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Purpose: Unsatisfactory efficacies of currently recommended anti-Mycobacterium abscessus complex (MABC) treatment regimens
have led to development of novel drugs to combat MABC infections. In this study, we evaluated in vitro antimicrobial activities of
bedaquiline (BDQ) and four oxazolidinones against MABC isolates.

Methods: The resazurin microplate assay was performed to determine minimum inhibitory concentrations (MICs) of BDQ and four
oxazolidinones, including tedizolid (TZD), sutezolid (SZD), delpazolid (DZD), and linezolid (LZD), against 65 MABC isolates.
A checkerboard method was used to investigate efficacies of various antimicrobial drug combinations.

Results: BDQ MICs for MABC isolates ranged from <0.031 to 1 pg/mL, while MICs, and MICq, values were 0.125 pg/mL and 0.25
ug/mL, respectively. TZD MICso and MICy, values for MABC isolates were 1 pg/mL and 4 pg/mL, respectively, which were fourfold
lower than corresponding LZD values (P < 0.001). DZD MICy, values for MABC isolates was 8 ng/mL, which were 0.5-fold lower
than corresponding LZD values (P < 0.01). MICs of BDQ, SZD, and LZD for M. abscessus subspecies massiliense isolates were
significantly lower than corresponding MICs for M. abscessus subspecies abscessus isolates (P < 0.05). Notably, use of oxazolidinones
(DZD, SZD, LZD, or TZD) with BDQ against MABC isolates led to reduction of the oxazolidinone median MIC range from 4 to
0.125 pg/mL to 1-0.031 pg/mL.

Conclusion: These results demonstrated excellent BDQ inhibitory activity against MABC isolates. TZD exhibited stronger anti-
microbial efficacy against MABC isolates as compared to efficacies of DZD, SZD, and LZD. Importantly, MICs of oxazolidinones
were markedly decreased when they were combined with BDQ, thus suggesting that combinations of BDQ and oxazolidinones may be
effective treatments for MABC infections.
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Introduction

Increasing incidence of nontuberculous mycobacteria (NTM) infections has emerged as a major public health concern
worldwide that has even eclipsed Mycobacterium tuberculosis (MTB) concerns in some countries.'> Despite the fact that
NTM as a group is comprised of numerous species, human NTM diseases appear to be caused mainly by only two NTM
species, Mycobacterium avium complex and Mycobacterium abscessus complex (MABC).>* MABCs are rapidly
growing mycobacterial organisms that are frequently responsible for pulmonary infections, skin and soft tissue infec-
tions, and nosocomial infections.” Three subspecies of MABCs are known: M. abscessus subsp. abscessus (MAA),
M. abscessus subsp. massiliense (MAM), and M. abscessus subsp. bolletii.° Owing to their impressive natural and
acquired resistance to chemotherapeutic agents (especially to macrolides), MABC infections lead to high relapse rates
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and poor treatment outcomes for affected patients,’ thus highlighting an urgent need for new antibiotics to combat these
infections.

Due to the lack of comprehensive clinical studies on therapeutic outcomes of patients with MABC infections, no
standardized drug treatment regimens have yet been established for these patients. Nonetheless, current antibiotic
regimens used for treatment of MABC infections rely on use of macrolides, amikacin, and various combinations of
moxifloxacin, linezolid, or cefoxitin.® However, the emergence of a combination of inducible and mutation-based
macrolide resistance mechanisms has undoubtedly impaired the efficacies of macrolide-containing regimens. To address
this growing concern, new antimicrobial agents with efficacy against MABC bacilli are urgently needed.

Oxazolidinones (OZLs), which represent a novel class of synthetic antimicrobial agents that exhibit promising
bacteriostatic activity against many important human pathogens, act by inhibiting protein biosynthesis.”'® The first
member of a new generation of OZLs, linezolid (LZD), is known for its broad-spectrum in vitro antimicrobial activity
against Gram-positive bacteria’ and remarkable antimicrobial activity against MABC that have inspired researchers to
develop new OZLs."' Recently, several novel OZLs have been identified, including sutezolid (SZD), delpazolid (DZD),
and tedizolid (TZD), which have not yet been evaluated for in vitro activities against MABCs.

