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Background: The antimicrobial activities of some new oxazolidinones against slowly
growing mycobacteria (SGM) have never been well evaluated.

Methods: We evaluate the in vitro susceptibility of 20 reference strains and 157 clinical
isolates, pertaining different SGM species, against four oxazolidinones, ie, delpazolid,
sutezolid, tedizolid and linezolid. In addition, the association of linezolid resistance and
mutations in 23srRNA, »plC, rplD were also tested.

Results: Sutezolid presented the strongest antimicrobial activity against the clinical isolates of
M. intracellulare than the other oxazolidinones, with MICsq at 2 pg/mL and MICyg at 4 pg/mL.
MICs of sutezolid were usually 4- to 8-fold lower than these of linezolid against M. intracellulare
and M. avium. The tested isolates of M. kansasii were susceptible to all of the four oxazolidinones.
According to the multiple sequence alignment, novel 23s7RNA mutations (A2267C and A2266G)
in M. intracellulare and rplD mutations (Thr147Ala) in M. avium were identified in this study
which have plausible involvement in rendering resistance against linezolid.

Conclusion: This study showed that sutezolid harbors the strongest inhibitory activity
against M. intracellulare, M. avium and M. kansasii in vitro, which provided important
insights on the potential clinical application of oxazolidinones for treating SGM infections.
Keywords: slowly growing mycobacteria, delpazolid, sutezolid, tedizolid, linezolid,

antimicrobial activity

Introduction

Non-tuberculous mycobacteria (NTM) are opportunistic pathogens which are often
associated with pulmonary infections, skin abscess, lymphadenitis, or disseminated
infection. The prevalence of NTM infections has increased globally and has even
surpassed tuberculosis (TB) in certain countries.'* NTM are broadly categorized as
rapidly growing mycobacteria (RGM) or slowly growing mycobacteria (SGM),
depending on their speed of growth. Among the SGM species, the Mycobacterium
avium complex (MAC) is generally considered pathogenic and is mainly composed of
M. avium and M. intracellulare. In China, M. intracellulare, M. avium and M. kansasii
are the three highly prevalent SGM species.” Except rifampicin and fluoroquinolone,
SGM are generally resistant to other commonly used anti-TB drugs. Therefore, limited
drug choice and prolonged treatment course for SGM infections underline the require-
ment to identify novel and potent antimicrobials reagents.
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Linezolid (LZD), the first licensed oxazolidinone, man-
ifests excellent antibacterial activities against the drug-
resistant tuberculosis (DR-TB) and NTM infections.®®
However, extended treatment with LZD contributes to
high frequency of severe side effects which emphasizes
the necessity of reconstructing the drug while keeping the
potency and decreasing the potential side effects. Recently,
three new next-generation oxazolidinones have been
developed. Tedizolid (TZD) phosphate
potent oxazolidinone pro-drug with a broad range of activ-

is a novel,

ities against Gram-positive organisms, including
mycobacteria.” In contrast to LZD, longer half-life of
TZD allows it to be administered orally once daily, facil-
itating its usage in prolonged treatment course. Current
data indicates that TZD offers better tolerance and safety
profile of long-term therapeutic regimes in mycobacterium
Sutezolid (SZD) (PNU-100480) is

a thiomorpholinyl analog of LZD that showed superior

infections.'°

efficacy against M. tuberculosis in a preliminary study.''
SZD does not appear to cause bone marrow suppression or
prolongation of QT-interval when compared with LZD,
although there are still concerns regarding the potential
neurotoxicity and hepatotoxicity.'> Delpazolid (DZD)
(LCBO01-0371) has demonstrated broad-spectrum antimi-
crobial activities against Gram-positive pathogens in vitro
and in animal infection model.'> DZD are currently being
studied in Phase I clinical trials, its safety profile will have
to be determined in future during the Phase III studies.'*

To better understand the inhibitory activities of these
three new-generation oxazolidinones against different
SGM species, we determined the MICs of 20 SGM refer-
ence strains and 157 SGM clinical isolates collected in
Beijing, China. Additionally, we investigated the reported
LZD-resistance genes (including rplC, rplD and 23srRNA)
in different SGM species to identify their potential rela-
tionships with oxazolidinone resistance.

