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ABSTRACT Available chemotherapeutic options are very limited against Mycobacte-
rium abscessus, which imparts a particular challenge in the treatment of cystic fibro-
sis (CF) patients infected with this rapidly growing mycobacterium. New drugs are
urgently needed against this emerging pathogen, but the discovery of active che-
motypes has not been performed intensively. Interestingly, however, the repurpos-
ing of thiacetazone (TAC), a drug once used to treat tuberculosis, has increased fol-
lowing the deciphering of its mechanism of action and the detection of significantly
more potent analogues. We therefore report studies performed on a library of 38
TAC-related derivatives previously evaluated for their antitubercular activity. Several
compounds, including D6, D15, and D17, were found to exhibit potent activity in
vitro against M. abscessus, Mycobacterium massiliense, and Mycobacterium bolletii clin-
ical isolates from CF and non-CF patients. Similar to TAC in Mycobacterium tuberculo-
sis, the three analogues act as prodrugs in M. abscessus, requiring bioactivation by
the EthA enzyme, MAB_0985. Importantly, mutations in the transcriptional TetR re-
pressor MAB_4384, with concomitant upregulation of the divergently oriented adja-
cent genes encoding an MmpS5/MmpL5 efflux pump system, accounted for high
cross-resistance levels among all three compounds. Overall, this study uncovered
a new mechanism of drug resistance in M. abscessus and demonstrated that simple
structural optimization of the TAC scaffold can lead to the development of new
drug candidates against M. abscessus infections.

KEYWORDS Mycobacterium abscessus, thiacetazone, TetR regulator, MmpL,
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ycobacterium abscessus is the most pathogenic and chemotherapy-resistant

rapidly growing mycobacterium. It is commonly associated with contaminated
traumatic skin wounds and with postsurgical soft-tissue infections (1). Among the
nontuberculous mycobacteria (NTM), M. abscessus represents the most frequent my-
cobacterial species isolated from cystic fibrosis (CF) patients with pulmonary infections,
with a prevalence of 3 to 6% in this population (2). Patients with chronic M. abscessus
infection had greater rates of lung function decline than those with no NTM infections
(3). Therefore, infections due to M. abscessus represent a major threat in many CF
centers worldwide (4). These infections remain extremely difficult to treat, as this
mycobacterium is intrinsically resistant to a broad range of antibiotics, including most
antitubercular drugs (5). The prognosis of pulmonary infections is poor, particularly in
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the context of CF, with a cure rate of 30 to 50% in spite of lengthy courses of antibiotics
often complemented by surgery (6).

The American Thoracic Society has recommended a treatment regimen for M.
abscessus infections consisting of a combination of a macrolide (clarithromycin or
azithromycin), an aminoglycoside (amikacin), and a B-lactam (cefoxitin or imipenem)
for a period of 1 year (4). The M. abscessus abscessus and M. abscessus bolletii subspecies
possess an erm(41) RNA methylase gene that confers inducible resistance to macrolides
(7). In contrast, the M. abscessus massiliense subspecies lacks inducible resistance to
macrolides due to the presence of a truncated erm(41) gene. Consequently, treatment
regimens for M. abscessus are dependent on the infecting subspecies. For these
reasons, new chemical entities are urgently needed to further improve M. abscessus
treatment outcomes. The fact that the M. abscessus genome sequence shares a high
similarity with that of M. tuberculosis (8) suggests the presence of shared biochemical
pathways between these mycobacteria. Therefore, the existing data acquired during
previous tuberculosis drug discovery campaigns could represent a valuable source of
information to rapidly identify new chemotypes with strong activity against M. absces-
sus, thus alleviating the necessity to initiate new chemical screens de novo. Indeed, we
have recently validated the usefulness of this cross-screen approach by identifying and
characterizing the mode of action of a highly efficient piperidinol-based compound,
from a previously known set of potent nontoxic antitubercular hits, against M. abscessus
(9). Such compounds could, therefore, be further exploited as new pharmacophores for
the preparation of analogues with activity against M. abscessus.

Thiacetazone (TAC) has formerly been used in combination with isoniazid to treat
patients infected with multidrug-resistant M. tuberculosis strains (10) but was removed
from the antitubercular chemotherapeutic regimen due to its secondary toxic effects,
especially in HIV-positive patients (11, 12). TAC is a prodrug that requires S-oxidation of
its thiocarbonyl moiety by the flavin-containing monooxygenase EthA to exert its
antimycobacterial activity (13), and mutations in ethA are associated with TAC resis-
tance in M. tuberculosis (14). Upon activation, TAC has recently been shown to bind to
the HadA component of the HadABC dehydratase complex, leading to inhibition of
mycolic acid biosynthesis (15). Interestingly, we and others have reported that NTM
such as Mycobacterium avium (16), Mycobacterium smegmatis (17), and M. abscessus (18)
are naturally resistant to TAC. However, a TAC analogue, SRI-224, was previously tested
against M. avium and found to be more effective than TAC in vitro as well as in mice (16)
and subsequently shown to be very active against M. tuberculosis (19). This emphasizes
that TAC analogues can be synthesized with improved potency not only against M.
tuberculosis but also against NTM. Since a simple modification of the parental TAC
scaffold to create SRI-224 led to greater potency, the effect of further simple structural
modifications was investigated, leading to a second generation of TAC analogues (20).
Among these compounds, two exhibited MICs 10-fold lower than the parental mole-
cule and inhibited mycolic acid biosynthesis in M. tuberculosis (20). This prompted us to
investigate the potential antimicrobial efficacy of these TAC derivatives against M.
abscessus.

