
A Novel Leucyl-tRNA Synthetase Inhibitor, MRX-6038, Expresses
Anti-Mycobacterium abscessus Activity In Vitro and In Vivo

Wenye Wu,a Siyuan He,a,b Anqi Li,a,b Qi Guo,a,b Zhili Tan,a,b Shicong Liu,c Xinghai Wang,c Zhemin Zhang,a,b Bing Li,a,b

Haiqing Chua,b,d

aDepartment of Respiratory and Critical Care Medicine, Shanghai Pulmonary Hospital, School of Medicine, Tongji University, Shanghai, China
bSchool of Medicine, Tongji University, Shanghai, China
cShanghai MicuRx Pharmaceutical Co., Ltd., Shanghai, China
dShanghai Key Laboratory of Tuberculosis, Shanghai Pulmonary Hospital, School of Medicine, Tongji University, Shanghai, China

Wenye Wu, Siyuan He, and Anqi Li contributed equally to this work. The order of names was decided in accordance with their contribution to this study.

ABSTRACT Therapeutic options for Mycobacterium abscessus infections are extremely
limited, and new drugs are needed. The anti-M. abscessus activity of MRX-6038, a new
leucyl-tRNA synthetase inhibitor, was evaluated in vitro and in vivo. Antimicrobial susceptibility
testing was performed on 12 nontuberculosis mycobacteria (NTM) reference strains and 227
clinical NTM isolates. A minimum bactericidal concentration assay was conducted to dis-
tinguish the bactericidal versus bacteriostatic activity of MRX-6038. The synergy between
MRX-6038 and 12 clinically important antibiotics was determined using a checkerboard
assay. The activity of MRX-6038 against M. abscessus residing inside macrophages was also
evaluated. Finally, the potency of MRX-6038 in vivo was determined in a neutropenic mouse
model that mimicked a pulmonary M. abscessus infection. MRX-6038 exhibited high anti-M.
abscessus activity against extracellular M. abscessus in culture, with a MIC50 of 0.063 mg/L
and a MIC90 of 0.125 mg/L. Fifty percent of the activity was bactericidal, and fifty percent
was bacteriostatic. A synergy between MRX-6038 and clarithromycin or azithromycin was
found in 25% of strains. No antagonism was evident between MRX-6038 and 12 antibiotics
commonly used to treat NTM infections. MRX-6038 also exhibited activity against intracellu-
lar NTM, which caused a significant reduction in the bacterial load in the lungs of M. absces-
sus-infected neutropenic mice. In conclusion, MRX-6038 was active against M. abscessus in
vitro and in vivo, and it represents a potential candidate for incorporation into strategies by
which M. abscessus infections are treated.

KEYWORDS MRX-6038, leucyl-tRNA synthetase inhibitor,Mycobacterium abscessus,
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M ycobacterium abscessus, a major pathogenic nontuberculous mycobacterium (NTM)
that is abundant in soil and water (1, 2), can cause severe infections in humans (3).

Such infections exhibit high rates of morbidity and mortality, especially among patients with
chronic lung diseases (4, 5). Previous whole-genome sequencing studies revealed a risk for
human-to-human transmission, making M. abscessus infections even more problematic (6).
Typically,M. abscessus is resistant to most drugs used to treat tuberculosis, and it is susceptible
to only a few antimicrobial agents (7–9). Hence, therapeutic options are limited. Therefore, the
development of potent new anti-M. abscessus drugs that avoid the current antibiotic resist-
ance mechanisms is urgent.

Over the past few years, aminoacyl-tRNA synthetases (AARSs) have emerged as new
antibacterial targets. AARSs catalyze the acylation reaction between amino acids and
tRNA (10, 11). Once AARS activity is inhibited, protein synthesis is terminated, which inhibits
bacterial growth (12). The structural divergence between prokaryotic and eukaryotic AARSs
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indicates the potential for the development of AARS inhibitors as therapeutic targets (12,
13). Leucyl-tRNA synthetase (LeuRS) is a typical class I AARS. Its leucine-specific domain mod-
ulates the aminoacylation and proofreading functions of LeuRS, and this is mainly found in
prokaryotes (14, 15). Several recent reports suggest that LeuRS inhibitors (e.g., GSK2251052
and GSK656) might be effective in inhibitingM. abscessus growth (16, 17).

MRX-6038 is a novel boron-containing LeuRS inhibitor that was developed by Shanghai
MicuRx Pharmaceutical Co., Ltd. Its anti-mycobacterial activity has not been reported previ-
ously. The present study was undertaken to clarify and compare the in vitro and in vivo
anti-NTM (especially anti-M. abscessus) activities of MRX-6038 and GSK656, a second LeuRS in-
hibitor, by evaluating them at the same time. MRX-6038 was effective in inhibiting the growth
of M. abscessus in vitro, exhibiting MICs comparable to those of GSK656. MRX-6038 expressed
bactericidal activity against half of the isolates tested, while GSK656 exhibited only bacterio-
static activity. Furthermore, MRX-6038 effectively inhibited the growth of intracellular organ-
isms in a dose-dependent manner. Its antimicrobial effect was similar to those of GSK656 and
linezolid. Importantly, MRX-6038 synergized with clarithromycin and azithromycin and did not
antagonize the activity of antibiotics frequently used to treat M. abscessus. Finally, MRX-6038
was comparable to GSK656 and linezolid, and it effectively inhibited the growth of M. absces-
sus in vivo in mouse lungs. As such, this work potentially provides an additional approach by
which to treatM. abscessus infections.

