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1. Résumé

Mycobacterium abscessus est une espece mycobactérienne particuliérement réfractaire
a D’antibiothérapie classique et peut causer des infections pulmonaires séveres, notamment
chez les patients atteints de mucoviscidose. Les mycobactéries contiennent de nombreux
genes codant des protéines de lafamille des MmpL (Mycobacterial Membrane Protein Large),
agissant comme transporteurs de lipides. Le complexe MmpS4-MmpL4a-MmpL4b intervient
notamment dans le transport des glycopeptidolipides (GPL) atravers la membrane plasmique.
M. abscessus peut présenter deux morphotypes bien distincts : lisse (S) en présence de GPL a
la surface de la bactérie ou rugueux (R) en |'absence de GPL. En plus du transport des lipides,
les protéines MmpL peuvent également assurer le transport d'une grande variété de substrats,
y compris des antibiotiques, et peuvent également participer dans la virulence chez les
mycobactéries pathogénes. Par conséquent, ils peuvent étre considérées comme une cible
thérapeutique prometteuse a exploiter.

Les travaux de cette thése ont principalement porté sur la contribution des MmpL dans
la transition d’un morphotype S vers un morphotype R ainsi que dans les mécanismes de
résistance a certains antibiotiques chez M. abscessus. Nous nous sommes concentrés
également sur le développement de nouveaux outils génétiques permettant une manipulation
facilitée au niveau du génome de M. abscessus, notamment pour la création de mutants gréce
a des événements de recombinaison homologue simple et double. Le systeme développé est
basé sur la présence d’un marqueur de fluorescence rouge (tdTomato) qui permet une
sélection des clones positifs ayant subi la recombinaison homologue. Les genes mmpS_4ab
ont été utilisé pour valider ces techniques, du fait de leur participation dans transport des GPL .
Notre méthode nous a permis dinactiver mmpL4a dans le variant S, ce qui coincide avec un
changement vers un morphotype R et ala perte des GPL. Cette transition phénotypique ayant
lieu chez 1’héte infecté, nous avons decrit I'hétérogénéité SIR de plusieurs isolats cliniques

issus de deux patients atteints de mucoviscidose et co-infectés par les deux variants. Le
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séquencage complet des génomes de ces souches a permis I’identification de nouvelles
mutations dans le locus GPL qui pourraient étre impliqués dans la conversion de Sen R.

Des travaux antérieurs ont montré la contribution de la pompe a efflux
MmpS5/MmpL5 de M. abscessus dans la résistance aux analogues du thiacétazone. Nous
avons ensuite éucidé les mécanismes de résistance qui impliquent le régulateur de
transcription TetR (MAB_4384) dans I’expression MmpS5/MmpL5.

En raison de I'extréme difficulté a traiter M. abscessus, de nouvelles alternatives
thérapeutiques ont récemment été proposées, incluant notamment la clofazimine et la
bedaguiline. Nos études ont consisté a décrire les mécanismes de résistance a ces antibiotiques
chez M. abscessus et d'identifier les mutations et leur impact au niveau d’un autre régulateur
transcriptionnel de la famille TetR (MAB_2299c). Nos données génétiques et biochimiques

démontrent que les mutations affectant MAB_2299c sont associées a une
surexpression accrue de deux pompes a efflux distinctes: MAB_2300-2301 et MAB_1135c-
1134c, qui toutes deux contribuent dans la résistance intrinseque de M. abscessus a la
clofazimine et ala bédaquiline. MAB_2299c pourrait donc représenter un houveau marqueur
de résistance a ces deux antibiotiques dans les isolats cliniques.

La technique dinactivation génique que nous avons développée représente un outil
performant pour générer trés facilement et efficacement des mutants non marqués, avec la
possibilité de déléter plusieurs génes dans la méme souche. Ainsi, cette approche pourrait
permettre de valider de nouvelles cibles médicamenteuses et/ou facteur de virulence non

seulement M. abscessus mais également chez d'autres mycobactéries non tubercul euses.

Mots clés : Mycobacterium abscessus, mucoviscidose, glycopeptidolipides, outils génétiques,

résistance aux antibiotiques, pompe a efflux, MmpL, TetR, régulation.
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2. Abstract

Mycobacterium abscessus has recently emerged as one of the most difficult-to-manage
Non-Tuberculous mycobacteria (NTM), causing severe pulmonary infections, especialy in
cystic fibrosis patients. Mycobacteria contain several genes encoding proteins belonging to
the mycobacterial membrane protein large (MmpL) family, acting as lipid transporters and
proposed to work as efflux pumps. The MmpS4-MmpL4a-MmpL4b complex mediates the
biosynthesis/transport of glycopeptidolipids (GPL) across the plasma membrane. M.
abscessus exhibits either a smooth (S) morphotype when GPL are associated at the bacterial
surface or a rough (R) morphotype when GPL are lacking. In addition to lipid transport,
MmpL proteins can mediate the transport of a wide panel of substrates, including drugs, and
can also be considered as important virulence factors in pathogenic mycobacteria. Therefore,

they can be viewed as a promising drug targets to be further exploited against M. abscessus.

The research conducted during this thesis focused mainly in the contribution of MmpL
in the Sto-R transition and in drug resistance mechanisms. We focused also on the
development of genetic tools that allow to easily manipulate the M. abscessus genome,
particularly to generate mutants, based on a single and double homologous recombination
events. The system comprises a red fluorescence marker (tdTomato) that simplifies the
selection of the positive clones that have undergone gene disruption. The mmpS_4ab gene
cluster was used to validate these techniques due to their participation in production/transport
of GPL. Using this method, inactivation of mmpL4a in the S variant was associated with a
switch to the R morphotype and absence of GPL production. Since the S-to-R transition has
been proposed to occur within the host, we next described the heterogeneity of isolates from
two cystic fibrosis patients pulmonary co-infected with both morphotypes using whole
genome sequencing. This alowed to identified new single nucleotide polymorphism in the

GPL locus which may be involved in the S-to-R conversion.

Abstract | 3



Previous work reported the contribution of the M. abscessus MmpS5/MmpL5 efflux
pump system in resistance to thiacetazone analogues. Herein, we further elucidated the
mechanism of resistances involving the TetR transcriptional regulator (MAB_4384) in the

regulation of this efflux pump.

Due to the extreme difficulty encountered in the treatment of M. abscessus, aternative
therapeutic options have recently been proposed, including for instance the use clofazimine
and bedaquiline in current treatments. Our work was aimed at describing the mechanisms of
resistance to these drugs and identified mutations in a putative TetR transcriptional regulator
(MAB_2299c). Genetic and biochemical approaches demonstrated that mutations in this
regulator were associated with increased expression of two efflux pump systems, MAB_2300-
2301 and MAB_1135c-1134c, both contributing to the intrinsic resistance level of M.
abscessus to clofazimine and bedaquiline. Therefore, MAB_2299c may represent a useful

marker of clofazimine and bedaquiline resistance in clinical isolates.

The double crossing-over gene inactivation technique developed during these studies
represent a powerful tool to easily and efficiently generate unmarked mutants and offers the
possibility of delete multiple genesin the same strain. It opens the way to future studies aimed
at validating novel drug targets and/or virulence genes not only in M. abscessus but perhaps

asoinother NTM.

Key words. Mycobacterium abscessus, cystic fibrosis, glycopeptidolipids, genetic tools,

drug resistance, efflux pump, MmpL, TetR, regulation.
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3. Introduction

3.1 Epidemiological generalities of M. abscessus infections

Although tuberculosis (TB) remains a major health problem worldwide, the incidence
of the disease is being surpassed in severa developed countries by mycobacterial species of
environmental origin, known as Non-Tuberculous Mycobacteria (NTM) (Falkinham 2013).
NTMs are responsible of pulmonary infections and display a diverse geographical
distribution. Among them, the Mycobacterium abscessus complex is described as the most
common cause of clinical disease in Asia and Oceania and the second most frequently
encountered worldwide after the Mycobacterium avium complex (Zweijpfenning, Ingen, and
Hoefsloot 2018).

The M. abscessus complex comprises three subspecies: M. abscessus subsp.
abscessus, M. abscessus subsp. bolletii and M. abscessus subsp. massiliense (Tortoli et al.
2016). The rapidly growing M. abscessus, associated with multidrug resistance can be
responsible for soft tissue infections related to surgical and aesthetical procedures (Furuya et
al. 2008) and tattoos (Griffin et a. 2018). This mycobacterium is aso responsible of catheter-
related bacteraemia (Rodriguez-Coste et a. 2016) and, more importantly, respiratory disease
in individuals with underlying lung disorders such as cystic fibrosis (CF) (Cowman et al.
2019).

3.2 Morphology differences of M. abscessus

M. abscessus displays smooth (S) or rough (R) colony morphotypes, which are
characterized by the presence or absence of surface-associated glycopeptidolipids (GPL),
respectively (Howard et al. 2006). Mutations in the GPL locus, involved in its biosynthesis
and transport, are responsible for the loss of GPL that leads to a R variant with a greater
aggregation capacity (Medjahed and Reyrat 2009; Bernut et al. 2016). In addition, clinical

isolates of M. abscessus with R morphotypes have been shown to harbour mutations in the

Introduction | 6



GPL locus, including mmpL4a (Pawlik et al. 2013; Park et a. 2015). However, it remains still

unclear how colony morphology affects the prognosis of patients with pulmonary disease.

3.3 Cdlular and animal modelsfor the study of M. abscessusinfections

Experimental evidence in cellular and animal models has associated the R morphotype
with increased virulence and persistent infections (Bernut et a. 2017; Rottman et a. 2007)

(Figurel).
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Figure 1. Differences between M. abscessus smooth (S) and rough (R) infections in macrophages and
zebrafish. Macrophages infected with M. abscessus (Mabs) are characterized by the presence of loner
phagosomes (individually S variant) or social phagosomes (aggregated R variant). Between the phagosome
membrane and the mycobacterial cell wall, the visualization of an electron translucent zone (ETZ) depends on
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the presence of GPL (S strain). While in the R variant, lacking GPL, this structure is not observed. Additionally,
intracytoplasmic release of the S variant can occur after disruption of the phagosome membrane. In zebrafish
infected intravenously, macrophages after phagocytizing Mabs migrate from the caudal vein to nervoustissuesin
which the intracellular growth of Mabs leads to apoptosis. Released S variant is phagocytosed by newly recruited
macrophages which, together with neutrophils, form protective granulomas, resulting in a chronic infection. In
contrast, after the release of Mabs R, the production of extracellular cords protects bacteria from phagocytosis by
macrophages and neutrophils, leading to the formation of abscesses with tissue destruction and acute infection.
Additionaly, TNF-a production by activated macrophages is responsible for the bactericidal response against
Mabs. Furthermore, the production of IL-8 mediates the recruitment of neutrophils at the site of infection for the
development and maintenance of protective granulomas (Bernut et al. 2017).

Studies have demonstrated the ability of aggregated R bacilli to infect macrophages
and grow inside phagocytic vesicles forming socia phagosomes. M. abscessus R infected
cells release large amounts of proinflammatory cytokines (TNF-a and IL-6) unlike
macrophages infected with the S variant in which only trace amounts of cytokines can be
detected. In addition, it has been described that bacteria forming clumps inside the phagocytic
vesicles kill macrophages, subsequently releasing large aggregates of bacilli in the
extracellular space. In contrast, the S morphotype can persist within macrophages by blocking
phago-lysosomal fusion and resisting apoptosis and autophagy (Brambilla et al. 2016; Roux et
al. 2016). Concordant results have been found in the zebrafish model on infection in which
the S variant fails to kill the infected embryos. The R morphotype, thanks to the ability to
clump and form packed structures designated as “cords’, evades phagocytosis and progresses
towards the formation of abscesses that lead to uncontrolled infection and larval desth
(Bernut, Herrmann, et al. 2014). In general, immunocompetent mice rapidly clear the
infection (Bernut, Le Moigne, et al. 2014). However, infection with M. abscessus has been
shown to persist in several immunocompromised mouse models, such as T-cell-depleted,
athymic (nude), severe combined immunodeficiency (SCID), granulocyte-macrophage
colony-stimulating factor (GMCSF) knockout, and IFN-y knockout (GKO) mice. In these
models, the characteristic histopathologica signs of necrotizing and non-necrotizing
granulomas in the lungs has been shown (Obregon-Henao et a. 2015), but without
distinguishing the pathological differences between morphotypes S and R. However, these

animal models show disadvantages to study the entire course of lung disease caused by M.
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abscessus. For instance, zebrafish do not possess lungs. Although in this model the
development of abscesses can occur throughout the body, there is an important tropism for the
central nervous system (CNS) (Bernut, Herrmann, et al. 2014) whereas CNS infections in
humans have only been documented rarely (Talati et al. 2008). The main difficulty in the
murine model is the rapid clearance of M. abscessus that requires the use of
immunocompromised models (Bernut et al. 2017).
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Figure 2. Diverse modelsavailablefor thein vivo study of compounds against M. abscessus. The methods of
infection, the drug treatment conditions and the assays used to monitor drug activity of anti- M. abscessus
compounds in drosophila, zebrafish embryos and immunocompromised mice are illustrated. CFU, colony-
forming unit; FPC, fluorescent pixel count (Bernut et al. 2017).

In addition to zebrafish and mice, permissive models such as Drosophila melanogaster
and Galleria mellonella are proposed for drug screening against M. abscessus (Maeir,
Grosfeld, and Barkan 2018; Oh et al. 2013) (Figure 2). Particularly, G. mellonella was used
to briefly differentiate the infection outcome between S and R which includes granuloma-like
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structures that result in the death of the larvae. However, a faster mortality was observed for
the R morphotype (Meir, Grosfeld, and Barkan 2018). These are promising models that can be
used for the evaluation of M. abscessus mutants involved in pathogenesis or drug resistance
mechanisms.

34 MmpL proteins and their role in cell wall biosynthesis and drug

resistance

Mycobacteria contain a large number of Mycobacterial Membrane Protein Large
(MmpL), proposed as multi-substrate efflux pumps (Viljoen et al. 2017). These inner
membrane proteins belong to a family of Resistance Nodulation Cell Division (RND)
permeases and are driven by the proton motive force (Ruggerone, Murakami, and Vargiu
2013). They can mediate the transport of awide variety of substrates across the mycobacterial

cell membrane, including lipids and drugs (Chalut 2016; Székely and Cole 2016) (Figure 3).

=M %z\{g& i %i i ) Jgam ZWE it

Figure 3. M. tuberculosis MmpL proteins with known function. TMM, trehalose monomycolate; PDIM,
phthiocerol dimycocerosate; SL1, sulfolipid-1; DAT, diacyl trehaloses; PAT, pentacyl trehaloses; MMDAG,
monomeromycolyl diacylglycerol (Székely and Cole 2016).

Slow and rapid growing mycobacteria have different members of mmpL genesin their
genomes (Viljoen et a. 2017). While M. tuberculosis has 14 of these transporters, 31 are
present in M. abscessus. Figure 4 shows the phylogenetic distribution and function of MmpL

between M. tuberculosis and M. abscessus.
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Figure 4. Homology tree and function of all M. tuberculosis and M. abscessus MmpL. PHYLIP Neighbor
joining phylogenetic tree based on a MUSCLE multiple alignment of the amino acid sequences of MmpL efflux
pumps. The scale bar below the tree indicates 0.118 amino acids substitutions per site. The tree was rooted to
Escherichia coli AcrB (RND Efflux Pump). In orange MmpL from M. tuberculosis.

TMM: trehal ose monomycolate, MM DAG: monomeromycolyl diacylglycerol, MEW: mycolate ester wax, DAT:
diacyltrehalose, PAT: polyacyltrehalose, SL-1: sulfolipid-1 biosynthesis, TPP: trehalose polyphleates, GDND:
glycosy! diacylated nonadecyl diol, DIM: phthiocerol dimycocerosate, INH: isoniazid, LZD: linezolid, CFZ:
clofazimine, BDQ: bedaquiline, TAC: thiacetazone, GPL: glycopeptidolipids. 1: Grzegorzewicz et a. 2012; 2:
Dupont et a. 2016; 3: Pacheco et a. 2013; 4: Belardinelli et al. 2014; 5: Converse et al. 2003; Domenech et al.
2004; 6: Burbaud et al. 2016; 7: Dubois et al. 2018; 8: Cox et a. 1999; Camacho et al. 2001; Rodrigues et al.
2012; 9: Ye et a. 2019; 10: Milano et al. 2009; Wells et a. 2013; Hartkoorn, Uplekar, and Cole 2014; 11:
Haloum et a. 2017; 12: Wells et a. 2013; 13: Medjahed and Reyrat 2009; 14: Richard et al. 2019; Gutiérrez et
a. 2019; 15: Yu, Aires, and Nikaido 2003.

tControversly related with Lipooligosaccharides transport, based in protein homology with M. canetti, M.
marinum, M. kansasii and M. smegmatis, however M. tuberculosis do not produce thislipid (Etienne et al. 2009).
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Proteins of the RND family, in addition to being involved in cell wall biosynthesis and
drug resistance, are also important for the efflux of metals and detergents. The high
abundance of MmpL proteins could be explained as an adaptative mechanism in response to
adverse and changing conditions in the environment or in the various hosts (Delmar, Su, and
Yu 2014). Some of the advantages that MmpL may confer to M. abscessus are: i)
phagocytosis survival by amoebae (Drancourt 2014) and macrophages, ii) resistance to
sterilization methods used in clinical settings (Neves et a. 2016), iii) resistance to salts in
aquatic environments and in sputum of patients with CF (Asmar et a. 2016) and, iv)
protection from the antibiotics produced by environmental competitors (Szumowski et al.

2013).

Since MmpLs are found in the inner membrane and because their substrates (e.g.,
lipids) are exported to the outer membrane (Chalut 2016), the continuity of this process is
very likely to require accessory proteins acting together with the MmpL proteins.
Mycobacterial Membrane Protein Small (MmpS) are proposed as possible partners in the
efflux pump activity of the MmpLs (Wells et a. 2013). However, it is not clear how these
proteins interact with each other and how MmpS contribute to the transport of cell wall lipids

or antimycobacterial compounds.

Evidence of the contribution of MmpS and MmpL in M. abscessus drug resistance
mechanisms was demonstrated in a previous study, in which thiacetazone (TAC) analogues,
exhibiting potent activity against M. abscessus, were used to elucidate the intrinsic resistance
mechanisms of these compounds. Mutants resistant to TAC analogues harboured mutationsin
the TetR transcriptiona regulator (MAB_4384); this led to overexpression of
MAB_4383c/MAB_4382c (Halloum et a. 2017), which are the homologs of the
MmpS5/MmpL5 system described in resistance to clofazimine and beaquiline in M.

tuberculosis (Hartkoorn, Uplekar, and Cole 2014).
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3.5 MmpL regulation by TetR transcriptional regulators

In mycobacteria, two main families of regulators involved in antibiotic resistance are
the Multiple Antibiotic Resistance Regulator (MarR) and the Tetracycline Regulator (TetR).
Both regulators share structural and functional characteristics, such as the helix—turn—helix
motif for binding to the target DNA (Gong et a. 2019). The mechanism of antibiotic
resistance associated to these regulators often includes mutations that affect the DNA-binding
domain of the regulator, resulting in overexpression of the target genes (Seoane and Levy
1995; Kisker et a. 1995; Alekshun, Kim, and Levy 2000; Gibson et a. 2010). The MarR and
TetR families are present in human pathogenic bacteria but more abundant in environmental
bacteria and probably acquired via horizontal transfer (Szczepanowski et al. 2004). These two
regulator families are overrepresented in M. abscessus, 21 MarR (Gong et al. 2019) and 138
putative TetR proteins (Cuthbertson and Nodwell 2013), emphasizing the importance and
these regulatory process in this species. Interestingly in M. abscessus, mmpL genes are more
often present in the genomic vicinity of tetR than in marR (Table 1). However, it cannot be
excluded that mmpLs lacking a gene encoding a regulator in their genomic neighbourhood

may depend on a different regulatory system.
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MmpL Transcriptional Regulator in the vicinity

MAB_0478 MAB_0476¢ (tetR)/MAB_0479 (marR)*
MAB_0855 MAB_0856¢ (tetR)

MAB 0937c No neighbouring regulator ¥
MAB 0987c MAB_0989 (tetR)/MAB_0986 (arsR)
MAB_1134c MAB_1136 (tetR)
MAB_1137c MAB_1136 (tetR)/MAB_1138c (marR)*
MAB_1287 MAB 1288 (tetR)*
MAB_1520c MAB_1522 (luxR)
MAB_2037 No neighbouring regulator ¥
MAB 2210c No neighbouring regulator *
MAB_2275 MAB_2276¢ (embR)
MAB_2301 MAB_2299¢ (tetR)
MAB_2303 MAB_2299¢ (tetR)
MAB_2570c No neighbouring regulator *
MAB 2571c No neighbouring regulator *
MAB_2650 MAB_2648c (marR)
MAB_3150 MAB_3151 (tetR)*
MAB_3201 MAB_3199¢ (tetR)
MAB_3562¢ MAB_3565 (tetR)
MAB_4115¢ MAB_4118 (XRE)
MAB_4116¢ MAB_4118 (XRE)
MAB_4240c No neighbouring regulator ¥
MAB_4263 No neighbouring regulator *
MAB_4310c MAB_4312 (tetR)
MAB_4382¢ MAB_4384 (tetR)/MAB_4381c (lysR)*
MAB_4508 MAB_4510c (tetR)
MAB_4529 No neighbouring regulator ¥
MAB_4703c No neighbouring regulator *
MAB_4704c No neighbouring regulator ¥
MAB_4746 MAB_4744c (araC)
MAB_4768¢c MAB_4765 (tetR)/MAB_4772 (tetR)

Table 1. MmpL and their neighbouring transcriptional regulators. The predominant presence of TetRs (in
bold) possibly involved in the regulation of its neighbour mmpL. Additional families of regulators that are in the
mmpL vicinity or distantly located could be involved in their regulation. ArsR: transcriptional repressor involved
in resistance to heavy metal ions (Busenlehner, Pennella, and Giedroc 2003). LuxR: transcriptiona activator
involved in cellular signalling pathways and also related to pathogenesis, response to hypoxia and cellular
response to nitrosative stress (Santos et al. 2012). EmbR: a phosphorylation-dependent transcriptional activator
for the arabinosyltransferases operon in M. tuberculosis and influencing ethambutol resistance (Sharma et al.
2006). XRE: xenobiotic response element involved in the regulation of stress tolerance and virulence in
pathogenic Gram-positive bacteria (Hu et a. 2019). LysR: transcriptional activators or repressors, among the
regulated functions there is metabolism, cell division, quorum sensing, virulence, motility, nitrogen fixation,
oxidative stress responses, toxin production, attachment and secretion (Maddocks and Oyston 2008). AraC:
transcriptiona activator involved in the regulation of carbon metabolism, stress responses and pathogenesis
(Tobes and Ramos 2002).

*Unlikely to be related to the regulation since it is not divergently oriented.

tDespite some MmpL genes do not possess any regulatory protein nearby, it cannot be discarded that other
regulatory network can be involved.

3.6 Drugresistance mechanismsin M. abscessus

M. abscessus is considered as one of the most difficult to treat NTM species. The first
barrier of resistance to antibiotics relies on the impermeable cell envelope (L. Nguyen and
Thompson 2006). Furthermore, M. abscessus possesses numerous enzymes that can modify
and/or degrade antibiotics or alter their targets. These enzymes are of great importance for

intrinsic resistance to various antibiotics classes (Luthra, Rominski, and Sander 2018) (Figure
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5). Alternative mechanisms of drug resistance include, mutations of targeted genes (Wallace
et al. 1996) and drug extrusion by other efflux pumps (Schmalstieg et al. 2012) among which
MmpL proteins may contribute. In addition, resistance to amikacin, clarithromycin,
erythromycin, and tetracycline has been linked to the transcriptional master activator WhiB7

(Pryjmaet a. 2017).

Rifampicin Rifabutin

B-lactams

Low uptake High uptake Cell membrane
Peptidoglycan
Inactivation by G
hydrolysis PBP? Arr_Mab @ Mycomembrane
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Bia_Mab 4 & D Hydroxylation &
4 Rox_Mab i
Rgt_Mab Altered target ox_Wa degradation
4 binding Rgt_Mab Tetracycline Doxycycline )
| Rox_Mab RNAP |

Aminoglycoside-modifying enzymes

Ribosome
: AAC(2')
M = Tobramycin Streptomycin
: : ® Kanamycin B
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affinity Gentamicin C
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Ribosome Amikacin
Hygromycin B

Kanamycin B Ribosome

Figure 5. Overview of the diverse enzymes involved in the intrinsic antibiotic resistance in M. abscessus.
Inducible resistance to macrolides is associated with the methylation of 23S rRNA by Erm(41) and the
subsequent decrease in the binding affinity of macrolides for the ribosome exit tunnel. Two putative
acetyltransferases (AAC(2') and Eis2) and one putative phosphotransferase (APH(3")) can modify
aminoglycoside molecules by adding acyl or phosphate groups, thus preventing the binding of aminoglycoside to
its ribosomal target due to steric interruption, resulting in resistance. In addition to aminoglycosides, Eis2 can
aso modify other ribosome-targeting antibiotics such as capreomycin. Resistance to rifampicin and other
rifamycin antibiotics in M. abscessus involves ribosylation of the drug by Arr_Mab. Additional rifampicin
inactivation mechanisms in environmental bacteriainclude glycosylation, phosphorylation and decomposition of
rifampicin by monooxygenation. In M. abscessus it is proposed that rifampicin glycosylation and the
monooxygenation are driven by the enzymes Rgt_Mab and Rox_M ab, respectively. M. abscessus also produces
a flavin monooxygenase that degrades tetracycline, MabT etX, which activates molecular oxygen to hydroxylate
and destabilize the antibiotic, which subsequently undergoes non-enzymatic decomposition, thereby conferring
resistance. Moreover, M. abscessus produces a hydrolytic B-lactamase enzyme, Bla Mab, which degrades a
wide range of B-lactams including extended-spectrum cephalosporins and carbapenems. RNAP, RNA
polymerase; PBPs, penicillin-binding proteins; AAC(2"), 2'-N-acetyltransferase; Eis2, enhanced intracellular
survival protein 2; APH(3"), aminoglycoside 3"-O-phosphotransferase (L uthra, Rominski, and Sander 2018).

In particular, the inducible resistance to macrolides associated with 23S RNA
methyltransferase encoded by erm(41), which is inactivated in M. massiliense, leading to

macrolide sensitivity. This remarkable difference is used to simplify the differentiation
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between M. massiliense from M. abscessus or M. bolletii. (Kim et al. 2010).

New therapeutic approaches such as the repurposing of clofazimine and bedaquiline,

used for the treatment of multi-drug resistant TB have recently been introduced as alternatives

for the treatment of M. abscessus pulmonary infections (Ruth et al. 2019). The current drug

pipeline regarding M. abscessus and M. avium as well as the status of various clinical trials

conducted with repurposed drugs is shown in Figure 6.
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Figure 6. Non-tuberculous mycobacteria (NTM) drug pipeline. Compounds in current discovery (from
literature) for NTM treatment are shown. The asterisks (*) indicate repurposed drugs. Drugs under ‘Phase -1V’
are from https://clinicaltrials.gov. There are currently no drug candidates for NTM in preclinical development.
aGaseous nitric oxide is composed of 0.5% NO and 99.5% nitrogen. Abbreviations: M. abs, M. abscessus;
MAC, Mycobacterium avium complex; PD, pulmonary disease; CF, cystic fibrosis, FAS-II, type Il fatty acid
synthase; NDH-2, type Il NADH-quinone oxidoreductase (Wu et al. 2018).

Introduction | 16



Objectives

Our limited knowledge regarding the molecular mechanisms of intrinsic resistance to
antibiotics and pathogenesis in M. abscessus has motivated this research study, by following 3
major objectives.

e First, a review focused on the influence of GPL on the biology and
pathophysiology of the M. abscessus complex is presented. This is followed by a case report
study based on two CF patients co-infected with S and R variants. We describe the
heterogeneity between the isolates in the same patient and discus the implications for future
treatments.

e Second, considering that M. abscessus is refractory to genetic manipulation,
new genetic tools were developed based on the simplification of the selection of the positive
clones. The mmpS_4ab operon involved in GPL production/transport was used as a target
locus to validate these methods and evaluate the virulence of the resulting mutants using the
zebrafish model of infection.

o Third, three studies alowed us to expand the knowledge regarding the regulatory
mechanisms of MmpL transporters and their participation in drug resistance mechanisms

against different antibiotics active against M. abscessus.
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4. CHAPTER I: Glycopeptidolipids: Review of literature

Changes in the morphology of prokaryotes represent an important physiological
character in response to various selective pressures such as nutrient availability, cell division,
and predators (Young 2007). Biochemical stimuli and genetic control can influence the
shape, size, and pigment production. These phenotypic characteristics can provoke a
combination of responses (attachment to surfaces, passive dispersion, active motility) that
impact the physiological adaptation to the environment and the host (Y oung 2006).

The appearance of the colony may vary between bacterial species and strains. In
mycobacteria, the evolution of cell wall composition is an important factor for colony
morphology. The differences between the ancient smooth (S) Mycobacterium kansasii and
Mycobacterium canettii and the modern rough (R) M. tuberculosis and Mycobacterium bovis
are based on hydrophobic surface properties acquired by the increased proportion of less polar
lipids (Jankute et al. 2017). A more hydrophobic outer membrane is proposed to contribute to
the adhesion to solid substrates and the biofilm formation. In addition, the less permeable
hydrophobic cell wall can resist disinfection and antibiotic treatments, and increase aerosol
transmission capacity (Falkinham 2003).

Initial research on the irreversible change in morphology from Sto Rin NTM revea ed
that after prolonged incubation in malic acid medium or after exposure to ultraviolet light, R
colonies arose from an unclassified S Mycobacterium scotochromogen. This change in
morphology was associated with a possible mutation that led to the loss of mycoside D, a
glycolipid that was not been widely investigated (Fregnan, Smith, and Randall 1962). NTMs,
including M. abscessus, follow a similar principle that dictates the S-to-R morphotype
transition (Ripoll et a. 2007).

A cluster of genes encoding proteins involved in the biosynthesis and transport of

glycopeptidolipids (GPL) iswell conserved between the M. abscessus complex, M. smegmatis
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and M. avium. However, structural differences in GPL from M. abscessus and other NTM
species have been reported (Ripoll et a. 2007; Whang et a. 2017). Important physiological
properties, such as diding motility and biofilm formation are depend on GPL production
(Brambilla et a. 2016). On the other hand, strains lacking GPL are reported to be
hypervirulent in various animal models (Bernut et al. 2017; Howard et al. 2006; E. Catherinot
et al. 2007) as well as in humans whereas R infection is associated with arapid decline in the
lung functions (Emilie Catherinot et al. 2009; Jonsson et al. 2007)

The latest findings related to the influence of GPL on the physiology of the M.

abscessus complex and its interaction with host cells are reviewed below.
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Mycobacterium abscessus is a rapidly-growing species causing a diverse panel of
clinical manifestations, ranging from cutaneous infections to severe respiratory disease.
Its unique cell wall, contributing largely to drug resistance and to pathogenicity,
comprises a vast panoply of complex lipids, among which the glycopeptidolipids
(GPLs) have been the focus of intense research. These lipids fulfill various important
functions, from sliding moatility or biofilm formation to interaction with host cells and
intramacrophage trafficking. Being highly immunogenic, the induction of a strong
humoral response is likely to select for rough low-GPL producers. These, in contrast
to the smooth high-GPL producers, display aggregative properties, which strongly
impacts upon intracellular survival. A propensity to grow as extracellular cords allows
these low-GPL producing bacilli to escape the innate immune defenses. Transitioning
from high-GPL to low-GPL producers implicates mutations within genes involved in
biosynthesis or transport of GPL. This leads to induction of an intense pro-inflammatory
response and robust and lethal infections in animal models, explaining the presence
of rough isolates in patients with decreased pulmonary functions. Herein, we will
discuss how, thanks to the generation of defined GPL mutants and the development
of appropriate cellular and animal models to study pathogenesis, GPL contribute to
M. abscessus biology and physiopathology.

Keywords: Mycobacterium abscessus, glycopeptidolipid, cell wall, pathogenesis, host/pathogen interactions

INTRODUCTION

Mpycobacterium abscessus is a fast-growing non-tuberculous mycobacterium (NTM) and an
emerging human pathogen that causes nosocomial skin and soft tissue infections (Brown-Elliott
etal., 2012) but also pulmonary infections, especially in patients with cystic fibrosis (CF) and other
lung disorders (Sermet-Gaudelus et al., 2003; Esther et al., 2010). Recent investigations reported
mechanisms of virulence and physiopathological processes characterizing M. abscessus infection
thanks to (i) genetic tools that allowed generation of defined mutants and transposon libraries,
particularly useful to seek out genetic determinants of intracellular survival (Medjahed and Reyrat,
2009; Cortes et al., 2011; Gregoire et al., 2017; Laencina et al., 2018) and (ii) the development of
various complementary cellular and animal models, which have allowed delineation of the early
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stages of the infection and the role of important cell types
participating in controlling the infection and/or in the formation
of granulomas (Ordway et al., 2008; Bernut et al., 2014a, 2017;
Laencina et al., 2018). Evidence exists that granulomas harbor
persistent M. abscessus for extended periods of time (Tomashefski
et al., 1996; Medjahed et al,, 2010). Additionally, these models
have been used successfully to test the in vivo therapeutic efficacy
of compounds against M. abscessus, considered as one of the most
drug-resistant mycobacterial species (Bernut et al., 2014b; Dubée
etal., 2015; Obregén-Henao et al., 2015; Dupont et al., 2016).

Like other NTMs, M. abscessus displays smooth (S) or rough
(R) colony morphotypes, associated with distinct in vitro and
in vivo phenotypes. This colony-based distinction is dependent
on the presence (in S) or absence (in R) of surface-associated
glycopeptidolipids (GPLs) (Howard et al., 2006; Medjahed et al.,
2010). The presence or lack of GPL considerably influences
important physiological and physiopathological aspects,
including sliding motility or biofilm formation, interaction
with host cells, intracellular trafficking in macrophages and
virulence, ultimately conditioning the clinical outcome of the
infection. This review gathers some of the most recent findings
related to biosynthesis and transport of GPL in M. abscessus, the
mechanisms driving the S-to-R switch and how this transition
influences the surface properties of the bacilli, interaction with
host cells, virulence and potentially the mode of transmission of
M. abscessus.

GENOMICS AND STRUCTURAL
ASPECTS OF GPL IN M. abscessus

The mycobacterial envelope comprises three layers: a typical
plasma membrane, a complex cell wall partly resembling a
Gram-positive wall and an outer layer (Daff¢ and Draper,
1998). Particularly unusual, the cell wall consists of a thick
peptidoglycan layer covalently-linked to arabinogalactan, itself
esterified by mycolic acids, forming the inner leaflet of the
mycomembrane. In addition, a large variety of extractible
lipids form the outer leaflet of the mycomembrane. Among
these are the GPL, found in many NTM (Figure 1A).
GPL are subdivided into alkali-stable C-type GPL and alkali-
labile serine-containing GPL. The C-type GPL are found in
saprophytic mycobacteria such as Mpycobacterium smegmatis
or in opportunistic pathogens like Mycobacterium avium,
Mycobacterium chelonae, or Mycobacterium abscessus (Schorey
and Sweet, 2008), whereas the alkali-labile serine-containing
GPL were found in Mycobacterium xenopi (Besra et al., 1993).
C-type GPL share a common lipopeptidyl core consisting of
a mixture of 3-hydroxy and 3-methoxy C28-30 fatty acids
amidated by a tripeptide-amino-alcohol core of D-Phe-D-allo-
Thr-D-Ala-L-alaninol. This lipopeptide core is glycosylated with
the allo-Thr linked to a 6-deoxy-a-L-talose and the alaninol
linked to an a-L-rhamnose. These di-glycosylated GPL make up
the less polar species (Figure 1A). In the case of M. avium,
the 6-deoxytalose is non-methylated or 3-O-methylated, and
the rhamnose is either 3-O-methylated or 3,4-di-O-methylated.
M. avium GPL can also be O-acetylated at various locations,

depending on the strain. In contrast, M. smegmatis, M. chelonae,
and M. abscessus produce di-glycosylated GPL that contain a
3,4-di-O-acetylated 6-deoxytalose and a 3,4-di-O-methylated or
2,3,4-tri-O-methylated rhamnose (Villeneuve et al., 2003; Ripoll
et al., 2007; Whang et al., 2017). These species also produce
more polar GPL by the addition of a 2,3,4-tri-hydroxylated
rhamnose to the alaninol-linked 3,4-di-O-methyl rhamnose.
Although being structurally identical, triglycosylated GPL are
more abundant in M. abscessus than in M. smegmatis (Ripoll et al.,
2007). GPL are heterogenous in structure and vary according to
the fatty acyl chain length and the degree of hydroxylation or
O-methylation of the glycosidic moieties (Figure 1B).