In this study, we present the activity of a wide panel of TAC derivatives against the
smooth (S) and rough (R) variants of M. abscessus and demonstrate that simple
modifications of the parental molecule represents a useful approach to develop active
compounds against M. abscessus. We also provide evidence that these derivatives are
activated by EthA in M. abscessus and identify mutations in the putative TetR regulator
MAB_4384 that were found to be associated with high resistance levels to these
compounds.

RESULTS

Identification of new thiacetazone derivatives active against M. abscessus.
Since previous TAC analogues were found to be more efficient against M. avium (16)
and M. tuberculosis (19), we were prompted to address whether TAC analogues also
exhibit potent activity against M. abscessus, notorious for being the most drug-resistant
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TABLE 1 Activity of 38 TAC-related analogues against M. abscessus®

R6 R'7 R*'s
N N NH
N/ \I(
s

RS

R3 R1
R2

Compound R, R, R; R, Rs Rs R, Rg MICyag MICy s

D10 H H COOCH, H H H H H >100 0.05

D12 H H OCOCH, H H H H H 100 0.25

D13 H H CN H H H H H >100 0.25

D14 H H CH,CH, H H H H H 12.5 0.075

D15 H H CH,CH,CH, H H H H H 3.1 0.05

D17 H H OPh H H H H H 6.2 0.05

D19 H H NO, H H H H H >100 0.5 g
D25 H H B-naphthyl H H H H H >100 1-2.5 =
D27 H H Cl H H H H CH,CH; >100 10 S
D29 H H Cl H H H H CH; >100 5-10 @]
D30 H H a H H H H Ph >100  >20 =4
D31 H H OCH,; H H H H H 100 0.075 D)
R2 H H OCH,CH; H H H H H 1.6 0.025 o
R3 H H OCH,CH,CH; H H H H H 3.1 0.025 =
D32 H H OCH, H H H H Ph >100 2.5 g
D34 H H OCH, H H H H CCH; >100 1-5

D35 H H OCH; H H H H CHCH; >100 20 2
D36 H H a H H H H NH, 50 5-10 S
D37 H H OCH, H H H H NH, 50 5-10 Q
D4 H H N(CH,), H H H H H 50 0.25 Q
D5 H H  CH, H H H H H 50 0.1 2
D6 H H CH(CH,), H H H H H 6.2 0.1 QJ
D7 H H H H H H H H 100 5 n
D8 H H Cl H H H H H 50 0.25 3
HB3 H CH; H H H H H H 50 1-2.5 o
HB4 CH, H H H H H H H >100 1 o
JH3 H OH H H H H H H 100 0.5 =
JL2 OCH,CH; H H H H H H H 25 0.025 g
JL3 OCH, H H H H H H H >100 5-10 =z
JL4 H OCH; H H H H H H >100 0.5-1 )
KKM2 Br H H H H H H H >100 5 8
KKM3 H Br H H H H H H 25 5 >
KKM4 H H Br H H H H H >100 5-10 (0]
LSF2 F H H H H H H H 100 0.5-1 N
LSF3 H FoH H H H H H 100 05 B
LSF4 H H F H H H H H 100 0.5 N
TKL2 @ H H H H H H H >100 1-5 =
TKL3 H al H H H H H H 50 1-5 g
9The MIC (ug/ml) against M. abscessus (MICyag) Was determined in cation-adjusted Mueller-Hinton broth for (o]
the rough M. abscessus CIP104536 reference strain. Shaded lines highlight the more active compounds. The %
MICs against M. tuberculosis mc27000 (MICy,rg) were determined on Middlebrook 7H10 with OADC, some of n

—

which were reported previously (20).

mycobacterial species (21), despite being refractory to TAC inhibition in liquid cultures
(MIC of >100 wg/ml) (18). As shown in Table 1, the compounds exhibited a broad range
of activity against the rough (R) variant of M. abscessus CIP104536, from active com-
pounds (<10 ug/ml) to derivatives exhibiting only modest (<50 wg/ml) or very poor
activity (=100 wg/ml). In particular, compounds R2, R3, D6, D15, and D17 were found
to be very active compared to the parental TAC molecule, with MIC values ranging from
1.6 to 6.2 ug/ml. All of these compounds were also very active against M. tuberculosis
(Table 1). This indicates that TAC analogues can be effective against M. abscessus. The
experiments described below involve the D6, D15, and D17 compounds, but larger
numbers of analogues will be required to develop a robust structure-activity relation-
ship for the thiosemicarbazone class of anti-M. abscessus agents. Nevertheless, struc-
tural activity requirements seem to be apparent for activity against M. abscessus that are
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FIG 1 Chemical structures of TAC and the D6, D15, and D17 analogues. All 4 compounds differ in the substitutions
at the para position.

similar to those for activity against M. tuberculosis (20). Modifications at the para
position of the benzene ring (R3 position [Table 1]) suggest that a good balance
between size, lipophilicity, and flexibility is required for activity with active compounds
D6, D15, and D17 (Fig. 1), exhibiting calculated logarithm of the partition coefficient
(clogP) values of around 3.3 with isopropyl, propyl, and phenoxy groups, respectively.
Conversely, compounds D25, D8, and KKM4 are significantly less active while possess-
ing lipophilic yet inflexible substituents at the para position, with clogP values of 4.9,
2.3, and 2.9, respectively. Similarly, compounds D31 and D5, for example, which contain
H or the smaller flexible methoxy group at the para position, with a clogP value of 1.7,
are also significantly less active. However, the activity of D6, D15, and D17 compounds
against M. abscessus compared to their activity against M. tuberculosis appears to be
significantly reduced.

