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ABSTRACT Since its conditional approval in 2012, bedaquiline (BDQ) has been a
valuable tool for treatment of drug-resistant tuberculosis. More recently, a novel
short-course regimen combining BDQ with pretomanid and linezolid won approval
to treat highly drug-resistant tuberculosis. Clinical reports of emerging BDQ resist-
ance have identified mutations in Rv0678 that derepress the expression of the
MmpL5/MmpS5 efflux transporter as the most common cause. Because the effect of
these mutations on bacterial susceptibility to BDQ is relatively small (e.g., 2 to 8�
MIC shift), increasing the BDQ dose would increase antibacterial activity but also
pose potential safety concerns, including QTc prolongation. Substitution of BDQ with
another diarylquinoline with superior potency and/or safety has the potential to overcome
these limitations. TBAJ-587 has greater in vitro potency than BDQ, including against
Rv0678 mutants, and may offer a larger safety margin. Using a mouse model of tuberculo-
sis and different doses of BDQ and TBAJ-587, we found that against wild-type M. tubercu-
losis H37Rv and an isogenic Rv0678 mutant, TBAJ-587 has greater efficacy against both
strains than BDQ, whether alone or in combination with pretomanid and either linezolid
or moxifloxacin and pyrazinamide. TBAJ-587 also reduced the emergence of resistance to
diarylquinolines and pretomanid.
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Since its conditional approval in late 2012, bedaquiline (BDQ) has become a pre-
ferred drug for treatment of multidrug-resistant (MDR) and extensively drug-resist-

ant (XDR) tuberculosis (TB) (1). Mounting clinical evidence confirms the strong bacteri-
cidal and sterilizing activity originally observed in mouse models of TB (2–13). More
recently, novel regimens based on the backbone of BDQ and pretomanid (PMD) have
shown the potential to significantly shorten the duration of treatment of MDR/XDR-TB
as well as drug-susceptible (DS) TB (14, 15), as predicted by studies in mice (16, 17).
Specifically, a BDQ, PMD, and linezolid (LZD) regimen (also abbreviated as BPaL)
resulted in an unprecedented 90% rate of successful outcomes in XDR-TB and difficult-
to-treat MDR-TB patients with just 6months of treatment in the Nix-TB trial (14), and in
the NC-005 trial, the combination of BDQ, PMD, moxifloxacin (MXF), and pyrazinamide
(PZA) (also abbreviated as BPaMZ) achieved faster sputum culture conversion among
MDR-TB patients than the first-line standard-of-care (SOC) regimen did in DS-TB
patients (15). The ongoing SimpliciTB trial (ClinicalTrials.gov identifier NCT03338621) is
evaluating a 4-month duration of BPaMZ against the 6-month SOC regimen in DS-TB.

Despite the positive clinical outcomes observed thus far with BDQ-containing regi-
mens, opportunities for further optimization exist. In one pharmacometric analysis, the
median average continuation-phase plasma BDQ concentration was below the level
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associated with 50% of its maximal effect (EC50) in MDR-TB patients receiving the regis-
tered dose, indicating that higher BDQ doses would achieve greater efficacy (15).
However, potential safety concerns, including QTc prolongation, have limited enthusi-
asm for testing higher BDQ doses (18). Evidence also continues to emerge that the effi-
cacy of BDQ-containing regimens can be compromised by inactivating mutations in
the Rv0678 gene, which encodes a negative transcriptional regulator of the mmpL5-
mmpS5 transporter in Mycobacterium tuberculosis (19–22). Although mutations in
Rv0678 are associated with relatively small reductions in susceptibility to BDQ and clo-
fazimine, they are readily selected by BDQ and/or clofazimine treatment in mouse
models of TB and also have been selected during clinical use of BDQ, including in the
Nix-TB trial (14). Coupled with evidence that Rv0678 variants with reduced BDQ suscep-
tibility have been isolated from MDR-TB patients without known prior exposure to
BDQ or clofazimine (19, 23, 24), these reports raise concern that emergence of Rv0678
variants could undermine the promising clinical efficacy of BDQ-containing regimens.

Development of diarylquinoline drugs with superior potency could mitigate the
aforementioned concerns associated with BDQ. For example, TBAJ-587 has greater in
vitro potency than BDQ and reduced cardiovascular liability (25). Although mutation of
Rv0678 reduces the in vitro activity of TBAJ-587 to a similar degree as BDQ, TBAJ-587
remains more potent than BDQ against such mutants and therefore may be more
effective at killing them or preventing their selection during treatment (26).

In the current experiment, we evaluated the dose-dependent effects of BDQ (B) and
TBAJ-587 (S) against an Rv0678 loss-of-function mutant compared to the wild-type
H37Rv parent to determine the impact of such mutations on the activity of BDQ and
its contribution to the efficacy of the BPaL and BPaMZ regimens. The results indicate
that replacing BDQ in these regimens with TBAJ-587 could increase their efficacy
against wild-type M. tuberculosis as well as Rv0678 mutants and reduce the emergence
of resistance to diarylquinolines and companion drugs.

RESULTS
Bacterial strains and mouse infection model. The experimental schemes indicat-

ing the regimens used against the wild-type strain, M. tuberculosis H37Rv, and an iso-
genic mutant with an IS6110 insertion in the Rv0678 gene are given in Tables S1 and
S2 in the supplemental material, respectively. Using the broth macrodilution method
in 7H9 media, the MICs of BDQ and TBAJ-587 against the H37Rv strain were 0.0625 and
0.016, respectively, while against the Rv0678 mutant, the MICs were 0.5 and 0.0625,
respectively.

One day after high-dose aerosol infection of BALB/c mice with either strain, mean
(6 standard deviation [SD]) lung CFU counts were 4.116 0.06 log10 for H37Rv and
4.196 0.08 for the Rv0678 mutant. Mean CFU counts increased over the following 2
weeks to 7.796 0.11 and 7.756 0.10, respectively, when treatment began.