RESULTS
MRX-6038 is active againstM. abscessus. A total of 194 M. abscessus clinical isolates

(148 subsp. abscessus and 46 subsp. massiliense) and 2 M. abscessus reference strains
(ATCC 19977 and CIP 108297) were collected. MRX-6038 and GSK656 exhibited comparable
anti-M. abscessus activity toward extracellular M. abscessus in culture. The minimum inhibitory
concentration (MIC) ranged from 0.063 to 0.25 mg/L. The MIC50 and MIC90 for all isolates tested
were 0.063 and 0.125 mg/L, respectively (Table 1). The MIC50 and MIC90 for subsp. abscessus
and subsp.massiliense tested separately were the same. The detailed MIC distribution of all of
the clinical isolates is shown in Table S1.

The susceptibility of 10 NTM reference strains and 14M. avium, 15M. intracellulare, and 4M.
fortuitum clinical isolates was also tested. MRX-6038 was active against most NTM reference
strains and exhibited greater antibacterial activity against the M. smegmatis, M. fortuitum, M.
scrofulaceum, and M. peregrinum reference strains than did GSK656 (MIC # 0.25 mg/L versus
MIC$ 4 mg/L) (Tables 2 and 3; Table S2). The activity expressed by MRX-6038 towardM. avium
and M. intracellulare tended to be significantly greater than that expressed by GSK656 toward
the same organisms, that is, MIC# 0.25 mg/L versus MIC. 128 mg/L, respectively (Tables
2 and 3 and Table S2). Four clinical M. fortuitum isolates were sensitive to MRX-6038 but
insensitive to GSK656, exhibiting MICs of 0.125 and .8 mg/L, respectively. Taken together,
these results indicate that MRX-6038 expresses greater anti-NTM activity than does GSK656.

MRX-6038 exhibits bactericidal activity. The minimum bactericidal concentration
(MBC) and MIC values of MRX-6038 and GSK656 for M. abscessus were tested using 20
randomly selected strains (Table S3). The MICs ranged from 0.063 to 0.125 mg/L for both
MRX-6038 and GSK656. Higher concentrations were required to kill the isolates tested.
Accordingly, the MBC values ranged from 0.25 to 2 mg/mL for MRX-6038 and from 1 to

TABLE 1Minimum inhibitory concentrations (MICs) of MRX-6038 and GSK656 for 194 clinicalM. abscessus isolatesa

Antimicrobial agent Subspecies
MIC50

b

(mg/L)
MIC90

b

(mg/L)
MIC range
(mg/L)

No. (%) of strains by MIC (mg/L)

0.032 0.063 0.125 0.5
MRX-6038 Abscessus (n = 148) 0.063 0.125 0.063;0.25 0 118 (79.73) 27 (18.24) 3 (2.03)

Massiliense (n = 46) 0.063 0.125 0.063;0.125 0 29 (63.04) 17 (36.96) 0

GSK656 Abscessus (n = 148) 0.063 0.125 0.032;0.25 4 (2.70) 121 (81.76) 22 (14.86) 1 (0.68)
Massiliense (n = 46) 0.063 0.125 0.032;0.125 1 (2.17) 34 (73.91) 11 (23.91) 0

aMIC values were determined using the CLSI document M24-A2 guidelines for aerobic bacteria.
bMIC50 and MIC90 are the concentrations that inhibit the growth of 50% and 90% of the isolates, respectively.
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.4 mg/mL for GSK656. The MBC/MIC ratios of MRX-6038 and GSK656 for the isolates
tested ranged from 2:16 and 16:.32, respectively (Table 4). For MRX-6038, 10 of the 20
isolates exhibited an MBC/MIC ratio of #4, providing evidence of bactericidal activity.
GSK656, exhibiting an MBC/MIC ratio of.4, exerted a bacteriostatic effect on all isolates.
To further assess the bactericidal activities of MRX-6038 and GSK656, killing kinetics
assays (assessed on days 0, 1, 2, 4, 6, and 7) were performed for both drugs at 2 � MIC and
8 � MIC. For MRX-6038 at 2 � MIC, there were significant reductions in both CIP 108297 and
A222 from day 1 to day 6, compared to the control (Fig. 1). Treatment with GSK656 at 2� MIC
yielded comparable results. In contrast, treatment with MRX-6038 at 8 � MIC resulted in a
greater reduction in M. abscessus colony forming units (CFU) than did a treatment with CIP
108297 with GSK656 at 8� MIC. Regrowth occurred after 2 to 7 days of incubation with either
GSK6038 or GSK656, and this is likely due to a loss of antibiotic potency over time in culture.

