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ABSTRACT We performed bedaquiline broth microdilution susceptibility testing us-
ing Clinical and Laboratory Standards Institute (CLSI) guidelines on 104 nonduplicate
isolates of Mycobacterium abscessus complex [M. abscessus subsp. abscessus (76); M.
abscessus subsp. massiliense (10); M. abscessus subsp. bolletii (2); and M. abscessus
subsp. abscessus-M. abscessus subsp. massiliense hybrid, i.e.,, M. abscessus subsp. ab-
scessus by rpoB gene and M. abscessus subsp. massiliense by erm(41) gene (16)]. All
isolates from patients not known to have been on bedaquiline prior had MIC values
of =0.25 pg/ml. The bedaquiline MIC,, value for all 76 isolates of M. abscessus
subsp. abscessus and 16 isolates of M. abscessus subsp. abscessus-M. abscessus subsp.
massiliense hybrid was 0.06 wg/ml. The MIC;, and MIC,, values for 10 isolates of M.
abscessus subsp. massiliense were 0.12 pg/ml. Only two isolates of M. abscessus
subsp. bolletii were tested with bedaquiline MICs of 0.06 wg/ml. Our study suggests
that oral bedaquiline may have potential use in the treatment of disease caused by
the M. abscessus complex. Combination therapy with other agents (imipenem, ce-
foxitin, amikacin, and/or tigecycline) is recommended.
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edaquiline, previously TMC207 or R207910, trade name Sirturo (Janssen Therapeu-

tics, Inc.), is a diarylquinoline which strongly inhibits the mycobacterial enzyme
complex ATP synthase, interfering with energy production and homeostasis in the cell
(1-7). Bedaquiline was the first FDA-approved drug in 40 years for the treatment of
pulmonary multidrug-resistant (MDR) Mycobacterium tuberculosis (8). It has been pre-
viously noted that bedaquiline also exhibits antimycobacterial activity against several
species of nontuberculous mycobacteria (NTM), including Mycobacterium avium com-
plex (MAQ) (6, 9) and the Mycobacterium abscessus complex (10-12).

Recent reports suggest that, at least in many geographic areas in the United States,
the prevalence of NTM surpasses that of Mycobacterium tuberculosis (13). The incidence
of rapidly growing mycobacteria (RGM), predominantly the M. abscessus complex, also
appears to be increasing, especially in pulmonary disease (14, 15). NTM are ubiquitous
in the environment (especially in municipal water supplies), although the reservoir for
M. abscessus is largely unknown. NTM have been associated with health care infections,
outbreaks, and pseudo-outbreaks globally (16-18). It should also be noted that al-
though Mycobacterium tuberculosis is a reportable disease in the United States, in most
states, NTM are not required to be reported; thus, the prevalence of NTM, including the
M. abscessus complex, may be underestimated.

Members of the M. abscessus complex are the most difficult to treat RGM due to
their resistance to multiple drugs and are responsible for respiratory disease in older
patients with bronchiectasis and younger patients with cystic fibrosis. Members of this
complex are encountered in skin and soft tissue infections following trauma and/or
surgery, disseminated disease, and other often fatal infections. Thus, new antimicrobials
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FIG 1 In vitro bedaquiline MICs (ug/ml) of 104 isolates of Mycobacterium abscessus complex. The
epidemiological cutoff value (ECV) for nontuberculous mycobacteria has not yet been addressed by the
Clinical and Laboratory Standards Institute (CLSI). However, using the software designed for fungal and
some bacterial isolates, the 95% subset ECV for these isolates of the M. abscessus complex was 0.25 ug/ml
and 0.5 pg/ml for the M. abscessus subsp. abscessus and M. abscessus subsp. massiliense (including the
hybrid isolates), respectively.

for the treatment of RGM, including the M. abscessus complex (especially oral agents),
are desperately needed.

RESULTS

Bedaquiline MICs were determined for 104 nonduplicate isolates of the M. abscessus
complex from 94 respiratory cultures (approximately 90%) and 10 isolates from wounds
and disseminated disease. Bedaquiline MICs ranged from 0.008 to 0.5 pg/ml, with an
MIC;, of 0.06 and MIC,, value of 0.12 ug/ml for 76 isolates of M. abscessus subsp.
abscessus. The MIC range for bedaquiline with 10 isolates of M. abscessus subsp.
massiliense was 0.015 to 0.12 ug/ml, with MIC5, and MIC,, values of 0.12 ug/ml. Sixteen
isolates of an M. abscessus subsp. abscessus-M. abscessus subsp. massiliense hybrid had
a bedaquiline MIC range of 0.03 to 0.25 ug/ml, with an MIC,, of 0.06 png/ml and MIC,,
of 0.12 pug/ml. For two isolates of M. abscessus subsp. bolletii, the MICs were 0.06 ug/ml
(Fig. 1 and Table 1).