Response to treatment. (i) Mice infected with wild-type M. tuberculosis H37Rv.
As shown in Fig. 1A and Table S3, after 1 month of treatment, BDQ at 25mg/kg alone
reduced the mean lung burden by 3.29 log10 compared to day 0 (D0) and was more
active than the combination of PMD and LZD. When added to PMD and LZD, BDQ
reduced the mean CFU count by an additional 2.88 log10 (i.e., BPaL versus PaL). The
combination with PMD, MXF, and PZA was much more active than PMD plus LZD, and
the addition of BDQ reduced the mean CFU count by an additional 1.77 log10 (i.e.,
BPaMZ versus PaMZ). Treatment with TBAJ-587 at 25 and 50mg/kg resulted in reduc-
tions of lung CFU burden that were more than 1.5 log10 greater than observed with
BDQ alone (P, 0.0001). There was no statistically significant difference between TBAJ-
587 at 25mg/kg than at 50mg/kg. When combined with PMD and LZD, the effect of
TBAJ-587 again reduced the mean CFU burden by .1.5 log10 compared to BDQ. The
S25PaL regimen was significantly more active than B25PaL (P=0.0002) and not signifi-
cantly less active than S50PaL (P=0.0954). Similarly, in combination with PMD, MXF,
and PZA, TBAJ-587 reduced the mean CFU count by approximately 1.5 log10 more than
BDQ did. The S25PaMZ regimen was significantly more active than B25PaMZ (P=0.0001)

Xu et al. Antimicrobial Agents and Chemotherapy

April 2021 Volume 65 Issue 4 e02418-20 aac.asm.org 2

https://aac.asm.org


and not significantly different from S50PaMZ (P=0.9049). The response to monotherapy
was also evaluated at month 2 (Fig. 1B) and showed that both diarylquinolines contin-
ued to reduce the lung CFU burden but that TBAJ-587 continued to kill at a higher rate
than BDQ.

(ii) Mice infected with M. tuberculosis H37Rv with an Rv0678 mutation. As
shown in Fig. 2A and Table S4, dose-dependent reductions in lung CFU were observed
with both BDQ (at 12.5, 25, and 50mg/kg) and TBAJ-587 (at 25 and 50mg/kg) mono-
therapy. Both diarylquinolines (DARQs) were significantly less active against the mu-
tant than against the wild-type H37Rv strain, but a similar difference in potency was
observed between BDQ and TBAJ-587 against each strain. BDQ at 25mg/kg reduced
the mean CFU count by only 0.56 log10 compared to D0. TBAJ-587 at 25mg/kg reduced
the mean CFU count by 2 log10 and was significantly more active than BDQ at any
dose (P, 0.0001) but less active (P=0.0269) than TBAJ-587 at 50mg/kg. PMD, in com-
bination with either LZD or MXF and PZA, had similar activity against each strain. Both
BDQ and TBA-587 significantly (P, 0.0001) increased the activity of the PaL and PaMZ
combinations at month 1 (M1). As expected, both BDQ and TBAJ-587 contributed a
smaller effect size in combination with PaL against the Rv0678 mutant than that

FIG 1 TBAJ-587 (S) is more active than bedaquiline (B) either alone or in combination with pretomanid and
linezolid (PaL) or pretomanid, moxifloxacin, and pyrazinamide (PaMZ) against wild-type M. tuberculosis. (A)
Activity of different regimens during the first month of treatment. (B) Activity of diarylquinoline monotherapy
during 2 months of treatment.

FIG 2 TBAJ-587 (S) is more active than bedaquiline (B) either alone or in combination with pretomanid and
linezolid (PaL) or pretomanid, moxifloxacin, and pyrazinamide (PaMZ) against M. tuberculosis with an Rv0678
mutation. Activity of the indicated regimens at M1 (A) and M2 (B).
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against the H37Rv strain. Interestingly, BDQ and, for the most part, TBAJ-587, contrib-
uted similar effects to the PaMZ combination irrespective of the infecting strain. SPaL
and SPaMZ were more active than the corresponding B-containing regimens
(P, 0.0001 for both doses of S in the SPaL regimens compared to BPaL at M1 and M2
and P=0.0063 and 0.0002 for the SPaMZ regimens compared to BPaMZ at M1 but no
difference at M2). A statistically significant difference (P=0.0351) between the TBAJ-
587 dose levels in combination with PaMZ but not PaL at M1 was noted. At M2, both
diarylquinolines again added significant activity to PaL (P, 0.0001). At this time point,
TBAJ-587, at either 25 or 50mg/kg, significantly (P=0.0364) increased the activity of
PaMZ, whereas BDQ did not (P=0.1916).

Selection of drug-resistant mutants. (i) Mice infected with wild-type M. tuber-
culosis H37Rv. At D0, the mean frequencies of CFU able to grow on agar containing
0.06 and 0.25mg/ml of BDQ were 4.2� 1025 and 1.8� 1025, respectively. Plates con-
taining 0.06mg/ml BDQ were used to quantify the resistant subpopulation at subse-
quent time points, based on prior evidence of its effectiveness for quantifying mutants
with low-level resistance to BDQ (27). All mice infected with M. tuberculosis H37Rv and
treated with BDQ monotherapy at 25mg/kg for 1 or 2 months demonstrated selective
amplification of BDQ-resistant CFU, which represented approximately 3% and 18% of
the recovered CFU after 1 and 2 months, respectively (Table 1). However, it should be
noted that the total number of CFU isolated on BDQ-containing plates decreased from
D0 to M1 to M2 (Table S5), indicating that BDQ treatment reduced the size of the sub-
population of CFU able to grow on BDQ but not nearly as fast as it reduced the num-
ber of fully susceptible CFU. Monotherapy with TBAJ-587 at either 25 or 50mg/kg pre-
vented the selection of spontaneous BDQ-resistant mutants, with the exception of a
single colony recovered from one of five mice after 2 months of TBAJ-587 monother-
apy at 25mg/kg (representing an estimated one-third of all CFU recovered). As
expected, the BPaL and BPaMZ regimens resulted in less selection of BDQ-resistant
CFU compared to BDQ monotherapy. Only three mice and one mouse receiving BPaL
and BPaMZ, respectively, for 1 month harbored BDQ-resistant CFU. Replacing BDQ
with TBAJ-587 at either 25 or 50mg/kg in combination with PaL or PaMZ prevented
the selection of spontaneous BDQ-resistant mutants. As expected, each diarylquinoline
prevented selection of PMD-resistant mutants when combined with PaL.