Materials and Methods

Ethics Statement

As the study only concerned laboratory testing of myco-
bacteria without the direct involvement of human subjects,
ethical approval was not sought.

Reference Strains and Clinical Isolates

The mycobacterial reference strains stored in the Bio-bank
in Beijing Chest Hospital (Beijing, China) were used and
their susceptibility to LZD, TZD, SZD and DZD in vitro

was investigated. In addition, 20 SGM reference species
were also used in the susceptibility test. These reference
strains (Table 1) were obtained either from the American
Type Culture Collection (ATCC) or from the German
Collection of Microorganisms (DSM). One hundred and
fifty-seven isolates of SGM were recruited in Beijing chest
from 2016 to 2019 that included 48
M. intracelluare, 41 M. avium, 42 M. kansasii. The species

hospital

constitution of the remaining 26 isolates is presented in
Supplementary Table S1.

The 157 SGM clinical strains were all isolated from
tuberculosis suspected patients. The strains were classified
as SGM preliminarily by growth test on p-nitrobenzoic
acid containing medium. Subsequently, species identifica-
tion was performed by sequence analysis of /6S rRNA,
hsp65, 16-23S rRNA internal transcribed spacer and rpoB
gene as described previously.'> All isolates were stored at
—80°C and sub-cultured on LOwenstein—Jensen (LJ) med-
ium before performing a drug susceptibility test.

Minimal Inhibitory Concentration (MIC)

Testing

LZD phosphate and TZD were purchased from Sigma-
Aldrich and Toronto Research Chemicals, respectively.
DZD and SZD were purchased from TargetMol,USA.
Oxazolidinones were dissolved in dimethyl sulfoxide
(DMSO) with the concentration of 2.56 mg/mL for the
stock solution. Broth microdilution method was performed
according to the guidelines of Clinical and Laboratory
Standards Institute (CLSI).'® Cation-adjusted Mueller—
Hinton broth (CAMHB) containing 5% OADC was used
for MIC test. The inoculum was prepared with fresh cul-
ture grown on LJ medium. The concentrations of all the
tested drugs ranged from 0.063pg/mL to 32pug/mL. Briefly,
a bacterial suspension of 0.5 McFarland standard was
prepared, diluted and then inoculated into 96-well micro-
titer plate to achieve final bacterial load of 10° colony
forming unit (CFU) per well. The plates containing the
remaining SGM were incubated at 37°C for 7 days except
M. marinum which was incubated at 30°C. The MICs of
each isolate were determined in triplicate. Fifty microliter
Tween80 (5%) and 20uL AlamarBlue (Bio-rad) were
added to each well and incubated for 24 h at 37 °C before
assessing color development. A change from blue to pink
or purple indicated bacterial growth.'” The MIC was
defined as the lowest concentration of antibiotic that pre-
vented a color change from blue to pink.
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Table 1 MICs of LZD, TZD, SZD and DZD Against the Reference Strains of 20 SGM Species
Strain by Type Mycobacterium Species (Strain) MIC (ug/mL)

LZD TZD SZD DZD

ATCC 25276 Mycobacterium asiaticum 2 0.5 0.25 2
ATCC 25291 Mycobacterium avium | 0.5 0.125 |
ATCC 51131 Mpycobacterium celatum 8 2 0.5 4
DSM44623 Mpycobacterium chimaera | 0.063 0.063 0.5
ATCC 14470 Mycobacterium gordonae 0.5 0.125 0.25 0.5
ATCC 13950 Mpycobacterium intracellulare 4 32 0.5 16
ATCC 12478 Mycobacterium kansassi | | 0.25 2
ATCC 33013 Mycobacterium komossense 0.5 0.063 2 0.5
ATCC 29571 Mycobacterium malmoense 4 2 0.25 |
ATCC 927 Mycobacterium marinum 0.5 0.125 0.5 0.25
ATCC 19530 Mycobacterium nonchromogenicum 0.5 0.03 0.5 0.13
BAA-614 Mycobacterium parascrofulaceum 4 2 0.5 2
ATCC 19981 Mycobacterium scrofulaceum 4 | 4 |
ATCC 27962 Mycobacterium shimoidei | 0.5 0.03 |
ATCC 33027 Mpycobacterium sphagni 0.25 0.03 0.5 0.25
ATCC 25275 Mycobacterium simiae >32 8 2 8
ATCC 35799 Mycobacterium szulgai | 0.5 0.25 |
ATCC 15755 Mycobacterium terrae 2 [ 0.5 |
ATCC 19423 Mycobacterium ulcerans 0.13 0.13 0.03 0.25
ATCC 19250 Mycobacterium xenopi 4 2 0.25 4