To our knowledge, none of the patients were treated with bedaquiline or clofazi-
mine prior to our testing. MICs of the comparator antimicrobials were within expected
range for each of the subspecies. Two clinical isolates of M. abscessus subsp. abscessus
had mutational resistance to amikacin and one isolate of the M. abscessus subsp.
abscessus-M. abscessus subsp. massiliense had clarithromycin mutational resistance. One
isolate of M. abscessus subsp. abscessus had unusual susceptibility to trimethoprim-
sulfamethoxazole (TMP-SMX).

There are currently no CLSI or manufacturer guidelines for testing bedaquiline
against NTM, and because our laboratory is not a biosafety level 3 facility, this
prohibited testing Mycobacterium tuberculosis (the only species for which the manu-
facturer provided guidelines for MICs) against the agent. Quality control for M. pereg-
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TABLE 1 MIC ranges, MIC;, values, and MIC,, values of 104 isolates of the Mycobacterium abscessus complex against bedaquiline

Species (no. of isolates) Antimicrobial MIC range (pg/ml) MIC,, (png/ml) MICyq (prg/ml)
M. abscessus subsp. abscessus (76) Bedaquiline 0.004 to 0.25 0.06 0.12
Amikacin =1 to >64 16 32
Cefoxitin 16 to 64 64 64
Ciprofloxacin 2to >4 >4 >4
Clarithromycin =2 to >8 =8 =8
Doxycycline >16 >16 >16
Imipenem 4 to >64 16 32
Linezolid =1to >32 8 16
Minocycline >8 >8 >8
Moxifloxacin 2 to >8 8 >8
Tigecycline 0.06 to 1 0.25 0.5
Trimethoprim-sulfamethoxazole 0.5/4.75 to 8/152 4/76 8/152
M. abscessus subsp. massiliense (10) Bedaquiline 0.015 to 0.12 0.12 0.12
Amikacin 4 to 32 8 16
Cefoxitin 32 to 64 64 64
Ciprofloxacin 4108 4 8
Clarithromycin =2 =2 =2
Doxycycline >16 >16 >16
Imipenem 410 16 8 16
Linezolid 2to 16 8 16
Minocycline 4to >8 >8 >8
Moxifloxacin 2 to >8 8 >8
Tigecycline 0.06 to 0.25 0.25 0.25
Trimethoprim-sulfamethoxazole 4/76 to 8/152 8/152 8/152
M. abscessus subsp. abscessus-M. abscessus Bedaquiline 0.03 to 0.25 0.06 0.12
subsp. massiliense (hybrid) (16) Amikacin 4 to 32 16 16
Cefoxitin 32 to 64 64 64
Ciprofloxacin 2to >4 >4 >4
Clarithromycin =2 =2 =2
Doxycycline >16 >16 >16
Imipenem 8 to 64 16 32
Linezolid 2to 16 4 16
Minocycline 4to >8 >8 >8
Moxifloxacin 4 to >8 8 >8
Tigecycline 0.06 to 0.5 0.25 0.5
Trimethoprim-sulfamethoxazole 4/76 to 8/152 8/152 8/152
M. abscessus subsp. abscessus-M. abscessus Bedaquiline 0.06
subsp. bolletii (2) Amikacin 8to 16
Cefoxitin 32
Ciprofloxacin >4
Clarithromycin >8
Doxycycline >16
Imipenem 81to 16
Linezolid 8to 16
Minocycline >8
Moxifloxacin 8 to >8
Tigecycline 0.25
Trimethoprim-sulfamethoxazole 4/76 to 8/152

rinum ATCC 700686 was within the acceptable ranges for all comparator antimicrobials.
Thirteen replicates of this strain of M. peregrinum had bedaquiline MICs from 0.008 to
0.015 ug/ml. Bedaquiline MICs ranged from 0.12 to 0.25 pg/ml for M. abscessus subsp.
abscessus ATCC 19977T for 11 replicates, and 15 replicates of M. smegmatis ATCC 19240
had MICs of 0.004 to 0.015 pg/ml (see Table 2).