D6, D15, and D17 are bacteriostatic inhibitors of M. abscessus growth. Exposure
of M. abscessus R in log-phase growth to increasing concentrations of D6 (Fig. 2A), D15
(Fig. 2B), or D17 (Fig. 2C), corresponding to 1X, 2X, and 4 X the MIC of each compound,
resulted in a 2-log difference in viable CFU after 96 h compared to the nontreated
cultures. However, since the CFU numbers after treatment were similar to those of the
inoculum, the results suggest that these compounds are bacteriostatic in vitro. In

A -©- D66.1 pg/ml B 108 -©- D153.1 ug/ml

o B D612.5 pg/ml 1074 = D156.2 pg/ml
= - D6 25 pg/ml 'é - D1512.5 ug/ml
£ -+ control < 105 -+ control
= =
5] & 10°

104_
' hrs 103 T T T 1 hrs
0 24 48 72 96

& 108 -©- D176.1 ug/ml -© IPM4 pg/ml
1071 & D17 12.5 ug/ml = IPM8 pg/ml
= -A- D17 25 pg/ml - A IPM 16 pg/ml
§ 106 <~ control § -# control
& 10° .
104_
103 T T T 1 hrs 102 T . : ' hrs

0 24 48 72 96 0 24 48 72 96
FIG 2 Bacteriostatic activity of TAC analogues against M. abscessus. (A to D) Concentration- and time-dependent
activity of the three effective TAC analogues, as well as imipenem, was monitored. The number of CFU was
determined after 0, 24, 48, 72, and 96 h of incubation with different concentrations of each drug. Values are means
from two independent experiments. IPM, imipenem.
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TABLE 2 Comparison of the activity of TAC, D6, D15, and D17 against clinical isolates
from CF and non-CF patients

MIC (pg/ml) fore:

Strain Morphotype  Source (reference) D6 D15 D17 TAC AMK

M. abscessus
CIP104536 R Non-CF? (25) 12.5 3.1 6.2 200 12.5
2524 R CF 6.2 3.1 6.2 100 25
2648 R CF 6.2 1.6 3.1 100 12.5
3022 R Non-CF 3.1 0.8 1.6 100 12.5
CF R CF 3.1 1.6 3.1 100 12.5
CIP104536 S Non-CF? (25) 25 6.2 25 >200 25
3321 S Non-CF 6.2 1.6 6.25 200 25
1298 S CF 25 6.2 25 >200 125
2587 S CF 12.5 3.1 12.5 200 25
2069 S Non-CF 125 6.2 125 100 25
CF S CF 12.5 3.1 6.2 200 12.5

M. massiliense

CIP108297 R Addison disease (26) 6.2 3.1 3.1 100 12.5
210 R CF 3.1 04 1.6 100 12.5
CIP108297 S Addison disease (26) 12.5 1.6 3.1 >200 25
11 S CF 6.2 3.1 6.2 200 25
212 S CF 12.5 3.1 12.5 >200 25
185 S CF 125 3.1 6.2 200 25
140 S CF 6.2 3.1 6.2 200 25
100 S CF 6.2 1.6 6.2 200 >100
107 S CF 12.5 3.1 6.2 >200 12.5
122 S CF 3.1 1.6 1.6 100 12.5
120 S CF 12.5 3.1 6.2 >200 12.5
M. bolletii

19 R Non-CF 6.2 1.6 3.1 100 50
108 R CF 3.1 0.4 0.8 100 12.8
112 R CF 3.1 6.2 12.5 200 >100
CIP108541 S Not reported® 12.5 3.1 6.2 100 25
17 S Non-CF 12.5 1.6 6.2 200 12.5
97 S CF 6.2 0.8 3.1 200 12.5
114 S CF 12.5 6.2 12.5 200 12.5
116 S CF 3.1 0.4 1.6 200 12.5

aThe MIC was determined in cation-adjusted Mueller-Hinton broth for different subspecies belonging to the
M. abscessus complex. AMK, amikacin.
bSeed stock of ATCC 199777, isolated from a knee abscess.

contrast, exposure to imipenem, an active B-lactam drug against M. abscessus (22), was
associated with a killing effect that was time and concentration dependent (Fig. 2D).

Activity of TAC analogues against clinical isolates. The lack of activity of TAC was
first confirmed using a broad panel of clinical isolates of the M. abscessus complex (MIC
of =100 wg/ml), subclassified into three subspecies: M. abscessus subsp. abscessus, M.
abscessus subsp. bolletii, and M. abscessus subsp. massiliense (23, 24). The distinction
between these subspecies is clinically relevant because they respond differently to
antibiotics (23). In contrast to TAC, D6, D15, and D17 exhibited potent activity against
the different strains isolated from either CF patients or non-CF patients, with MICs
ranging from 3.1 to 25 ug/ml for D6, 0.4 to 6.2 ug/ml for D15, and 0.8 to 25 ug/ml for
D17 (Table 2). These same strains also exhibited various susceptibility profiles for
amikacin, one of the most widely used drugs in clinical settings. The absence of
cross-resistance for the two M. massiliense and M. bolletii strains resistant to amikacin
(MIC of >100 ug/ml) with D6, D15, or D17 (Table 2) suggests that D6, D15, and D17
target a biological function that is not targeted by amikacin. In addition, smooth (S) and
R variants of each subspecies were usually equally sensitive to the analogues. These
data suggest that further structural optimization and study of these TAC derivatives will
lead to improved activity, providing potential drugs for future development of new
treatment options.
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TABLE 3 MICs of TAC and its related analogues D6, D15, and D17 against recombinant M.
abscessus strains

MIC (ug/ml) forb:

Strain® D6 D15 D17 TAC

CIP104536 S 25 6.2 25 >200
PMV261_ethA.s 6.25 1.65 6.25 50
PMV261_ethAyrs 125 3.1 125 100
PMV261_ethRy,.s 100 25 50 >200
PMV261_ethRy,r, 50 125 25 >200

CIP104536 R 125 3.1 6.2 100-200
PMV261_ethA.p 3.1 16 1.6 50
PMV261_ethAy,rs 3.1 16 3.1 50
PMV261_ethRy,as 50 125 50 >200
PMV261_ethRy7, 50 125 25 >200

aM. abscessus was transformed with different constructs to overexpress either the EthAy,,g (MAB_0985) or
EthRyag (MAB_0984c) protein from M. abscessus or from M. tuberculosis, as indicated.

bData are representative of three independent experiments. The MIC was determined in cation-adjusted
Mueller-Hinton broth.

