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Background: Mycobacterium abscessus subsp. abscessus (M. abscessus) is a rapidly growing mycobacterium
that is resistant to most antibiotics. The number of patients with pulmonary disease caused by M. abscessus is
increasing in several regions, and therapy involves long-term antibiotic combination treatments, although no
standard treatment regimen has been established.

Objectives: To examine candidate regimens for maintenance of antimicrobial treatment against M. abscessus
by measuring MIC using the three-drug chequerboard method.

Methods: We evaluated the drug susceptibility of 70 clinical isolates of M. abscessus using the three-drug
chequerboard method. We tested the antimycobacterial agents bedaquiline, clofazimine, amikacin, and sitaflox-
acin (which showed a relatively low MIC range when used as single agents) alone and in combinations.

Results: The three-drug combinations of bedaquiline/clofazimine/amikacin, and bedaquiline/clofazimine/
sitafloxacin were studied. Among isolates for which the fractional inhibitory concentration index (FICI) could be
calculated, 29/70 isolates (41%) and 11/70 isolates (16%) showed a synergistic response (FICI �0.75) with
combined use of bedaquiline/clofazimine/amikacin, or with bedaquiline/clofazimine/sitafloxacin, respectively.

Conclusions: The combination of bedaquiline with clofazimine plus either amikacin or sitafloxacin may be useful
as maintenance regimens when treating pulmonary disease caused by M. abscessus.

Introduction

The incidence of non-tuberculosis mycobacterial disease is
increasing worldwide,1–5 although the frequency of isolation and
causative species vary by region. Among them, disease caused by
Mycobacterium abscessus is second only to Mycobacterium aviu-
m-intracellulare complex (MAC) disease in East Asia, North
America, and Australia.1,6–9 In a nationwide survey conducted in
Japan in 2014, the incidence of M. abscessus pulmonary disease
was reported as 0.5 cases per 100 000 person-years, which was
5-fold higher than that in 2007.10

M. abscessus is a rapidly growing mycobacterium with three
subspecies: M. abscessus subsp. abscessus (M. abscessus),
M. abscessus subsp. massiliense, and M. abscessus subsp. bolletii
(M. bolletii). Wild strains of M. abscessus and M. bolletii have
erm(41)-induced macrolide resistance. Pulmonary disease caused

by M. abscessus is difficult to treat because of the development of
resistance to clarithromycin, a representative macrolide.11

Additionally, M. abscessus strains are highly resistant to most
antibiotics such as tetracyclines, carbapenems, fluoroquinolones,
linezolid, and sulfamethoxazole/trimethoprim.12

For the initial treatment of M. abscessus pulmonary disease,
oral macrolides and intravenous antibiotics such as imipenem and
amikacin are recommended, and subsequent maintenance treat-
ment includes a combination of oral antibiotics and inhaled or lipo-
somal amikacin.13,14 However, despite the practice of long-term
treatment using multiple agents, the rate of success is low and the
disease is refractory.15 According to a meta-analysis of the treat-
ment of M. abscessus pulmonary disease, the culture conversion
rate is 35% and recurrence rate is 40%,16 whereas another report
indicated a treatment success rate of 33%.17 In a study performed
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in Korea, the 10 year mortality rate due to M. abscessus pulmonary
disease was reported as 29.8%, and the 15 year mortality rate
was 50.6% in 129 cases.18 Clofazimine, linezolid, minocycline,
moxifloxacin, sulfamethoxazole/trimethoprim, bedaquiline, and
inhaled amikacin are the antibiotics available for continuous treat-
ment.13,19 However, there is insufficient evidence that treatment is
successful, and the optimal combination of antibiotics is unclear,
necessitating the establishment of a treatment regimen that is
more effective than those that are currently used.

