
melanogaster, Galleria mellonella larvae (Meir et al., 2018) or
zebrafish (Danio rerio), offering advantages in terms of speed, cost,
technical convenience and ethical acceptability over the mouse
model (Bernut et al., 2017). In particular, zebrafish are increasingly
recognised as a practical and amenable model to study host—pathogen
interactions (Alibaud et al., 2011; Cambier et al., 2014; Clay et al.,
2007; Davis et al., 2002; Gomes and Mostowy, 2020; Prajsnar et al.,
2008, 2013; van der Sar et al., 2004; Vergunst et al., 2010). Owing to
genetic tractability and optical transparency, zebrafish embryos
represent an exquisite model to study important aspects of infectious
diseases. Although adult zebrafish possess a complex immune
system similar to that of humans, comprising both the innate and
adaptive arms of immunity, the embryonic stages solely harbour
innate immunity (Davis et al., 2002). Critical insights into the
M. abscessus pathogenesis emerged from a zebrafish infection
model, which identified the importance of cording as a mechanism of
immune evasion (Bernut et al., 2014a) and the role of TNF signalling
in controlling infection and granuloma formation (Bernut et al.,
2016b). Zebrafish models of mycobacterial infection recapitulate
important bacterial virulence mechanisms and host susceptibility
determinants that have been further validated in humans (Bernut
et al., 2016b), thus demonstrating their clinical relevance and
translatability as an excellent model for human infections. Recently,
we reported a CF transmembrane conductance regulator (CFTR)-
depleted zebrafish model of M. abscessus infection that
recapitulates CF immunopathogenesis (Bernut et al., 2019). Loss
of CFTR increases susceptibility to M. abscessus through impaired
NADPH oxidase-dependent restriction of intracellular growth,
leading to uncontrolled extracellular —multiplication of
M. abscessus and resulting in abscess formation and lethal
infection. Similar phenotypes were also observed in the zebrafish
CF model of Mycobacterium fortuitum infection (Johansen and
Kremer, 2020a), another frequently isolated NTM species that can
be isolated from CF patients (Martiniano et al., 2016). Collectively,

these studies highlight the importance of zebrafish infection models
as excellent tools to decipher host—pathogen interactions and, for the
first time, identified the pivotal role of CFTR in the immunological
control of CF-associated NTM infections.

As such, we reasoned that the zebrafish CF model may represent
a novel pre-clinical animal model to further understand the
complex interplay between phages and bacteria in real time.
Furthermore, this model may also provide an effective biological
tool to assess the efficacy of mycobacteriophage activity in vivo.
Herein, we evaluated the selectivity and efficacy of various
mycobacteriophages against the M. massiliense clinical isolate
GDOL1 in vitro and explored the improved activity with leading drug
candidates. Importantly, we report the essential contribution of
innate immunity in determining phage therapy success and the
activity of phages and standard anti-mycobacterial drugs both
in vitro and in vivo. Finally, in the current study, we demonstrate that
the zebrafish CF model represents a valuable platform to decipher
the lytic activity of mycobacteriophages in vivo, which epitomises
phage therapy in a clinical setting.

RESULTS
High in vitro killing activity of phage Muddy against
M. massiliense GD01
The M. abscessus subsp. massiliense GDO1 strain, with a rough
colony morphology, isolated 1 month post-transplantation in a CF
patient (homozygous for AF508), was originally used to select for
potential therapeutic phages by exploiting a collection of >10,000
phages isolated using Mycobacterium smegmatis, thanks to the
Science Education Alliance-Phage Hunters Advancing Genomics
and Evolutionary Science (SEA-PHAGES) program (Jordan et al.,
2014). This screen led to the selection of Muddy, which efficiently
kills GDO1, Zoel, from which a lytic derivative was engineered, as
well as a lytic derivative of a host range mutant of the phage BPs,
designated BPSA33HTH_HRM10, and used as a cocktail for treating
the CF patient (Dedrick et al., 2019). An additional phage was
identified, Gabriela, which infects and kills GDO1 very inefficiently
compared to Muddy (Fig. 1A) and provides a useful control phage.
We subsequently determined the lowest multiplicity of infection
(MOI; corresponding to the phage:GDO1 ratio) associated with the
highest killing rate. Colony-forming units (CFU) were determined
by counting the colonies after incubation of GDO1 with either
Muddy or Gabriela for 5 days in Middlebrook 7H9 at 37°C by
varying the MOI range. As shown in Fig. 1B, even at the MOI of
0.0001, Muddy was able to reduce GDO1 CFU numbers by =2 Log
compared to the untreated control at Day 5. This lytic activity was
further exacerbated at an MOI of 0.01 but remained stable at higher
MOI (up to 1). In agreement with the plaque assay (Fig. 1A),
Gabriela failed to show substantial killing activity, even at an MOI
of 1, the highest MOI tested. Overall, these assays confirmed the
differential specificity of the mycobacterial phages tested and high
lytic activity of Muddy against GDO1 in vitro.

Improved activity between Muddy and antibiotics against
GDO1 in vitro

The CF patient chronically infected with GDO1 failed to respond to
intensive antibiotic therapies, even after extensive exposure to
multidrug chemotherapy (Dedrick et al., 2019). To understand this
lack of responsiveness to standard antimicrobial chemotherapy, we
determined the drug susceptibility profile of GDO1 towards a wide
panel of drugs and compared it to that of the M. abscessus 1045367
and M. massiliense CIP1082977 reference strains (both are rough
variants). Based on the minimal inhibitory concentration (MIC) and
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Fig. 1. Specificity and killing activity of mycobacterial phages against GD01. (A) Plaque assay. Tenfold serial dilutions of phages Gabriela and Muddy
were spotted on a lawn of GDO1 grown on 7H109APC/CaC2 | ysis was observed after 5 days. PFU, plaque-forming units. (B) Killing assay. GD01 was grown
in 7H9CAPC incubated with the various phages for 5 days at 37°C and plated on LB agar prior to colony-forming unit (CFU) counting. DO, GD01 inoculum;
CTRL, GDO01 without phages. ****P<0.0001 (unpaired Student'’s t-test). Data shown are the mean of three independent experimentsts.d.