Meanwhile, bedaquiline (BDQ), a cornerstone multidrug-resistant tuberculosis treatment, has also been shown to be
efficacious against multiple NTM species when used as a salvage treatment for pulmonary NTM infections.'*"? In fact,
results of a recent study indicated that treatment of patients with disseminated MABC infections with BDQ-containing
regimens achieved sustained mycobacterial culture negativity,'* highlighting the promise of BDQ as an effective
treatment for NTM infection. In this study, we compared in vitro activities of four OZLs against MABC isolates and
also confirmed in vitro anti-MABC synergistic effects of BDQ and OZLs.

Materials and Methods

Ethics Statement
This study was approved by the Ethics Committee of Beijing Chest Hospital, Capital Medical University (Approval No.:
2016KY005).

Bacterial Strains
A total of 65 MABC isolates obtained from clinical specimens were randomly selected from the Tuberculosis BioBank,
which is maintained by the National Clinical Laboratory on Tuberculosis. The isolates were classified via multilocus
sequence analysis as previously described'” and included 44 MAA and 21 MAM isolates.

The reference strain Mycobacterium abscessus ATCC 19977 was included as a control in all experiments. All
bacterial specimens were stored at —80 °C and recovered on Lowenstein—Jensen (L-J) slants (Zhuhai, China) at 37 °C
before performing drug susceptibility testing.

Antimicrobial Agents
BDQ, LZD, SZD, DZD, and tedizolid free-alkali were purchased from Shanghai Biochempartner Co., Ltd. (Shanghai,
China). Antimicrobial compounds were all dissolved in dimethyl sulfoxide (DMSO) and stored at —40 °C.

Determination of Minimum Inhibitory Concentration (MIC)

MICs were determined for each antimicrobial compound according to Clinical and Laboratory Standards Institute (CLSI)
guidelines'® using a broth microdilution method to generate serial dilutions of drugs in wells of 96-well microtiter plates
in Mueller—Hinton broth. Individual MICs were determined for drugs within the following concentration ranges: 0.031-4
pg/mL for BDQ; 0.5-64 pg/mL for LZD, SZD, and DZD; and 0.125-16 pg/mL for TZD. MABC cultures were
generated in L-J broth then bacterial cells were added to microtiter plate wells (10> CFU/well) for susceptibility testing.
Following incubation at 37 °C for 72 h, 70 pL resazurin solution was added to each well then plates were incubated for
another 24 h at 37 °C followed by reading and recording of assay results.
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The MIC is defined as the lowest drug concentration to prevent a color change from blue to pink, while MICs, and
MICy, values are defined as drug concentrations that inhibit growth of 50% and 90% of MABC isolates, respectively.

LZD breakpoints were applied as specified by CLSI guidelines (susceptible: <8 pug/mL; intermediate resistant: 16 pg/
mL; resistant: >32 pg/mL).'® We performed a preliminary analysis of SZD, DZD, and TZD activities against MABCs
based on reference LZD breakpoints, since no formally recognized breakpoints have been reported for SZD, DZD,
or TZD.

Drug Interaction Analysis

The checkerboard method was used to evaluate the fractional inhibitory concentrations (FIC) of various combinations of
BDQ and the four oxazolidinone agents. A total of 35 clinical MABC isolates, including 17 MAA and 18 MAM isolates,
were randomly chosen for testing. FIC values were calculated using the following formula:

MIC, combination MIC, combination
MIC, alone MIC, alone

FIC =

[TP% L}

where “a” represents a single OZL agent and “b” represents BDQ. Synergy was defined as FIC < 0.5, an additive effect was
defined as 0.5 < FIC < 1, a neutral effect was identified as 1 < FIC < 4, and an antagonistic effect was defined as FIC > 4.7

Statistical Analysis

Median and interquartile ranges were applied to generate descriptive statistics. Each violin plot presents the distribution
and probability density of the data. Data were compared by the chi-square test or Fisher’s exact test for categorical
variables and the Mann—Whitney rank test for continuous variables. Statistical analysis was performed using SPSS v.26.0
(SPSS Inc., Chicago, IL). Differences were considered statistically significant for P < 0.05.

