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Background: Sudapyridine (WX-081) has exhibited equivalent efficacy than its counterpart parent drug bedaquiline (BDQ) but better
safety profile against Mycobacterium tuberculosis (Mtb). Our study was aimed to evaluate in vitro activity of WX-081 against the
clinical isolates of Mtb with different drug-resistance profiles and the intracellular bactericidal activity against the reference strain.
Methods: The minimum inhibitory concentrations (MICs) of WX-081 and BDQ were tested against 114 Mtb clinical isolates. The
intracellular activity of WX-081 and BDQ against the Mtb reference strain H37Rv in THP-1 cells was also evaluated in parallel.
Results: The MICs for WX-081 of the enrolled isolates ranged from 0.0156 pg/mL to 1 pg/mL. The MICso and MICy, of WX-081
were, respectively, 0.25 pg/mL and 0.5 pg/mL, with 95.6% of the enrolled strains having MICs <0.25 pg/mL. For a given strain, the
MIC value of WX-081 was generally equivalent to or 2-fold than MIC of BDQ. The intracellular bacterial killing was acquired with
the tested drug concentrations that were presumed attainable during clinical usage.

Conclusion: WX-081 exhibited potent efficacy against the clinical isolates in vitro. The intracellular killing effect of sudapyridine
against the reference strain supports its potential efficacy in treating TB patients.
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Introduction

Tuberculosis, (TB) a chronic infectious disease caused by Mycobacterium tuberculosis (Mtb), remains one of the leading
causes of global deaths. According to the Global tuberculosis report (2021), the estimated TB incidence was 59 per
100,000 population while the mortality rate was 2.1/100,000 in China.' One of the major challenges that currently hinder
the national TB program of China is drug resistance. Multiple drug-resistant tuberculosis (MDR-TB) and MDR-TB plus
additional resistance to fluoroquinolone and second-line injectable reagent (once named extensively drug-resistant (XDR)
TB, and herein called Pre-XDR TB according to the new concept of WHO) render the treatment arduous and unsatisfac-
tory. This is mostly due to unavailability of potent drugs and the lengthy and complicated treatment course which
deteriorates the overall treatment outcomes.” > Developing new, safe, high-efficiency anti-TB drugs is the mainstay to
cope with the seriousness of drug resistance.

Bedaquiline (BDQ) is among the first anti-TB drugs, with a novel mechanism, that has been approved since 1962. It
works by inhibiting the proton pump of ATP synthesis and has demonstrated potent bactericidal activities in vitro and in
vivo.®” Several studies have proved the high efficacy of BDQ in treating drug-resistant TB.®'° Due to its potent efficacy,
BDQ was listed as the first-line choice drug for long-term treatment of MDR/rifampicin resistant (RR)-TB by WHO in
2018. Meanwhile, the major disadvantages of using BDQ include prolongation of the QT interval, cardiotoxicity,
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hepatotoxicity, and cross-resistance between BDQ and clofazimine.'""'? Hence, the analogs of BDQ with similar efficacy
but lesser side effects are pursued.

Sudapyridine (WX-081), an innovative diarylpyridinated drug formed by substituting the bromoquinoline of BDQ
with a 5-phenylpyridine, was introduced to clinical development stage in 2018."* In vivo animal studies have shown that
WX-081 had higher lung tissue concentration, greater safety, and lower risk of QT interval prolongation than BDQ.'
Furthermore, the drug did not manifest any effect on heart rate, electrocardiograph (ECG) morphology, or blood pressure
in animal models.'* A phase III clinical trial (CTR20221162) is ongoing after a successful phase II clinical trial (data is
ready for publication).

The recent first publication on WX-081 presented the in vitro inhibitory outcomes of this drug candidate against few
clinical isolates and the in vitro time-kill activity assay.'” In order to better understand its therapeutic potential on TB, we
measured the MICs of WX-081 and BDQ against 114 clinical Mtb isolates, including sensitive strains, MDR strains, and
Pre-XDR strains. Moreover, we also evaluated the bactericidal activity of WX-081 against Mtb in macrophages. The
purpose of this study is to expand current information on sudapyridine and its anti-TB activity.