EthA-dependent activity of TAC analogues in M. abscessus. Many of the current
antimycobacterial agents require some form of cellular activation unmasking reactive
groups, which in turn will bind to their specific targets (27). TAC, like ethionamide,
requires activation by the flavin-containing monooxygenase EthA (13). EthR, whose
gene is adjacent to ethA in M. tuberculosis and in M. smegmatis, represses the tran-
scription of ethA, subsequently preventing the conversion of the prodrugs to active
molecules (28). EthR belongs to the TetR/CamR family of transcriptional regulators that
negatively regulates the expression of EthA (29). Either overexpression of ethA or
deletion of ethR shows increased susceptibility of M. bovis BCG to TAC due to higher
production of active metabolites (13). In contrast, mutations in ethA are linked to TAC
resistance in M. tuberculosis (14). However, whether M. abscessus possesses a functional
EthA-like enzyme has never been established. One possible explanation is that relevant
investigations were impeded by the fact that this species is resistant to most drugs
requiring EthA activation. We therefore took advantage of the potential involvement of
a putative EthA-like-dependent mechanism in the activity of the TAC analogues. Due to the
presence of multiple putative monooxygenases in M. abscessus, we searched for ethA
gene candidates that were genetically linked to putative TetR repressor-encoding
genes. This led to the identification of MAB_0985-MAB_0984c as the most likely homo-
logues of the ethA-ethR couple in M. abscessus. The MAB_0985 and MAB_0984c coding
sequences were then cloned individually in pMV261 under the control of the consti-
tutive hsp60 promoter (30), and the resulting constructs, pMV261_ethA,,,; and
pMV261_ethR,,,s Were introduced in M. abscessus. Overexpression of M. abscessus EthR
(EthRyag) in M. abscessus was first confirmed by Western blotting using an antibody
raised against the M. tuberculosis EthR (EthR,,rz) protein (see Fig. S1 in the supplemen-
tal material). The MICs for the strain overexpressing EthA, .z Were compared to those
of the wild-type (WT) strain, and a 4-fold increase in sensitivity to TAC, D6, D15, and D17
was noticed (Table 3). This indicates that MAB_0985 encodes a functional EthA homo-
logue in M. abscessus which participates in the activation process of TAC and its related
analogues. Conversely, the EthR,.g-overexpressing strain exhibited a 2- to 4-fold-
increased level of resistance to the TAC analogues, which was confirmed in both S and
R variants of M. abscessus (Table 3). Similar results were also obtained when overex-
pressing EthA,,;z and EthRyrs in M. abscessus (Table 3). Overall, these drug suscepti-
bility profiles predict a direct correlation between the level of EthA-EthR expression and
resistance to the TAC analogues. Therefore, the activity of D6, D15, and D17 in M.
abscessus is dependent on activation by EthAy,g.

Mutations in MAB_4384 confer resistance to TAC analogues. To search for the
mechanism of resistance and as an indication of the potential molecular target of the
inhibitor, a comprehensive approach was used involving the selection of spontaneous
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TABLE 4 Characteristics and drug susceptibility profiles of 11 spontaneous D15-resistant
M. abscessus mutants against various drugs and TAC analogues

MIC (pg/ml) forb: Mutation in MAB_4384¢
Strain? D6 D15 D17 CFZ AMK IPM CLR FOX TGC SNP/indel aa change
CIP104536 S 25 6.2 25 1 25 4 2 16 4
D15_51 >200 >200 >200 1 25 4 2 16 4 c32 insert Stop
D15_S3 >200 >200 >200 1 25 4 2 16 4 g40a D14N
D15_54 >200 >200 >200 1 25 4 2 16 4 c32 insert Stop
D15_S6 >200 >200 >200 1 25 4 2 16 4 g40a D14N
D15_S7 >200 >200 >200 1 25 4 2 16 4 t169c¢ F57L
CIP104536 R 125 3.1 6.2 1 125 4 4 16 8
D15_R1 >200 >200 >200 1 125 4 4 16 8 t2c M1A
D15_R2 >200 >200 >200 1 125 4 4 16 8 t2c M1A
D15_R3 >200 >200 >200 1 125 4 4 16 8 a304del, t305c Stop
D15_R4 >200 >200 >200 1 125 4 4 16 8 c32 insert Stop
D15_R5 >200 >200 >200 1 125 4 4 16 8 a334del Stop
D15_R6 >200 >200 >200 1 125 4 4 16 8 a304del, t305c Stop

9The mutants were derived from either the CIP104536 S or R parental strain and selected in the presence of
90 pg/ml D15.

bMICs were determined in cation-adjusted Mueller-Hinton broth by visually scanning for growth. CFZ,
clofazimine; AMK, amikacin; IPM, imipenem; CLR, clarithromycin; FOX, cefoxitin; TGC, tigecycline.
<Single-nucleotide polymorphisms and/or indels were identified in MAB_4384, and corresponding amino acid
(aa) changes are also indicated.