The gpl locus is highly conserved in M. smegmatis,
M. abscessus, and M. avium (Figure 1C) but differences exist,
like the presence of an IS1096 in M. smegmatis. The tripeptide-
aminoalcohol moiety of GPL is assembled by the products of
mpsl and mps2 (Billman-Jacobe et al., 1999). The genes gtfl
and gtf2 catalyze glycosylation of the lipopeptide core whereas
gtf3 adds the extra rhamnose defining triglycosylated GPL. The
genes rmt2, rmt3, and rmt4 participate in O-methylation of the
rhamnose and fmt, absent in M. avium, in O-methylation of
the lipid moiety. In contrast to M. smegmatis which possesses
a single atf gene involved in acetylation of the two positions
of the deoxytalose, two genes, atfl and atf2, transfer the acetyl
residues in a sequential manner in M. abscessus (Ripoll et al.,
2007). Separated by gtf3, rmlA and rmlB are responsible for
monosaccharide activation and epimerization. On the proximal
end of the gpl locus is found mmpS4, mmpL4a and mmpL4b
in an operon and encoding membrane proteins required for
the transport of GPL across the plasma membrane (Medjahed
and Reyrat, 2009; Deshayes et al., 2010; Bernut et al., 2016b).
MmpS4 has been proposed to mediate formation of the GPL
biosynthesis/transport machinery megacomplex located at the
bacterial pole (Deshayes et al., 2010). GPL transport requires also
the integral membrane protein Gap in M. smegmatis (Sondén
et al.,, 2005) (Figure 1A). How GPL are translocated from the
periplasmic space to the outer membrane, however, remains
unknown. Additionally, a block of eight genes [MSMEG_0406
(fadE5) to MSMEG_0413 (gap-like)] in M. smegmatis, originally
proposed to catalyze the lipid synthesis and attachment to
the tripeptide-aminoalcohol moiety of GPL (Ripoll et al,
2007) was recently reattributed to the synthesis of trehalose
polyphleates (TPP) (Burbaud et al, 2016). In M. abscessus,
this cluster is far away from the main gpl locus with Rv0926
and fadE5 being scattered in the M. abscessus chromosome
(Figure 1C).

MOLECULAR MECHANISMS OF THE
SMOOTH-TO-ROUGH TRANSITION AND
ASSOCIATED PHENOTYPES

Comparative genomics to understand the molecular basis of the S
and R phenotypes using isogenic S and R pairs revealed multiple
indels or single nucleotide polymorphisms within the gpl locus
(Pawlik et al., 2013). A single nucleotide deletion in mmpL4b and
nucleotide insertions in mpsl were identified in the R variants
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FIGURE 1 | Cell wall localization, structure, and genomics of GPL. (A) Schematic representation of the Mycobacterium abscessus envelope, with a special focus on
the plasma membrane proteins participating in the transport of GPL and on the inner and outer leaflets of the mycomembrane impregnated with various extractible
lipids such as GPL. (B) Structure of the diglycosylated (apolar) and triglycosylated (polar) GPL. As GPL represent a highly heterogenous population of lipids, only one
structure is depicted. Modifications can occur in the lipid chain length or in the hydroxylation/O-methylation status of the various monosaccharides. (C) Genomic
organization of the gp/ and tpp loci in Mycobacterium smegmatis, Mycobacterium abscessus, and Mycobacterium avium. Arrows indicating the transcription
orientation of the different genes are drawn to scale. A color code has been used to specify the participation of these genes in synthesis of the lipopeptide core,
glycosylation, methylation, acetylation, transport and other biological functions, as indicated. Genes in the tpp locus are displayed in pink.

when compared to the S variants from the three different isogenic
S/R couples. Moreover, RNA sequencing demonstrated that S
and R isogenic strains differed considerably at the transcriptomic
level, with the transcriptional extinction of mpsI, mps2, and gap

in the R strain caused by an insertion in the 5'-end of mpslI
(Pawlik et al., 2013). Additional mutations in mps2, mmpL4a, and
mmpS4 were subsequently identified in R strains isolated from
later disease stages (Park et al., 2015). Disruption of mmpL4b in
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M. abscessus S was initially reported to abrogate GPL production,
leading to a rough colonial morphotype (Medjahed and Reyrat,
2009; Nessar et al, 2011) (Figure 2A). Point mutations in
MmpL4a at Tyr842 or MmpL4b at Tyr854, corresponding to two
critical residues presumably involved in the proton-motive force
of the MmpL proteins, were also associated with loss of GPL
production (Bernut et al., 2016b) (Figure 2A), suggesting that no
functional redundancy exists between MmpL4a and MmpL4b.

Hydrophilic and hydrophobic properties of bacteria can
influence surface adhesion and biofilm formation (Krasowska
and Sigler, 2014). As shown in M. smegmatis (Recht and
Kolter, 2001), M. abscessus (Howard et al., 2006) and M. bolletii
(Bernut et al., 2016b) the presence of GPL in the S variants
facilitates sliding across the surface of motility agar and biofilm
formation on the liquid medium/air interface whereas lack of
GPL promotes bacterial aggregation (Brambilla et al,, 2016)
and cording (Howard et al., 2006; Bernut et al., 2014a, 2016b).
However, whether M. abscessus R fails at producing biofilms
was recently readdressed and proposed that it can grow in
biofilm-like structures, which, like S biofilms, are significantly
more tolerant than planktonic cultures to acidic pH, hydrogen
peroxide, and drugs (Clary et al, 2018). In M. smegmatis,
the nucleoid-associated protein Lsr2 negatively regulates GPL
production (Kocincova et al., 2008) and plays a role during the
initial stages of biofilm development (Yang et al., 2017). Despite
the presence of an Isr2 gene in M. abscessus, which is up-regulated
in the R variant (Pawlik et al., 2013), the contribution of Lsr2 in
regulating GPL expression, sliding motility and biofilm formation
remains to be established.

External factors, such as sub-inhibitory antibiotic
concentrations, can promote a transient S-to-R change with
more aggregated cultures and a higher resistance to phagocytosis
(Tsai etal., 2015). Strangely, these phenotypes were neither linked
to a loss of GPL production nor to the differential expression
of genes within the gpl cluster, but were rather mediated by
MAB_3508c, homologous to whiB7 and conferring extreme
resistance to antibiotics in M. abscessus (Hurst-Hess et al., 2017).
In contrast, another study reported that sub-inhibitory amikacin
treatment, also leading to a S-to-R transition, was associated with
decreased GPL, resulting from down-regulation of several gpl
biosynthetic genes (Lee et al., 2017). Overall, these results suggest
that exposure to sub-inhibitory amikacin doses may induce
alterations in GPL content, increase virulence and influence the
outcome of the infection as well as the therapeutic efficacy of
drugs.

PRESENCE OR LOSS OF GPL
CONDITIONS BACTERIAL SURFACE
PROPERTIES AND INTERACTIONS WITH
HOST CELLS

The S and R variants interact differently with host cells and
exhibit different intracellular behaviors, as first reported in
human monocytes with the R variant persisting longer in
these cells (Byrd and Lyons, 1999) and then confirmed in

other phagocytes (Howard et al, 2006; Roux et al., 2016).
Macrophages encountering the aggregative R strain, are incapable
of engulfing clumps of R bacteria, which remain embedded
in phagocytic cups on the exterior of the cells (Roux et al,
2016). However, smaller clumps are phagocytosed, resulting in
social phagosomes (containing numerous bacilli) that rapidly
fuse with lysosomes. In addition, R variant-containing THP1
cells were more acidified, more autophagic and more apoptotic
than those infected with the S variant. In contrast, in the
majority of S variant-containing phagosomes, a continuous tight
apposition is maintained between the phagosome membrane
and the mycobacterial cell envelope, leading to phagosome
maturation blockage and the absence of acidification in
S-infected macrophages. Another conspicuous trait of the
S-containing phagosomes is the occurrence of a large electron
translucent zone (ETZ) enclosing the bacilli (Figure 2B). This
ETZ is barely detected in R-containing phagosomes or in
phagosomes containing S strains mutated in either mmpL4a
or mmpL4b, indicating that the ETZ relies on the presence
of cell surface GPL (Bernut et al., 2016b; Roux et al., 2016).
Interestingly, infection with M. abscessus S, but not R, leads
to phagosome membrane lesions, suggesting that, similarly
to pathogenic slow-growing mycobacteria, this variant has
the capacity to induce phagosome-cytosol communications
(Simeone et al, 2012), through a mechanism that likely
involves the type VII secretion system ESX-4 (Laencina et al.,
2018).

The distinct mechanisms responsible for the S- and R-induced
responses in macrophages are being delineated, highlighting a
model whereby the loss of GPL at the surface unmasks underlying
phosphatidyl-myo-inositol dimannoside (PIM;) (Rhoades et al.,
2009) and lipoproteins (Roux et al., 2011). These TLR-2 agonists
stimulate the expression of TNF and intense inflammation.
Exacerbation of this response can also lead to tissue lesions
associated with R strains. In S strains, by covering underlying
immunostimulatory cell wall components, GPL may delay the
activation of the immune response during early infection stages
and facilitate colonization by preventing TLR-2 signaling in the
respiratory epithelial cells (Davidson et al., 2011).

Apoptosis represents an innate response of cells to restrict
multiplication of intracellular pathogens (Lamkanfi and Dixit,
2010). M. abscessus R was found to be more apoptotic than
M. abscessus S in different types of macrophages (Roux et al.,
2016; Whang et al., 2017). Supporting these findings, purified
GPL from M. abscessus S inhibits macrophage apoptosis,
presumably by suppressing the production of radical oxygen
species (ROS), the release of cytochrome ¢ and by preserving
the mitochondrial transmembrane potential (Whang et al., 2017)
(Figure 2B). This mechanism appears to be mediated by targeting
of acetylated GPL to the mitochondria where they interact with
cyclophilin D, a component of the mitochondrial permeability
transition pore (MPTP), inhibiting the MPTP that results in
a block on cell death in similar fashion to cyclosporin A.
That exogenous GPL-dependent apoptosis inhibition restricts
intracellular growth and spreading of M. abscessus R, suggests
also that GPL may limit M. abscesssus virulence (Whang et al.,
2017).
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FIGURE 2 | Glycopeptidolipid (GPL) composition influences the colonial morphology and host cell interactions of M. abscessus. (A) Morphology of the high-GPL
producing smooth (S) morphotype (left panel) and low-GPL producing rough (R) morphotype (right panel). The production and transport of GPL requires multiple
cytosolic biosynthetic enzymes and transmembrane proteins. Mutations in genes involved in GPL production/transport occurring in vivo or introduction of point
mutations of crucial Tyr/Asp (Y/D) couples in MmplL4a/MmpL4b participating in the proton relay lead to the arrest of lipid transport and a rough morphotype (right
panel). R strains are typified by the production of serpentine cords (inset, arrowheads). (B) Inhibition of the macrophage apoptotic response by GPL covering

M. abscessus S occurs through mitochondrial targeting and interaction with cyclophilin D, reduced production of radical oxygen species (ROS) and limitation of the
spread of M. abscessus among macrophages. In contrast, the loss of GPL in M. abscessus R uncovers immunostimulatory TLR-2 agonists, such as PIM. and
lipoproteins, leading to an exacerbated pro-inflammatory response that contributes to acute and severe infections.

Collectively, these observations emphasize the diversity —phagocytosis of the R variant is more harmful to macrophage
of the infection programs orchestrated by S and R viability and, following apoptosis, the released bacteria
variants. While the S variant is promptly phagocytosed by replicate extracellularly in the form of serpentine cords
macrophages without immediately affecting cell survival, (Figure2A).
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IMPACT OF THE GPL CONTENT ON
VIRULENCE

Epidemiological surveys document the prominence of the R
strain in patients with severe pulmonary infections (Catherinot
et al., 2009) and with chronic colonization of the airways in CF
patients (Jonsson et al., 2007), but the exact proportions of S
and R forms in these populations remain largely unknown. This
distinction is, however, of crucial importance considering that
the cord-forming R variant causes much more aggressive and
invasive pulmonary disease that ends in severe respiratory failure.
Further alarm is raised by several studies using various cellular
and animal models, confirming the increased virulence of the
R over the S form (Bernut et al,, 2017). Among these models,
the zebrafish (Danio rerio) has been proposed as a relevant
and genetically tractable host-pathogen conjugate for dissecting
M. abscessus interactions with host cells (Bernut et al., 2015).
This led to important breakthroughs regarding mechanisms of
M. abscessus pathogenesis, involving cording and granuloma
formation (Bernut et al, 2014a) or the importance of the
TNF response in controlling the infection and establishment of
protective granulomas (Bernut et al., 2016a). S-to-R transitioning
is associated with exacerbation of the bacterial burden, the
formation of massive serpentine cords, abscess formation,
notably in the central nervous system, and increased larval
killing (Bernut et al., 2014a). Deletion of MAB_4780, encoding a
dehydratase required for cording, resulted in extreme attenuation
in wild-type and immunocompromized larvae (Halloum et al,
2016), further incriminating cording as a major virulence
determinant in strains lacking GPL. Replacing the endogenous
mmpS4-mmpL4a-mmpL4b promoter with the leaky acetamidase
promoter from M. smegmatis in M. abscessus S resulted in a
strain with low-GPL levels, but still aggregating in culture with
arough appearance, similar to R strains. In zebrafish, this mutant
exhibited an intermediate virulence phenotype with a delay in
killing compared to the R strain. Moreover, the number and size
of the abscesses in larvae infected with this low-GPL producing
strain were significantly reduced compared to the R strain
(Viljoen et al., 2018). This indicates that low-GPL levels impede
the induction of the physiopathological signs and virulence of
M. abscessus R, confirming the opposite relationship between the
amount of GPL and virulence. In addition, the S variant is more
hydrophilic than the R variant or the rough low-GPL producing
strain. This suggests that lack of the hydrophilic GPL components
is responsible for their increased hydrophobicity over the S strain
and confirm a positive correlation between GPL production and
hydrophilicity.

Supporting the theory of transmission via aerosols from
the environment, M. abscessus, along with other NTM, was
isolated from household water and shower aerosols in the
homes of patients with pulmonary disease (Thomson et al,
2013). Importantly, a direct person-to-person transmission of
M. abscessus by aerosol inhalation has been asserted in recent
world-wide surveys, although the link between morphology/GPL
profile and mode of transmission remains to be investigated
(Bryant et al., 2013, 2016).

CONCLUSION AND PERSPECTIVES

Fundamental aspects of the M. abscessus lifecycle rely on the
beneficial effects of GPL in promoting and facilitating the early
stages of colonization of the S variant, presumably the major
form existing in the environment. By covering the bacilli, the
highly immunogenic GPL induce a strong humoral response in
infected individuals and it is possible that this strong immune
pressure leads to selection of GPL-deficient strains, allowing
M. abscessus to escape the anti-GPL response and the emergence
of R bacilli. The lack of GPL, in turn, leads to increased
apoptosis, promoting extracellular replication and cording, acute
infection and the most severe forms of the disease. This has
also detrimental consequences for the host since, by unmasking
other pro-inflammatory cell-surface components, the loss of GPL
translates to severe inflammation and lung damage. Therefore,
the double edged sword effect of GPL allows M. abscessus
to efficiently transition between a colonizing environmental
micro-organism to an invasive human pathogen. Given the
importance of the GPL content in driving the interaction with
host cells and in conditioning the issue of the infection, it
appears important to pay more attention to the variant (S or R)
selected for experimental infections and to systematically report
the morphotype of the strains isolated in clinical studies.

Important unsolved questions remain on GPL in M. abscessus.
Future investigations should describe the complete GPL
export machinery since, while transfer of GPL across the
plasma membrane has been addressed to some extent,
additional unidentified outer-membrane proteins are likely
to participate in this important physiological process. So
far, the literature only reports the effects of near total loss
of GPL in M. abscessus, portraying an incomplete picture
of the functions of these lipids in the physiology of this
pathogen. Polar GPL species in M. smegmatis are only
produced under carbon starvation and induce smooth-colony
formation (Ojha et al., 2002) opening up the possibility that
in M. abscessus GPL composition is modulated in response
to changing environments. Therefore, studies are required
to address whether GPL composition affects M. abscessus
persistence and/or host inflammation, as well as how the
dynamics of GPL production, potentially mediated by vyet
unidentified factors, influences adaptation of M. abscessus to its
host.
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5.

CHAPTER I1: Co-infection with smooth and rough colony variants of

Mycobacterium abscessusin cystic fibrosis patients

The first description of M. abscessus causing clinical disease was published more than
60 years ago in a case report of an elderly women with chronic knee infection. The multidrug
resistant M. abscessus, no yet discovered, was misdiagnosed with TB and the classica
trestment failed. Despite the failure of treatment, the remission of the infection by this
atypica mycobacteria was reported after 18 months (Moore and Frerichs 1953),
controversially with current reports, which consider this infection incurable in some cases if
surgical resection is not performed (Nathavitharana et al. 2019). This isolate is currently used
worldwide as the type strain of M. abscessus (known as ATCC 19977).

Nowadays, M. abscessus is particularly known for causing pulmonary disease in
patients with CF and in individuals with other underlying lung disorders. Clearance of this
mycobacterium is not an option among these patients, which often requires adapted treatments
according to clinical progress and limited by antibiotic toxicity (Nathavitharana et al. 2019).
The M. abscessus complex include three subspecies, the intrinsic resistance to macrolides in
M. abscessus and M. bolletii is attributed to the ribosomal methylase encoded by (erm)41. In
contrast, M. massiliense contains a truncated erm(41) gene, explaining why this subspecies
remains susceptible to macrolides. The increased interest in the use of whole-genome
sequencing (WGS) to differentiate subspecies of M. abscessus could contribute to better guide
the clinician for the most adapted treatments and to increase our understanding regarding the
differences in the virulence phenotypes between these (sub)species.

During the last 20 years M. abscessus has gained popularity as a public health problem
with a preference for airway colonization in CF patients, although cases of M. abscessus have
been reported in patients without CF, with the M. avium complex remaining the most

frequently identified NTM in this CF patients (Jonsson et al. 2007).
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M. abscessus displays smooth (S) or rough (R) colony morphotypes, which are
characterized by the presence or absence of surface-associated GPL, respectively (Howard et
a. 2006). In the cdlular and in the zebrafish animal model, the difference between the
progression of infection S and R has been studied, in which the S morphotype is considered
the chronic form while the R is hypervirulent and causes invasive infections (Bernut et al.
2017). In clinical research it has been observed that wound isolates mainly exhibit S colony
morphology, while R morphology is associated with chronic airway colonization (Jonsson et
al. 2007; Kim et a. 2008). In contrast with previous reports that suggest the S variant as the
initial airway colonizer (Emilie Catherinot et a. 2009). The presence of the R variant is also
often associated with an increase in the severity of the symptoms (Emilie Catherinot et al.
2009; Kreutzfeldt et al. 2013; Dedrick et a. 2019; Jonsson et al. 2007) and a disseminated
disease with afatal outcome (Sanguinetti et al. 2001).

We present here two cases of airways co-infection with M. abscessus S and R variants,
in two unrelated patients with CF. Genetic analysis after WGS suggests colonization by two
different strains in one patient, while in the second patient both strains were closely related,
indicating a morphologica conversion, athough this R strain did not show any change in the
GPL profile. Aminoglycoside treatment is proposed as a possible trigger on the conversion of
the S P9530 strain to the R P9529 strain. We present new SNPsin S and R isolates that could
possible influence the morphological change.

Lastly, we propose the use of WGS for the precise identification of different strainsin
the same patient using the integration of Antibiotic Resistance Gene databases such as
ResFinder (Xavier et a. 2016), CARD (Jia et a. 2017) and ARG-ANNOT (Gupta et al.
2014). These databases could detect genetic determinants of antimicrobial resistance that we

believe may positively influence the treatment outcome.
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Summary

Background The nontuberculous Mycobacterium abscessus have gain worldwide popularity
in the last 20 years for causing opportunistic infections especially in cystic fibrosis (CF)
patients. M. abscessus infection in a single patient by heterogeneous clones might negatively
impact the treatment outcome and progression of disease.

Methods We present a case report of two unrelated CF patients co-infected with M.
abscessus smooth and rough phenotypes. We used whole-genome sequencing (WGS) to
identify co-infection and diversification of M. abscessus isolates and further description of
genetic determinants related to morphology changes.

Findings Genomic anaysis showed for one patient co-infection while for the other patient
infection by one clone diversified in two morphologies. The rough isolate from the first
patient had novel SNPs that could be involved in smooth-to-rough morphology change. In the
second patient both smooth and rough isolates were presenting glycopeptidolipids, which
prompt us to identify four genes only present in the smooth isolate. In addition, we obtained
different susceptibility profile in the four clinical isolates.

Interpretation Smooth M. abscessus is proposed as the infecting form, subsequent loose of
glycopeptidolipids in the host leads to rough phenotype. We opened a new paradigm
describing a CF patient infected with two different clones including a rough isolate and
additionally identifying a rough M. abscessus clone without loose of GPL. We propose WGS
for the identification of heterogenic isolates and genetic determinants of antimicrobial
resistance that we believe will positively influence the treatment prognosis.

Funding Agence Nationale de la Recherche, and European funding FEDER PRIMI.
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INTRODUCTION

Mycobacterium abscessus complex are among the most frequent respiratory tract
opportunistic pathogens in cystic fibrosis patients.! Their taxonomic classification has
changed several times: M. abscessus was initially described as a new species,? it has then
been re-classified as a subspecies of M. chelonae 2 and is being included in the M. abscessus
complex which comprises M. abscessus subsp. abscessus, M. abscessus subsp. bolletii and M.
abscessus subsp. massiliense®, hereinafter referred as M. abscessus, M. bolletii and M.
massiliense. Their phenotypic and genotypic identification represents a challenge since the
morphology, protein profile and 16S rRNA gene sequence do not vary between these three
species; whereas rpoB, hsp65 and erm(41) gene sequences seem unique to each one of these
three species. Furthermore, colonies of M. abscessus, M. bolletii and M. massiliense exhibit
two different morphotypes, smooth and rough.>~’ Previous studies using ex vivo and in vivo
models suggested that rough morphotype exhibited increased virulence as compared to
smooth morphotype,®® yet these experimental observations poorly translated in clinical
observations and the actual characterization of clinical isolates. In particular such clinical
isolates have not been genome sequenced in order to more deeply interpret phenotypic data.

Here, we are describing two cases of pulmonary tract co-infection with M. abscessus
smooth and rough phenotypes, in two unrelated cystic fibrosis patients. We used whole
genome sequencing (WGS) to precisely identify the isolates and describe any genetic
differences that support the possible virulence factors between these two phenotypes and
understand the phenotypic traits that mask the heterogeneity.
MATERIAL AND METHODS
Patients specimens and microbiological procedures.

Clinical histories of patients were anonymized from their computerized medical

records, in agreement with the advice of the IHU Méditerranée Infection Ethics Committee n°
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2016-024 (dated 19 October, 2016). Decontaminated sputum were inoculated on a
homemade 5% sheep blood Columbia agar (COS)-modified medium (COSMO12, Eurobio,
Culture-Top, Courtaboeuf, France) and incubated for 30 days at 37°C. Colonies were
identified using matrix assisted laser desorption ionization-time of flight mass spectrometry
(MALDI-TOS MS) as previously described.’® Minimal inhibitory concentration (MIC) was
performed using E-test gradient strip method (bioMérieux, Marcy 1’Etoile, France) on COS
medium incubated at 30°C. The following antibiotics were tested: amikacin, clarithromycin
(reading after 7 days), ofloxacin, linezolid, cotrimoxazole, tigecycline, ethambutol and
doxycycline. In parallel, the salinity of sputum was performed as previously described.!

Patients

Patient n°1, was a 34-year-old patient with a history of cystic fibrosis, bilatera
agenesis of vas deferens and subacute diverticular cholecystitis with lithiasis. He was known
to be pulmonary chronically colonized with M. abscessus, Saphylococcus aureus and
Pseudomonas aeruginosa since 2014 and was long-term treated with colistin, pristinamycin
and doxycycline. In 2014, M. abscessus was isolated for the first time from sputum on liquid
method with the Bactec/Alert procedure (Becton-Dickinson, Le Pon t-de-Claix, France).
Partial rpoB gene sequencing confirmed species affiliation to M. abscessus. and this
bacterium was again isolated on liquid medium in 2016. In 2017, a sputum sample was
inoculated on agar medium and two types of colonies were observed after 10-day incubation
here designated as P9527 and P9528 (Figure 1). The first colony (P9527) appeared white, dry
and rough, whereas the other colony (P9528) was round, white, shiny and smooth.
Identification with MALDI-TOF alow us to classify these two colonies in the M. abscessus
complex group with a score of 1-823 and 1-932 for the R and the S colonies, respectively.
Partial rpoB sequencing identified M. abscessus subsp. abscessus (Genbank accession
number MF471859) with 100% coverage and 100% similarity (568/568 bp). Antibiotic

susceptibility tests were performed on the two morphotypes and were similar, with exception
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of clarithromycin which showed a resistant profile in the P9527 strain and a sensitive profile
in the P9528 strain (Table 1). The sputum salinity measurement was 21-5 grams per liter.

Patient n°2 was a 25-year-old patient with cystic fibrosis. The patient was chronically
colonized with Aspergillus fumigatus, Stenotrophomonas maltophilia, S. aureus and
Haemophilus parainfluenzae since 2014. M. abscessus was firstly isolated in a sputum in
2019 after a follow-up consultation. Similar as the previous patient, a white, dry and rough
colony designated as P9529 and a white, shiny and smooth colony named P9530 were
obtained after 6-day incubation on agar medium (Figure 1). MALDI-TOF identification gave
a M. abscessus complex score of 2-:025 and 1-779 for the S and the R colonies, r espectively.
At the time of the isolation, the patient was long-term treated with an antibiotic rotation of 15
days tobramycin and 15 days colistin and daily doxycycline and azithrom ycin. The antibiotic
susceptibility test showed differences for amikacin presenting a resistant phenotype in P9530
(12 pg:mL ') in contrast of P9529 (15 pg-mL '), additional differences were found for
tigecycline in which P9529 showed sensitivity (1 pg-mL ") and P9530 an intermediate
susceptibility profile (3 ug-mL ). The sputum salinity measurement was 12 grams per liter.
Lipid analysis.

M. abscessus S and R CIP104536" and the four clinical isolates (P9527, P9528,
P9529 and P9530) were grown exponentially, adjusted to ODeoo 1, plated on 7H10°APC agar
and incubated for 5 days at 37 °C. A dense layer of bacterial growth was collected from the
agar, added 2 mL of MeOH-0.3% NaCl (10:1) and heated for 5 min at 100°C. The polar
lipids were extracted by adding 2.3 mL of chloroform-MeOH-0.3% NaCl (9:10:3) and
mixing for 1 h at room temperature, additionally was re-extracted the residue with 750 uL of
chloroform-MeOH-0.3% NaCl (5:10:4) for 30 min, both fractions were combined and mixed
with 1.3 mL of chloroform and 1-3 mL of 0-3% NaCl for 5 min. The lower -organic phase
was evaporated and suspended in chloroform/MeOH (2:1). Apolar lipids were analysed by

thin-layer liquid chromatography as previously described.?
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Whole genome sequence bioinformatic analysis.

Genomic DNA of the clinical isolate strains were extracted using InstaGen matrix
(Biorad, Marnes-la-Coquette, France). DNA was quantified by Qubit assay with the high
sengitivity kit (Life technologies, Carlsbad, CA, USA) and 0-2 pg/uL of the DNA was
sequenced on Illumina MiSeq runs using the paired-end application (Illumina Inc., San
Diego, USA). Paired-end sequencing and automated cluster generation of 11 run, with dua
indexed 2x 251-bp reads were performed for 40 hrs. Total information was obtained from a
462 k/mm2 cluster density with a cluster passing quality control filters of 95-5%. Assembly
was performed on trimmed or raw data with a pipeline incorporating different software
(SPAdes software 3:5-0%2 and Trimmomatic'* for trimmed data). Then scaffolds which size
was under 800 bp and low coverage were removed (identified by BLAST as contaminants).
Genomes were annotated using Prokka.'® Roary pangenome pipeline in Galaxy software

(https://usegalaxy.org.au./) was used to generate the pan-genome analysis of the genomes

with minimum percentage identity for Blastp 95% and percentage of isolates a gene must be

in to be core 99%. Genome to Genome Distance Calculator (GGDC) was employed for

similarity estimation between compared genomes (http://ggdc.dsmz.de), formula 2 was
recommended into account to interpret the results of the draft genome analyzed. Single-
nucleotide polymorphisms (SNP) in the glycopeptidolipid (GPL) locus were identified
manually after alignment between S and R isolates from the same patient using MUSCLE in
the alignment editor Unipro UGENE v1-32:0.1¢ Identification of mutations related to
resistance to macrolides'”*® was done in erm(41) and rrl genes using the same tool. All the
sequences were obtained from the WGS data. Genome sequences have been deposited into
the EMI database under the following accession numbers. P9527 (ERS3527803), P9528

(ERS3527804), P9529 (ERS3527805), and P9530 (ERS3527806).
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RESULTS
Genomic analysis

In silico DNA-DNA hybridization of these four isolates estimated by comparing them
with reference genomes (Table 2) using GGDC version 2:0 online tool yielded 99-8%
between P9529 (R) and P9530 (S) with 0-22% of G+C content difference, but 94-6%
between P9527 (R) and P9528 (S) with 1.12% of G+C content difference. Moreover,
pangenome analysis of the four isolates showed that P9529 and P9530 grouped together with
high similarity at the level of global genome profile, but the P9527 and P9528 isolates
showed significantly heterogeneity at level of dispensable genome (Figure 2).

Genomic comparison using two different tools showed that patient n°1 was infected
by two different clones, with rough (P9527) and smooth (P9528) colony morphology, but the
patient n°2 was infected by one clone with two form rough (P9529) and smooth (P9530).

In order to genotypically associate the possible S to R conversion in the patient
“number 2” to the previously reported indels (insertion /deletion) in the mpsl, mps2, gap,
mmpS4a, mmplL4a and mmpL4b genes,'®? al the GPL loci?* were analysed. Although no
indels (insertion/deletion) were detected, a comparison between the S and R dstrains
PO530/P9529 identified a discrete amount of nonsynonymous SNP including mmpL4b
(A212C), mpsl (C2369G), mps2 (A1400G, C1534G, G2041C, G6194T, G7534C) and gap
(G11A, G50T). Other SNPs in the GPL locus that have not been previously reported and
might be involved in the switch smooth to rough were found in the P9527 clinical isolate and
arelistedin Table 3.

By last, thin layer chromatography (TLC) was performed on the extracts from four
clinical isolates. As expected, the P9527 strain presenting R morphology did not show bands
corresponding to GPL. Surprisingly, in the rough strain P9529 the GPL remain intact (Figure
3), therefore, the previous SNP identified in the P9529 strains are not responsible of the

rough morphotype conversion.
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Additional analysis using the bioinformatic online tool Phandango® alowed us to
visualize the gene distribution between our four clinical isolates and identify possible unique
genes for differentiate smooth from rough colony morphology (Figure 2). Four genes were
found only in the smooth strains P9528 and P9530 and not in the rough isolates. Nucleotide
BLAST aignment of these genes showed: (1) a hypothetical protein presenting a partial
match up with MAB_3888 corresponding to a putative RNA polymerase sigma-70 factor, (2)
a PE family immunomodulator PE5 having a complete match up with MAB_0046, (3) a
putative PPE family protein PPE2 showing a complete match up with MAB_0809c and (4) a
hypothetical protein presenting a partia match up with MAB_4691c corresponding to a
probable non-ribosomal peptide synthetase PstA (Table 4).

A further analysis was done in another promising area of the pangenome showing a
differential pattern between smooth and roug h (Figure 4), but non common marker was
found between smooth and rough morphotypesin this area (Table 5).

Genotypic characterization of erm(41) and rrl genesin four clinical isolates.

The four clinical isolates did not present mutations at the nucleotide positions 2058
and 2059 in the rrl gene. Further analysis was done in the erm(41) gene, only the strain
P9528 which showed a sensitive phenotype to clarithromycin was carrying a non-functional
Erm(41) (C28 sequevar) while the three other strains known for be resistant to clarithromycin
were identified with a T28 sequevar. On the other hand, for all strains an additional mutation
(V80I) was found (Table 6), a previous study in Korea that included 152 resistant strains to
clarithromycin associated this mutation with most of the resistant strains.?®
DISCUSSION

We report two cases of unrelated cystic fibrosis patients presenting respiratory tract
colonization caused by M. abscessus with two rough/smooth colony variants for each in the
same sputum sample. The salinity of the respiratory samples was concordant with a previous

study that showed a higher salinity in the sputum of cystic fibrosis patients.!! The mean
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salinity of cystic fibrosis patients in this study was 10.5 grams per liter compared to control
group (7-4 grams per liter). M. abscessus isolates are salt-tolerated species that can survivein
environment with >4% salt.?* This high tolerance to salt could explain the special affinity for
this species to colonize the respiratory tract of cystic fibrosis patients.

The identification was firmly ensured by WGS analysis as the three M. abscessus
complex species are closely related in a morphological, and in a comparative genomic
analysis,® currently is still not clear how each species contributes to pathogenicity and
further studies need to be addressed. rpoB, erm(41) and hsp65 are three genes that can be
sequenced to help the identification at the subspecies level.?® We sequenced both the rough
and the smooth forms of the isolates to compare their genomes. While it is well known that
M. abscessus complex present two colonies morphologies, the two morphotypes are non-
commonly reported in the same sample of a patient. Previous studies have shown a low
frequency of this mixed phenotype in M. abscessus®?’ and M. bolletii pulm onary infections®
and more recently seems to become a new concern due to different resistance profiles
between isolates.>?® To our knowledge, mixed colonies in M. massiliense have not been
reported yet. The smooth non cording and the rough cording morphotype differences rely on
the presence/absence of GPL, respectively.?® Within the GPL locus in the M. abscessus
complex, the mspl, msp2, gap, mmpA, mmplL4a and mmpL4b genes have shown to play an
important role in the GPL production. Insertion of a CG nucleoctides in the mspl gene was
proven to lead to transcriptional arrest of the mspl-msp2-gap operon.’® Additional indels
(insertions and deletion) and SNPs in the mspl, msp2, gap, mmpS4, mmpL4a and mmpL4b
have also been related to the loss of production of GPL leading to rough morphotype in
clinical isolates.® The previous reported insertions across the GPL locus were not present in
our P9527, however multiple novel SNP were found in this locus (Table 3) including rmlA (3
SNP), atf2 (1 SNP), atfl (3 SNP), rmt3 (1 SNP), gtf (1 SNP), mpsl (8 SNP), mps2 (3 SNP)

which could be linked to the loss of GPL and the rough morphology. Additiona findings
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after comparison between the smooth and rough isolates open the possibility that there may
be other factors that influence morphology change. A recent report explained the effect of
aminoglycosides as streptomycin, amikacin or kanamycin to change smooth M. abscessus to
rough morphology without producing depletion of GPL,*® confirming that the rough
morphology is not only due to the absence of GPL. In our study the patient n°2 was treated
with tobramycin, this aminoglycoside may have an influence in the diversification of the
smooth P9530 strain to the rough P9529 strain which did not presented any change in the
GPL profile.

There is propose the existence of a second GPL-like locus®® possibly aso implicated
in the GPL production and smooth to rough transition. Thislocus contains two non-ribosomal
peptide synthase pstA genes (MAB_4690c- MAB_4691c) similar to mpsl and mps2 from the
GPL locus. We have identified four genes only present in the smooth clinical isolates of this
study but not in the rough strains, one of them encoding for a hypothetical protein
homologous with MAB_4691c, opening the possibility of new markers for smooth to rough
transitioning.

Our genetic analysis suggests colonization by two distinct strains in one patient, while
in the second patient, both smooth and rough strains were closely related indicating
morphology conversion. It has been proposed that smooth to rough conversion occurs in the
host by clonal diversification. In a follow-up study in patients chronically infected with M.
abscessus was found initial isolation of the smooth morphotype and later isolation of rough
morphotype,?° nevertheless it is no being considered whether this event could be due to initial
colonization with smooth morphotype and a consequent re-colonization with a secondary
rough strain. Despite having multiple ex vivo and in vivo reports that relate the severity of the
infection to morphology,® it is still not clear how this change from smooth to rough
morphology could affect the patient's prognosis.

M. abscessus is a difficult to threat mycobacteria presenting resistance to most of
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available drugs.3! In the 1990°s before being describe the inducible resistance to macrolides,
clarithromycin was used as a successful therapy.*? Acquired macrolide resistance was known
to be conferred by mutation at position 2058 or 2059 in the rrl gene encoding the
peptidyltransferase domain of the 23S rRNA but with low frequency in M. abscessus. A
novel mechanism was introduced 10 years ago, inducible resistance to macrolides attributed
to erm(41), this methylase is proposed to monomethylate the adenine at position 2058
(A2058) in the 23S rRNA conferring resistance.®® Loss of function of erm(41) linked to
sensitive phenotype to clarithromycin is being describe by the T28C mutation.® In this study
we describe a patient coinfected with two different M. abscessus strains having each a
different genotype concordant with the clarithromycin phenotype. In another hand, in the
patient n°2 we obtained one clone with two different morphologies that showed differencesin
susceptibility to amikacin and tigecycline, this diversification as the colonization by two
different strains can have implications in the susceptibility profile increasing the difficulty to
select the proper therapy and that could impact in the disease outcome. Another unexplored
possibility is the co-infection by multiple M. abscessus complex strains without differencein
colony morphology that go unnoticed. We propose the use of WGS to guarantee the
identification of different strains in the same patient and apply the most appropriate treatment
according to antibiotic resistance genotypes.
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Figureslegends

Figure 1: Morphologic appearance of four clinical isolates of M. abscessus and the reference

strains smooth and rough after 4 days on 7H10 agar at 37°C.

Figure 2. Pan-genome tree of Mycobacterium abscessus strains study. Identification of a
possible marker to differentiate between smooth and rough morphotypes. Numbers
designation for each marker are described in the table 2. Rough (R), Smooth (S).

Figure 3: Lipid profile of M. abscessus strains showing the P9527 strain as the only clinical
isolate sharing a deficient GPL profile. Equal weights of total lipid extracts from M. abscessus
Swt, Rwt, P9527, P9528, P9529 and P9530 strains were anadysed by thin-layer
chromatography using chloroform/methanol/water (9:10:1, v/v/v). GPLs are indicated with a

black box.