MRX-6038 is compatible with clinically important anti-M. abscessus drugs. Two
M. abscessus reference strains and six clinical isolates were selected at random to investigate
the interaction between MRX-6038 and 10 clinically relevant anti-M. abscessus drugs, which
are enumerated in Table 5. MRX-6038 synergized (fractional inhibitory concentration index
[FICI]# 0.5) with clarithromycin and/or azithromycin to inhibit the growth of severalM. massi-
liense isolates. No antagonism between MRX-6038 and any of the other drugs was observed,
with indifference (FICI = 0.75 to 2) being the most commonly observed interaction.

MRX-6038 inhibits the growth of intracellularM. abscessus. The intracellular anti-
microbial activity of MRX-6038 was assessed after M. abscessus replicated for 4 h, 24 h, and
48 h inside J774A.1 macrophages. MRX-6038 at 1�MIC decreased the number of intracellu-
lar mycobacteria present at 48 h (P , 0.05) (Fig. 2). The antimicrobial activity of MRX-6038
increased with increasing drug concentration and was comparable to the activity exhibited

TABLE 2 Antibacterial spectrum of MRX-6038 and GSK656 for NTM reference strains

Strains

MIC (mg/L)

MRX-6038 GSK656
M. abscessus ATCC 19977 0.063 0.032 to 0.063
M. massiliense CIP 108297 0.063 0.063
M. smegmatis ATCC 19420 0.125 .8a

M. fortuitum ATCC 6841 0.125 .8
M. avium ATCC 25291 2 .128
M. intracellulare ATCC 13950 2 .128
M. kansasii ATCC 12478 .8 .8
M. scrofulaceum ATCC 19981 0.25 4
M. gordonae ATCC 14470 0.5 0.5
M. szulgai ATCC 35799 .8 .8
M. xenopi ATCC 19250 .8 .8
M. peregrinum ATCC 700686 0.125 8
a.8 indicates a MIC value greater than the highest MRX-6038 or GSK656 concentration tested.

TABLE 3MICs of MRX-6038 and GSK656 for additional clinical NTM isolates

Species

No. of strains by MIC (mg/L)a

Total no.
MIC50

b

(mg/L)
MIC90

b

(mg/L)0.125 0.5 1 2 4 8 >8 >128
M. avium
MRX-6038 0 2 4 2 4 2 0 - 14 2 8
GSK656 0 0 0 0 0 0 d 14 14 .128c .128c

M. intracellulare
MRX-6038 0 0 0 3 10 1 1 - 15 4 8
GSK656 0 0 0 0 0 0 - 15 15 .128c .128c

M. fortuitum
MRX-6038 4 0 0 0 0 0 0 - 4 - -
GSK656 0 0 0 0 0 0 4 - 4 - -
aMIC values were determined using the CLSI guidelines for aerobic bacteria.
bMIC50 and MIC90 are the concentrations that inhibit the growth of 50% and 90% of the isolates, respectively.
cMIC values greater than the 128 mg/L value that was tested.
dnot done.
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by GSK656 and linezolid, providing evidence of the efficacy of MRX-6038 in treating intracel-
lularM. abscessus. Notably, neither MRX-6038 nor GSK656 was cytotoxic at 4� MIC (Fig. S1).

MRX-6038 inhibits the replication ofM. abscessus in a mouse lung infection model.
Experiments were conducted to evaluate and compare the effects of MRX-6038 and
GSK656 on the growth of M. abscessus in vivo. Groups of BALB/c mice, inoculated intranasally
with M. abscessus CIP 108297 (107 CFU/mouse), were subsequently treated with 10 mg/kg
MRX-6038 or GSK656 administered daily s.c., or 100 mg/kg linezolid or 200 mg/kg clarithromy-
cin administered daily by oral gavage. M. abscessus CFU in the lungs were quantified at
2 weeks postinfection. The results showed that MRX-6038 caused a significant reduction in
bacteria (;7.8 log10 CFU) compared to the untreated group (P , 0.01) (Fig. 3A and B).
Moreover, MRX-6038 was slightly more potent in clearing M. abscessus than were the other
drugs tested. Hematoxylin and eosin (H&E) stained tissue sections demonstrated severe alveo-
lar wall thickening, inflammatory cell infiltration, and diapedesis of the erythrocyte in the lungs

