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Ce nu este cunoscut, deocamdata, la subiectul abordat

La ora actuala sunt descrise mai multe mutatii in genele rplC
sirrl asociate cu rezistenta M. tuberculosis la linezolid. Cu toate
acestea, corelatiile genetice nu sunt bine cunoscute pentru
toate tulpinile rezistente la linezolid, in special lipsesc datele
despre tulpinile izolate de la bolnavii de tuberculoza din tarile
cu povard Inaltd de tuberculoza multidrog rezistenta (TB-MDR)
din Europa de Est. De asemenea, exista date foarte limitate cu
privire la factorii de risc clinici si microbiologici asociati cu
rezistenta la linezolid in tulpinile de M. tuberculosis.

Ipoteza de cercetare

La majoritatea tulpinilor de M. tuberculosis izolate de la
pacientii cu expunere anterioara lalinezolid din tarile cu povara
inalta de TB-MDR, rezistenta la linezolid este determinata de
un set limitat de mutatii in genele rplC si rrl. Gestionarea clinica
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What is not known yet, about the topic

Several mutations in rplC and rrl genes have been shown to
be associated with linezolid resistance in M. tuberculosis. How-
ever genetic corelates in all linezolid resistant strains are not
well understood, particularly there are missing data on clinical
isolates from high multidrug-resistant tuberculosis (MDR-TB)
burden countries from Eastern Europe. As well there are very
limited data on clinical and bacterial risk factors associated
with emergency of linezolid resistance in M. tuberculosis clini-
cal isolates.

Research hypothesis

In most of the M. tuberculosis strains isolated in patients
with previous exposure to linezolid in high MDR-TB burden
countries, resistance to linezolid is determine by a limited sets
of mutations in rplC and rrl genes. Clinical mismanagement



defectuoasa a cazurilor de TB-MDR in tarile cu povara inalta de
tuberculoza si resurse limitate ar putea contribui la aparitia de
noi tulpini rezistente la linezolid.

Noutatea adusa literaturii stiintifice din domeniu

S-a demonstrat ca in regiunile cu povara inalta a TB-MDR,
cum este Republica Moldova, la majoritatea pacientilor TB-
MDR rezistenta la linezolid este asociatd cu un set de cateva
mutatii in genele rplC sirrl. De asemenea, s-a stabilit rolul critic
al regimurilor terapeutice suboptimale in aparitia rezistentei la
linezolid a tulpinilor de M. tuberculosis.

Rezumat

Introducere. Linezolidul (LNZ) este unul dintre principa-
lele medicamente utilizate In tratamentul tuberculozei multi-
drog-rezistente (TB-MDR). La moment determinantele gene-
tice asociate cu rezistenta la LNZ nu sunt pe deplin caracteri-
zate. Scopul studiului a fost de a descrie mutatiile asociate cu
rezistenta la LNZ prin aplicarea secventierii intregului genom
(WGS) si evaluarea factorilor de risc asociati cu rezistenta la
LNZ pe un set de tulpini de Mycobacterium tuberculosis (MTB)
izolate de la bolnavii de TB-MDR din Republica Moldova.

Material si metode. A fost realizat un studiu retrospectiv
transversal pe un set de tulpini de MTB preluate din biobanca
Laboratorului National de Referinta in Microbiologia Tuber-
culozei (LNRM). Au fost identificate toate tulpinile MTB sto-
cate In perioada 2017-2018, obtinute din sputa pacientilor cu
TB-MDR, care au administrat LNZ in schema de tratament pe
parcursul ultimilor doi ani, indiferent de durata administrarii
LNZ. Au fost considerate eligibile pentru studiu doar tulpinile
MTB izolate de la pacientii cu o expunere cumulativa la LNZ
mai mare de 30 de zile. Datele WGS ale tulpinilor de MTB in-
cluse in studiu au fost comparate cu rezultatele testelor feno-
tipice de sensibilitate pe medii lichide pentru 3 concentratii
de LNZ (0,5 mg/L; 1,0 mg/L; 2,0 mg/L). Caracteristicile clinice
ale pacientilor din studiu au fost preluate din Registrul natio-
nal electronic al bolnavilor cu TB (SIME-TB). Regresia logistica
multiplad a fost efectuatd pentru a determina factorii de risc
pentru rezistenta la LNZ.