D15-resistant mutants of M. abscessus. Spontaneous resistant strains selected with 90
ng/ml D15 arose at a frequency of 7 X 1077, In an initial experiment, 5 resistors were
isolated using the reference CIP104536 S strain, exhibiting extremely high resistance
levels (MIC of >200 wg/ml) compared to the parental strain (MIC of 6.2 ug/ml) (Table
4). In an independent round of selection, another set of six D15-resistant strains were
derived from the parental R strain, designated D15_R1 to D15_R6, all exhibiting high
resistance to D15 (MIC of >200 ug/ml) (Table 4). Since resistance to TAC in M.
tuberculosis has been associated with mutations either in the EthA activator (14) or in
the HadABC drug target (20, 31), PCR amplification and sequencing of the ethA,,,; and
hadABC,,,; loci were performed in all 11 mutants. These sequences failed to reveal
mutations, thus ruling out the involvement of these genes in the drug resistance
phenotype. We then undertook whole-genome sequencing of the D15_S1, D15_S3,
and D15_S7 resistant strains, followed by a comparative analysis of the sequences with
the parental strain. This approach identified single-nucleotide polymorphisms (SNP) in
MAB_2093, MAB_2540c, and MAB_3114 as well as a single-nucleotide insertion in
MAB_4384 in D15_S1, a single SNP in MAB_4622c in D15_53, and two SNPs in MAB_1921
and MAB_4384 in D15_S7 (see Table S2 in the supplemental material). The presence of
two distinct mutations in MAB_4384 in two separate mutants (D15_S1 and D15_57)
prompted us to PCR amplify and sequence this gene in all 11 mutant strains. Unex-
pectedly, MAB_4384-associated mutations were discovered in all mutants (Table 4).
Overall, these mutations accounted for amino acid replacements (M1A in two mutants,
D14N and F57L). The remaining mutations consisted of single-nucleotide insertions
at position ¢32 in three mutants or deletions at position a304 or a334, resulting in
frameshifts affecting most of the C terminus and eventual premature stop codons
(Table 4 and Fig. 3A). Mutants D15_R3 and D15_R6 harbored an additional SNP at
position 305, just after the a304 deletion. All 11 D15-resistant mutants were also
coresistant to D6 and D17 (MIC of >200 wg/ml) but remained susceptible to clofazi-
mine, amikacin, imipenem, clarithromycin, cefoxitin, and tigecycline (Table 4), pointing
out a unique mechanism of resistance.

MAB_4384 encodes a TetR repressor of an MmpS/MmpL efflux pump system.
BLAST analysis indicated that MAB_4384 encodes a putative transcriptional regulator of
the TetR family. TetR-like regulators, with a conserved helix-turn-helix (HTH) DNA-
binding domain and a C-terminal ligand regulatory domain, are widespread among
bacteria. They are often associated with antibiotic resistance and the regulation of
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FIG 3 Mutations in MAB_4384, encoding a TetR repressor, results in upregulation of MAB_4383c (mmpS5) and MAB_4382c (mmpL5) genes.
(A) Mutations in MAB_4384 resulting in resistance to TAC analogues. The red box indicates the putative HTH DNA-binding domain. Broken
lines indicate alterations in the primary amino acid sequence as a result of the frameshifts caused by indel mutations. The M1A mutations
in R1 and R2 result in no translation. (B) Three putative mmpS5-mmpL5 operons are found in M. abscessus. Boxed in red is the
MAB_4383c-MAB_4382c operon, which bears the highest homology to the mmpS5-mmpL5 locus from M. tuberculosis, as well as the
upstream regulator MAB_4384. While both the M. tuberculosis and M. abscessus operons are preceded by putative regulators, these
regulators share very little amino acid sequence identity. (C) Exponential-growth-phase cultures in Mueller-Hinton broth were used for
total RNA isolation in order to determine relative gene expression by qRT-PCR and the AAC; method. sigA-normalized gene expression
in several spontaneous D15-resistant mutants reared in the S background relative to WT M. abscessus S. (D) sigA-normalized gene
expression in several spontaneous D15-resistant mutants reared in the R background relative to WT M. abscessus R. (E) sigA-normalized
gene expression in the WT and the D15_5S4 mutant overexpressing MAB_4384 (pMV261-MAB_4384) relative to M. abscessus carrying the
empty pMV261 vector. (F) sigA-normalized gene expression in the MmpS5-MmpL5-overexpressing (pMV261-mmpS5/mmpL5) strains
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genes encoding small-molecule exporters (32). Among their wide range of cellular
activities, including osmotic stress, homeostasis, biosynthesis of antibiotics, virulence,
and pathogenicity of bacteria, TetR regulators are also known to modulate the expres-
sion level of multidrug resistance efflux pumps. They bind to the promoters of efflux
pumps and are regulated by a plethora of ligands, leading to the conformational
changes of the protein and abolishment of the protein dimerization and DNA binding,
thus relieving the repression (33). Interestingly, the two genes adjacent to MAB_4384
transcribed in the opposite direction are MAB_4383c and MAB_4382c, which encode the
mycobacterial membrane proteins MmpS and MmplL, respectively (Fig. 3B). MAB_4383c
and MAB_4382c proteins share 56% and 65% identity with MmpS5 and MmpL5 from
M. tuberculosis, respectively. The latter, which belongs to the superfamily of RND
(resistance, nodulation, and division) transporters, have been documented recently to
function in the efflux of azoles, clofazimine, and bedaquiline (34, 35).