Figure 4: Pan-genome analysis between four clinical isolates showed a differentia pattern but
not related with smooth and rough morphotypes. The description of the signalled area is

described in detail in the table 5. Rough (R), Smooth (S).
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Figurel
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Table 1. Minimum inhibitory concentration (MIC) of selected antibiotics against clinical

isolates of M. abscessus. MIC values are given in pg/mL

PO527 P9528 P9529 P9530
Amikacin 12(R) 12(R) 15(9 12(R)
Clarithromycin 8(R) 3(9 >256 (R) 6(R)
Ofloxacin >32 (R) >32 (R) >32 (R) >32 (R)
Linezolid >256 (R) >256 (R) 256 (R) >256 (R)
Bactrim >32(R) >32(R) >32(R) >32 (R)
Tigecycline 1(9 1(9 1(9 3@
Doxycycline >256 (R) >256 (R) >256 (R) >256 (R)

[, intermediate; S, susceptible; R, resistant

Table 2: DNA-DNA hybridization values between the four clinical isolates and between

references genomes.
G+C content
Strains Subject strain dDDH (d4, %) | difference (%)

'CSURP9527' 'CSURP9528' 94.6 1.16
'CSURP9528' 'CSURP9529' 95.1 0.44
'CSURP9527' 'CSURP9529' 94.3 16
'CSURP9529' 'CSURP9530' 99.8 0.22
'CSURP9528' 'CSURP9530' 95 0.22
'CSURP9527" 'CSURP9530' 94.2 1.39
'CSURP9528' Mycobacterium abscessus subsp. massiliense CCUG 48898 76.2 0.19
'CSURP9529' Mycobacterium abscessus subsp. massiliense CCUG 48898 76.1 0.25
'CSURP9530' Mycobacterium abscessus subsp. massiliense CCUG 48898 76 0.03
'CSURP9527' Mycobacterium abscessus subsp. massiliense CCUG 48898 75.5 1.35
'CSURP9528' Mycobacterium abscessus subsp. massiliense JCM 15300 76.1 0.19
'CSURPO530' Mycobacterium abscessus subsp. massiliense JCM 15300 76 0.03
'CSURP9529' Mycobacterium abscessus subsp. massiliense JCM 15300 76 0.25
'CSURPO527" Mycobacterium abscessus subsp. massiliense JCM 15300 755 135
'CSURP9528' 'Mycobacterium subsp. massiliense str. GO 06' 76.7 0.42
'CSURP9529' 'Mycobacterium subsp. massiliense str. GO 06' 76.5 0.02
'CSURP9527' 'Mycobacterium subsp. massiliense str. GO 06' 76.5 1.59
'CSURP9530' 'Mycobacterium subsp. massiliense str. GO 06' 764 0.2
'CSURP9529' Mycobacteroides abscessus ATCC 19977 95.6 0.19
'CSURP9530' Mycobacteroides abscessus ATCC 19977 95.5 0.03
'CSURP9528' Mycobacter oides abscessus ATCC 19977 94.8 0.25
'CSURP9527' Mycobacteroides abscessus ATCC 19977 94.3 141

Digital DNA-DNA hybridization (ADDH)
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Table 3. Mutations across the glycopeptidolipids (GPL) locus in four clinica isolates.

Characteristics of a rough-like clinica isolate (P9529) compared to the smooth clinical

isolates (P9530) and comparison of P9528/P9527 clones. Single nucleotide polymorphisms

(SNP) were identified in the GPL locus and corresponding amino acid changes are aso

indicated.
Strains Gene SNP AA change
mmps4 - -
mmpL4a
mmpL4b
Rv1174 - -
A154T 152F
rmA G166C A56P
A170C D57A
P9527 (Rough) 'mB N -
atf2 A334G T112A
rmt4
gtfl - -
G539C G180A
atfl C947G A316G
G1072A A358T
rmt3 G635T L212R
gtf G1237A G413s
fmt .. .
mbtH .. .
AB34G M212v
A1773C E591D
T2130G D710E
mpsl G4595A G1532E
A7273G T2425A
G8041A V2681l
G8231A R2744Q
T9536A M3179K
G1621A V5411
mps2 C3173T A1058V
A4012C T1348P
9ap - -
mmps
mmpL4a - -
mmpL4b A212C D71A
Rv1174 - -
rmA - -
gtf3 T743C L 248P
rmB T531G S177R
atf2 - -
rmt2
rmt4 - -
P9529 (Rough) gtfl G664T G222W
atfl - -
rmt3
otf
fmt
mbtH - -
mpsl C2369G A790G
A1400G D467G
C1534G R512G
mps2 G2041C G681R
G6194T G2065V
G7534C E2512Q
gap G1l1A G4E
G50T G1ivv
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Table 4. Identification of a possible marker to differentiate between smooth and rough

morphotypes.
Annotation BLAST Function P9527 P9528 P9529 P9530
Analysis
Interacts transiently with the
Partial match up RNA polymerase catalytic
with MAB_3888 core formed by RpoA, RpoB,
1. Hypothetica corresponding to a RpoC and RpoZ to form the
protein Putative RNA RNA polymerase P9528 02843 P9530_03875
polymerase sigma- holoenzyme that can initiate
70 factor transcription
Complete match up
2. PE family with MAB_0046 In M. tb modulate innate
immunomodulator corresponding to a immunity and mediate P9528 04911 P9530_04558
PE5S Probable PE family bacillary surviva in
protein macrophages
Complete match up
with MAB_0809c PPE2 prolongs intracellular
3. Putative PPE corresponding to a survival by
family protein PPE2 Conserved inhibiting inos gene P9528 03754 P9530 02145
hypothetical PPE transcription and limiting
family protein nitric oxide (NO) production
Partial match up PstA is a homologous of
with MAB_4691c Mps2 aproteininvolved in
4. Hypothetical corresponding to a the biosynthesis of GPL. OINCFHIL_04 P9530_04758
protein Probable non- Mutationsin Mps2 lead to 913
ribosomal peptide smooth to rough switch
synthetase PstA
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Table 5. Gene distribution across the pangenome visualization in figure 4. Non common
marker was found between smooth and rough morphotypes in this area. In the isolate columns

are presented each gene numbers that were visualized as a blue pattern.

BLAST match P9527 P9528 P9529 P9530
(Rough) (Smooth) | (Rough) | (Smooth)
- 03098 -
ESAT-6-like protein EsxG - - 03304
05318 -
05316 -
Putative PPE family protein PPE2 - 01674
ESAT-6-like protein EsxH - 03305
02932
05298
02194
05089 -
03870
02095 -
01064
03970
00668
05327
01675
03975
01366
01365
01363
01369
02882
02884 -
Hypothetical protein - 00764
05319
05320
03507
05157 -
- 03175
- 03176
05266
01100 B
Hypothetical protein - 02097
05331 -
- 01877 -
Hypothetical protein 03029
Hypothetica protein 03577
Hypothetical protein 03704
Hypothetica protein - 04334
01516 -
02995 -
Hypothetical protein - 04653
Hypothetical protein 04687
Hypothetical protein 04727
Hypothetical protein 04744
Hypothetical protein 04745 -
Hypothetical protein - 00431
Hypothetical protein 00790
Hypothetical protein 01445
Hypothetical protein 01642
Hypothetical protein 02921

For the BLAST match were considered only the genes from the diversified clone since these two

isolates are the closest related.
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Table 6. Genotypes in the erm(41) gene among the clinical isolates. Single nucleotide

polymorphisms (SNP) were identified in erm(41) gene and corresponding amino acid changes

are also indicated. In bold is showed the SNP linked to a non-functional Erm(41).

Strains SNP AA change

P9527_R T159C -
A238G V8ol
G255A “
G279T
A330C
T336C -

P9528_S T28C R10W
T159C -
A238G V8ol
A330C -

P9529_R T159C -
A238G V8ol
G255A -
A330C

P9530_S T159C -
A238G V8ol
G255A -
A330C

The type strain ATCC 19977 was used as reference.
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6. CHAPTER II1: Development of new techniquesfor the generation of

mutantsin M. abscessus.

The development of vaccines and novel drugs for mycobacterial species has been
possible thanks to the use of genetic engineering that has largely contributed to decipher the
function of genes and evaluate their impact on the physiology, drug resistance mechanisms

and pathogenesis in bacteria (Lamrabet and Drancourt 2012).

Little is known about the mechanisms by governing multi-drug resistance in M.
abscessus. The single cross-over step techniques developed in this study offer a new set of
tools to easily generate gene disruption in M. abscessus. These tools could potentialy be
applied to study antibiotic resistance and virulence in M. abscessus, an could possibly be

applied to other NTMs know to be refractory to genetic manipulation.

The suicide plasmids described in this study have been designed to contain the
tdTomato red fluorescent marker which simplifies the selection of positive clones and alows

infections to be monitored in real timein cellular models or in transparent zebrafish embryos.

To evaluate the potency of this tool (pXU1), the mmpL4a gene involved in GPL
production/transport was chosen as a target, because its disruption would be accompanied by
the Sto-R transition, which is easy to monitor on agar plates. The R phenotype is associated
with lethal infections in zebrafish, due to their high propensity to produce cords, which
subsequently protect the bacilli from being phagocytosed by macrophages (Bernut, Herrmann,
et al. 2014). A conditional system (pXU3) was aso designed using an acetamide-inducible
promoter cloned upstream of the mmpSA-mmpL4a-mmpL4b gene cluster for a fine-tuning
control GPL expression. This led to colonies with a R morphotype but with reduced levels of
GPL. This S/R hybrid strain may be particularly interesting to further dissect the mechanisms

that govern the S-to-R switch and responsible for the establishment of acute infections.
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In conclusion, we developed genetic tools that could contribute to further elucidating
important aspects in mycobacterial physiology and/or the validation of new chemotherapeutic

targets.
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Little is known about the disease-causing genetic determinants that are used by
Mycobacterium abscessus, increasingly acknowledged as an important emerging
pathogen, notably in cystic fibrosis. The presence or absence of surface exposed
glycopeptidolipids (GPL) conditions the smooth (S) or rough (R) M. abscessus subsp.
abscessus (M. abscessus) variants, respectively, which are characterized by distinct
infective programs. However, only a handful of successful gene knock-out and
conditional mutants have been reported in M. abscessus, testifying that genetic
manipulation of this mycobacterium is difficult. To facilitate gene disruption and
generation of conditional mutants in M. abscessus, we have designed a one-step single
cross-over system that allows the rapid and simple generation of such mutants. Cloning
of as small as 300 bp of the target gene allows for efficient homologous recombination
to occur without additional exogenous recombination-promoting factors. The presence
of tdTomato on the plasmids allows easily sifting out the large background of mutants
spontaneously resistant to antibiotics. Using this strategy in the S genetic background
and the target gene mmpl4a, necessary for GPL synthesis and transport, nearly 100%
of red fluorescent clones exhibited a rough morphotype and lost GPL on the surface,
suggesting that most red fluorescent colonies obtained after transformation incorporated
the plasmid through homologous recombination into the chromosome. This system
was further exploited to generate another strain with reduced GPL levels to explore
how the presence of these cell wall-associated glycolipids influences M. abscessus
hydrophobicity as well as virulence in the zebrafish model of infection. This mutant
exhibited a more pronounced kiling phenotype in zebrafish embryos compared to
its S progenitor and this effect correlated with the production of abscesses in the
central nervous system. Overall, these results suggest that the near-complete absence
of GPL on the bacterial surface is a necessary condition for optimal pathogenesis
of this mycobacterium. They also suggest that GPL content affects hydrophobicity
of M. abscessus, potentially altering the aerosol transmission, which is of particular
importance from an epidemiological and clinical perspective.

Keywords: gene disruption, Mycobacterium abscessus, zebrafish, virulence, glycopeptidolipid
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Viljoen et al.

Simple Fluorescent Mycobacterium abscessus Mutants

INTRODUCTION

Mpycobacterium abscessus subsp. abscessus (M. abscessus) is
an emerging pathogen increasingly recognized as a serious
threat to cystic fibrosis (CF) patients who show a marked
vulnerability to infections with this bacterium, which is
exacerbated by M. abscessus’s extraordinary intrinsic tolerance
toward many antibiotics (van Dorn, 2017). Notably, M. abscessus
is phenotypically resistant to most antitubercular drugs (Nessar
et al, 2012). Despite being a member of the rapid-growing
environmental phylogeny of mycobacteria, which contain at
worst some opportunistic pathogens, M. abscessus is considered
as a true pathogen that can cause difficult-to-manage, persistent
and even deadly infections in otherwise healthy individuals
(Varghese et al., 2012; Jeong et al., 2017). It is clear that novel
strategies are urgently needed in the fight against M. abscessus-
induced diseases (van Dorn, 2017).

New approaches to combat M. abscessus infections may
rely on the discovery of completely new chemical entities that
inhibit essential pathways in this bacterium (Viljoen et al., 2017).
This may involve the improvement of available compounds to
better inhibit putative molecular targets in M. abscessus, which
may have slightly different structures or functions compared
to orthologs efficiently inhibited in other bacteria. It may also
involve the discovery of molecules that act in synergy or render
efficient available drugs used to treat mycobacterial infections
(Singh et al., 2014; Kaushik et al., 2015; Lefebvre et al., 2017).
Whatever the case, the development of new anti-M. abscessus
drugs would benefit immensely from information on the genetic
and biochemical vulnerabilities of this bacterium, information
which at the current time is very cryptic. Although M. abscessus
shares many virulence features of M. tuberculosis (Ripoll et al.,
2009; Choo et al., 2014), recent studies have highlighted common
genetic vulnerabilities and drug resistance mechanisms between
the two bacteria involving unrelated compounds (Dupont et al.,
2016; Halloum et al., 2017; Kozikowski et al., 2017). These data
further warrant studies aimed at deciphering the physiology
of M. abscessus from the genetic level upwards. Information
provided by such studies would likely bring answers to questions
such as why M. abscessus is so resistant to such a large
variety of drugs and why, despite being an environmental
mycobacterium, it is capable of causing serious infections
in humans. Indeed, recent years have seen the development
of genetic tools to inactivate M. abscessus genes in a site-
specific manner (Medjahed and Reyrat, 2009; Halloum et al.,
2016; Gregoire et al., 2017; Rominski et al, 2017) as well
as to generate conditional gene expression mutants (Cortes
et al,, 2011). This has led to the identification of a yet small
number of genes that are downright essential for virulence or
intracellular survival (Bernut et al., 2014, 2016; Halloum et al.,
2016) or playing more important roles during certain stages
of infection, such as the establishment of infection (Bakala
N’Goma et al,, 2015) or during the chronic stage of infection
(Viljoen et al., 2016).

The present study was undertaken to develop a simple and
rapid gene-knock-out strategy as an alternative to approaches
relying on double homologous recombination particularly

suitable for use in M. abscessus. We have focused our study
on the mmpS4-mmpL4a-mmpL4b gene locus, the products
of which participate in the biosynthesis and transport of
glycopeptidolipids (GPL) from the bacterial cytosol where they
are produced to the outer layers of the cell wall where they
are interspersed in the mycomembrane (Deshayes et al., 2010).
Indeed, GPL is the major determinant of the smooth colonial
morphotype, characteristic of M. abscessus environmental forms
(Medjahed et al., 2010). Upon the loss of GPL production,
M. abscessus converts to a rough colonial morphology and loses
attributes that are reminiscent of environmental mycobacteria,
such as the ability to form biofilms and sliding motility (Howard
et al., 2006).

The availability of new suitable genetic tools described
here should undoubtedly further facilitate and stimulate the
characterization of new virulence factors and/or the discovery of
new drug targets in this emerging pathogen.

MATERIALS AND METHODS

Reagents and Growth Conditions

Unless otherwise stated, all reagents were from Sigma Aldrich.
Escherichia coli XL1-blue was used for cloning and was routinely
maintained at 37°C with shaking at 100-250 rpm. M. abscessus
CIP104536 was grown in Sauton’s broth medium (0.5 g/L
K,HPO4, 0.5 g/L MgSO,4, 4 g/L L-asparagine monohydrate,
0.05 g/L ferric ammonium citrate, 2 g/L citric acid, 6 % (v/v)
glycerol, 1 mg/L ZnSOy), Middlebrook 7H9 (Becton Dickinson)
or LB broth; and on agar using LB agar. Both liquid and
solid media were, in some instances, supplemented with oleic
acid/albumin/dextrose/oleic acid (OADC) enrichment or 0.2%
(w/v) glycerol and with the detergent tyloxapol at 0.025%
(v/v). Antibiotics used to propagate plasmids in E. coli were
hygromycin (75 pg/mL), kanamycin (25g/mL) and zeocine
(25ug/mL). The concentration of kanamycin used to select
M. abscessus transformants was 250 pg/mL, but was dropped
to 100 wg/mL to maintain the plasmids once integration by
homologous recombination was confirmed.

For complementation studies, mmpL4a::pUX1 transformed
with the pMV306-zeo plasmids was cultured in liquid broth and
on LB plates containing 50 pg/mL kanamycin and 25pg/mL
zeocine. In order to investigate the rate at which reversion
to a wild-type genotype occurred in mmpL4a::pUX1 mutants,
logarithmic phase cultures of the three mutants (generated with
pUXI1 plasmids containing varying sizes of the mmpL4 insert)
were first collected by centrifugation and washed three times with
PBS. These bacteria were then used to inoculate fresh cultures
with and without the antibiotic kanamycin to an ODgpp = 0.01.
The cultures were incubated at 37°C for with slow shaking for
7 days until early stationary phase was reached (ODgpp > 1).
Subsequently, they were used to inoculate fresh medium with
or without kanamycin to an ODgpp = 0.01 and the culturing,
sub-culturing process was repeated five more times. After each
passage, with and without kanamycin, an aliquot was taken
and diluted appropriately in order to view approximately 10,000
colonies by spreading out 100 pL of the diluted suspension on LB
agar plates (non-supplemented with kanamycin).
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Construct Generation

All specific oligonucleotides and plasmids produced in this study
are listed in Table 1. All cloned fragments were amplified using
purified M. abscessus genomic DNA and Phusion polymerase
(Finnzymes). To produce the backbone vector used to generate
single cross-over gene disruptions, the Nhel restriction site
in the vector pMV261 (Stover et al., 1991) was first replaced
with an AflII site by self-ligating the T4 polynucleotide kinase
(NEB) phosphorylated PCR product obtained with the primer
set pMV3’ and pMV(Nhel-AfllI) and pMV261 as template.
Subsequently, the obtained plasmid (pMV261-AflII) was digested
with Xmnl and ligated to the T4 DNA polymerase (Invitrogen)
blunted Spel fragment of pTEC27 containing the tdTomato
and hygromycin resistance cassettes (Takaki et al., 2013). The
resulting construct, pUX1, contained neither a mycobacterial
origin of replication nor features necessary for integration into
the mycobacterial chromosome. For simple cloning into pUX1, it
contains the convenient restriction enzymes BamHI, AfIII, Pvull,
Nhel, and Spel, the latter two creating compatible ends, which
will also accept Xbal overhangs. pUX2, containing the mWasabi
green fluorescent protein gene instead of tdTomato, was obtained
in a similar fashion using pTEC15 (Takaki et al, 2013). The
plasmid for single cross-over recombination containing the

acetamidase promoter, pUX3, was made by replacing the Nhel-
BamHI fragment of pUX1 containing the hygromycin resistance
cassette with the Nhel-BamHI fragment of pSD26 (Daugelat
etal., 2003) containing the acetamidase promoter.

In order to produce the pUXI1 derivatives to inactivate
mmpL4a, different size PCR products of a sequence internal
to the mmpL4a gene was first obtained using the primers
mmpL4a_Fw_Spel and mmpL4a_Rev_BamHI_100, or
mmpL4a_Rev_BamHI_500, or mmplL4a_Rev_BamHI_1000,
or mmplL4a_Rev_BamHI 1500 (Table1). These amplicons
were subsequently treated with Spel and BamHI and ligated
to Nhel-BamHI-linearized pUXI1. To generate the pUX2-
mmpL4a_1500bp derivative, the Spel-Nhel restriction product
of pUX2, containing the oriE and mWasabi was ligated to the
Spel-Xbal fragment of pUXI1-mmpL4a_1500bp containing
the kanamycin cassette. pMV306-zeo-mmpL4a-mmpL4b was
made by first amplifying the mmpL4a and mmpL4b operon
of M. abscessus, using the primers mmpL4a-mmpL4b_left
and mmpL4a-mmpL4b_right HindIII (Table1). The PCR
product was subsequently EcoRI-HindIII digested and ligated
to EcoRI-HindIII-linearized pMV306-zeo-mmpL4a (Bernut
et al,, 2016). To generate the pUX3 derivative used to replace
the mmpS4 promoter with the acetamidase promoter and

TABLE 1 | Oligonucleotides and plasmids generated and used in the study.

Name Sequence/Description

OLIGONUCLEOTIDES

pMV3’ GCCTGGCAGTCGATCGTACG

pUX1-Nhel ACGGCATGGACGAGCTGTAC

pMV(Nhel-Aflll2 CCGCGGTGATCAGCTTAAGCCAACAAAGCGAC

mmplL4a_Fw_Spel
mmplL4a_Rev_BamHI_100
mmplL4a_Rev_BamHI_500
mmplL4a_Rev_BamHI|_1000
mmpL4a_Rev_BamHI|_1500
mmplL4a_conf_left
mmpL4a_conf_right
mmpS4_Fw_BamHI
mmpS4_Rev_Aflll
mmpS4_conf_left
mmpL4a-mmpL4b_left

mmpL4a-mmpL4b_right_Hindlll

PLASMIDS
pMV261

TGTGACTAGTCAGATGGGGAAGGTCTTTCA
CAAGAAGGATCCCGTAATACTTGTGCGCATCGTCTCC
GAGAGGATCCCGGTGAACAACAGGATGATG
GAGAGGATCCCGGTGTAGCTGGGGTTGTAT
GTGTGGATCCTGTTTGAGCATGTCGTCCAT
CTTCCGTGGTCCGTCAAAT
CATTCGTGAGACCAGCAACA
GAGTAGGATCCATGCGTCTGTGGATTCCGCTG
GAGTACTTAAGCATGATGCTTCCCACCGCG
GGATACCCAGTGGCTTGAAA
TGCGTCTGTGGATTCCGCTG
GAGAGAAAGCTTAGTACGTCATCCCGGTGTTC

Multicopy E. coli - mycobacterium shuttle vector, kan" (Stover et al., 1991)

pMV261-Aflll

pPMV306-zeo-mmplL4a
the hsp60 promoter (Bernut et al., 2016)

Variant of pMV261 in which the Nhel site of the polylinker was changed to an Aflll by site-directed mutagenesis, kan"
Integrative E. coli - mycobacterium shuttle vector, zeo", contains M. abscessus subsp. abscessus mmplL4a under the control of

pUX1 Plasmid produced by ligating the colE7 origin and kan" cassettes-containing Xmnl fragment of pMV261-Aflll to the blunted Spel
fragment from pTEC27 (Takaki et al., 2013) containing the tdTomato and hyg" cassettes.

puUXx2 Plasmid produced by ligating the colE7 origin and kan' cassettes-containing Xmnl fragment of pMV261-Aflll to the blunted Spel
fragment from pTEC15 (Takaki et al., 2018) containing the mWasabi and hyg" cassettes.

pUX3 Plasmid produced by replacing the hyg" cassette flanked by Nhel and BamH| sites of pUX1 with the acetamidase inducer

elements of pSD26 (Daugelat et al., 2003).

aUnderlined are restriction enzyme recognition sequences.
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regulatory elements of M. smegmatis, a 300 bp 5'-portion
of the mmpS4 gene was first amplified by PCR using the
primers mmpS4 Fw_BamHI mmpS4 Rev_AflIl (Table 1),
subsequently digested with BamHI and AflIl and ligated to
BamHI-AflII-linearised pUX3.

Preparation of Electrocompetent

Mycobacteria and Transformation

To obtain highly electrocompetent M. abscessus, a single colony
was used to inoculate Sauton’s medium supplemented with
OADC and tyloxapol (Sauton®APC). This culture was grown
at 37°C with gentle agitation (<60 rpm) until an ODgy of
about 5 was reached (in the case of the R variant, bacteria
were grown for a similar duration and then concentrated to
about 5 ODgq), then aliquoted into 1 mL volumes and frozen
at —80°C. A single such aliquot was thawed and used to
inoculate 200 mL Sauton®APC in an Erlenmeyer flask, which was
shaken overnight at 100 rpm and 37°C until an ODgq reading
of approximately 0.8 was achieved. Bacteria were then chilled
on icy water for 1-2h, collected by centrifugation (3,000 x g,
15min, 4°C) and washed four times with gradually decreasing
volumes (50, 25, 10, and 5mL) of ice-cold wash solution (10%
glycerol (v/v), 0.025% tyloxapol). Electrocompetent bacteria
were resuspended in 1 mL wash solution and, in the case of
the R variant, deaggregated by 15 passages through a 26 GA
syringe needle. For high yield of transformants, 1-10 p.g plasmid
DNA were added to 200 pl of fresh electrocompetent bacilli,
which were then transferred to a chilled 0.2 cm electrode gap
GenePulser eletroporation cuvette (Bio-Rad) and subjected to
electrotransformation using a GenePulser Cxell electroporator
(Bio-Rad) and the following settings: 2.5 kV, 1,000 € and 25
WE. Electroporated bacteria were recovered in 1 mL ice cold
SautonPAPC, transferred to 15 mL centrifuge tubes and incubated
for 2-16hrs at 37°C with gentle shaking. The bacteria were
then plated out on LB agar plates containing the appropriate
antibiotic and incubated at 37°C until colonies appeared (around
3-5 days later). Using this protocol, we routinely obtained
efficiencies of 2-5 x 10* CFU/jLg DNA transformed and 10-100
red fluorescent single cross-over colonies. Cryogenic storage of
electrocompetent bacteria at —80°C, preceded by snap freezing
of cells on liquid nitrogen, resulted in about a log decrease in
electro-transformation efficiency, which was still high enough to
obtain single cross-over red fluorescent rough colonies, but at a
lower frequency.

GPL Extraction and Analysis

GPL extraction was performed as reported previously (Villeneuve
et al, 2003) with some modifications. In brief, bacteria
were cultured to Log growth phase (ODgp, 0.6-1.2) in
7H9OAPC (30 mL) without agitation and without detergent. After
centrifugation, lipids were extracted from the bacterial pellets
first with chloroform/methanol (1:2, v/v) and then three times
by chloroform/methanol (1:1, v/v). Lipid extracts were pooled
and dried under a stream of nitrogen prior to resuspension
in chloroform. Lipids were then washed at least four times
with a volume of H,O equal to the volume of chloroform,
dried, re-dissolved in dichloromethane and subjected to thin

layer chromatography (TLC) analysis using Silica gel 60 Fjs4
plates (Merck). GPLs were separated using chloroform/methanol
(9:1, v/v), sprayed with orcinol/sulphuric acid vapor prior to
revelation by charring.

Hexadecane Partitioning

Briefly exponentially growing mycobacteria were collected by
centrifugation and washed twice with PUM (100 mM K;HPOy,
54mM KH,;POy4, 30mM urea, 0.8 mM MgCl,) buffer prior to
carrying out hexadecane partitioning, as previously described
(Jankute et al., 2017).

Zebrafish Care and Ethics Statements

All zebrafish experiments were approved by the Direction
Sanitaire et Vétérinaire de 'Hérault et Comité d’Ethique pour
I'Expérimentation Animale de la région Languedoc Roussillon
under the reference CEEA-LR-1145. Experiments were done
using the golden mutant (Lamason et al., 2005) crossed with wild-
type AB zebrafish, maintained as described earlier (Bernut et al.,
2014). Ages of embryos are expressed as hours post fertilization

(hpf).

Zebrafish Embryo Infections

The various M. abscessus strains expressing tdTomato were
prepared, injected and monitored according to protocols
reported previously (Bernut et al., 2015). In brief, infections were
performed by microinjection of bacterial suspensions (*2nL
containing 150-200 bacteria) intravenously in dechorionated
and anesthetized 30 hpf embryos. The size of the inoculum
was verified a posteriori by injecting 2 nL of each bacterial
suspension in sterile PBST and plating on 7H1094P€, For kill
kinetics, infected larvae were transferred into 12 well plates (3
embryos/well) and incubated at 28.5°C. Survival curves were
drawn by counting dead embryos every day for up to 13 days. To
analyze abscess size induced by different strains of M. abscessus,
the largest abscess in each infected fish was first marked off on
scale-set microscope images of whole embryos using the polygon
selection tool of the Fiji software. Next, the measure function was
used in order to obtain abscess area in pLm?.

RESULTS

Efficacy of Single Cross-Over Homologous
Recombination at the GPL Locus

In this simple single cross-over strategy, a PCR amplicon
of a region within the target gene is cloned into pUX1 or
pUX2 (Figure 1A), neither of which contain a mycobacterial
origin of replication nor the integrase and attP site necessary
for integration into the mycobacterial chromosome. Once
M. abscessus is electro-transformed with such a plasmid, the
sole means by which this plasmid could be propagated within
the dividing bacteria is by inserting itself into the bacterial
chromosome through homologous recombination with the
target gene, resulting in specific gene disruption, as depicted
in Figure 1B. We further reasoned that owing to the high
rate of spontaneous resistance to selective antibiotics seen for
M. abscessus, the presence of a brightly fluorescing marker, such
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as tdTomato (red) or mWasabi (green), on the plasmid may
largely facilitate subsequent screening of electro-transformed
putative knock-out colonies. To make the cloning step of the
internal gene fragment easy, the backbones of pUX1 and pUX2
(Figure 1B) were designed to contain the convenient restriction
sites for BamHI, AflII and Pvull flanked by kanamycin and
hygromycin cassettes. On the opposite side of the kanamycin

and hygromycin cassettes lie the Nhel and Spel restriction sites,
allowing replacement of one of the resistance cassettes with the
cloned target gene sequence.

We chose to exploit the mmpL4a gene that encodes one of
the constituents of the GPL biosynthesis/transport apparatus, as
recently demonstrated in Mycobacterium abscessus subsp. bolletii
(Bernut et al., 2016), as a target gene. Knock-outs of this gene

FIGURE 1 | The principal of single cross-over gene disruption. (A) Maps of pUX1, pUX2 and pUX3. (B) The GPL-transporter locus, consisting of mmpS4, mmpL4a
and mmpL4b in M. abscessus (Top). Disruption of mmpL4a through integration of pUX1-mmpL4a (Middle). Replacement of the mmpS4-mmpL4a-mmpL4b operon
promoter with an acetamide-inducible promoter through integration of pUX3 (bottom ).
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would be easily tractable after transformation due to their distinct
R colony morphology clearly setting them apart from S colonies
that appear either due to spontaneous resistance or illegitimate
recombinational uptake of transformed plasmid. Since smaller
sizes of cloned fragment may be less prone to homologous
recombination, which could be particularly problematic when
smaller genes are targeted, we started by cloning internal
fragments of mmpL4a ranging from 100-1,500 bp in length.
As detailed in Table 2, with an electroporation efficiency just
exceeding 10* CFU/pg plasmid, which is more than a log lower
usually obtained with M. smegmatis mc?155 (Parish and Stoker,
1998), transforming the same preparation of electrocompetent
M. abscessus S with pUX1-mmpL4a yielded an unexpectedly
large number of red-fluorescent colonies. Importantly, all these
red-fluorescent colonies appeared with a distinct R morphology,
while spontaneous resistant colonies presented the clear S
morphology of the progenitor S strain (Figure 2A). Screening
of several randomly chosen R and red fluorescent colonies
using appropriate PCR/sequencing confirmed the presence of
pUX1 within the chromosomal mmpL4a locus in all selected
clones (Figure 2B). This indicates that uptake of pUX1-mmpL4a
occurred exclusively through homologous recombination of the
plasmid with the chromosomal mmpL4a locus. Indeed, no red-
fluorescent kanamycin resistant M. abscessus colonies could
be obtained by transformation with the empty pUXI1 despite
several attempts (data not shown). These results suggest (i)
that homologous recombination occurs at a higher frequency
in M. abscessus than that reported for other commonly
investigated mycobacterial species, such as M. smegmatis
(Pavelka and Jacobs, 1999), M. bovis BCG (Sander et al,
2001) and M. tuberculosis (Parish et al., 1999) and (ii)
that illegitimate recombination events between pUXI and
the M. abscessus chromosome occurs at a very low level
or not at all. As expected, the frequency of red fluorescent
R colonies obtained with pUXI1-mmpL4a containing a 1,500
bp cloned fragment of mmpL4a was much greater than the
frequency obtained with constructs carrying smaller sizes (500
bp) of the cloned fragment (Table 2). After several attempts,
we failed to isolate a single R red fluorescent colony from
bacteria transformed with pUXI1-mmpL4a containing a 100
bp cloned-fragment of the gene (Table2). To test the vector
pUX2, which is essentially exactly the same as pUX1 except
that it contains mWasabi instead of tdTomato, we made a
version of this vector containing the 1500 bp mmpL4a insert
as for pUX1-mmpL4a_1500bp. As anticipated, transforming

M. abscessus with this plasmid yielded green fluorescent R
colonies (Figure 2A).

Mutants Generated by Single Cross-Over
Homologous Recombination Exhibit
Expected Phenotypes

S and R morphotypes are often associated with the presence
or absence, respectively, of GPL in mycobacteria (Billman-
Jacobe et al., 1999; Eckstein et al., 2000; Recht and Kolter,
2001), including M. abscessus and M. abscessus subsp. bolletii
(Howard et al., 2006; Bernut et al., 2016). This prompted us
to analyze the GPL profile in the mmpL4a:pUX1 mutants
by thin-layer chromatography (TLC). As anticipated, and
similarly to the M. abscessus CIP104526 R type strain,
all the mutated R fluorescent mutants were characterized
by the loss of GPL production (Figure2C). Abrogation of
GPL production/transport occurred in all mutants generated
with the pUX1 constructs harboring different sizes of the
mmpL4a fragment. We next aimed to complement the
mmpL4a::pUX1 mutant by transforming mmpL4a::pUX1_500bp
with the pMV306-zeo-mmpL4a plasmid (Figure 2D). Re-
introduction of a copy of mmpL4a on the integrative vector
did not confer a S colony morphology. It was thus possible
that integration of pUXI into the mmpL4a gene had a
polar effect also on mmpL4b, which is located downstream
of mmpL4a in a possible operon configuration. We thus
constructed a new plasmid, pMV306-zeo-mmpL4a-mmpL4b,
and introduced it in the mutant. Re-introduction of both
mmpL4a and mmpL4b fully restored the wild-type S colony
morphology in the mmpL4a::;pUX1_500bp mutant (Figure 2D),
proving that pUX1 exerted a polar effect on the expression
of a gene downstream in the operon of the targeted gene for
mutation.

Since homologous integration of pUX1-mmpL4a into the
chromosome resulted in the duplication of the central cloned
gene fragment (Figure 1B), it is conceivable that by a second
homologous recombination event between the 5 and 3
truncated parts of the mmpL4a gene with the pUX1 insertion,
pUX1-mmpL4a could be lost from the chromosome, hence
resulting in reversion to the wild-type genotype. We thus assayed
the possibility of such a reversion to occur by serially sub-
culturing the different mmpL4a::pUX1 mutants in the presence
or absence of the selective antibiotic kanamycin, preparing serial
dilutions of the cultures after each passage and plating these

TABLE 2 | Frequency of plasmid uptake by homologous recombination.

Size of cloned fragment in pUX1/3 (bp) 100P 300° 500P 1,000P 1,500P
N° Red fluorescent colonies 3 5 43 147
% Colonies PCR positive 100 100 100 100
% Efficiency? 100 100 100 100

Transformation efficiency

1.45 x 10% CFU/ig DNA

@Percentage of total number of colonies that are red fluorescent and PCR positive.
bCloned into pUX1.
¢Cloned into pUX3.
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FIGURE 2 | Single cross-over gene disruption of mmpL4a. (A) Representative fluorescence and overlay images showing the selection of red fluorescent colonies with
exclusively a R morphotype after transformation of M. abscessus S with pUX1-mmpL4a (Top) or pUX2-mmpL4a (Bottom). Colonies arising as a result of spontaneous
resistance to the selective antibiotic are non-fluorescent and smooth. (B) PCR screening and sequencing strategy employed to easily confirm correct integration of the
pUX1 plasmid into the target gene, mmpL4a. Expected amplicon size generated with the green primer set are 922 bp (mmpL4a::pUX1_500bp), 1462 bp
(mmpL4a::pUX1_1000bp) and 1790 bp (mmpL4a::pUX1_1500bp), while the expected size for the red primer amplicon is 2444 bp (the same size for all three mutants).
(C) TLC showing disappearance of glycopeptidolipids (GPL) in mmpL4a::pUX1 mutants. The line with circle caps indicate diglycosylated GPL, while the line with the
square caps indicate triglycosylated GPL. (D) Representative fluorescence and overlay images showing that complementation of mmpL4a::pUX1 with mmpL4a alone
does not restore a S colony morphology while complementation with mmpL4a and mmpL4b does. (E) Stability of pUX1 integration into the target gene mmpL4a was
assessed by passaging mmplL4a::pUX1 (500, 1,000, and 1,500 bp insert) strains in the presence (top left) or absence (top right) of selective kanamycin, followed by
serially diluting aliquots and plating these on LB agar without kanamycin in order to observe up to 10,000 single colonies. Bottom. Representative fluorescence and

composite images showing purely rough red fluorescent colonies of mmpL4a after two passages in liquid medium in the absence of selective kanamycin.

out on LB agar so as to observe single colonies after 4-5 days
of incubation. Reversion to the wild-type phenotype could be
easily observed in the loss of R morphology and red fluorescence.
After six serial passages in the presence of kanamycin not a
single S, non-fluorescent colony could be observed among at
least 10,000 colonies. In the absence of kanamycin, no wild-type
reversions were observed after two passages. However, after a
third passage, between 1 and 3% of colonies observed were S
and non-fluorescent and, after six passages, this percentage had
increased to between 15 and 35% of the total number of colonies
observed (Figure 2E). In addition, the rate of reversion appeared
to be directly related to the size in nucleotide bases of the cloned
fragment in pUXI. These data attest to the stability of pUX1
integration in the presence of selective antibiotic and the relative
stability even in the absence of antibiotic pressure.

