] AMERICAN Antimicrobial Agents
B Scirer | and Chemotherapy®

SUSCEPTIBILITY

L)

Check for
updates

Comparison of In Vitro Activity and MIC Distributions between
the Novel Oxazolidinone Delpazolid and Linezolid against
Multidrug-Resistant and Extensively Drug-Resistant

Mycobacterium tuberculosis in China

Zhaojing Zong,>< Wei Jing,? Jin Shi,* Shu’an Wen,? Tingting Zhang,® Fengmin Huo,® Yuanyuan Shang,® Qian Liang,?

Hairong Huang,® ©’Yu Pang?

2National Clinical Laboratory on Tuberculosis, Beijing Key Laboratory on Drug-Resistant Tuberculosis Research,
Beijing Chest Hospital, Capital Medical University, Beijing Tuberculosis and Thoracic Tumor Institute, Beijing,
China

bBeijing Pediatric Institute, Beijing Children's Hospital, Capital Medical University, Beijing, China

“Department of Respiratory Medicine, Affiliated Hospital of Zunyi Medical College, Zunyi, Guizhou Province,
China

ABSTRACT Oxazolidinones are efficacious in treating mycobacterial infections, in-
cluding tuberculosis (TB) caused by drug-resistant Mycobacterium tuberculosis. In this
study, we compared the in vitro activities and MIC distributions of delpazolid, a
novel oxazolidinone, and linezolid against multidrug-resistant TB (MDR-TB) and ex-
tensively drug-resistant TB (XDR-TB) in China. Additionally, genetic mutations in 23S
rRNA, rplC, and rpID genes were analyzed to reveal potential mechanisms underlying
the observed oxazolidinone resistance. A total of 240 M. tuberculosis isolates were in-
cluded in this study, including 120 MDR-TB isolates and 120 XDR-TB isolates. Overall,
linezolid and delpazolid MICy, values for M. tuberculosis isolates were 0.25 mg/liter
and 0.5 mg/liter, respectively. Based on visual inspection, we tentatively set epidemi-
ological cutoff (ECOFF) values for MIC determinations for linezolid and delpazolid at
1.0 mg/liter and 2.0 mg/liter, respectively. Although no significant difference in resis-
tance rates was observed between linezolid and delpazolid among XDR-TB isolates
(P > 0.05), statistical analysis revealed a significantly greater proportion of linezolid-
resistant isolates than delpazolid-resistant isolates within the MDR-TB group (P =
0.036). Seven (53.85%) of 13 linezolid-resistant isolates were found to harbor muta-
tions within the three target genes. Additionally, 1 isolate exhibited an amino acid
substitution (Arg126His) within the protein encoded by rpID that contributed to
high-level resistance to linezolid (MIC of >16 mg/liter), compared to a delpazolid
MIC of 0.25. In conclusion, in vitro susceptibility testing revealed that delpazolid anti-
bacterial activity was comparable to that of linezolid. A novel mutation within rp/D
that endowed M. tuberculosis with linezolid, but not delpazolid, resistance was iden-
tified.

KEYWORDS delpazolid, linezolid, multidrug-resistant tuberculosis, MIC, minimal
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uberculosis (TB), caused by Mycobacterium tuberculosis complex, is one of human-

kind’s deadliest diseases (1). According to estimates by the World Health Organi-
zation, there were 10.4 million new incident cases and 1.67 million deaths due to TB in
2016 (1). Despite the decreases in incidence and mortality rates during the past decade
(2), the emergence of drug-resistant TB, especially multidrug-resistant TB (MDR-TB)
(defined as TB with in vitro resistance to rifampin and isoniazid) and extensively
drug-resistant TB (XDR-TB) (defined as MDR-TB with in vitro resistance to any fluoro-
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quinolone and at least one of the second-line injectable drugs [kanamycin, amikacin, or
capreomycin]), is creating major obstacles that will hinder disease control efforts
worldwide (3). Due to emerging resistance to the two most potent first-line drugs, the
treatment of MDR-TB requires more toxic, more costly, and less effective second-line
treatment regimens, with poorer clinical outcomes than those achieved for drug-
susceptible cases (3, 4). To make matters worse, additional resistance to fluoroquino-
lones and second-line injectable drugs leads to clinically almost incurable results for
treatment of XDR-TB infections using current second-line regimens (4). Therefore, the
epidemic of MDR- and XDR-TB highlights an urgent need for new antibiotics with
improved safety, tolerability, and efficacy (5).

