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Purpose: This study aimed to determine the prevalence and molecular characterization of bedaquiline (BDQ) resistance among
rifampicin-resistant tuberculosis (RR-TB) isolates collected from Zhejiang, China.

Patients and Methods: A total of 245 RR-TB isolates were collected from 19 municipal TB hospitals in Zhejiang province, China
between January and December 2021. Microplate assays were used to determine the minimum inhibitory concentrations (MIC) of
BDQ. Whole-genome sequencing (WGS) was performed on isolates with MIC values for BDQ > 0.25 pg/mL.

Results: Five (2.04%) BDQ-resistant strains were isolated from 245 tuberculosis patients. The resistance rate of BDQ was not
correlated to the sex, age, treatment history, or occupation of patients. Four BDQ-resistant isolates and three BDQ-sensitive isolates
were found to carry Rv0678 mutations, and one BDQ-resistant strain carried both Rv0678 and pepQ mutations. No mutations within
the atpE and RvI979c genes were observed.

Conclusion: BDQ demonstrated strong in vitro antibacterial activity against RR-TB isolates, and the Rv0678 gene was identified as
the primary mechanism contributing to BDQ resistance among RR-TB isolates from Zhejiang, China. Furthermore, in addition to the
four currently known resistance-associated genes (atpE, Rv0678, Rvi979c, and pepQ), other mechanisms of resistance to BDQ may
exist that need further study.

Plain language summary: This study looked at a bacterial species called Mycobacterium tuberculosis, which causes the highly
problematic disease, tuberculosis. Certain strains of this bacterium have developed resistance to conventional antibiotics used in
tuberculosis treatment, necessitating an investigation into the efficacy of the newer antibiotic, bedaquiline. We collected 245
rifampicin-resistant tuberculosis samples from patients in Zhejiang, China, subjecting them to bedaquiline susceptibility testing.
Concurrently, we conducted a genetic analysis of the bacteria to pinpoint mutations linked to bedaquiline resistance. Out of the
245 samples, 5 were found to be resistant to bedaquiline. We found that mutations in a gene called Rv0678 were the main reason
for this resistance. This gene had mutations in four of the bedaquiline-resistant samples and three of the bedaquiline-susceptible
samples. One of the bedaquiline-resistant samples had mutations in both Rv0678 and another gene called pepQ. We also found
that bedaquiline was effective at killing drug-resistant tuberculosis bacteria in the lab. However, there may be other genes or
mechanisms that make other bacteria resistant to the drug, which will need further study. Overall, this study helps us understand
how bedaquiline works against drug-resistant tuberculosis bacteria and identifies a genetic mechanism that can cause resistance to

the drug.
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Introduction
Mycobacterium tuberculosis (MTB) has been the leading cause of human death caused by a single infectious agent, preceding
the COVID-19 pandemic, and was responsible for approximately 10.6 million new cases and 1.6 million deaths in 2021." The
rise of drug-resistant tuberculosis (DR-TB) strains, particularly multidrug-resistant TB (MDR-TB) and extensively drug-
resistant TB (XDR-TB) strains, have presented significant challenges to the global goal of controlling TB. The goal of TB
control is to reduce the burden of TB by implementing various strategies, such as early detection and treatment of active TB
cases, infection control measures to prevent transmission, and improving access to TB care and prevention services.*”
According to the World Health Organization (WHO), an estimated 450,000 new rifampicin-resistant TB (RR-TB) cases
occurred globally in 2021, with 78% being MDR-TB." Treating RR/MDR-TB is challenging due to the extended duration of
treatment, limited options for effective therapies, lower cure rates, increased risk of side effects, and higher associated costs.*
Therefore, there is an urgent need to develop new and effective drugs to enhance the chemotherapy of RR/MDR-TB.?
Bedaquiline (BDQ), an innovative oral diarylquinoline drug, received FDA approval in 2012 for the treatment of
MDR-TB and XDR-TB.® Initial clinical trials have demonstrated the efficacy of BDQ in MDR-TB patients, resulting in
improved sputum-negative rates with no cross-resistance observed with current first-line anti-TB drugs.”'° However, the
emergence of BDQ resistance has been observed following its introduction into treatment regimes, with several
mechanisms of resistance having been identified. Non-synonymous mutations in four genes are known to cause BDQ
resistance. Mutations in the afpE gene, which encodes subunit C of the ATP synthase and can prevent BDQ from binding

11-13

to the C subunit, resulting in resistance; mutations in Rv0678, which codes the repressor of the MmpS5-MmpL5

efflux system, was associated with resistance to BDQ;'* and mutations in genes encoding the uncharacterized transporter,
Rv1979c, and the cytoplasmic peptidase, PepQ, have also been reported to confer BDQ resistance.'> !’