TABLE 4MBC/MIC ratios of MRX-6038 and GSK656 forM. abscessus complex

Isolate Subspecies MRX-6038 Antibacterial activity GSK656 Antibacterial activity
A215 Abscessus 8 Bacteriostatic 16 Bacteriostatic
A217 Abscessus 8 Bacteriostatic 32 Bacteriostatic
A232 Abscessus 2 Bactericidal 32 Bacteriostatic
A274 Abscessus 16 Bacteriostatic 16 Bacteriostatic
A35 Abscessus 4 Bactericidal 32 Bacteriostatic
G73 Abscessus 16 Bacteriostatic .32a Bacteriostatic
G164 Abscessus 4 Bactericidal .32 Bacteriostatic
A51 Abscessus 4 Bactericidal .32 Bacteriostatic
A222 Massiliense 4 Bactericidal .32 Bacteriostatic
G74 Massiliense 16 Bacteriostatic .32 Bacteriostatic
A311 Abscessus 2 Bactericidal .32 Bacteriostatic
G104 Abscessus 2 Bactericidal 32 Bacteriostatic
A213 Abscessus 2 Bactericidal 32 Bacteriostatic
A353 Abscessus 2 Bactericidal .32 Bacteriostatic
A255 Abscessus 4 Bactericidal .32 Bacteriostatic
G87 Massiliense 8 Bacteriostatic 16 Bacteriostatic
G182 Abscessus 16 Bacteriostatic 32 Bacteriostatic
G110 Massiliense 16 Bacteriostatic .32 Bacteriostatic
A197 Abscessus 32 Bacteriostatic .32 Bacteriostatic
A268 Abscessus 16 Bacteriostatic .32 Bacteriostatic
aA ratio of.32 indicates a MBC value greater than the highest GSK656 concentration tested.

FIG 1 Relative extracellular antimicrobial activities of MRX-6038 and GSK656 in vitro. Data are represented as
means 6 standard deviations of 3 replicates. CIP 108297, subsp. massiliense reference strain. A222, subsp. massiliense
clinical isolate.
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of the control group of mice at 2 weeks postinfection (Fig. 3C). In contrast, pathological
changes were rare, and lung lesions were negligible in the MRX-6038-treated group. These
findings, which provide evidence of the efficacy of MRX-6038 in inhibiting the replication of
M. abscessus in a mouse model of pneumonia, are consistent with its intracellular activity and
its pharmacokinetic profile, described briefly in the Discussion.

Notably, in the 14 day toxicity study carried out with female SD rats with 40, 80, and
160 mg/kg doses i.v. of MRX-6038, all of the rats in the treated and control groups appeared
distress free, exhibited comparable weight gains (ca. 28;34.8 g), and displayed no signifi-
cant differences in routine blood (Table S5).

MRX-6038 targets M. abscessus leucyl-tRNA synthetase LeuRS. MRX-6038 exhib-
its anti-M. abscessus activity. To confirm the MRX-6038 target, MRX-6038-resistant mutant

TABLE 5 FICI of MRX-6038 combined with agents commonly used to clinically treatM. abscessus infections

Isolate or reference strain Subspecies

FICI (MRX-6038+ agent indicated)a

CLAb AZM AMK BDQ LNZ CFZ IPM TGC FOX MOX RFB MRX-1
ATCC 19977 Abscessus 1 0.75 1.5 1.5 2 2 1.5 1.5 2 1.5 2 1.5
CIP 108297 Massiliense 0.75 0.75 1.5 1 1.5 2 2 1.5 1.5 1.5 1.5 1
A274 Abscessus 0.75 0.75 1.5 1.5 1 1.5 1.5 1.5 1.5 2 1.5 1.5
G164 Abscessus 0.75 1.5 1.5 1 1.5 2 1.5 1.5 1.25 1.5 1.5 1
A268 Massiliense 0.375 0.75 2 1.25 2 2 1.5 1.5 1.5 2 1.5 1.5
G74 Massiliense 0.375 0.5 1.5 1 1 1.5 1 1 2 1 1.5 1
A222 Massiliense 0.75 0.5 2 1.5 1 1.5 1.5 2 1.5 2 2 1
A217 Abscessus 0.75 1 2 1.5 1.5 1.5 2 2 2 2 1.5 1.5
aFICI (fractional inhibitory concentration index) = [(MIC of MRX-6038 in combination/MIC of MRX-6038 alone)1 (MIC of the second antibiotic in combination / MIC of the
second antibiotic alone)]. Synergy, FICI# 0.5; indifference, FICI greater than 0.5 and#4; antagonism, FICI. 4.

bCLA, clarithromycin; AZM, azithromycin; AMK, amikacin; BDQ, bedaquiline; LNZ, linezolid; CFZ, clofazimine; IPM, imipenem; TGC, tigecycline; FOX, cefoxitin; MOX,
moxifloxacin; RFB, rifabutin; MRX-1, contezolid.

FIG 2 Relative intracellular antimicrobial activities of MRX-6038 and GSK656 in vitro. LNZ, linezolid. Data are
represented as means 6 standard deviations of 3 replicates. Statistically significantly less than the control:
*, P , 0.05 (Student's t test). ATCC 19977, subsp. abscessus reference strain. CIP 108297, subsp. massiliense
reference strain. A213, subsp. abscessus clinical isolate. A222, subsp. massiliense clinical isolate.
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M. abscessus isolates were selected. Based upon 6 independent selections, a frequency of
resistance to MRX-6038 was calculated at 109 CFU. MIC profiling of 10 MRX-6038-resistant
mutants revealed a high-level resistance to MRX-6038 but not to clarithromycin (Table 6).
According to the data shown in Table 6, the MRX-6038 MIC for these mutants was .0.63,
whereas the MIC for the wild-type control was 0.063. Sequencing leuS suggested that all resist-
ant isolates had a single missense mutation in the leuS editing domain (residues 292 to 502),
consistent with the mechanism of leucyl-tRNA synthetase inhibition. The S303L, V417M, and
T322I residues were mutated in benzoxaborole-resistantM. abscessusmutants that were previ-
ously reported (18, 19). Four other LeuRS missense mutations in the editing domain (i.e.,
D436E, L418P, Y421H, and D436N) were novel. These results demonstrate that the anti-NTM
activity exhibited by MRX-6038 is mediated by targeting the LeuRS editing domain.