Materials and Methods
Ethics Statement

As the study only involved laboratory testing of mycobacterial strains without the direct involvement of human subjects,
ethical approval was not sought, and Biosafety Level 3 precautions and laboratory conditions were adhered to and
maintained.

Compounds
BDQ was purchased from Liye-Pharmaceutical (Nanjing, China) Co., Ltd. and WX-081 was provided by Shanghai Jiatan
Biotech Ltd.

Reference Strains and Clinical Isolates

The reference strain of Mtb H37Rv (ATCC 27294) and 114 clinical isolates were collected from the Bio-bank of Beijing
Chest Hospital (Beijing, China). The isolates were firstly cultured positive on Lowenstein-Jensen (LJ) medium, and then
classified as tuberculosis preliminarily with negative results using p-nitrobenzoic acid-containing medium (500 pg/mL).
All the strains were identified to tuberculosis by the alignments of /6S rRNA, rpoB, hsp65, 16-23S rRNA internal
transcribed spacer sequence genes.'> The clinical isolates including 41 sensitive strains (S-TB), 35 MDR strains, and 38
Pre-XDR strains were determined by drug susceptibility testing (proportion method) using LJ medium. These clinical
strains were identified as Mtb by using the p-nitrobenzoic acid-containing medium (500 pg/mL).

Minimal Inhibitory Concentration (MIC) Testing

BDQ and WX-081 were dissolved in Dimethyl sulfoxide (DMSO) at a stock concentration of 8 mg/mL and stored at
—80°C. MIC detection was performed according to the Clinical and Laboratory Standards Institute (CLSI) guidelines.'®
Briefly, the MICs of BDQ and WX-081were determined by 7H9 medium using 2-fold dilutions ranging from 0.0039 to
2.0 pg/mL. Bacterial suspension was prepared using the 1 McFarland turbidity standard, diluted at 1:20, and added to
a 96-well plate. The plates were incubated at 37°C for 7 days for Mtb. The color change was assessed after re-incubating
at 37°C for an additional 24 h after adding 20 uL. Alamar Blue and 50 pL Tween 80 (5%) solutions in each well. The pink
or purple color indicated mycobacterial growth. MIC was defined as the lowest drug concentration that prevented a color
change from blue to pink or purple.

Tentative Epidemiological Cut-off (ECOFF) Determination

ECOFF was determined from the distribution curve of MIC values. For the unimodal MIC distribution curve, ECOFF
was defined as the concentration capable of inhibiting more than 95% of the bacterial population. In contrast, for the
bimodal MIC distribution curve, the ECOFF was set between the two populations.
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Minimum Bactericidal Concentrations (MBCs) Determination

MBC of BDQ and WX-081 were determined by killing 99.9% of the initial inoculum according to the CLSI guidelines.'”
MBCs against M. tuberculosis H37Rv and 6 Mtb clinical isolates that were randomly chosen, including two strains from
S-TB, MDR-TB, and Pre-XDR group, were determined by conventional CFU counts in 96 well plates. The treatment
concentration of WX-081 and BDQ ranged from 0.0625xMIC to 32xMIC. After 7 days of incubation with BDQ or WX-081
at different concentrations, 100 L medium from each well was plated on 7H9 medium with 10% OADC. The CFU on the
plates was calculated after 34 weeks of incubation at 37°C. The MBC was defined as the lowest effective drug concentration
that had an effect not less than a 3 logo decrease in CFU compared to the initial CFU. When the MBC/MIC ratio was <32,
the tested drug was categorized as a bactericidal agent, otherwise categorized as a bacteriostatic agent.'*