Zhejiang province is situated in southeast China and has a total population of 65.77 million. The annual incidence rate
of TB in Zhejiang is estimated to be 41.92 cases per 100,000 population, which is lower than the national average rate of
59.93 cases per 100,000 population.'® In addition, among all incident TB cases, approximately 2.5% were RR-TB, with
4.3% of previously treated TB cases being RR-TB, of which 81.8% were MDR-TB."’

BDQ, a novel drug for the treatment of MDR-TB, was introduced into routine care in China in 2018.%°

Several studies
have suggested that patients receiving BDQ-containing regimens exhibit higher rates of culture conversion and treatment
success compared to those receiving BDQ-free regimens.”'**> However, since limited information is available on the
prevalence and molecular characteristics of BDQ resistance in Zhejiang, it is crucial to investigate these features of BDQ
resistance in RR-TB isolates using whole-genome sequencing (WGS). This investigation will improve the diagnosis and

treatment of RR-TB patients.

Materials and Methods

Bacterial Strains

In our study, Lowenstein—Jensen (L-J) medium was used for isolating and culturing mycobacteria, including MTB. The
growth of tubercle bacilli on L-J medium often taking 2—6 weeks to observe distinct colonies.”® The samples for this
study were collected from 19 municipal TB hospitals located across 10 municipalities of Zhejiang province, China.
Between January 2021 and December 2021, RR-TB isolates were collected from consecutive patients receiving treatment
for smear-positive and Xpert MTB/RIF rapid test rifampicin-resistant tuberculosis. Subsequently, all isolates were
subcultured on Lowenstein—Jensen (L-J) medium for 4 weeks at 37 °C, and serial samples from the same patients
were excluded from this study.

Data Collection

The basic information on RR-TB patients involved in this study is obtained from the National Tuberculosis Information
Management System (TBIMS). This system records registration details of tuberculosis patients, such as sex, age,
treatment history, occupation, and other relevant information.
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Conventional Drug Susceptibility Testing

Conventional drug susceptibility testing (DST) was performed using the 1% proportion method on the L-J medium,
according to the Clinical and Laboratory Standards Institute guidelines.”* The Mycobacterium tuberculosis (MTB)
suspension was inoculated into an L-J medium which contained anti-TB drugs; an L-J medium without drugs was
utilized as a control. The concentrations of the antituberculosis drugs for susceptibility testing were as follows: 0.2 ug/
mL for isoniazid (INH), 40pg/mL for rifampin (RIF), 4.0 pug/mL for streptomycin (SM), 2.0 pg/mL for ethambutol
(EMB), 2 pg/mL for ofloxacin (OFX), 30 pg/mL for kanamycin (KAN), 2 pg/mL for moxifloxacin (MXF), and 2 pg/mL
for levofloxacin (LFX).”> MDR-TB was defined as any strain with resistance to at least INH and RIF. Pre-extensively
drug-resistant tuberculosis (Pre-XDR-TB) was defined as any MDR-TB isolates with additional resistance to either OFX
or KAN. XDR-TB was defined as resistance to RIF, any fluoroquinolone, and at least one of BDQ or Linezolid (LZD).'

Minimum Inhibitory Concentrations
The susceptibility of RR-TB isolates to BDQ was assessed using microplate assay (Wuhan Baso Medical Device Co.,
China). The testing procedures were conducted according to the manufacturer’s instructions.

To prepare the MTB suspension, fresh colonies from the L-J medium (Wuhan Baso Medical Device Co., China) were
ultrasonically milled into a 1.0 McFarland suspension. The suspension was diluted 100-fold with culture medium
containing 10% oleic acid-albumin-dextrose-catalase (OADC). An inoculum of 1.0x10° CFU/mL was added to each
well using an Automatic Sample Adding Device (Wuhan Baso Medical Device Co., China). The plates were incubated at
37 °C for 14-21 days and DST results were read by two trained operators using the Microbial Drug Sensitivity Analysis
System (Wuhan Baso Medical Device Co., China). A third experimenter reviewed inconsistent results. The MIC was
defined as the lowest antibiotic concentration that inhibited visible growth. To ensure valid results, no wells were
skipped, there was no contamination, and positive-control growth was observed.”® Each batch of drug susceptibility
testing included H37Rv (ATCC 27294) as a pan-susceptible control. The breakpoint concentrations for BDQ were defined
as 0.25 pg/mL according to the European Committee on Antimicrobial Susceptibility Testing (EUCAST) guidelines.?’
Duplicate DSTs were performed for each isolate, and the MICso, MICyy, and MICys values were defined as the
concentration required to inhibit the growth of 50%, 90%, and 95% of the strains, respectively.