DISCUSSION

For the M. abscessus complex, new additions to the current treatment armamen-
tarium are critically needed. Our current study demonstrates that bedaquiline MICs, at
least with untreated patients, are within clinically achievable ranges and, thus, may
provide a promising treatment option for the M. abscessus complex. Moreover, this
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TABLE 2 MICs and MIC ranges of three mycobacterial reference strains tested against bedaquiline

No. of strains at an MIC (ng/ml) of:

Reference strain MIC range (ng/ml) 0.002 0.004 0.008 0.015 0.03 0.06 0.12 0.25 0.5
Mycobacterium abscessus subsp. abscessus ATCC 19977T  0.12-0.25 8 3
Mycobacterium peregrinum ATCC 700686 0.008-0.015 2 1

Mycobacterium smegmatis ATCC 19420 0.004-0.015 1 11 3

novel diarylquinoline would be the first potentially useful oral agent for this complex
since the introduction of the macrolides more than two decades ago.

Previous studies have shown that bedaquiline resistance in M. intracellulare is
associated with a nonsynonymous mutation in the atpE gene or in one of multiple
nonsynonymous mutations of the efflux repressor gene mmpT5 (19, 20). It is also known
that the amino acid sequence is highly conserved in some species of NTM, including
members of MAC (8). Whole-genome sequencing has indicated that the locus associ-
ated with low-level bedaquiline resistance in M. tuberculosis (Rv0678) has no ortholog
in the MAC (21, 22). Recent studies by Alexander and colleagues have shown that
low-level bedaquiline resistance in MAC (i.e., 2- to 8-fold increase in MICs) is associated
with the efflux repressor gene mmpT5 nonsynonymous mutations, while bedaquiline-
resistant MAC strains with high-level resistance contain atpE mutations. Although
nonsynonymous mutations were commonly seen in the repressor gene mmpT5 for the
efflux operon mmpL5-mmpS5 among relapse isolates of MAC, nonsynonymous muta-
tions in the ATP synthase subunit E (atpE) were only observed in two cases (21).

A 2017 study (of 685 NTM, presumed untreated strains) in China reported 218
isolates of M. abscessus subsp. abscessus and 163 isolates of M. abscessus subsp.
massiliense with bedaquiline MIC,, and MIC,, values of 0.13 ug/ml and >16 ug/ml (23),
respectively. The explanation for the high MICs is not clear, as the highest MICs in our
current study were only 0.25 ng/ml. Sequencing of the atpE genes revealed the highest
frequency of genetic polymorphisms in M. abscessus subsp. massiliense (21/163, 12.8%)
compared with 21/218 (9.6%) in M. abscessus subsp. abscessus. An analysis of nucleotide
substitutions showed that all polymorphisms represented synonymous changes. Fewer
than 10 isolates were reported to be resistant to bedaquiline, although no breakpoint
for bedaquiline against isolates of NTM, including with the M. abscessus complex, has
been established. No sequencing studies of an efflux repressor gene were reported in
this study (23).

Our MICs were comparable to those obtained in a study performed in France;
Dupont and colleagues tested 32 clinical (including cystic fibrosis and non-cystic-
fibrosis patients) isolates of the M. abscessus complex, including 11 M. abscessus subsp.
abscessus, 12 M. abscessus subsp. massiliense, and 9 M. abscessus subsp. bolletii. Be-
daquiline MICs ranged from 0.031 to 0.062 wg/ml for M. abscessus subsp. abscessus,
from 0.062 to 0.125 pg/ml for M. abscessus subsp. massiliense, and from 0.031 to 0.125
ng/ml for M. abscessus subsp. bolletii (24). MIC;, values were 0.06 pg/ml for M.
abscessus subsp. abscessus and M. abscessus subsp. massiliense compared with 0.06
ng/ml for the former and 0.12 ug/ml for the latter subspecies in our study.

Although Alexander and colleagues identified one nonsynonymous atpE gene
mutation associated with a 50-fold increase in bedaquiline MICs in a bedaquiline-
treated strain of M. intracellulare, Pang and colleagues in China found no nonsynony-
mous mutations in any of the NTM species that they sequenced, including isolates
of M. intracellulare, the M. abscessus complex, M. fortuitum, M. avium, and M. kansasii
(21, 23).