Results

BDQ Activity Against Mycobacterium abscessus

BDQ MICs for MABCs ranged from <0.031 to 1 pg/mL, with MICs, and MICy, values obtained of 0.125 pg/mL and
0.25 pg/mL, respectively. The BDQ MIC range for 44 MAA isolates was <0.031-1 pg/mL, with MICsy and MICyq
values obtained of 0.125 pg/mL and 0.25 pg/mL, respectively. The BDQ MIC range for the 21 MAM isolates was 0.031—
0.125 pg/mL, with MICs, and MICy, values obtained that were both 0.125 pg/mL (Table 1). The median BDQ MIC
obtained for MAM isolates was 0.125 [0.063, 0.125] pg/mL as compared to the median BDQ MIC obtained for MAA
isolates of 0.125 [0.063, 0.25] ng/mL. BDQ MIC distributions obtained for MAM isolates were significantly lower than
those obtained for MAA isolates (P < 0.05) (Figure 1).

OZL Activities Against MABC Isolates

OZL MICs against the 65 MABC isolates, including 44 MAA isolates and 21 MAM isolates, are presented in Table 1
and Figure 2. TZD susceptibilities of MABC isolates were reflected by MICs, and MICy values of 1 pg/mL and 4 pg/
mL, respectively, which were generally fourfold lower than corresponding LZD values. Meanwhile, the median TZD
MIC was 1 [0.5, 2] pg/mL versus the LZD MIC of 4 [2, 8] pg/mL (P < 0.001). MABC susceptibilities to DZD were
reflected by MICy, values of 8 pg/mL, respectively, that were generally 0.5-fold lower than corresponding LZD values (P
< 0.01). No significant differences in TZD and DZD MIC distributions between MABC MAA and MAM subspecies
were observed. MABC susceptibilities to SZD were similar to susceptibilities to DZD, as reflected by SZD MICs, and
MICy, values of 4 pg/mL and 8 pg/mL, respectively, with lower MIC values obtained for MAM isolates than for MAA
isolates.

Referring to the CLSI standard for LZD susceptibility breakpoints, MABC isolate TZD and DZD susceptibility rates
were significantly greater than corresponding LZD susceptibility rates (100%: 84.6%, 98.5%: 84.6%, respectively;
P<0.001). Overall, MAA isolates exhibited greater TZD and DZD susceptibility rates as compared to corresponding
susceptibility rates of MAM isolates.
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Table | In vitro Activity of Oxazolidinones and Bedaquiline Against Mycobacterium abscessus

Clinical Isolates

Isolate/Antibiotic MIC (ug/mL) No. of Isolates [n (%)]
Range MIC;, MIC,, s? 1 R
MABC(n=65)
Tedizolid (0.25-8) | 4 65(100)*+* 0(0) 0(0)
Sutezolid (1-32) 4 8 60(92.3) 4(6.2) 1(1.5)
Delpazolid (1-16) 4 8 64(98.5)** 1(1.5) 0(0)
Linezolid (1-32) 4 16 55(84.6) 9(13.9) 1(1.5)
Bedaquiline (<0.031-1) 0.125 0.25 - - -
MAA (n=44)
Tedizolid (0.25-8) | 4 44(100)*** 0(0) 0(0)
Sutezolid (1-32) 4 8 40(90.9) 3(6.8) 1(2.3)
Delpazolid (1-8) 4 8 44(100)*+* 0(0) 0(0)
Linezolid (1-16) 8 16 35(79.6) 9(20.4) 0(0)
Bedaquiline (<0.031-1) 0.125 0.25 - - -
MAM (n=21)
Tedizolid (0.25-8) | 2 21(100) 0(0) 0(0)
Sutezolid (1-16) 4 4 20(95.2) 1(4.8) 0(0)
Delpazolid (1-16) 4 4 20(95.2) 1(4.8) 0(0)
Linezolid (1-32) 4 8 20(95.2) 0(0) 1(4.8)
Bedaquiline (0.031-0.13) 0.125 0.125 - - -

Notes: *Sensitivity changes of the other three oxazolidinones compared with linezolid. Due to data limitations, the
intermediate and resistant groups were merged during statistical analysis, based on a comparison between the sensitive and

the non-sensitive groups.*** P<0.001.