DNA Extraction and Sequencing

In this study, isolates with bedaquiline MIC values > 0.25 ng/mL were scraped from the L-J medium slant, and their
genomic DNA were extracted using the cetyltrimethylammonium bromide (CTAB) method.?® Sequencing libraries were
prepared following the manufacturer’s protocol using the Illumina Nextera kit and sequenced on Illumina Hisseq 2500
system (Illumina, Inc., San Diego, CA, USA) with 2x150 paired-end (PE) strategies. All whole-genome sequencing
procedures were conducted by Lianchuan Biotechnology Co., Ltd (Hangzhou, China).

Quality Control and Genome Alignment
To ensure sample purity and minimize contamination, we employed the Kraken software (http://ccb.jhu.edu/software/kraken/)

for species identification. Specifically, we excluded reads identified as different species or with MTB ratios below 80%. This
step helped to enhance the reliability of our analysis by focusing on reads that predominantly represented MTB.?’

(Burrows-Wheeler Alignment Maximal exact matches) BWA-MEM was used to align the remaining sequencing reads
to the reference genome H37Rv (NC_000962.2).*° Only clean data with an average sequencing depth greater than 200x
and genome coverage >95% were retained for subsequent WGS data analysis.

Genotypic Mutations and Lineage Analysis
The drug susceptibility of the RR-TB was predicted using WGS-based analysis with TB-profiler software (https://github.
com/jodyphelan/TB-profiler).®' This software can identify genetic polymorphisms associated with drug resistance and

provides information on the lineage and sublineage of each isolate.’’
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Statistical Analysis

Statistical analysis was conducted using the chi-square test or Fisher’s exact test to compare proportions or resistant
rates, and statistical significance was defined as P < 0.05. The statistical analyses were conducted using PASW Statistics
v.26.0 software (IBM SPSS Statistics, Armonk, NY, USA).

Ethics Statement

The study was approved by the ethics review committee of Zhejiang Center for Disease Control and Prevention (Ref. No
AF/SC-06/01.0). The patient’s informed consent was waived as the samples were collected from existing specimens
obtained during routine examinations. Data retrieval was facilitated through a secure interface to prevent unauthorized
access.

Results

Demographic Information

A total of 297 patients were initially enrolled, however, 37 patients (12.46%, 37/297) failed to produce specimen cultures
and 9 specimens (3.03%, 9/297) were contaminated. Out of the 251 strains (84.51%, 251/297) that tested positive for
Mycobacterium culture, three were identified as susceptible MTB (1.20%, 3/251) and three (1.20%, 3/251) were non-
tuberculous Mycobacterium (NTM). The remaining 245 RR-TB strains (97.61%, 245/251) were used for subsequent
analysis, with 171 (69.80%, 171/245) strains from patients with new cases and 74 (30.20%, 74/245) from retreated cases.
The majority of patients were male, accounting for 75.51% (185/245), with 24.49% (60/245) female patients. No
statistically significant difference was observed between the genders (P = 0.057). Patients’ age ranged from 14 to 87
years, with a mean age (X & SD) of 45.34+16.80 years, and no significant difference was found between age groups
(P=0.693) or occupation groups (P=0.070). Detailed demographic information is presented in Table 1.

Drug Susceptibility Patterns
DST results for the nine anti-TB drugs revealed that among the 245 RR-TB isolates, the most prevalent resistance was to
rifampin (100%, 245/245) and isoniazid (64.08%, 157/245), followed by ethambutol (24.08%, 59/245), ofloxacin

Table | Analysis of Basic Demographic Characteristics of Patients with RR-TB

Characteristics New Cases Retreated Cases Total x? P-value
(n=171) N (%) (n=74) N (%) (n=245) N (%)

Sex
Male 135 (78.95) 50 (67.57) 185 (75.51) 3.617 0.057
Female 36 (21.05) 24 (32.43) 60 (24.49)

Age group (years)
<30 30 (17.54) 12 (16.22) 42 (17.14) 2.233 0.693
3044 44 (25.73) 18 (24.32) 62 (25.31)
45-59 48 (28.07) 23 (31.08) 71 (28.98)
60-74 42 (24.56) 15 (20.27) 57 (23.27)
275 7 (4.09) 6 (8.11) 13 (5.31)