the Clinical and Laboratory Standards Institute (CLSI) breakpoints
(Woods et al.,, 2011), GDO1 shows intermediate susceptibility
to imipenem (IPM) and cefoxitin (CFX), and resistance to
clarithromycin (CLR), amikacin (AMK), ciprofloxacin (CIP) and
linezolid (LNZ) (Table S1). Tigecycline (TGC), clofazimine
(CFZ), bedaquiline (BDQ) and MmpL3 inhibitors (the indole-2
carboxamide Cpd12 and the benzimidazole EJMCh-6) are active
against GDO1 at low concentrations, while rifabutin (RFB) shows a
slightly lower activity against GDO1 than against the reference
strains. Because previous studies have emphasised the increased
efficacy of combining phages and antibiotics against Staphylococcus
aureus (Dickey and Perrot, 2019), we wanted to determine whether
phages and antibiotics may cooperate to improve the activity against
GDO1 in vitro. Bacterial cultures were treated for 5 days with either
Muddy alone (at an MOI of 0.0001), antibiotics alone (at sub-MIC)
or with Muddy plus antibiotics (Fig. 2). As mentioned above,
Muddy alone was associated with a nearly 2 to 3 Log decrease in the
CFU. Interestingly, although antimicrobial agents such as RFB,
IPM, BDQ, CFZ, TGC, AMK, CLR and LNZ were associated with
decreased CFU numbers, the addition of Muddy further reduced the
CFU levels for most drugs (RFB, IPM, BDQ, CFZ, TGC, AMK)
but not for CLR (at 128 pg/ml) and LNZ. For instance, the
combination of Muddy with RFB, a drug that has recently been
shown to inhibit both extracellular and intracellular forms of
M. abscessus (Azizetal.,2017; Johansen et al., 2020b), at 3.1 pg/ml
led to a ~#4-5 Log decrease in the CFU compared to the untreated
control and a 2 Log reduction compared to RFB alone (Fig. 2G).
Interestingly, although GDOL1 is resistant to AMK (MIC>128 pg/ml;
Table S1), with limited CFU reduction, the addition of Muddy to
AMK at sub-MIC was accompanied by a striking reduction in the
CFU levels (Fig. 2A). Overall, these findings indicate that the
addition of a wide panel of antimicrobial drugs potentiates the
effect of Muddy and vice versa. In addition, drug/phage
combinations can overcome the limited activity of drugs in
antibiotic-resistant isolates.

Muddy reduces the pathological signs of GD01 infection in
wild-type zebrafish

We have previously exploited the optical transparency of zebrafish
embryos to describe the increased virulence of rough (R) members
of the M. abscessus complex over their smooth (S) counterparts,
which correlated with the loss of glycopeptidolipid (GPL)
production (Bernut et al., 2014a, 2016a). Herein, we exploited

this model to assess whether Muddy exhibits killing activity against
GDO1 in vivo and whether it alters the pathological signs associated
with GDO1 infection in wild-type embryos. We first addressed
whether GDO1 induces a typical infection following caudal
vein injection with 250-300 CFU of tdTomato-expressing GDO1
at 30 h post-fertilisation (hpf). Virulence of GDOI in zebrafish
was compared to the virulence of the S and R variants of the
M. massiliense CIP1082977 strain as well as T56, an unrelated
rough M. abscessus clinical isolate. As observed previously for
M. abscessus and M. bolletii (Bernut et al., 2014a, 2016a), daily
monitoring of mortality indicated that embryos injected with the
S CIP108297T survived up until 12 days post-infection (dpi)
(Fig. S1A), whereas ~50% of embryos injected with the R
CIP108297" succumbed to infection by 10 dpi. Infection with
T56 showed increased virulence, with nearly 80% embryo mortality
at 12 dpi. In contrast, GDO1 exhibited a significant delay in embryo
killing compared to the other R strains. GDOl-infected zebrafish
started to succumb to infection 5 days after T56-infected zebrafish,
with only 40% embryo mortality by 12 dpi. A possible explanation
for this delay may be the slower growth rate of GDO1 compared
to that of the other strains in vitro. This was confirmed by
monitoring the growth kinetics of GDO1 at both 30°C and 37°C
by CFU determination, despite important variations caused by the
highly aggregative and clumping properties that typify rough
strains (Fig. S2). However, all R strains developed a systemic
infection in fish with the presence of the typical growing foci of
infection in the larval brain, as shown by whole-embryo imaging
(Fig. SIB).

Having established the GDO1 infection model in zebrafish, we
next tested whether intravenous injection of Muddy or the control
phage Gabriela, which infects GDO1 inefficiently, would affect the
survival and pathology of the infection as outlined in Fig. 3A. We
first investigated whether phage treatment increases the survival of
GDOl-infected larvae. No significant differences in larval survival
were observed in the different phage-treated animals compared
to the untreated animals (Fig. 3B). We next examined whether
phage treatment exerts an effect on the bacterial burden by
determining the fluorescent pixel count (FPC) at 6 dpi (Bernut
et al., 2015). Fig. 3C clearly shows a significant reduction in the
FPC after treatment with Muddy, whereas this effect was less
pronounced with Gabriela, thus correlating with the in vitro lytic
activity of the two phages against GDO1. There was no further
reduction in bacterial burden when both Muddy and Gabriela were
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Fig. 2. In vitro killing activity of Muddy and antibiotics against GD01. (A-H) GDO1 was grown in CaMHB at 37°C and incubated with Muddy
(MOI=0.0001) in the absence or presence of different antibiotics used in clinical settings. Three drug concentrations were used (in pg/ml) at sub-MIC doses.
After 5 days of treatment, bacteria were plated on LB agar prior to CFU counting. DO, GDO1 inoculum; CTRL, GD01 without phages. *P<0.05; **P<0.01;
***P<0.001; ****P<0.0001 (unpaired Student'’s t-test). Data shown are the mean of three independent experimentsts.d.

combined together, suggesting that these phages do not act
synergistically in vivo.

A noticeable feature of R strains of the M. abscessus complex is
their high propensity to produce extracellular cords (Bernut et al.,
2014a). Owing to their extensive size, cords prevent the bacilli from
being phagocytosed by macrophages and neutrophils, thus
representing an important mechanism of immune evasion (Bernut
et al., 2014a). Therefore, cord formation, often representative of
acute infection within the zebrafish embryo, was monitored at
different time points after infection. Interestingly, treatment with
Muddy was associated with a significant reduction (~2-fold) in the
proportion of embryos with cords at 2, 4 and 6 dpi (Fig. 3D).
However, no significant changes were observed after treatment with
Gabriela alone at 6 dpi, while injection of a cocktail containing both
Muddy and Gabriela did not further reduce cording compared to
Muddy alone.

Abscess formation often represents loss of infection control and
typically occurs following extracellular cord formation and
expansion (Bernut et al., 2014a, 2015, 2016a). Abscesses
represent a marker of disease severity and are often associated
with cellular debris, tissue destruction and acute infection in
zebrafish (Bernut et al., 2014a). As such, we wanted to determine
whether phage treatment would affect the production of abscesses.
As shown in Fig. 3E, treatment with Muddy alone and a phage
cocktail of both Muddy and Gabriela showed a significant decrease
in the percentage of larvae with abscesses at 4 and 6 dpi. As
expected, this was not the case for Gabriela-treated embryos, in
which we observed no difference in abscess formation at any time
points examined. The decrease in the pathological signs of Muddy-
treated larvae correlates with the FPC analysis and whole-embryo
imaging (Fig. 3F).