Abbreviations: MIC, minimum inhibitory concentration; MICsg/g0, MIC at which 50% and 90%, of the tested isolates, did not
show any growth respectively; MABC, Mycobacterium abscessus complex; MAA, M. abscessus subsp. abscessus; MAM, M. abscessus

subsp. massiliense; S, Susceptible; |, Intermediate; R, Resistant.

In vitro Interactions of BDQ with OZLs

A summary of in vitro interactions between BDQ and OZLs against MABC isolates is presented in Table 2 and Figure 3.
Notably, a few drug combinations exhibited synergistic effects, which were most frequently noted for BDQ/DZD

Figure | MIC distributions of bedaquiline against Mycobacterium abscessus. Dates are presented by violin plot; Different colored plots represent different subtypes of strains.
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Figure 2 MIC distributions of oxazolidinones against Mycobacterium abscessus. In vitro antibacterial activity of oxazolidinones against Mycobacterium abscessus complex (A)
and M. abscessus or M. massiliense (B) Date are presented by violin plot. Different colored plots represent different drugs. Nonparametric test and Dunnett multiple
comparisons test are used to compare statistical differences. *P<0.05; **P<0.01, *** P<0.001.

Abbreviations: MIC, minimum inhibitory concentration; MAA, M. abscessus subsp. abscessus; MAM, M. abscessus subsp. massiliense; TZD, tedizolid; SZD, sutezolid; DZD,
delpazolid; LZD, linezolid.

combinations, whereby a synergistic effect was observed for 10 (28.6%) of 35 BDQ/DZD-treated isolates as compared to
only 2 (5.7%) of 35 isolates treated with BDQ/LZD (P < 0.05). For MAA isolates, a synergistic effect was noted in 7
(41.2%) of 17 isolates treated with BDQ/DZD, as compared to 0 (0%) of 17 isolates treated with BDQ/LZD (P < 0.05).
Meanwhile, BDQ/TZD presented a similar synergistic effect as BDQ/LZD of MABC isolates (14.3%: 5.7%, P>0.05). By
contrast, no synergistic antimicrobial effects on MABC isolates were observed for BDQ/SZD.

As based on calculated FIC values, effects of combination BDQ/OZL treatments on MABCs were additive, with
significant differences observed between MAA and MAM subspecies. For MAA isolates, median FIC values for DZD,
LZD, TZD, and SZD were 0.508 [0.375, 0.516], 0.516 [0.508, 0.628], 0.508 [0.412, 0.524], and 0.531 [0.508, 0.550],
respectively, as compared to respective values of 0.617 [0.524, 1.004], 0.742 [0.564, 0.995], 0.743 [0.549, 1.020], and
0.617 [0.550, 1.016] pg/mL that were obtained for MAM isolates. The average MAA FIC value for BDQ/OZL
combinations was much lower than that obtained for MAM isolates (P < 0.01). Notably, treatment of MABCs with
OZL in combination with BDQ significantly reduced the median MIC (P < 0.001) (Figure 4). For MABC isolates, when
OZL treatments were combined with BDQ, median MIC range for DZD, SZD, LZD, and TZD decreased from 4 to 0.125
pg/mL and 1 to 0.031 pg/mL, respectively. For MAA isolates, the median MIC value decreased from 8 pg/mL to 0.063
pg/mL for SZD and LZD, decreased from 4 pg/mL to 0.125 pg/mL for DZD, and decreased from 2 ug/mL to 0.016 ug/
mL for TZD when OZL treatments were combined with BDQ.