FIG 3 MRX-6038 exhibits anti-M. abscessus activity in a mouse lung infection model. (A) CFU assay. Data are represented
as CFUs/lung tissue 6 standard deviations with n $ 5. LNZ, linezolid. CLA, clarithromycin. dpi, days postinfection.
Statistical significance: ns, no difference; *, P , 0.05; **, P , 0.01 (Mann-Whitney U test). (B) Acid-fast stained M. abscessus
in mouse lung. The scale bar represents 10 mm. (C) Histopathologic assessment of mouse lungs. The lungs were
dissected, processed, sectioned, and stained with hematoxylin and eosin. The scale bar represents 100 mm.
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DISCUSSION

M. abscessus is a rapidly growing mycobacterium that is highly pathogenic due to its
frequent resistance to drug therapy. Infections caused by M. abscessus are difficult to treat
with the antibiotics currently available; M. abscessus has been called “a new antibiotic night-
mare” (20). Here, the anti-M. abscessus activity of a novel LeuRS inhibitor, MRX-6038, was
evaluated and compared to that of another LeuRS inhibitor, GSK656.

The anti-M. abscessus activity exhibited by MRX-6038 toward a large panel of clinical
isolates (n = 194) retrieved from Shanghai Pulmonary Hospital was initially determined. MRX-
6038 was highly active against all isolates (MIC # 0.25 mg/mL) and was equally effective
against subsp. abscessus and subsp. massiliense; the MIC50 and MIC90 values were 0.063 and
0.125 mg/mL, respectively. Preliminary pharmacokinetic studies indicated that the peak se-
rum concentration in mice administered 5 mg/kg MRX-6038 s.c. exceeded 13 mg/mL (data
not shown). This concentration was much higher than the MIC90 of MRX-6038 for M. absces-
sus in vitro, indicating that an effective dose could readily be achieved to treat clinical
M. abscessus infections. Moreover, there were no signs of toxicity in mice administered a 40,
80, or 160 mg/kg dose of MRX-6038 (Table S5). In similar experiments, a dose of 30 mg/kg
GSK656 proved to be safe in a mouse model of M. tuberculosis infection, achieving a peak se-
rum concentration (Cmax) of 17.76 mg/mL (21). The efficacy of 10 mg/kg doses of MRX-6038
and GSK656 were compared in the mouse model of M. abscessus infection described herein.
Notably, the optimal dose and formulation of MRX-6038 that provide the maximum therapeu-
tic outcome remain to be determined.

There are numerous reports regarding the anti-M. abscessus activity of LeuRS inhibitors,
most of which belong to a new class of LeuRS inhibitors: benzoxaborole (including epetra-
borole), GSK2251052, EC/11770, and GSK656 (16, 17, 22–24). Epetraborole, a nonhalogen-
ated benzoxaborole, was active against M. abscessus with a MIC ranging from 0.014 to
0.046 mg/L in vitro and a 1 log10 decrease in bacteria in mice administered a 300 mg/kg
dose orally (19, 25). Notably, GSK2251052-related experiments were terminated following
the development of resistance in a phase II clinical trial (26). EC/11770 and GSK656 were ini-
tially developed to treat M. tuberculosis infections. EC/11770 was active against M. abscessus
biofilms in vitro. Additionally, a 10 mg/kg dose administered orally inhibited 1 log10 bacterial
growth in a mouse model of lung infection (18). However, data obtained from GSK656 in
previous studies only suggest that it possesses potential anti-M. abscessus activity in vitro
(17, 26). The study reported herein demonstrates the elevated anti-M. abscessus activity of
two LeuRS inhibitors, MRX-6038 and GSK656, for a large number of clinical isolates (17).
MRX-6038 appeared to be more active than GSK656, exhibiting a broader anti-NTM spec-
trum. MRX-6038 expressed greater antibacterial activity towardM. smegmatis,M. fortuitum,
M. scrofulaceum, and M. peregrinum reference strains than did GSK656. Its activity toward
M. avium and M. intracellulare also tended to be greater. The MBC and MBC/MIC ratio data

TABLE 6 Characterization ofM. abscessusMRX-6038-resistant mutants

MIC (mg/L)a

Strain Batch CLA MRX-6038 LeuS mutation
M. abscessus ATCC 19977 1 0.063 None
RM1 1 1 .0.63 D436E
RM2 2 1 .1.26 L418P
RM3 2 1 .1.26 L418P
RM4 2 1 .1.26 L418P
RM5 3 0.5 .0.63 Y421H
RM6 3 0.5 .0.63 S303L
RM7 3 0.5 .0.63 D436N
RM8 4 0.5 .1.26 V417M
RM9 4 0.5 .1.26 T322I
RM10 4 0.5 .1.26 V417M
aMIC values are the means obtained in two independent experiments. CLA, clarithromycin.
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also support the increased effectivity of MRX-6038 relative to GSK656 and demonstrate its
bactericidal activity.