Together, these results suggest that Muddy very efficiently lyses
GDO1 in wild-type zebrafish embryos, translating into a decreased
pathology of the infection. However, this was not sufficient to
reduce larval killing. A possible explanation is that, given the delay
in larval killing by GD0O1 compared to other R strains (Fig. S1), a
clear effect of phage treatment on larval survival cannot be seen in
the 12 dpi-restricted time frame of observation. Moreover, this is
further exemplified by the short 5 day phage treatment duration in
the zebrafish model, which we postulate may show further
reductions in bacterial burden and translationally increased survival.

Functional innate immunity is essential for efficient activity
of Muddy in zebrafish

Macrophages are important immune cells recruited to an infection
and are the predominant cell subset involved in the control of
M. abscessus infection in zebrafish (Bernut et al., 2014a).
Importantly, macrophages are required for granuloma formation
and controlling mycobacterial growth (Pagan and Ramakrishnan,
2018). Previous studies demonstrated that macrophage ablation
results in rapid larval death within several days of infection,
underpinning the crucial role of these phagocytes in containing
mycobacterial infections (Bernut et al., 2014a; Clay et al., 2007,
Johansen and Kremer, 2020b). We observed that injection of
liposomal clodronate in the caudal vein had no effect on embryo
survival (Fig. S3A) and depleted macrophages for at least 5 days,
with macrophages recovering at 7 days post-treatment (Fig. S3B).
Following liposomal clodronate treatment and M. abscessus
infection (Fig. 4A), we observed progressive rapid larval death
resulting in 100% of embryo mortality at 8 dpi, compared to
standard GDO1 infection following liposomal PBS injection prior to
infection (Fig. 4B). Unexpectedly, although larval death occurred
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Fig. 3. Impact of bacteriophage Muddy on GD01 infection in wild-type zebrafish. At 30 hpf, embryos were infected with 250-300 CFU of GD01
expressing tdTomato via caudal vein injection. At 1 dpi, embryos commenced phage therapy through caudal vein administration at an MOI of 50:1 (phage:
bacteria) based on the initial bacterial infection inoculum. Embryos were treated daily from 1 dpi up to and including 5 dpi with either Muddy (M), Gabriela
(G) or a phage cocktail containing both Muddy and Gabriela (M+G). (A) A generalised schematic showing the experimental design corresponding to the
figure. (B) Embryo survival was monitored over a 12 day period, with embryos counted daily. Survival curves were analysed using the log-rank (Mantel-Cox)
statistical test. The red bar across the x-axis indicates the duration of daily phage administration in the current experiment. (C) Bacterial burden [fluorescent
pixel count (FPC)] was analysed at 6 dpi using fluorescent microscopy. Fluorescent images were analysed in ImageJ using the ‘Analyze particles’ function.
Bacterial burden was analysed using a Kruskal-Wallis one-way ANOVA. (D,E) The proportion of embryos with cords (D) and abscesses (E) was enumerated
at 2, 4 and 6 dpi using fluorescent microscopy. Abscess and cord quantification was analysed using a Kruskal-Wallis one-way ANOVA. Data shown are the
mean of three independent experimentsts.d. (n=20-30 per group for each experiment). (F) Representative zebrafish images of untreated (GD01) or phage-
treated embryos at 6 dpi, showing the presence of extracellular bacterial cords. Red overlay represents GD01 expressing TdTomato. Scale bars: 0.5 mm.
n.s., not significant; *P<0.05; **P<0.01; ****P<0.0001.
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Fig. 4. Activity of Muddy in GD01-infected zebrafish lacking macrophages. At 24 hpf, embryos were micro-injected with either PBS liposomes (PBS) or
lipoclodronate-filled liposomes (Clod) to achieve macrophage depletion. At 30 hpf, treated embryos were infected with 250-300 CFU of GD01 (PBS GDO01
and Clod GDO01) via caudal vein injection. At 1 dpi, embryos commenced phage therapy through caudal vein injection at an MOI of 50:1 (phage:bacteria)
based on initial bacterial infection inoculum. Embryos were treated daily from 1 dpi, up to and including 5 dpi with Muddy (M), Gabriela (G) or a phage
cocktail containing both Muddy and Gabriela (M+G). (A) A generalised schematic showing the experimental design corresponding to the figure. (B) Embryo
survival was monitored over a 12 day period, with embryos counted daily. Survival curves were analysed using the log-rank (Mantel-Cox) statistical test. The
red bar across the x-axis indicates the duration of daily phage administration in the current experiment. (C) Bacterial burden (FPC) was analysed at 6 dpi
using fluorescent microscopy. Fluorescent images were analysed in ImageJ using the ‘Analyze particles’ function. Bacterial burden was analysed using a
Kruskal-Wallis one-way ANOVA. (D,E) The proportion of embryos with cords (D) and abscesses (E) was enumerated at 2, 4 and 6 dpi using fluorescent
microscopy. Abscess and cord quantification was analysed using a Kruskal-Wallis one-way ANOVA. Data shown are the mean of two independent
experiments+s.d. (n=20-30 per group for each experiment). (F) Representative zebrafish images of untreated (GD01) or phage-treated embryos at 6 dpi,
showing the presence of extracellular bacterial cords. Red overlay represents GD01 expressing TdTomato. Scale bars: 0.5 mm. *P<0.05; ****P<0.0001.
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rapidly and was much more pronounced compared to infection in
wild-type fish, treatment with Muddy, Gabriela or Muddy plus
Gabriela failed to increase the survival rate of infected embryos
(median time to 50% mortality of 6 and 7 days, respectively). We
further examined whether there was a change in bacterial burden in
macrophage-depleted embryos following phage therapy.
Irrespective of individual phages or phage cocktail administration,
we saw no change in bacterial burden between any of the
macrophage-depleted groups at 6 dpi (Fig. 4C). As anticipated,
both cords and abscesses increased drastically within 2 dpi in
macrophage-depleted larvae, compared to the control embryos
(liposomal PBS) (Fig. 4D,E). However, phage treatment did not
reduce the proportion of embryos with cords at 2, 4 and 6 dpi
(Fig. 4D), or the percentage of embryos with abscesses at 4 and
6 dpi (Fig. 4E). The presence of large infection foci in the phage-
treated fish compared to the untreated fish correlates with the FPC
analysis and with whole-embryo imaging (Fig. 4F). Collectively,
these results highlight the critical role of macrophages in sustaining
the in vivo efficacy of Muddy during GDO1 infection and emphasise
the requirements of a functional innate immunity for establishing a
successful phage therapy.