The breakpoint of LZD was adopted from the CLSI
document M24-A2 (susceptible: <8 mg/L; intermediate
susceptible: 16 mg/L; resistant: >32 mg/L).'"® Since no
well-recognized breakpoint has been proposed for TZD,
SZD or DZD, the MIC distribution characterizations of
them were analyzed.

Mutations Conferring Oxazolidinones

Resistance and Protein Alignment

The homologous genes of reported linezolid-resistant genes,
ie, ¥plC, rpID and 23S rRNA in the recruited isolates of SGM
were amplified and sequenced. We wused previously
described primers for 23S rRNA'® and designed new primers
for rplC and rpl/D amplifications. The primers used in this
study are listed in Supplementary Table S2. The rplC and

rplD of the reference strains of three SGM species, ie,
M. avium (ATCC 25291), M. intracellulare (ATCC 13950)
and M.kansasii (ATCC 12478) plus M. tuberculosis H37Rv
(ATCC 27294) were also sequenced. Mutations were identi-
fied according to the outcome of the alignments against
corresponding sequences of the reference strains. Multiple
sequence alignment of the homologous proteins was per-
formed using the Clustal Omega software. Structure-based
multiple sequence alignment was performed with ESPript 3

based on the crystal structure of RplC and RplD protein of
M. tuberculosis from the following URL:http://espript.ibcp.
ft/ESPript/ESPript/.

Quality Control and Statistical Analysis

The MIC of a drug was defined as readable if there was an
acceptable growth in both positive-control wells and no
contamination occurred in the wells for that drug. The
MIC for quality control strains H37Rv (ATCC 27294)
was determined using each lot of the prepared microtiter
plates, and the results for LZD were within the acceptable
range 0.125 pg/mL-0.25 pg/mL. Descriptive analyses were
conducted with the outcomes. Drug resistant rate for LZD
was calculated, while for the other drugs without any well-
recognized breakpoint, MICs, and MICq, were presented.

Results
MICs of LZD, TZD, SZD and DZD

Against SGM Reference Strains

The MICs of the 20 reference strains to LZD, TZD, SZD
and DZD are presented in Table 1. All of the four oxa-
zolidinones exhibited antimicrobial activities in vitro
against the recruited SGM reference stains. Eighteen of
the 20 SGM species had MICs equal to or below 8 ug/mL
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for the four drugs. Only M. simiae had MIC of LZD
greater than 32ug/mL. Generally, for a given isolate, the
MIC values could be uniformly higher or uniformly
lower for the four tested drugs when compared with
other isolates. For the majority of the strains, the inhibi-
tory activities of SZD and TZD were stronger than that
of LZD.

MIC Distributions of the Clinical Isolates
of M. intracellulare to LZD, TZD, SZD and
DZD

SZD showed the strongest activity against M. intracelulare
with MICs5q=2pg/mL and MICoy=4pg/mL among the
tested oxazolidinones. MICs of SZD were generally 4- to
8-fold less than LZD for M. intracelulare whereas the
MIC distribution patterns of TZD and DZD were similar
to this of LZD. According to the CLSI resistance criteria
for LZD against M. intracellulare (MIC > 16ug/mL),
the resistant rates of the recruited clinical isolates of
M. intracellulare in this study were 45.8% (22/48)
whereas the MICs, of TZD, SZD and DZD were 32pg/
mL, 2pg/mL and 32pg/mL, and MICy, were >32ug/mL,
4ug/mL and >32pg/mL, respectively. The outcomes are
shown in Figure 1.

linezolid

25

W M.intracellulare

025 05 1 2 4 8 16 32 >32
MIC(ug/mL)

sutezolid

25 ¢
B M.intracellulare

16

MIC(pg/mL)

Figure | The MIC distributions of M. intracellulare against LZD, TZD, SZD and DZD.