There are several reports of effective drug combinations in
the treatment of infections caused by M. abscessus.20,21 Using
currently available antibiotics with low MICs against M. abscessus,
we considered several synergistic drug combinations in drug sus-
ceptibility tests to identify a candidate treatment regimen. Among
these antibiotics,12 we hypothesized that bedaquiline [a drug for
multidrug-resistant tuberculosis (MDR-TB)], clofazimine (used
for MDR-TB and leprosy), amikacin (used in treating refractory
MAC pulmonary disease), and sitafloxacin (a fluoroquinolone
that reduces bacterial load in mice infected with M. abscessus22

and is used to treat refractory MAC pulmonary disease with no
serious adverse effects)23,24 are candidate drugs for continuous
treatment.

The chequerboard and time–kill curve methods are commonly
used to evaluate the combined effect of antibiotics. A limitation of
the chequerboard method is that it uses a one-dilution range dif-
ference, which may cause a reproducibility error and may greatly
affect the interpretation of the results.25 However, the advantage
of using the chequerboard method is that it is easier to evaluate
large numbers of isolates compared with the time–kill curve
method. There have been reports of a synergistic effect of drugs
identified against M. abscessus by using the two-drug chequer-
board method20,25–28 and against MDR M. tuberculosis 29

Aspergillus spp.,30 and M. abscessus with a parenteral agent31

using the three-drug chequerboard method.
In this study, we evaluated the drug susceptibility interactions

against M. abscessus in vitro using the chequerboard method
by the broth microdilution technique that combined the drugs
bedaquiline, clofazimine, and amikacin or sitafloxacin. These drugs
can be used orally or inhaled without intravenous administration
during continuous treatment.

Materials and methods

Test isolates

A total of 70 M. abscessus isolates was obtained from the sputum of
patients at the Japan Anti-tuberculosis Association Fukujuji Hospital and
Keio University Hospital between 2004 and 2014. The isolates were cultured
from sputum samples only when they met the diagnostic criteria for the
American Thoracic Society/IDSA as described in 2007.32 As some patients
were referred, it is unknown whether they were treated before the diagno-
sis. However, for these patients, bedaquiline and clofazimine had not been
administered, and the detailed history of past use of aminoglycosides or
fluoroquinolones was not known. As this study used only the isolates from
the laboratories in the clinical hospitals and did not use any additional sam-
ples or personal information of patients, ethics approvals were not required.

Identification of mycobacterial species and subspecies
Species were identified using DNA–DNA hybridization kits (DDH mycobacte-
ria, Kyokuto Pharmaceutical Industrial, Tokyo, Japan). Subspecies were

identified by gene homology analysis through direct sequencing of the 16S
rRNA, hsp65, and rpoB genes.12

Antimicrobial agents
Bedaquiline (Janssen Pharmaceutical, Beerse, Belgium) and sitafloxacin
(Daiichi Sankyo Company, Tokyo, Japan) were kindly provided by pharma-
ceutical companies. Clofazimine was from Tokyo Chemical Industry (Tokyo,
Japan) and amikacin was from Sigma–Aldrich (St Louis MO, USA).

Inoculum preparation
The stored clinical isolates were sub-cultured and grown to the exponential
phase in Ogawa medium (Kyokuto Pharmaceutical Industrial). Colonies
that developed were transferred to a tube with glass beads and emulsified
by bead beating using a vortex. The bacterial suspension was prepared in
sterile water, and the concentration was adjusted to a McFarland standard
of 0.5. The cells were added to cation-adjusted Mueller-Hinton broth (BD
Biosciences, Franklin Lakes, NJ, USA) at a dilution of 1 : 200 to serve as an in-
oculum of 2%106 cfu/mL.

Chequerboard preparation and susceptibility testing
The MIC of each isolate was determined by the broth microdilution method
using customized frozen microtitre plates from Eiken Chemical (Tokyo,
Japan) as per the CLSI standard (M24 3rd edn).33 The chequerboard was a
combination of bedaquiline, clofazimine, and amikacin or sitafloxacin.
The final drug concentrations were 0.03–0.25 mg/L for bedaquiline, 0.03–
0.25 mg/L for clofazimine, 1–8 mg/L for amikacin, and 1–8 mg/L for sitaflox-
acin (i.e. four 2-fold dilutions, respectively). The concentrations were
rounded to three decimal places.