Validation of phage treatment against GD01 in
CFTR-depleted embryos

The M. abscessus complex has emerged as an important respiratory
pathogen of major concern in CF centres worldwide (Parkins and
Floto, 2015). Because our understanding of the particular
vulnerability of CF patients to M. abscessus complex infection
remains limited by the lack of suitable animal models mimicking
the immune abnormalities found in the CF population, we have
exploited a zebrafish CF model that recapitulates important aspects
of CF immunopathogenesis. This allowed us to report a stepwise
dissection of M. abscessus infection in an animal depleted of CFTR
to elucidate the biological implication of CFTR in innate immunity
to these infections (Bernut et al., 2019). To address the role of CFTR
in GDO1 infection, cfir loss-of-function experiments were
performed in zebrafish using a specific morpholino-modified
oligonucleotide (Bernut et al., 2019), which abrogated production
of native spliced cfir transcripts (Fig. SA; Fig. S4). We report here
that GDOl-infected CFTR morphants rapidly succumb to
intravenous infection (Fig. 5B), reflecting the hypersusceptibility
of the young CF patient to this isolate (Dedrick et al., 2019),
providing a first glimpse into CFTR-mediated host defences to
GDO1 infection. This was associated with an increase in the
bacterial burden, as evidenced by FPC determination (Fig. 5C). This
early and progressive killing in c¢ftr morphants (Fig. 5B) prompted
us to investigate whether phage therapy can ameliorate GDOI
infection in a CFTR-deficient context.

Treatment with Muddy, Gabriela or Muddy and Gabriela was
associated with a slightly delayed survival curve compared to CFTR-
depleted embryos infected with GDOl1 (median time to 50%
mortality of 10 days compared to 8 days, respectively) (Fig. 5B).
Importantly, although CFTR ablation led to 20% embryo survival in
the non-treated group at 12 dpi, ~40% survival was reached in
embryos treated with Muddy. Similar to macrophage-depleted
embryos, ablation of CFTR was associated with a rapid and
pronounced increase in cording (Fig. 5SD) and abscesses (Fig. SE)
compared to control morphants. Strikingly, treatment with Muddy
alone or in combination with Gabriela led to a severe reduction in the
proportion of embryos with cords at 2, 4 and 6 dpi (Fig. 5D),
abscesses at 4 and 6 dpi (Fig. S5E) and bacterial loads (Fig. 5C),
compared to the untreated controls. The strong decrease in the

pathological signs of Muddy-treated cfir morphants correlates with
the FPC analysis and whole-embryo imaging (Fig. 5F). As evidenced
by increased larval survival and reduced pathological signs, these
findings indicate that CFTR-depleted fish are highly susceptible to
GDO1 infection and respond to phage treatment with Muddy.

Improved efficacy of combined phage and antibiotic therapy
in GDO1-infected CFTR zebrafish

Our previous results highlighted the improved activity when
combining Muddy and various antibiotics, including RFB
(Fig. 2). To enquire whether this therapeutic combination is also
effective in vivo, GDOl-infected CFTR-depleted zebrafish were
either treated with RFB alone, Muddy alone or with RFB
and Muddy together. The protocol applied is outlined in
Fig. 6A. Treatment with RFB alone was associated with a
significant increase in the survival rate compared to that of the
untreated CFTR morphants (Fig. 6B), in agreement with previous
observations performed in wild-type zebrafish infected with
M. abscessus (Johansen et al., 2020b). In addition, the level of
protection conferred by RFB was similar to that of embryos treated
with Muddy alone. Importantly, the combined Muddy and RFB
treatment further increased the survival rate compared to that of
larvae treated with RFB alone or Muddy alone, reaching 70%
survival at 12 dpi, almost identical to that seen for GDO1 infection
in wild-type zebrafish (Fig. 6B). Strikingly, when we compared the
median time to 50% mortality between the groups, we observed a
median time of 7 days for CFTR embryos infected with GDO1,
which shifted to 10 days for those treated with RFB or Muddy
alone. Importantly, this was beyond the calculation threshold for
those embryos treated with RFB and Muddy together, owing to
significantly reduced mortality, further reinforcing the relevance of
our findings. Similarly, this combination therapy showed markedly
reduced bacterial loads compared to untreated cfir morphants and
showed no differences compared to untreated control morphants
(Fig. 6C). Furthermore, combination therapy with Muddy and RFB
was also correlated with a substantial reduction in the proportion
of embryos with cording at 2, 4 and 6 dpi (Fig. 6D), as well as in
the percentage of embryos with abscesses (Fig. 6E). The strong
decrease in the pathological signs of Muddy plus RFB-treated
cftr morphants correlates with the FPC analysis and whole-embryo
imaging (Fig. 6F). Together, these findings demonstrate the
improved therapeutic efficacy of the combined treatment with
Muddy and RFB in a CF animal model with disseminated
GDO1 infection, characterised by a highly reduced lethality and
pathological signs in comparison to embryos treated with either one
of the two treatments.

DISCUSSION

Bacterial pathogens are frequently associated with lung
complications and disease progression in CF (Elborn, 2016).
These bacteria increasingly show resistance to antibiotics, requiring
novel management approaches. Bacteriophage therapy, in which
lytic phages are administered to kill target bacterial pathogens,
represents one of these strategies (Diizgiines et al., 2021; Luong
et al., 2020). Case reports of phage therapy to treat drug-resistant
pulmonary infections in CF have received significant attention in
recent years (Chan et al., 2021; Dedrick et al., 2019; Ng et al., 2021).
The use of a phage cocktail administered with antibiotics was
reported for the treatment of disseminating M. massiliense GDO1 in
a 15-year-old individual with CF who was a post-lung transplant
recipient (Dedrick et al., 2019). In this case, the therapy resulted in
decreased size of skin lesions and improvement in lung function,
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Fig. 5. Effect of Muddy in GD01-infected cftr morphants. At the one- to four-cell stage, fertilised zebrafish eggs were injected in the nucleus with either
control morpholino (control) or cftr morpholino (cftr). At 30 hpf, embryos were infected with 250-300 CFU of GDO1 (control GD01 or cftr GD01) via caudal vein
injection. At 1 dpi, embryos commenced phage therapy through caudal vein injection at an MOI of 50:1 (phage:bacteria) based on initial bacterial infection
inoculum. Embryos were treated daily from 1 dpi, up to and including 5 dpi with Muddy (M), Gabriela (G) or a phage cocktail containing both Muddy and
Gabriela (M+G). (A) A generalised schematic showing the experimental design corresponding to the figure. (B) Embryo survival was monitored over a 12 day
period, with embryos counted daily. Survival curves were analysed using the log-rank (Mantel-Cox) statistical test. The red bar across the x-axis indicates the
duration of daily phage administration in the current experiment. (C) Bacterial burden (FPC) was analysed at 6 dpi using fluorescent microscopy. Fluorescent
images were analysed in ImageJ using the ‘Analyze particles’ function. Bacterial burden was analysed using a Kruskal-Wallis one-way ANOVA. (D,E) The
proportion of embryos with cords (D) and abscesses (E) was enumerated at 2, 4 and 6 dpi using fluorescent microscopy. Abscess and cord quantification
was analysed using a Kruskal-Wallis one-way ANOVA. Data shown are the mean of three independent experiments+s.d. (n=20-30 per group for each
experiment). (F) Representative cftr morphant images of untreated (GD01) or phage-treated embryos at 6 dpi, showing the presence of extracellular bacterial
cords or localised infection. Red overlay represents GD01 expressing TdTomato. Scale bars: 0.5 mm. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.
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Fig. 6. Activity of Muddy and rifabutin in GD01-infected cftr morphants. At the one- to four-cell stage, fertilised zebrafish eggs were injected in the
nucleus with either control morpholino (control) or cftr morpholino via caudal vein injection. At 1 dpi, embryos commenced phage Muddy (M) and/or rifabutin
(RFB) therapy through caudal vein injection at an MOI of 50:1 (phage:bacteria) based on initial bacterial infection inoculum. Embryos were treated daily from
1 dpi, up to and including 5 dpi with Muddy. RFB was added to zebrafish water daily at a final concentration of 50 pg/ml. (A) A generalised schematic
showing the experimental design corresponding to the figure. (B) Embryo survival was monitored over a 12 day period, with embryos counted daily. Survival
curves were analysed using the log-rank (Mantel-Cox) statistical test. The red bar across the x-axis indicates the duration of daily phage and RFB
administration in the current experiment. (C) Bacterial burden (FPC) was analysed at 6 dpi using fluorescent microscopy. Fluorescent images were analysed
in ImageJ using the ‘Analyze particles’ function. Bacterial burden was analysed using a Kruskal-Wallis one-way ANOVA. (D,E) The proportion of embryos
with cords (D) and abscesses (E) was enumerated at 2, 4 and 6 dpi using fluorescent microscopy. Abscess and cord quantification was analysed using a
Kruskal-Wallis one-way ANOVA. Data shown are the mean of three independent experimentsts.d. (n=20-30 per group for each experiment).