(ii) Mice infected with M. tuberculosis H37Rv with an Rv0678 mutation. Among
mice infected with the Rv0678 mutant (Table 2), the selection of CFU with a higher
level of BDQ resistance (as quantified by growth on agar containing BDQ at 1mg/ml)
was rare, being observed as a very low percentage of recovered CFU in only 2 of 5
mice (average frequency of 1.4� 1026 CFU) treated with PaL for 1 month, 1 of 3 surviv-
ing mice (frequency of 1.9� 1027 CFU) treated with BDQ 12.5mg/kg for 1 month, and
1 of 5 mice (frequency of 2.7� 1025 CFU) treated with B25PaL for 1 month. No CFU re-
sistant to BDQ at 1mg/ml were recovered from mice treated with TBAJ-587 alone or in

TABLE 1 Proportion of mice showing resistance to BDQ and PMD after infection with wild-typeM. tuberculosis and antimicrobial treatmenta

Drug (dose
[mg/kg])

Proportion of mice with detectable BDQ- or PMD-resistant subpopulations (mean frequency of resistant CFU among all CFU
recovered)b at the indicated time and under the indicated treatment and resistance type:

M1 M2

Monotherapy DARQ combined with PaL DARQ combined with PaMZ Monotherapy
DARQ combined with
PaL

BDQ resistant BDQ resistant
PMD
resistant BDQ resistant

PMD
resistant BDQ resistant

BDQ
resistant

PMD
resistant

None NT 5/5 (8.7� 1025) NT 4/5 (4.5� 1023) NT NT NT NT
BDQ (25) 5/5 (2.9� 1022) 3/5 (8.1� 1023) 0/5 1/5 (1.8� 1021) NT 5/5 (1.8� 1021) NT NT
TBAJ-587 (25) 0/5 0/5 0/5 0/5 NT 1/5 (3.3� 1021) NT NT
TBAJ-587 (50) 0/5 0/5 0/5 0/5 NT 0/5 NT NT
aAbbreviations: BDQ, bedaquiline; PMD and Pa, pretomanid; L, linezolid; M, moxifloxacin; Z, pyrazinamide; M1 and M2, months of treatment; NT, not tested.
bReported frequency includes only mice in which resistant subpopulations were detected.
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combination for 1 to 2months or from mice treated with BDQ alone or in combination
for 2months. Selection of PMD-resistant mutants was more evident among mice
infected with the Rv0678 mutant than those infected with the wild-type H37Rv and
was associated with receipt of BDQ rather than TBAJ-587. PMD-resistant mutants were
recovered from 10 of 10 mice receiving BPaL for 1 to 2months, with similar CFU counts
at both time points (Table S6), and comprised over 6% of the bacterial population after
2 months of treatment. In contrast, among 20 mice receiving SPaL for 1 to 2months,
only 1 mouse harbored PMD-resistant CFU at a frequency of 0.36%, indicating that
TBAJ-587 more effectively eradicated double mutants with resistance to both BDQ (via
the baseline Rv0678mutation) and PMD (via spontaneous resistance mutations).

DISCUSSION

The BPaL regimen is now an important fully oral, short-course treatment option for
XDR-TB and difficult-to-treat MDR-TB (1, 14). BPaMZ has demonstrated potential to be
an even shorter-course regimen for selected MDR-TB and possibly DS-TB (15).
Therefore, it is of great concern that Rv0678 variants with reduced susceptibility to
BDQ are reported with increasing frequency among patients treated with BDQ or clofa-
zimine, including at least 1 participant treated with BPaL in the Nix-TB trial who
relapsed with an Rv0678 mutant (14). In addition, several studies have reported Rv0678
variants among baseline MDR-TB isolates obtained prior to any known BDQ or clofazi-
mine exposure (19, 23, 24), suggesting that they may be enriched among MDR-TB iso-
lates due to selection by other factors. The results presented here confirm that loss-of-
function mutations in Rv0678 significantly reduce the efficacy of BDQ in vivo (19) and
show for the first time that they also significantly reduced the efficacy of the novel
BPaL regimen. Mice infected with the Rv0678 mutant required 2 months of BPaL treat-
ment to reach the same CFU count as observed in wild-type infected mice treated for
1 month. Moreover, spontaneous BDQ-resistant mutants were selectively amplified by
BPaL treatment in wild-type-infected mice, approaching or surpassing the 1% thresh-
old commonly used to define resistance by the agar proportion method in 3 of 5 mice.
Interestingly, BDQ resistance was also observed in one of five mice treated with BPaMZ
for 1 month. Therefore, although the likelihood of BDQ resistance emerging during
treatment is undoubtedly higher when BDQ is combined with less effective companion
drugs, it should be recognized that BDQ produces strong selective pressure favoring
amplification of spontaneous BDQ-resistant mutants even in these highly active
regimens.