The suspension was inoculated into a microtitre plate to obtain a final
concentration of 5%105 cfu/mL (5%104 cfu/well). The plates were
incubated at 30�C, and the MIC of each drug when used alone and MIC of
the chequerboard method when using three drugs was determined on day
5, and the fractional inhibitory concentration index (FICI) was calculated.
The FICI of the three-drug chequerboard was defined as follows:

MIC [drug A] combination/MIC [drug A] alone ! MIC [drug B] combin-
ation/MIC [drug B] alone ! MIC [drug C] combination/MIC [drug C]
alone. The FICI was used to interpret the test results as per the following
criteria: synergism, �0.75; additive, .0.75–3; indifference, .3–4; and an-
tagonism, .4.29

Statistical analysis
Statistical analysis was performed using BellCurve for Excel 3.21 (Social
Survey Research Information, Tokyo, Japan). Data are expressed as the
mean + standard deviation (SD). The paired t-test was used for data ana-
lysis, and a P value of ,0.05 was considered as statistically significant.

Results

MICs of bedaquiline, clofazimine, amikacin, and
sitafloxacin for M. abscessus

The MICs of bedaquiline, clofazimine, amikacin, and sitafloxacin
were determined for 70 isolates of M. abscessus. The MIC range for
bedaquiline was 0.06–0.25 mg/L, with an MIC50 (MIC required to in-
hibit 50% of the isolates) value of 0.13 mg/L and MIC90 value of
0.25 mg/L. The MIC range for clofazimine was 0.25–1 mg/L, with
an MIC50 of 0.5 mg/L and MIC90 value of 1 mg/L. The MIC range for
amikacin was 4–64 mg/L, with an MIC50 of 32 mg/L and MIC90

value of 32 mg/L, and the MIC range for sitafloxacin was 0.5 to
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.8 mg/L, with an MIC50 of 4 and MIC90 value of 8 mg/L (Figure 1,
Table 1).

MICs and FICI of the combination of bedaquiline,
clofazimine and amikacin against M. abscessus

The three-drug chequerboard method using bedaquiline, clofazi-
mine and amikacin was used to measure the MIC within the
prepared ranges specified for the drugs in the Methods section for
all 70 M. abscessus isolates. The FICI values ranged from 0.30 to
1.7. Synergistic effects with a FICI of 0.75 or less were observed in
41% (29/70) of the tested isolates, and additive effects with a FICI
in the range of 0.75–3 were observed in 59% (41/70) of the isolates
tested. Moreover, no indifferent or antagonistic isolates were
observed (Figure 2).

The MIC value for the FICI was defined as the MIC for the three-
drug combination and was compared with the MIC for single drug
use. The MIC distribution of bedaquiline when used in combination
with the other drugs was 0.03–0.25 mg/L, with an MIC50

of 0.06 mg/L and MIC90 of 0.13 mg/L. The MIC distribution of
clofazimine when used in combination with other drugs was
0.03–0.25 mg/L, with an MIC50 of 0.03 mg/L and MIC90 of 0.25
mg/L. Similarly, for amikacin, the MIC distribution was 1–8 mg/L,
MIC50 was 4 mg/L, and MIC90 was 8 mg/L (Figure 3). The decrease
in the observed MIC was 1.04-fold (SD"0.97, P , 0.001) for
bedaquiline, 3.27-fold (SD"1.17, P , 0.001) for clofazimine, and
3.02-fold (SD"1.43, P , 0.001) for amikacin, all of which were sig-
nificant (Figure 4).