Taken together, these results show that pUX1-based single
cross-over targeted inactivation of genes is simple and occurs at a
high frequency in M. abscessus.

Generation of a Low-Level GPL Producing
Rough Variant

Next, we aimed to extend the single cross-over strategy to
generation of conditional mutants. A derivative of pUXI,
designated pUX3, that contains the promoter and a truncated
portion of the coding sequence of the M. smegmatis amiE gene
(Parish et al., 1997) as well as the acetamide responsive elements,
amiA, amiC, amiD, and amiS was constructed (Figure 1A).
A polylinker within the truncated amiE coding sequence allows
simple cloning of a 5 fragment of a gene of interest in frame with
the amiE coding sequence. Subsequent transformation of bacteria
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FIGURE 3 | Single cross-over promoter replacement of mmpS4. (A) Representative bright field, fluorescence and composite images showing the rough colony
morphology associated with the mmpS4::pUX3 strain. (B) Like the R, but unlike the S variant, mmpS4::pUX3 sediments rapidly in liquid culture. Exponentially growing
cultures (ODgpg = 1) were transferred to glass tubes and allowed to sediment for 10 min before pictures were taken. Arrows indicate the sedimented bacterial
aggregates. (C) Representative fluorescence images showing serpentine cords in broth culture of M. abscessus R, mmplL4a::pUX1 and mmpS4::pUX3 but not of

M. abscessus S. (D) Left: Low-level GPL production is maintained in mmpS4::pUX3 as assessed by TLC, despite its rough colonial phenotype and aggregative
properties. The line with circle caps indicate diglycosylated GPL, while the line with the square caps indicate triglycosylated GPL. Right: TLCs produced as in the left
from four independent experiments were subjected to a densitometric analysis in order to determine the relative level of GPL present in the mmpS4::pUX3 mutant.
Shown is the mean and standard deviation calculated from these experiments. (E) M. abscessus R is more hydrophobic than S, while the mmpS4::pUX3 mutant
strain’s hydrophobicity is between S and R, as assessed by hexadecane partitioning and shown as hydrophobicity index (in percentage of aqueous phase OD prior to
partitioning). Histograms and error bars are means and standard deviations of at least three independent experiments. Differences between means were analyzed for
significance using a two-tailed Student’s T-test employing Welch’s correction for unequal variances. Ns, non-significant, “o < 0.05, **p < 0.01, **p < 0.001.

allowing homologous recombination between the gene of interest
and pUX3 results in replacement of the native gene promoter
with the acetamide responsive elements of pUX3 (Figure 1B).
To test the efficacy of the pUX3 acetamide-inducible
conditional mutant system, we again focused on the locus in
M. abscessus that is responsible for GPL export, consisting of the
genes mmpS4, mmpL4a, and mmpL4b. Since these three genes
are arranged in an operon configuration and, hence, it is likely
that the three genes are transcribed as a single mRNA transcript,
a 300 bp fragment of the mmpS4 gene was cloned into pUX3
(Figure 1B). Transformation of the M. abscessus S variant with

this plasmid, pUX3-mmpS4, yielded red-fluorescent colonies
with a rough morphology (Figure 3A). PCR/sequencing analysis
confirmed the proper replacement of the mmpS4 promoter with
the acetamidase elements of pUX3 (data not shown). Moreover,
the mmpS4::pUX3 mutant, like the R reference strain, aggregated
in liquid culture and failed to produce homogenous suspensions
that typify M. abscessus S cultures (Figure 3B). Importantly,
serpentine cords, a hallmark of M. abscessus R virulence (Bernut
etal., 2014), were observed in liquid cultures of mmpS4::pUX3 as
for mmpL4a:pUX1 and M. abscessus R, but not for M. abscessus
S (Figure 3C).
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Several tests employing acetamide as supplement were
then performed in order to induce MmpS4-MmpL4a-MmpL4b
expression and GPL production both in broth and on solid agar
culture. However, stable high-level GPL production supporting
S phenotypes was not fully achieved, despite testing various
acetamide concentrations and medium compositions (data
not shown). In addition to colony morphology and bacterial
aggregation phenotypes, GPL profiles of cultures were also
assessed by TLC. As shown in Figure 3D, the mmpS4:pUX3
strain still produced low levels of GPL compared to the S
progenitor (approximately 30% of S levels), even in the absence
of inducer. Therefore, despite our inability to generate a strain
for which GPL production and the R-to-S transition could be
conditionally induced by the presence or absence of an inducer
(acetamide), we ascertained a new M. abscessus mutant that
behaved like the R variant, aggregating in culture and producing
rough and dry colonies, but still producing and exporting low
levels of GPL.

GPL Loss Is a Determinant of
Mycobacterial Hydrophobicity

Partitioning of mycobacterial cultures between hexadecane
and an aqueous buffer has recently been used as a quantitative
marker of hydrophobicity in Mycobacterium tuberculosis
evolution and pathogenicity, ranging from hydrophilic
environmental low-pathogenicity ancestors Mpycobacterium
kansasii and Mycobacterium canettii to highly hydrophobic
virulent tubercle bacilli (Minnikin et al., 2015; Jankute et al.,
2017). Given the important difference in the morphotype and
aggregative properties characterizing the M. abscessus variants,
hexadecane-aqueous buffer partitioning was applied to the S, R
and the different M. abscessus mutants generated in this study to
unveil a possible link between hydrophobicity and GPL content.
In addition, M. kansasii Hauduroy (ATCC12478), included as
an internal control strain, was found to be highly hydrophilic,
as reported previously (Jankute et al., 2017; Figure 3E). The S
variant shared comparable partitioning profiles in hexadecane,
with M. smegmatis mc?155 and both were significantly more
hydrophilic than the R variant or the mmpL4a::pUX1 mutant.
This indicates that lack of the hydrophilic GPL components
in the parental R strain or the mmpL4a:pUX1 mutant is
responsible for the increased hydrophobicity of these strains.
Interestingly, the mmpS4:pUX3 derivative, which produces low
levels of GPL but expresses rough and aggregative properties,
exhibited intermediate levels of partitioning and hydrophobic
properties as compared to the S and R strains (Figure 3E), further
confirming a positive correlation between GPL production and
hydrophilicity.

Low-Level GPL Production Impedes

Virulence of a Rough Variant

The zebrafish embryo was recently used as a relevant animal
model to describe the chronology of the events leading to
acute infection with M. abscessus and to compare the increased
virulence of the R over the S variant (Bernut et al., 2014, 2015).
Herein, we further exploited this model to compare the virulence

and the physiopathological symptoms of the parental S and R
strains with the mmpS4::pUX3 mutant. Around 200 CFU of the
tdTomato-expressing strains were injected in the caudal vein of
embryos at 30 h post-fertilization (hpf). Mortality was monitored
at a daily basis for 13 days. Consistent with previous findings
(Bernut et al., 2014, 2016), injection of the S form failed to
induce larval mortality whereas intravenous injection of the
R variant was associated with a robust infection that led to
about 60% of mortality at 10 dpi (Figure 4A). In contrast, the
survival curve of embryos infected with mmpS4:pUX3 showed
an intermediate profile, characterized by a delay in killing as
compared to infection with the R strain and with a reduced
mortality rate (around 30% at 13 dpi). The transparency of
the embryos was next exploited to count and characterize the
abscesses, considered as typical pathophysiological markers of
severity of the infection in this animal model (Bernut et al,
2014, 2015, 2016). The proportion of embryos infected with the
S strain and developing abscesses remains low as compared to
the one infected with the R variant, as reported earlier (Bernut
et al,, 2014, 2015, 2016). However, abscesses were detected in
around 60% of the mmpS4:pUX3-infected embryos over 9 dpi
and this was significantly reduced as compared to the R-infected
animals (Figure 4B). In all infected groups, the majority of
the abscesses were found within the central nervous system,
mainly in the brain (Figure4C). Careful inspection of the
infected embryos unraveled significant differences in the size
of the abscesses in the R- or mmpS4:pUX3-infected embryos
(Figure 4C). A quantitative analysis was done by measuring
the area of the abscesses, thus mirroring their size/volume, in
individuals of both groups of infected animals. This clearly
revealed that the size of the abscesses was highly heterogenous
in both the R- and the mmpS4:pUX3-infected populations
(Figure 4D). However, the median size of the abscesses in the
former group was significantly more pronounced than the one
in the mmpS4:pUX3-infected group. This latter group also
contained a large number of embryos with no or very small
abscesses (Figures 4C,D).

Overall, these results further support the direct relationship
between the GPL content and virulence of M. abscessus and
that low-level GPL production impedes the induction of the
physiopathological symptoms and virulence of a R variant.

DISCUSSION

In comparison to the large number of studies dedicated
to delineating the pathophysiology of M. tuberculosis, non-
tuberculous mycobacteria (NTM) have been largely neglected as
pathological organisms. However, in recent years M. abscessus,
one such NTM, has been witnessed as a serious and emerging
infectious agent, surpassing tuberculosis in many industrialized
countries. Not only is it responsible for severe post-surgical
and pulmonary infections (Jeong et al., 2017; Koh et al., 2017),
but it is also intrinsically resistant to most currently available
antibiotics (Medjahed et al., 2010; Nessar et al., 2012). This
situation is worsened by the recent whole-genome sequencing
studies of M. abscessus in CF patients indicating a possible
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FIGURE 4 | Low-level GPL producing mmpS4::pUX3 is more virulent than the S variant in zebrafish embryos, but not as virulent as the R variant. (A) Survival curves
of zebrafish embryos infected with different strains. Killing of zebrafish embryos over the course of the experiment by different mycobacterial strains were compared
using the Mantel-Cox log rank test. Shown is the pooled data from five independent experiments. In each experiment, 25-30 embryos were injected each with 200 +
50 cfu. (B) Kinetic of abscess appearance in the population of infected embryos over a 12-day infection period showing retarded abscess appearance in
mmpS4::pUX3-infected embryos compared to embryos infected with the R variant. Histograms and error bars represent means and their associated standard errors
calculated from two independent experiments using 20 embryos per bacterial strain on each occasion. Data was analyzed by two-way ANOVA and Bonferroni
post-tests. Ns, non-significant, “o < 0.05, “*p < 0.01, ***p < 0.001. (C) Representative images of embryos infected with the R variant at 6 dpi and mmpS4::pUX3 at 8
dpi showing smaller abscesses in the case of mmpS4::pUX3. (D) Scatterplots from two independent experiments showing sizes in area of the largest abscess per
infected embryo over the 12-days infection period (n = 20 per bacterial strain in each experiment). Median abscess area between the R variant and mmpS4::pUX3

were statistically compared using a one-tailed Mann Whitney test. *p < 0.05, **p < 0.001.

human-to-human transmission of this infection (Bryant et al.,
2013, 2016). The treatment duration being very long (lasting
for 1-2 years) and associated with multi-drug regimens leading
often to disappointing results, it resembles that of XDR-TB.
In addition, M. abscessus can provoke latent infections and
persist silently for many years in lesions before re-emerging to
produce an acute infection (Tomashefski et al., 1996; Cullen
et al., 2000; Medjahed et al., 2010). Unfortunately, despite
its increasing importance as a true pathogen, the lack of
efficient genetic methods to easily manipulate M. abscessus has
contributed to the little knowledge on its genetic requirements
to establish acute and chronic infections and to adapt to its

various environments and hosts. In this context, the present
study was undertaken to provide an alternative to the standard
recombineering strategy. It is based on a very simple method
to disrupt genes by single homologous recombination occurring
between the gene targeted for disruption and a suicide plasmid
with a cloned internal fragment of the target gene. Cloning of
only a single PCR product is required to generate the single
cross-over substrate plasmid, no induction of recombineering
proteins is required prior to preparation of electrocompetent
cells and the presence of the tdTomato red (or mWasabi green)
fluorescent marker on the plasmid eliminates the very high
background of spontaneous resistant mutants, thus avoiding
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fastidious and time-consuming screening procedures. However,
careful attention should be paid during design of PCR amplicons
for cloning of internal target gene fragments and in the case
it is required to clone smaller (<500 bp) sequences of target
genes, several transformation attempts may be required to obtain
knock-outs. In addition, use of this technique to disrupt genes
found in operons may have undesired polar effects on the
genes located downstream of the target gene, although this issue
can be subsequently addressed by appropriate complementation
studies. Another major advantage of this method is that
it avoids the subsequent time-consuming curing procedures
of the mutated strains that characterizes the recombineering
strategy, which relies on the use of a plasmid carrying the
exonucleases from phage Che9c (van Kessel and Hatfull, 2007).
In addition, the one-step procedure described here allows to
directly integrate a red fluorescent marker into the mutant,
which is particularly useful for subsequent in vivo imaging
in infected cells and/or zebrafish embryos (Bernut et al,
2017).

In mycobacteria that produce and elaborate GPL on the
bacterial surface, the synthesis of these lipids inside the cytosol
and the transport across the plasma membrane is coupled and
relies on a set of biosynthetic enzymes and lipid transporters,
which form a large complex at the plasma membrane
(Deshayes et al., 2010). It was previously demonstrated that
the transmembrane protein MmpS4 is necessary for the proper
complex formation of the GPL biosynthesis/transport machinery
in M. smegmatis (Deshayes et al., 2010). On the other hand, the
efflux pump protein MmpL4b was implicated in the transport
of GPL in M. abscessus (Medjahed and Reyrat, 2009) and,
more recently, it was shown that both MmpL4a and MmpL4b
are required for the export of GPL in this mycobacterium
(Bernut et al., 2016). Exploiting the genetic tools produced in
this study, we inactivated the mmpL4a-mmpL4b gene couple
and reproduced several of the phenotypes associated with the
R colony morphotype of M. abscessus, including the loss of
GPL. In addition, by replacing the endogenous promoter of
mmpS4 with an acetamide inducible promoter that is prone
to poor repression in the absence of the inducer acetamide,
we unintentionally obtained a low-level GPL producer that still
exhibited phenotypes associated with the GPL-deficient rough
variant of M. abscessus, notably aggregation and cord formation.
Since genetic alterations within the GPL biosynthetic locus
preceding R colony onset in clinical isolates were previously
reported (Park et al., 2015), we further exploited this hybrid
mutant that produces low GPL levels and exhibiting a R
morphotype to investigate its virulence attributes using zebrafish
embryos.

Since the R form of M. abscessus is considered more aggressive
than the S form as it is often associated with more severe
infections and decline of pulmonary functions in patients
(Jonsson et al., 2007; Catherinot et al, 2009), we recently
adapted the zebrafish infection model to understand why this
is the case (Bernut et al., 2014, 2015, 2017). Using this animal
model, we could explain the hypervirulent phenotype of the
R through our observations that the R form has the ability to
form serpentine cords, which serve as an efficient mechanism

of immune evasion allowing this form to thrive extracellularly
causing rapid larval death (Bernut et al, 2014, 2015, 2017;
Halloum et al., 2016). However, the short duration of the
zebrafish infection experiment, which lasts for no longer than
2 weeks and the low CFU with which the larvae are injected
have been barriers to study the dynamics of the S-to-R transition
as it occurs in real time in vivo. Using a set of M. abscessus
strains exhibiting high (S strain), low (mmpS4::pUX3) or no
(R strain) GPL, we further confirm the impact of the GPL
profile on pathogenicity of M. abscessus and demonstrate that
the presence of even low levels of this lipid strongly impacts
on larval killing of a cord-forming R variant. It is, however,
noteworthy that data obtained in zebrafish cannot necessarily
be translated directly to human disease as embryos present
disadvantages over mammalian models, including important
anatomical differences as well as the lack of adaptive immunity
in the early development stages, thereby affecting the outcome
of the infection. Whereas embryos appear also more adapted
to study acute infection with M. abscessus, the effect of the
GPL profile on the chronic stages of the disease would be
better modeled in other mammalian models such using immuno-
compromised mice.

The same M. abscessus strains were also used to demonstrate a
positive correlation between GPL production and hydrophilicity
of M. abscessus. These results are analogous to those reported
recently to demonstrate the implication of hydrophobicity in
the evolution of M. tuberculosis pathogenicity, mainly related
by the increased proportion of less polar lipids in the outer
membrane (Minnikin et al., 2015; Jankute et al., 2017). Among all
the strains tested, M. kansasii Hauduroy was the most hydrophilic
strain due to the presence of large amounts of multiglycosylated
phenolic glycolipids and lipooligosaccharides and restricted
amounts or absence of important apolar lipids that characterize
M. tuberculosis such diacyl trehalose, pentacyl trehalose or
sulfoglycolipids. M. abscessus S, although being less hydrophilic
than M. kansasii, was significantly more hydrophilic than
M. abscessus R. In contrast, low GPL expression in mmpS4:pUX3
was associated with an intermediate phenotype. Changes in the
cell wall associated lipids have been proposed to enhance the
capability for aerosol transmission of M. tuberculosis. Whether
this holds true for M. abscessus, i.e. that the hydrophobic R strain
has acquired an increased propensity for aerosol transmission
compared to the hydrophilic S strain is tempting. Supporting this
view, epidemiological studies have documented the presence of
the R variant in acute respiratory failure (Catherinot et al., 2009)
and a significant association between an R phenotype and chronic
colonization of the airways in CF patients (Jonsson et al., 2007).
The possibility of aerosol transmission has recently been raised in
world-wide surveys of M. abscessus infections (Bryant et al., 2013,
2016) but the possible link between this mode of transmission
with the colony morphology/hydrophobicity has not been
addressed and requires additional investigations. Since the
evolutionary transformation from a hydrophilic, environmental,
low-pathogenicity M. abscessus S to a hydrophobic, virulent
M. abscessus R is particularly definite, the distinction between
S and R variants should be better addressed and taken
into account in epidemiological studies as this may help to
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better understand/anticipate transmission of M. abscessus among
human populations that are exposed or vulnerable to M. abscessus
infections.
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7. CHAPTER 1V: Study of M. abscessus resistance mechanism by the TetR-
MmpL system

7.1 Article 1. Mechanistic and Structural Insights Into the Unique TetR-Dependent
Regulation of a Drug Efflux Pump in Mycobacterium abscessus.

M. abscessus is known for its natural resistance to multiple antibiotics, including
antitubercular drugs such as rifampicin, isoniazid, pyrazinamide and ethambutol (Nessar et al.
2012). That treatment options are limited and associated with a poor clinical response,
explains why M. abscessus represents a public health problem of increasing importance
(Nathavitharana et a. 2019).

Thiacetazone (TAC) is a thiosemicarbazone (PubChem n.d.) responsible for inhibiting
mycolic acid cyclopropanation (Alahari et a. 2007) and mycolic acid biosynthesis
(Grzegorzewicz, Korduldkovd, et a. 2012) and previously used for the treatment of M.
tuberculosis infections. However, due to cutaneous hypersensitivity reactions in patients
infected with human immunodeficiency virus (HIV), the World Health Organization (WHO)
recommended that it not be included in the first line treatment for TB (Falzon et al. 2014).
TAC has been shown to not be efficient against several NTMs including M. abscessus (Pang
et a. 2015; Halloum et al. 2016), presumably because these species lack the monooxygenase
EthA required for activation of the prodrug TAC into metabolically active compounds (Dover
et a. 2007).

A previous study (Halloum et al. 2017) identified improved analogues of TAC.
Among 38 anaogues tested, three were selected against the M. abscessus complex and M.
tuberculosis. To describe the mechanism of resistance to these TAC analogues, spontaneous
resistant mutants to these compounds were selected and subjected to WGS. Mutations in
MAB 4384, a putative TetR transcriptional regulator that controls the expression of
MAB_4383c/MAB_4382c, close homologs of mmpS5/mmpL5 in M. tuberculosis were

identified.
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The TetR family of regulators belongs to the family of one-component signal
transduction systems, mostly known for regulating antibiotic efflux pumps. However, they
can participate in the regulation of enzymes involved in catabolic pathways, antibiotic
biosynthesis, osmotic stress and pathogenicity (Cuthbertson and Nodwell 2013). The TetR
homodimer is composed of two identical monomers, each of which isfolded into 10 a-helices
with connecting turns and loops. The N-terminal of each monomer consist of three a-helices
that form a helix-turn-helix motif responsible of DNA binding (Orth et al. 2000).

Since the 1960s, the mechanism of tetracycline resistance has been extensively studied
in E. coli (Izaki, Kiuchi, and Arima 1966; Franklin 1967; Levy and McMurry 1974; Y ang,
Zubay, and Levy 1976; Beck et al. 1982; Wolfgang Hillen et al. 1983). In the 1990s, a
complete model was described that included a TetR and an efflux pump. The tetR gene is
oriented divergently to the neighbouring efflux pump gene and forms a genetic couple
separated by an intergenic region. This region contains a palindromic sequence in which the
helix-turn-helix motif of the TetR binds and exerts transcriptional control of the neighbouring
efflux pump genes (W. Hillen and Berens 1994).

The spontaneous resistant strains carrying mutations in the TetR MAB_4384 regulator,
were used to dissect and link the regulatory mechanisms governing expression of the mmpSs-
mmpL5 efflux pump (MAB_4383c/MAB_4382c) with resistance to the TAC analogues.

The MEME suite bioinformatic tool was used to identify a palindromic sequence in
the intergenic region between MAB_ 4384 and mmpS5/mmpL5. The DNA-binding activity of
MAB_4384 was studied by electrophoretic mobility shift assays (EMSA) that included also
mutated versions of the palindromic sequence and/or MAB 4384 variants harbouring the
previously identified mutations (Halloum et a. 2017).

A B-galactosidase reporter system was also developed to define the specificity of
MAB_4384 for its operator region. In addition, protein crystalization allowed us to solve the

X-ray structure of MAB_4384. We confirmed a typica TetR homodimer structure of
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MAB_4384, confirming its belonging to the TetR family of regulators. We identified crucial
residues for the DNA-binding activity of MAB_ 4384 to its DNA target. Additional results
suggest that TAC anaogues bind to MAB_ 4384, thereby inducing a decrease in affinity of the

regulator to its target, leading to a concomitant overexpression of the MmpS5/MmpL5 efflux

pump.
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a functional MAB_4384 or in cultures treated with the TAC analogs. In addition, X-ray
crystallography confirmed a typical TetR homodimeric structure of MAB_4384 and
unraveled a putative ligand binding site in which the analogs could be docked. Overall,
these results support drug recognition of the MAB_4384 TetR regulator, alleviating its
binding to IRss5,. 5 and steering up-regulation of MmpS5/MmpL5. This study provides
new mechanistic and structural details of TetR-dependent regulatory mechanisms of
efflux pumps and drug resistance in mycobacteria.
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INTRODUCTION

Mycobacterium abscessus is a rapid growing mycobacterium (RGM) that has recently become an
important health problem (Mougari et al., 2016). This non-tuberculous mycobacterial (NTM)
pathogen can cause serious cutaneous, disseminated or pulmonary infections, particularly in cystic
fibrosis (CF) patients. In CF patients, infection with M. abscessus is correlated with a decline in
lung function and poses important challenges during last-resort lung transplantation (Esther et al.,
2010; Smibert et al., 2016). An epidemiological study has recently documented the prevalence
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and transmission of M. abscessus between hospital settings
throughout the world, presumably via fomites and aerosols
and uncovered the emergence of dominant circulating clones
that have spread globally (Bryant et al., 2016). In addition,
M. abscessus exhibits innate resistance to many different
classes of antimicrobial agents, rendering infections with this
microorganism extremely difficult to treat (Nessar et al., 2012;
van Dorn, 2017). Recent studies have started to unveil the
basis of the multi-drug resistance characterizing M. abscessus,
uncovering a wide diversity of mechanisms or regulatory
networks. These involve, for example, the induction of the
erm(41) encoded 23S rRNA methyltransferase and mutations
in the 23S rRNA that lead to clarithromycin resistance (Nash
et al., 2009), the presence of a broad spectrum p-lactamase
that limits the use of imipenem (Dubée et al., 2015; Lefebvre
et al., 2016, 2017) or the presence of eis2, encoding an acetyl-
transferase that modifies aminoglycosides, specifically induced by
whiB7, which contributes to the intrinsic resistance to amikacin
(Hurst-Hess et al., 2017; Rominski et al., 2017b). Other studies
reported the role of the ADP-ribosyltransferase MAB_0591 as
a major contributor to rifamycin resistance (Rominski et al.,
2017a) whereas MAB_2385 was identified as an important
determinant in innate resistance to streptomycin (Dal Molin
etal., 2018).

Recently, we reported the activity of a library of thiacetazone
(TAC) derivatives against M. abscessus and identified several
compounds exhibiting potent activity against a vast panel of
clinical strains isolated from CF and non-CF patients (Halloum
et al, 2017). High resistance levels to these compounds
were linked to mutations in a putative transcriptional
repressor MAB_4384, together with a strong up-regulation
of the divergently oriented adjacent locus encoding a
putative  MmpS5/MmpL5 transporter system. That ectopic
overexpression of MmpS5/MmpL5 in M. abscessus also
increased the minimal inhibitory concentration (MIC) to
analogs of TAC further suggested that these two proteins
may act as an active efflux pump which was sufficient to
confer drug resistance (Halloum et al, 2017). In addition
to uncovering new leads for future drug developments, this
study also highlighted a novel mechanism of drug resistance
in M. abscessus. Unexpectedly, an important difference relies
on the fact that, in M. tuberculosis, MmpS5/MmpL5 acts as a
multi-substrate efflux pump causing low resistance levels to
antitubercular compounds such as clofazimine, bedaquiline,
and azoles (Milano et al., 2009; Andries et al., 2014; Hartkoorn
et al., 2014) whereas the M. abscessus strains overexpressing
MmpS5/MmpL5 are very resistant to the TAC analogs but fail
to show cross-resistance against clofazimine or bedaquiline
(Halloum et al., 2017). This implies that, despite their high
primary sequence identity, the MmpS5/MmpL5 orthologs
from M. tuberculosis and M. abscessus do not share the same
substrate specificity. Moreover, whereas Rv0678, the cognate
regulator of MmpS5/MmpL5 in M. tuberculosis belongs to
the MarR family (Radhakrishnan et al, 2014), MAB_4384
is part of the TetR family of regulators and the change
in the transcriptional level of mmpS5/mmpL5 was much
more pronounced in the M. abscessus mutants than in the

M. tuberculosis mutants (Milano et al., 2009; Hartkoorn et al.,
2014).

The TetR transcriptional regulatory factors are common
single component signal transduction systems found in
bacteria. These proteins possess a conserved helix-turn-helix
(HTH) signature at the N-terminal of the DNA-binding
domain as well as a ligand binding domain (LBD) located
at the C-terminal part (Cuthbertson and Nodwell, 2013).
They often act as repressors and interact with a specific DNA
target to prevent or abolish transcription in the absence
of an effector. In contrast, the binding of a specific ligand
to the LBD induces structural changes, conducting the
dissociation of the repressor from the target DNA, and
the subsequent transcription of the TetR-regulated genes.
Being largely associated with resistance to antibiotics and
regulation of genes coding for small molecule exporters, TetR
regulators also govern expression of antibiotic biosynthesis
genes, quorum sensing and in distinct aspects in bacterial
physiology/virulence (Cuthbertson and Nodwell, 2013). A recent
global analysis indicated that the TetR regulators represent
the most abundant class of regulators in mycobacteria, the
vast majority remaining uncharacterized (Balhana et al,
2015). In order to provide new insight into the mechanism
of gene regulation by TetR regulators in mycobacteria and
to describe a new and specific drug resistance mechanism
in M. abscessus, we focused our efforts on the molecular
and structural characterization of the MAB_4384-dependent
regulation of MmpS5/MmpL5.

In this study, a combination of genetic and biochemical
analyses was applied to determine the specificity of this regulatory
system in M. abscessus and to describe the contribution of
key residues that are important in driving the DNA-binding of
MAB_4384 to its operator. We report also the crystal structure of
the MAB_4384 TetR regulator. Overall, the results provide new
insights into the regulation of members of the MmpL family and
on a novel mechanism of drug resistance in M. abscessus.

MATERIALS AND METHODS

Plasmids, Strains, Growth Conditions,

and Reagents

The Mycobacterium abscessus subsp. abscessus CIP1045367
reference strain and all derived mutant strains are listed in
Supplementary Table S1. Strains were grown in Middlebrook
7H9 broth (BD Difco) supplemented with 0.05% Tween 80
(Sigma-Aldrich) and 10% oleic acid, albumin, dextrose, catalase
(OADC enrichment; BD Difco) (7H9T/OAPCY at 30°C or in
Sauton’s medium in the presence of antibiotics, when required.
On plates, colonies were selected either on Middlebrook 7H10
agar (BD Difco) supplemented with 10% OADC enrichment
(7H1094PC€) or on LB agar. For drug susceptibility testing,
cultures were grown in Cation-Adjusted Mueller-Hinton Broth
(CaMHB; Sigma-Aldrich). The TAC analogs D6, D15, and D17
were synthesized as reported previously (Coxon et al., 2013)
and dissolved in DMSO. Other antibiotics were purchased from
Sigma-Aldrich.
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Cloning of Wild-Type and Mutated
MAB_4384 and Site-Directed

Mutagenesis

MAB_4384 was PCR-amplified from M. abscessus CIP104536"
purified genomic DNA wusing the MAB_ 4384 full primers
(Supplementary Table S2) and Phusion polymerase (Thermo
Fisher Scientific). The amplicon was cloned into pET32a
restricted with Kpnl and HindIII (New England Biolabs),
enabling the introduction of MAB_4384 in frame with the
thioredoxin and poly-histidine tags as well as a Tobacco Etch
Virus protease (TEV) cleavage site between the N-terminus of
MAB_4384 and the tags. The MAB_4384 alleles harboring the
g40a (D14N) and t169c (F57L) mutations were PCR-amplified
using the primers described above and using the purified genomic
DNA of the two spontaneous resistant M. abscessus strains to
TAC analogs reported previously (Halloum et al,, 2017). The
double mutant carrying both g40a and t169c mutations was
obtained from the MAB_4384 (g40a) allele using the PCR-driven
primer overlap extension method (Aiyar et al., 1996). Briefly, two
separate PCR reactions were set up using Phusion polymerase.
The first was generated using the forward primer MAB_4384_full
Fw and a reverse internal primer MAB_4384_DM Rev harboring
the nucleotide substitution responsible for the mutation. The
second PCR was set up with an internal forward primer
MAB_4384 DM Fw overlapping the internal reverse primer
MAB_4384 DM Rev and with the original reverse primer
MAB_4384_full Rev. PCR products were purified, annealed and
amplified by a last PCR amplification with the MAB_4384_full
primers. All mutated genes were cloned into pET32a, as described
for wild-type MAB_4384.

Expression and Purification of
MAB_4384 Variants

The various pET32a-derived constructs containing either
the wild-type or the mutated MAB_4384 gene alleles were
used to transform Escherichia coli strain BL21 Rosetta 2
(DE3) (Novagen). Cultures were grown in Luria-Bertani (LB)
medium containing 200 pg/mL ampicillin and 30 pg/mL
chloramphenicol until an optical density at 600 nm (ODggo)
of between 0.6 and 1.0 was reached. Liquid cultures were then
placed on icy water for 30 min prior to the addition of 1 mM
isopropyl p-D-1-thiogalactopyranoside (IPTG) and incubation
for an additional 20 h at 16°C. Bacteria were then collected
by centrifugation (6,000 x g, 4°C, 60 min) and the pellets
were resuspended in lysis buffer (50 mM Tris-HCl pH 8,
200 mM NaCl, 20 mM imidazole, 5 mM B-mercaptoethanol,
1 mM benzamidine). Cells were opened by sonication and the
lysate clarified by centrifugation (28,000 x g, 4°C, 45 min) and
subjected to a first step of nickel affinity chromatography (IMAC)
(Ni-NTA Sepharose, GE Healthcare Life Sciences). After elution,
the protein was dialyzed overnight at 4°C in a buffer containing
50 mM Tris-HCI pH 8, 200 mM NaCl, 5 mM p-mercaptoethanol
and TEV protease (1 mg of protease/50 mg of total protein) to
cleave the thioredoxin and histidine tags from the recombinant
proteins. The dialyzed preparations were purified again by
IMAC, followed by an anion exchange chromatography step

(HiTrap Q Fast Flow, GE Healthcare Life Sciences) as well as a
final polishing step using size exclusion chromatography (SEC)
(Sephadex™ 75 10/300 GL, GE Healthcare Life Sciences) and
a buffer containing 50 mM Tris-HCI pH 8, 200 mM NaCl and
5 mM B-mercaptoethanol.

The selenomethionine-substituted protein was expressed in
the methionine auxotroph E. coli strain B834 (DE3) (Novagen).
A 1L culture was grown very densely in LB medium containing
200 pwg/mL ampicillin for 36 h at 37°C. Bacteria were harvested by
centrifugation and the pellets resuspended in minimal medium
A without antibiotic and methionine traces (M9 medium, trace
elements, 0.4% glucose, 1 WM MgSOy4, 0.3 mM CaCl,, biotin
and thiamine at 1 pg/mL). After an additional wash in medium
A, the bacterial pellet was resuspended in 6L of medium A
containing 200 pg/mL ampicillin and incubated for 2 h at 37°C.
Finally, S/L selenomethionine was added at a final concentration
of 100 pg/mL. After 30 min of incubation, expression of the
protein was induced with 1 mM IPTG for 5 h at 37°C. The protein
was purified using a protocol similar to the one used for the
proteins expressed in the E. coli strain BL21 Rosetta 2(DE3).

Determination of Oligomeric States of
MAB_4384 by Size Exclusion

Chromatography

The oligomeric state of MAB_4384 and MAB_4384:DNA
complex in solution were assessed on an ENrich™ SEC 650
size exclusion column (Bio-Rad) run on an AKTA pure 25M
chromatography system (GE Healthcare Life Science). The
protein, DNA or protein:DNA complex were eluted with 50 mM
Tris-HCI pH 8, 200 mM NaCl and 5 mM B-mercaptoethanol
at a flow rate of 0.4 mL/min at 4°C. MAB_4384 (dimer) was
concentrated to 3.9 mg/mL, while DNA was at 2.8 mg/mL and
complexes were formed at different protein(dimer)/DNA molar
ratios of 1:1, 2:1, 3:1. The molecular weights were determined
based on a calibration curve generated using the Gel Filtration
Markers Kit (Sigma-Aldrich) for proteins ranging from 12,400
to 200,000 Da. The column void volume was assessed with the
elution peak of dextran blue. The apparent mass was obtained by
plotting the partition coefficient K,, against the log values of the
molecular weights of the standard proteins.

Disruption of MAB_4384 and mmpL5 in

M. abscessus

To generate MAB_4384 and mmpL5 knock-out mutants,
internal fragments of the genes were PCR-amplified using
Phusion polymerase and the specific oligonucleotide sets:
MAB_4384:pUX1 Fw with MAB_4384:pUX1 Rev and
mmpL5:pUX1 Fw with mmpL5::pUXI1 Rev, respectively, digested
with Nhel and BamHI and ligated to Nhel-BamHI-linearized
pUX1 (Supplementary Table S1), a suicide vector specifically
designed to perform gene inactivation in M. abscessus (Viljoen
et al,, 2018). Electrocompetent M. abscessus was transformed
with the plasmids pUX1-MAB_4384 and pUX1-mmpL5 and
plated on 250 wg/mL kanamycin LB plates. After 5 days of
incubation at 37°C, red fluorescent colonies were selected and
gene disruption resulting from homologous recombination
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between the plasmid DNA and the target genes was confirmed by
PCR and sequencing with appropriate primers (Supplementary
Table S2).

Quantitative Real-Time PCR

Isolation of RNA, reverse transcription and qRT-PCR were done
as reported earlier (Halloum et al., 2017) using the primers listed
in Supplementary Table S2.

Drug Susceptibility Assessment
The MICs were determined according to the CLSI guidelines
(Woods et al., 2011), as reported earlier (Halloum et al., 2017).

Electrophoretic Mobility Shift Assays

First, a typical DNA binding motif recognized by the TetR
regulator, often composed of palindromic sequences or
inverted repeats, was identified in silico within the intergenic
region located between MAB_4384 and the MAB_4383c
(mmpS5y1,ps)/MAB_4382¢ (mmpL5),,s) gene cluster, hereafter
referred to as IRss,15, using the MEME Suite 4.20.0 online tool'
(Bailey et al., 2009). A 45 bp double stranded DNA fragment
(Probe 1) containing the 27 bp palindromic sequence was labeled
with fluorescein at their 5 ends (Sigma-Aldrich). Increasing
amounts of purified MAB_4384 protein were co-incubated with
280 nM of the fluorescein-labeled probes in 1X Tris Base/acetic
acid/EDTA (TAE) buffer for 1 h at room temperature. The
samples were then subjected to 6% native polyacrylamide gel
electrophoresis for 30 min at 100 V in 1X TAE buffer. Gel shifts
were visualized by fluorescence using an Amersham Imager
600 (GE Healthcare Life Sciences). All additional modified
probes listed Supplementary Table S2 and used in this study
were synthetized and used in electrophoretic mobility shift assay
(EMSA) assays, as described above.