(F) Representative cftr morphant images of embryos left untreated (GDO01), treated with Muddy alone, RFB alone or with Muddy plus RFB at 6 dpi, showing
the presence of extracellular bacterial cords or localised infection. Red overlay represents GD01 expressing TdTomato. *P<0.05; **P<0.01; ***P<0.001;
****P<0.0001.
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liver function, chest imaging and weight gain. Although this
illustrates that phage therapy against NTM infections holds vast
potential, there is little understanding of phage—host dynamics in
disease environments and a clear lack of pre-clinical studies
concerning phage therapy of M. abscessus infections (Senhaji-
Kacha et al., 2021). In this context, we studied the GDOl-—
mycobacteriophage infection dynamics under various physiological
and disease-mimicking conditions using a CF zebrafish model of
infection.

In general, most findings identified in this biological model
paralleled those reported previously in the treated CF patient
(Dedrick et al., 2019). First, we found that c¢ffr morphants were
extremely susceptible (decreased larval survival) to GDO1 infection
(Fig. 5B), resulting from uncontrolled bacterial multiplication
(Fig. 5C) and dissemination, and exacerbation of the pathological
features (Fig. 5D,E), as shown previously for M. abscessus (Bernut
et al., 2019) and M. fortuitum (Johansen and Kremer, 2020a).
Second, we show the improved activity of phage Muddy (Fig. 2)
with a wide panel of antibiotics used in the clinical treatment of
M. abscessus pulmonary diseases. Although the drugs tested were
more or less effective at low concentrations, the addition of Muddy
led to a substantial improvement in efficacy, similarly to what has
previously been observed when drugs were administered to phages
against S. aureus or Pseudomonas aeruginosa (Dickey and Perrot,
2019; Oechslin et al., 2017). In addition, the adjunct of an antibiotic
to phage treatment has also proven effective in reducing the
outgrowth of antibiotic- and phage-resistant strains during treatment
(Dickey and Perrot, 2019), and this combination could also better
help to manage antibiotic-resistant bacterial biofilms. A major
drawback of a phage/antibiotic combination is that more complex
studies are required to establish effective co-dosing regimens relying
on compatible pharmacokinetic and pharmacodynamics properties
between the antibiotic and phages. However, the mechanisms
underlying potential phage—antibiotic interactions remain largely
unknown. Thus, the present study represents a first glimpse into the
phage/antibiotic effect in a zebrafish CF model in the context of
infection. Indeed, we provide evidence of the improved activity of
Muddy when combined with RFB in this animal model (Fig. 6),
thus replicating the outcomes observed in vitro (Fig. 2) while also
reiterating clinical observations associated with phage and antibiotic
combination therapies. Whereas Muddy alone was shown to reduce
the number of cords and abscesses (Fig. 3D,E and Fig. 5D,E), this
effect was further exacerbated when adding RFB to Muddy
(Fig. 6D,E). Because mycobacteriophages have limited access to
the intracellular compartment of macrophages (Broxmeyer et al.,
2002), they are thought to mainly target extracellular bacilli, which,
in the case of rough M. abscessus, can grow in the form of large
serpentine cords (Bernut et al., 2014a). As such, this is likely to
explain the decrease in the proportion of embryos with cords and the
subsequent proportion of embryos with abscesses. However, it is
still not known whether phages have the capacity to lyse the bacilli
present on the periphery of the cords, ultimately reducing the size and
eventually eradicating cords, or whether they prevent the initiation of
cord formation by targeting individual bacilli. Importantly, the
proportion of embryos with cords in c¢fir morphants treated with
Muddy remained constant at 2, 4 and 6 dpi, suggesting that Muddy
does not degrade or modify the bacterial cord structure, but rather
prevents the formation of new cords (Fig. 5SD).

We previously reported that exposure of M. abscessus-infected
THP-1 macrophages to RFB was associated with reduced intra- and
extracellular cording (Johansen et al., 2020b). Therefore, the net
effect of the Muddy plus RFB therapy is likely to result in a

pronounced decrease in both intra- and extracellular cording in
zebrafish. Moreover, this significant reduction in cording is
particularly interesting, as it may prevent the subsequent
formation of abscesses (Bernut et al., 2014a), considered a marker
of the severity of the disease. Consistent with this hypothesis, a
marked decrease in abscess formation was observed in Muddy-,
RFB- and Muddy plus RFB-treated zebrafish embryos (Fig. 6E).
Validation of Muddy plus RFB co-treatment against GDO1
infection in CFTR-depleted embryos was not only reflected by a
strong decrease in the pathophysiological symptoms (abscesses and
cords; Fig. 6D,E) but also by a strong reduction in larval mortality
(Fig. 6B). Together, the positive outcome of phage plus antibiotic
treatment in the infected CF zebrafish reflects those observations
identified following treatment of the GDOl-infected CF patient,
emphasising the usefulness of the zebrafish model as an effective
and predictive pre-clinical model. This is particularly justified in the
context of an increasing demand for assessing the use of
bacteriophages in CF and non-CF patients infected with
multidrug-resistant bacteria, including M. abscessus (Aslam et al.,
2020).