MICs and FICI for the combination of bedaquiline,
clofazimine and sitafloxacin against M. abscessus

In 53 of the 70 M. abscessus isolates, the three-drug chequerboard
method using bedaquiline, clofazimine, and sitafloxacin was able
to measure the MIC within the prepared ranges specified for the
drugs in the Methods section. For the FICI calculation, an MIC
.8 mg/L for sitafloxacin alone was calculated for five isolates at
16 mg/L. However, the true FICI was lower than this value. The
remaining 17 of the 70 isolates did not grow within the concentra-
tion range of the prepared antibiotics and had an MIC ,0.03 mg/L
for bedaquiline and clofazimine and ,1 mg/L for sitafloxacin.
The MIC for bedaquiline and clofazimine was 0.03 mg/L; for
sitafloxacin, this value was 1 mg/L. The true FICI was smaller than
this value. Among the 70 isolates, the true FICI values could be
calculated for 48 isolates; these isolates showed MICs within the
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Figure 1. Distribution of MIC values for (a) bedaquiline, (b) clofazimine, (c) amikacin, and (d) sitafloxacin in 70 clinical isolates of M. abscessus.

Table 1. MIC values of bedaquiline, clofazimine, amikacin, and sitafloxa-
cin of 70 clinical isolates of M. abscessus

MIC (mg/L)

Drug Range MIC50 MIC90

Bedaquiline 0.06–0.25 0.13 0.25

Clofazimine 0.25–1 0.5 1

Amikacin 4–64 32 32

Sitafloxacin 0.5–8a 4 8

aSome isolates may have MICs .8 mg/L as this was the highest concen-
tration tested.
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prepared range, and the FICI ranged between 0.52 and 2.56 for
the combination of bedaquiline, clofazimine and sitafloxacin.
When the isolates with a high FICI were included in the calculation,
synergistic effects were observed in 16% (11/70) of isolates, with
additive effects in 84% (59/70) of isolates (Figure 5). Thus, the FICI
values of all 70 isolates were ,3, and no indifference or antagonis-
tic phenotypes were observed in the isolates.

The MIC distribution of bedaquiline when used in combination
was 0.03–0.13 mg/L, MIC50 was 0.03 mg/L, and MIC90 was

0.13 mg/L. Similarly, clofazimine, when used in combination, gave
an MIC distribution of 0.03–0.13 mg/L, with an MIC50 of 0.03 mg/L
and MIC90 of 0.13 mg/L. The MIC distribution for sitafloxacin was
1–8 mg/L, with an MIC50 of 1 mg/L and MIC90 of 4 mg/L (Figure 6).

When comparing the MIC of single agents and combinations,
the MIC of 0.5 mg/L for sitafloxacin alone was replaced with an
MIC of 1.0 mg/L to match the minimum MIC. Under these condi-
tions, the MIC reduction was 1.30-fold (SD"1.06, P , 0.001) for
bedaquiline, 4.0-fold (SD"0.83, P , 0.001) for clofazimine, and

25

20

15

N
um

be
r o

f i
so

la
te

s

10

5

0
0.25 0.5 0.75 1

FICI

1.25 1.5 1.75

Synergistic effect Additive effect
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1.04-fold (SD"1.31, P , 0.001) for sitafloxacin; these differences
were significant (Figure 7).

Discussion

In this study, a three-drug chequerboard method using bedaqui-
line, clofazimine, amikacin, or sitafloxacin was used to test the

drug susceptibility of clinical isolates of M. abscessus. Synergism
was observed in 41% of isolates when using a combination of
bedaquiline, clofazimine, and amikacin and in 16% of isolates
when using bedaquiline, clofazimine, and sitafloxacin in the com-
parison of the three-drug combination versus single drugs, along
with a significant reduction in the MIC. Using the three-drug
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chequerboard method, no indifferent or antagonistic effects were
observed.