Intracellular Killing Assay

THP-1 was purchased from the Wuhan Procell Life Science & Technology Co., Ltd. Cells were seeded into 96-well
plates at a density of 5x10° cells/well and differentiated into macrophages with phorbol myristate acetate (PMA) at
a final concentration of 200 ng/mL at 37°C. After 48 h incubation, the differentiated THP-1 cells were infected with Mth
H37Rv at a multiplicity of infection (MOI) of 5:1 for 4 h. Then, the plates were washed 3 times with 1xPBS.
Subsequently, the culture medium was replaced with RPMI-1640 medium containing different concentrations of BDQ
and WX-081 for the assay, the medium containing vehicle (DMSO) was used as control. At days 0, 1, 3 and 5, the cells
were washed once with PBS and lysed with Triton X-100 (0.1% (v/v)). One hundred microliters of 10-fold serial
dilutions of the cell lysate was plated on 7H10 agar and incubated at 37°C to determine the CFU counts. A CFU count
curve was drawn over time to characterize the effect of BDQ or WX-081 in different treatment concentrations.

Statistical Analysis

Data analysis was performed using SPSS 26.0 software and GraphPad Prism 8.0. Correlation between BDQ MIC and
WX-081 MIC for the clinical isolates was assessed using the Spearman’s correlation. For intracellular bactericidal assay,
t-test was used to determine significant differences between the groups. Differences were considered to be statistically
significant for P value of <0.05.

Results

MICs Distributions and ECOFFs of BDQ and WX-081

The MIC of BDQ and WX-081 against the M) reference strain (ie, H37Rv) was 0.062 pg/mL and 0.125 pg/mL,
respectively. The MIC distributions of the 114 clinical isolates are presented in Figure 1. The MICs of WX-081 ranged
from 0.0156 pg/mL to 1 pg/mL. The MICso and MICq, of WX-081 were, respectively, at 0.25 pg/mL and 0.5 pg/mL,
whereas 95.6% of the enrolled strains had MICs <0.25 pg/mL. Stratification according to the drug susceptibility to other
anti-TB drugs, ie, the S-TB, MDR-TB and Pre-XDR did not present any significant difference (data not shown). In
contrast, the MICs of BDQ ranged from 0.0078 pg/mL to 0.5 pg/mL, with MIC50=0.125 pg/mL and MICgy=0.25 pg/mL,
respectively. For a given strain, the MIC of WX-081 was generally equivalent to or 2-fold more than BDQ. ECOFFs for
BDQ and WX-081 were 0.25 ug/mL and 0.5 pg/mL in the tested isolates, respectively.

Spearman’s rank correlation coefficient revealed a significant correlation between the MIC of BDQ and WX-081 in
the tested Mtb clinical strains (Figure 2A) (n = 114, Spearman’s q = 0.764, two tailed, P < 0.001. Correlation was
considered significant at the 0.01). For S-TB strains, BDQ and WX-081 had a good correlation (n = 41, Spearman’s q =
0.840, two tailed, P< 0.001, Figure 2B). For MDR-TB strains, correlation of MIC between BDQ and WX-081 was also
strong (n = 35, Spearman’s q = 0.773, P < 0.001, Figure 2C). Significant correlation was also detected in Pre-XDR strains
(n = 38, Spearman’s q = 0.854, P<0.001, Figure 2D).

MBC Determination
For the H37Rv and 6 randomly selected clinical isolates, the MBCs of WX-081 ranged from 0.5 pg/mL to 8 pg/mL,
while BDQ ranged from 0.0625 pg/mL to 2 pg/mL (Table 1). Furthermore, the MBC/MIC ratio of BDQ ranged from 8 to
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Figure 2 The correlation between BDQ MIC and WX-081 MIC against M. tuberculosis clinical isolates: (A) All the strains; (B) S-TB strains; (C) MDR-TB strains; (D) Pre-
XDR TB strains; indicates P<0.001.