Construction of g-Galactosidase
Reporter Strains and pg-Gal Assays

The lacZ reporter gene encoding the P-galactosidase was
amplified from the E. coli HB101 using primers listed in
Supplementary Table S2. The amplicon was cloned into pMV261
cut with BamHI and HindlIII, thus yielding pMV261_Pj60_lacZ.
The 208 bp intergenic region IRgss was amplified by
PCR using M. abscessus CIP104536' genomic DNA and
the MAB_4384_Pss/15 primers (Supplementary Table S2) and
subsequently cut with Xbal and BamHI. The hsp60 promoter
was removed from pMV261_Pj60_lacZ construct by restriction
using Xbal and BamHI and replaced with IRss/15, thus creating
pMV261_Pss/15_lacZ. A promoterless pMV261_lacZ construct
was also generated by removing the hsp60 promoter from
the pMV261_Pj60_lacZ with BamHI and Xbal, blunting the
overhang extremities using the T4 DNA Polymerase and self-
religation.

The p-galactosidase activity of the M. abscessus strains
carrying either wild-type or mutated MAB_4384 alleles and the
various f-gal reporter constructs was monitored streaking the

Thttp://meme-suite.org

strains directly on 7H10APC agar plates supplemented with
100 pg/mL kanamycin and 50 pg/mL X-gal (Sigma-Aldrich).
The quantification of the B-gal activity was also assayed in
liquid medium using a protocol adapted from Miller’s method.
Briefly, a 10 mL culture in Sauton’s medium supplemented
with 0.025% tyloxapol was grown until the ODggo reached
0.6-1. Cultures were collected by centrifugation (4,000 x g for
10 min at 4°C) and the bacterial pellets were resuspended in
700 L 1X phosphate-buffered saline (PBS) prior to mechanical
lysis by bead beating (3 min treatment, 30 Hz). Lysates were
finally centrifuged at 16,000 x g for 10 min at 4°C. 10 pL
of clarified lysate were co-incubated 30 min at 37°C with
100 pL of reaction buffer (60 mM NayHPOy4, 40 mM NaH; POy,
10 mM KCl, 1 mM MgSOy4, 50 mM B-mercaptoethanol)
in 96-well plates. Enzymatic reactions were initiated by
adding 35 pL of 2-Nitrophenyl B-D-galactopyranoside (ONPG,
Sigma-Aldrich) at 4 mg/mL and absorbance was recorded
at 420 nm at 34°C using a Multimode Microplate Reader
POLARstar Omega (BMG Labtech). The p-galactosidase specific
activity (SAg_gq1) was calculated using the following formula:
SAg_gal = (Absorbancesonm % min~1/(ODagonm X liter of
culture). To test the B-gal-induction by the TAC analogs, the
drugs were added directly to the cultures grown in Sauton’s
medium (ODggp = 0.6-1) and incubated with slow shaking for
96 h at 37°C. The B-gal activity was determined as described
above.

Crystallization, Data Collection, and

Refinement

The MAB_4384 crystals were grown in sitting drops in MR
Crystallization Plates (Hampton Research) at 18°C by mixing 1.5
ul of protein solution concentrated to 4.7 mg/mL with 1.5 pl of
reservoir solution made of 100 mM sodium cacodylate pH 6.5,
200 mM MgCl,, 16% PEG 8000 and 5% DMSO. Crystals were
briefly soaked in 100 mM Cacodylate buffer pH 6.5, 200 mM
MgCl,, 16% PEG 8000, 5% DMSO and 10% PEG 400 prior
to being cryo-cooled in liquid nitrogen. The selenomethionine-
substituted MAB_4384 crystals were obtained in sitting drops in
96-well SWISSCI MRC plates (Molecular Dimension) at 18°C
by mixing 0.8 ! of protein solution concentrated to 2.5 mg/mL
with 0.8 pl of reservoir solution consisting of 35% (v/v) 1,4
dioxane. Crystals were cryo-cooled without any additional cryo-
protection. Data were processed with XDS and scaled and
merged with XSCALE (Kabsch, 2010). Data collection statistics
are presented in Table 1. The MAB_4384 structure was solved
by the single wavelength anomalous dispersion method. AutoSol
from the Phenix package was used to solve the structure (Adams
et al., 2010). Twelve of the fourteen potential selenium sites in
the asymmetric unit were found using a resolution cutoff of 3.4 A
for the search of the Se atoms. After density modification, a clear
electron density map for the two TetR monomers allowed initial
model building. The resulting partial model was used to perform
molecular replacement with the 1.9 A native dataset using Phaser
(McCoy et al., 2007) from the Phenix package (Adams et al.,
2010). Coot (Emsley et al., 2010) was used for manual rebuilding
while structure refinement and validation were performed with
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TABLE 1 | Data collection and refinement statistics.

MAB_4384 native Selenium peak

Data collection statistics

Beamline ESRF-ID30B ESRF-ID30B
Wavelength (A) 0.979 0.979
Resolution range (A) 36.5-1.9 47-2.3
(1.96-1.9) (2.38-2.3)
Space group P1211 P1211
Unit cell (A,°) 40.8 100.8 56.0 41.499.355.7
90 105.8 90 90 106.9 90
Total reflections 73028 (7378) 126590 (12013)
Unique reflections 31705 (3193) 18983 (1849)
Multiplicity 2.3(2.3) 6.7 (6.5)
Completeness (%) 92.1(98.4) 98.6 (98.1)
Mean I/sigma (I) 11.09 (1.06) 11.66 (1.36)
Wilson B-factor (A2) 33.9 46.02
R-meas 0.06 (0.92) 0.13(1.21)
CC1/2 0.99 (0.51) 0.97 (0.67)
CC* 1(0.82) 0.99 (0.89)

Data refinement statistics

Reflections used in refinement 31695 (3193)

Reflections used for R-free 2000 (201)
R-work 0.184 (0.312)
R-free 0.213(0.351)
Number of non-H atoms 3460
Macromolecules 3178
Solvent 282
Protein residues 402
RMS bonds (A) 0.002
RMS angles (°) 0.45
Ramachandran favored (%) 98.99
Ramachandran allowed (%) 1.01
Ramachandran outliers (%) 0.00
Rotamer outliers (%) 0.95
Average B-factor (A2) 43.6
Macromolecules 43.2
Solvent 47.6
PDB accession number 50VY

The values in parenthesis are for the last resolution shell.

the Phenix package (Adams et al., 2010). The statistics for data
collection and structure refinement are displayed in Table 1.
Figures were prepared with PyMOL?’. The atomic coordinates and
the structure factors for the reported MAB_4384 crystal structure
has been deposited at the Protein Data bank (accession number
50VY).

Docking of TAC Analogs Into the Ligand
Binding Site

Docking studies was performed with PyRx (Dallakyan and Olson,
2015) running AutoDock Vina (Trott and Olson, 2010). Search
was done with grid dimensions of 39.45, 39.05, 29.25 A and
origin coordinates at x = —17.8, y = 6.9, z = 0.63. The search

Zwww.pymol.org

was performed on chain B of the crystal structure of MAB_4384
without any additional model modification.

RESULTS

MAB_4384 Specifically Regulates
Susceptibility to TAC Analogs in

M. abscessus

We recently showed that mutations in the MAB_4384
regulator were associated with the transcriptional induction
of the divergently oriented adjacent genes coding for an
MmpS5/MmpL5 efflux pump and accounting for high resistance
levels toward various TAC analogs (Halloum et al., 2017). To gain
more insight into this drug resistance mechanism in M. abscessus,
detailed genetic, functional and structural characterizations of
the MAB_4384 regulator were undertaken. First, the expression
profile of 19 mmpL genes was analyzed by qRT-PCR using the
M. abscessus D15_S4 strain which possesses an early stop codon
in MAB_4384 resulting in high resistance levels to the TAC
analogs D6, D15 and D17 (MIC > 200 jLg/mL), presumably due
to derepression of the MmpS5/MmpL5 efflux pump machinery
(Halloum et al., 2017). The results clearly showed a pronounced
increase in the expression level of MAB_4382¢ (mmpL5) mRNA
in D15_S4 in comparison to the wild-type strain as reported
previously, while no marked effect on the remaining mmpL
genes was detected (Figure 1A). The expression levels of tgsI,
encoding the primary triacylglycerol synthase responsible for
the accumulation of triglycerides in M. abscessus (Viljoen et al.,
2016) was included as unrelated gene control. As expected,
expression of tgsl stayed unchanged (Figure 1A). To further
confirm these results, the MAB_4384 and MAB_4382c genes
were inactivated by homologous recombination using the
recently developed genetic tool dedicated to facilitate gene
disruption in M. abscessus (Viljoen et al., 2018), as illustrated
in Supplementary Figures S1A,B. The mutant strain, designated
MAB_4384::pUXI1, failed to show morphological changes
(Supplementary Figure S1C) and grew similarly to its parental
strain and the MAB_4382c:pUX1 mutant (Supplementary
Figure S1D), suggesting that MAB_4384 does not play a
significant role under normal in vitro conditions. However, this
mutant exhibited high resistance levels to D6, D15, and D17
(MIC > 200 pg/mL, corresponding to >8-, >32-, and >16-
fold-increases in MIC levels, respectively) (Table 2) similarly
to our previous results for D15_S4 (Halloum et al., 2017), thus
validating the expected phenotype of the strain. Analysis of the
transcriptional profile of all 19 mmpL genes in MAB_4384::pUX1
confirmed the results obtained in the D15_54 strain (Figure 1B).
Interestingly, expression of MAB_4384 itself was significantly
induced in MAB_4384::pUX1, (Figure 1C), albeit lower than the
expression level of mmpL5, thus indicating that MAB_4384 is
self-regulated.

Overall, these results suggest that MAB_4384 is a unique and
highly specific regulator controlling expression of mmpL5 in
M. abscessus, which was strongly up-regulated in the absence of
MAB_4384.
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FIGURE 1 | MAB_4384 is a specific repressor of the mmpS5/mmpL5 locus in M. abscessus. Transcriptional profile of 19 mmpL in M. abscessus expressed in fold
induction relative to expression in the wild-type strain (CIP104536") in (A) the D15_S4 spontaneous mutant resistant to TAC analogs containing a stop codon in
MAB_4384 and in (B) MAB_4384::pUX1 in which MAB_4384 has been disrupted by homologous recombination. tgs7 was included as a non-relevant control gene.
Error bars indicate standard deviation. (C) Expression of MAB_4384 in M. abscessus. Fold induction levels of MAB_4384 were calculated in MAB_4384::pUX1
relative to the parental strain. Error bars indicate standard deviation. Relative gene expression was calculated using the A ACt method with correction for PCR
efficiency. Data is representative of three independent experiments.
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TABLE 2 | Drug susceptibility profile of M. abscessus S strains inactivated in either
MAB_4384 (tetR gene) or MAB_4382c (mmpL5 gene).

MIC (ng/mL)
Strain D6 D15 D17 CFz BDQ
CIP1045367 25 6.2 12.5 1.6 0.05
MAB_4384::pUX1 >200 =200 >200 16 0.05
MAB_4382c::pUX1 12.5 6.2 6.2 1.6 0.05

The MIC (ug/mL) was determined in CaMH medium. Data are representative of
three independent experiments. CFZ, clofazimine; BDQ, bedaquiline.

MAB_4384 Negatively Regulates
Expression of mmpS5/mmpL5

The pMV261_Pss/15_lacZ plasmid was constructed, containing
the P-galactosidase gene as a reporter in M. abscessus to
further confirm the negative regulation of MAB_4384 on the
target gene (mmpS5/mmL5 locus) expression. To do this,
the 208 bp intergenic region located between MAB_4384
and mmpS5/mmpL5 (Figure 2A), designated IRgs/15, was
cloned upstream of lacZ. pMV261_Pss,15_lacZ was subsequently
introduced in parental smooth (S) and rough (R) variants
of M. abscessus as well as in three different strains carrying
single point mutations in MAB_4384 (M1A, F57L, and D14N),
previously selected for their high resistance phenotype to TAC
analogs (Halloum et al., 2017). In addition, pMV261_Ppge_lacZ
allowing constitutive expression of lacZ under the control
of the strong hsp60 promoter was produced. As expected,
PMV261_Pyg60_lacZ led to high expression of lacZ in the wild-
type strain and in the mutants compared to the promoter-less
plasmid, as evidenced by the production of intense blue colonies
and a strong p-Gal activity (Figure 2B). In contrast, whereas
IRss/15 resulted in very low expression of LacZ in the wild-
type strains, characterized by a pale blue color on plates and
low B-Gal activity in liquid-grown cultures, a pronounced lacZ
induction was detected in all three mutant strains (Figure 2B).
Strikingly, the lacZ expression levels in these strains was almost
comparable to the one observed in the pMV261_Ppg60_lacZ-
containing strains.

Overall, these results indicate that expression of lacZ is
strongly repressed in the presence of an intact MAB_4384
regulator and that under derepressed conditions, the promoter
driving expression of mmpS5/mmpL5 appears almost as strong as
the hsp60 promoter.

MAB 4384 Binds to a Palindromic

Sequence Within IRss5,.5

Motif-based sequence analysis using MEME (Bailey et al., 2009)
revealed the presence of a 27 bp segment within the divergently
oriented IRgs,1 5 intergenic region and harboring a palindromic
sequence (Figure 3A). To test whether this motif represents a
DNA binding site for MAB_4384, EMSA was first performed
using increasing concentrations of purified MAB_4384 expressed
in E. coli in the presence of a 45 bp fragment of IRgs/15
(Probe 1; Figure 3B) carrying extra nucleotides flanking the
palindromic sequence. Under these conditions, a DNA-protein

FIGURE 2 | Identification of a MAB_4384-dependent regulatory promoter
region in M. abscessus. (A) Schematic representation of the genome
organization of MAB_4384 and the mmpS5/mmpL5 gene cluster in

M. abscessus with the purple rectangle indicating the IRss, 5 intergenic region
cloned upstream of the lacZ reporter construct. (B) The effect of MAB_4384
on mmpS5/mmpL5 expression was assayed by constructing a plasmid with
the lacZ reporter under control of IRss 5. A positive control plasmid
consisting of the constitutive expression of lacZ under the control of the hsp60
promoter and a negative control consisting of a promoter-less lacZ were also
generated. All constructs were introduced into wild-type smooth (S) and
rough (R) variants as well as into three different strains harboring single point
mutations in MAB_4384 (M1A, D14N and F57L replacements). Exponentially
growing M. abscessus cultures were streaked onto 7H10 plates containing
100 pg/mL kanamycin and 50 pg/mL X-gal. The plates were subsequently
incubated for 3—-4 days at 37°C and visualized for their appearance with
respect to white-to-blue coloration. The B-galactosidase specific activity

(SAg _gal) Was quantified in liquid cultures using ONPG as a substrate. Results
were obtained from three independent experiments and the error bars
represent standard deviation. The capped lines indicate the groups compared.
For statistical analysis, the Student’s t-test was applied with ns, **, ##*
indicating non-significant, p < 0.01, p < 0.001, and p < 0.0001, respectively.

complex was seen (Figure 3C). To confirm the specificity of
the binding, a competition assay with increasing concentrations
of the corresponding unlabeled probe (cold probe) was carried
out, leading to a dose-dependent decrease of the DNA-protein
complex (Figure 3C). In addition, in the presence of an
excess of a non-related labeled probe, the shift was maintained,
thus indicating that a specific protein-DNA complex was seen
only when MAB_4384 was incubated with DNA containing
the specific inverted repeat sequence. To better define the

Frontiers in Microbiology | www.frontiersin.org

April 2018 | Volume 9 | Article 649


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Richard et al. TetR-Dependent Regulation of MmpL Expression in M. abscessus

A

B C

D E

F G

H
FIGURE 3 | Binding activity of MAB_4384 to a palindromic region within IRss 5. (A) DNA sequence of IRgs,15 and representation of the operator composed of a
27 bp region containing two degenerated inverted sequences of 13 nucleotides each (black arrows) and separated by a one nucleotide spacer. The probe used to
perform the EMSA is delimited by dotted lines (Probe 1). (B) DNA sequences of all the various 5’ fluorescein-labeled probes used in this study. (C) EMSA and
competition assay using probe 1. Protein and DNA concentrations are expressed in WM. In competition assays, the concentration of Probe 1 was fixed at 280 nM.
Gel shifts were revealed by fluorescence emission. (D-H) EMSA using Probes 2 to 8, each time compared to the shift profile obtained with Probe 1. Experiments
were reproduced three times with similar results.
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minimal motif and the importance of the nucleotides involved in
recognition and binding of the protein, a large set of fluorescein-
labeled probes differing in their size and/or sequence were next
assayed (Figure 3B). In the presence of Probe 2, in which only
the right inverted sequence was conserved, a delay in the DNA
shift was observed (partial in the presence of 1.75 WM of protein
as compared to the reaction in the presence of Probe 1). Shifts
using Probe 3, where the extra nucleotides surrounding the
palindromic sequence were changed randomly were comparable
to those obtained with Probe 1 (Figure 3D), indicating that the
extra-palindromic sequence does not influence protein binding.
With Probe 4, where the inverted repeats were shortened by
six nucleotides, the formation of the DNA-protein complex was
severely impeded even with the highest concentration of protein
tested (3.5 wM) (Figure 3E). Increasing the spacer between
the two inverted repeats by 10 nucleotides (Probe 5) negatively
impacted the shift (Figure 3F). Substitutions of two nucleotides
at the extremities in each repeat sequence (Probe 6) was
accompanied by a pronounced shift alteration (Figure 3G) and
similar results were obtained when di-nucleotide substitutions
occurred at other positions within the conserved palindromic
sequence (Probes 7 and 8) (Figure 3H).

Overall, these results confirm that a strict preservation of this
inverted sequence and space separating these two motifs are
crucial for binding of MAB_4384 to its target.

Asp14 and Phe57 Are Critical for Optimal

DNA-Binding Activity of MAB_4384

Multiple primary sequence alignments of the MAB_4384
N-terminus with other TetR regulators with known three-
dimensional structures indicate that the N-terminus Aspl4
residue is well conserved in several other Tet regulators
(Figure 4A). Similarly, Phe57 was also found to be part of a highly
conserved stretch of amino acids in these proteins, although, in
some instances, Phe was replaced by bulky/hydrophobic residues
(Figure 4A). The importance of the conservation of these two
residues for the function of MAB_4384 and presumably also for
that of the other TetR regulators, was next assessed by EMSA
using the purified MAB_4384 mutated variants. As compared
to the shift profile with wild-type MAB_4384, the production of
the DNA-protein complex was severely impaired in the presence
of either MAB_4384 (D14N) (Figure 4C) or MAB_4384 (F57L)
(Figure 4D) and fully abrogated in the presence of the double
mutant (D14N/F57L) (Figure 4E).

results.

FIGURE 4 | D14N and F57L mutations abrogate binding of MAB_4384 to its palindromic DNA target. (A) Multiple primary sequence alignments of MAB_4384
N-terminus with other TetR family members whose crystal structures are known (PDB code indicated) from different microorganisms showing the conservation of the
Asp14 and Phe57 residues (indicated with black arrows). (B) Mapping of the mutations on the crystal structure of MAB_4384, the degree of residue conservation
(obtained from the sequence alignment in A) is represented by the coloration, from white (low conservation) to red (high conservation). (A,B) Were prepared using the
ENDscript server (http://endscript.ibcp.fr/ESPript/ENDscript/). EMSA were performed using increasing concentrations (in wM) of the purified MAB_4384 (D14N) (C),
MAB_4384 (F57L) (D) or MAB_4384 (D14N/F57L) (E) in the presence of Probe 1. Wild-type MAB_4384 was included as a positive control in each assay. The
concentration of Probe 1 was fixed at 280 nM. Gel shifts were revealed by fluorescence emission. Three independent experiments were performed with similar
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Overall, these results support the importance of both residues
in the DNA-binding capacity of MAB_4384 and the impaired
ability of the mutants to bind to the operator is in agreement with
the derepression of lacZ transcription in the M. abscessus strains
carrying the D14N or F57L mutations (Figure 2B).

Oligomeric States of MAB_4384 and

MAB_4384:DNA in Solution

To further characterize the MAB_4384:DNA complex formation,
we next assessed its stability in solution by SEC (Figure 5).
The oligomeric state of MAB_4384 in solution has an apparent
42.6 kDa molecular weight as compared to its 24.7 kDa
theoretical molecular mass calculated from its primary sequence,
thus highlighting the dimeric state of MAB_4384 in solution.
MAB_4384 (dimer) was next incubated with the non-fluorescent
DNA Probe 1 (Figure 3A) in a 1:1 molar ratio. A stable complex
elution peak at 12.6 mL clearly shifted from the elution peak
of MAB_4384 and DNA alone (Figure 5), allowing deduction
of the molecular mass of the protein:DNA complex at 102
kDa. As the DNA alone in solution appeared on SEC as a
24.5 kDa molecule, these results strongly suggest the existence
of two MAB_4384 dimers bound to one DNA molecule as
such a complex would possess a molecular mass of 109.7 kDa
(2 x 42.6 kDa + 24.5 kDa). This 2-to-1 binding mode was further
corroborated by the fact that an elution peak corresponding
to free DNA can be seen at 144 mL when we mixed the
MAB_4384 dimer and DNA in a 1:1 ratio. Moreover, increasing
the molar ratio of the MAB_4384 dimer:DNA complex (2:1
and 3:1) did not yield larger protein:DNA complexes (data
not shown), suggesting that, at a 1:1 molar ratio, the operator
is already saturated by the protein. This observation is not
unique as two TetR dimers have been shown to bind their DNA
targets in other microorganisms, such as in Staphylococcus aureus
(Grkovic et al., 2001) or in Thermus thermophilus (Agari et al.,
2012).

Crystal Structure of MAB_4384

To understand, at a molecular basis, how the DI4N or
F57L mutations generate resistance to TAC analogs, we first
crystallized and determined the X-ray structure of MAB_4384.
Although the structure of the protein could not be solved by
molecular replacement, the phase problem was overcome with
the SAD method using crystals of selenomethionine-substituted
MAB_4384 (Table 1). The crystal structure of the native protein
was subsequently solved with the partial model obtained from the
SAD data and refined to a resolution of 1.9 A. The asymmetric
unit contains two subunits. Chain A was modeled from residues
Aspl4 to Thr213, indicating that the first thirteen residues, one
residual Gly residue from the tag and the last eight residues in
the C-terminus were not visible in the electron density. Chain B
showed also disordered regions as the first ten residues, one Gly
residue from the tag in N-terminus as well as the last nine residues
in the C-terminus, could not be modeled. Analysis of the crystal
packing using the PISA server (Krissinel and Henrick, 2007)
predicted the existence of a stable homodimer formed within
the crystal, consistent with other TetR regulators (Cuthbertson

FIGURE 5 | Oligomerization of MAB_4384 and the MAB_4384:DNA complex
in solution. The oligomeric states of MAB_4384 alone or complexed to its
DNA target were determined by size exclusion chromatography. The elution
profile of the proteins, used for the calibration is displayed as a dashed black
line. Calibration was established using B-amylase (200 kDa) (1), bovine serum
albumin (66 kDa) (2), carbonic anhydrase (29 kDa) (3), and cytochrome C
(12.4 kDa) (4), eluting with estimated volumes of 11.7, 13.2, 14.9, 15.9 mL,
respectively. The void volume was determined with the elution volume (8.8 mL)
of dextran blue. MAB_4384 (dimer) was at a concentration of 3.9 mg/mL. The
elution profiles of MAB_4384 dimer, DNA target and MAB_4384 bound to the
DNA target are shown in orange, blue, and pink and their respective elution
peaks were at 13.9, 14.7, and 12.6 mL. Ky indicates the partition coefficient.

and Nodwell, 2013) and with the SEC profile of MAB_4384 in
solution (Figure 5).

The two subunits are very similar as their superposition leads
to a root mean square deviation (r.m.s.d.) of 0.53 A over 198
aligned residues. The N-terminus comprises the DNA binding
domain (DBD), followed by the LBD. The DBD is composed of
three a-helices al: residues 12-33, a2: 39-46, and a3: 50-56,
where helices 2 and 3 form a helix-turn-helix (HTH) motif.
The LBD is made of seven a-helices, a4: 60-82, a5: 838-104,
a6: 107-114, a7: 121-143, a8: 155-170, a9: 178-188, and a10:
205-211 (Figure 6A). The surface of dimerization of about 1,700
A? is mediated by 31 residues mainly from helices a8 and o9
of each subunit and involves numerous interactions notably
five salt bridges, fourteen hydrogen bonds and van der Waals
interactions.

Interestingly, we noticed the presence of extra electron
density in the LBD of chain B in a rather hydrophobic
pocket (Figure 6B). Although we could not interpret this
density, we hypothesize that it may correspond to a compound
present in the crystallization solution, such as PEG. Search for
structural homologs in the PDBeFold server indicated that the
closest structure to MAB_4384 corresponds to the LfrR TetR
transcriptional regulator from Mycobacterium smegmatis bound
to proflavin (PDB id : 2V57) (Bellinzoni et al., 2009) with an
r.m.s.d. of 2.6 A and sharing 16% primary sequence identity with
MAB_4384. However, only one subunit of each structure could
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A B
C
D E

FIGURE 6 | The homodimeric crystal structure of MAB_4384. (A) Overall structure of the MAB_4384 dimer displayed as cartoon representation. The LBDs of each
subunit are colored in slate and pink while the DNA binding domains are colored in blue and magenta. Helices are indicated by the a signs followed by numbers, Nt
and Ct stands for N-terminus and C-terminus and " is for chain B. (B) Putative ligand binding pocket in the LBD of MAB_4384. The Fo-Fc simulated annealed omit
map contoured at 3 o level is shown in blue. Residues that are 4 A around the electron density blob and that are potential amino acids of the ligand binding site are
shown as sticks. (C) Structural comparison of MAB_4384 with the crystal structure of the M. smegmatis LfrR repressor (PDB id: 2V57). The left panel represents the
superposition of one monomer of MAB_4384 (in blue) on one monomer of LfrR (in orange). The superposition of the two homodimers is shown on the right panel,
the two subunits of MAB_4384 are in blue and magenta and the two monomers of LfrR are in orange and wheat. (D,E) The figures compare the distance between
the two DNA binding domains in MAB_4384 (D) and in the crystal structure of the M. smegmatis TetR Ms6564 protein bound to its DNA target (PDB id: 4JL3).
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be superposed as the overall dimers differed largely (Figure 6C).
LrfR represses the expression of the LfrA efflux pump (Buroni
et al., 2006) and mediates resistance to ethidium bromide,
acriflavine, and fluoroquinolones (Takift et al., 1996).

Due to the occurrence of an extra electron density within the
LBD of MAB_4384 and that the closest structure of MAB_4384 is
LfrR in its ligand bound form, it is very likely that MAB_4384
was crystallized in its open conformation, i.e., its derepressed
form that is not able to interact with DNA. This was assessed by
determining the distance between two residues from the DBD
susceptible to interact with DNA. Residues Arg55 from chains
A and B are about 56 A apart (Figure 6D). In comparison, the
distances between the equivalent residues in various TetR:DNA
complexes are largely reduced. In the TetR:DNA complex
(PDB id: 4PXI) from Streptomyces coelicolor this distance is
45 A (Bhukya et al., 2014), in the TetR:DNA complex from
M. smegmatis (PDB id: 4JL3) (Yang et al., 2013) (Figure 6E),
E. coli (PDB id: 1QPI) (Orth et al., 2000), Corynebacterium
glutamicum (PDB id: 2YVH) (Itou et al., 2010) or Staphylococcus
aureus (PDB id: 1JT0) (Schumacher et al., 2002) the distances are
38 A,30 A, 42 A, and 37 A, respectively. From these results it can
be inferred that the DBDs of MAB_4384 are too far from each
other to bind to the DNA groove. These observations combined
with the presence of an unidentified ligand in the LBD strongly
suggest that the MAB_4384 structure is in an open conformation.

Structural Basis of the Resistant
Phenotype of the Mutants

To determine the impact of the mutations in the spontaneous
resistant M. abscessus mutants, the D14N and F57L residues
were mapped on the crystal structure of MAB_4384. Aspl4
is located at the beginning of helix al and is conserved in
several TetR protein members (Figures 4A,B). Residues from
helix al are often found in contact with DNA as seen in several
TetR:DNA crystal structures. Nonetheless, due to the acidic
nature of Asp, it is more likely that this residue repulses DNA.
We, therefore, hypothesize that it may instead contribute to the
correct positioning of other residues located in its close vicinity.
Alternatively, repulsion may promote important interactions of
DNA with other residues. Indeed, in other collected datasets at
lower resolution (data not shown), Asp14 was found to establish
a salt bridge interaction, thereby stabilizing the side chain of
Argl7 that could interact with DNA. In the absence of a crystal
structure of MAB_4384 bound to DNA it is, however, difficult
to convincingly affirm the impact of the D14N substitution.
However, neither the repulsion of DNA nor the establishment of
a salt bridge would be possible if Asn is present instead of Asp,
presumably explaining the loss of DNA binding activity of the
TetR D14N mutant.

The role of Phe57 situated on helix a3 is more obvious as this
position appears always occupied by bulky residues (Phe, Tyr, or
Trp) in numerous TetR proteins (Figure 4A). The side chain of
Phe57 contacts the side chains of Val22 from helix a1 and Leu63
from helix a4 (Figure 4B). Phe57 is very likely to perform an
important structural role in stabilizing the DBD. Replacement
with a less bulky side chain such as Leu would abolish these

contacts with helices ol and a4 residues, thus perturbing the
overall structural fold of this domain and suppressing the DNA-
binding capacity of MAB_4384.

Drug Recognition of MAB_4384 Induces
Expression of MmpS5/MmpL5

TetR regulators can respond to small molecules and the best
characterized member of this family of regulators is E. coli
TetR itself. It confers resistance to tetracycline by regulating
the expression of the tetracycline TetA efflux pump (Hillen and
Berens, 1994). When tetracycline binds to TetR, the regulator
loses affinity for the operators, conducting derepression of
tetA and extrusion of tetracycline out of the bacteria (Lederer
et al,, 1995). To investigate whether TAC derivatives could bind
to the LBD of MAB_4384, in silico docking was performed.
Despite using a large grid box covering the entire LBD, all
three compounds seem to be accommodated by the same
binding pocket (Figure 7A). Interestingly, this pocket positioned
exactly where the extra electron density was seen in the LBD
(Figure 6B). All the compounds bind with similar energies
in the aforementioned hydrophobic binding pocket. A slightly
stronger interaction for the most hydrophobic derivative D17 was
nonetheless observed. D17 and D6 that seem to bind stronger
are more hydrophobic and in their best docking poses their
thiosemicarbazide group is differently oriented as compared to
D15.

Next, we determined whether expression of mmpS5/mmpL5
can be conditionally induced by the substrates that are extruded
by the efflux pump system. This was achieved by determining
the effect of the D6, D15, and D17 analogs on LacZ production
using the pMV261_Ps5/L5_lacZ reporter strain in M. abscessus
incubated in Sauton’s medium with various drug concentrations
consisting of 1X, 2.5X, and 5X the MIC for D15 and of
0.5X, 1X, and 2.5X for D6 and D17. Kinetic studies indicated
that optimal expression was obtained after 96 h of treatment
(data not shown). The LacZ assay showed that transcription
was induced by the TAC analogs in a dose-dependent manner
whereas non-related drugs such as amikacin or the DMSO
control had no effects (Figure 7B). In comparison with the
basal transcriptional level in Sauton’s medium (no drug control),
the addition of TAC derivatives in the cultures resulted in a
reproducible 2.5- to 5-fold increase in the detection of B-Gal
activity with D17 being the most potent inducer at 2.5X MIC.
However, ethionamide, an antitubercular drug that, like the
TAC and TAC analogs, requires to be activated by the EthA
monooxygenase (Baulard et al, 2000; DeBarber et al., 2000;
Dover et al., 2007; Halloum et al., 2017) failed to induce lacZ at
5X MIC (previously determined at 16 pg/ml). Induction of lacZ
by D17 treatment was further confirmed at a transcriptional level
from the pMV261_Pss/15_lacZ cultures treated with 2.5x MIC
of D17 for 8 h (Figure 7C, left). This effect was specific to D17 as
no gene induction was observed in the DMSO-treated cultures.
Consistently, transcription profiling of mmpS5 and mmpL5 in the
D17-exposed cultures clearly showed a marked induction level
as compared to the DMSO-treated cultures and no effect on tgsI
expression (Figure 7C, right).

Frontiers in Microbiology | www.frontiersin.org

April 2018 | Volume 9 | Article 649


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Richard et al. TetR-Dependent Regulation of MmpL Expression in M. abscessus

FIGURE 7 | IRss5/.5 can be induced by structural analogs of thiacetazone. (A) Docking of TAC derivatives in the ligand binding site of MAB_4384. All the residues
involved in van der Waals, hydrophobic bonds or hydrogen bonds (in black dashes) are displayed as sticks. D15 in salmon has a binding energy of AG = -6.6
kcal/mol, D6 in magenta has a AG = -7.3 kcal/mol, and D17 seems to bind slightly stronger with a AG = —8.3kcal/mol. (B) Conditional induction of lacZ by
structural analogs of TAC in M. abscessus. Induction of 8-Gal activity in wild-type M. abscessus S carrying pMV261_Pgs 5_lacZ was assayed using mid-log phase
cultures incubated with increasing drug concentrations varying from 1X to 5X the MIC for D15 and varying from 0.5X to 2.5X the MIC for D6 and D17. Inductions
were performed for 96 h at 37°C. The B-galactosidase specific activity (SAg _ga)) was quantified in liquid cultures using ONPG as a substrate. Amikacin (AMK) and
ethionamide (ETH) were included as unrelated drug controls. (C) Transcriptional profile of lacZ in the M. abscessus pMV261_Pgs) 5_lacZ reporter strain exposed to
2.5X the MIC of D17 for 8 h (left). tgs7 was included as a non-relevant control. Replacing D17 by an equal volume of DMSO had no effect on lacZ transcription.
Transcriptional induction of mmpS5yaps and mmpL5yaps following exposure to 2.5X the MIC of D17 for 8 h (right). Results were obtained from three independent
experiments and the error bars represent standard deviation. For statistical analysis the Student’s t-test was applied with ns, *, **, *** **** indicating non-significant,
p < 0.05,p <0.01,p < 0.001, and p < 0.0001, respectively.

Frontiers in Microbiology | www.frontiersin.org 13 April 2018 | Volume 9 | Article 649


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Richard et al.

TetR-Dependent Regulation of MmpL Expression in M. abscessus

susceptibility to the compounds.

FIGURE 8 | Model of the binding of MAB_4384 to its operator and regulation of the MmpS5/MmpL5 efflux pump machinery. In the absence of drug, two MAB_4384
dimers bind to their DNA operator located in the intergenic region (IRss,Ls) between the divergently transcribed MAB_4384 (encoding the TetR regulator) and
MAB_4383c/MAB_4382c (encoding the MmpS5/MmpL5 efflux pump) (1). This action represses the transcription of MAB_4384 (2), MAB_4383c (3) and
MAB_4382c (4), predisposing the bacteria to drug susceptibility. When the TAC derivatives bind to MAB_4384 (5) or if MAB_4384 harbors the D14N or F57L
mutations (6), the regulator loses affinity for the operator, leading to derepression of MAB_4384 itself (7), MAB_4383c (8) and MAB_4382c (9). This triggers high
levels of expression of the MmpS5/MmpL5 complex in the plasma membrane and the subsequent export of the TAC analogs outside the bacteria (10), reducing

Together, these results support the view that TAC analogs,
which are substrates of MmpS5/mmpL5, are also effectors of
MAB_4384-induced transcription of mmpS5/mmpL5.

DISCUSSION

Herein, a combination of genetic, biochemical and structural
studies was used to demonstrate that MAB_4384 is part of the
TetR family of regulators, which represses the transcriptional
expression of the MmpS5/MmpL5 efflux pump. MAB_4384
belongs to the type I class TetR family of regulators, characterized
by a divergent orientation to one of the adjacent target
genes (Cuthbertson and Nodwell, 2013). In M. tuberculosis,
MmpS5/MmpL5 is under the control of the MarR repressor
Rv0678 (Radhakrishnan et al., 2014) and mutations in this
regulator leads to drug resistance (Andries et al., 2014; Hartkoorn
etal., 2014; Zhang et al., 2015). EMSA indicated a direct binding
of Rv0678 to the intergenic region located between mmpS5 and

Rv0678. However, shifts were also found using the promoter
regions of mmpS2-mmpL2, mmpS4-mmpL4, and Rv0991-Rv0992
(Radhakrishnan et al., 2014), suggesting that a single regulator
can control expression of several mmpS/mmpL loci. Our analysis
indicates that, despite the fact that M. abscessus possesses the
highest number of mmpL genes among all mycobacterial species
studied (Viljoen et al., 2017), the MAB_4384 regulator is highly
specific to the mmpS5/mmpL5 pair as demonstrated by the lack
of transcriptional regulation of a large set of mmpL genes and the
presence of a unique inverted DNA sequence target that was not
found elsewhere in the chromosome. This unique trait might also
be reflected by the modest structural homology of MAB_4384
with other TetR crystal structures. The tight regulation and the
high specificity of interaction with its target DNA, however,
cannot be solely explained on the basis of the MAB_4384 crystal
structure and the structure of the MAB_4384:DNA complex
is, therefore, greatly warranted to dissect these underlying
mechanisms. Nevertheless, our structural analysis underscores
the strategy employed by M. abscessus to acquire mutations

Frontiers in Microbiology | www.frontiersin.org

April 2018 | Volume 9 | Article 649


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Richard et al.

TetR-Dependent Regulation of MmpL Expression in M. abscessus

impacting the DNA-binding capacity or the folding/stability of
the DBD of MAB_4384 to become resistant.