Several preclinical infection models have demonstrated variable antimycobacterial
activity of bedaquiline. In a 2014 study in France, Lerat and colleagues showed that
bedaquiline did not affect the bacillary load of M. abscessus ATCC 19977T, except for a
statistically insignificant decrease in the bacillary load of approximately 1.5 log,, in the
lungs and spleen of nude mice at one month. They also showed that there was no
increase in the bedaquiline MICs of the type strain of M. abscessus following treatment,
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although MICs were performed by macrodilution in brain heart infusion broth and
agar (bedaquiline MICs, 0.06 and 0.5 ng/ml, respectively) rather than the CLSI-
recommended broth microdilution in cation-adjusted Mueller-Hinton broth (25).
Despite the broth and methodology used in their study, the broth MICs were similar
to our findings among clinical isolates in the current study (25). Nude mouse model
studies in 2015 from the United States have also shown that the use of bedaquiline
monotherapy, which may be associated with high bedaquiline MICs, did not
prevent death (10). However, this study differed as the investigators used a clinical
strain of M. abscessus. The bedaquiline MIC was reported as 1 ug/ml using alamar-
Blue added to broth microdilution wells.

The same US investigators evaluated bedaquiline activity against M. abscessus-
infected gamma interferon knockout (GKO), granulocyte-macrophage colony-
stimulating factor (GM-CSF) knockout, and severe combined immunodeficiency (SCID)
nude mice (10). The investigators demonstrated that M. abscessus infection of SCID,
nude and GM-CSF—/— mice resulted in a sustained high level of infection, with lung
pathology similar to that of human disease. They also showed statistically significant
decreases in mycobacterial load in spleen and liver following 5 days of bedaquiline
treatment (10). Following 8 days of bedaquiline treatment, there was a decrease in
mycobacterial load in the lung, spleen, and liver (10).

A later small study performed outside the United States (and not using the current
CLSI antimicrobial susceptibility testing [AST] guidelines), showed bedaquiline MICs of
0.062 and 0.25 pg/ml for two reference strains of M. abscessus (11). The same investi-
gators also studied other RGM species (1 to 2 isolates each) of M. smegmatis, M. phlei,
M. cosmeticum, M. mucogenicum, M. peregrinum, M. parafortuitum, M. fortuitum, M.
mageritense, M. wolinskyi, M. chelonae, and M. franklinii, with bedaquiline MICs ranging
from 0.007 to 0.062 ug/ml. Additionally, one of each of three reference strains of RGM
(Mycobacterium flavescens, Mycobacterium duvalii, and Mycobacterium neoaurum) had
bedaquiline MICs of =2 ug/ml, and a new finding was a mutation in the atpE gene in
M. flavescens associated with bedaquiline resistance (11).

The 2017 study by Dupont et al. used a zebrafish preclinical mode to show that
bedaquiline caused a rapid depletion of ATP in isolates of M. abscessus-infected
zebrafish (24). This action was consistent with the drug targeting the F_F, ATP synthase.
Single point mutations were introduced into genes encoding the drug target to
construct genetically isogenic mutant strains using a multicopy plasmid carrying atpE
and the mutation. Bedaquiline pressure was achieved by growing the M. abscessus
isolates in a concentration 4 to 8 times the MIC, which allowed the selection of double
homologous recombination events. Subsequent curing of the plasmid lead to the
development of an isogenic strain of M. abscessus differing from the parent strain by
one single nucleotide polymorphism (SNP) in atpE. Amino acid substitutions led to high
resistance in bedaquiline. The authors speculated this was due to the structured
interference of the mutations with the binding of bedaquiline (24).

Additionally, Dupont and colleagues selected spontaneous resistant mutants exhib-
iting low levels of bedaquiline resistance. They sequenced atpE, atpG, and pepQ as well
as three genes encoding TetR repressors (MAB_4384, MAB_4312, and MAB_4709¢) of
MmpL5-like proteins. However, no SNPs were found in any of these genes. The authors
concluded that although their results precluded MAB_4382c as an efflux pump in
bedaquiline resistance in M. abscessus, further studies are needed to determine if other
MmpL members could play a role in the development of low-level bedaquiline resis-
tance in M. abscessus (24).