Occupation
Farmers 52 (30.41) 23 (31.0) 75 (30.61) 3.720 0.070
Industrial workers 29 (16.96) 7 (9.46) 36 (14.6)
Service industries 6 (3.51) 4 (5.41) 10 (4.08)
Students 10 (5.85) 0 (0) 10 (4.0)
Public Institutions 10 (5.85) 5(6.7) 15 (6.12)
Unemployed 27 (15.79) 16 (21.6) 43 (17.5)
Retirement 8 (4.68) 3 (4.0) Il (4.4)
Others 29 (17.00) 16 (21.62) 45 (18.3)
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(9.39%, 23/245), kanamycin (2.04%, 5/245), bedaquiline (2.04%, 5/245), streptomycin (0.82%, 2/245), levofloxacin
(0.82%, 2/245), and moxifloxacin (0.41%, 1/245). The proportions of MDR, Pre-XDR, and XDR isolates were 64.08%
(157/245), 11.02% (27/245), and 0.41% (1/245), respectively (Figure 1).

Bedaquiline Resistance Across Various Drug Resistance Patterns

Drug susceptibility testing was performed on 245 RR-TB isolates to evaluate the MIC values of BDQ. The MIC values
ranged from 0.016 pg/mL to 0.031 pg/mL; the quality control strain, H37Rv, was used to verify the reproducibility of the
results. For all RR-TB isolates, the overall MIC range of BDQ was 0.016—1.0 pg/mL, with MICsq, MICqg, and MICys
values of 0.031pg/mL, 0.125 pg/mL, and 0.25 pg/mL, respectively. Of the 245 RR-TB isolates, 240 strains (97.96%)
were susceptible and 5 (2.04%) were resistant to BDQ based on the susceptible breakpoint of <0.25 pug/mL. For MDR-
TB isolates, two isolates (1.27%) showed bedaquiline MICs > 0.25 pg/mL and 243 isolates (98.73%) showed MICs
<0.25 pg/mL. bedaquiline MICs ranged from 0.016 pg/mL to 1 pg/mL, with MICso, MICgq, and MICys values of 0.031
pg/mL, 0.125 pg/mL, and 0.125 pg/mL, respectively. For Pre-XDR isolates, one (3.70%) showed a bedaquiline MIC >
0.25 pg/mL and 26 (96.30%) showed MICs <0.25 pg/mL; bedaquiline MICs ranged from 0.016 pg/mL to 0.5 pg/mL,
with MICso, MICyg, and MICys values of 0.063 pg/mL, 0.25 pg/mL, and 0.25 pg/mL, respectively. The MIC values of
bedaquiline were compared among RR-TB isolates resistant to various TB therapeutic agents. The bedaquiline MICs,
values for RR-TB isolates resistant to isoniazid, ethambutol, streptomycin, and kanamycin were all 0.031pg/mL, while
the MICs, values for ofloxacin, levofloxacin, and moxifloxacin were 0.063 pg/mL. Furthermore, the MICy, values of
bedaquiline were 0.125 pg/mL for isoniazid, ethambutol, and streptomycin, 0.25 pg/mL for ofloxacin, and 0.063 pg/mL
for levofloxacin, moxifloxacin, and kanamycin, respectively. The MICys values of bedaquiline for isoniazid and
streptomycin-resistant strains were found to be consistent at 0.125 pg/mL, while ethambutol and ofloxacin-resistant
strains showed consistency at 0.25 pug/mL. levofloxacin, moxifloxacin, and kanamycin-resistant strains also exhibited
uniformity in MICys values at 0.063 pg/mL. These bedaquiline MIC results are summarized in Table 2.

Patient Demographics and Bedaquiline Resistance in RR-TB Patients
Table 3 shows the results of the statistical analysis of patient demographics and their association with BDQ resistance in

RR-TB patients. There was no significant difference in the rate of BDQ resistance based on sex, age, treatment history, or
occupation (Table 3). Out of the five patients identified with BDQ-resistant MTB, two were diagnosed with MDR-TB,
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Figure | Drug susceptibility patterns of 245 Mycobacterium tuberculosis isolates from Zhejiang.
Abbreviations: RIF, rifampicin; INH, isoniazid; EMB, ethambutol; SM, streptomycin; OFX, ofloxacin; LFX, Levofloxacin; KAN, kanamycin; BDQ, bedaquiline; MDR,
multidrug-resistant; Pre-XDR, pre-extensively drug-resistant; XDR, extensively drug-resistant.
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Table 2 MIC Distribution of Mycobacterium Tuberculosis isolates Against Bedaquiline According to Different Resistance Patterns