The MIC Distributions of the Clinical
Isolates of M. avium to LZD, TZD, SZD
and DZD

In contrast with M. intracellulare, M. avium presented similar
susceptibility profiles to the four oxazolidinones. The in vitro
inhibitory activity of SZD was significantly better than LZD,
as indicated by its 4- to 8-fold lower MICs. According to the
CLSI resistance criteria for LZD against M. intracellulare,
the resistant rates of M. avium to LZD was 63.4% (26/41).
The MICs, of TZD, SZD and DZD were 32 pg/mL, 4 pg/mL
and 32 pg/mL, whereas the MICqy was >32ug/mL, 8ug/mL
and 32ug/mL, respectively (Figure 2).

The MIC Distributions of the Clinical
Isolates of M. kansasii to LZD, TZD, SZD
and DZD

M. kansasii presented the lowest MIC distributions to the
four oxazolidinones in contrast with both M. intracellulare
and M. avium. Although none of the tested isolates had MIC
greater than 16pg/mL, all of the 42 tested M. kansasii isolates
showed susceptibility to LZD. MICs, of TZD, SZD and DZD
were 0.125pg/mL, 0.125 pg/mL and 1 pg/mL whereas
MICqy( was 2 ug/mL, 0.25 ng/mL and 2 pg/mL, respectively.
SZD presented the best in vitro inhibitory activities among
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Figure 2 The MIC distributions of M. avium against LZD, TZD, SZD and DZD.

these drugs with MICs 4- to 8-fold lower than these of LZD.
In addition, MIC distribution pattern of DZD and LZD were
similar whereas the MIC of TZD for a given isolate was
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generally half of the MIC for LZD. The outcomes are shown
in Figure 3. The MIC outcomes for species with less than five

isolates are presented in Table S2.

tedizolid
251
20 W M.kansasii
15
1
€ 10 8
=
-
5 3 3
dl
] S |
@YY N e G
MIC(ug/mL)
delpazolid
25
20| B M.kansasii
15
]
€10
-
P4
5
0
o {o”)\:ﬁog,)% I R T N A
QY oY o

MIC(ug/mL)

Infection and Drug Resistance 2021:14

https:

4693

Dove:


https://www.dovepress.com/get_supplementary_file.php?f=332835.docx
https://www.dovepress.com
https://www.dovepress.com

Yu et al

Dove

Sequence Alternations in the
Oxazolidinones Target Sites
The entire 23S7RNA, rplC, and rplD genes were sequenced
for the identification of potential mutations associated with
oxazolidinones resistance. The sequences of the tested
clinical isolates of M. intracellulare, M. avium and
M. kansasii were compared with their corresponding refer-
ence strains. For M. avium isolates, Thr147Ala in rp/D
was detected in 3 isolates with MIC of LZD>16pug/mL,
while no mutation in 7p/C was found. Furthermore, an
insertion of guanine nucleotide at locus 2407 was found
in 23SrRNA in an isolate with MIC of LZD >32pg/mL,
while C2078T was found in 23SrRNA in one isolate with
MIC of LZD=16pg/mL. For M. intracellulare isolates,
Val75Met within the coding region of rpl/C was observed
in two isolates with MIC=4pg/mL, while no mutation in
rplD was detected. Interestingly, A2266G, A2266C and
A2267C were LZD
M. intracellulare isolates (MIC>32pg/mL), respectively.
Besides, G1943A and T2420C were identified in both
LZD resistance and susceptible M. intracellulare isolates
(Table 2). For M. kansasii isolates, all MICs for LZD were
< 1l6pug/mL and no non-synonymous mutation was
detected in rplC, rpI/D and 23SrRNA.

The protein sequences of RplC and RpID in different

detected in three resistant

mycobacterial species are highly conserved. Therefore, we
performed multiple sequence alignment of RplC and RplD
homologues from different mycobacterial species for gain-
ing an insight into the functional relevance of RplC and
RplID mutations (Figures S1 and S2). RplD structure of
M. tuberculosis was used as a model to map M. avium
RpID mutation (PDB ID:5V7Q). The structure showed
that Thr147 was located in a highly variable region,
between B3 and a2, which suggests that this mutation
could be related to LZD resistance. Next, we mapped the
23SrRNA functional mutations of M. intracellulare and
M. avium. The results showed that A2267 and A2266 of
M. intracellulare were close to the catalytic center, there-
fore, it is plausible that mutations of these two amino acids
can also cause resistance. Furthermore, other mutations
(such as C2407 and C2078) in M. avium were not in
vicinity of the catalytic center, therefore, it is arguable
that these mutations have less chance to be relevant in
rendering resistance against LZD.