MRX-6038 inhibited the replication of M. abscessus in an in vitro intracellular killing assay
in a dose-dependent manner; growth was 1.5 log10 less in the presence of 0.25 mg/mL
MRX-6038 compared to the untreated control. MRX-6038 possessed anti-M. abscessus activ-
ity that was comparable to that exhibited by linezolid or clarithromycin (27, 28). A pharmaco-
kinetic study of the blood and lungs of mice administered MRX-6038 supports the potential
efficacy of oral delivery for the treatment ofM. abscessus infections.

Effective regimens used to treat M. abscessus infections require a combination of
antimicrobials, in which macrolides (clarithromycin and azithromycin) are core (22–24). Guo
et al. reported 10% synergy and 3.3% antagonism when GSK656 was used in combination
with clarithromycin and 20% synergy and 30% antagonism when used in combination with
azithromycin (29). In contrast, MRX-6038 exhibited only 25% synergy and 75% indifference
when used in combination with clarithromycin or azithromycin in the study reported here.
The synergy between MRX-6038 and clarithromycin inhibited the growth of certain M. massi-
liense isolates but not M. abscessus isolates. The erm(41), which only existed in M. massiliense,
was related to the susceptibility of clarithromycin (30). Moreover, MRX-6038 did not antago-
nize any of the most frequently used anti-M. abscessus drugs. Therefore, MRX-6038 is compati-
ble and could readily be incorporated into current anti-M. abscessus treatment approaches.

AARSs possess several features that provide therapeutic specificity. First, the divergence of
sequence, structure, and topology exhibited by pathogenic and human AARSs enable the
design of pathogen-specific drugs, such as GSK656 (31). MRX-6038 targets the same AARSs as
does GSK656 with greater antibacterial activity. To identify the distinguishing factors, MRX-
6038 and GSK656 should be studied and compared, for example, via an electron microscopic
analysis of their catalytic domains and their interactions with small molecules. Second, AARSs
can target aminoacyl-tRNAs involved in specific pathologies. Halofuginone, for example, inhib-
its the contribution of prolyl-tRNA synthetase to fibrosis that is closely associated with M.
abscessus infection (32, 33). The third feature that makes AARSs attractive for pharmacological
intervention is that protein synthesis in not restricted in normal cells, even when AARS activity
is severely compromised (34). Such novel AARS features support the potential incorporation of
AARS inhibitors into new treatment options forM. abscessus infections.

One limitation inherent in the current study is that all of the tested isolates were
obtained from a single hospital, Shanghai Pulmonary Hospital, which is a designated
treatment center for tuberculosis and NTM infected patients. Consequently, many of
the isolates could be related genetically and epidemiologically. Nonetheless, the study
provides a comprehensive description of the in vitro and in vivo susceptibility of M.
abscessus to MRX-6038.

In conclusion, MRX-6038 was highly effective in inhibiting the growth of M. absces-
sus in vitro and in vivo, and it was compatible with the antibiotics most frequently used
to treat M. abscessus infections. As such, MRX-6038 represents a potential candidate for
incorporation into novel therapeutic anti-M. abscessus regimens.

MATERIALS ANDMETHODS
Bacterial strains. Twelve NTM reference strains and 227 NTM clinical isolates (194 M. abscessus, 14

M. avium, 15 M. intracellulare, and 4 M. fortuitum) were evaluated. The reference strains, M. abscessus
subsp. abscessus (ATCC 19977), M. smegmatis (ATCC 19420), M. avium (ATCC 25291), M. intracellulare (ATCC
13950), M. kansasii (ATCC 12478), M. fortuitum (ATCC 6841), M. gordonae (ATCC 14470), M. scrofulaceum (ATCC
19981), M. szulgai (ATCC 35799), M. xenopi (ATCC 19250), and M. peregrinum (ATCC 700686), were purchased
from the American Type Culture Collection (VA, USA).M. abscessus subsp.massiliense (CIP 108297) was purchased
from the Biological Resource Center of Institute Pasteur (Paris, France). The clinical isolates were obtained from
the Shanghai Pulmonary Hospital from sputum and bronchoalveolar lavage fluid specimens of patients with
NTM lung infections. All M. abscessus isolates were sequenced; the full genome sequence of each isolate was
published and is available at DDBJ/ENA/GenBank (BioProject PRJNA488058, PRJNA448987, and PRJNA398137).
All strains were grown at 37°C in Middlebrook 7H9 broth supplemented with 10% OADC or on Middlebrook
7H10 plates supplemented with 10% OADC.

Antimicrobial agents. MRX-6038 (US2013165411, China National Intellectual Property Administration)
and contezolid were provided by MicuRx Pharmaceutical (Shanghai, China). Clarithromycin, azithromycin,
amikacin, cefoxitin, imipenem, tigecycline, linezolid, and ciprofloxacin were purchased from Sigma-Aldrich
Company (St. Louis, MO, USA). Bedaquiline was purchased from Biopharmaleader (Shanghai, China). GSK656
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was purchased from MedChemExpress (Monmouth Junction, NJ, USA). GSK656, clarithromycin, clofazimine,
bedaquiline, and rifabutin were solubilized in 10% DMSO, azithromycin was dissolved in absolute ethanol,
and the remaining antibiotics were prepared in deionized water. The antibiotics were aliquoted, stored at
220°C and serially diluted just prior to experimental use.