To investigate whether MAB_4384 regulates the neighboring mmpS5-mmpL5 genes,
quantitative PCR was first performed in both the parental M. abscessus S strain and in
its D15-resistant derivatives harboring various MAB_4384 alleles (strains D15_S4,
D15_S6, and D15_S7). The results clearly show a marked increase in the expression level
of both the mmpS5 and mmpL5 transcripts in all three mutants (Fig. 3C). The expression
levels of MAB_4780, encoding a dehydratase required for M. abscessus pathogenicity
(18), or tgs1, encoding the primary triacylglycerol synthase involved in the synthesis and
accumulation of triglycerides in M. abscessus (36), were included as unrelated gene
controls. As anticipated, expression of MAB_4780 or tgs1 remained unchanged in the
various strains tested (Fig. 3C). Similar results were obtained when measuring the
expression levels of mmpS5 and mmplL5 transcripts in the D15_R1, D15_R3, and D_R5
resistant mutants carrying the mutated MAB_4384 alleles in the R background (Fig. 3D).
To genetically confirm that MAB_4384 represses the mmpS5-mmpL5 operon, MAB_4384
was cloned into the multicopy plasmid under the control of the hsp60 promoter and
introduced in the WT M. abscessus S background. Results shown in Fig. 3E clearly
indicate that the expression level of MAB_4384 was strongly induced, and this corre-
lated with the concomitant downregulation of the mmpS5 and mmplL5 transcript levels.
Similar results were obtained when introducing the pMV261-MAB_4384 construct in
D15_54, although repression of mmpS5-mmpL5 was not reduced to levels seen in the
WT strain (Fig. 3E). Overall, these results indicate that MAB_4384 acts as a repressor of
the mmpS5-mmplL5 locus and that absence of this regulator (presumably in strains
D15_S4 and D15_R1) or expression of a nonfunctional regulator (presumably strains
D15_S6, D15_S7, D15_R3, and D15_R5) leads to gene derepression and to high levels
of resistance to D6, D15, and D17.

Overexpression of MmpS5/MmpL5 in M. abscessus increases MICs to TAC
analogues. To confirm that resistance to D6, D15, and D17 is mediated by an MmpS5/
MmpL5-dependent efflux mechanism, M. abscessus CIP104536 S and R were trans-
formed with pMV261_mmpS5/mmpL5 in which the mmpS5-mmpL5 locus was placed
under the control of the hsp60 promoter. As shown in Fig. 3F, transcription of both mmpS5
and mmpl5 genes was strongly increased in the strains carrying pMV261_mmpS5/mmpL5
compared to the corresponding control strains harboring the empty plasmid. Impor-
tantly, the MIC of D6, D15, and D17 in the MmpS5/MmpL5 overexpression S and R
strains was highly increased, reaching the levels of the corresponding TetR-mutated
strains (MIC of >200 wg/ml) (Table 5). However, the strains remained sensitive to
amikacin. Overall, these results suggest that the TAC analogues are substrates of the
MmpL5-driven efflux pump and that the sole overexpression of MmpS5/MmpL5 is
sufficient to generate high levels of drug resistance to these compounds.

FIG 3 Legend (Continued)

Antimicrobial Agents and Chemotherapy

relative to M. abscessus carrying the empty pMV261 vector. Histograms and error bars shown in panels C to F depict median fold change
and the interquartile range, respectively, and were calculated from at least three independent qRT-PCR experiments, each in which fresh
RNA was reverse transcribed prior to the qRT-PCR. Data are representative of two independently repeated RNA extractions.
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TABLE 5 MICs of D6, D15, D17, and amikacin against MmpS5/MmpL5-overexpressing

strains
MIC (g/ml) forb:
Strain? D6 D15 D17 AMK
CIP104536 S
Wild type 25 12.5 12.5 25
pMV261_mmpS5/mmpL5 >200 >200 >200 25
CIP104536 R
Wild type 12.5 3.1 6.25 25
pMV261_mmpS5/mmpL5 >200 >200 >200 12.5

aM. abscessus S and R strains were transformed with pMV261_mmpS5/mmplL5.
bThe MICs were determined in cation-adjusted Mueller-Hinton broth. Data are representative of two
independent experiments. AMK, amikacin.

DISCUSSION

M. abscessus is an organism increasingly recognized as a causative agent of chronic
lung disease, often in patients with altered host defenses or disrupted airway clearance
mechanisms, such as in CF. It represents a threat to infect the airway in patients with
CF, with reports suggesting increased prevalence in recent years (37, 38). It can behave
as an invasive pathogen leading to progressive pulmonary decline, which can
preclude safe lung transplantation (3). Moreover, treatment against M. abscessus is
often unsuccessful or poorly tolerated. M. abscessus is notorious for being one of
the most drug-resistant mycobacterial species for which treatment options remain
highly challenging (21). Given the lack of new active molecules, recent studies have
explored the possible synergy of already existing drug combinations against M.
abscessus (39) or of repurposing old drugs (40). Recently, a phenotypic screen on
whole M. abscessus with a validated chemical series highly active against M. tuberculosis
(41) allowed the description a new compound exhibiting promising activity against M.
abscessus (9). This validated the usefulness of implementing data obtained during
previous tuberculosis drug discovery screens to directly identify new chemotypes with
strong activity against M. abscessus without initiating chemical screens de novo. Here,
a similar strategy was applied by screening a previously characterized library of
TAC-based analogues that included very active compounds against M. tuberculosis (20).
Although TAC is inactive against M. abscessus, several analogues of TAC demonstrated
potent activity against a broad panel of clinical isolates exhibiting different suscepti-
bility profiles for other drugs, regardless of whether they were from CF or non-CF origin.
Their efficacy was dependent on neither the bacterial morphotype nor the M. abscessus
subspecies. This is of particular interest since M. abscessus, M. massiliense, and M. bolletii
infections are known to exhibit different drug sensitivity test results, responses to
antibiotics, and clinical symptoms (42, 43).