Rezultate. 52/74 (70,3%) tulpini MTB au fost incluse in
studiu, dintre acestea 15 (28,8%) au fost fenotipic rezisten-
te la LNZ, dintre care in cazul a 12/52 (23,1%) tulpini a fost
gasitd o corelarea genotipici cu rezistenta la LNZ. In 8 cazuri
au fost gisite mutatii in gena rplC (460T>C). In alte 4 cazuri,
au fost identificate mutatii in gena rrl (2746G>A; 2814G>T;
2810A>C; 2270G>T). S-a determinat o asociere semnificativa
intre rezistenta la LNZ si numarul de medicamente active din
regimul de tratament TB-MDR (OR 0,23; 95%CI -0,03 - 0,70;
p = 0,04). 0 asociere mai slaba s-a stabilit cu numarul de doze
de LNZ administrate anterior (OR 1,01; 95%CI 1,004-1,03; p
=0,03).

Concluzii. La majoritatea tulpinilor de MTB studiate, re-
zistenta la LNZ a fost asociata cu mutatii in genele rrl si rplC.
Numarul insuficient de medicamente active in regimul de tra-
tament al TB-MDR creste sansele de aparitie a rezistentei la
LNZ.

Cuvinte-cheie: tuberculoza, WGS, rezistenta la linezolid,
factori de risc.
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of the MDR-TB cases in resource limited high burden MDR-TB
countries might contribute to the emergency of new linezolid
resistant strains.

Article’s added novelty on this scientific topic

We have proved that in high MDR-TB burden setting as Re-
public of Moldova a set of a few mutations in rplC and rrl genes
are associated with linezolid resistance in most of the MDR-TB
patients. As well we shown the critical role of suboptimal MDR-
TB treatment regimen for the emergence of linezolid resistance
in this setting.

Abstract

Introduction. Linezolid (LNZ) is one of the main drugs
used for multidrug-resistant tuberculosis (MDR-TB) treat-
ment. Genetic targets associated with resistance to LNZ are
not fully characterized. The aim of the study was to describe
mutations associated with LNZ resistance by applying whole
genome sequencing (WGS) and to assess the risk factors for
LNZ resistance in a set of M. tuberculosis clinical isolates from
the Republic of Moldova.

Material and methods. We conducted a retrospective
cross-sectional study on a set of MTB isolates retrieved from
the biobank of National Reference Laboratory for Tuberculo-
sis Microbiology (NRLM). We identified all sputum culture iso-
lates stored during 2017-2018, obtained from adult MDR-TB
patients who had LNZ as part of their MDR-TB treatment at
any time during two years before the collection corresponding
sputum sample. Only isolates from patients with a cumulative
exposure to LNZ longer than 30 days were considered eligi-
ble for the study. We performed WGS of the MTB strains and
compared these results with liquid culture-based susceptibil-
ity tests on 3 concentrations of LNZ (0.5 mg/L; 1.0 mg/L; 2.0
mg/L). The clinical characteristics of the study patients were
retrieved form the National TB Data Base (SIME-TB). The mul-
tiple regression analysis was performed to assess risk factors
for LNZ resistance.

Results. 52/74 (70,3%) isolates were included into the
study of them 15 (28,8%) were phenotypically LNZ resistant.
However only in 12/52 (23,1%) isolates genotypic correlates
of LNZ resistant was found. In 8 cases mutations were detect-
ed in the rplC gene (460T>C). In other 4 cases the identified
mutation implied rrl gene (2746G>A; 2814G>T; 2810A>C;
2270G>T). In a multivariate logistic regression model, signifi-
cant association between LNZ resistance and the number of
the active drugs in the MDR-TB treatment regimen (OR 0,23;
95%CI 0,03 - 0,70; p = 0,04) was found. A weaker association
was found with the number of the previously taken LNZ doses
(OR1,01; 95%CI 1,004 - 1,03; p=0,03).