Bedaquiline is a diarylquinoline drug that inhibits ATP synthases
and is used to treat MDR-TB; it is also used as a salvage therapy for
patients with MAC and M. abscessus pulmonary disease. The MIC
for bedaquiline in most clinical isolates of M. abscessus is
,0.25 mg/L,34–37 which is above the average plasma concentra-
tion at 400 mg daily for 2 weeks, followed by 200 mg three times
per week.38 We also observed a similarly low MIC. However, the
MIC distribution for clinical isolates is reportedly higher,39 and stud-
ies have described contrasting results showing that bedaquiline is
effective40 or ineffective41 in a mouse model. A few patients with
refractory pulmonary diseases caused by MAC and M. abscessus
have been treated with bedaquiline, which was tolerated.42 It has
been reported that combined use of bedaquiline and a b-lactam
may inactivate the action of b-lactams.43 However, coadministra-
tion with imipenem in vitro does not result in antagonism44 and is
effective in a M. abscessus pulmonary disease mouse model.40

Further investigation is needed to determine whether the use of
bedaquiline alone is sufficient, and which combinations of drugs
are more effective.

The use of clofazimine may also result in improved treatment
outcomes for pulmonary disease caused by M. abscessus.45–47

In our study, the MIC distribution for clofazimine used against
M. abscessus was low, and a few reports indicate that the MIC90 for
clinical isolates was more than 8 mg/L,48,49 suggesting that sus-
ceptibility varies among isolates. Further, it has been reported that
patients achieved a negative conversion of sputum culture with an
MIC value for clofazimine ,0.25 mg/L.49 Clofazimine is used at a
dose of 50 mg or 100 mg/day in clinical cases of M. abscessus pul-
monary disease.46,47,49 It has been reported that bedaquiline and
clofazimine, or bedaquiline and amikacin, have no synergistic ef-
fect against M. abscessus in vitro according to the chequerboard
method.50 However, the combination of bedaquiline and clofazi-
mine exhibited a synergistic effect in the time–kill assay method
in vitro50 and in a mouse model.51 Therefore, this combination is a
candidate for use in a therapeutic regimen. There are also con-
cerns regarding the emergence of resistant isolates of bedaquiline
when treated with the combination of bedaquiline and clofazi-
mine, and thus a combination of three or more drugs should be
considered to prevent the emergence of resistant isolates.

In refractory MAC pulmonary disease and M. abscessus pul-
monary disease, several studies demonstrated sputum conversion
with amikacin inhalation, which may be used as a treatment op-
tion.52–55 Amikacin can be used as a maintenance drug for long-
term use via an inhaled formulation or by intermittent infusion.
The dose of amikacin should be 10–15 mg/kg/day by daily infusion,
15–25 mg/kg/day by three infusions per week, adjusted according
to drug level monitoring, 590 mg/day by inhalation of liposomal
formulations, and 250–500 mg/day by inhalation of the parenteral
formulation.14 Amikacin in combination with clofazimine has been
reported to have synergistic effects in vitro,56,57 and may be useful
in maintenance regimens.

Among the fluoroquinolones, levofloxacin and moxifloxacin are
widely used as second-line treatments for tuberculosis as well as
for MAC pulmonary disease.58 However, moxifloxacin was not suf-
ficiently effective in a hollow-fibre59 model or a zebrafish model.60

Although there are no reports of using sitafloxacin in vivo or in
patients with M. abscessus pulmonary disease, most isolates have

lower MICs of this drug than levofloxacin or moxifloxacin, and it
may be used in maintenance regimens. Sitafloxacin is typically
administered at a dose of 100 mg/day based on the efficacy of re-
spiratory infections other than mycobacteriosis and can be
increased to 200 mg/day. Compared with levofloxacin or moxi-
floxacin, the daily dose is low, and the resulting blood concentra-
tion is lower; thus, the effective dose needed for treating
M. abscessus pulmonary disease requires further analysis.