Whole-genome sequencing of in vitro-selected mutants resistant to D15 that were
also coresistant to D6 and D17 identified mutations in MAB_4384. Subsequent PCR/
sequencing unraveled mutations in this gene in all 11 D15-resistant strains. MAB_4384
belongs to the family of TetR regulators, which represents the most abundant
family of HTH regulators in mycobacteria, making up 26% to 48% of the HTH DNA-
binding capacity in mycobacterial species with large numbers found essentially in the
soil-dwelling species (44). In agreement with the general assumption that approxi-
mately 60% of the TetR regulators are divergently oriented with their neighbor,
MAB_4384 was found in the opposite orientation relative to its mmpS5-mmpL5 target
genes. That the different point mutations (M1A, D14N, and F57L) were associated with
comparable levels of resistance to D15, as well as similar fold increases in upregulation of
mmpS5-mmplL5 in the mutants harboring premature stop codons, suggests that they lost
their activity, resulting in derepression of mmpS5-mmpL5 gene expression. All three non-
synonymous replacements are located in the N-terminal domain, suggesting that some of
these mutations affect the DNA-binding capacity of the repressor. Mutations in the start
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codon (M1A) may prevent translation of the MAB_4384 transcript. Similar mutations in
the start codon were reported earlier in Rv0678, the repressor of MmpS5-MmpL5 in
M. tuberculosis, and account for resistance to clofazimine in strains selected in vitro for
clofazimine resistance (45). A recent report also highlighted the presence of the same start
codon mutation (replacement of N-formylmethionine by alanine) in Rv0678 in a clinical
isolate from a multidrug-resistant TB patient following bedaquiline treatment (46).

Although highly reminiscent of the mechanisms accounting for resistance to azoles,
clofazimine, and bedaquiline in M. tuberculosis that together implicate a wide panel of
mutations in the regulator, causing overexpression of the MmpS5-MmpL5 efflux pump,
a major difference resides in the nature of the regulators involved (34, 35, 45-47).
Whereas Rv0678 is a member of the MarR family of regulators (48), MAB_4384 belongs
to the TetR family, and the change in the induction level of mmpS5-mmpL5 in the M.
abscessus mutants was found to be much more pronounced than those found in M.
tuberculosis (34, 35). While electrophoretic mobility shift assays indicated a direct
binding of Rv0678 with the intergenic regions between mmpS5 and Rv0678, consistent
with a previous finding reporting altered mmpS5-mmpL5 gene expression in Mycobac-
terium bovis strains carrying mutations in the orthologous gene of Rv0678 (34), shifts
were also shown using the promoter regions of mmpS2-mmplL2, mmpS4-mmplL4, and
Rv0991-Rv0992 (48). Since in mycobacteria the number of mmpL genes varies consid-
erably from one species to another and since M. abscessus has at least 31 mmpL
paralogues, including three mmpS5-mmpL5 paralogues, it remains possible that the
MAB_4384 TetR repressor also regulates additional mmpS-mmpL couples. Interest-
ingly, another TetR-encoding gene, MAB_4312, is found upstream and divergently
oriented to the mmpS5-mmplL5 paralogue MAB_4311c-MAB_4310c, which shares
surprisingly low protein identity of only 17% with MAB_4384 when aligned using
ClustalW, although it displays a similar size. Thus, it is tempting to speculate that
this TetR regulates MAB_4311c-MAB_4310c expression in response to stimuli differ-
ent from those of MAB_4384 and that its mmpS5-mmplL5 pair is involved in the
extrusion of yet-undiscovered and unrelated compounds. This is also of particular
interest, as by facilitating lipid egress, the MmpL transporters contribute largely to the
assembly of the cell wall and therefore can participate in the interactions between myco-
bacteria and their eukaryotic hosts (49). As most studies have focused on MmpLs in M.
tuberculosis, very little is known regarding their role in NTM. In this context, we have
recently demonstrated the role of MmpL4a in the transport of glycopeptidolipids (GPL) in
smooth M. bolletii and identified a point mutation in MmpL4a which inactivates the activity
of the GPL transporter and which was associated with a rough morphotype and increased
virulence of the mutant strain in infected zebrafish (50, 51). Of note, inactivation of mmpL5
in M. tuberculosis severely compromised the ability of the mutant to multiply in mouse
lungs (52), and more recently, Wells et al. established that MmpS4/L4 and MmpS5/L5 form
independent and nonredundant siderophore transporter systems (53). These transport
systems not only are required for the export of de novo synthesized mycobactins but also
are involved in the recycling of exogenous siderophores (54). Whether the MmpS5-MmpL5
couple identified in this study contributes to the export of siderophores and pathogenicity
of M. abscessus remains to be addressed.

Another striking difference is that, in M. tuberculosis, MmpS5-MmpL5 act as multi-
substrate efflux pumps, responsible for low resistance levels to antitubercular drugs,
such as azole, clofazimine, and bedaquiline. Although the M. abscessus mutants are
highly resistant to the TAC analogues, they failed to show any cross-resistance against
most antibiotics used for the treatment of M. abscessus infection. This suggests that
despite their high identity level, the M. tuberculosis and M. abscessus orthologues do not
share the same substrate specificity.