Numerous animal models have recently been developed for the
evaluation of phage therapy for infections caused by the ESKAPE
group of pathogens (consisting of notable drug-resistant pathogens,
such as Enterococcus faecium, S. aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, P. aeruginosa and Enterobacter spp.)
(Cieslik et al., 2021). These include Galleria mellonella,
Drosophila melanogaster and various mouse models of sepsis/
peritonitis/pneumonia/urinary tract infection or eye infection. In
addition, cffr zebrafish morphants were used to demonstrate the
applicability of phage therapy against P. aeruginosa infections
(Cafora et al., 2019). However, in this study, phages were injected
once in the yolk sac, which does not correspond to a route of
administration in humans. In our study, Muddy was administered
intravenously several times on a daily basis, similarly to the
treatment conditions encountered in the case in the CF patient
(Dedrick et al., 2019). It is important to emphasise that, in our study,
phages were administered daily to recapitulate clinical
implementation; however, we were only able to do this up to
5 days post-infection due to increasing epithelial thickening
throughout embryonic development. It is tempting to speculate
that we may see further reductions in bacterial burden, cording and
abscess formation associated with increased embryo survival if we
were able to administer phages for a longer period of time; however,
this remains to be further explored.

Noteworthily, despite their unique features for high-throughput
therapeutic evaluation, zebrafish embryos display disadvantages
over mammalians predominantly stemming from stark anatomical
differences (gills instead of lungs, haematopoiesis occurring in the
anterior kidney instead of the bone marrow, and lack of discernible
lymph nodes). In addition, the lack of adaptive immunity early in
embryonic development may also influence the outcome of the
phage/antibiotic treatment in our study. As such, these factors
should be taken into consideration when interpreting the findings
from the current study and for determining the suitability of different
animal models to examine the efficacy of phage therapy. Although
devoid of lungs, which are the main target organs for M. abscessus
pulmonary disease, zebrafish has recently emerged as a powerful
model system to better understand CF as well as the vulnerability of
CF patients to M. abscessus infection (Bernut et al., 2019), and for
assessing the in vivo efficacy of multiple drugs against M. abscessus
(Bernut et al., 2014b; Dubée et al., 2015; Dupont et al., 2016, 2017,
Johansen et al., 2020b; Raynaud et al., 2020). From a fundamental
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perspective, use of this model allowed us here to assess the
contribution of innate immunity in phage therapy. Our results
indicate that functional innate immunity is required for efficient
activity of Muddy in zebrafish. Using macrophage-depleted
embryos, we found that macrophages are critical for successful
phage-mediated bacterial clearance. At this stage, we do not know
whether the failure of phage therapy was due to the lack of
macrophage effector functions such as phagocytosis or the absence
of macrophage-dependent activation of other immune effector
components participating in GDO1 clearance. These findings are in
agreement with a previous investigation devoted to studying the
effects of host immunity on the efficacy of phage therapy for acute
pneumonia caused by multidrug-resistant P. aeruginosa using
various immune-compromised mouse models, which revealed that
neutrophils are required for phages to clear infection (Roach et al.,
2017). It is important to recognise that macrophage ablation is
known to result in rapid embryo death and significantly enhances
susceptibility to mycobacterial infection due to the absence of a
major immunological defence (Bernut et al., 2014a). Critically,
macrophage ablation led to ineffective phage therapy, suggesting
that macrophages may be required to facilitate mycobacterial
clearance in the presence of mycobacteriophages. Alternatively, it is
also plausible that the phage dose administered to lipoclodronate-
treated embryos could be below the threshold to observe any
improvement in reducing pathophysiological signs of M. abscessus
infection (Fig. 4). Comparatively, CFTR depletion in zebrafish
embryos led to remarkably improved phage responsiveness,
recapitulated in improved embryo survival, reduced bacterial
burdens and reduced pathophysiological signs such as cords and
abscesses (Fig. 5). This is likely due to defective host defences such
as reactive oxygen species production, which is known to increase
susceptibility to NTM species such as M. abscessus and
M. fortuitum (Bernut et al., 2019; Johansen and Kremer, 2020a),
as opposed to being entirely devoid of an immune cell subset, which
is essential for infection control. As such, these findings are
unsurprising and provide new insight into the requirements for host
immunity within the context of phage therapy. Overall, our results
suggest that, in animals, phage therapy success not only requires
bacterial permissiveness to phage killing but relies also on complex
immunophage interactions. This implies the need to explore the
patient immunological status as a critical requirement to consider
before applying phage therapy, an observation recently emphasised
in a patient receiving phage therapy, who rapidly developed a robust
humoral response against the therapeutic phages and whereby the
phage-neutralising activity correlated with increasing M. abscessus
bacterial loads (Dedrick et al., 2021). This strongly suggests that the
host immune system can represent an important obstacle to phage
therapy. Thus, the future of phage therapy will rely on applying
optimal treatments adapted to patients and integrating the immune
status of each patient into the treatment strategy.

In summary, our easy-to-use M. abscessus infection model paves
the way for studying the outcomes from the triple partner interactions
between the phage, the target bacterial pathogen and host innate
immunity. It also supports the development of phage therapies and
provides the first framework towards the development of a pre-clinical
platform to assess the most successful phage/antibiotic combinations
and predictions prior to testing in M. abscessus patients.

MATERIALS AND METHODS

Mycobacterial strains and culture conditions

M. abscessus CIP104536" (S and R variants), M. massiliense CIP108297"
(S and R variants) and the clinical strains M. massiliense GDO1 (rough) and

M. abscessus T56 (rough) were routinely grown and maintained at 37°C in
Middlebrook 7H9 broth (BD Difco) supplemented with 10% oleic acid,
albumin, dextrose, catalase (OADC; BD Difco) and 0.025% Tyloxapol
(Sigma-Aldrich) (7H9®APCT), or on Middlebrook 7H10 supplemented with
10% OADC enrichment (7H1094P€). Fluorescent GDO1 was generated
using the pTEC27 expressing tdTomato (Takaki et al., 2013). Red
fluorescent colonies were selected on 7H10°APST supplemented with
1000 pg/ml Hygromycin (Euromedex) and maintained in 7H9OAPCT
supplemented with 500 pg/ml Hygromycin. Fluorescent M. abscessus
CIP104536" and M. massiliense CIP108297" strains have previously
been described (Bernut et al., 2014a). M. smegmatis mc>155 was grown at
37°C in Middlebrook 7H9 broth as previously described (Jacobs-Sera et al.,
2012).