We observed synergistic effects only in some isolates; however,
the combination of bedaquiline, clofazimine, and amikacin caused
a greater decrease in the MIC compared with bedaquiline, clofazi-
mine and sitafloxacin. Twenty-nine isolates showed a synergistic
effect with the combination of bedaquiline, clofazimine and ami-
kacin, 11 isolates showed a synergistic effect with the combination
of bedaquiline, clofazimine and sitafloxacin, and 8 isolates showed
an overlap. The MICs of bedaquiline and clofazimine were within
the range of three 2-fold dilutions, and the distribution range of
the MICs for amikacin and sitafloxacin was wide, with a few clinical
isolates showing synergistic effects. At the CLSI breakpoint, amika-
cin resistance was�64 mg/L and the value for sitafloxacin was un-
defined, although ciprofloxacin and moxifloxacin showed values
of �4 mg/L. There were three amikacin-resistant isolates (3/70;
0.04%), and 52 isolates had a sitafloxacin MIC of .4 mg/L (52/70;
74%). As more isolates with synergistic effects were observed in
combination with amikacin, this indicates that amikacin is more ef-
fective than sitafloxacin against M. abscessus. However, a few iso-
lates had a synergistic effect only with sitafloxacin and not
amikacin. In Japan, bedaquiline and clofazimine are only indicated
as treatments for MDR-TB and leprosy, respectively, and are not
used for any other diseases. Aminoglycosides and fluoroquino-
lones are used to treat many community-acquired infections,
but aminoglycosides are used less frequently, whereas fluoroqui-
nolones are widely used. Although we could not obtain clinical
information on exposure to fluoroquinolones and aminoglyco-
sides, the MIC of sitafloxacin in many strains may have been high
because the patient had previously been administered fluoroqui-
nolones. Changes in environment and exposure to antibiotics in
the human body may alter drug susceptibility through various
mechanisms, some of which may remain unknown and widen the
range of MICs for antibiotics against M. abscessus.

In this study, we chose inhalation and oral medications, rather
than injectable medications, as the regimen for long-term main-
tenance treatment. Sitafloxacin is an orally administered drug
and, in the absence of adverse events, can be administered for
longer than amikacin, the longest duration of liposomal inhaled
formulation was 84 days,53 which is an advantage. However,
in vitro drug susceptibility testing may not reflect the actual clinical
efficacy in vivo, and susceptibility to macrolides and amikacin
alone has been shown to correlate with the therapeutic effect
against M. abscessus. It is not known whether the susceptibility
in vitro to the drugs used in this study correlates with their clinical
efficacy, but susceptibility is the only way to predict which drugs
will be effective in clinical settings. All treatments, including those
using bedaquiline, clofazimine, amikacin and sitafloxacin, were
well-tolerated and showed promising results, and may be used as
an option for continuous treatment of M. abscessus pulmonary dis-
ease. Drug susceptibility testing is required for each isolate because
the degree of interaction varies between isolates. We demon-
strated that the three-drug chequerboard method may be useful
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when selecting drugs to treat M. abscessus, as well as to determine
the combination of drug regimens for the continuous phase
depending on susceptibility. Potentially, additional drug–drug
interactions other than reduced MICs observed in vitro may
be analysed, and future studies can include analyses for drug
susceptibility, pharmacokinetics, and pharmacodynamics. In this
study, clarithromycin and azithromycin were not chosen for ana-
lysis because M. abscessus induces resistance to macrolides. In the
guidelines for international respiratory medicine and infectious dis-
ease societies, the use of macrolides is recommended even in the
presence of macrolide resistance as they have immunomodula-
tory properties.14 Concomitant use of macrolides necessitates
further examination of the interactions between the three drugs
and macrolides.

Notably, our study had some limitations. The isolates used in
this study were clinically isolated at only two facilities in Tokyo,
Japan. The frequency of the species isolated from non-
tuberculosis mycobacteria varies by region, and thus the suscepti-
bility of the isolates may also vary. Additionally, we performed the
broth microdilution method only once per isolate. Further studies
are required to confirm the association between in vitro suscepti-
bility and the clinical course of treatment using this method in mul-
tiple settings.

Conclusions

We evaluated the in vitro drug susceptibility of clinical isolates of
M. abscessus using the three-drug chequerboard method.
Combined treatments with either bedaquiline, clofazimine and
amikacin, or bedaquiline, clofazimine and sitafloxacin show poten-
tial for treating M. abscessus pulmonary disease.
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