32, and that of WX-081 ranged from 16 to 64. The MBCs of WX-081 and BDQ against M. tuberculosis were not greater
than 32xMICs, except for one MDR strain which was 64xMICs to WX-081. Therefore, just like BDQ, WX-081 should
also be considered to possess antibacterial activity against most of the tested strains.
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Table | The MBC/MIC Ratio of the Reference and Clinical Strains of M. tuberculosis

Drug Resistant Profile No. of Isolate Agent MIC MBC MBC/MIC Ratio
(rg/mL) (rg/mL)
Wild type H37Rv ATCC 27294 BDQ 0.0625 | 16
WX-08I 0.1250 4 32
S-TB 32,380 BDQ 0.0625 | 16
WX-08I 0.1250 4 32
32,447 BDQ 0.0078 0.0625 8
WX-08I 0.0150 0.5 32
MDR-TB 15,665 BDQ 0.0313 0.5 16
WX-08I 0.0625 2 32
15,833 BDQ 0.0625 0.5 8
WX-08I 0.1250 2 16
Pre-XDR TB 16,276 BDQ 0.0625 2 32
WX-081 0.1250 64
16,610 BDQ 0.0313 0.5 16
WX-08l 0.0625 | 16

Abbreviations: BDQ, bedaquiline; WX-081, sudapyridine; MIC, minimum inhibitory concentrations; MBC, minimum bactericidal concentration; MBC/
MIC ratio, The effect was considered bacteriostatic if the MBC/MIC ratio was higher than 32, otherwise, it was considered bactericidal.

Intracellular Bactericidal Activity of BDQ and WX-081

At MOI=5:1, the curves showed killing effect in all of the tested concentrations of BDQ and WX-081 during the 5-day
exposure period (Figure 3). Both BDQ and WX-081 showed earlier bactericidal effect with no initial static phase against

intracellular Mtb. The reduction of bacterial load was within 1.5 to 2 log;o CFU mL ™" in the exposure groups, obvious

concentration-dependent killing activity was also observed for both BDQ and WX-081. Notably, on day 1, when
incubated with WX-081 (1.86 uM) or BDQ (0.45 uM), the bacterial viability decreased to about 35.8% in contrast
with day 0. Exposure to the highest concentrations of BDQ (3.60 uM) and WX-081 (14.90 pM), resulted in decrease of
viability to 17.2%. Surprisingly, the differences in the concentration of the two drugs were marginal, while the growth

curves of different groups were hardly indiscernible in Figure 3 except WX-081 at 14.90 uM, which presented the

strongest kill effect among all tested groups.
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Figure 3 The antibacterial effect of BDQ and WX-081 against intracellular Mtb reference strain H37Rv. All data are shown as the means + SD (n = 3); P<0.05.

Infection and Drug Resistance 2023:16

221

Dove!


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

Xiao et al Dove

Discussion

The development of a novel anti-TB drug is expensive, time-consuming and often less successful. Therefore, re-
structuring a used drug with the purpose of keeping the efficacy and overcoming its flaws becomes a feasible and
practical strategy. WX-081 was developed by introducing structural modification in BDQ for acquiring an analog drug
with equivalent anti-TB efficacy but better safety.

In this study, the in vitro and intracellular activity evaluation demonstrated strong anti-TB activities of WX-081.
Additionally, WX-081 exhibited comparable activity against sensitive as well as drug-resistant clinical isolates, including
MDR and Pre-XDR isolates. Compared with BDQ, the MIC value of WX-081 was generally equivalent to or marginally
higher than BDQ. The pharmacokinetic study of BDQ demonstrated that C,, was 1.715 pg/mL,"® which is dozens of folds
higher than common MIC values of the clinical isolates, and was usually much higher than the target effective plasma
concentration, ie, 0.6 pg/mL."” Multiple species study with mouse and rat demonstrated that evidently higher serum
concentrations and lung tissue concentrations were acquired for WX-081 than BDQ, despite being administered at the
same dosage. After oral administration of WX-081/BDQ at doses of 6.25 mg/kg in Mice, the C,.x of WX-081 was 503 ng/
mL, which was slightly lower than BDQ (608 ng/mL), and AUC_j,; of WX-081 was 10,155 ngxh/m, which was nearly twice
of that of BDQ (6038 ng/mL). Similar trend in PK parameters was seen in rat after oral administration of WX-081/BDQ."*
Specifically, the preclinical PK study showed that a few folds higher lung tissue concentration was obtained for WX-081 than
BDQ. Lung Concentration of BDQ and WX-081 at the same oral dose after 96h time point in mice was 135 ng/g and 857 ng/
g, respectively.'? Therefore, equivalent in vivo efficacy could be reasonably expected between the two drugs. The unblended
outcomes of the Phase II clinical trial of WX-081, which will be released soon, would validate the above speculation.