Inadvertent treatment of patients infected with an Rv0678 mutant, perhaps even as
a heteroresistant subpopulation, could lead to selection of additional mutations

TABLE 2 Proportion of mice showing resistance to BDQ and PMD after infection withM. tuberculosis containing am Rv0678mutation and
antimicrobial treatmenta

Drug (dose
[mg/kg])

Proportion of mice with detectable BDQ- or PMD-resistant subpopulations (mean frequency of resistant CFU among all CFU
recovered)b at the indicated time and under the indicated treatment and resistance type:

M1 M2

Monotherapy DARQ combined with PaL
DARQ combined
with PaMZ Monotherapy

DARQ combined with
PaL

DARQ combined
with PaMZ

BDQ resistant BDQ resistant PMD resistant
BDQ
resistant

PMD
resistant BDQ resistant

BDQ
resistant PMD resistant

BDQ
resistant

PMD
resistant

None NT 2/5 (1.4� 1026) NT 0/5 NT NT 0/5 5/5 (9.0� 1024) 0/5 0/5
BDQ (12.5) 1/3 (1.9� 1027) NT NT NT NT NT NT NT NT NT
BDQ (25) 0/5 1/5 (2.7� 1025) 5/5 (1.4� 1024) 0/5 NT NT 0/5 5/5 (6.1� 1022) 0/5 0/5
BDQ (50) 0/5 NT NT NT NT NT NT NT NT NT
TBAJ-587 (25) 0/5 0/5 0/5 0/5 NT NT 0/5 0/5 0/5 0/5
TBAJ-587 (50) 0/5 0/5 1/5 (3.6� 1023) 0/5 NT NT 0/5 0/5 0/5 0/5
aAbbreviations: BDQ, bedaquiline; PMD and Pa, pretomanid; L, linezolid; M, moxifloxacin; Z, pyrazinamide; M1 and M2, months of treatment; NT, not tested.
bReported frequency includes only mice in which resistant subpopulations were detected.
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conferring resistance to companion drugs. In the present study, dual BDQ and PMD re-
sistance emerged in all 5 mice infected with the Rv0678 mutant and treated with BPaL
for 2 months. In stark contrast, no PMD-resistant mutants were isolated from wild-
type-infected mice treated with BPaL. These results raise concerns that inadvertent
treatment of patients infected with an Rv0678 mutant with BPaL could lead to a dan-
gerous new form of multidrug resistance defined by resistance to BDQ and PMD, which
would likely extend to delamanid (28, 29).

Surprisingly, the BPaMZ regimen, like the PaMZ regimen, had similar bactericidal
effects against both the wild-type and mutant infections, indicating that the contribu-
tion of BDQ to the efficacy of BPaMZ was not affected by the Rv0678 mutation. While
further study is needed to confirm this observation and explore its potential mecha-
nism, it is conceivable that PZA reduces the function of the MmpL5/MmpS5 trans-
porter through disruption of membrane potential (30) or has other synergies with BDQ
that enable bactericidal effects at lower intrabacillary BDQ concentrations.

In the present study, replacement of BDQ with the more potent diarylquinoline
TBAJ-587 improved the bactericidal activity of the BPaL and BPaMZ regimens against
the wild-type H37Rv strain, indicating its potential to shorten the duration of treatment
needed to prevent relapse (31). The present work also demonstrates that TBAJ-587 is
more effective than BDQ against an isogenic Rv0678 mutant. Although loss of Rv0678
function causes a similar shift in susceptibility to BDQ and TBAJ-587, TBAJ-587 retains
superior potency. At 25mg/kg/day, BDQ loses most of its bactericidal activity against
the Rv0678 mutant, whereas TBAJ-587 exhibits bactericidal activity (i.e., 2-log kill over
1month) as monotherapy. Indeed, SPaL was practically as effective against the mutant
as BPaL was against the wild-type H37Rv strain. Interestingly, replacing BDQ with
TBAJ-587 had the smallest apparent benefit in the BPaMZ regimen against the Rv0678
mutant.

As a function of its superior activity against Rv0678 mutants, TBAJ-587 prevented
the emergence of new drug resistance more effectively than BDQ. In mice infected
with the wild-type H37Rv strain, TBAJ-587, both alone and in combination with PaL
or PaMZ, nearly abolished the selective amplification of spontaneous BDQ-resistant
CFU. Whereas BDQ resistance emerged in 100%, 60%, and 20% of mice treated with
BDQ alone, BPaL, and BPaMZ, respectively, it was observed in only 5% of mice treated
with TBAJ-587 alone and in none of the 10 mice each receiving SPaL or SPaMZ. Taken
together, these results indicate that, in addition to improving efficacy, replacing BDQ
with TBAJ-587 would make regimens like BPaL and BPaMZ more robust to the emer-
gence of diarylquinoline resistance. Importantly, we did not observe selection of
higher level, or “second-step,” BDQ resistance despite treating the Rv0678 mutant
infection with BDQ or TBAJ-587 alone. This is likely a function of the low frequency of
viable spontaneous atpE mutants and their fitness costs observed in vivo (27).
Although atpE mutations have been identified in a small number of BDQ-resistant
clinical isolates to date (32, 33), Rv0678 mutations have been far more prevalent.
Therefore, overcoming Rv0678-mediated resistance with more potent diarylquino-
lines like TBAJ-587 could greatly extend the utility and longevity of this important
new class of drugs.

Use of TBAJ-587 in place of BDQ in the BPaL regimen in mice infected with the
Rv0678 mutant also largely prevented the selection of spontaneous PMD-resistant
double mutants. Following 2 months of treatment, all five BPaL-treated mice har-
bored dual BDQ/PMD-resistant isolates, compared with zero of 10 SPaL-treated
mice. In fact, BPaL and PaL resulted in similar absolute numbers of dual BDQ/PMD-
resistant mutants at the end of 2months of treatment, indicating that BDQ did not
contribute to faster elimination of spontaneous PMD-resistant mutants in the
Rv0678 mutant background. Thus, the benefits of replacing BDQ with TBAJ-587 in
the BPaL regimen are expected to include the prevention of PMD resistance (i.e., a
new form of multidrug resistance to diarylquinolines and nitroimidazoles) when
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infection with an Rv0678 mutant is inadvertently treated with a regimen combining
a diarylquinoline with PaL.