EMSA and lacZ reporter fusions confirmed that DI14N
and F57L mutations, alleviating the DNA-binding activity of
MAB_4384, cause a strong up-regulation of mmpS5/mmpL5 gene
expression, in agreement with our previous qRT-PCR analyses
(Halloum et al., 2017). This leads to extrusion of the TAC
derivatives out of the cells, contributing to the high MIC values
for TAC derivatives against these mutants, as illustrated in
Figure 8. Expression of multi-drug resistant efflux pumps can
also be conditionally induced using structurally diverse substrates
(Kaatz and Seo, 1995; Rosenberg et al,, 2003; Buroni et al,
2006). This induction is caused by the direct interaction of
these substrates with the repressors, interfering with binding
of the repressors to their target operators and resulting in
increased expression of the pumps. Here, we show inducible
pB-galactosidase activity following treatment with D6, D15, or
D17, a mechanism that is very likely to be meditated by
MAB_4384. This view is reinforced by the fact that docking
studies highlighted the possibility that all three analogs could
be accommodated in the LBD of the protein, which perfectly
coincided with the extra electron density observed. Since, the
LBD are remote from the DBD, the derepression of TetR
family regulators involves allosteric mechanisms that include
conformational changes transmitted largely within the same
subunit (Ramos et al., 2005). The interaction of ligands with
the LBD captures a conformational state where the DBD is
repositioned relative to the LBD in a way that the dimer is
prevented from binding to its target DNA. However, definitive
proof of this mechanism awaits the elucidation of the crystal
structure of the D17-bound form of MAB_4384, as reported
for instance with the hexadecyl octanoate-bound EthR repressor
(Frénois et al, 2004) or the LfrR regulator complexed with
proflavine (Bellinzoni et al., 2009). Lack of inducible lacZ
expression in M. abscessus cultures exposed to amikacin, for
which mutations in 16S rRNA represent a major mechanism of
resistance (Prammananan et al., 1998), indicates that MmpL5-
mediated efflux cannot mediate resistance toward this antibiotic
in line with the lack of cross-resistance toward amikacin observed
for TAC derivative-spontaneous resistant mutants (Halloum
et al., 2017). The specificity of the MAB_4384-driven resistance
mechanism described herein is further supported by the lack of
lacZ induction during exposure to ETH, that similarly to TAC
and TAC analogs, requires bio-transformation by EthA, whose
expression is also dependent on the EthR regulator belonging to
the TetR family (Baulard et al., 2000; Engohang-Ndong et al.,
2004; Halloum et al., 2017). Together, these findings strongly
suggest that when TAC analogs bind to MAB_4384, the regulator
loses affinity for its DNA target, resulting in up-regulation of
mmpS5/mmpL5 and export of the drugs from the cells (Figure 8).
These results also point out the selectivity of this efflux-based
mechanism. Indeed, no change in the MIC of clofazimine or
bedaquiline were noticed in a MAB_4384-disrupted strain, which
appears intriguing as MmpL5 has been reported as a multi-
substrate efflux pump responsible for low-level resistance to
both of these drugs in M. tuberculosis (Hartkoorn et al., 2014).
The LBD of MAB_4384 potentially can accommodate bulky

molecules and might thus indicate that MAB_4384 is involved in
efflux of other types of compounds in addition to TAC analogs.
However, we could neither dock clofazimine nor bedaquiline
in the LBD of MAB_4384 (not shown). Several reasons can
be put forth to explain these species-specific variations. In
M. tuberculosis, expression of MmpL5 is under the control of a
MarR regulator rather than a TetR regulator. Alternatively, we
have previously reported the occurrence in M. abscessus of three
mmpS5/mmpL5 paralogs (Halloum et al., 2017), thus, it remains
possible that either of the two remaining genes may participate in
co-resistance to these drugs in M. abscessus.

The highly pronounced expression of lacZ under derepressed
conditions found in the MIA, F57L, or D14N mutant strains,
almost at levels similar to those driven by the strong and
constitutive hsp60 promoter, confirmed the very high expression
levels of mmpS5 and mmpL5 detected by qRT-PCR and probably
explains the very high level of resistance of the mutants
(MIC > 200 pg/mL). This contrasts also with findings where
MmpL5 mediates only low-levels of resistance in M. tuberculosis
(Andries et al., 2014; Hartkoorn et al., 2014), presumably
because expression of mmpL5 is driven by a weaker promoter
than in M. abscessus. That mmpS5/mmpL5 expression is
tightly controlled suggests that the MmpS5/MmpL5 machinery
may exert an important function in the assembly and/or
maintenance of the cell wall by exporting a yet unidentified
lipid, as already reported for several MmpL transporters in
M. tuberculosis (Chalut, 2016; Viljoen et al., 2017). Alternatively,
they may participate in adaptation during the infection process.
However, the growth curves of the wild-type or the strain
constitutively expressing high levels of MmpL5 (due to the
MI1A mutation in MAB_4384) were comparable in vitro. In
addition, microinjections of the different strains were done in
the zebrafish embryo, an animal model previously developed to
study the early events of the M. abscessus infection (Bernut et al.,
2014, 2015). No differences in virulence were noticed between
the wild-type and MAB_4384 (M1A) strains (Supplementary
Figure S2). Interestingly, the mmpS5/mmpL5 locus was found
to be induced when M. abscessus was exposed to a defined,
synthetic medium that mimics the composition of CF sputum
(Miranda-CasoLuengo et al, 2016). This may be part of a
complex adaptive transcriptional response to the mucus layer
of the CF airways that leads to the chronic infections of
M. abscessus.

In summary, this study provides new functional and structural
insights into TetR-dependent regulation of MmpL efflux pumps
in mycobacteria. Considering the exceptionally high abundance
of TetR transcriptional regulators (more than 130) as well as the
important MmpL repertoire (around 30) in M. abscessus, one can
anticipate that mechanisms similar to the one described here are
exploited by this pathogen to express its intrinsic resistance level
to other antibiotics.
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7. CHAPTER 1V: Study of Mycobacterium abscessus resistance mechanism
by the TetR-MmpL system

7.2. Article 2: Mutations in the MAB_2299c TetR regulator confer cross-resistance to
clofazimine and bedaguiline in Mycobacterium abscessus.

The efficacy of current recommended treatments for the M. abscessus complex is
debatable according to different epidemiological studies. Moreover, M. abscessus sensu
stricto was reported as the species with the highest relapse rates among the M. abscessus
complex subspecies (van Ingen et al. 2013). Therefore, new therapeutic approaches are
needed to shorten the duration of treatment. Novel therapeutic strategies rely on the
development of new chemical entities and the repositioning of known drugs (Wu et al. 2018).

Clofazimine is a riminophcnazine dye (2-/)-chloranilino-5-/)-chlorophenyl-3: 5-
dihydro-3-isopropyliminophenazine) that was initially designed for the treatment of M.
tuberculosis (Barry et a. 1957). Despite the antitubercular success of this red dye in murine
models, it was not use to treat human TB (Silva et a. 2018) but was used for the treatment of
leprosy (McDOUGALL et a. 1980; Garrelts 1991). Clofazimine targets type |1 NADH-
guinone oxidoreductase, an important element in the electron transport chain by competing
for electrons with menaguinone (Yano et a. 2011). Additional mechanisms are proposed for
its antimycobacterial activity that involve membrane disruption and compromise of ATPase
activity. Due to the cationic amphiphilic nature of this drug, a multitargeted function could
explain the low level of resistance to this drug (Cholo et a. 2017). The main mutation
associated with clofazimine resistance in M. tuberculosisis found in Rv0678 that encodes the
MarR transcriptiona regulator of mmpS5-mmpL5. Additional mutations were also found in
Rv2535c¢, encoding a putative PepQ peptidase and in Rv1979c encoding a permease possibly
involved in amino acid transport (Zhang et al. 2015). The clinical success of clofazimine for

infections caused by the M. avium complex draws attention to the future potential of this drug
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to treat other NTM. To date, severa clinica studies have reported the success in the
introduction of clofazimine for the treatment of M. abscessus pulmonary disease (Wu et al.
2018).

The new antitubercular drug, bedaquiline, 1-(6-bromo-2-methoxy-quinolin-3- yl)-4-
dimethylamino-2-naphthalen-1-yl-1- phenyl-butan-2-ol is a diarylquinoline approved by the
United States Food and Drug Administration and the European Medicines Agency for the
treatment of multidrug-resistant TB (Wolfson et a. 2015). The mode of action of this drug
points to the interruption of H* transfer and subsequent impairment of ATP production, by
joining the subunit C of the mitochondrial adenosine triphosphate synthase encoded by atpE
(Andries et al. 2005). Mutations in this gene have been associated with resistance to
bedaquiline in M. tuberculosis (Segala et a. 2012). In addition, bedaquiline shares cross-
resistance with clofazimine though mutations in Rv0678 and Rv2535c¢ (T. V. A. Nguyen €t al.
2018). Bedaquiline is a promising alternative to be included in the treatment of M. abscessus
and other NTM infections athough it exerts bacteriostatic activity in vitro and in vivo (Lounis
et a. 2009; Lerat et a. 2014; Dupont et al. 2017). The combined treatment of
clofazimine/bedaguiline has shown a synergistic interaction against M. abscessus. However,
specia attention should be given to this dual therapy, as it could promote the emergence of
resistance to bedaquiline (Ruth et a. 2019).

With the current need to include more efficient treatments and the availability of
clofazimine and bedaquiline as new alternatives, we were interested in describing the
mechanisms of resistance to clofazimine. Six clofazimine resistant mutants were generated in
vitro. WGS alowed to identify mutations in MAB _2299c in all 6 resistors. MAB 2299c
encodes a putative TetR regulator adjacent to two pairs of genes that encode the putative
mmpS'mmpL  transporters, MAB_2300-MAB 2301 and MAB 2302-MAB 2303. All six
clofazimine-resistant mutants were cross-resistant to bedaquiline. Moreover, the DNA-

binding target that contains two palindromic motifs was identified thanks to bioinformatics
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tools and EMSA were performed to evaluate the formation of DNA-protein complex. The
results obtained clearly indicated that MAB_2299c was involved in the overexpression of the
efflux pump system MAB_2300-MAB_2301 but not MAB_2302-MAB_2303.

In addition, the genetic tool to generate mutants using a two-step homologous
recombination system based on our previous suicide plasmid that carries tdTomato as positive
selection marker (Viljoen et a. 2018) was improved by adding katG as a counter-selection
marker. This technique alowed to generate an unmarked deletion of MAB_2299c and
subsequently confirm its participation in cross-resistance to clofazimine/bedaquiline as a
consequence of up-regulation of the MAB_2300-MAB_2301 efflux pump system.

In conclusion, we demonstrated the implication of MAB_2299c in the repression of
the efflux pump system MAB_2300-MAB_2301 and its contribution in the cross-resistance

to clofazimine and bedaquiline.
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ABSTRACT New therapeutic approaches are needed against Mycobacterium absces-
sus, a respiratory mycobacterial pathogen that evades efforts to successfully treat in-
fected patients. Clofazimine and bedaquiline, two drugs used for the treatment of
multidrug-resistant tuberculosis, are being considered as alternatives for the treat-
ment of lung diseases caused by M. abscessus. With the aim to understand the
mechanism of action of these agents in M. abscessus, we sought herein to determine
the means by which M. abscessus can develop resistance. Spontaneous resistant
strains selected on clofazimine, followed by whole-genome sequencing, identified
mutations in MAB_2299¢, encoding a putative TetR transcriptional regulator. Unex-
pectedly, mutants with these mutations were also cross-resistant to bedaquiline.
MAB_2299¢ was found to bind to its target DNA, located upstream of the diver-
gently oriented MAB_2300-MAB_2301 gene cluster, encoding MmpS/MmpL mem-
brane proteins. Point mutations or deletion of MAB_2299¢ was associated with the
concomitant upregulation of the mmpS and mmpL transcripts and accounted for this
cross-resistance. Strikingly, deletion of MAB_2300 and MAB_2301 in the MAB_2299c
mutant strain restored susceptibility to bedaquiline and clofazimine. Overall, these
results expand our knowledge with respect to the regulatory mechanisms of the
MmpL family of proteins and a novel mechanism of drug resistance in this difficult-
to-treat respiratory mycobacterial pathogen. Therefore, MAB_2299c may represent an
important marker of resistance to be considered in the treatment of M. abscessus
diseases with clofazimine and bedaquiline in clinical settings.

KEYWORDS EMSA, MmpL, Mycobacterium abscessus, TetR regulator, bedaquiline,
clofazimine, drug resistance mechanisms, efflux pumps

ycobacterium abscessus is an emerging nontuberculous mycobacterium (NTM)

commonly associated with contaminated traumatic skin wounds or postsurgical
soft tissue infections (1). Among the rapid growers, M. abscessus also represents the
most frequently isolated species in cystic fibrosis (CF) patients, with a prevalence of 3%
to 6% in this population (2), or in patients with other underlying lung disorders, such
as non-CF bronchiectasis and chronic obstructive pulmonary disease (COPD), resulting
in nodular and cavitary granulomas and persistent lung infection (3-6). CF patients with
chronic M. abscessus infection have higher rates of lung function decline than those
with no NTM infections (7). Recent surveys have identified M. abscessus to be a major
threat in many CF centers worldwide (5), and this alarming situation is worsened by
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epidemiological studies documenting the transmission of dominant circulating M.
abscessus clones that have spread globally between hospitals (8). In addition, lung
infections caused by M. abscessus remain extremely difficult to treat, mainly because of
its natural resistance to most currently available antibiotics (9). The prognosis of
pulmonary infections is poor, particularly in the context of CF, with a cure rate of 30%
to 50%, in spite of lengthy courses of antibiotics often complemented by surgery (10).
In contrast to many other NTM infections, antibiotherapy against M. abscessus often
fails, leading to lasting sputum culture positivity, and no antibiotic regimen reliably
cures these infections (3, 11-14).

There is an important medical need to discover and develop more efficient and safer
treatments to fight against M. abscessus. The proposed strategy for fueling a drug
pipeline can rely on (i) de novo drug discovery to identify new pharmacophores and
targets, (ii) repurposing of known drugs as new treatments of M. abscessus infections,
or (i) the repositioning of antibiotics that act against pharmacologically validated
targets but that have been developed for the treatment of other infectious diseases
(15). Among the repositioned drugs over which there is increasing interest, clofazimine
(CFZ) and bedaquiline (BDQ) are currently being evaluated in clinical trials for their
activities against M. abscessus pulmonary infections.

The riminophenazine clofazimine (CFZ) is a lipophilic agent with cationic amphiphi-
lic properties used as an antileprosy drug and currently repurposed as an antituber-
culosis (anti-TB) drug (16). CFZ also has unique characteristics, such as a slow metabolic
elimination, preferential accumulation inside macrophages, and a low incidence of
drug resistance (16). In M. tuberculosis, CFZ acts as a prodrug which is reduced by the
NADH dehydrogenase (Ndh2) and, upon spontaneous reoxidation by O,, releases
reactive oxygen species (ROS) (17), explaining why high levels of resistance to CFZ are
rare. Due to the recent widespread emergence of M. abscessus, there has been a
renewed interest in the repurposing of CFZ for the treatment of M. abscessus infections.
In vitro studies reported the efficacy of CFZ in multidrug regimens for the treatment of
M. abscessus infections, in which it showed synergistic activity with amikacin (18) or
tigecycline (19). CFZ was also found to prevent the regrowth of M. abscessus exposed
to clarithromycin and amikacin (13). Although CFZ has increasingly been used in the
treatment of lung diseases in clinical practice (10, 20), only limited data on its effec-
tiveness are available. In one study, CFZ was found to be safe, reasonably tolerated, and
active when given orally for the treatment of NTM infections, including M. abscessus
infections, and was proposed to be an alternative drug for the treatment of NTM
diseases (21). In another study, CFZ-containing regimens also showed improved treat-
ment outcomes in patients with pulmonary diseases due to M. abscessus (22).

BDQ is a diarylquinoline antibiotic that has been approved by the Food and Drug
Administration and the European Medicines Agency for the treatment of multidrug-
resistant tuberculosis (MDR-TB) (23). BDQ acts by targeting the c subunit of the
essential F,F, ATP synthase (24-27), and studies have also proposed that it may inhibit
the ATP synthase via another mechanism involving the & subunit of the enzyme, in
addition to binding to its c subunit (28, 29). BDQ exhibits very low MICs against various
NTM, including M. abscessus clinical isolates from CF and non-CF patients (27, 30, 31),
but despite being an excellent growth inhibitor at low doses, it lacks bactericidal
activity against M. abscessus (27). Studies in immunocompromised mouse models led to
conflictual conclusions, reporting, on the one hand, a benefit of BDQ in reducing
bacterial loads in gamma interferon knockout mice (32) and, on the other hand, no
decrease in the bacillary loads in the lungs or an inability to prevent death in nude mice
(33). However, BDQ is highly efficient in reducing pathophysiological signs, such as
abscesses and cords in M. abscessus-infected zebrafish, and in protecting zebrafish
larvae from death (27). The mode of action of BDQ in M. abscessus relies on rapid ATP
depletion and was demonstrated by genetically transferring single point mutations into
atpE, which conferred high levels of resistance to the drug (27). Preliminary results of
studies using BDQ as salvage therapy for pulmonary infections with M. avium or M.
abscessus suggested that BDQ has clinical activity but its efficacy appears to be

January 2019 Volume 63 Issue 1 e01316-18

Antimicrobial Agents and Chemotherapy

aac.asm.org 2

1sanb Aq 6T0Z ‘T2 1snhBny uo /610 wse dee//:dny woly papeojumoq


https://aac.asm.org
http://aac.asm.org/

Clofazimine and Bedagquiline Resistance in M. abscessus Antimicrobial Agents and Chemotherapy

TABLE 1 Drug susceptibility profiles and genotypes of 6 spontaneous CFZ-resistant
M. abscessus strains?

MICyo (prg/ml) Mutation in MAB_2299c
Strain CFZ BDQ AMK SNP/indel Amino acid change
Wild type 4 0.5 8
CFZ-R1 8 2 8 T119G L40W
CFZ-R3 8 2 8 C276del P92fs
CFZ-R4 8 2 8 G541T E181stop
CFZ-R6 8 2 8 ins318A D106fs
CFZ-R7 8 2 8 T452C L151P
CFZ-R9 8 2 8 G643A G215S

aThe mutants were derived from the ATCC 199177 S parental strain and selected in the presence of CFZ.
MICy, values were determined on Middlebrook 7H10 agar. Single nucleotide polymorphisms (SNP) and/or
indels were identified in MAB_2299c. The corresponding amino acid changes are also indicated. CFZ,
clofazimine; BDQ, bedaquiline; AMK, amikacin; del, deletion; ins, insertion; fs, frameshift.

relatively moderate, as suggested by a low sputum culture conversion rate (34).
Therefore, the clinical utility of BDQ against M. abscessus infections requires more
studies.

To further delineate the mechanism of action of CFZ and BDQ in M. abscessus, we
sought to determine how M. abscessus develops resistance to these agents. Herein,
mutations were identified in a new TetR regulator, MAB_2299c. These mutations were
associated with low levels of resistance to both CFZ and BDQ. Genetic and biochemical
analyses were applied to determine the specificity of this regulatory system in M.
abscessus and to describe the contribution of a key residue important in driving the
DNA-binding activity of MAB_2299c to its operator. The results expand our knowledge
with respect to the regulatory mechanisms of the MmpL family of efflux pumps and on
a novel mechanism of drug resistance in M. abscessus.

RESULTS

Mutations in MAB_2299c¢ confer coresistance to CFZ and BDQ. With the aim of
identifying the mechanism of resistance to CFZ in M. abscessus, 6 spontaneous CFZ-
resistant mutants were first reared in passages of the reference M. abscessus ATCC
19977 S strain in liquid medium containing increasing concentrations of CFZ and then
isolated on solid 7H11 medium supplemented with oleic acid-albumin-dextrose-
catalase (OADC) (7H11°APC medium). All 6 resistors exhibited low resistance levels (MIC,
8 ng/ml) compared to the resistance level of the parental strain (MIC, 4 ug/ml) (Table
1). Spontaneous resistant mutants arose at a frequency of ~2 X 10~7. Whole-genome
sequencing identified mutations in the MAB_2299¢ locus in all 6 mutants, which were
subsequently confirmed by PCR amplification and Sanger sequencing. This approach
identified single nucleotide polymorphisms (SNP) in mutants CFZ-R1 (L40W replace-
ment), CFZ-R4 (stop codon), CFZ-R7 (L151P replacement), and CFZ-R9 (G215S replace-
ment), as well as a single nucleotide deletion in CFZ-R3 or a single nucleotide insertion
in CFZ-R6 leading to frameshift mutations (Table 1). These observations converge to a
prominent role of MAB_2299c in the CFZ resistance phenotype. Interestingly, all 6
CFZ-resistant mutants were also coresistant to BDQ with MIC levels of 2 ug/ml, corre-
sponding to a 4-fold increased MIC compared to that for the parental strain (Table 1).
In contrast, all mutants remained susceptible to amikacin (AMK). These results imply
that mutations in MAB_2299c¢ confer cross-resistance to CFZ and BDQ but not to AMK,
pointing out a unique resistance mechanism.

MAB_2299c encodes a TetR repressor controlling expression of a specific MmpS/
MmpL pair. Sequence alignments and BLAST analyses indicated that MAB_2299c
encodes a putative TetR transcriptional regulator. TetR family members possess a
conserved N-terminal helix-turn-helix (HTH) DNA-binding domain and a C-terminal
ligand regulatory domain and are commonly associated with antibiotic resistance by
regulating expression of genes coding for multidrug resistance efflux pumps (35).
Interestingly, the two gene pairs (MAB_2300-MAB_2301 and MAB_2302-MAB_2303)
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FIG 1 MAB_2299c regulates expression of the MAB_2300-MAB_2301 locus. (A) Schematic representation
of the genetic environment of MAB_2299¢ and its two adjacent mmpS-mmpL gene pairs (MAB_2300-
MAB_2301 and MAB_2302-MAB_2303). The sizes and positions of the two intergenic regions (IR,544/0; and
IR,302/03) are indicated. (B) Transcriptional expression of the MAB_2300-MAB_2303 genes in the parental
M. abscessus strain and in 6 spontaneous CFZ-resistant mutants harboring mutations in MAB_2299c. The
results are expressed as the fold change in mRNA levels between the mutant strains and the parental
strain. Error bars indicate the standard deviation. Relative gene expression was calculated using the
2-44¢T threshold cycle (C;) method with PCR efficiency correction. The data are representative of those
from three independent experiments.

adjacent to MAB_2299¢ and transcribed in the opposite direction code for MmpS
(MAB_2300 and MAB_2302) and MmpL (MAB_2301 and MAB_2303) integral membrane
proteins (Fig. 1). MmpL proteins are part of the superfamily of resistance, nodulation,
and division (RND) transporters and were reported to act as efflux pumps for azoles,
CFZ, and BDQ in M. tuberculosis (36, 37) and for thiacetazone analogues in M. abscessus
(38, 39).

To explore whether the TetR regulator MAB_2299c controls the expression of the
neighboring mmpS and mmpL genes, quantitative reverse transcription-PCR (qRT-PCR)
was first performed both in the parental M. abscessus S strain and in the 6 CFZ- and
BDQ-resistant derivatives harboring the various MAB_2299c alleles. The results clearly
showed the induction of both the MAB_2300 and the MAB_2301 transcripts in all 6
mutants (Fig. 1B). The expression levels of tgsi, which encodes the triacylglycerol
synthase, involved in the synthesis and accumulation of triglycerides in M. abscessus
(40), and which was included as an unrelated gene control, were found to remain
unchanged in the various strains tested (Fig. 1B). In contrast, no induction of the
expression levels of MAB_2302 and MAB_2303 transcripts was observed in the different
mutant strains (Fig. 1B). This suggests that MAB_2299c represses expression of only the
MAB_2300-MAB_2301 (mmpS-mmplL) pair.

MAB_2299c binds to a palindromic sequence upstream of MAB_2300. Using
MEME, a motif-based sequence analysis tool (41), a 64-bp DNA segment within the
373-bp intergenic region between MAB_2299c and MAB_2300 (IR,540,01) harboring two
palindromic sequences as well as two degenerated repeat motifs was identified
(Fig. 2A). To test whether this 64-bp fragment represents a DNA-binding site for
MAB_2299c, electrophoretic mobility shift assays (EMSA) were performed using increas-
ing concentrations of purified MAB_2299c in the presence of the corresponding labeled
fragment (probe A; Fig. 2B). Under these conditions, a DNA-protein complex was
detected. The specificity of binding was demonstrated in a competition assay by
adding increasing concentrations of the corresponding unlabeled DNA fragment (cold
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FIG 2 Binding activity of MAB_2299c to the intergenic region upstream of MAB_2300-MAB_2301. (A) Schematic representation of the 64-bp DNA
operator identified within IR,54,,,; corresponding to the sequence of probe A. The oligonucleotides recognized by MAB_2299c¢ are composed of
two palindromes (underlined by arrows) and two degenerated double repeats (underlined by dashed arrows). (B) EMSA and competition assays
using probe A and purified MAB_2299c. Gel shifts were revealed by fluorescence emission using a 5’ fluorescein-labeled probe A. (C) Gel filtration
profiles of free probe A, free MAB_2299c¢, and the TetR-DNA complex. Probe A (red dotted line) and MAB_2299c (green line) were isolated
individually by size exclusion chromatography and displayed elution volumes (V,) of 12.35 ml and 13.64 ml, respectively. When mixed together,
a stable MAB_2299c-probe A complex (red line) with an elution volume of 11.53 ml was observed. The MAB_4384-specific palindromic sequence
(orange dotted line) eluted at 14.43 ml. However, when mixed together with MAB_2299¢, no protein-DNA complex was formed and both the DNA
and protein were eluted separately (orange line) as two distinct peaks, with the elution volumes corresponding exactly to those for the MAB_4384
palindrome and MAB_2299c¢ protein alone. mAU, milli-absorbance units. (D) Expression of the various MAB_2299c variants in E. coli. Lanes 1, total
crude extract; lanes 2, clarified/soluble extract. The theoretical molecular mass of MAB_2299c-6His-TrxA is 41,420 Da. MW, molecular weight. (E)
Impaired DNA-binding activity of the MAB_2299c L40W mutant, as shown by EMSA using either the soluble MAB_2299c (WT) or MAB_2299c
(L40W) protein. Gel shifts were revealed by the fluorescence emission thanks to fluorescein-labeled probe A.

probe), which led to a dose-dependent decrease in DNA-protein complex formation
(Fig. 2B). Moreover, the shift was maintained in the presence of an excess of a
nonrelated probe, further indicating that a specific protein-DNA complex was formed
only when the TetR regulator was incubated with DNA containing its specific target.
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These results were also confirmed by size exclusion chromatography (SEC), where the
MAB_2299c-probe A complex eluted at 11.53 ml and could be readily separated from
the protein alone (which eluted at 13.64 ml) or the DNA target (which eluted at
12.35ml) (Fig. 2C, top). In contrast, no protein-DNA complex was eluted when
MAB_2299c was incubated with the DNA target from MAB_4384, a previously charac-
terized TetR regulator in M. abscessus (38, 39) (Fig. 2C, bottom), further highlighting the
specificity of the MAB_2299¢/IR,5,0,0; interaction. In addition, the pronounced shift
impairment using mutated derivatives of probe A lacking either the palindromic
sequence (APalin) or the degenerated double repeats (ADR), generated by replacing
the original sequences with random nucleotides, suggests that both the palindrome
and the double repeats are required for the optimal binding of MAB_2299c to its
operator (see Fig. S1 in the supplemental material).

Screening of the entire 863-bp IR,30,,03 located upstream of the second mmpS-
mmpL pair (Fig. 1A) using MEME failed to identify inverted repeats that looked similar
to the ones found in IR,340,01, SUggesting that the regulator is unlikely to recognize a
DNA-binding sequence in the upstream region of MAB_2302-MAB_2303. To confirm this
hypothesis, EMSAs were done by incubating increasing concentrations of MAB_2299¢
with 3 overlapping probes covering the entire IR,54,,0; region (Fig. S2A). Even at the
highest protein concentration tested, no protein-DNA complexes were observed with
either of the three probes (Fig. S2B). These results are in agreement with the gRT-PCR
results (Fig. 1B) and support the view that MAB_2299c is unable to bind to IR,54,,05; and
to regulate the expression of this second mmpS-mmpL pair.

Overall, these results confirm the strict DNA sequence requirements for the optimal
binding of MAB_2299c t0 IR5500/01-

Leu40 is critical for optimal DNA-binding activity of MAB_2299c. To get insights
into the mechanisms by which the different point mutations in CFZ-R1, CFZ-R7, and
CFZ-R9 confer resistance to CFZ and BDQ, the three corresponding MAB_2299c¢ alleles
were cloned into pET32a and introduced into E. coli for expression. Figure 2D shows
that although the 3 mutated proteins were highly expressed, only a very small fraction
of the L40W protein was found in the soluble fraction, whereas the vast majority of the
L151P and G215S mutants remained insoluble. Despite many attempts and by using
large E. coli cultures, we failed to obtain enough soluble L151P and G215S proteins for
subsequent purification but succeeded in generating the L40W derivative in a soluble
form. Due to its localization within the N-terminal domain of the TetR regulator, known
to participate in the DNA-binding activity of the protein (35), we addressed whether the
L40W substitution conferring resistance to CFZ and BDQ affects the DNA-binding
activity of MAB_2299c. EMSAs were therefore performed using purified MAB_2299c
(L40W) and probe A. Compared to the shift profile with wild-type (WT) MAB_2299c, the
formation of the DNA-protein complex was severely impaired in the presence of the
mutated protein, even at high protein concentrations (Fig. 2E).

Overall, these results support the importance of Leu40 in the DNA-binding capacity
of MAB_2299c¢ and explain the reduced ability of the mutants to bind to the operator
region, in agreement with the derepression of MAB_2300-MAB_2301 transcription in the
CFZ-R1 M. abscessus strain carrying the L40W substitution (Fig. 1B).

An unmarked deletion of MAB_2299c leads to upregulation of the MAB_2300-
MAB_2301 efflux pump and coresistance to CFZ and BDQ. Because point mutations
or premature stop codons in the MAB_2299c¢ mutants did not prevent the altered
proteins from interacting with other protein partners/DNA sequences and eventually
generating aberrant phenotypes, we further confirmed the contribution of MAB_2299c
in the profile of susceptibility/resistance to CFZ and BDQ by generating an M. abscessus
deletion mutant. To achieve this aim, we first improved a flexible suicide vector that we
previously created, pUX1 (43), by cloning into it the M. tuberculosis katG, which was
recently demonstrated as an efficient counterselectable marker in M. abscessus in the
presence of isoniazid (INH) (42). Through the positive selection afforded by kanamycin
resistance and tdTomato markers and the negative selection afforded by katG, this
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FIG 3 Generation of an unmarked MAB_2299c deletion mutant in M. abscessus. (A) Line drawing illustrating the general
protocol followed to ascertain the AMAB_2299c mutant. katG,,,,, M. tuberculosis katG. (B) (Left) Line drawing of the
genomic context in the M. abscessus WT and AMAB_2299c mutant that also illustrates the PCR strategy followed to confirm
the deletion of MAB_2299c. Red and blue bars, the PCR products obtained during the screening of potential mutant clones;
black arrow, MAB_2299c. (Right) A gel confirming the AMAB_2299c genotype. The red and blue bars correspond to the
amplicons obtained in the left panel. These amplicons were subjected to sequencing analysis to confirm the correct

deletion of the MAB_2299c gene.

vector, pUX1-katG, could be used in a two-step homologous recombination procedure
to generate scarless unmarked deletion mutants in M. abscessus. The different steps of
this method leading to an unmarked MAB_2299c deletion are depicted in Fig. 3A. As a
first step, sequences of approximately 1 kb directly upstream and downstream of a
560-bp internal fragment of the 666-bp MAB_2299c open reading frame were cloned
adjacently into pUX1-katG. After transformation of M. abscessus with pUX1-katG-
MAB_2299c, colonies that had undergone a first homologous recombination between
the plasmid and the bacterial chromosome either up- or downstream of the MAB_2299c
gene were easily identified by their red fluorescence against a large background of
colonies spontaneously resistant to the selective antibiotic. After a single passage in
liquid culture without kanamycin, the MAB_2299c single-crossover clones were serially
diluted and the dilutions were plated on INH-containing solid medium. Clones that
were INH resistant, nonfluorescent, and kanamycin sensitive arose at an approximate
frequency of 10=* to 103 CFU/ml. These clones were selected and subsequently
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FIG 4 Deletion of MAB_2299c confers resistance to both CFZ and BDQ. (A) Results of a gRT-PCR
experiment showing the induction levels of the mmpS-mmpL (MAB_2300-MAB_2301) pair but not
MAB_2302-MAB_2303 when MAB_2299c is deleted from the M. abscessus genome. (B) Profile of the
susceptibility or resistance of M. abscessus WT, M. abscessus AMAB_2299c, and the complemented
derivative of AMAB_2299c (AMAB_2299¢.C) to BDQ, CFZ, or IPM. Five microliters of 10-fold serially diluted
bacterial suspensions of exponentially growing cultures was spotted on Middlebrook 7H10 plates in the
absence (control [CTRL]) or presence of drugs at the indicated concentrations. The plates were incubated
at 37°C for 4 days.

genotyped to confirm the correct unmarked deletion of MAB_2299c¢ by PCR/sequencing
analysis (Fig. 3B). No observable changes in the colony morphology or in the in vitro
growth rate were noticed in this unmarked deletion mutant, subsequently designated
AMAB_2299c (Fig. S3). AMAB_2299¢ was then subjected to gRT-PCR analysis. The results
in Fig. 4A clearly show a 5-fold increase in the transcription level of MAB_2300 and
MAB_2301, but not that of MAB_2302 and MAB_2303. Interestingly, these induction
levels were comparable to those found in CFZ-R6. In agreement with the gRT-PCR
results performed using the various CFZ spontaneous mutants, the MAB_2299c gene
deletion did not affect expression of the MAB_2302-MAB_2303 pair. As expected, the
CFZ and BDQ susceptibility pattern of the AMAB_2299¢c mutant was comparable to that
of CFZ-R6 (Fig. 4B). Importantly, both the AMAB_2299c and CFZ-R6 mutants displayed
enhanced growth on agar supplemented with 0.5 ug/ml BDQ or 4 ug/ml CFZ (Fig. 4B,
bottom), whereas, under the same conditions, the growth of the parental M. abscessus
strain was severely inhibited. That this resistance phenotype was restricted to CFZ and
BDQ only was supported by the similar growth and susceptibility to imipenem (IPM) of
all strains. As anticipated, complementation of the AMAB_2299c mutant by introducing
a pMV261-MAB_2299c construct (leading to AMAB_2299¢.C) fully restored susceptibility
to both CFZ and BDQ (Fig. 4B). In contrast, the susceptibility profile of the AMAB_2299c
mutant to anti-TB front-line drugs (INH, ethambutol, or rifampin) was comparable to
that of the WT and complemented strains (Table S3). Together, these results confirm
the importance of MAB_2299c in resistance to CFZ and BDQ.

Deletion of MAB_2300-MAB_2301 in the AMAB_2299¢ mutant restores suscep-
tibility to CFZ and BDQ. To address whether resistance to CFZ and BDQ is directly
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FIG 5 Deletion of MAB_2300 and MAB_2307 in AMAB_2299c restores sensitivity to CFZ and BDQ. (A) Line drawing (left) of the
MAB_2299c-MAB_2301 genomic context in the M. abscessus WT, AMAB_2299¢c, and AMAB_2299c AMAB_2300-MAB_2301 strains. Also
illustrated is the PCR strategy followed to confirm the deletion of MAB_2300 and MAB_2301. Black arrow, MAB_2299c; small and large green
arrows, MAB_2300 and MAB_2301, respectively. (B) Profile of susceptibility of the AMAB_2299c AMAB_2300-MAB_2301 triple-knockout
strain to BDQ, CFZ, or IPM compared to the other strains reared in this study. Five microliters of 10-fold serially diluted bacterial
suspensions obtained from exponentially growing cultures was spotted on Middlebrook 7H10 plates in the absence (control [CTRL]) or

presence of drugs at the indicated concentrations. The plates were incubated at 37°C for 4 days.

mediated by an MmpS/MmpL-dependent efflux machinery which is induced in
AMAB_2299¢, both MAB_2300 and MAB_2301 were deleted in the AMAB_2299¢ mutant.
The simultaneous knockout of MAB_2300 and MAB_2301 in the unmarked MAB_2299c
deletion mutant was achieved using a strategy similar to the one used to construct the
AMAB_2299¢ mutant. The AMAB_2299¢ AMAB_2300-MAB_2301 genotype of this triple-
knockout mutant was confirmed by PCR, as illustrated in Fig. 5A. Importantly, whereas
the susceptibility of the triple mutant to CFZ was reverted to WT levels, the MIC of BDQ
for this mutant was even lower than the MIC observed for the WT strain (Fig. 5B and
Table S3). This indicates that abolition of the MAB_2300-MAB_2301 efflux pump system
rendered the AMAB_2299c¢ mutant sensitive to both drugs. As expected, the triple
mutant’s sensitivity to IPM remained similar to that of the AMAB_2299 progenitor (Fig.
5B and Table S3).

Overall, these results suggest that both CFZ and BDQ are specific substrates of the
MAB_2301 (MmpL) efflux pump and that the sole deletion of this MmpS/MmpL system
is sufficient to reverse the CFZ and BDQ resistance phenotype of the AMAB_2299c
mutant.
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DISCUSSION

M. abscessus has recently emerged as one of the most clinically relevant NTM (8, 14)
and accounts for more than 80% of all pulmonary infections caused by rapidly growing
mycobacteria (44). It poses a serious threat, particularly in patients suffering from lung
disorders, such as CF or bronchiectasis (14, 44). Occasional fatalities due to M. abscessus
infections (44, 45) can be a result of the extreme difficulty with the treatment of
patients as a result of the intrinsic and broad antibiotic resistance of this bacterium
conferred by an impermeable cell envelope, the presence of drug-modifying enzymes
and a large abundance of efflux pumps (3, 11, 46). Therefore, to reach an unmet
medical need in the treatment of M. abscessus diseases, the repositioning of the anti-TB
drugs CFZ and BDQ has recently been evaluated in retrospective case series, although
data related to their mode of action and/or resistance mechanisms in M. abscessus
remain scarce.