Discussion
Treatment of NTM infections is typically troublesome and
has

poor prognosis. Another major hinderance in

successful treatment of NTM infections is the natural
resistance of microbes to a wide range of antibiotics.
Therefore, new and effective drugs are an urgent need
for establishing a regimen with high efficacy for NTM
therapy. LZD, the first widely used oxazolidinone, has
demonstrated strong bactericidal activity against TB and
certain NTM species in vitro and in vivo. Limited studies
have reported that new oxazolidinones such as TZD and
SZD possess promising activities against NTM in vitro.'"
Our previous study showed that TZD harbors the strongest
inhibitory activity against M. abscessus in vitro, while
DZD offered the best inhibitory activity against
M. fortuitum in vitro.>° Furthermore, TZD could inhibit
the intracellular bacterial population of both M. avium and
M. abscessus and had a concentration-dependent synergis-
tic effect against amikacin and ethambutol.?’ Since these
new oxazolidinone drugs are currently not in clinical usage
or have been recently adopted, therefore, well-recognized
susceptibility testing methods for TZD, SZD and DTD
have not been developed. Furthermore, the breakpoints to
define drug resistance for antibiotics are still elusive.
Overall, the MIC data of different SGM species against
these new generation oxazolidinones remain scarce. In this
study, the four tested oxazolidinones exhibited promising
inhibitory activities in vitro against the recruited SGM
reference stains. Eighteen out of the 20 SGM species had
MICs < 8 pg/mL for the four oxazolidinones. However,
different species presented non-uniform susceptibility
patterns.

The clinical isolates of M. intracelluare and M. avium
both demonstrated high MICgq, for the tested oxazolidi-
none, with an exception of SZD. The MICy, of SZD
against M. avium and M. intracelulare was 8 ng/mL and
4 ng/mL, respectively. These observations were in concor-
with  the
M. tuberculosis in vitro. SZD proved to be 1-2 orders of
magnitude more effective than LZD.'? In addition, SZD
has a less toxic and better safety profile than LZD as

dance antibacterial ~ activity  against

reported elsewhere.'® SZD also showed favorable pharma-
cokinetics as the C.x of SZD and its major metabolite
were 1.97 pg/mL and 7.05 pg/mL at a dose of 1200 mg
QD. The latter proved to be more potent than SZD itself
against extracellular tuberculosis.'""'” Therefore, SZD
might be a better candidate than LZD for the treatment
of MAC infections.

M. kansasii is the only NTM species which is suscep-
tible to majority of the anti-TB drugs. The standard ther-
apy regimen (including isoniazid, rifampin, ethambutol,
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Table 2 The MICs of LZD and rplC, rpID and 23srRNA Mutations Against M. avium and M. intracellulare Isolates

MIC of LZD (ug/mL) Species (NO.) RpIC RpID 23SrRNA
0.5 M. avium (0) — — —
M. intracellulare (1) WT(I) WT(1) WT(I)
| M. avium (0) — — —
M. intracellulare (1) WT(I) WT(1) T2420C(1)
2 M. avium (0) — — —
M. intracellulare (1) WT(I) WT(1) T2420C(1)
4 M. avium (2) WT(2) WT(2) WT(2)
M. intracellulare (4) WT(2) WT(4) WT(@3)
Val175Met(2) G1943A/ T2420C(1)
8 M. avium (3) WT(@3) WT(3) WT(@3)
M. intracellulare (6) WT(6) WT(6) WT(5)
A1929G/ T2420C(1)
16 M. avium (10) WT(10) WT (9) WT(9)
Thri47Ala (1) C2078T(1)
M. intracellulare (13) WT(13) WT(13) WT(7)
T2420C(5)
GI1943A(1)
32 M. avium (3) WT(@3) WT(2) WT(3)
Thri47Ala (1)
M. intracellulare (14) WT(14) WT(14) WT(8)
T2420C(4)
A2267C(1)
A2266G(1)
>32 M. avium (23) WT(23) WT(22) WT(22)
Thri47Ala (1) Ins* 2407G(1)
M. intracellulare (8) WT(8) WT(8) WT(6)
T2420C(1)
A2266C(1)