MATERIALS ANDMETHODS
Bacterial strains. The laboratory strain, M. tuberculosis H37Rv, and a spontaneous bedaquiline-resist-

ant mutant with an IS6110 insertion in Rv0678 at amino acid 116/nucleotide 349 (aa116/nt349) were
used in this study. The Rv0678 mutant was previously identified as BDQ-8 when it was isolated from an
untreated mouse infected by H37Rv (27). The Rv0678 mutation and the absence of other mutations in
genes associated with drug resistance were confirmed by whole-genome sequencing. The MICs of BDQ
and TBAJ-587 against both strains were determined by the broth macrodilution method in complete
7H9 broth using polystyrene tubes.

Infection model. Female BALB/c mice, 6 weeks old, were aerosol infected with ;4 log10 CFU of
each M. tuberculosis strain from a log-phase culture with an optical density at 600 nm (OD600) of
;0.8 on day 214 (D214). Treatment started 2weeks later (D0). Mice were sacrificed for lung CFU
counts on D213 and D0 to determine the number of CFU implanted and the number present at the
start of treatment, respectively.

Antibiotic treatment.Mice were treated as indicated in Tables S1 and S2 in the supplemental mate-
rial at the following doses (mg/kg): 12.5, 25, or 50mg/kg BDQ, 25 or 50mg/kg TBAJ-587, 100mg/kg
PMD, 100mg/kg MXF, 100mg/kg LZD, and 150mg/kg PZA once daily 5 days per week for 1 or 2 months,
with the exception of BDQ at 50mg/kg that was given twice daily at 25mg/kg. BDQ and TBAJ-587 were
formulated in 20% hydroxypropyl-b-cyclodextrin solution acidified with 1.5% 1N HCl. PMD was pre-
pared in the CM-2 formulation as previously described (34). LZD was prepared in 0.5% methylcellulose.
MXF and PZA were prepared in water. Except as noted for BDQ at 50mg/kg, the diarylquinolines and
PMD were administered in a single gavage in the morning, and LZD, MXF, and PZA were administered
in the afternoon.

Evaluation of drug efficacy. Efficacy determinations were based on lung CFU counts after 1month
and 2months of treatment. At each time point, lungs were removed aseptically and homogenized in
2.5ml phosphate-buffered saline (PBS). Lung homogenates were plated in serial dilutions on 0.4% char-
coal-supplemented 7H11 agar with 2� selective antibiotics, i.e., to compensate for charcoal absorption
of these drugs. Final concentrations for these antibiotics were 20mg/ml cycloheximide, 100mg/ml car-
benicillin, 50mg/ml polymyxin, and 40mg/ml trimethoprim.

Evaluation of resistance selection. At each time point, lung homogenates from mice infected with
the wild-type H37Rv strain were plated in parallel on drug-free 7H11 plates and on the same plates sup-
plemented with 0.06mg/ml of BDQ. Although this concentration is below the recommended critical con-
centration of 0.25mg/ml for clinical use, it enables more effective recovery of Rv0678 and pepQ mutants
with small shifts in drug susceptibility (i.e., 2 to 8 times increases in MIC) from lung homogenates of
mice, especially when mice are on treatment with BDQ, which accumulates in lungs and is carried over
onto plates, increasing the effective concentration of BDQ, as previously described (27, 35). Aliquots of
lung homogenates from mice infected with the Rv0678 mutant were plated on agar containing a higher
BDQ concentration (1mg/ml) to evaluate for atpE-mediated resistance (27) and on agar containing 2mg/
ml of PMD.

Statistical analysis. Differences between regimens were assessed by one-way analysis of variance
(ANOVA) with Dunnett’s multiple-comparison correction using GraphPad Prism version 8.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.

ACKNOWLEDGMENTS
This research was supported by TB Alliance with support from Australia Aid, the Bill and

Melinda Gates Foundation, and the Germany Federal Ministry of Education and Research
through KfW, Global Health Innovative Technology Fund, Irish Aid, Netherlands Ministry of
Foreign Affairs, UK Aid, and the UK Department of Health.

REFERENCES
1. World Health Organization. 2019. WHO consolidated guidelines on drug-

resistant tuberculosis treatment. World Health Organization, Geneva,
Switzerland.

2. Andries K, Verhasselt P, Guillemont J, Göhlmann HW, Neefs JM, Winkler H,
Van Gestel J, Timmerman P, Zhu M, Lee E, Williams P, de Chaffoy D, Huitric E,
Hoffner S, Cambau E, Truffot-Pernot C, Lounis N, Jarlier V. 2005. A diarylqui-
noline drug active on the ATP synthase of Mycobacterium tuberculosis. Sci-
ence 307:223–227. https://doi.org/10.1126/science.1106753.

3. Borisov SE, Dheda K, Enwerem M, Romero Leyet R, D'Ambrosio L, Centis R,
Sotgiu G, Tiberi S, Alffenaar JW, Maryandyshev A, Belilovski E, Ganatra S,

Skrahina A, Akkerman O, Aleksa A, Amale R, Artsukevich J, Bruchfeld J,
Caminero JA, Carpena Martinez I, Codecasa L, Dalcolmo M, Denholm J,
Douglas P, Duarte R, Esmail A, Fadul M, Filippov A, Davies Forsman L,
Gaga M, Garcia-Fuertes JA, García-García JM, Gualano G, Jonsson J, Kunst
H, Lau JS, Lazaro Mastrapa B, Teran Troya JL, Manga S, Manika K, González
Montaner P, Mullerpattan J, Oelofse S, Ortelli M, Palmero DJ, Palmieri F,
Papalia A, Papavasileiou A, Payen MC, Pontali E, et al. 2017. Effectiveness
and safety of bedaquiline-containing regimens in the treatment of MDR-
and XDR-TB: a multicentre study. Eur Respir J 49:1700387. https://doi.org/
10.1183/13993003.00387-2017.