Resistance Pattern No. of Strains No. of Strains with Different MIC (ng/mL) No. of Resistant MIC;, MIC,, MICy;
0.008 | 0.016 | 0.031 | 0.063 | 0.125 | 025 | 0.5 | | 2 4 Strains (%)° | (hg/ml) | (ng/mL) | (ng/ml)
All isolates 245 0 22 108 70 31 8 3 2 0 0 5 (2.04) 0.031 0.125 0.25
MDR® 157 0 I 76 47 16 5 2 0 0 0 2 (0.82) 0.031 0.125 0.125
Pre-XDR*® 27 0 5 7 Il | 2 | 0 0 0 I (0.41) 0.063 0.25 0.25
XDR¢? | 0 0 0 0 0 0 | 0 0 0 I (0.41) 0.5 0.5 0.5
Resistant to INH 157 0 11 76 47 16 5 2 0 0 0 2 (0.82) 0.031 0.125 0.125
Resistant to EMB 59 0 6 33 14 | 3 | | 0 0 2 (0.82) 0.031 0.125 0.25
Resistant to SM 2 0 0 | 0 | 0 0 0 0 0 0 (0) 0.031 0.125 0.125
Resistant to OFX 23 0 4 6 9 | 2 | 0 0 0 | (0.41) 0.063 0.25 0.25
Resistant to LFX 2 0 0 0 2 0 0 0 0 0 0 0 (0) 0.063 0.063 0.063
Resistant to MXF | 0 0 0 | 0 0 0 0 0 0 0 (0) 0.063 0.063 0.063
Resistant to KAN 5 0 | 2 2 0 0 0 0 0 0 0 (0) 0.031 0.063 0.063

Notes: “The resistance rate breakpoint was = 0.25 ug/mL.“‘ ®MDR, Defined as resistance to at least INH and RIF. “Pre-XDR, Pre-extensively drug-resistant, defined as MDR isolates with additional resistance to either OFX or KAN.
9XDR, Extensively drug-resistant, defined as resistance to RIF, any fluoroquinolone and at least one of BDQ or Linezolid.
Abbreviations: MIC, minimum inhibitory concentration; MDR, multidrug-resistant; Pre-XDR, Pre-extensively drug-resistant; XDR, extensively drug-resistant; INH, isoniazid; EMB, ethambutol; SM, streptomycin; OFX, ofloxacin; LFX,

Levofloxacin; MXF, Moxifloxacin; KAN, kanamycin.
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Table 3 Comparison of Bedaquiline Resistance Rates According to RR-TB Patient Demographics
Characteristics No. of MIC Range MIC;, MICyo MICy; No. of resistant x? P-value
Strains (ng/mL) (ng/mL) (ng/mL) (ng/mL) strains (%)

Sex
Male 185 0.016-1 0.031 0.125 0.125 3 (1.62) 0.084 | 0.772
Female 60 0.016-0.5 0.031 0.125 0.25 2 (3.33)

Age group (years)
<30 42 0.016-0.5 0.063 0.125 0.25 1 (2.38) 3234 | 0519
3044 62 0.016-0.25 0.063 0.125 0.125 1 (1.61)
45-59 71 0.016-1 0.063 0.25 0.25 3 (4.23)
60-74 57 0.016-0.125 0.031 0.063 0.125 0 (0)
275 13 0.016-0.125 0.031 0.125 0.125 0 (0)

Treatment history
New cases 171 0.016-1 0.031 0.125 0.125 3 (1.75) 0.232 | 0.630
Retreated cases 74 0.016-0.5 0.031 0.125 0.25 2 (2.70)

Occupation
Farmers 75 0.016-1 0.063 0.125 0.125 1 (1.33) 4450 | 0736
Industrial workers 36 0.016-I 0.031 0.063 0.125 1 (2.78)
Service industries 10 0.016-0.125 0.031 0.063 0.125 0 (0)
Students 10 0.016-0.125 0.031 0.125 0.125 0(0)
Public Institutions 15 0.016-0.5 0.063 0.125 0.5 1 (6.67)
Unemployed 43 0.016-0.25 0.031 0.125 0.25 0 (0)
Retirement I 0.016-0.125 0.063 0.125 0.125 0 (0)
Others 45 0.016-0.5 0.031 0.25 0.25 2 (4.44)

Abbreviation: MIC, minimum inhibitory concentration.

one was diagnosed with pre-XDR-TB, one was diagnosed with XDR-TB, and one had RIF-resistant MTB. The MIC
values for BDQ were 0.5 pg/mL for three of the strains, and the remaining two strains had MIC values of 1 pg/mL.
Among the five patients, three were new cases and two had a history of prior treatment with anti-TB drugs.