The oxazolidinones, a new class of synthetic antibiotics, exhibit good activity against
Gram-positive pathogenic bacteria, including those resistant to other agents. Delpa-
zolid (research code LCB01-0371), a novel oxazolidinone containing a cyclic amidrazone
group, was evaluated for safety, tolerability, and pharmacokinetics in a recently com-
pleted phase | clinical trial (6). Preliminary studies have demonstrated that oxazolidi-
nones inhibit the biosynthesis of bacterial proteins at an early stage of translation by
binding to domain V of 23S rRNA (7). As a consequence, mutations in 23S rRNA and two
ribosomal proteins, i.e., L3 (rplC) and L4 (rpID), are involved in the major mechanism
employed by various pathogenic organisms conferring resistance to oxazolidinones (8,
9). Linezolid is efficacious in treating mycobacterial infections, including drug-resistant
TB (10-13). A recent meta-analysis revealed that more than 90% of MDR-TB cases
achieved culture conversion after treatment with individualized regimens containing
linezolid, underscoring the excellent in vivo efficacy of the drug against MDR-TB (5).
Recently, the novel oxazolidinone delpazolid was developed to produce improved
antibacterial activity and safety (14, 15). In vitro studies and pharmacological evidence
have indicated that this new agent is more active than linezolid against various
Gram-positive bacteria (14); however, data regarding the in vitro activity of delpazolid
against MDR- and XDR-TB are limited. In this study, we compared the in vitro activity
and MIC distribution of the novel oxazolidinone delpazolid with those of linezolid
against MDR- and XDR-TB in China. In addition, genetic mutations in 23S rRNA, rp/C, and
rpID were analyzed to explore potential mechanisms underlying M. tuberculosis oxazo-
lidinone resistance.

RESULTS

Linezolid and delpazolid MICs for MDR- and XDR-TB isolates. The MICs of
linezolid and delpazolid against M. tuberculosis isolates and the percentages of resistant
strains are summarized in Table 1. Overall, the linezolid and delpazolid MICy, values for
M. tuberculosis isolates were 0.25 mg/liter and 0.5 mg/liter, respectively. Against MDR-
TB, the MIC,, of delpazolid (MIC,,, 0.5 mg/liter) was lower than that of linezolid (MIC,,,
1.0 mg/liter). In contrast, the MIC,, of delpazolid (MIC,,, 1.0 mg/liter) against XDR-TB
was 4-fold higher than the MIC,, of linezolid (MIC,,, 0.25 mg/liter).

We further analyzed the tentative epidemiological cutoff (ECOFF) values for linezolid
and delpazolid. As shown in Fig. 1, the MIC distributions for linezolid and delpazolid
were bimodal. Therefore, on the basis of visual inspection, we set tentative ECOFFs for
MIC determinations at 1.0 mg/liter and 2.0 mg/liter for linezolid and delpazolid,
respectively. Notably, the ECOFFs of linezolid were consistent with the breakpoints
used for the determination of in vitro linezolid resistance in previous studies. When 1.0
mg/liter was used as the cutoff value, 8 (6.67% [8/120 isolates]) and 5 (4.17% [5/120
isolates]) MDR- and XDR-TB isolates, respectively, were resistant to linezolid. For del-
pazolid, resistance was noted for 1 (0.83% [1/120 isolates]) and 5 (4.2% [5/120 isolates])
MDR- and XDR-TB isolates, respectively. Although there was no significant difference in
the resistance rates for linezolid and delpazolid among the XDR-TB isolates tested (P >
0.05), statistical analysis revealed that the proportion of linezolid-resistant isolates was
significantly greater than the proportion of delpazolid-resistant isolates within the MDR
group (P = 0.036). Of the 13 linezolid-resistant isolates, 6 (46.2%) were resistant to
delpazolid, whereas the other 7 isolates were susceptible to delpazolid, including 1
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FIG 1 MIC distributions for MDR- and XDR-TB strains. The arrows indicate the proposed linezolid and
delpazolid ECOFF values for M. tuberculosis isolates.

isolate with a MIC of 0.25 mg/liter, 3 with MICs of 0.5 mg/liter, 1 with a MIC of 1.0
mg/liter, and 2 with MICs of 2 mg/liter. In addition, 3 of 4 isolates with high-level
resistance to linezolid (MICs of =8 mg/liter) belonged to the XDR-TB group, while
77.78% of isolates (7/9 isolates) with low-level resistance to linezolid belonged to the
MDR-TB group.