Note: °lns, insertion.

with or without a macrolide) for pulmonary M. kansasii
infections lasts for more than a year.'® Therefore, a short
course regimen that may include newer antibiotics is often
aspired. Recent study showed that TZD plus Rifampicin
and moxifloxacin could potentially serve as a short-course
chemotherapy regimen for M. kansasii treatment.* In our
study, SZD showed even stronger antibacterial activity
against M. kansasii isolates in vitro than TZD as 41 out
of the 42 tested M. kansasii isolates had MICs < 1 pg/mL.
Considering the better safety profile and favorable phar-
macokinetic parameters, a regimen containing SZD to treat
infection would be

pulmonary M. kansasii very

encouraging.

The breakpoint for clinical bacteria is mainly based on
the bacterial activity in vitro and pharmacokinetic/pharma-
codynamic (PK/PD) features. There has been no recom-
mended breakpoint for different NTM species for TZD,
SZD or DZD. Limited PK/PD studies have been done for
these new oxazolidinones. Generally, all the oxazolidinones
are well tolerated and dose-dependent. In contrast to LZD,
SZD demonstrated superior bactericidal activity against
Mycobacterium tuberculosis in hollow fiber, whole blood
and mouse models.'* As the major metabolite of SZD,
superior antibacterial activity has been reported for PNU-
101603 than its prototype, since it provides better and early
bactericidal activity against tuberculosis.'’ In another study,
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a single 800 mg dose of DZD under fasting conditions
acquired Cpax at 11.74 pg/mL.** These PK/PD data can
help in a preliminary assessment of the effectiveness of
these next-generation oxazolidinones against SGM, and
may also facilitate in defining appropriate breakpoints for
these drugs.

LZD inhibits protein synthesis by binding with the 50S
ribosomal subunit, which is composed of 5S and 23S rRNAs
and 36 riboproteins (L1 through L36).* Recently, the near-
atomic structure of the 50S
M. tuberculosis bound with a potent LZD analog (LZD-
114) was determined (PDB:5V7Q).> It has been proved
that LZD-114 also binds in the same pocket of ribosome

ribosomal subunit of

with linezolid in other bacteria as well. In the Cryo EM map,
both ribosomal protein L3 (encoded by rpl/C) and ribosomal
protein L4 (encoded by rplD) were shown to be directly
bound with the 23S ribosomal RNA, and located closely to
the LZD binding site. This feature suggests that structural
perturbation of the LZD binding site may result in reducing
susceptibility to oxazolidinone. Furthermore, previous stu-
dies have demonstrated that mutations in rp/C and rplD
could lead to LZD in M. tuberculosis.**® Thr147Ala muta-
tion detected in #pID of M. avium (Figure S2) is located in
a variable site which may also be involved in rendering LZD
resistance. Kim et al have previously detected a single
Thr147Ala mutation in LZD resistant M. intracellulare
isolate.”® Except A2267C/G and A2266G mutation in
23SrRNA gene in M. intracellulare, that was closer to the
binding site of LZD, other mutations including C2078T and
ins 2470G found in M. avium were far from the LZD-binding
site. Overall, our results showed the novel 23s¥rRNA muta-
tions A2267C/G and A2266G in M.
Thr147Ala in rpID in M. avium might cause LZD resistance.

intracellulare and

In conclusion, this study has demonstrated that oxazo-
lidinones have good in vitro inhibitory activities against
the majority of enrolled SGM species. However, the activ-
ities of the four oxazolidinones were variable against dif-
ferent species. SZD showed the strongest antimicrobial
activity against M. intracellulare and M. avium, while
M. kansasii was very susceptible to all the four oxazolidi-
nones. In addition, it is also plausible that the novel
23srRNA A2267C A2266G  in
M. intracellulare and Thr147Ala in rplD in M. avium are

mutations and
related with LZD resistance. The data provided important
insights on the possible clinical applications of oxazolidi-
nones to treat SGM infections.
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