MIC and MBC determination. Antibiotic susceptibility was determined by the broth microdilution
method, according to Clinical and Laboratory Standards Institute (CLSI) document M24-A2. In brief, indi-
vidual colonies were picked, grown to logarithmic-phase in M7H9 broth, diluted to McFarland 0.5 with sterile
saline, and adjusted to 1 � 105 to 5 � 105 CFU/mL using CAMHB. 100 mL of bacterial suspension was added
to each well, except for the peripheral wells, of a 96-well microtiter plate. The peripheral wells were filled with
200mL sterile water to prevent evaporation during incubation. Antibiotics were serially diluted 1:2 in the plates
(working concentrations ranged from 0.008 to 8.0 mg/L for MRX-6038, GSK656, and bedaquiline and from
0.063 to 128 mg/L for the remaining antibiotics tested). The microtiter plates were sealed with Parafilm. Rapid-
growing mycobacteria were incubated for 3 to 5 days at 37°C, and slow-growing mycobacteria were incubated
for 7 to 10 days at 37°C until the control wells without antibiotics exhibited visible growth. The MIC was
defined as the minimum compound concentration at which no visual bacterial growth occurred.

M. abscessus subsp. abscessus ATCC 19977, subsp. massiliense CIP 108297, and 20 randomly selected
clinical M. abscessus isolates were used in assays to determine MBC values. The contents of each micro-
titer well containing a drug concentration greater than the MIC were evenly suspended on day 4, follow-
ing the completion of the antimicrobial susceptibility test. 100 mL aliquots obtained from each well
were cultured on Middlebrook 7H10 supplemented with 0.2% glycerol and OADC enrichment. CFU were
quantified after an additional 5 days of incubation at 37°C. The MBC was defined as the minimum drug
concentration that prevented 99.9% bacterial growth, expressed in CFU/mL. An antibiotic was consid-
ered bactericidal if the MBC/MIC ratio was #4 or bacteriostatic if the ratio was .4 (35).

Time-kill kinetics assay. Subsp. abscessus ATCC 19977, subsp. massiliense CIP 108297, clinical subsp.
abscessus isolate A213, and clinical subsp. massiliense isolate A222 were used to evaluate the potency of
the killing kinetics of MRX-6038 and GSK656 against M. abscessus. Tubes (5 mL) of 7H9 broth containing
MRX-6038 or GSK656 at 1 � MIC or 4 � MIC were inoculated with 5 � 105 CFU of bacteria growing expo-
nentially. The tubes were incubated for 7 days at 37°C. The CFU were quantified by plating serial dilu-
tions of bacteria on 7H10 agar plates on days 0, 1, 2, 4, 6, and 7 of incubation.

Drug synergy. The synergy between MRX5 and clarithromycin, azithromycin, amikacin, linezolid, clo-
fazimine, imipenem, tigecycline, bedaquiline, cefoxitin, rifabutin, moxifloxacin, or contezolid was assessed in
vitro using the previously described broth microdilution checkerboard titration technique (36). Two M. absces-
sus reference strains (subsp. abscessus ATCC 19977 and subsp. massiliense CIP 108297) and six clinical isolates
(three subsp. abscessus and three subsp. massiliense) were used. Synergy test results were interpreted based
upon the FICI, which was calculated using the following formula: FICI = (MIC of antibiotic A in combination/
MIC of antibiotic A alone) 1 (MIC of MRX-6038 in combination / MIC of MRX-6038 alone). Drug interactions
were classified as: synergistic (FICI# 0.5), indifferent (0.5, FICI# 4), or antagonistic (FICI. 4.0).

Cytotoxicity assay. J774A.1 cells were suspended in fresh RPMI 1640 medium containing 10% FBS
and 4 � MIC of MRX-6038 or GSK656. The control cells were suspended in medium with 10% FBS only. Cells
were incubated at 37°C in 5% CO2 for 4, 24, or 48 h. The supernates were carefully collected at each time point
after being centrifuged at 1,000 rpm for 5 min and analyzed by the CytoTox 96 Non-Radioactive Cytotoxicity
Assay (Promega, Madison, WI, USA), which quantifies lactate dehydrogenase (LDH), a stable cytosolic enzyme
that is released upon cell lysis. The cytotoxicity of the antimicrobial agents was assessed by comparing the
LDH (OD490) released by the experimental and control groups (37). No cytotoxicity was defined as no signifi-
cant difference being observed between the control and experimental groups.

In the 14 day toxicity study in rats, female SD rats were intravenously administered at the doses of
40, 80, and 160 mg/kg formulated with dextrose 5% in water. After 14 days of administration, the cyto-
toxicity of the antimicrobial agents was assessed using the body weight, blood biochemical, and blood
routine indices of all of the rats.