Conclusions. In most of the studied MTB isolates LNZ
resistance was associated with mutations in the rrl and rplC
genes. A reduce number of the active drugs in the LNZ contain-
ing treatment regimen increase the chance of LNZ resistance
emergence.

Key words: tuberculosis, WGS, linezolid resistance, risk
factors.



Linezolid resistance of Mycobacterium tuberculosis - associated mutations and risk factors.

Introducere

Tuberculoza (TB) este o cauzda majora de morbiditate si
mortalitate la nivel mondial [1]. Chiar daca tuberculoza este
consideratd o boala care poate fi vindecatd, rata succesului te-
rapeutic la pacientii cu tuberculoza se reduce dramatic atunci
cand boala este cauzata de tulpini de MTB cu rezistenta mul-
tipla la medicamente (MDR), adica tulpini rezistente la doua
dintre cele mai puternice medicamente antituberculoase, izo-
niazida si rifampicina [2]. Pentru a imbunatati rezultatele tra-
tamentului TB-MDR, in ultimii ani au fost introduse in practica
clinica cateva medicamente antituberculoase. Printre acestea
linezolidul, derivat al oxazolidinonei, care a fost recent clasifi-
cat de Organizatia Mondiald a Sanatatii (OMS) ca medicament
din grupa A pentru tratamentul TB-MDR [3]. Aceasta impli-
ca utilizarea linezolidului la toti pacientii cu TB-MDR la care
tulpina de MTB nu este rezistenta fata de acest medicament.
Rata rezistentei la linezolid in tulpinile de MBT izolate in con-
ditii clinice variaza considerabil in studiile publicate pana in
prezent [4]. Raspandirea In continuare a tulpinilor rezistente
la linezolid ar putea limita utilizarea acestui medicament pe
viitor. Pana in prezent, au fost propuse doud potentiale de-
terminante ale aparitiei rezistentei la linezolid la tulpinile de
MTB. Prima este data de faptul ca biodisponibilitatea linezoli-
dului este frecvent redusa din cauza toxicitatii mitocondriale,
ceea ce duce la o expunere suboptimalad la medicament si la
generarea mutatiilor rezistente [5]. Cea de a doua este condi-
tionatd de optiunile terapeutice frecvent limitate in cazurile
de TB-MDR, circumstante in care linezolidul poate fi parte a
unui regim terapeutic suboptimal, cu cresterea riscului de do-
bandire a rezistentei [6]. Acestia, precum si alti factori de risc
microbiologici si clinici pentru rezistenta la linezolid necesita
afi evaluati. De asemenea, corelatiile genotipice ale rezistentei
la linezolid nu sunt complet cunoscute si necesita a fi studiate
in continuare. In special, sunt putine datele referitoare la tul-
pinile de MTB izolate de la bolnavii din tarile cu povara inalta
de TB-MDR din Europa de Est.

Republica Moldova este o tara est-europeana cu povara in-
alta de TB-MDR, avand una dintre cele mai mari rate de MDR
in randul cazurilor noi de retratament a TB [1]. Recent, Pro-
tocolul clinic national ,,Tuberculoza la adult” a fost revizuit si
ajustat la recomandarile OMS recente, inclusiv in ceea ce pri-
veste utilizarea linezolidului la pacientii cu TB-MDR [3]. Astfel,
utilizarea linezolidului se extinde progresiv in acest context.
Pentru o utilizare clinicd mai eficienta a medicamentului de-
osebit de importante sunt datele privind mecanismele gene-
tice de dobandire a rezistentei la linezolid cat si factorii de
risc asociati acesteia. In studiul dat ne-am propus si descriem
spectrul mutatiilor asociate cu rezistenta la linezolid si sa eva-
luam factorii de risc potential asociati cu rezistenta la linezolid
pe un set de tulpini MTB-MDR izolate de la pacientii din Repu-
blica Moldova cu expunere terapeutica anterioara la linezolid.