The MICso, MICyy and ECOFFs of WX-081 and BDQ are very consistent with the MIC distribution patterns. All of
these parameters for WX-081 were one-fold higher than BDQ. Therefore, it was not surprising to see a significant
correlation between MICs of BDQ and WX-081 in M¢b clinical strains, as suggested by the Spearman’s rank correlation
coefficient at a Spearman value of 0.764. Stratification of the isolates according to the drug susceptibility profiles showed
that the MDR-TB group had a relatively lower correlation coefficient than other groups, but this value was still indicative
of a very strong correlation between the MICs of the two drugs. These outcomes were very reasonable because the two
drugs shared the same antibacterial mechanism. Two Pre-XDR strains harbored the highest MIC to BDQ at 0.5 pg/mL
and had MIC to WX-081 at 1 pg/mL, which was also the highest MIC value to WX-081 among all the tested isolates.

The MBC test showed that both drugs possessed certain level of bactericidal activities. However, both MBC ranges
had a wide concentration distribution. The MBCs of WX-081 ranged from 0.5 pg/mL to 8 pg/mL and ranged from
0.0625 pg/mL to 2 pg/mL for BDQ. The higher concentrations in these ranges for both drugs were much greater than the
ECOFFs defined in this study, ie, for BDQ at 0.25 pg/mL and for WX-081 at 0.5 pg/mL. ECOFF is generally set up for
breakpoint definition. Additionally, the higher concentrations in BDQ range overlapped the C,,,, of plasma concentra-
tion, which could possibly be the case for WX-081 as well. Therefore, for some isolates the MBC might not be attainable
in real practice.

In this study, we evaluated the killing effect of WX-081 against the M#h H37Rv in macrophages and compared it with
BDQ."*'" We simulated the possible plasma concentrations of the two drugs when administered to patients at the
recommended dosages. Both drugs demonstrated time-concentration dependent killing effects, which are mainly caused
by their mechanism of action. However, our outcomes seemed better than the study performed directly on bacteria
in vitro with WX-081, even the lowest tested concentration (1.86 uM) manifested killing effects. Since these drugs have

high protein binding rate (>99%) and very long elimination half-life,'*~

a plausible explanation for killing effect could
be partly caused by the accumulation of drug in the cells. Compared with the in vitro study, the intracellular killing
curves were consistent between different concentrations, and manifested a gentle declining tendency. This phenomenon
might also reflect the gradual accumulation of drug in the cells.

The efficacy of WX-081 against TB remains well proven only in vitro, in macrophages and in animal models.
A clinical trial (currently ongoing) is expected to characterize the results of its efficacy in treating patients soon. Further
clinical studies and should be performed and synergistic effects of WX-081 with other compounds should be determined

for better understanding its usage as a new anti-TB reagent.
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This study has some limitations. Firstly, all the tested M. tuberculosis isolates were collected from a single hospital,
Beijing chest hospital, a designated clinical center on tuberculosis; thus, the activity of WX-081 need further validation
against clinical isolates of tuberculosis from different countries. Secondly, the antimicrobial activity in animal models
and macrophages does not always reflect the drug response in human; therefore, more clinical trials are warranted to
prove our findings in this study.

In conclusion, WX-081 exhibited high antibacterial activity against M. tuberculosis in vitro and in macrophages.
Sudapyridine may be a promising candidate drug for the treatment of tuberculosis, especially drug-resistant tuberculosis.
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