Drug susceptibility testing

The MICs were determined according to the CLSI guidelines (Woods et al.,
2011). The broth micro-dilution method was used with cation-adjusted
Mueller-Hinton broth (CaMHB) with an inoculum of 5x10% CFU/ml in
exponential growth phase. Each drug dilution was added to the bacterial
suspension and incubated for 3-5 days at 30°C. MICs were recorded by
visual inspection (Johansen et al., 2020b). Assays were completed in
triplicate in three independent experiments.

Preparation of phage

Phages were grown on M. smegmatis mc>155 using solid media and
recovered by diffusion into phage buffer (68.5 mM NaCl, 10 mM Tris-HCI
pH7.5,10 mM MgSO,, 1 mM CaCl,). Phage lysates were filtered through a
0.22 uM filter and used. High-titre cesium chloride-banded phages were
prepared and dialysed as previously reported (Dedrick et al., 2019).

In vitro phage-killing assay

Bacteria grown in 7H9 supplemented with 10% OADC and 2 mM CaCl,
(7TH9OAPC/CaCly \were harvested in the exponential growth phase and
pelleted by centrifugation at 3000 g for 10 min. To create single-cell
suspensions, bacteria were passed through a 26G needle 20 times and
sonicated twice for 10 s to separate large aggregates. Bacteria were made to a
concentration of 5x10° CFU/ml, and 100 ul bacterial suspension was placed
into each well. Mycobacteriophage stock dilutions were added to each
corresponding well at the desired MOI (phage:bacteria), mixed well by
pipetting and then placed at 37°C for up to 5 days. At the desired time point,
bacteria from each corresponding well were 10-fold serially diluted in PBS
containing 0.05% Tween 80 to lyse residual extracellular phage, and then
plated onto LB agar and placed at 37°C for up to 5 days or until visible
colonies emerged.

Zebrafish maintenance

Zebrafish use was performed in agreement with European Union guidelines
for the handling of laboratory animals and was approved by the Direction
Sanitaire et Vétérinaire de I’Hérault and Comité d’Ethique pour
I’Expérimentation Animale under reference 2020022815234677. All
experiments in the current study were performed using the golden mutant
and macrophage reporter 7g(mpegl:mCherry) lines as previously described
(Bernut et al., 2014a, 2015). Zebrafish embryos were obtained and
maintained as previously described (Bernut et al., 2015).

Morpholino injection and cftr knockdown

Morpholinos were designed and purchased from GeneTools. A splice-
blocking morpholino specifically targeting zebrafish gene cftr
(ZEBRAFISHIN, ZDB-GENE-050517-20) (5'-GACACATTTTGGA-
CACTCACACCAA-3") was injected into zebrafish embryos at the one- to
four-cell stage (1 mM, 2 nl). Furthermore, details of the morpholino
efficacy and specificity and cfr knockdown were previously validated as
described (Bernut et al., 2019).

Zebrafish microinjection and infection

At 24 hpf, embryos were dechorionated using Pronase (10 mg/ml; Sigma-
Aldrich) for up to 5 min at room temperature, followed by extensive washing
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in zebrafish water. Following dechorionation, macrophage depletion was
achieved by microinjection with either liposomal clodronate or PBS-filled
liposomes (Liposoma) (2 nl) via caudal vein injection, as previously
described (Bernut et al., 2014a, 2015). At 30 hpf, embryos were
anaesthetised in 0.02% tricaine solution and microinjected with
fluorescent mycobacteria via caudal vein injection (3 nl containing
~100 bacteria/nl). Bacterial inoculum was checked a posteriori by
injection of 3 nl into sterile PBS and plating onto 7H1094PC, Following
infection, embryos were transferred to 24-well plates (two embryos/well)
and incubated at 28.5°C for the duration of the experiment. Embryo age is
expressed as dpi.

Phage treatment in GD01-infected zebrafish

At 24 h post-infection (hpi), embryos were anaesthetised in 0.02% tricaine
solution and microinjected with 10-15 nl mycobacteriophage solutions
(10° PFU/ml) containing Muddy, Gabriela or a phage cocktail at a final
concentration of MOI 50:1 (phage:bacteria) of original bacterial infection
inoculum. Control embryos were micro-injected with an identical dilution
of phage buffer and PBS, as was performed for the phage-treated
embryos. Embryos were microinjected daily between 1 and 5 dpi, with
each embryo receiving a total of five phage or PBS injections. Embryos
receiving RFB treatment were treated as previously described (Johansen
et al., 2020b). Briefly, RFB [stock concentration 10 mg/ml in dimethyl
sulfoxide (DMSO)] was diluted to 50 pg/ml in zebrafish water, and embryos
were immersed in drug-containing water. RFB was replenished daily
between 1 and 5 dpi, with each embryo receiving a total of 5 days of
RFB treatment. Control embryos were treated with an identical dilution
of DMSO and zebrafish water as was performed for the RFB-treated
embryos.

Zebrafish monitoring and live imaging

Embryo survival was monitored daily based on the presence or absence of a
heartbeat. Survival curves were determined by counting dead larvae for up
to 12 days, or until uninfected embryos begin to die. At designated key time
points post-infection, embryos were anaesthetised in 0.02% tricaine solution
and mounted on 3% (w/v) methylcellulose solution for live imaging. Images
were taken using a Zeiss Axio Zoom.V16 coupled with an Axiocam 503
monochrome camera (Zeiss). FPC measurements were determined using the
‘Analyze particles’ function in ImageJ. Granulomas were identified based
on the co-localisation of fluorescent macrophages and fluorescent GDO1.
All experiments were completed at least two times independently.

Statistical analysis

Kill kinetics in the absence or presence of antibiotics were analysed using an
unpaired Student’s 7-test. Survival curve analysis was completed using the
log-rank (Mantel-Cox) statistical test. Abscess and cord analyses were
completed using unpaired Student’s -test. Bacterial burden (FPC) analyses
were performed using a Kruskal-Wallis one-way ANOVA. All statistical
tests were completed using GraphPad Prism (Version 9.0.1).
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Fig. S1. Comparative virulence of various M. massiliense strains in zebrafish embryos. (A) Zebrafish
embryos at 30 hpf were infected via caudal vein injection with approximately 200-250 CFU of each
corresponding strain. Embryonic survival was monitored daily over a 12-day period. Represented
data is the merged of 4 independent experiments, with approximately 20 embryos per group. * P <
0.05, **** p < 0.001. (B) Representative images taken at 5 dpi, highlighting the heterogeneity in
disease phenotypes between the different isolates. Scale bars represent 1 mm. Red areas highlight
the bacterial localisation using fluorescence microscopy. Data shown is the merge of three
independent experiments (n=30/group for each replicate).
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Fig. S2. Growth curves of rough strains carrying pTEC27 at 30°C and 37°C. M. abscessus