Material si metode

A fost efectuat un studiu retrospectiv transversal pe un set
de tulpini MTB preluate din biobanca Laboratorului National
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Introduction

Tuberculosis (TB) is among the leading causes of morbid-
ity and mortality worldwide [1]. Even if TB is considered in
principle a curable disease, the rate of positive treatment out-
come in TB patients is dramatically reduced when the disease
is caused by the multi drug resistant (MDR) Mycobacterium
tuberculosis (MTB) strains, i.e. strains resistant to two most
potent antituberculosis drug, isoniazid and rifampicin [2]. To
improve MDR-TB treatment outcome a few new and repur-
posed TB drugs have been introduced into the clinical practice
during the last years. Among them linezolid, an oxazolidine,
has been recently recommended by World Health Organiza-
tion (WHO) as a group A drug for the treatment of MDR-TB
[3]- That implies its use in all MDR-TB patients in whom MTB
strain is not resistant to linezolid. A variable rate of linezolid
resistant MTB strains have been reported in clinical isolates
until now [4]. Further spread of linezolid resistant strains
could limit the use of this drug in the upcoming future. Two
potential risk factors leading to linezolid resistance have been
hypothesized so far. First, linezolid dosing is frequently re-
duced due to mitochondrial toxicity, leading to suboptimal
drug exposure and subsequent selection of resistant mutant
[5]. Second, there are limited treatment options for MDR-TB
and linezolid may be added to an inadequate regimen, increas-
ing the risk of resistance acquisition [6]. These as well as other
microbiological and clinical risk factors associated with the li-
nezolid resistance should be explored. As well the genotypic
correlates of linezolid resistance are not completely charac-
terized and need further assessment. Particularly are limited
the data on clinical isolates from high MDR-TB burden Eastern
European countries.

Republic of Moldova is a high MDR-TB burden Eastern Eu-
ropean country with one of the highest rates of MDR among
new a retreated TB cases [1]. Recently the Moldovan National
TB Protocol has been revised and adjusted to the latest WHO
treatment guidelines, inclusively regarding the use oflinezolid
in MDR-TB patients [3]. Thus, the use of linezolid extends pro-
gressively in this setting. Data on linezolid genetic mechanisms
and risk factors associated with resistance acquisition on iso-
lates form this setting will be helpful for a more efficient clini-
cal use of the drug. In the present study we aimed to describe
the spectrum mutations associated with linezolid resistance
and to assess potential risk factors associated with resistance
to linezolid on a set of clinical MDR-MTB isolates from patients
with previous therapeutical exposure to linezolid from the Re-
public of Moldova.

Material and methods

We conducted a retrospective cross-sectional study on
a set of MTB isolates retrieved from the biobank of National
Reference Laboratory for Tuberculosis Microbiology (NRLM).
At the NRLM’s biobank we identified all sputum culture iso-
lates stored during 2017-2018, obtained from adult MDR-TB
patients who had linezolid as part of their MDR-TB treatment
at any time during two years before the collection correspond-



de Referinta In Microbiologia Tuberculozei (LNRM). Au fost
identificate toate tulpinile de MTB izolate si stocate in perioa-
da 2017-2018 in biobanca LNRM, obtinute din sputa pacienti-
lor adulti cu TB-MDR, care au administrat linezolid in schema
de tratament 1n orice perioada, pe parcursul ultimilor doi ani
(Figura 1). Au fost considerate eligibile pentru studiu doar tul-
pinile MTB izolate de la pacientii cu expunere cumulativa la
linezolid mai mare de 30 de zile. De la fiecare pacient eligibil
a fost inclusa doar o singura tulpind de MTB izolata din sputa.