TBAJ-587 against a Bedaquiline-Resistant Rv0678Mutant Antimicrobial Agents and Chemotherapy

April 2021 Volume 65 Issue 4 e02418-20 aac.asm.org 7

https://doi.org/10.1126/science.1106753
https://doi.org/10.1183/13993003.00387-2017
https://doi.org/10.1183/13993003.00387-2017
https://aac.asm.org


4. Diacon AH, Pym A, Grobusch MP, de los Rios JM, Gotuzzo E, Vasilyeva I,
Leimane V, Andries K, Bakare N, De Marez T, Haxaire-Theeuwes M, Lounis
N, Meyvisch P, De Paepe E, van Heeswijk RP, Dannemann B. 2014. Multi-
drug-resistant tuberculosis and culture conversion with bedaquiline. N
Engl J Med 371:723–732. https://doi.org/10.1056/NEJMoa1313865.

5. Guglielmetti L, Jaspard M, Le Dû D, Lachâtre M, Marigot-Outtandy D,
Bernard C, Veziris N, Robert J, Yazdanpanah Y, Caumes E, Fréchet-Jachym
M. 2017. Long-term outcome and safety of prolonged bedaquiline treat-
ment for multidrug-resistant tuberculosis. Eur Respir J 49:1601799.
https://doi.org/10.1183/13993003.01799-2016.

6. Guglielmetti L, Le Du D, Jachym M, Henry B, Martin D, Caumes E, Veziris N,
Metivier N, Robert J, Andrejak C, Bernard C, Brossier F, Chadelat K,
Dautzenberg B, Jarlier V, Raskine L, Rivoire B, Veziris N, Appere C, Assouline
P, Borie R, Boukari L, Caseris M, Caumes E, Douadi Y, Dumoulin J, Duval C,
Faucher JF, Gallien S, Godet C, Le Grusse J, Lopes A, Meynard JL, Naccache
JM, Philippe B, Richaud C, Saad H, for the MDR-TB Management Group of
the French National Reference Center for Mycobacteria and the Physicians
of the French MDR-TB Cohort. 2015. Compassionate use of bedaquiline for
the treatment of multidrug-resistant and extensively drug-resistant tuber-
culosis: interim analysis of a French cohort. Clin Infect Dis 60:188–194.
https://doi.org/10.1093/cid/ciu786.

7. Ibrahim M, Truffot-Pernot C, Andries K, Jarlier V, Veziris N. 2009. Sterilizing
activity of R207910 (TMC207)-containing regimens in the murine model
of tuberculosis. Am J Respir Crit Care Med 180:553–557. https://doi.org/
10.1164/rccm.200807-1152OC.

8. Lounis N, Veziris N, Chauffour A, Truffot-Pernot C, Andries K, Jarlier V.
2006. Combinations of R207910 with drugs used to treat multidrug-resist-
ant tuberculosis have the potential to shorten treatment duration. Anti-
microb Agents Chemother 50:3543–3547. https://doi.org/10.1128/AAC
.00766-06.

9. Ndjeka N, Schnippel K, Master I, Meintjes G, Maartens G, Romero R,
Padanilam X, Enwerem M, Chotoo S, Singh N, Hughes J, Variava E, Ferreira
H, Te Riele J, Ismail N, Mohr E, Bantubani N, Conradie F. 2018. High treat-
ment success rate for multidrug-resistant and extensively drug-resistant
tuberculosis using a bedaquiline-containing treatment regimen. Eur
Respir J 52:1801528. https://doi.org/10.1183/13993003.01528-2018.

10. Olayanju O, Limberis J, Esmail A, Oelofse S, Gina P, Pietersen E, Fadul M,
Warren R, Dheda K. 2018. Long-term bedaquiline-related treatment out-
comes in patients with extensively drug-resistant tuberculosis from South
Africa. Eur Respir J 51:1800544. https://doi.org/10.1183/13993003.00544
-2018.

11. Pym AS, Diacon AH, Tang SJ, Conradie F, Danilovits M, Chuchottaworn C,
Vasilyeva I, Andries K, Bakare N, De Marez T, Haxaire-Theeuwes M, Lounis
N, Meyvisch P, Van Baelen B, van Heeswijk RP, Dannemann B, TMC207-
C209 Study Group. 2016. Bedaquiline in the treatment of multidrug- and
extensively drug-resistant tuberculosis. Eur Respir J 47:564–574. https://
doi.org/10.1183/13993003.00724-2015.

12. Tasneen R, Li SY, Peloquin CA, Taylor D, Williams KN, Andries K, Mdluli KE,
Nuermberger EL. 2011. Sterilizing activity of novel TMC207- and PA-824-
containing regimens in a murine model of tuberculosis. Antimicrob
Agents Chemother 55:5485–5492. https://doi.org/10.1128/AAC.05293-11.

13. Veziris N, Ibrahim M, Lounis N, Andries K, Jarlier V. 2011. Sterilizing activity of
second-line regimens containing TMC207 in a murine model of tuberculosis.
PLoS One 6:e17556. https://doi.org/10.1371/journal.pone.0017556.

14. Conradie F, Diacon AH, Ngubane N, Howell P, Everitt D, Crook AM,
Mendel CM, Egizi E, Moreira J, Timm J, McHugh TD, Wills GH, Bateson A,
Hunt R, Van Niekerk C, Li M, Olugbosi M, Spigelman M, Nix-TB Trial Team.
2020. Treatment of highly drug-resistant pulmonary tuberculosis. N Engl
J Med 382:893–902. https://doi.org/10.1056/NEJMoa1901814.