Genetic Mutations Associated with Bedaquiline Resistance in RR-TB Isolates

Thirteen RR-TB isolates with MIC values for BDQ > 0.25 pg/mL were subjected to WGS to identify BDQ-resistant
mutants (Table 4). No mutation within the atpE gene was detected in these isolates. However, five BDQ-resistant and
three BDQ-susceptible isolates carried mutations in Rv0678 and PepQ. A total of five mutation types were identified in
BDQ-resistant isolates, including G192 insertion, A275 duplication, U273G mutation leading to an amino acid change of
Phe79Cys, A413G mutation causing Glul38Gly amino acid change, A187C mutation causing an amino acid change of
Ser63Arg, and PepQ c.131G>A. The identified mutations in BDQ-sensitive isolates are detailed as follows:
a GCC305GUC mutation, a missense mutation, causing an amino acid substitution from Alanine to Valine at position
102 in the Rv0678 gene; an AGC5AUC mutation, also a missense mutation, resulting in an amino acid substitution of
Serine to Isoleucine at position 2; and a G198 duplication, representing a duplication mutation, within the Rv0678 gene
(Table 4). Among these five BDQ-resistant isolates with mutations in Rv0678 and pepQ, four belonged to the Beijing
genotype and one to the non-Beijing genotype. Furthermore, of the three BDQ-susceptible isolates with mutations in the
Rv0678 gene, one was the non-Beijing genotype and two were the Beijing genotype. Moreover, of the eight patients with
MIC values of BDQ > 0.25 pg/mL with mutations in Rv0678 and pepQ, four were retreated cases and the remaining four
were new cases based on treatment history (Table 5).

Discussion

BDQ has demonstrated high efficacy in the treatment of RR/MDR-TB,** however, insufficient or incomplete use may
lead to the emergence of drug-resistant strains. Despite this, there are limited studies that have investigated the resistance
status of BDQ in patients with RR/MDR-TB in Zhejiang province, China.*® In this study, we evaluated the distribution of
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Table 4 Mutation Analysis of BDQ-Resistant Genes Among |3 RR-MTB Isolates

Resistance Isolates (n)

Isolate Number

Gene Mutation Type

No. of Isolates (%)

MIC of BDQ (pg/mL)

Treatment History

atpE Rv0678 PepQ Rv1979c
BDQ-resistant isolates (5) R191 WT 192insG WT WT | | New cases
RO79 WT 275dupA WT WT [ | New cases
R213 WT UUC237UGC Phe79Cys WT WT | 0.5 Retreated cases
R297 WT GAA413GGA Glul38Gly WT WT [ 0.5 New cases
R160 WT AGCI87CGC Ser63Arg c.I31G>A WT | 0.5 Retreated cases
Total - - - - - 5 (38.46) 0.5-1 -
BDQ-sensitive isolates (8) S086 WT GCC305GUC/Alal02Val WT WT | 0.25 New cases
S253 WT AGC5AUC/ Ser2lle WT WT | 0.25 Retreated cases
S259 WT 198dupG WT WT | 0.25 Retreated cases
S085 WT WT WT WT | 0.25 Retreated cases
S099 WT WT WT WT | 0.25 Retreated cases
S206 WT WT WT WT | 0.25 Retreated cases
S240 WT WT WT WT | 0.25 Retreated cases
S284 WT WT WT WT | 0.25 New cases
Total - - - - - 8 (61.54) 0.25 -

Abbreviations: MIC, minimum inhibitory concentration; BDQ, bedaquiline; WT, wide type.
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Table 5 Drug Resistance Data Among 8 RR-MTB Isolates with Gene Mutation

Isolate Number | MIC of BDQ (ng/mL) | Drug Resistance Profile Sex Age (Years) | Treatment History Lineage

RI9I | RIF M 46 New cases Lineage 2.2.1
R0O79 | RIF, EMB M 47 New cases Non-Beijing
R213 0.5 RIF F 46 Retreated cases lineage 2.2.1
R297 0.5 RIF, INH, EMB, OFX M 26 New cases Lineage 2.2.1
R160 0.5 RIF, EMB F 32 Retreated cases Lineage 2.2.1
S086 0.25 RIF, INH, EMB M 53 New cases Non-Beijing
S259 0.25 RIF F 47 Retreated cases Lineage 2.2.1
S253 0.25 RIF, INH, EMB, OFX M 25 Retreated cases Lineage 2.2.1

Abbreviations: MIC, minimum inhibitory concentration; BDQ, bedaquiline; M, male; F, female; rifampin, RIF; INH, isoniazid; EMB, ethambutol; OFX, ofloxacin.