Toate tulpinile MTB incluse in studiu au fost reinsamanta-
te, cu extragerea ulterioara a ADN-ului si secventierea intre-
gului genom.

Caracteristicile demografice si clinice ale pacientilor, din

1928 pacienti au inceput tratamentul TB-MDR in
2017-2018
1928 patients started on MDR-TB treatment 2017-2018

A 4

629/1928 (32.6%) pacienti TB-MDR cu cel putin o culturi
MTB izolata in biobanca LNRM

629/1928 (32,6%) MDR-TB patients with at least one MTB
culture isolate in NRLM biobank

h J

246/629 (39.1%) tulpini unice de MTB, izolate de la
pacientii cu expunere terapeutici la linezolid
246/629 (39,1%) single isolates from patients

therapeutically exposed to linezolid

Rezistenta Mycobacterium tuberculosis la linezolid - mutatii asociate i factori de risc

ing sputum sample (Figure 1). Only isolates from patients with
a cumulative exposure to linezolid longer than 30 days were
considered eligible for the study. From each eligible patients
only one sputum isolate was included.

All retrieved isolates were regrown, the MTB DNA were
extracted and sequenced using whole generation sequencing.

Demographic and clinical characteristics of the patients,
whose sputum culture isolates were included in the study, as
well the details about their therapeutical exposure to linezolid
was retrieved for the National Electronic TB Database (SIME-
TB). Also, from SIME-TB were retrieved the data on pheno-
typic drug susceptibility test (DST) of the included isolates
assessed at the time of isolate storage in the biobank.

172 tulpini izolate de la pacientii cu expunere la
linezolid mai mica de 30 zile de

v

-
Ll - . .
172 isolates from patients with less 30 davs exposed to
L linezolid
74/246 (30.1%) tulpini MTB izolate de la pacientii cu
expunere la linezolid mai mare de 30 de zile
74/246 (30,1%) isolates from patients exposed to linezolid
more than 30 days
p| 22 tulpini excluse din cauza unor probleme tehnice

- 52/74 (70.3%) tulpini incluse in studiu dintre acestea
— 15 (28.8%) rezistente fenotipic la linezolid. dintre care
= 12/52 (23.1%) rezistente genotipic la linezolid

52/74 (70,3%) isolates included into the study of them
- 15 (28,8%) phenotypically linezolid resistant of them
- 12/52 (23,1%) genotypically linezolid resistant

22 isolates excluded due to technical issues

Fig. 1 Design-ul studiului.
Notd: MDR-TB - tuberculoza multirezistenta, LNRM - Laboratorul National de Referintd in Microbiologia Tuberculozei,
MTB - Mycobacterium tuberculosis.
Fig. 1 Study flowchart.
Note: MDR-TB - multidrug-resistant tuberculosis, NRLM - National Reference Laboratory for Tuberculosis Microbiology,
MTB - Mycobacterium tuberculosis.
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sputa cdrora au fost izolate tulpinile de MTB incluse in studiu,
precum si detaliile privind expunerea terapeutica la linezolid
au fost preluate din Registrul national electronic al bolnavi-
lor TB (SIME-TB). De asemenea, din SIME-TB au fost preluate
datele privind testul fenotipic de sensibilitate la medicamente
(DST) in baza de cultura al tulpinilor incluse, evaluat la mo-
mentul stocarii tulpinilor in biobanca.