Mutations conferring linezolid and delpazolid resistance. The entire 23S rRNA,
rplC, and rplD genes were sequenced for all resistant isolates, to identify potential
mutations associated with linezolid and delpazolid resistance. As shown in Table 2, the
DNA sequence chromatograms demonstrated that 7 (53.85%) of 13 linezolid-resistant

TABLE 2 MICs and 23S rRNA, rplC, and rpID mutations for the 13 oxazolidinone-resistant clinical strains

Antimicrobial Agents and Chemotherapy

MIC (mg/liter) Resistance genotype

Strain Linezolid Delpazolid 23S rRNA“ rplC rplD
XDR014 >16 >16 G2061T WT WT
MDRO052 16 >16 G2061T WT WT
XDR042 >16 0.25 WT WT CGC377CAC (Arg126His)
XDR037 16 4 WT TGC460CGC (Cys154Arg) WT
XDR021 4 8 WT TGC460CGC (Cys154Arg) WT
MDRO55 2 4 WT TGC460CGC (Cys154Arg) WT
MDR087 2 4 WT CAC463GAC (His155Asp) WT
XDRO075 2 2 WT WT WT
MDR046 2 2 WT WT WT
MDRO077 2 1 WT WT WT
MDRO085 2 0.5 WT WT WT
MDR098 2 0.5 WT WT WT
MDR112 2 0.5 WT WT WT

aThe nucleotide positions of the mutations are listed according to Escherichia coli numbering. WT, wild type.
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isolates harbored mutations within the three target genes. The remaining 6 linezolid-
resistant isolates (46.15%) exhibited wild-type sequences at all loci. The most frequently
observed mutation (T460C; n = 3) was observed in the rplC gene and coded for a
nonconservative amino acid substitution, Cys154Arg. In addition, 2 linezolid-resistant
isolates exhibited a mutation at position 2061 of 23S rRNA, resulting in high-level
resistance to both linezolid and delpazolid (MICs of =16 mg/liter). Interestingly, 1
isolate contained an amino acid substitution from Arg to His at codon 126 of the rpID
gene, which contributed to high-level linezolid resistance (MIC, >16 mg/liter) but not
delpazolid resistance (MIC, 0.25 mg/liter). Among the linezolid-susceptible isolates, we
identified several synonymous single-nucleotide polymorphisms (SNPs) within
rplC, including 1 isolate with Arg93Arg (AGG—AGA) and 1 isolate with Gly153Gly
(GGA—GGG). In addition, two types of synonymous SNPs within the coding region of
rpID were found among 4 isolates, including GIn89GIn (CAG—CAA; n = 3) and
GIn47GIn (CAG—CAA; n = 1).

DISCUSSION

In this study, we first compared the in vitro activities of linezolid and delpazolid
against MDR- and XDR-TB isolates. Our data demonstrated a delpazolid MIC,, of 0.5
mg/liter against severe forms of drug-resistant TB, similar to MICy, values obtained for
Staphylococcus aureus (MIC,,, 0.5 mg/liter) and Streptococcus pneumoniae (MICqq, 1
mg/liter) (14). The most important finding of this study is that an ECOFF value of 2.0
mg/liter is suggested for delpazolid. On the basis of this ECOFF value, delpazolid
showed antibacterial activity comparable to that of linezolid, while only 2.9% of
drug-resistant TB strains exhibited resistance to this novel antimicrobial agent. Notably,
the proportion of delpazolid-resistant isolates was significantly smaller than that of
linezolid-resistant isolates within the MDR-TB group. Although linezolid has been
reported to be one of the most potent antibiotics against infections caused by
drug-resistant TB, the long-term use of linezolid produces high rates of adverse events,
such as myelosuppression and peripheral neuropathy (5, 16). Previous experimental
evidence showed that, compared with linezolid, delpazolid exhibited superior pharma-
cokinetic parameters and good safety profiles (14). In a recent clinical trial, Choi and
colleagues demonstrated that LCB01-0371 was well tolerated in healthy male subjects
after administration of multiple doses of up to 1,200 mg twice daily for 21 days (17).
Therefore, the impressive in vitro effectiveness and favorable tolerability of delpazolid
make it a promising candidate for use in combination treatment with other anti-TB
drugs against MDR- and XDR-TB. In view of the prolonged administration needed for
treatment of drug-resistant TB, additional trials are urgently needed to evaluate the
efficacy and safety of delpazolid for the management of patients with drug-resistant TB.