MIC values and resistance among 245 RR-TB isolates to BDQ, focusing on identifying any strains with a resistance to
the drug. Five of the isolates were found to be resistant to BDQ, based on the breakpoint of 0.25 pg/mL. Our findings
indicate that BDQ exhibited comparable in-vitro efficacy against clinical isolates resistant to various RR-TB agents, such
as isoniazid, streptomycin, ethambutol, ofloxacin, levofloxacin, moxifloxacin, and kanamycin. The MIC values for most
BDQ-susceptible isolates ranged from 0.016-0.25 pg/mL, while those for BDQ-resistant isolates ranged from 0.5-1.0
pg/mL. Notably, the resistance rate of RR-TB to BDQ in Zhejiang province, China, was found to be lower (2.04%) than
that of commonly used first- and second-line drugs, indicating that BDQ has strong in-vitro antibacterial activity against
RR-TB strains. However, the resistance rates of BDQ vary significantly in different countries and regions, ranging from
approximately 1.0% in France,** 1.3% in Russia,” 2.2-3.9% in China,>*® and 2.3% in multinational populations.®***°
Such inconsistencies may be attributed to factors such as differences in epidemic strains, medication history, and the local
genotype of epidemic strains. Furthermore, previous studies have shown that BDQ and clofazimine (CFZ) exhibit cross-
resistance, and prior exposure to CFZ could lead to the development of resistance to BDQ.'> Therefore, it is crucial to
closely monitor the mechanisms, changes in MIC values, and clinical outcomes during drug therapy to prevent the
increase in resistance and the spread of drug-resistant strains.

Based on the 2022 Global Tuberculosis Report, a notable sex disparity in TB incidence exists between men and women.
Globally, the prevalence ratio stands at approximately 1.7:1, rising to about 2.0:1 in the WHO Western Pacific region.' Some
studies revealed that the risk of both TB and DR-TB is notably higher in men compared to women.*' ** Several factors
contribute to this gender-based disparity. Firstly, young and middle-aged men are often significant contributors as primary
earners in families, particularly among migrant workers, leading to increased population mobility and higher occupational
exposure to TB. Secondly, economic pressures, substandard living conditions, and detrimental habits like smoking and
excessive drinking prevalent among men can compromise their immune systems, heightening the risk of drug-resistant
tuberculosis.*>**® Furthermore, research has demonstrated lower treatment compliance among men, contributing to a higher
occurrence of drug-resistant tuberculosis.*” Given these findings, future TB prevention and control efforts should prioritize
men as a key demographic. Public awareness campaigns targeting TB prevention and control must be intensified within this
group, and relevant policies need to be implemented to address this gender-specific health challenge.

Studies from Taiwan have reported that over 95% of patients with RR-TB are also resistant to INH, suggesting that rifampicin
resistance detection can serve as a surrogate marker for multidrug-resistant tuberculosis.*® However, a meta-analysis study
revealed a wide variation in the overall detection rate of INH resistance among RR-TB patients; Xinjiang had the lowest detection
rate at 57%, whereas Hong Kong and Macao had the highest rates of INH resistance, with an overall detection rate of over 90%.*’
In contrast, Shen et al found that 83% of rifampicin-resistant strains were also classified as MDR-TB.”° As a result, the use of
INH resistance as a screening marker for MDR-TB remains controversial and requires further study.

In this study, we found that all five BDQ-resistant isolates had mutations in known BDQ-resistance-associated genes.
The Rv0678 gene, which encodes a transcriptional repressor of the efflux pump system, had the highest mutation rate of
100%. The genes MmpS5 (Rv0677c) and MmpL5 (Rv0676¢c) encode for a drug efflux pump. Mutations in these genes
result in the overexpression of the efflux pump MmpS5/MmpL5 and reduced intracellular drug concentration.'* The
association between mutations in the Rv0678 gene and BDQ resistance has been previously reported. In a study by Omar
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et al’' 130 isolates of MTB were sequenced and all isolates were found to carry the Rv0678 mutation. The most common
mutations associated with resistance in the Rv0678 gene were shifts in the guanylate homodimer at nt192—-198 and in the
low sequence complexity regions at nt138—144 and nt212-216.°" In a Ugandan study, frameshift mutations in Rv0678
Glu49fs were detected in two XDR-TB isolates resistant to bedaquiline. Notably, patient non-adherence, evident in the
clinical history, played a significant role in the development of this acquired resistance.> Another study by Guo, focusing
on bedaquiline-resistant mutants in TB, thoroughly analyzed 168 mutants. The results notably revealed that a significant
majority (157/168) of these mutants had mutations in the Rv0678 gene, specifically identified at nucleotide positions
(286287 and 198-199). Additionally, this study identified a newly recognized gene, glpK, showcasing a prevalent
mutation (85.7%) and displaying a strong correlation with bedaquiline resistance.> In our study, no mutations in the apE
gene (Rv1305), which encodes the target of BDQ, were identified. Mutations in the atpE gene result in reduced binding
of BDQ to the ¢ subunit of the F, structural domain of ATP synthase, which leads to decreased H' transfer and ATP
production. Some studies have reported that the atpE gene is mostly mutated at positions 28 and 63."""'* The pepQ
(Rv2535¢) gene encodes Xaa-Pro cytoplasmic peptidase, and its mutation is also associated with reduced sensitivity to
BDQ.'’ However, the exact mechanism by which mutations in the pepQ and Rv1979¢ genes lead to reduced sensitivity to
BDQ remains unclear. Monitoring the development of these mutations during treatment is crucial in preventing the
spread of drug-resistant strains.