Colectarea tulpinilor MTB

LNRM este un laborator de nivelul trei care realizeaza toate
tipurile de teste microbiologice pentru diagnosticul infectiei
cu MTB. LNRM face parte din Institutul de Ftiziopneumologie
,Chiril Draganiuc” (IFP), o institutie medicala de nivel tertiar,
care ofera asistentd medicala pentru pacientii cu tuberculoza
si alte boli respiratorii non-TB. Astfel, LNRM asigura tot spec-
trul de teste microbiologice pentru diagnosticul TB la pacientii
consultati si/sau internati la IFP. De asemenea, LNRM asigura
cresterea si izolarea culturii MTB din sputa pacientilor si tes-
tarea sensibilitatii fenotipice, pentru un spital de TB de nivel
secundar din Chisindu si pentru cabinetele TB din Chisinau si
din zona de sud a tarii. La fel, asigura evaluarea controlului ca-
litatii pentru trei laboratoare regionale de TB existente 1n tara.
Din totalul probelor procesate in mod curent la LNRM, culturi-
le pozitive izolate din sputa si procesate in scop de diagnostic
sunt de obicei stocate in biobanca. De asemenea, o parte din
culturile pozitive efectuate pentru urmarirea tratamentului
sunt stocate in biobanca, in deosebi in cazul pacientilor cu tu-
berculoza, care nu reusesc sa obtina conversia culturii.

Teste microbiologice

Toate probele preluate din biobanca si incluse in studiu
au fost reinsamantate pe medii solide (Lowenstein-Jensen)
in conformitate cu recomandarile tehnice ale OMS [7]. Pentru
toate tulpinile de MTB relnsamantate, a fost efectuata testarea
sensibilitatii fenotipice pentru concentratiile de linezolid: 0,5
mg/L, 1,0 mg/L (concentratie criticd recomandatda de OMS)
si 2,0 mg/L, fiind utilizat sistemul BACTEC MGIT960 (Becton
Dickinson, SUA). Testele de sensibilitate fenotipica la medi-
camente pentru alte tipuri de antibiotice au fost efectuate in
MGIT960, la concentratii critice recomandate de OMS, fiind re-
alizate in conformitate cu instructiunile producatorului (Bec-
ton Dickinson, SUA).

Extractia ADN

Pentru extragerea ADN-ului, coloniile de MTB reinsaman-
tate au fost transferate intr-un tub de microcentrifuga (2,0 ml)
care continea 400 pl de tampon TE, apoi incalzite timp de 20
de minute la 80°C. Dupa 3 min de centrifugare, supernatantul,
a fost eliminat si s-au addaugat 400 pul de tampon TE, urmat de
vortexare pentru a separa celulele. Apoi s-au adaugat 50 pl de
lizozim, s-a vortexat si s-a incubat solutia peste noapte la 37°C.
A doua zi, s-au addugat 70 pl de SDS 10%, 5 ul de proteinaza K,
s-a vortexat si s-a incubat solutia 10 minute la 65°C. Ulterior,
s-a addugat 100 pl de NaCl 5M, 100 pl de CTAB/NaCl, urmat
de vortexare si incubare timp de 10 min la 65°C. Apoi au fost
adaugate 750 pl de amestec cloroform/izoamilcool, cu inver-
sarea si centrifugarea ulterioara a tuburilor la temperatura ca-
merei timp de 15 min. Supernatantul a fost transferat intr-un
nou tub de microcentrifugs, fiind adaugat un volum de 0,6 de
izopropanol pentru precipitarea acizilor nucleici timp de 30
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Settings

NRLM is a tertiary level laboratory performing all types of
microbiological tests for the diagnosis of MTB infection. NRLM
is part of Chiril Draganiuc Phthisiopneumology Institute (PPI),
a tertiary level medical institution which provides medical
care for patients with TB and other non-TB respiratory dis-
eases. Thus, NRLM ensure all spectrum of TB microbiologi-
cal test in patients consulted and/or admitted to PPI. As well
NRLM ensure the sputum culture and phenotypic DST for a
secondary level TB hospital in Chisinau and TB cabinets from
Chisinau and from southern counties of the country. As well it
provides the quality control assessment for three regional TB
laboratory existing in the country. From the pool of the spu-
tum samples process routinely at NRLM, isolates from positive
sputum cultures performed for diagnostic purposes were usu-
ally stored in the biobank. As well a part of the isolates from
positive sputum culture performed for treatment follow up
are also stored in the biobank, particularly these is the case
of TB cases which fail to achieve sputum culture conversion.