Resistance of clinical M. tuberculosis isolates to oxazolidinones has primarily been
shown to be due to mutations in 23S rRNA and rp/C, with G2061T and G2576T
mutations in 23S rRNA having been shown to cause high-level resistance to linezolid
(8). Consistent with previous reports (7), 2 strains with a G2061T mutation in 23S rRNA
studied here demonstrated high-level resistance to both linezolid and delpazolid. In
addition, we observed that mutations in rp/C led to great diversity in linezolid suscep-
tibility, such that the MIC values of strains ranged from 2 to 16 mg/liter. The rpID gene
encodes ribosomal protein L4, the main portion of which is positioned close to the
ribosomal peptidyl transferase center (PTC) (8). Many studies have associated rpID
mutations with linezolid resistance in several bacterial species, such as Staphylococcus
epidermidis and Enterococcus faecium (18, 19), while no study has reported the role of
rpID in any M. tuberculosis linezolid resistance mechanism. In the present study, we first
identified a novel mutation within the rp/D gene that potentially confers linezolid
resistance to M. tuberculosis. Compared with the greater frequency of the rp/C mutation,
the rarity of the rp/D mutation in linezolid-resistant bacterial isolates is likely due to the
fact that L3 residues are in close proximity to the PTC (8). Interestingly, the mutation in
the L4 ribosomal protein causes decreased susceptibility only to linezolid and not to
delpazolid, indicating that these two oxazolidinones may exhibit different binding sites
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within the PTC. Further structural data on the PTC-oxazolidinone complex will extend
our knowledge of the molecular mechanisms of oxazolidinone resistance.

Although multiple mutations conferring linezolid resistance have been identified,
nearly one-half of linezolid-resistant strains in this study lacked target gene mutations.
On one hand, in addition to the targets sequenced in our study, several other modi-
fications of 23S rRNA may play important roles in the occurrence of linezolid resistance
(20). In addition, 23S RNA mutations apparently confer high-level resistance, while
efflux pumps and other mechanisms usually result in low-level resistance (7). Of note,
all M. tuberculosis isolates in this study without detected genetic mutations exhibited
low-level resistance (MICs of <4 mg/liter). Therefore, we hypothesize that the efflux-
mediated mechanism may play an important role in these linezolid-resistant isolates.
On the other hand, the poor correlation between genetic mutations and the linezolid
resistance phenotype suggests that the current set of target genes is not suitable for
prediction of linezolid resistance among MDR-TB isolates. Given the projected wide-
spread future use of linezolid in the treatment of drug-resistant TB, there is an urgent
need to broaden our knowledge of the mechanisms of linezolid resistance in M.
tuberculosis, to provide a critical component for the development of favorable molec-
ular diagnostic approaches.

We also acknowledge several obvious limitations of this study. First, the deter-
mination of critical concentrations for delpazolid should be based not only on the
ECOFF value but also on pharmacokinetic/pharmacodynamic and clinical outcome
data, as evaluated in prospective studies (21). Second, due to the small number of
oxazolidinone-resistant M. tuberculosis isolates, the second MIC distribution peak
was relatively unobvious, compared with the first peak, within the bimodal distri-
bution of MIC values, which may undermine the reliability of tentative ECOFFs.
Third, the novel rpID mutation that is potentially associated with resistance to
linezolid but not delpazolid was not confirmed by further experimental evidence.
Sequence analysis of rpID genes from a larger number of linezolid-resistant isolates
should confirm our hypothesis. In addition, directed mutagenesis and heterologous
expression studies will help us to conclusively link this mutation to linezolid
resistance.

In conclusion, we first established an ECOFF value of 2.0 mg/liter for delpazolid. In
vitro susceptibility tests revealed that delpazolid shows antibacterial activity compara-
ble to that of linezolid, with only 2.9% of drug-resistant TB strains exhibiting resistance
to this novel antimicrobial agent. In addition, nucleotide mutations of 23S rRNA yielded
high-level resistance to both linezolid and delpazolid, while mutations of rp/C led to
great diversity in linezolid susceptibility. A novel mutation within rpID that conferred
resistance to linezolid but not delpazolid was identified. Further studies are urgently
needed to elucidate the role of rpID in the decreased susceptibility to linezolid
observed for M. tuberculosis strains in this study.