Discussion

Treatment of MABC infections is extremely challenging, due to intrinsic NTM antibiotic resistance. Thus, there is an
urgent need for new, more effective antimicrobial agents. Within the context of drug development, reuse of existing
agents has emerged as an attractive strategy to accelerate candidate drug selection and bring new hope to individuals
infected with MABC. In this study, our results demonstrated that BDQ provided promising in vitro antimicrobial efficacy
against MABC isolates, as consistent with results obtained for MABC isolates by Vesenbeckh and colleagues in Germany
of BDQ MICs ranging from 0.12 pg/mL to 1.0 pg/mL."® Similar results were obtained in a study by Brown-Elliott et al,
which obtained MICs, values of 0.06 pg/mL and 0.13 pg/mL for MAA and MAM, respectively, as compared with
equivalent MICs, values of 0.13 pg/mL obtained for both subspecies in our study.'® In addition, in a previous Chinese
study of 218 clinical MABC isolates treated with BDQ, MICs, and MICy, values of 0.13 pg/mL and >16 pg/mL,
respectively, were obtained, of which BDQ MICs for approximately one-fifth of MABC isolates were greater than 1.0
ng/mL.?° Although the precise explanation for extremely high MICs reported in the latter study is unclear, we speculate
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Table 2 Number (%) of Isolates in vitro Interactions of Oxazolidinones Combined with Bedaquiline Against Mycobacterium abscessus

Average FIC MABC(n=35) Average FIC MAA(n=17) Average FIC MAM(n=18)
Synergistic Additive Indifferent Synergistic Additive Indifferent Synergistic Additive Indifferent
BDQ/TZD 0.63 14.3(5/35) 68.6(24/35) 17.1(6/35) 0.47 23.5(4/17) 76.5(13/17) 0(0/17) 0.78 5.6(1/18) 61.1(11/18) 33.3(6/18)
BDQ/SZD 0.66 0(0/35) 80.0(28/35) 20.0(7/35) 0.56 0(0/17) 94.1(16/17) 5.9(1/17) 0.76 0(0/18) 66.7(12/18) 33.3(6/18)
BDQ/DZD 0.59 28.6(10/35)* | 54.3(19/35) 17.1(6/35) 0.46 41.2(7117)* 58.8(10/17) 0(0/17) 0.71 16.7(3/18) 50.0(9/18) 33.3(6/18)
BDQ/LZD 0.65 5.7(2/35) 82.9(29/35) 11.4(4/35) 0.57 0(0/17) 100.0(17/17) 0(0/17) 0.74 11.1(2/18) 66.7(12/18) 22.2(4/18)

Note: *P<0.05.

Notes: MABC, Mycobacterium abscessus complex; MAA, M. abscessus subsp. abscessus; MAM, M. abscessus subsp. massiliense. FIC, fractional inhibitory concentrations; BDQ, bedaquiline; TZD, tedizolid; SZD, sutezolid; DZD, delpazolid;

LZD, linezolid.
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Figure 3 FIC distributions of oxazolidinones combined with bedaquiline against Mycobacterium abscessus. Dates are presented by violin plot. Different colored plots
represent a different types of strains. A nonparametric test is used to compare statistical differences. **P<0.01, **P<0.001.

Abbreviations: FIC, fractional inhibitory concentrations; MABC, Mycobacterium abscessus complex; MAA, M. abscessus subsp. abscessus; MAM, M. abscessus subsp.
massiliense, BDQ, bedaquiline; TZD, tedizolid; SZD, sutezolid; DZD, delpazolid; LZD, linezolid.
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Figure 4 Three-dimensional representation of MIC median changes of oxazolidinones combined with bedaquiline against Mycobacterium abscessus. The x-axis represents
four types of different kinds of antibiotics, the y-axis represents the drug used alone or in combination while in exact type. Different colors represent different kinds of

antibiotics. Different shapes represent different types.
Abbreviations: MIC, minimum inhibitory concentration; MABC, Mycobacterium abscessus complex; MAA, M. abscessus subsp. abscessus; MAM, M. abscessus subsp.

massiliense, BDQ, bedaquiline; TZD, tedizolid; SZD, sutezolid; DZD, delpazolid; LZD, linezolid.

that misclassification of M. tuberculosis infections as NTM infections may have been responsible for observed extremely
high MICs. Nevertheless, our results presented here indicate that BDQ is a promising therapeutic option for patients with
MABC infections.