Microbiological tests

All sputum culture isolates retrieved from the biobank and
included into the study were regrown on solid media (Low-
enstein-Jensen) according to the WHO technical recommenda-
tions [7]. For all regrown isolates, we determined growth at 0,5
mg/L, 1,0 mg/L (corresponding to the WHO critical concen-
tration), and 2,0 mg/L of linezolid using the BACTEC MGIT960
system (Becton Dickinson, USA). Routine drug susceptibility
testing for other antibiotics was performed in MGIT960 using
critical concentrations recommended by WHO and according
to manufactures instruction (Becton Dickinson, USA).

DNA extraction

For the DNA extraction, colonies of regrown isolates were
transferred to a microcentrifuge tube (2,0 ml) containing 400
ul TE buffer and heated for 20 min at 80°C. After 3 min centrif-
ugation the supernatant was discarded and 400 pul TE-buffer
was added, followed by vortexing to separate cells. Then add-
ed 50 pl lysozyme, vortexed and incubated the solution over-
night at 37°C. Later 70 pl 10% SDS and 5 pl proteinase K, was
added, vortexed and incubated the solution 10 min at 65°C.
Afterwards 100 pl 5M NaCl, 100 pl CTAB/NaCl was added, fol-
lowed by vortexing and incubation for 10 min at 65°C. Then
750 pl Chloroform/Isoamyalcohol mix, was added, the tube
was inverted and centrifuged at room temperature for 15 min.
The supernatant was transferred to a new microcentrifuge
tube, and 0.6 volume isopropanol was added to precipitate
the nucleic acids for 30 min at -20°C. Then centrifuged and
discarded the supernatant. The DNA was washed in 0,5 ml of
75% ethanol, centrifuged, and discarded the supernatant The
DNA-pellet was dried at 60°C for about 10 min, and dissolved
in 100 pl TE-buffer at 37°C for 30 min.

Whole genome sequencing

Isoleted DNA of MTB isolates was subjected to whole ge-
nome sequencing at the Research Center Borstel, Germany
with a minimum average genome coverage of 50X, using
paired-end DNA libraries and Illumina technology (Nextera-
XT and NextSeq500) according to the manufacturer’s instruc-
tions (Illumina, USA). The sequencing data were mapped to



min la -20°C. Apoi s-a centrifugat si aruncat supernatantul. S-a
spalat ADN-ul in 0,5 ml de etanol 75%, s-a centrifugat si arun-
cat supernatantul. Peletul de ADN a fost uscat la 60°C timp de
aproximativ 10 minute, iar ADN-ul a fost dizolvat in 100 pl de
tampon TE timp de 30 de minute la 37°C.

Secventierea intregului genom

ADN-ul extras din tulpinile de MTB izolate, a fost supus sec-
ventierii intregului genom la Centrul de cercetare Borstel, Ger-
mania. Media minima de acoperire a genomului a fost de 50x,
utilizandu-se librarii de ADN tip pereche si tehnologia Illumi-
na (Nextera-XT si NextSeq500) in conformitate cu instructiu-
nile producatorului (Illumina, SUA). Datele de secventiere au
fost aliniate la genomul de referinta M. tuberculosis H37Rv (ID
GenBank: NC_000962.3) utilizindu-se filtrul MTBseq [8]. Au
fostluate in considerare mutatiile in 92 de gene asociate cu re-
zistenta la medicamente cu cel putin o citire in ambele directii
ale genei, si o citire care sa numeasca alela cu un scor phred
minim de 20. Am evaluat polimorfismele unui singur nucleo-
tid, insertiile si deletiile. Predictia rezistentei genotipice a fost
realizata pe baza catalogului de mutatii disponibil la Centrul
de Cercetare Borstel, Germania, actualizare Mai 2021.