In conclusion, the present study shows that mutations in the MmpL cognate
transcriptional regulators represent an important drug resistance mechanism and that
high resistance levels to drugs can be achieved through efflux mechanisms involving
the MmpS5-MmpL5 system in M. abscessus.
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MATERIALS AND METHODS

Synthesis of TAC analogues. A library of TAC analogues was evaluated against M. tuberculosis
following synthesis using the general method reported previously (20). All compounds were dissolved in
dimethyl sulfoxide (DMSO).

Bacterial strains. M. abscessus CIP1045367, M. bolletii CIP108541T, and M. massiliense CIP1082977
reference strains were used along with a series of clinical isolates, some of which were reported
previously (40). Strains were routinely grown and maintained at 30°C 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) (7H9™/©AP) or on Middlebrook 7H10 agar (BD Difco) containing
10% OADC enrichment (7H109APC) and in the presence of antibiotics, when required. For drug suscep-
tibility testing, bacteria were grown in cation-adjusted Mueller-Hinton broth (CaMHB; Sigma-Aldrich).

Drug susceptibility testing. The MICs were determined according to the CLSI guidelines (55). The
broth microdilution method was used in CaMHB with an inoculum of 5 X 106 CFU/ml in the exponential
growth phase. Briefly, the bacterial suspension was seeded in 100-ul volumes in all of the wells of a
96-well plate, except for the first column, to which 198 ul of the bacterial suspension was added to each
well. In the first column, 2 ul of compound at its highest concentration was added in six wells (the solvent
used to dissolve the compound was added to the two outermost wells as a control). Twofold serial
dilutions were then carried out by transferring 100 wl from the wells in the first column to the next
column and repeating this for each successive column. Plates were subsequently incubated at 30°C for
3 to 5 days. MICs were recorded by visual inspection and by absorbance at 560 nm to confirm visual
recording. Experiments were done in triplicates on three independent occasions.

Time-kill assay. Microtiter plates were set up as described for MIC determination. Serial dilutions of
the bacterial suspension were plated after 0, 24, 48, 72, and 96 h of exposure to different drug
concentrations. CFU were enumerated after 4 days of incubation at 30°C.

Selection of spontaneous resistant mutants. Exponentially growing M. abscessus cultures were
plated on 7H10°APC containing 90 wg/ml D15. After 1 week of incubation at 30°C, single colonies were
selected and grown in liquid medium, individually subjected to MIC determination, and scored for
resistance to D15.

Whole-genome sequencing and target identification. DNA libraries were prepared for the lllumina
HiSeq 2500 (lllumina, San Diego, CA, USA) platform using the Nextera DNA library preparation kit
(Illumina) by following the manufacturer’s recommendations. Index was introduced to allow multiplexed
sequencing. Quality and quantity for each library were checked with the Fragment Analyzer (Advanced
Analytical Technologies, Inc., Ames, IA). A 125-bp single-read run was performed, and a coverage of
around 100X for each genome was obtained. Single-nucleotide polymorphism (SNP) identification was
performed using an in-house sequence analysis pipeline, as previously described (56), and additional
bioinformatic analyses were available at the C3BI analysis platform. Confirmation of SNPs in MAB_4384
of the resistant strains was done by PCR amplification and conventional Sanger sequencing.

DNA constructs. PCR amplification was done using purified genomic DNA of M. abscessus, Phusion
DNA polymerase (Finnzymes, Finland), and the primers listed in Table S1 in the supplemental material.
The amplicons were digested with Mscl and Hindlll (ethA or MAB_4384), Hindlll alone (mmpS5-mmplL5
cluster), or BamHI and Hindlll (ethR or hadABC) and then ligated to linearized pMV261 (30), allowing the
expression of each protein under the control of the constitutive hsp60 promoter. All constructs were
verified by sequencing.

RNA isolation, reverse transcription, and quantitative real-time PCR. Log-phase Mueller-Hinton
M. abscessus cultures were collected by centrifugation, and the bacterial pellets were resuspended in 800
wul of buffer RAT from the NucleoSpin RNA kit (Macherey-Nagel, Germany), which was then transferred
to a lysing matrix B tube (MP Biomedicals, USA), and lysed using a Mixer Mill MM301 (Retsch, Germany)
at a frequency of 30 Hz for 1 min four times with intermittent cooling on ice. From this point on, the
NucleoSpin RNA kit manufacturer’s protocol was followed. Isolated RNA was checked for purity using
spectrophotometry and by automated capillary electrophoresis using the Agilent Bioanalyzer (Agilent,
USA). Using the above-mentioned protocol for RNA extraction, A,s,/A,g, Values exceeding 2, A,¢y/Ayso
values exceeding 1.8, and RNA integrity number (RIN) values exceeding 7.5 were routinely obtained. Prior
to reverse transcription, a genomic DNA wipeout was performed using amplification-grade DNase |
(Invitrogen, USA). A total of 100 ng RNA was reverse transcribed into cDNA using SuperScript Il reverse
transcriptase (Invitrogen, USA). A dilution series of cDNA was tested to obtain optimal quantitative PCR
data for each gene assayed, and it was determined that a 5-fold dilution of all cDNA samples resulted in
threshold cycle (C;) values within the efficient PCR range. PCR efficiency was determined for each primer
set using a dilution series prepared from purified M. abscessus genomic DNA. Quantitative reverse
transcription-PCR (qRT-PCR) was performed using the LightCycler 480 SYBR green | master and the
manufacturer’'s recommendations, including standard cycling conditions. The IDT Scitools Primer Quest
tool (https://eu.idtdna.com/Primerquest/Home/Index) was used to design primers for intercalating dye
chemistry. The reference gene used for qRT-PCR relative quantitation was sigA, and the AAC; method
was used to calculate fold differences in expression between strains.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/
AAC.02509-16.

TEXT S1, PDF file, 0.6 MB.
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