In addition, OZL derivatives exert antimicrobial activities against clinical MABC isolates. Although breakpoints for these
new agents have not yet been established, our findings revealed that TZD exhibited greater antimicrobial efficacy than DZD,
SZD, and LZD, as consistent with reported results obtained for multiple mycobacterial species, including M. tuberculosis,
M. avium complex, and MABC.?'*? The potent activity of TZD against MABC isolates may be attributed to optimization of
the A-ring C-5 substituent in TZD, which enhances the OZL interaction with the peptidyl transferase center binding site on the
ribosome.**** Additionally, it is worth noting that prolonged use of LZD is associated with high rates of adverse events that
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have discouraged long-term use of this drug, while novel OZL derivatives such as TZD have been found to be safe and well
tolerated in pre-clinical and clinical trials. Thus, the abovementioned results collectively indicate that TZD may be an effective
antimicrobial treatment for MABC infections.

We also found that MAM isolates tended to be more susceptible than MAA isolates to BDQ, SZD, and LZD. Similarly,
a recent study reported by Brown-Elliott and Wallace found that LZD MICs for MAA isolates were greater than MAM LZD
MICs, as reflected by 2-fold-greater MICs, values obtained for MAA isolates than for MAM isolates.”’ Meanwhile,
conflicting results obtained in other studies of in vitro susceptibilities of MABC subspecies to OZLs have shown that
MAM isolates were more resistant than MAM isolates to TZD. It is possible that differences in results between studies
may be due to results bias stemming from the limited number of MABC isolates in our study. However, diverse in vitro
antimicrobial susceptibilities of predominant MABC isolates found in various regions may also explain these contradictory
results. Given that NTM inhabits a variety of environmental niches, variable antibiotic exposure conditions over a long period
of time may result in selection of mycobacteria with different drug resistance patterns, highlighting the urgent need to detect
drug resistance early during treatment of MABC cases to ensure selection of effective drug regimens.

Another interesting finding of the present study was that we observed a dramatic reduction in OZL MICs that was mediated
by concurrent BDQ treatment of all isolates tested, suggesting that BDQ synergizes with OZLs to exert antimicrobial effects
against MABC isolates irrespective of subspecies. In line with our observation, BDQ plus clofazimine has been shown to exert
a synergistic effect against MTB in log-phase and acid-phase metabolic states.>® Meanwhile, OZL binds to the 50S ribosomal
subunit to inhibit initiation of bacterial protein synthesis as its main antimicrobial mechanism of action. Due to the well-known
fact that protein synthesis is one of the most energy-consuming processes in the cell,?” we speculate that use of BDQ with TZD
may enhance the bactericidal effect of TZD through targeting of ATP biosynthesis.

We acknowledge several obvious limitations of our study. First, no recommended breakpoints have yet been proposed
for use in interpreting susceptibilities of MABC isolates to TZD, SZD, and DZD. Second, as demonstrated in previous
studies, in vitro antibiotic efficacies are not always consistent with results obtained in in vivo experiments, warranting
further investigations to validate our in vitro results. Nevertheless, results obtained in this study provide new insights to
guide use of BDQ/OZL combinations for clinical management of MABC infections.

Conclusion

In conclusion, our data demonstrate that BDQ exhibited promising in vitro activity against MABC isolates. Additionally,
TZD exhibited greater efficacy against MABC isolates as compared to efficacies of DZD, SZD, and LZD. Furthermore,
MAM isolates were more susceptible than MAA isolates to BDQ, SZD, and LZD. Notably, a remarkable reduction in
OZL MICs in all MABC isolates tested was mediated by BDQ exposure, thus suggesting that BDQ may synergize with
OZLs to exert a stronger antimicrobial effect against MABC isolates irrespective of subspecies. Nevertheless, further
research should be conducted using animal models to validate our results in vivo.
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