MATERIALS AND METHODS

Ethics statement. The protocols applied in this study were approved by the Ethics Committee of
Beijing Chest Hospital, Capital Medical University. All of the patients provided signed informed consent
forms prior to their enrollment in this study.

Bacterial strains. A total of 120 MDR-TB strains and 120 XDR-TB strains were randomly selected from
the Tuberculosis BioBank maintained at the National Clinical Laboratory on Tuberculosis. These strains
were obtained from consecutive patients who sought health care in Beijing Chest Hospital between
January 2017 and October 2017. Each M. tuberculosis strain was isolated from a unique patient. The drug
susceptibility profiles were retrospectively reviewed using in vitro drug susceptibility testing (DST) results
determined in the National Clinical Laboratory on Tuberculosis. Tests for first- and second-line antitu-
berculosis drug susceptibilities were performed using the absolute concentration method with
Léwenstein-Jensen (L-J) medium containing the corresponding anti-TB drugs, as reported previously
(22).

MIC determinations. The microplate alamarBlue assay (MABA), which employs alamarBlue reagent
for the determination of growth, was performed to determine the MICs of MDR- and XDR-TB against
linezolid and delpazolid (7). Prior to in vitro susceptibility testing, the strains were recovered on L-J
medium after incubation for 4 weeks at 37°C. Briefly, fresh bacterial clones were harvested from the
surface of L-J slants. After vigorous mixing for 1 min on a vortex mixer, a suspension of each M.
tuberculosis strain was prepared in sterile saline solution and adjusted to a density of 1.0 McFarland
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standard. The inoculum was further diluted 1:20 with Middlebrook 7H9 broth containing 10% Middle-
brook oleic-albumin-dextrose-catalase (OADC) enrichment supplement (containing oleic acid and bovine
serum albumin along with sodium chloride, dextrose, and catalase). Next, 100 ul of this inoculum was
added to wells of 96-well plates containing 100 ul of antimicrobial serial dilutions in broth per well, to
yield a highest final concentration of 16 mg/liter. After 7 days of incubation at 37°C, 70 ul of alamarBlue
solution was added to each well, plates were further incubated for 24 h at 37°C, and then color changes
were read by visual inspection. The results were interpreted by two independent individuals and
inconsistent MIC values were read again by a third individual, to avoid potential bias. The MIC was
defined as the lowest concentration of antimicrobial agent that prevented a color change from blue to
pink. The standard strain H37Rv served as a control in the MABA assay. The final concentrations of
linezolid and delpazolid in the test panel ranged from 0.016 mg/liter to 16 mg/liter. The MIC breakpoint
for linezolid was defined as 1.0 mg/liter on the basis of a previous report (7). For delpazolid, we set
tentative ECOFFs for MIC determination using the MABA method (23).

DNA sequencing. Extraction of genomic DNA from M. tuberculosis strains was performed with freshly

cultured bacteria, as reported previously (7). Crude DNA served as the template for PCR amplification to
generate gene fragments from isolates exhibiting oxazolidinone resistance. Sequencing of PCR products
was performed using the Sanger method, with primers designed to be specific for 23S rRNA, rplC, or rpID.
The primers used in this study are listed in Table S1 in the supplemental material and were synthesized
by Tsingke Biotech Co. (Beijing, China). The 50-ul reaction mixtures were prepared as follows: 25 ul of
2X PCR mixture (Genstar, Beijing, China), 0.2 uM each primer, and 4 ul of template DNA. PCR cycling
consisted of 94°C for 5 min and then 35 cycles of 94°C for 1 min, 58°C for 1T min, and 72°C for 1 min, with
a final extension at 72°C for 5 min. PCR products were submitted to Tsingke Biotech Co. for DNA
sequencing. The sequencing results were analyzed by alignment against corresponding sequences of the
reference M. tuberculosis strain H37Rv (ATCC 27294).

Data analysis. Comparisons of the rates of resistance of M. tuberculosis isolates to linezolid and

delpazolid were performed using Pearson’s chi-square test, with P values of <0.05 being considered
significant. All statistical analyses were carried out using SPSS software (version 17.0; SPSS Inc., Chicago,
IL, USA).

SUPPLEMENTAL MATERIAL

.00165-18.

SUPPLEMENTAL FILE 1, XLSX file, 0.1 MB.
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