15. Tweed CD, Dawson R, Burger DA, Conradie A, Crook AM, Mendel CM,
Conradie F, Diacon AH, Ntinginya NE, Everitt DE, Haraka F, Li M, van Niekerk
CH, Okwera A, Rassool MS, Reither K, Sebe MA, Staples S, Variava E,
Spigelman M. 2019. Bedaquiline, moxifloxacin, pretomanid, and pyrazina-
mide during the first 8 weeks of treatment of patients with drug-susceptible
or drug-resistant pulmonary tuberculosis: a multicentre, open-label, partially
randomised, phase 2b trial. Lancet Respir Med 7:1048–1058. https://doi.org/
10.1016/S2213-2600(19)30366-2.

16. Li S-Y, Tasneen R, Tyagi S, Soni H, Converse PJ, Mdluli K, Nuermberger EL.
2017. Bactericidal and sterilizing activity of a novel regimen with beda-
quiline, pretomanid, moxifloxacin, and pyrazinamide in a murine model
of tuberculosis. Antimicrob Agents Chemother 61:e00913-17. https://doi
.org/10.1128/AAC.00913-17.

17. Tasneen R, Betoudji F, Tyagi S, Li S-Y, Williams K, Converse PJ, Dartois V,
Yang T, Mendel CM, Mdluli KE, Nuermberger EL. 2016. Contribution of

oxazolidinones to the efficacy of novel regimens containing bedaquiline
and pretomanid in a mouse model of tuberculosis. Antimicrob Agents
Chemother 60:270–277. https://doi.org/10.1128/AAC.01691-15.

18. Cohen K, Maartens G. 2019. A safety evaluation of bedaquiline for the
treatment of multi-drug resistant tuberculosis. Expert Opin Drug Saf
18:875–882. https://doi.org/10.1080/14740338.2019.1648429.

19. Andries K, Villellas C, Coeck N, Thys K, Gevers T, Vranckx L, Lounis N, de
Jong BC, Koul A. 2014. Acquired resistance of Mycobacterium tuberculo-
sis to bedaquiline. PLoS One 9:e102135. https://doi.org/10.1371/journal
.pone.0102135.

20. Ismail NA, Omar SV, Joseph L, Govender N, Blows L, Ismail F, Koornhof H,
Dreyer AW, Kaniga K, Ndjeka N. 2018. Defining bedaquiline susceptibility,
resistance, cross-resistance and associated genetic determinants: a retro-
spective cohort study. EBioMedicine 28:136–142. https://doi.org/10.1016/
j.ebiom.2018.01.005.

21. Nimmo C, Millard J, Brien K, Moodley S, van Dorp L, Lutchminarain K, Wolf
A, Grant AD, Balloux F, Pym AS, Padayatchi N, O'Donnell M. 2020. Beda-
quiline resistance in drug-resistant tuberculosis HIV co-infected patients.
Eur Respir J 55:1902383. https://doi.org/10.1183/13993003.02383-2019.

22. Nimmo C, Millard J, van Dorp L, Brien K, Moodley S, Wolf A, Grant AD,
Padayatchi N, Pym AS, Balloux F, O'Donnell M. 2020. Population-level
emergence of bedaquiline and clofazimine resistance-associated variants
among patients with drug-resistant tuberculosis in southern Africa: a
phenotypic and phylogenetic analysis. Lancet Microbe 1:e165–e174.
https://doi.org/10.1016/S2666-5247(20)30031-8.

23. Battaglia S, Spitaleri A, Cabibbe AM, Meehan CJ, Utpatel C, Ismail N,
Tahseen S, Skrahina A, Alikhanova N, Mostofa Kamal SM, Barbova A,
Niemann S, Groenheit R, Dean AS, Zignol M, Rigouts L, Cirillo DM. 2020.
Characterization of genomic variants associated with resistance to beda-
quiline and delamanid in naïveMycobacterium tuberculosis clinical strains.
J Clin Microbiol 58doi:10.1128/jcm.01304–20. https://doi.org/10.1128/
JCM.01304-20.

24. Xu J, Wang B, Hu M, Huo F, Guo S, Jing W, Nuermberger E, Lu Y. 2017. Pri-
mary clofazimine and bedaquiline resistance among isolates from
patients with multidrug-resistant tuberculosis. Antimicrob Agents Che-
mother 61:e00239-17. https://doi.org/10.1128/AAC.00239-17.

25. Sutherland HS, Tong AST, Choi PJ, Blaser A, Franzblau SG, Cooper CB,
Upton AM, Lotlikar M, Denny WA, Palmer BD. 2020. Variations in the C-
unit of bedaquiline provides analogues with improved biology and phar-
macology. Bioorg Med Chem 28:115213. https://doi.org/10.1016/j.bmc
.2019.115213.

26. Franzblau SG, Cho S, Wan B, Ma R, Wang Y, Almeida D, Li S-Y, Lotlikar MU,
Nuermberger EL, Fotouhi N, Upton AM. 2017. In vitro activity against M.
tuberculosis and cross-resistance with bedaquiline of TBAJ-587, a next
generation diarylquinoline in preclinical development for tuberculosis.
Abstr ASM Microbe, New Orleans, LA, June 4, 2017.

27. Xu J, Li SY, Almeida DV, Tasneen R, Barnes-Boyle K, Converse PJ, Upton
AM, Mdluli K, Fotouhi N, Nuermberger EL. 2019. Contribution of preto-
manid to novel regimens containing bedaquiline with either linezolid or
moxifloxacin and pyrazinamide in murine models of tuberculosis. Anti-
microb Agents Chemother 63:e00021-19. https://doi.org/10.1128/AAC
.00021-19.

28. Fujiwara M, Kawasaki M, Hariguchi N, Liu Y, Matsumoto M. 2018. Mecha-
nisms of resistance to delamanid, a drug for Mycobacterium tuberculosis.
Tuberculosis (Edinb) 108:186–194. https://doi.org/10.1016/j.tube.2017.12
.006.

29. Rifat D, Li S-Y, Ioerger T, Shah K, Lanoix J-P, Lee J, Bashiri G, Sacchettini J,
Nuermberger E. 2020. Mutations in fbiD (Rv2983) as a novel determinant
of resistance to pretomanid and delamanid in Mycobacterium tuberculo-
sis. Antimicrob Agents Chemother 65:e01948-20. https://doi.org/10.1128/
AAC.01948-20.