Previous studies have reported that differences in gene expression profiles can lead to differences in drug resistance
between strains of MTB, and strains that are susceptible to drug resistance may have higher transmission rates and
relapse rates.*>> Currently, MTB is globally classified into seven major lineages (Lineage 1 to Lineage 7), with Lineage
2 (mainly composed of the Beijing sublineage family, Lineage 2.2) and Lineage 4 being the most prevalent in China,
while Lineage 1 and Lineage 3 are less common. The Beijing family, which is a subtype of lineage is highly prevalent,
with wider transmission and a higher proportion of drug-resistant strains than non-Beijing families. However, the
prevalence of the Beijing family varies across regions and countries.’®>® Our data also suggested that the most prevalent
MTB subtype in Zhejiang province, China, was lineage 2.2.1. Therefore, future studies should focus on monitoring drug
resistance in lineage 2 strains, particularly in the Beijing family.

Several limitations in this study should be acknowledged. First, WGS was only performed on isolates with BDQ MIC >
0.25 pg/mL, and it remains unclear whether isolates with lower MIC values have mutations that confer resistance to BDQ.
This highlights the need for further investigation to determine the genetic basis and underlying mechanisms of BDQ resistance
in these strains. Second, the analysis of genetic diversity was based on the TB-profiler platform, which may not have identified
all resistance genes due to limited coverage of gene loci. Future studies should consider a more comprehensive approach to
analyze and mine the WGS data. Third, the resistance rate of BDQ is currently low and the number of strains that were
analyzed for resistance in this study was relatively small, which result in a limited representation of the molecular
characteristics of resistance. Future studies should include larger sample sizes to improve the understanding of BDQ
resistance. Fourth, the lack of relevant treatment information, especially for patients who failed treatment, is another limitation
of this study. Comprehensive genotype data and treatment information should be reported in subsequent studies to facilitate
a better understanding of the correlation between genotype and phenotype in BDQ resistance.

Conclusion

The results of this study suggest that BDQ exhibits remarkable efficacy against RR-TB in Zhejiang province, China, with
no significant correlation observed between the resistance rate of BDQ and demographic or clinical characteristics.
Furthermore, the analysis of the genetic basis of BDQ resistance revealed that mutations in the Rv0678 gene are the
predominant mechanism underlying BDQ resistance. These findings provide valuable insights into the use of BDQ in the
treatment of RR-TB and emphasize the importance of continued monitoring and surveillance of BDQ resistance in
clinical settings.

Abbreviations
BDQ, Bedaquiline; RR-TB, rifampicin-resistant Mycobacterium tuberculosis; MIC, minimum inhibitory concentrations;
WGS, Whole-genome sequencing; TB, Tuberculosis; DR-TB, drug-resistant tuberculosis; MDR-TB, multidrug-resistant

6960 "o Infection and Drug Resistance 2023:16

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Tong et al

TB; XDR-TB, extensively drug-resistant TB; DST, drug susceptibility testing; L-J, Lowenstein—Jensen medium; MTB,
Mycobacterium tuberculosis; INH, isoniazid; RIF, rifampin; SM, streptomycin; EMB, ethambutol; OFX, ofloxacin;
KAN, kanamycin; MXF, moxifloxacin; LFX, levofloxacin; Pre-XDR-TB, Pre-extensively drug-resistant tuberculosis;
LZDLinezolid; OADC, oleic acid-albumin-dextrose-catalase; EUCAST, European Committee on Antimicrobial
Susceptibility Testing; CTAB, cetyltrimethylammonium bromide; NTM, non-tuberculous Mycobacterium.
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