A previous preliminary clinical study by Philley, et al. (26) indicated that bedaquiline
had potential in vivo activity in a small number (four) of patients with refractory M.
abscessus and MAC lung disease. Three of four patients with M. abscessus (all M.
abscessus subsp. abscessus) showed a decrease in semiquantitative sputum counts after
5 months of treatment with bedaquiline (in combination with companion agents,
including amikacin, imipenem, cefoxitin, and/or tigecycline), with one patient convert-
ing from 4+ baseline growth to negative at that time interval (26).
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Based upon previous experience with mycobacterial (NTM) clinical trials, we would
not add a single drug to a failing regimen, as microbiologic relapses after culture
conversion/clinical improvement was common (26) and a subsequent study of the M.
intracellulare isolates showed all to have developed mutational resistance (21). In the
previous study by Alexander et al., the isolates with mutational resistance involving the
Mmp efflux system only showed minimal (1 dilution) susceptibility differences (21).
Hence, we recommend that bedaquiline not be administered as monotherapy or as the
addition of a single agent to a failing regimen. Despite the Lerat et al. findings in the
mouse model, composite data from the 2015 clinical study, the Pang in vitro study in
China, the US animal models, and the current in vitro study in the United States suggest
that bedaquiline may be a promising addition to therapeutic regimens for the M.
abscessus complex. More in vitro studies are necessary to establish optimal test meth-
ods, quality control, and MIC breakpoints for bedaquiline with NTM, including the M.
abscessus complex. Further genomic studies may also confirm additional mechanisms
of resistance of bedaquiline which will help to elucidate more information about this
unique antimicrobial. Moreover, larger clinical trials are needed to confirm the
efficacy of bedaquiline in the management of disease due to the M. abscessus
complex (23, 25, 26).

The results of this current study are similar to another study performed in China by
Li and coworkers in 2018 using a broth microdilution method. Specific details of the
AST method were not given, but for 191/197 strains, MICs were =0.25 pg/ml (12).
Importantly, these investigators showed that for 4/6 isolates with MICs of =0.5 ug/ml,
transcription of the M. abscessus mmpL5 gene was elevated. This is consistent with the
suggestion that low-level bedaquiline resistance may be due to MmpSL-mediated drug
efflux.

As has been noted previously, the unique target and mechanism of resistance for
bedaquiline, along with the apparent lack of cross-resistance with other antimicrobial
agents except for clofazimine, make the potential use of this agent in combination with
other agents, including amikacin, imipenem, cefoxitin, and/or tigecycline, for the
treatment of NTM, including the M. abscessus complex, promising (27, 28).

MATERIALS AND METHODS

We performed broth microdilution and determined MICs of 104 clinical isolates of the M. abscessus
complex (including M. abscessus subsp. abscessus, M. abscessus subsp. massiliense, M. abscessus subsp.
bolletii, and M. abscessus subsp. abscessus-M. abscessus subsp. massiliense hybrid) submitted to the
Mycobacteria/Nocardia Laboratory at the University of Texas Health Science Center at Tyler from 2014 to
2018. No duplicate isolates were tested.

Isolates were identified by rpoB and erm(41) gene sequences (29, 30). The hybrid group was identified
as M. abscessus subsp. abscessus by the rpoB gene and M. abscessus subsp. massiliense by sequencing of
the erm(41) gene.

Isolates were tested by broth microdilution antimicrobial susceptibility testing (AST) in cation-
adjusted Mueller-Hinton broth using customized frozen microtiter panels from Thermo Fisher (previously
Trek Diagnostics, Cleveland, OH) with doubling dilution concentration (0.0005 to 4 ng/ml) following the
Clinical and Laboratory Standards Institute (CLSI) recommended procedure for NTM, although there are
no specific guidelines for bedaquiline susceptibility testing (31). MICs were read using a mirrored light
box after incubation at 3 to 5 days at 30°C when sufficient growth was evident 55 isolates were read at
3 days, 37% were read at 4 days, and only 9% were read at 5 days. Comparator antimicrobials amikacin,
cefoxitin, ciprofloxacin, clarithromycin, doxycycline, imipenem, linezolid, minocycline, moxifloxacin, tige-
cycline, and trimethoprim-sulfamethoxazole were also tested using the commercially available lyophi-
lized panels. CLSI breakpoints for susceptibility of RGM were followed except for tigecycline for which
there are no breakpoints established (31).

There were no manufacturer guidelines for MIC quality control (QC) testing of bedaquiline against
NTM. However, we used several reference strains, including Mycobacterium peregrinum ATCC 700686
(replicates tested 13 times) which is currently recommended by the CLSI for AST of RGM, the type strain
of M. abscessus ATCC 19977 (replicates tested 11 times), and Mycobacterium smegmatis ATCC 19420
(replicates tested 15 times) for QC of the bedaquiline MIC testing.
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