CIP104536T, M. massiliense CIP108297 and GD0O1 were grown for 7 days in Middlebrook
7H9 supplemented with OADC, 0.025% tyloxapol and 500 pg/ml hygromycin. CFU
counts determined by plating serial dilutions onto in Middlebrook 7H10 and
enumeration of the colonies after 4 days of incubation at 30°C (A) or 37°C (B). Data
shown is the mean * standard deviation of two independent experiments run in

triplicate.
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Fig. S3. Impact of liposomal-clodronate on zebrafish survival and macrophage depletion.
Tg(mpegl:mCherry) embryos harbouring red fluorescent macrophages were injected with 3 nL of
either liposomal-PBS (lipo-PBS) or liposomal-clodronate (lipo-C) in the caudal vein at 24 hpf. (A)
Embryo survival was monitored daily over a 12 day period (n=30/group). (B) Representative images
of zebrafish tails showing transient macrophage depletion with lipo-clodronate. Macrophages are
labelled in red. Scale bars represent 500 um.
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Fig. S4. Targeted knockdown of cftr using splincing morpholino in embryos.
cftr specific products were amplified from RNA isolated from whole embryos
at 2, 4 and 6 dpf. The cftr-MO blocks normal splicing resulting a deletion in exon
3, resulting in a 54 bp deletion in exon 3, and leading to the knockdown of CFTR
expression (Bernut et al., 2019; Johansen and Kremer, 2020a).

Table S1. Drug susceptibility/resistance profile of M. massiliense GDO1. Rough M. abscessus
CIP104536" and M. massiliense CIP108297" were included for comparison. MIC (ug/mL) were
determined after 4 days of incubation, following the CLSI guidelines.

Strain
(morphotype)

M. abscessus (R)
M. massiliense (R)
GDO1 (R)

MIC (ug/mL)
IPM CFX CLR' TGC CFZ AMK CIP ZEO KAN BDQ LNZ GEN RFB Cpdl2 EJMCh-6
16 64 4 1 1 64 128 32 16 003 64 64 125 006 0.125

32 64 05 2 05 32 64 >128 16 0.06 64 64 25 0.06 0.125
32 64 >128 2 0.5 >128 64 >128 >128 0.015 64 >128 25-50 0.25 0.125-0.25

IPM, imipenem; CFX, cefoxitin; CLR, clarithromycin; TGC, tigecycline; CFZ, clofazimine; AMK, amikacin; CIP,
ciprofloxacin; ZEO, zeocin; KAN, kanamycin; BDQ, bedaquiline; LNZ, linezolid; GEN, gentamycin; RFB, rifabutin;
Cpd12, indole-2 carboxamide; EJMCh-6, benzimidazole.
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Matthéo ALCARAZ

Nouvelles molécules et cibles thérapeutiques dans le traitement des
infections causées par les mycobactéries non-tuberculeuses

La recrudescence des infections mycobactériennes refléte le défi actuel de la lutte contre les micro-
organismes pathogenes. Les mycobactéries sont responsables d’infections pulmonaires et extra-pulmonaires
sévéres, particulierement chez les patients présentant des comorbidités. De plus, la grande résistance aux
antibiotiques de ces especes bactériennes aboutit a de nombreux échecs et impasses thérapeutiques. Afin
d’outrepasser ces derniers, la mise en évidence de nouvelles cibles pharmacologiques et de molécules actives
s’avere nécessaire. Les enzymes de la biosynthése des acides mycoliques, éléments essentiels de la paroi
mycobactérienne, représentent des cibles de choix dans le développement de nouveaux antimycobactériens.
L'isoniazide, un antituberculeux de premiere ligne nécessitant une bioactivation par I'enzyme KatG, inhibe
I’énoyl-ACP réductase InhA impliquée dans I'élongation des chaines d’acides mycoliques. Cependant, I'isoniazide
et ses analogues partageant le méme mode d’action, ne sont pas efficaces vis-a-vis des mycobactéries non-
tuberculeuses telles que Mycobacterium abscessus ou Mycobacterium fortuitum, de par I'incapacité de leur
protéine KatG a les activer. Dans ce contexte, I'objectif de ma thése a été de démontrer I'intérét de cibler la voie
de synthése des acides mycoliques encore inexploitée contre les mycobactéries non-tuberculeuses. Ainsi, par
I'inhibition directe de la protéine InhA chez M. abscessus et M. fortuitum, mes travaux ont permis de mettre en
évidence I'activité antibactérienne robuste de la 4-hydroxy-2-pyridone NITD-916, a la fois in vitro ainsi que dans
différents modeéles cellulaires et animaux. L'ensemble de ces résultats s’inscrivent dans une dynamique de
repositionnement de molécules ou les inhibiteurs directs d’InhA, et plus largement des autres enzymes
impliquées dans la synthése des acides mycoliques, décrits précédemment chez M. tuberculosis, peuvent étre
transposés a d’autres mycobactéries pathogénes réfractaires a I'antibiothérapie classique. Ces travaux ouvrent
la voie a de futures études précliniques et cliniques dans le but d’élargir I'arsenal thérapeutique a la disposition
du praticien pour contrer les infections mycobactériennes multirésistantes et persistantes.

New molecules and therapeutic targets in the treatment of
infections caused by non-tuberculous mycobacteria

The resurgence of mycobacterial infections reflects the current challenge in the fight against pathogenic
microorganisms. Mycobacteria are responsible for severe pulmonary and extra-pulmonary infections,
particularly in patients with co-morbidities. Moreover, the high level of antibiotic resistance in these bacterial
species leads to numerous therapeutic failures and dead-ends. To bypass them, it is essential to identify new
pharmacological targets and active molecules. Enzymes involved in the biosynthesis of mycolic acids, essential
components of the mycobacterial wall, represent attractive candidates for the development of new
antimycobacterials. Isoniazid, a first-line anti-tuberculosis drug requiring a bioactivation by KatG enzyme, inhibits
the enoyl-ACP reductase InhA involved in the elongation of the mycolic chains. However, isoniazid and its analogs
sharing the same mode of action, are inoperant against the non-tuberculous mycobacteria, such as M. abscessus
or M. fortuitum, due to the incapacity of their KatG protein to bioactive them. In this context, the purpose of my
thesis was to demonstrate the interest of targeting the so far untapped mycolic acid synthesis pathway in non-
tuberculous mycobacteria. Thus, through direct inhibition of the InhA protein in M. abscessus and M. fortuitum,
my work demonstrated the robust antibacterial activity of the 4-hydroxy-2-pyridone NITD-916 both in vitro and
in various cellular and animal models. Overall, these results are part of a repositioning process in which direct
inhibitors of InhA and, more broadly of other enzymes involved in mycolic acid biosynthesis, described earlier in
M. tuberculosis, can be transposed to others pathogenic mycobacteria refractory to standard chemotherapy.
This work paves the way for future preclinical and clinical studies to expand the therapeutic arsenal available to
the physician for the treatment of multi-resistant and persistent mycobacterial infections.