In this study, whole-genome sequencing of in vitro-selected mutants showing
cross-resistance to CFZ and BDQ identified mutations in MAB_2299c that were subse-
quently confirmed by PCR/sequencing. MAB_2299c belongs to the TetR family of
transcriptional regulators, representing the most abundant family of regulators in
mycobacteria (47). In line with the general observation that 60% of TetR regulators are
divergently oriented with the genes that they control, MAB_2299c was found in the
opposite orientation relative to that of its MAB_2300 and MAB_2301 target genes. That
the different point mutations identified (L40W, L151P, and G215S) were associated with
similar fold increases in the upregulation of MAB_2300-MAB_2301 in the mutants
carrying premature stop codons suggested a loss of DNA-binding activity, resulting in
derepression of MAB_2300-MAB_2301 gene expression. This hypothesis was confirmed
by EMSA, which clearly demonstrated an impaired DNA-binding activity of the L4A0W
mutant, with Leu40 being located in the N-terminal domain, which carries the DNA-
binding activity in TetR regulators (35). The L151P and G215S mutated proteins, albeit
being expressed in high yields in E. coli, remained largely insoluble, suggesting that the
L151 and G215 residues play a role in the folding and/or stability of the MAB_2299¢
multimer. Therefore, substitution of these important residues is very likely to affect the
overall structure of the regulator and, consequently, its biological function. During
preparation of the manuscript, an independent study identified mutations in several
genes, including MAB_2299c, in CFZ-resistant M. abscessus strains selected in vitro (48).
Whereas most mutations conferred a loss of function caused by indels or stop codons,
three amino acid replacements differing from ours were found, namely, C110Y, H173R,
and A214S. Interestingly, the mutation at position A214 is located next to G215, found
in our study, further emphasizing an important role of this region in the activity/
structure of the regulator. However, despite the lack of any mechanistic data regarding
the involvement of these mutations in the function of MAB_2299c and in MmpS/MmpL
expression and a potential link with BDQ resistance, the study by Chen et al. (48)
strongly supports our findings regarding the implication that MAB_2299c is a major
determinant of resistance to CFZ and BDQ. Our results are also reminiscent of those of
previous work describing a similar cross-resistance to both BDQ and CFZ identified by
a whole-genome sequencing comparison of initial and relapse isolates of Mycobacte-
rium intracellulare which occurred during a trial of BDQ as salvage therapy for M.
intracellulare lung disease (49). Mutations in MmpT5, another TetR member controlling
expression of the adjacent mmpS5-mmpL5 drug efflux operon, was identified as the
cause for this cross-resistance. Susceptibility testing indicated that mmpT5 mutations
are associated with 2- to 8-fold increases in MICs for BDQ and CFZ (49).

MAB_2300-MAB_2301 encodes an MmpS/MmpL efflux pump system which is sepa-
rated by an intergenic region from MAB_2302-MAB_2303, encoding a second putative
efflux pump system. Whether MAB_2299c controls the expression of the first, the
second, or both MmpS/MmpL pairs was addressed by qRT-PCR. Our results clearly
indicate that only MAB_2300-MAB_2301 is under the control of MAB_2299¢, and this
specificity of regulation was further confirmed by functional complementation exper-
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iments with a MAB_2299c deletion mutant. Restoration of the CFZ and BDQ suscepti-
bility profile to WT levels was achieved following ectopic expression of MAB_2299c in
the deletion mutant. Strikingly, deletion of the MAB_2300-MAB_2301 locus in
AMAB_2299c abrogated the resistance to both drugs, thus suggesting that the MmpS/
MmpL machinery encoded by MAB_2300-MAB_2301 acts as a multisubstrate efflux
pump that is responsible for the drug resistance phenotype in M. abscessus. Similarly,
studies in M. tuberculosis showed resistance to azoles, CFZ, and BDQ involving a wide
set of mutations in Rv0678, encoding a transcriptional regulator from the MarR family,
causing overexpression of the MmpS5/MmpL5 efflux pump (36, 37, 50-52). In addition,
the level of resistance to both drugs in the M. tuberculosis Rv0678 mutants was similar
to that found in the M. abscessus MAB_2299¢ mutants. To explain why the MAB_2300/
MAB_2301 pair participates in BDQ and CFZ extrusion while the MAB_4383c/
MAB_4382c pair that we previously identified to be the closest ortholog in M. abscessus
of MmpS5/MmpL5, rather, excludes thiacetazone derivatives and not BDQ and CFZ (38),
we performed multiple-sequence alignments and subsequent sequence identity de-
termination of the nucleotide and protein sequences of the 17 MmpS/MmpL pairs
encoded by the M. abscessus genome (see Table S4 in the supplemental material). The
identity scores at both the nucleotide and protein levels supported our previous
observations that MAB_4383c/MAB_4382c is the closest orthologous pair to MmpS5/
MmpL5 from M. tuberculosis. Interestingly, considering the protein sequence identity,
MAB_2301 is the second closest ortholog to MmpL5 from M. tuberculosis after
MAB_4382¢, explaining the functional similarity in CFZ and BDQ export. However, a full
explanation of the differences in substrate specificity that exist between MmpS5/
MmpL5 orthologs/paralogs will rely on the elucidation of the high-resolution three-
dimensional structures of MmpS5/MmpL5 alone and, more pertinently, in complex with
their substrates. Given the very high relatedness between MAB_2300/MAB_2301 and
other MmpS-MmplL pairs in M. abscessus (Table S4), one cannot exclude the possibility
that other MmpS-MmpL efflux pumps mediate cross-resistance to CFZ and BDQ. This
can be investigated thanks to the new suicide vector pUX1-katG, described in this
study, which allows the easy and rapid generation of scarless genetic alterations in the
M. abscessus chromosome, facilitated by the presence of the brightly red fluorescent
tdTomato positive selectable marker and the KatG counterselectable marker.

In M. tuberculosis, efflux inhibition using efflux pump inhibitors such as verapamil or
reserpine decreases the MICs of BDQ and CFZ in vitro (52, 53). Whether these inhibitors
would also potentiate the effect of CFZ and/or BDQ in resistant M. abscessus strains
remains to be established. However, in both organisms, the resistance levels were low
and were about 4-fold greater than those of their parental strains. This may be linked
to the low induction level of the MAB_2300-MAB_2301 gene cluster under derepressed
conditions (in the MAB_2299¢ mutants or deletion strain). This also contrasts with the
very high induction level reported previously for mmpS5-mmpL5 in mutants or a
deletion strain of MAB_4384, which also accounted for very high levels of resistance to
thiacetazone analogues (38, 39). Overall, these observations, combined with the fact
that M. abscessus possesses a very large mmplL repertoire (54) and also a high abun-
dance of TetR transcriptional regulators, allow us to speculate that similar drug resis-
tance mechanisms are employed by this pathogen to express its natural pattern of
resistance to many more antimicrobial agents.

In summary, this study adds new functional and mechanistic insights into the
TetR-dependent regulation mechanisms responsible for cross-resistance to CFZ and
BDQ in M. abscessus, which may have important clinical implications. Future studies
should help to elucidate whether the emergence of MAB_2299c variants occurs during
BDQ or CFZ treatment in patients with M. abscessus lung disease.

MATERIALS AND METHODS

Strains, growth conditions, and reagents. All M. abscessus strains used in this study are listed in
Table S1 in the supplemental material. The strains were grown in Middlebrook 7H9 broth (BD Difco)
supplemented with 0.05% Tween 80 (Sigma-Aldrich) and 10% oleic acid, albumin, dextrose, catalase
(OADC enrichment; BD Difco) (7H9T/0ADC) at 30°C (unless otherwise stated) or in Sauton’s medium in the
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presence of antibiotics, when required. On plates, colonies were selected on Middlebrook 7H10 or 7H11
agar (BD Difco) supplemented with 10% OADC enrichment (7H109AP< or 7H11°APS, respectively) or on
LB agar. All drugs were purchased from Sigma-Aldrich.

Drug susceptibility testing. MICs were determined on cation-adjusted Mueller-Hinton broth using
the microdilution method or on Middlebrook 7H10°AP¢ agar plates. The MIC,, was defined as the
minimal drug concentration required to inhibit 99% growth and was recorded by counting the colonies
obtained after 3 to 4 days of incubation at 30°C. All experiments were done on three independent
occasions. The frequency of spontaneous resistance was determined by counting the number of resistant
colonies growing on 7H10°APS and 7H11°APC agar supplemented with 8 ug/ml CFZ after plating
5 X 107 CFU.

Generating clones resistant to clofazimine. Resistance to CFZ was induced by subjecting an M.
abscessus ATCC 19977 susceptible clone to sub-MICs of the antibiotic. The bacteria were grown in 7H9
supplemented with albumin-dextrose-catalase (ADC; 10%) and glycerol (0.04%) containing sub-MICs of
CFZ for 5 days. The bacteria were then spun in a centrifuge at 3,000 X g and washed with phosphate-
buffered saline. Bacteria that grew at the highest concentration of CFZ were used to inoculate new
cultures containing increasing concentrations of CFZ. The bacteria were then grown in 7H9 supple-
mented with ADC (10%) and glycerol (0.04%) without CFZ for 5 days and streaked on 7H11 agar plates
supplemented with OADC (10%) and glycerol (0.04%) containing CFZ. Single colonies isolated from these
plates were subjected to MIC determinations and DNA extraction and sequencing. All growth was done
at 37°C.

Whole-genome sequencing and target identification. DNA from six spontaneous resistant mu-
tants and one susceptible isolate was sequenced on an lllumina MiSeq platform, producing 150-bp
paired-end reads. The raw reads were subsequently mapped to the M. abscessus reference genome using
the BWA-MEM algorithm (55). Variants were called using the SAMtools (v.1.2) and BCFtools (v.1.2)
packages and the parameters described previously (56, 57). Single nucleotide polymorphisms (SNP) were
identified in MAB_2299¢, and confirmation of these mutations was done by PCR amplification and
sequencing.

DNA constructs. All constructs used in this study are listed in Table S1. For expression of MAB_2299c
in E. coli, MAB_2299c was PCR amplified from pure genomic DNA of M. abscessus CIP104536" using
primers MAB_2299c_Fw and MAB_2299c_Rv (Table S2) and Phusion polymerase (Thermo Fisher Scien-
tific). The allele carrying the L40W mutation was amplified from strain CFZ-R1 using the same primers.
The PCR products were then cloned into pET32a that had been cut with Kpnl and Hindlll, allowing
introduction of thioredoxin and polyhistidine tags at the N terminus of the protein. A tobacco etch virus
(TEV) cleavage site was also incorporated before the 1st amino acid of the protein to remove the
N-terminal tags from the rest of the protein. To complement the M. abscessus AMAB_2299c mutant,
MAB_2299c was PCR amplified using the Compl_MAB_2299c primers (Table S2), digested with EcoRI, and
ligated into pMV261 that had been digested with Mscl and EcoRl, allowing the constitutive overexpres-
sion of MAB_2299c under the control of the hsp60 promoter, thus yielding pMV261-MAB_2299c (Table
S1).

Quantitative real-time PCR. Isolation of RNA, reverse transcription, and gRT-PCR were done as
reported earlier (38), using the primers listed in Table S2.

Expression and purification of MAB_2299c variants. The E. coli BL21(DE3) strain (New England
Biolabs) containing the pRARE2 vector was transformed with the pET32a constructs containing either the
wild-type (WT) or the mutated MAB_2299c gene harboring the L40W mutation. Protein expression was
done in lysogeny broth (LB) medium containing 200 png/ml ampicillin and 30 pg/ml chloramphenicol.
When an optical density at 600 nm of 0.6 to 1 was reached, the cultures underwent a 30-min cold shock
in icy water prior to protein synthesis induction with 1 mM isopropyl-B-p-1-thiogalactopyranoside (IPTG).
Cultures were then grown for 20 h at 16°C prior to centrifugation (6,000 X g, 4°C, 20 min). Bacterial pellets
were resuspended in lysis buffer (50 mM Tris-HCl, pH 8, 200 MM NacCl, 20 mM imidazole, 1 mM benz-
amidine, 5 mM B-mercaptoethanol), and the cells were disrupted by sonication before the lysates were
clarified by an additional centrifugation (16,000 X g, 4°C, 45 min). Proteins were then purified by a first
ion metal affinity chromatography (IMAC) step (Ni-nitrilotriacetic acid Sepharose; GE Healthcare Life
Sciences). To remove the two N-terminal tags (thioredoxin, His tag), the eluted proteins were mixed in
a 1:50 ratio with the TEV protease and dialyzed overnight at 4°C against 50 mM Tris-HCl, pH 8, 200 mM
NaCl, and 5 mM B-mercaptoethanol. The dialyzed proteins were subjected to a second IMAC step before
being further dialyzed against a buffer consisting of 50 mM Tris-HCl, pH 8, and 5 mM B-mercaptoethanol.
The proteins were then purified by cation exchange chromatography (HiTrap SP Sepharose Fast Flow; GE
Healthcare Life Sciences) and eluted in the same buffer using a linear NaCl gradient. Size exclusion
chromatography (SEC; ENrich SEC 650; Bio-Rad) was then performed using an elution buffer containing
50 mM Tris-HCI, pH 8, 200 mM NaCl, and 5 mM B-mercaptoethanol to generate highly pure proteins.

EMSA. Using the MEME suite 4.20.0 online tool, a DNA operator of 64 nucleotides containing two
perfect palindromes and a degenerated double repeat sequence was identified within the intergenic
region between MAB_2299c and MAB_2300. Thus, the 64-bp double-stranded sequence (probe A) was
labeled at the 5’ end with fluorescein (Sigma-Aldrich) and incubated for 1 h at room temperature in 1X
Tris base-acetic acid-EDTA (TAE) buffer with increasing amounts of MAB_2299c or MAB_2299c (L40W).
After 30 min of electrophoresis in 1X TAE buffer at 100V, gel shifts were revealed by fluorescence using
an Amersham Imager 600 imager (GE Healthcare Life Sciences). This native DNA operator as well as
mutated probes are listed in Table S2. The 373-bp intergenic region located between MAB_2299¢ and
MAB_2300 and the three overlapping probes covering the entire intergenic region between MAB_2301
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and MAB_2302 (Table S2) were amplified using a similar strategy and subjected to electrophoretic
mobility shift assays (EMSA) using purified MAB_2299c.

Isolation of the MAB_2299c-probe A complex by SEC. Protein-DNA complex formation was
assessed by high-performance liquid chromatography (HPLC) using an Akta Pure 25M chromatography
system (GE Healthcare Life Sciences) on an ENrich SEC 650 column (Bio-Rad). The DNA alone, the protein
alone, and the protein-DNA mixture were eluted at 4°C at a flow rate of 0.4 ml/min in a buffer containing
50 mM Tris-HCl, pH 8, 200 mM NaCl, 5 mM B-mercaptoethanol. Probe A (60 wg) and MAB_2299c¢ (186 ug)
were independently loaded onto the column. A mixture of 60 ug probe A and 186 ug MAB_2299¢ was
coincubated for 1 h at room temperature and loaded onto the column. As a negative control, 21 ug of
a 45-bp DNA operator targeted by the TetR regulator MAB_4384 was coincubated with 186 ug
MAB_2299c and loaded onto the column.

Generation of MAB_2299c¢ and MAB_2300-MAB_2301 recombination plasmids. To generate
pUX1-katG, used to perform gene disruption by two-step homologous recombination, the M. tuberculosis
katG gene was first PCR amplified using the overlap extension mutagenesis approach (58) to introduce
a synonymous mutation in the gene, removing an Nhel restriction site. Briefly, two separate PCR mixtures
containing either the primer set katG_outer_Fw and katG_inner_Rev or the primer set katG_inner_Fw
and katG_outer_Rev, purified genomic DNA from M. tuberculosis, and Phusion polymerase (Thermo
Fisher Scientific) were set up. The PCR products were purified and added (10 ng each) to a new Phusion
polymerase PCR mixture without any primers or genomic DNA. This mixture was then subjected to two
cycles of 95°C for 30's, 55°C for 2 min, and 72°C for 3 min before the outer primers were added and 25
more cycles of 95°C for 10's, 55°C for 30's, and 72°C for 2 min were performed. The final PCR product was
Avrll digested and ligated to Avrll-Xmnl-linearized pUX1 to produce pUX1-katG. To generate pUX1-katG-
MAB_2299c, the same overlap extension approach with outer and inner primers was first used to
generate a single fused PCR amplicon containing 1-kb up- and downstream sequences of MAB_2299c so
that it effectively carried a 560-bp deletion in the 666-bp MAB_2299¢ open reading frame. This PCR
product was Nhel digested and ligated to Nhel-Xmnl-linearized pUX1-katG to produce pUX1-katG-
MAB_2299c. The pUX1-katG-MAB_2300-MAB_2301 plasmid used to make a AMAB_2299c AMAB_2300-
MAB_2301 triple-knockout mutant was made using the same approach.

Unmarked deletions of MAB_2299c and MAB_2300-MAB_2301 in M. abscessus. The generation of
an unmarked MAB_2299c deletion in M. abscessus relied on two separate homologous recombination
events. First, highly electrocompetent M. abscessus was transformed with pUX1-katG-MAB_2299c, as
previously described (43). Kanamycin-resistant (growing at 200 pg/ml), red fluorescent colonies were
selected, and the broth was cultured in the presence of kanamycin and subjected to PCR screening
using either the primer set MAB_2299c_U_scrn_Fw and MAB_2299c_U_scrn_Rev or the primer set
MAB_2299¢_D_scrn_Fw and MAB_2299¢_D_scrn_Rev (Table S2). Based on the PCR product sizes ob-
tained using the two primer sets, clones that had undergone a single homologous recombination event
in either the upstream or the downstream sequence flanking MAB_2299c were identified. Positive clones
were washed to remove the antibiotics, cultured for 4 h in the absence of antibiotic, and then 10-fold
serially diluted, and the dilutions were plated on 7H10 agar plates containing 50 ug/ml isoniazid (INH).
INH-resistant, nonfluorescent colonies were restreaked on plates without selective antibiotics to obtain
single colonies that were used to inoculate the broth cultures. These cultures were confirmed to be
kanamycin sensitive and used to extract and purify genomic DNA, which was subsequently used to
perform the same PCR screening described above to identify clones that had undergone a second
homologous recombination event effectively deleting 85% of the MAB_2299¢ open reading frame from
the M. abscessus genome. The PCR products were sequenced, and special attention was paid in the
subsequent analyses of the sequencing data to verify the correct junctions between cloned sequences
and chromosomal sequences to exclude the possibility of spurious PCR amplification products. The
AMAB_2299c AMAB_2300-MAB_2301 triple-knockout mutant was reared in a similar way, with the only
difference being that the AMAB_2299c strain was the progenitor strain transformed with pUX1-katG-
MAB_2300-MAB_2301.
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7. CHAPTER 1V: Study of Mycobacterium abscessus resistance mechanism
by the TetR-MmpL system

7.3. Article 3: The TetR-family transcription factor MAB_2299c regulates the
expression of two distinct MmpS-MmpL efflux pumps involved in cross-resistance to
clofazimine and bedaguiline in Mycobacterium abscessus.

In an elegant review Ghosh and O’Connor (2017) described different forms of
redundancy in bacteria that act as contingency plans for enhancing bacterial survival and
adaptation to extreme conditions in the environment and the host. Genetic redundancy can rely
on two copies of the same gene encoding proteins that can compensate each other. This event
can result from gene duplication and may involve the same regulatory network and the
maintenance of each depends on individual selective pressures. Interestingly, considering gene
duplication as the most likely event for molecular redundancy, other sources such as horizontal
gene transfer and convergent evolution are usually underestimated.

MmpLs are membrane proteins that can mediate the export of multiple substrates,
including lipids and drugs, positioning them as attractive targets, such as MmpL 3, the mycolic
acid transporter, inhibited by multiple small molecules (Dupont et al. 2016). Notably, M.
abscessus contains a large repertoire of MmpL whose biological functions remain largely
unknown (Viljoen et al. 2017).

We therefore we addressed whether resistance to clofazimine and/or bedaquiline is
associated to a genetic redundancy of MmpL proteins. Homology analysis of the M. abscessus
MmpS and MmpL repertoire unravelled MAB_1135¢c-MAB_1134c as the closest paralogous
to MAB_2300-MAB_2301. Followed a strategy similar to the one used previously to identify
the mechanism of cross-resistance to clofazimine and bedaquiline (Richard et a. 2019). We
characterized MAB_1135c-MAB_1134c as an additional locus regulated by MAB_2299c.

These results reinforce our hypothesis about the redundancy of MmpL proteins in the

multidrug resistance phenotype of M. abscessus.
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The TetR Family Transcription Factor MAB_2299¢ Regulates
the Expression of Two Distinct MmpS-MmpL Efflux Pumps
Involved in Cross-Resistance to Clofazimine and Bedaquiline in

Mycobacterium abscessus
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ABSTRACT Mycobacterium abscessus is a human pathogen responsible for severe
respiratory infections, particularly in patients with underlying lung disorders. Notori-
ous for being highly resistant to most antimicrobials, new therapeutic approaches
are needed to successfully treat M. abscessus-infected patients. Clofazimine (CFZ)
and bedaquiline (BDQ) are two antibiotics used for the treatment of multidrug-
resistant tuberculosis and are considered alternatives for the treatment of M. absces-
sus pulmonary disease. To get insights into their mechanisms of resistance in M. ab-
scessus, we previously characterized the TetR transcriptional regulator MAB_2299c,
which controls expression of the MAB_2300-MAB_2301 genes, encoding an MmpS-MmpL
efflux pump. Here, in silico studies identified a second mmpS-mmplL (MAB_1135c-
MAB_1134c) target of MAB_2299c. A palindromic DNA sequence upstream of MAB_
1135¢, sharing strong homology with the one located upstream of MAB_2300, was
found to form a complex with the MAB_2299c regulator in electrophoretic mobility shift
assays. Deletion of MAB_1135¢-1134c¢ in a wild-type strain led to increased susceptibility
to both CFZ and BDQ. In addition, deletion of these genes in a CFZ/BDQ-susceptible
mutant lacking MAB_2299c¢ as well as MAB_2300-MAB_2301 further exacerbated the sen-
sitivity of this strain to both drugs in vitro and inside macrophages. Overall, these results
indicate that MAB_1135¢-1134c encodes a new MmpS-MmpL efflux pump system in-
volved in the intrinsic resistance to CFZ and BDQ. They also support the view that
MAB_2299c controls the expression of two separate MmpS-MmpL efflux pumps, sub-
stantiating the importance of MAB_2299c as a marker of resistance to be considered
when assessing drug susceptibility in clinical isolates.

KEYWORDS EMSA, MmpL, Mycobacterium abscessus, TetR regulator, bedaquiline,
clofazimine, drug resistance mechanisms, efflux pumps

ycobacterium abscessus is a rapidly growing nontuberculous mycobacterium

(NTM) and an emerging pathogen that causes sporadic outbreaks worldwide (1).
The M. abscessus complex comprises three subspecies, M. abscessus sensu stricto,
Mycobacterium bolletii, and Mycobacterium massiliense (2, 3), differing in their drug
susceptibility profile and evolution (4). Genomic analyses indicated that, in addition to
specific genes linked to mycobacterial virulence, other virulence genes found in Pseudomo-
nas aeruginosa and Burkholderia cepacia, pathogens commonly isolated from the lungs
of cystic fibrosis (CF) patients and acquired by horizontal transfer, are also present in M.
abscessus (5, 6). Likewise, the M. abscessus complex represents the most important
cause of pulmonary infections by rapidly growing NTM in patients with chronic lung
diseases, such as bronchiectasis and CF (7, 8), which can result in nodular and cavitary
granulomas and persistent lung infection (7-10). Patients with chronic M. abscessus
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infections present higher rates of pulmonary function decline than those without NTM
infections (11). Recent epidemiological studies also documented the transmission of
dominant circulating M. abscessus clones that have spread globally between hospitals
(12), highlighting M. abscessus as a major threat in many CF centers worldwide (8).

A recent meta-analysis reported that the treatment success rate across all patients
with M. abscessus pulmonary disease was 45.6%, reaffirming that treatment outcomes
are unsatisfactory (13). M. abscessus treatment remains very challenging. The American
Thoracic Society (ATS)/Infectious Disease Society of America recommend multidrug
therapy that includes a macrolide and one or more parenteral drugs (amikacin plus
cefoxitin or imipenem) (7). M. abscessus has developed a large panel of drug resistance
mechanisms that considerably restrict the available antimicrobials to treat these infec-
tions (14-16). They include the acquisition of mutations in the target genes, intrinsic
resistance to drugs attributed to low permeability of the M. abscessus cell envelope,
defective drug-activating systems that convert prodrugs into metabolically active
compounds, induction of drug export systems, and the expression of numerous
enzymes that can modify either the drug target or the drug itself (15, 17). Overall, this
leads to the phenomenal resistance level of M. abscessus to most classes of antibiotics
used for treatment of other infectious diseases, such as macrolides, aminoglycosides,
rifamycins, B-lactams, quinolones, and tetracyclines.

Fueling a drug pipeline to discover and develop improved and safer treatments for
M. abscessus infections relies on de novo drug discovery to identify new pharmacoph-
ores as well as repositioning of antimicrobials acting against validated targets for other
infectious diseases (18). In this context, the repositioning of clofazimine (CFZ) and
bedaquiline (BDQ) is gaining increasing interest for the treatment of M. abscessus
pulmonary disease. CFZ is an orally administered drug, originally approved for the
treatment of leprosy, that is reduced by the type 2 NADH:quinone oxidoreductase, a
key component in the electron transport chain (19). In vitro studies highlighted its
advantages in multidrug regimens against M. abscessus, acting in synergism with
amikacin (AMK) (20) or tigecycline (TIG) (21) and in preventing bacterial regrowth
observed with clarithromycin or AMK alone (22). BDQ, approved by the Food and Drug
Administration and the European Medicines Agency for the treatment of multidrug-
resistant tuberculosis, is a diarylquinoline that targets the ATP synthase in M. tubercu-
losis (23). We and others showed that BDQ exhibits very low MICs against NTM,
including clinical M. abscessus strains from CF and non-CF patients (24-26). However,
despite being a potent growth inhibitor at low concentrations, BDQ lacks bactericidal
activity against M. abscessus (26, 27). In the M. abscessus zebrafish model of infection,
BDQ acts very efficiently by reducing the number and size of abscesses, which repre-
sent a marker of disease severity and uncontrolled infection (28), protecting the
infected larvae from killing by M. abscessus (26). The mode of action of BDQ in M.
abscessus relies on the rapid depletion of ATP, and the transfer of single point
mutations into the chromosomal atpE locus conferred high resistance levels to BDQ
(26). In addition to atpE, mutations associated with cross-resistance to CFZ and BDQ
were recently uncovered in MAB_2299c, encoding a TetR-family transcription factor that
controls the expression level of the MmpS-MmpL (MAB_2300-2301) efflux pump (29).

Considering the extremely high number of TetR regulators and MmpL proteins in M.
abscessus (30), it remains possible that additional TetR-dependent MmpS-MmpL efflux
pump systems contribute to the drug resistance profile of M. abscessus to CFZ and BDQ.
In this study, we identified a new mmpS-mmpL gene cluster (MAB_1135¢c-MAB_1134c;
termed MAB_1135¢-1134c) whose expression is also dependent on the MAB_2299¢ TetR
repressor. Genetic approaches were used to demonstrate that this gene cluster partic-
ipates in cross-resistance to both CFZ and BDQ. These findings expand our current
understanding about transcriptional regulation of the MmpS-MmpL efflux pumps in
mycobacteria and mechanisms of drug resistance in one of the most difficult-to-treat
mycobacterial species.

October 2019 Volume 63 Issue 10 e01000-19

Antimicrobial Agents and Chemotherapy

aac.asm.org 2


https://aac.asm.org

F1

AQ:B/F2

T1

AQ:C

F3

zac-aac/zac01019/zac8327d19z | xppws | S=5 | 8/17/19 | 5:41 | 4/Color Fig: 1,4,6 | ArtID:01000-19 | DOI:10.1128/AAC.01000-19CE: SSV |

MAB_2299c¢ Controls Expression of Two MmpS-MmpL Pairs

RESULTS

Identification of MAB_1135¢-1134c as a close paralog of MAB_2300-2301. We
recently demonstrated that mutations in the TetR regulator MAB_2299c lead to up-
regulation of the MAB_2300-2301 gene cluster, encoding the MmpS-MmpL efflux pump
membrane proteins accounting for cross-resistance to CFZ and BDQ in M. abscessus
(29). With the objective to identify other potential MmpS-MmpL couples that are
functionally homologous to MAB_2300-2301 and participate in CFZ/BDQ resistance, we
performed a homology analysis of all M. abscessus MmpS and MmpL paralogs as well
as all of the TetR family transcription factors present in close genomic vicinity to these
MmpS-MmpL couples. This analysis identified MAB_1135c-1134c as the closest paralo-
gous MmpS-MmpL couple to MAB_2300-2301 (Fig. 1A). In addition, the TetR protein
MAB_1136, whose gene is located upstream of MAB_1135¢, was uncovered as the
closest homologue of MAB_2299c. Indeed, a comparison of the two loci that contain
the mmpS-mmpL genes as well as their adjacent upstream (containing the tetR genes
and their nucleotide target sequences) and downstream nucleotide sequences sug-
gests that one of the two tetR-mmpS-mmpL clusters arose as a duplication of the other
(Fig. 1B), representing these genes as potential candidates in CFZ/BDQ cross-resistance.

Expression of MAB_1135c-1134c is not controlled by the TetR regulator
MAB_1136. Careful inspection of the genomic organization around the MAB_1135¢c-
1134c locus indicated that MAB_1136 is an adjacent and divergently orientated gene
(Fig. 2A). To test the hypothesis that this potential regulator controls the expression of
the MAB_1135¢c-1134c gene cluster, a MAB_1136 deletion mutant was produced. This
was achieved by using a recently developed strategy based on a new suicide vector,
pUX1-katG, allowing easy and rapid generation of unmarked genetic deletions in the M.
abscessus chromosome, facilitated by the presence of the brightly red fluorescent tdTomato
positive selectable marker and the katG counterselectable marker (29, 31, 32). The selected
INH-resistant, KAN-sensitive, and nonfluorescent clones were subsequently genotyped by
PCR/sequencing analysis to confirm unmarked deletion of MAB_1136 (Fig. 2A).

The drug susceptibility pattern of the AMAB_1136 strain and its parental progenitor
to imipenem (IPM; control drug), CFZ, and BDQ was next assessed by comparing
growth on agar plates containing the corresponding drugs (Fig. 2B). The two strains
displayed similar growth on agar supplemented with 16 wg/ml IPM, 0.125 ug/ml BDQ,
or 1 ug/ml CFZ, indicating that the absence of MAB_1136 does not influence the
sensitivity of the strain to these compounds. These results were subsequently confirmed by
the failure of the AMAB_1136 strain to show an upshift in the MIC levels (Table 1).
Hypothesizing that MAB_1136 represses transcriptional expression of MAB_1135c-
1134c, quantitative reverse transcription-PCR (qQRT-PCR) analysis was performed, which
failed to show increased expression of MAB_1134c or MAB_1135c¢ in the AMAB_1136
strain (data not shown). Together, these results suggest that expression of MAB_1135¢c-
1134c is not controlled by MAB_1136.

The TetR regulator MAB_2299c represses expression of MAB_1135c-1134c. As
mentioned above, our in silico study revealed a high level of primary protein sequence
identity between MAB_1136 and MAB_2299c (Fig. 1A), which might point to a role for
the latter in transcriptional repression of MAB_1135¢c-1134c in the absence of such a
function of the former. Interestingly, we recently identified MAB_2299¢ as a TetR
transcriptional regulator that represses its mmpS-mmpL (MAB_2300-2301) target genes
and found that different single-point mutations in MAB_2299c were associated with
upregulation of the MAB_2300-2301 efflux pump system, leading to cross-resistance to
CFZ and BDQ (29). Therefore, to interrogate whether MAB_2299c regulates other target
genes belonging to the MmpS-MmpL systems, qRT-PCR was performed on 30 mmpL
genes identified in the M. abscessus chromosome (30) in a AMAB_2299c deletion
mutant (29). This systematic analysis clearly indicated that, in addition to MAB_2301,
identified previously (29), only one other mmpL gene (MAB_1134c) was upregulated in
the A2299c¢ strain (Fig. 3A).
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FIG 1 Closest paralogs of the MmpS-MmpL couple MAB_2300-2301, MAB_1135c-1134c, arose as a result of a gene duplication event. (A) Homology
trees of all M. abscessus MmpL (left), all M. abscessus MmpS (top right), and several M. abscessus TetR/MarR family transcriptional regulators in close

(Continued on next page)

October 2019 Volume 63 Issue 10 e01000-19 aacasm.org 4


https://aac.asm.org

zac-aac/zac01019/zac8327d19z | xppws | S=5 | 8/17/19 | 5:41 | 4/Color Fig: 1,4,6 | ArtID:01000-19 | DOI:10.1128/AAC.01000-19CE: SSV |

MAB_2299c¢ Controls Expression of Two MmpS-MmpL Pairs

Antimicrobial Agents and Chemotherapy

FIG 2 Deletion of MAB_1136 does not confer resistance to CFZ or BDQ. (A) Genome organization of MAB_1136 in M. abscessus and the screening
approach used to confirm deletion of MAB_1136. White lines in the drawing represent the left and right arms flanking the region of MAB_1136 targeted
for deletion and exploited in the two-step homologous recombination procedure to generate the AMAB_1136 strain. (Left) Dotted lines represent the
size of the expected PCR products in M. abscessus WT and AMAB_1136 strains. (Right) Gel migration profile of the amplicons in M. abscessus WT and
AMAB_1136 strains. All PCR products were purified and sequenced to confirm the MAB_1136 deletion genotype. Up stands for upstream and Dw stands
for downstream amplicons. (B) Susceptibility/resistance profiles of M. abscessus WT and AMAB_1136 strains to various drugs. Five microliters of a 10-fold
serially diluted bacterial suspension was spotted on 7H10°APC alone or supplemented with 16 ug/ml imipenem (IPM), 1 pug/ml clofazimine (CFZ), or
0.125 ug/ml bedaquiline (BDQ). Growth was observed after 4 days of incubation at 37°C. All experiments were done on three independent occasions.

Increased transcription of both mmpS-mmpL gene clusters (MAB_1135¢-1134c and
MAB_2300-2301) was next confirmed by additional gRT-PCR analysis in both the
parental M. abscessus smooth (S) strain and in the AMAB_2299c strain (Fig. 3B).
Complementation of the AMAB_2299c strain by introducing the pMV261-MAB_2299c
construct (AMAB_2299¢.C) led to reduced transcriptional levels of both mmpS-mmpL
pairs, as anticipated. The expression levels of the unrelated control gene tgs7, encoding
the triacylglycerol synthase involved in the synthesis and accumulation of triglycerides
in M. abscessus (33), remained unchanged in the various strains tested. As anticipated,
the 6 CFZ-resistant mutants harboring mutations in MAB_2299c and associated with
upregulation of the MAB_2300-2301 efflux pump system (29) also expressed higher
transcriptional levels of MAB_1135c and MAB_1134c (see Fig. S1 in the supplemental
material). Together, these results indicate that expression of both MAB_2300-2307 and
MAB_1135¢c-1134c gene couples is repressed by MAB_2299c under normal growth
conditions.

Unmarked deletion of the MAB_1135¢c-1134c efflux pump leads to increased
susceptibility to CFZ and BDQ. Using the same strategy as that used to produce the

FIG 1 Legend (Continued)

proximity to MmpS-MmpL couples (bottom right). The scale bar below each tree indicates 0.2 amino acid substitutions per site. The trees were rooted
to Escherichia coli AcrB (MmplL) and TetR (transcriptional regulator) and Segniliparus rotundus MmpS ortholog SROT_2691 (MmpS). (B) Dot plot
generated using the YASS genomic similarity tool (http://bioinfo.lifl.fr/yass/yass.php), showing nucleotide similarity between the MAB_2299¢-2300-2301
and the MAB_1136-1135¢-1134c loci (highlighted by a light blue inverted-L-shaped box). Green lines indicate forward matches, and red lines indicate
reverse matches. The intergenic regions (IR) between the tetR genes (MAB_2299c and MAB_1136) and the mmpS genes (MAB_2300 and MAB_1135c) are

highlighted by light gray trapezoidal boxes.
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TABLE 1 Drug susceptibility/resistance profile of WT CIP104536, AMAB_2299c,
AMAB_1135¢-1134c, AMAB_2299c-2300-2301, AMAB_2299¢-2300-2301-1135¢-1134¢, and
AMAB_1136 strains to various drugs

MIC,, (p1g/ml)

Strain IPMe AMK EMB CFZ TIG LNZ MOX BDQ
CIP104536 8 16 16 2 16 64 32 0.25
AMAB_2299c 8 16 16 4 16 64 32 0.5
AMAB_1135¢c-1134c 8 16 16 05 16 64 32 0.125-0.06
8
8

AMAB_2299c-2300-2301 16 16 05 16 64 32 0.03-0.015
AMAB_2299c-2300-2301-1135¢-1134c 16 16 025 16 64 32 0.015-0.0075
AMAB_1136 8 16 16 1 ND ND ND 0.125

IMIC,, values were visually determined on Middlebrook 7H10 agar after 4 days at 37°C. IPM, imipenem; AMK,
amikacin; BDQ, bedaquiline; CFZ, clofazimine; EMB, ethambutol; TIG, tigecycline; LNZ, linezolid; MOX,
moxifloxacin; ND, not determined.