Intracellular killing assay. The macrophage cell line, J774A.1, is frequently used to examine the fac-
tors that affect the intracellular replication of mycobacterium species (38). J774A.1 cells were infected with M.
abscessus (multiplicity of infection = 10) and suspended in RPMI 1640 medium supplemented with 10% fetal
bovine serum (FBS). After 4 h of incubation at 37°C in 5% CO2, fresh RPMI 1640 medium containing 10% FBS
and amikacin at 50 mg/mL were added (39, 40). After 2 additional hours of incubation at 37°C, the cells were
washed three times with warm phosphate-buffered saline to eliminate the viable extracellular organisms that
remained. Serial dilutions of the supernates collected after the final wash were cultured on agar plates, and the
CFU were counted to ensure that the residual extracellular bacteria were completely removed. Fresh RPMI
1640 medium with 10% FBS and MRX-6038, GSK656, or linezolid at 0.5� MIC, 1� MIC, 2 � MIC, and 4� MIC
was then added. Infected control cells were treated with medium and 10% FBS alone. The cells were then
lysed with 0.05% sodium dodecyl sulfate after 4, 24, or 48 hours of infection, and the CFU were quantified by
plating serial dilutions of lysates on 7H10 agar plates. Cell viability was evaluated by trypan blue exclusion
before and after infection or drug treatment at each time point.

Efficacy of MRX-6038 in M. abscessus infected neutropenic mice. All animal experiments were
approved by the Institutional Animals Ethics Committee of Shanghai Pulmonary Hospital (Protocol No.
K22-031Y). Studies were conducted using an immunocompromised mouse model that was modified to
mimic a respiratory infection. Briefly, 6-week-old male BALB/c mice (20 to 22 g) were rendered neutropenic via
the intraperitoneal injection of 150 mg/kg cyclophosphamide on days 4 and 1 prior to infection. The mice were
then infected intranasally with M. abscessus CIP 108297 (1 � 107 CFU/mouse). On day 3 postinfection, five mice
were euthanized, and the CFU/lung values were determined to evaluate the model’s efficacy. The remaining 26
infected mice were divided randomly into five groups: group 1 (control, PBS with 0.5% methylcellulose–0.1%
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Tween 80 administered s.c. daily for 2 weeks), group 2 (10 mg/kg MRX-6038 in PBS with 0.5% methylcellulose–
0.1% Tween 80 administered s.c. daily for 2 weeks), group 3 (10 mg/kg GSK656 administered s.c. daily for
2 weeks), group 4 (100 mg/kg linezolid administered by oral gavage daily for 2 weeks), and group 5 (200 mg/kg
clarithromycin administered by oral gavage daily for 2 weeks). The dosages of linezolid and clarithromycin were
selected based upon a prior report authored by Kim et al. (20). The same dose of MRX-6038 and GSK656 was
chosen to facilitate comparison. The mice were euthanized on day 14 postinfection. For a histopathological ex-
amination, the upper lobes of the right lungs of mice from each group were dissected, fixed with 4% paraformal-
dehyde for 24 h, and sectioned. The tissue sections were subjected to H&E and acid-fast staining. The remaining
portions of the lungs were homogenized, and 10-fold serial dilutions of the homogenates were plated on
M7H10 agar supplemented with 10% Middlebrook OADC enrichment. The bacterial content in the lungs was
estimated from the number of colonies that grew on plates incubated for 5 days at 37°C.

Selection of spontaneous resistant mutants. M. abscessus colonies were grown in broth to an
OD600 ranging from 0.1 to 0.4, centrifuged, and resuspended at OD600 = 10. 5 mL culture aliquots were kept as
references for sequencing. 100 mL (;1 � 109 CFU/mL) were plated on solid media containing MRX-6038 at
10 � , 20 � , or 40 � MIC90. Plates were incubated for 7 days at 37°C. The drug-resistant colonies were picked,
resuspended in broth, and confirmed as resistant via restreaking on agar containing the same concentration of
drug. Genomic DNA was extracted using a DNA extraction kit (Magen, China). Sanger sequencing of the leuS
(MAB_4923) genomic region was performed by Qingke Company (Shanghai, China), using the following four
primers: (leuS-UpStrm-Fwd: 59-GTCCCGAAGTTAATAACCGC-39; leuS-Int-Fwd: 59-GACGCAGTGGATTTTCCTAC-39;
leuS-Int-Rev: 59-AGGCTCTTTCCGATCTTCCC-39; and leuS-DwnStrm-Rev: 59-AGAACTCACCGAACATGAAG-39) (18).
All spontaneous resistant mutants were determined to possess a missense mutation in the editing domain of
M. abscessus LeuRS.

Statistical analysis. Statistical differences between study groups were determined using the Mann-
Whitney U-test and Student’s t test; a P value of,0.05 was considered to be indicative of a statistically significant
result. Computations were performed using GraphPad Prism 8 (GraphPad Software, San Diego, CA).

Ethical approval. The use of mice in this study was approved by the Institutional Animals Ethics
Committee of Shanghai Pulmonary Hospital (Protocol No. K22-031Y).
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