30. Zhang Y, Wade MM, Scorpio A, Zhang H, Sun Z. 2003. Mode of action of pyr-
azinamide: disruption of Mycobacterium tuberculosis membrane transport
and energetics by pyrazinoic acid. J Antimicrob Chemother 52:790–795.
https://doi.org/10.1093/jac/dkg446.

31. Upton AM, Cooper CB, Yang TJ, Lotlikar MU, Li S-Y, Betoudji F, Wang Y,
Kurepina N, Barnes-Boyle K, Kreiswirth BN, Franzblau SG, Nuermberger EL,
Fotouhi N. 2017. TBAJ-587, a Next Generation diarylquinoline in preclinical
development for tuberculosis, with superior antimicrobial potency and effi-
cacy and a low risk of QTc prolongation. Abstr ASM Microbe, New Orleans,
LA, June 4, 2017.

32. Peretokina IV, Krylova LY, Antonova OV, Kholina MS, Kulagina EV, Nosova
EY, Safonova SG, Borisov SE, Zimenkov DV. 2020. Reduced susceptibility

Xu et al. Antimicrobial Agents and Chemotherapy

April 2021 Volume 65 Issue 4 e02418-20 aac.asm.org 8

https://doi.org/10.1056/NEJMoa1313865
https://doi.org/10.1183/13993003.01799-2016
https://doi.org/10.1093/cid/ciu786
https://doi.org/10.1164/rccm.200807-1152OC
https://doi.org/10.1164/rccm.200807-1152OC
https://doi.org/10.1128/AAC.00766-06
https://doi.org/10.1128/AAC.00766-06
https://doi.org/10.1183/13993003.01528-2018
https://doi.org/10.1183/13993003.00544-2018
https://doi.org/10.1183/13993003.00544-2018
https://doi.org/10.1183/13993003.00724-2015
https://doi.org/10.1183/13993003.00724-2015
https://doi.org/10.1128/AAC.05293-11
https://doi.org/10.1371/journal.pone.0017556
https://doi.org/10.1056/NEJMoa1901814
https://doi.org/10.1016/S2213-2600(19)30366-2
https://doi.org/10.1016/S2213-2600(19)30366-2
https://doi.org/10.1128/AAC.00913-17
https://doi.org/10.1128/AAC.00913-17
https://doi.org/10.1128/AAC.01691-15
https://doi.org/10.1080/14740338.2019.1648429
https://doi.org/10.1371/journal.pone.0102135
https://doi.org/10.1371/journal.pone.0102135
https://doi.org/10.1016/j.ebiom.2018.01.005
https://doi.org/10.1016/j.ebiom.2018.01.005
https://doi.org/10.1183/13993003.02383-2019
https://doi.org/10.1016/S2666-5247(20)30031-8
https://doi.org/10.1128/JCM.01304-20
https://doi.org/10.1128/JCM.01304-20
https://doi.org/10.1128/AAC.00239-17
https://doi.org/10.1016/j.bmc.2019.115213
https://doi.org/10.1016/j.bmc.2019.115213
https://doi.org/10.1128/AAC.00021-19
https://doi.org/10.1128/AAC.00021-19
https://doi.org/10.1016/j.tube.2017.12.006
https://doi.org/10.1016/j.tube.2017.12.006
https://doi.org/10.1128/AAC.01948-20
https://doi.org/10.1128/AAC.01948-20
https://doi.org/10.1093/jac/dkg446
https://aac.asm.org


and resistance to bedaquiline in clinical M. tuberculosis isolates. J Infect
80:527–535. https://doi.org/10.1016/j.jinf.2020.01.007.

33. Zimenkov DV, Nosova EY, Kulagina EV, Antonova OV, Arslanbaeva LR,
Isakova AI, Krylova LY, Peretokina IV, Makarova MV, Safonova SG,
Borisov SE, Gryadunov DA. 2017. Examination of bedaquiline- and line-
zolid-resistant Mycobacterium tuberculosis isolates from the Moscow
region. J Antimicrob Chemother 72:1901–1906. https://doi.org/10.1093/
jac/dkx094.

34. Tyagi S, Nuermberger E, Yoshimatsu T, Williams K, Rosenthal I, Lounis N,
Bishai W, Grosset J. 2005. Bactericidal activity of the nitroimidazopyran
PA-824 in a murine model of tuberculosis. Antimicrob Agents Chemother
49:2289–2293. https://doi.org/10.1128/AAC.49.6.2289-2293.2005.

35. Lounis N, Gevers T, Van Den Berg J, Verhaeghe T, van Heeswijk R, Andries
K. 2008. Prevention of drug carryover effects in studies assessing antimy-
cobacterial efficacy of TMC207. J Clin Microbiol 46:2212–2215. https://doi
.org/10.1128/JCM.00177-08.

TBAJ-587 against a Bedaquiline-Resistant Rv0678Mutant Antimicrobial Agents and Chemotherapy

April 2021 Volume 65 Issue 4 e02418-20 aac.asm.org 9

https://doi.org/10.1016/j.jinf.2020.01.007
https://doi.org/10.1093/jac/dkx094
https://doi.org/10.1093/jac/dkx094
https://doi.org/10.1128/AAC.49.6.2289-2293.2005
https://doi.org/10.1128/JCM.00177-08
https://doi.org/10.1128/JCM.00177-08
https://aac.asm.org

	RESULTS
	Bacterial strains and mouse infection model.
	Response to treatment.
	Selection of drug-resistant mutants.

	DISCUSSION
	MATERIALS AND METHODS
	Bacterial strains.
	Infection model.
	Antibiotic treatment.
	Evaluation of drug efficacy.
	Evaluation of resistance selection.
	Statistical analysis.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