AMAB_1136 strain, a two-step homologous recombination procedure was first applied
to generate a scarless deletion of MAB_1135c-1134c in the M. abscessus wild type (WT)
(Fig. 3C, left). This unmarked deletion mutant, designated the AMAB_1135c¢-1134c strain,
was subjected to PCR and sequencing analysis to confirm gene deletion (Fig. 3C, upper
right). Although WT and AMAB_1135c-1134c strains displayed similar growth on agar
without drugs or agar supplemented with 16 ug/ml IPM, AMK, or ethambutol (EMB),
the mutant strain showed reduced growth in the presence of 1 ug/ml CFZ or
0.06 ug/ml BDQ (Fig. 3D). These results were confirmed by determination of the MIC
values of CFZ and BDQ against the AMAB_1135¢-1134c strain, which were almost 4
times lower than those of the parental strain (Table 1). Overall, this increased suscep-
tibility to both drugs strongly suggests that MAB_1135c-1134c plays a role in intrinsic
resistance to these compounds. That no differences in MIC values were observed with
the unrelated drugs IPM, AMK, and EMB indicates that the drug efflux mechanism
mediated by MAB_1135¢-1134c is specific to CFZ and BDQ.

Since we previously demonstrated that a mutant lacking MAB_2299¢ and
MAB_2300-2301 was more sensitive to CFZ/BDQ, we next addressed whether the
additional deletion of MAB_1135¢c-1134c¢ in this mutant strain would further increase
the susceptibility to these drugs. This was achieved by generating an unmarked
deletion of MAB_1135¢-1134c in the AMAB_2299¢-2300-2301 background (Fig. 3C). PCR
analyses confirmed deletion of the genes, yielding a strain missing 5 genes: MAB_2299c,
encoding the central transcriptional regulator, and its two pairs of mmpS-mmpL target
genes. Whereas this quintuple mutant exhibited growth similar to that of the WT strain
or the parental AMAB_2299¢-2300-MAB_2301 triple mutant in the absence of drugs
(control plates) or in the presence of IPM, AMK, or EMB, it showed increased sensitivity
to both CFZ and BDQ (Fig. 3D). The near absence of growth of the quintuple mutant
in the presence of 0.06 ug/ml BDQ indicates that deletion of the second MmpS-MmpL
couple further enhances the level of susceptibility of the strain. The MIC values of the
quintuple mutant were 8-fold lower for CFZ and 16- to 32-fold lower for BDQ than
those of the WT strain and 2-fold lower for both drugs compared to levels for the triple
mutant lacking only one MmpS-MmpL pair (Table 1). The multiple deletion had no
effect on the MIC of other drugs, including IPM, AMK, EMB, moxifloxacine (MOX),
linezolid (LNZ), and tigecycline (TIG) (Table 1). As expected, the AMAB_2299c strain, in
which both MAB_2300-2301 and MAB_1135c-1134c are induced (Fig. 3B), failed to show
growth inhibition in the presence of CFZ or BDQ (Fig. 3D) and displayed a 2-fold
increased resistance to both drugs compared to that of the WT strain, as reported
previously (29).

Collectively, these results indicate that both the MAB_2300-2301 and the MAB_1135c-
1134c efflux pump systems operate simultaneously in the resistance mechanism in M.
abscessus against CFZ and BDQ.

MAB_2299c¢ binds to a palindromic sequence upstream of MAB_1135c. We
previously demonstrated that MAB_2299c binds to a palindromic sequence up-
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FIG 3 MAB_2299c represses expression of two distinct MmpS-MmpL efflux pump systems. (A) gRT-PCR analysis showing the transcriptional expression profile
of 30 mmpL genes in the AMAB_2299c¢ strain. (B) qRT-PCR analysis showing the transcriptional profiles of the mmpS-mmpL couples MAB_1135¢-1134c and
MAB_2300-2301 in M. abscessus WT, the AMAB_2299c strain, and its AMAB_2299c.C complemented derivative. Results are expressed as fold induction levels in
the mutant strains relative to levels of the parental strain. Error bars indicate standard deviations. Relative gene expression was calculated using the 2—2acT
method with E correction. Data are representative of two independent experiments. (C) Genome organization of the mmpS-mmpL couple MAB_1135¢c-1134c in

(Continued on next page)
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stream of MAB_2300. That MAB_2299c also represses transcription of MAB_1135c-
1134c suggested that it recognizes a conserved DNA-binding site located upstream
of MAB_1135c. Using the MEME Suite software, we identified in the intergenic region
upstream of MAB_1135c¢ two palindromic sequences comprised of 7 nucleotides that
are fully conserved with those found in the DNA-binding site upstream of MAB_2300
(Fig. 4A). However, a major difference between the two sequences relies on a short
spacer between the two palindromic sequences upstream of MAB_1135c and a longer
spacer between the two palindromic sequences upstream of MAB_2300.

To confirm binding of the regulator to this palindromic sequence, electrophoretic
mobility shift assays (EMSAs) were done by incubating increasing concentrations of
purified MAB_2299c with a 64-bp DNA segment containing the two palindromes
identified upstream of MAB_1135¢ and labeled at its 5" end with fluorescein (probe A).
Under these conditions, a DNA-protein complex was detected and specificity of binding
was demonstrated in a competition assay by adding increasing concentrations of the
corresponding unlabeled DNA fragment (cold probe), which led to a dose-dependent
decrease in DNA-protein complex formation (Fig. 4B). In the presence of an excess of
unlabeled probe B, corresponding to a 64-bp DNA fragment containing the palindromic
sequence found upstream of MAB_2300, previously reported to bind to MAB_2299c (29),
a dose-dependent decrease in DNA-protein complex formation, similar to the one
found with probe A, was noticed (Fig. 4B). This indicates that binding to probe A can
be outcompeted by probe B, emphasizing the fact that MAB_2299c¢ has the capacity to
bind to both probes. However, in the presence of an excess of a nonrelated probe the
shift was maintained, further indicating that a specific protein-DNA complex was
formed only when the TetR regulator was incubated with DNA containing its specific
target (Fig. 4B). In addition, a pronounced shift impairment was observed when the
regulator was incubated with fluorescent probe C, a variant of probe A harboring
multiple DNA substitutions within the palindromic sequence (Fig. 4C). This indicates
that the TAACGCA/TGCGTTA motif in the palindrome (conserved in probes A and B) is
required for optimal binding of MAB_2299c to its operator region.

M. abscessus lacking both MmpS-MmpL pairs is highly susceptible to CFZ or
BDQ treatment in macrophages. In the absence of drug treatment, all M. abscessus
strains (WT, AMAB_2299c, AMAB_1135¢-1134c, AMAB_2299¢-2300-2301, and AMAB_2299c-
2300-2301-1135¢-1134c strains) grew similarly in 7H9™/OAPC (Middlebrook 7H9 broth
supplemented with 0.05% Tween 80 and 10% oleic acid, albumin, dextrose, catalase
[OADC enrichment]) at 30°C (Fig. 5A), indicating that the multiple-gene deletion of the
TetR regulator and its target genes does not influence mycobacterial growth. Exposure
of WT cultures to 0.25 ug/ml BDQ (corresponding to 2X MIC) showed an important
growth inhibition over the 4-day period of treatment with CFU numbers remaining
constant over time, confirming the bacteriostatic effect of BDQ reported earlier (26)
(Fig. 5A). As anticipated, growth of the AMAB_2299c strain was only partially inhibited,
confirming the BDQ-resistant phenotype of the strain. However, deletion of either one
or both MmpS-MmpL pairs in AMAB_2299c fully abrogated the BDQ resistance pheno-
type. Moreover, after 4days of treatment, the CFU numbers of the MmpS-MmpL
mutants were approximately 1 to 2 logs lower than those of the WT strain and the
original inoculum, indicating that these strains in effect became susceptible to killing by
BDQ (Fig. 5A). Similar growth profiles were obtained when the different strains were
exposed to a lower concentration of BDQ (0.06 wg/ml) (data not shown).

FIG 3 Legend (Continued)
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M. abscessus and the screening approach for identification of AMAB_1135¢-1134c in the M. abscessus WT and AMAB_2299¢-2300-2301 genetic backgrounds.
White lines in the drawing represent the left and right arms of homology involved in two-step homologous recombination with the pUX1-katG-MAB_1135c-
1134c suicide vector. Dotted lines represent the size of the expected PCR products in the WT and AMAB_1135¢-1134c strains (left), along with the corresponding
gel migration profile (right). All PCR products were purified and sequenced to confirm the MAB_1135c-1134c deletion genotype. (D) Susceptibility/resistance
profiles of M. abscessus WT, AMAB_2299c, AMAB_1135¢-1134c, AMAB_2299¢-2300-2301, and AMAB_2299c-2300-2301-1135¢-1134c¢ strains to various drugs.
Tenfold serially diluted bacterial suspensions were spotted (5 ul) on 7H10°AP¢< alone or supplemented with 16 ng/ml imipenem (IPM), 16 pwg/ml amikacin (AMK),
16 pg/ml ethambutol (EMB), 0.25 ug/ml or 1 ug/ml clofazimine (CFZ), or 0.06 ug/ml or 0.015 pug/ml bedaquiline (BDQ). Growth was observed after 4 days of

incubation at 37°C. All experiments were done on two separate occasions.
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FIG 4 TetR regulator MAB_2299c¢ binds to the intergenic region upstream of MAB_1135¢c-1134c. (A) Schematic
representation of the DNA operators located upstream of MAB_1135¢-1134c (comprising probe A) and MAB_2300-
2307 (comprising probe B). The palindromic sequences of 7 nucleotides in probe A are separated by a spacer and
are identical to those found in probe B, in which they are separated by 35 nucleotides. (B) EMSA and competition
assays using purified MAB_2299c¢ and incubated with 5’ fluorescein-labeled probe A in the absence or presence of
an excess of unlabeled probe A or probe B. A nonrelated probe was also included as a control of specificity of the
TetR/DNA complex formed. Detection of the unbound or the complexed probe A was revealed by fluorescence
emission. The white arrow indicates the DNA alone, gray arrows the formation of intermediate TetR/DNA
complexes, and the black arrow the formation of a complete TetR/DNA complex. (C) Comparison of the EMSA
pattern of MAB_2299c incubated with 5’ fluorescein-labeled probe A and probe C in which 4 of the central
nucleotides forming the palindromic sequences of probe A were replaced by a random sequence, resulting in a
clear defect in the formation of the TetR/DNA complex. The corresponding unbound and complexed probes were
revealed by fluorescence emission.
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FIG 5 Activity of BDQ in vitro and in infected macrophages. (A) M. abscessus CIP104536" WT and its
mutant derivatives were either left untreated or exposed to 0.25 wg/ml BDQ in 7H9°APC at 30°C. Bacterial
suspensions were collected on a daily basis, diluted, plated on LB agar, and further incubated at 37°C for
4 days prior to CFU determination. Results are expressed as the means =+ standard errors of the means
from triplicates and are representative of two independent experiments. Ctrl, untreated cultures; Swt,
smooth wild type. (B) Cytotoxicity assay of CFZ and BDQ toward THP-1 macrophages. Cells were treated
for 48 h with increasing concentrations of CFZ or BDQ, and viability was determined using the CellTiter-
Blue reagent. The percentage of cell survival was determined based on control cells incubated in
DMSO-containing medium. (C) M. abscessus-infected THP-1 macrophages were exposed to either
1 ng/ml CFZ or 0.25 ug/ml BDQ for 2 days before they were lysed and plated for subsequent CFU
enumeration. Histograms and error bars represent means and standard errors of the means calculated
from three independent experiments. CFU numbers at 4 h postinfection reflect the sizes of the different
inocula. For statistical analysis, Student’s t test was applied. ns, *, **, and *** stand for nonsignificant,
P < 0.01, P<0.001, and P < 0.0001, respectively.

The hypersusceptibility of the quintuple mutant to CFZ and BDQ in vitro prompted
us to investigate whether this phenotype was maintained when bacteria reside inside
the macrophage. However, this required us to first examine the potential cytotoxicity
induced by the two drugs over a 48-h period of treatment in THP-1 macrophages. The
cytotoxicity profiles of CFZ and BDQ were very different, with BDQ showing extremely
poor cytotoxicity (no macrophage killing at concentrations up to 50 ug/ml), while CFZ
exhibited toxicity with a 50% inhibitory concentration of 2.6 ug/ml (Fig. 5B). Macro-
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phages next were infected with various M. abscessus strains at a multiplicity of infection
(MOI) of 5. Following extensive washing and treatment with AMK to remove the
extracellular bacilli, infected cells were either left untreated or were treated with low
concentrations of drugs (1 uwg/ml CFZ or 0.25 ug/ml BDQ) for 48 h. In the absence of
drug treatment, all mycobacterial strains replicated in a comparable manner, with a
2-log increase in the intracellular CFU, except for AMAB 2299c¢ and the quintuple
mutant, both showing a slight reduction in the number of intracellular CFU (Fig. 5C).
The AMAB_2299¢ mutant, however, exhibited slightly higher CFU numbers in macro-
phages after 48 h of treatment with BDQ than with untreated macrophages, in agree-
ment with its increased resistance phenotype to BDQ in vitro. Importantly, the in vitro
CFZ/BDQ-susceptible AMAB_1135¢c-1134c and AMAB_2299¢-2300-2301 mutants were
also more susceptible to CFZ and BDQ inside macrophages than the wild-type strain.
Moreover, the quintuple mutant (lacking both efflux pump systems) exhibited an even
further increased sensitivity to CFZ and BDQ in macrophages compared to that of the
triple mutant (lacking one efflux pump system only). Together, these results indicate
that abrogating the functionality of multiple efflux pumps translates into additive
effects, resulting in higher sensitivity to drugs in vitro and in infected host cells.

DISCUSSION

M. abscessus is intrinsically resistant to a wide range of antimicrobials, including
most antitubercular drugs, posing a serious challenge for drug discovery. Hit rates in
primary screens for M. abscessus are low, primarily because of the low level of suscep-
tibility due to its expansive drug resistome (18). As environmental bacteria, NTM reside
essentially in soil and water, and it is plausible that the selection pressure from
antimicrobial-producing bacteria sharing the same biological niches have forced NTM
to develop a wide diversity of resistance mechanisms, allowing them to survive in
hostile environments. The antimicrobial resistome of M. abscessus results from muta-
tions in antibiotic target genes or other related genes, mostly occurring during the
prolonged course of treatment, as well as genes involved in intrinsic drug resistance
mechanisms. Among the latter, efflux pump mechanisms, protecting bacteria against
toxic compounds and promoting bacterial homeostasis by transporting toxins or
metabolites to the extracellular environment (34), have drawn attention as important
elements preventing the intracellular accumulation of drugs.

Resistance mechanisms associated with MmpL-derived efflux pump systems were
recently identified in M. abscessus. In the case of thiacetazone analogs, mutations in the
TetR repressor MAB_4384 led to upregulation of the adjacent genes encoding an
MmpS-MmpL efflux pump system (35, 36). Increased expression of MAB_4746, encoding
a member of the MmpL family, was also reported recently in LNZ-resistant isolates (37).
In the case of CFZ, where CFZ-resistant strains demonstrated cross-resistance to BDQ
(29), whole-genome sequencing analyses of the in vitro-selected resistors uncovered
point mutations in MAB_2299c (29), a member of the TetR family of transcriptional
regulators, representing the most abundant family of regulators in mycobacteria. These
findings are supported by an independent study that also identified mutations in
MAB_2299c, among other genes, in CFZ-resistant strain selected in vitro (38). It was
originally shown that MAB_2299c regulates transcription of the MAB_2300-2301 target
genes, found in an orientation opposite that of MAB_2299c¢ (29). Point mutations (L40W,
L151P, and G215S) identified in the spontaneous resistant strains were correlated with
a loss of DNA-binding activity of MAB_2299c, resulting in derepression of MAB_2300-
2307 (29) and MAB_1135c-1134c (this study) gene expression, leading to increased drug
efflux and cross-resistance to CFZ and BDQ (29). In contrast to MAB_2300-2301, adjacent
to MAB_2299c, MAB_1135¢-1134c is located far from the regulator (Fig. 6). This indicates
that MAB_2299c¢ can act simultaneously on closely and distantly located target genes
on the chromosome. That both efflux pump systems participate in CFZ and BDQ export
strongly suggests that they are structurally and functionally related. This hypothesis
was confirmed by the phylogenetic analysis that allowed us to identify MAB_1135c-
1134c, along with MAB_2300-2301, products of a possible gene duplication event. That
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FIG 6 General schematic representing the mechanism of CFZ/BDQ resistance mediated by MAB_2299c-dependent MmpS-MmpL efflux pumps in M. abscessus.
(1) Binding of MAB_2299c¢ to the intergenic regions of MAB_2300-2301 (left) and MAB_1135c-1134c (right). (2) Transcriptional repression of MAB_2300-2301 (left)
and MAB_1135¢-1134c (right) allows only basal expression of the two efflux pumps. (3) Insertion of the two MmpS-MmpL efflux pumps into the plasma
membrane. (4) Extrusion of CFZ and BDQ conferring intrinsic resistance to both drugs. (5) Possible interaction of the drugs with the TetR regulator, triggering
its dissociation from the DNA operator and transcriptional derepression. (6) Lack of binding of the regulator to the intergenic regions either due to point
mutations acquired in MAB_2299c under CFZ selective pressure in vitro or when MAB_2299c was inactivated through targeted deletion by homologous
recombination. (7) Enhanced expression of the two drug efflux pumps and extrusion of CFZ and BDQ, leading to increased resistance levels to the drugs.

both MmpS-MmpL systems operate simultaneously was verified using multiple gene
deletions thanks to the recent development of a suicide vector-based approach, which
allows easy and rapid unmarked genetic alteration of the M. abscessus chromosome
(29). While the triple mutant lacking the regulator and one efflux pump system
(AMAB_2299c-2300-2301) was more sensitive to CFZ/BDQ than the WT progenitor, the
quintuple mutant lacking the regulator and both efflux pump systems further gained
in susceptibility to CFZ and BDQ treatment. To verify whether the two efflux pumps and
MAB_2299c are widely distributed among M. abscessus clinical isolates or restricted to
the CIP104536 type strain, a BLAST search for MAB_2299¢-2300-2301 and MAB_1136-
1135¢-1134c¢ was performed (see Table S3 in the supplemental material). This revealed
that both loci as well as their DNA operators are conserved in M. bolletii, M. massiliense,
and M. chelonae and in all clinical isolates analyzed, suggesting that both efflux pump
systems are present and presumably operating in all of these strains.

These results indicate that mutations in MAB_2299c¢, which can be easily selected on
CFZ in vitro (29), affect the expression of two efflux pump systems, both contributing
to the resistance mechanism. However, while our transcriptomic studies showed that
only these two MmpS/MmpL pairs are regulated by MAB_2299c, one cannot exclude
the possibility that additional MAB_2299c-independent MmpL proteins or unrelated
efflux pump systems, such as members of the major facilitator superfamily or ATP-
binding cassette (ABC) transporters, mediate cross-resistance to CFZ/BDQ. It also re-
mains possible that MAB_2299c regulates other gene targets involved in various
metabolic pathways and/or in intracellular survival of M. abscessus in macrophages.
This hypothesis may be supported by a slightly reduced burden of the AMAB_2299c
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strain than the WT at 48 h postinfection in THP-1 cells in the absence of drug
treatment (Fig. 5Q).

We recently showed that verapamil improves the efficacy of BDQ activity against M.
abscessus clinical isolates both in vitro and in macrophages (39). Interestingly, verapamil
kept its capacity to potentiate the activity of BDQ even in M. abscessus mutants resistant
to CFZ/BDQ (overexpressing both the MAB_2300-2301 and MAB_1135c-1134c efflux
pumps), highlighting the value of the verapamil-BDQ combination in cases of low-level
acquired resistance to BDQ in this mycobacterium. Importantly, the AMAB_2299¢-2300-
2307 strain, in which this BDQ efflux pump was deleted, leading to increased BDQ sen-
sitivity compared to that of WT M. abscessus, exhibited a further increase in sensitivity
to BDQ in the presence of verapamil, suggesting that the mechanism whereby verapamil
exerts its potentiating effect on BDQ activity is not dependent on this efflux pump,
apparently excluding this efflux pump as the major target of verapamil. In fact, it was
recently reported that verapamil targets membrane energetics in mycobacteria (40).
The inhibition by BDQ of the ATP synthase in mycobacteria was also previously shown
to impact membrane energetics, an effect which is probably compounded when
verapamil is also present (41). Our genetics data suggest that if a specific inhibitor of
the two highly related CFZ/BDQ efflux pumps (MAB_2300-2301 and MAB_1135¢-1134c)
could be developed, such a compound given in combination with BDQ/CFZ and a
molecule targeting membrane potential would provide an extremely potent therapeu-
tic cocktail against M. abscessus.

We previously speculated that, given the large mmpL repertoire (30) and high
abundance of TetR transcriptional regulators (42) found in M. abscessus, efflux-based
mechanisms represent a general mechanism to express its natural resistance pattern to
antimicrobial agents. The present study confirms this to be true, at least regarding CFZ
and BDQ resistance. In summary, we provide here additional mechanistic insights into
the TetR-dependent regulation of MmpL efflux pumps responsible for cross-resistance
to CFZ and BDQ in M. abscessus, which may have important clinical implications.
Overall, this study underpins MAB_2299c as a marker of resistance to be considered
when assessing the drug susceptibility profile of M. abscessus clinical isolates. However,
future studies should also be dedicated to investigating whether mutations in
MAB_2299c occur in clinical isolates from patients treated with CFZ or BDQ.

MATERIALS AND METHODS

Strains, growth conditions, and reagents. Bacterial strains used in this study are listed in Table S1
in the supplemental material. M. abscessus was grown in Middlebrook 7H9 broth (BD Difco) supple-
mented with 0.05% Tween 80 (Sigma-Aldrich) and 10% oleic acid, albumin, dextrose, catalase (OADC
enrichment; BD Difco) (7H97/0APC) at 30°C (unless otherwise stated) in the presence of antibiotics, when
required. On plates, colonies were selected either on Middlebrook 7H10 agar (BD Difco) supplemented
with 10% OADC enrichment (7H10°APC) or on LB agar. All drugs were purchased from Sigma-Aldrich.

Drug susceptibility testing. The MIC, defined as the minimal drug concentration required to inhibit
99% growth (MIC,,), was recorded on Middlebrook 7H10°AP< agar after 3 to 4 days of incubation at 30°C.
All experiments were done on three independent occasions.

Quantitative real-time PCR. Isolation of RNA, reverse transcription, and qRT-PCR were done as
reported earlier (35) using the primers listed in Table S2 in the supplemental material.

Expression and purification of MAB_2299c variants. The E. coli BL21(DE3) strain (New England
Biolabs) possessing pRARE2 was transformed with a pET32a derivative containing the wild-type
MAB_2299c gene. Expression in E. coli and purification of MAB_2299¢ was performed as described earlier
(29).

Electrophoretic mobility shift assays (EMSAs). Thanks to the MEME Suite 4.20.0 online tool, we
identified a perfect pair of palindromes comprised of 7 nucleotides each and separated by a 7-nucleotide
spacer within the intergenic region upstream of MAB_1135c. These palindromes are identical to the ones
located between MAB_2299¢ and MAB_2300. A double-stranded DNA fragment of 64 bp containing the
pair of palindromes labeled at their 5’ ends with fluorescein (probe A) was purchased from Sigma-
Aldrich. The 5’ fluorescein probes (500 nM) were coincubated for 1 h at room temperature in 1X Tris
base-acetic acid-EDTA (TAE) buffer with increasing amounts of purified MAB_2299c protein with or
without excess concentrations of cold probes (unlabeled DNA fragments). Electrophoresis was per-
formed for 30 min at 100 V in 1X TAE buffer, and fluorescence was revealed using a ChemiDoc Imaging
System (Bio-Rad). Sequences of the probes are listed in Table S2.

Generation of the MAB_1136c and MAB_1135c-1134c recombination plasmids. The suicide
vector pUX1-katG (29) was used to generate pUX1-katG-MAB_1136. To produce pUX1-katG-MAB_1136,
genomic DNA from M. abscessus, Q5 polymerase (New England Biolabs), and the primers

October 2019 Volume 63 Issue 10 e01000-19

Antimicrobial Agents and Chemotherapy

aacasm.org 13


https://aac.asm.org

zac-aac/zac01019/zac8327d19z | xppws | S=5 | 8/17/19 | 5:41 | 4/Color Fig: 1,4,6 | ArtID:01000-19 | DOI:10.1128/AAC.01000-19CE: SSV |

Gutiérrez et al.

MAB_1136_LA_Fw and MAB_1136_LA_Rev were used to PCR amplify a left arm (LA). A similar PCR but with
the primers MAB_1136_RA_Fw and MAB_1136_RA_Rev generated a right arm (RA). The purified LA and RA
amplicons were added to a new PCR mix without any primers or genomic DNA. This reaction consisted
of two cycles of 95°C for 30 s, 55°C for 2 min, and 72°C for 3 min prior to the addition of primers
MAB_1136_RA_Fw and MAB_1136_LA_Rev and 25 additional cycles of 95°C for 10's, 55°C for 30 s, and 72°C
for 2 min. The 1.7-kb primer-overlap extension PCR product was restricted with Nhel and Mfel and ligated
to the Nhel-Mfel-linearized pUX1-katG, yielding pUX1-katG-MAB_1136, designed to delete 530 bp (80%)
of the MAB_1136 open reading frame (Table S1).

The same approach was applied to generate pUX1-katG-MAB_1135c-1134c, using the primers
MAB_1135¢-1134c_LA_Fw and MAB_1135c-1134c_LA_Rev to produce the LA and the primers MAB_1135c-
1134c_RA_Fw and MAB_1135¢c-1134c_RA_Rev to produce the RA. The ~1.4-kb primer overlap extension
PCR product was restricted with Nhel and Mfel and ligated to the Nhel-Mfel-linearized pUX1-katG,
yielding pUX1-katG-MAB_1135c-1134c, designed to delete 3,234 bp (96%) of the MAB_1135¢c-1134c gene
cluster (Table S1).

Unmarked deletion in M. abscessus. Highly electrocompetent M. abscessus smooth (S) WT and S
AMAB_2299c¢-2300-2301 strains were prepared as reported earlier (31) and subsequently transformed
with pUX1-katG-MAB_1136 or pUX1-katG-MAB_1135c-1134c. Selection of bacteria having undergone the
first homologous recombination was done by screening for red fluorescent colonies on 7H109APC
supplemented with 200 wg/ml kanamycin. To promote the second homologous recombination event,
the selected clones were subcultured overnight in 7H99APC in the absence of kanamycin. Cultures were
10-fold serially diluted and plated onto 7H10°APS containing 50 wg/ml isoniazid (INH) to select for
INH-resistant, KAN-sensitive, and nonfluorescent colonies. Following genomic DNA preparation from
such colonies, PCR screening was set up using primer sets binding upstream of the LA and inside the RA
or binding inside the LA and downstream of the RA. Amplicons were subsequently sequenced to confirm
the junction between LA and RA and the correct unmarked deletion of MAB_1136 and MAB_1135¢-1134c.

Macrophage infections. THP-1 macrophages were grown at 37°C in a 5% CO, incubator in RPMI
1640 supplemented with 10% FBS (RPMIF8S) and differentiated for 48 h prior to infection with 20 ng/ml
phorbol myristate acetate (PMA). M. abscessus strains were cultured at 37°C in 7H9°APC< until they reach
the exponential growth phase and were harvested by centrifugation and resuspended in phosphate-
buffered saline (PBS). Single-cell preparations were prepared by passing the bacterial suspension through
a 26.5-gauge needle (~20 times) and then through a 5.0-um filter (Merck Millipore). THP-1 cells (5 X 10°
cells/ml) were then infected at an MOI of 5 and incubated at 37°C in the presence of 5% CO,. After 2 to
3 h of incubation, cells were washed three times with PBS and refed with RPMIFBS supplemented with
250 ug/ml AMK for 1 h in order to kill extracellular bacilli. Cells were washed three times with PBS and
incubated for an additional 48 h with either RPMIF8s alone (no treatment; control of intracellular growth),
RPMIFBS containing 1 ug/ml CFZ, or RPMIFES containing 0.25 wg/ml BDQ. For intracellular CFU determi-
nation, cells were washed three times with PBS, and 100 ul of 1% PBS-Triton X-100 was added to lyse the
cells at day 0 and day 2. Lysis was stopped by adding 900 ul of PBS. Tenfold dilutions were plated onto
LB agar, and colonies were counted after 5 days of incubation at 37°C.

Cytotoxicity assay. THP-1 macrophages (5 X 10° cells/ml) in 96-well flat-bottom culture microtiter
plates were differentiated for 48 h with PMA, after which RPMIFES was replaced with 180 ul of fresh
medium containing increasing concentrations of either CFZ (ranging from 0.15 to 10 ug/ml) or BDQ
(ranging from 3.1 to 200 wg/ml). After 48 h of incubation at 37°C with 5% CO,, 20 ul of CellTiter-Blue
reagent (Promega) was added and cells were incubated for an additional 2 h. The optical density at 560
nm (OD,,) was recorded using a microplate reader. The percentage of cell survival was determined
considering the control wells (cells incubated in dimethyl sulfoxide-containing medium).

Multiple alignments and synteny analysis. Primary protein sequences were retrieved from the
KEGG website (https://www.genome.jp/kegg/), and multiple alignments of the sequences were done
with the MUSCLE algorithm using its default parameters in the UniProt UGENE suite (43). Phylogenetic
trees were constructed from the multiple-alignment data using the PHYLIP neighbor-joining tree-
building method with default parameters of the UGENE suite. Nucleotide sequences were also retrieved
from the KEGG website, and syntenic comparisons of these sequences were done on the YASS genomic
similarity tool web server (http://bioinfo.lifl.fr/yass/yass.php).

Statistical analysis. All statistical analyses were performed using GraphPad Prism 5 (version 5.03;
GraphPad Software). Student’s t test was used for all comparisons. A P value of less than 0.05 was
considered significant (ns, nonsignificant; *, P < 0.05; **, P < 0.01; ***, P < 0.001).

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AAC
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8. Conclusions and per spectives

Infections caused by M. abscessus are increasing worldwide, especially in patients
suffering from CF. Multiple factors can converge to allow this environmental bacterium to
become a successful human pathogen. Initial studies positioned an important element of the
M. abscessus cell wall - the GPL- as a key element in the S/R morphotype. Putting together
the available knowledge about M. abscessus GPL, a series of hypotheses have been combined
to propose a chain of events associated with the pulmonary disease: 1) presence of GPL at the
bacterial surface promotes interaction with host cells, 2) this can boost the anti-GPL humoral
response due to immunogenic nature of GPL, 3) this subsequently leads to the selection of
low-GPL-producing bacilli (characterized by a rough morphology); 4) this leads to the
unmasking of underlaying pro-inflammatory elements, such as lipoproteins and
phosphatidylinositol (Roux et al. 2011; Rhoades et a. 2009) that produce severe
inflammation. In addition, the greater hydrophobicity in the R bacteria promotes the formation
of aggregates rendering phagocytosis difficult. However, what are the environmental cues that
lead to the morphology change of M. abscessus remains to be established in future studies.

A wide panoply of methods are available for genetic engineering in M. tuberculosis
(Lamrabet and Drancourt 2012) but these methods are more limited in M. abscessus and the
generation of knockout strains can still be challenging. Gene inactivation has largely
contributed in elucidating important aspects in bacterial physiology, identifying drug targets
and describing pathogenesis (Tang et a. 2015). Following our interest in understanding the
molecular mechanisms responsible for the multidrug resistance and pathogenicity of M.
abscessus, we developed a new set of tools to easily and efficiently generate knock-out
mutants based on single and double homologous recombination. One of the main features of
our initial suicide plasmid (pXU1) relies on the tdTomato red fluorescent marker that
simplifies the selection of positive clones that have undergone gene disruption and which

alows adso to perform infection studies directly in zebrafish without any additional
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fluorescent marker. The second plasmid (pXU3) developed to control gene expression showed
leaky expression and therefore does not appear to be an optima system for fine tuning
regulation in M. abscessus. Introducing a counter-selectable marker (functional katG from M.
tuberculosis) resulted in an improved construct particularly suited for the generation of
unmarked deletion which allows to delete multiple genes in the same strain. These new tools
could eventually be applied to other NTM species often neglected and refractory to gene
manipulation. Thanks to this method, it becomes now possible to inactive large sets of
genes/pathways to evaluate antibiotic resistance mechanisms and pathogenicity, ultimately
contributing to the development of new chemotherapeutic strategies against M. abscessus and
other NTM.

Severa genetic determinants in M. abscessus are responsible for intrinsic resistance to
toxic compounds, including drugs and detergents. MmpL proteins have been associated not
only with drug resistance but also with lipid transport. In M. tuberculosis, the main focus of
their functions has been devoted to lipid transport, such as the MmpL 3 protein responsible for
the transport of mycolates, which has been largely exploited as a valid drug target (Li et al.
2016). However, the export of siderophores in MmpL4 and MmpL5 and drug efflux activity
of MmpL5 and MmpL7 are proofs of their multifaceted functions (Székely and Cole 2016).
We have focused our research on the mechanisms of drug resistance involving MmpL efflux
pumps and their regulation systems in M. abscessus. First, we describe the mechanistic
regulation of MAB_4382c-MAB_4383c, the closest homologs to mmpSG-mmpL5 in M.
tuberculosis, by MAB_ 4384, a TetR transcriptiona regulator. MAB_4384 binds to its unique
operator sequence (ATAAGTGGATTGA/TCTATCCACTTTT) to repress the expression of
mmpS5/mmpL5 efflux pump. Furthermore, we showed the impact of the D14N and F57L
amino acids substitutions in the formation of the MAB_4384/DNA complex, which explains
the subsequent overexpression of mmpS5/mmpL5 and the efflux of TAC analogues. However,

we cannot discard the possibility that this efflux system participates in the extrusion of other
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drugs and in important physiological processes.

We aso described two additional efflux pumps (MAB_1135¢c-MAB_1134c and
MAB_2300-MAB_2301) and their role in cross-resistance to clofazimine and bedaquiline.
The TetR MAB_2299c appears as the main regulator of both efflux systems. The possible
binding of clofazimine and bedaquiline to MAB_2299c may prevent formation of the
protein/DNA complex, resulting in increased resistance levels. Importantly, we showed that
mutations in this TetR leads to overexpression of both MAB_1135¢c-MAB_1134c and
MAB 2300-MAB 2301 and cross-resistance to clofazimine and bedaquiline. Therefore,
sequencing MAB_2299c in isolates from patients under treatment with clofazimine and/or
bedaquiline may help the clinician to anticipate drug resistance.

The genomic environment of MAB_2299c suggests that this locus is important for drug
resistance mechanisms. This gene is surrounded not only with the MAB_2300/MAB_2301
efflux pump involved in resistance to clofazimine and bedaquiline, but also with the erm(41)
gene (MAB_2297), responsible for the intrinsic inducible resistance to macrolides. The
presence of a second efflux pump encoded by MAB_2302/MAB 2303 in this environment
allows to speculate that it may also participate in antibiotic resistance, this hypothesis needs
however to be investigated in future studies.

Alternative to clofazimine and bedaguiline as new therapeutic approaches for NTM, the
recent approval of pretomanid (“FDA Approves Pretomanid for Highly Drug-Resistant Forms
of Tuberculosis” n.d.) for the treatment of multidrug resistant TB opens the opportunity for
new therapies against the difficult-to-treat NTM diseases. To date, there are no available
studies dedicated to test the efficacy of this drug against M. abscessus infections.

In addition to the RND superfamily in which MmpLs belong to, four other different
structural families of efflux pumps such as, the major facilitator superfamily (MFS), the small
multidrug resistance (SMR) family, the adenosine triphosphate (ATP)-binding cassette (ABC)

superfamily and the multidrug and toxic compound extrusion (MATE) family have been
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related to drug cross-resistance in M. tuberculosis and M. smegmatis (Nasiri et al. 2017,
Sander et al. 2000). It may thus be of particular interest to address in future studies whether
these different classes of membrane proteins participate also in drug resistance mechanismsin
M. abscessus.

Efflux pump inhibitors may improve the treatment against multidrug resistant M.
abscessus by restricting drug extrusion and interfering with the transport of lipids that
participate in cell wall assembly. Efflux pumps inhibitor tested in vitro in mycobacteria and
other Gram-negative include verapamil, piperine, Phe-Arg-p-naphthylamine derivatives, P-
glycoprotein inhibitors, thioxanthenes phenothiazines, reserpine, carbonyl cyanide m-
chlorophenyl hydrazine, chlorpromazine and tetrahydropyridine derivative (Szumowski et al.
2013). In particular, a recent study reported the increased activity of bedaguiline
against clinical isolates of M. abscessus when used in combination with verapamil (Viljoen et
al. 2019). The introduction of efflux pumps inhibitors in clinical settings is difficult since
some of them appear toxic. The development of specific inhibitors targeting efflux pumps but
without affecting the host would be of agreat clinical value.

In conclusion, this work allowed to describe new regulatory mechanisms of three MmpL
efflux pumps in M. abscessus, opening the way to future therapeutic strategies. The genetic
tools developed will undoubtedly contribute to the identification of new drug targets and,
eventually, to the improvement of current strategies to fight against M. abscessus and other
NTM. This research work was awarded with a Silver Meda on the Scientific Day of the

Mediterranean Infection Foundation, in Marseille on July 7th, 2017.
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