Analiza statisticd

Variabilele continue au fost prezentate sub forma de medii
sau mediane cu deviatie standard sau intervalul dintre cuarti-
le, corespunzator. Variabilele categoriale au fost prezentate ca
valori procentuale. Compararea variabilelor continue parame-
trice si neparametrice a fost realizata prin testul t-student sau
testul Mann-Whitney, corespunzator. La compararea frecven-
telor s-a aplicat testul exact a lui Fischer. Pentru comparatiile
variabilelor Imperecheate s-a folosit testul Wilcoxon. Pentru
evaluarea asocierii dintre potentialii factori de risc si rezisten-
ta la linezolid, s-a efectuat o analiza de regresie logistica. Fie-
care variabild independentd Intdi a fost evaluatd prin regresie
logistica univariatd, iar variabilele care au avut o valoare p
mai mica de 0,25 au fost evaluate intr-un model de regresie
logistica multipla. A fost considerata statistic semnificativa va-
loarea p mai mica de 0,05. Analiza statistica a fost efectuata in
programul GraphPad Prism 9 v9.2.0.

Consideratii etice

Studiul a fost aprobat de Comitetul de Etica al Univer-
sitatii de Stat de Medicind si Farmacie ,Nicolae Testemita-
nu”, Chisinau, Republica Moldova (procesul verbal nr. 49 din
12.04.2018).

Rezultate

in biobanca LNRM au fost identificate 629 tulpini izolate
din sputa pacientilor cu TB-MDR, care au avut cel putin o cul-
tura de MTB stocatd in perioada 2017-2018. Doua sute patru-
zeci si sase (39,1%) dintre acesti pacienti au primit linezolidul
ca parte a regimului de tratament pentru TB cu o durata vari-
abila pe parcursul ultimilor 2 ani inainte de prelevarea sputei.
Dintre acestia, doar in cazul a 74 de pacienti a fost identificata
cel putin o cultura de MTB, stocata in biobanca, dupa initierea
tratamentului cu linezolid si o duratd de expunere la linezolid
mai mare de 30 de zile (Figura 1). Din 74 de tulpini eligibile,
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the M. tuberculosis H37Rv reference genome (GenBank ID:
NC_000962.3) using the MTBseq pipeline [8]. We considered
mutations in 92 genes associated with drug resistance [9])
and covered by a minimum of one read in both forward and
reverse orientation. We assessed single nucleotide polymor-
phisms, insertions, and deletions. Genotypic resistance predic-
tion was performed based on mutations catalogue available at
the Research Center Borstel, Germany, May 2021 update.

Statistical analysis

The continuous variables were presented as means or me-
dian with standard deviation or the interquartile interval, cor-
respondingly. Categorial variables were presented as frequen-
cies. Comparison of the continuous parametric and non-para-
metric variables was done by t-student test or Mann-Whitney
test, correspondingly. For the comparison of the frequencies
Fischer exact test was applied. For paired comparisons Wil-
coxon paired test was used. For the assessment of the asso-
ciation between potential risk factors and linezolid resistance,
logistic regression analysis was performed. For that, each in-
dependent variable was initially assessed by univariate logis-
tic regression and those which had a p value lower then 0,25
were assessed in a multivariate logistic regression model. A p
value lower then 0,05 was considered statistically significant.
Statistical analysis was performed in GraphPad Prism 9 v9.2.0
software.

Ethics

The study was approved by Ethical Committee of Nicolae
Testemitanu State University of Medicine and Pharmacy, Chi-
sinau, Republic of Moldova (# 49 from 12.04.2018).

Results

At the NRLM biobank we have identified 629 unique MDR-
TB patient who had at least on sputum culture isolate stored
during 2017-2018. Of them 246 (39,1%) patients received
linezolid as part of their TB treatment regimen at any time
during previous 2 years prior sampling of the stored sputum
isolate. Of these only 74 patients had at least one isolate col-
lected at a time point when the cumulative duration of line-
zolid intake was longer than 30 days (Figure 1). We attempt to
regrow by one isolate from each one of these 74 patients. Due
to technical limitation only 52 (70,3%) isolates were possible
to regrown and to include into the final analysis. Each regrown
isolated belong to a different MDR-TB patient.

Study cohort characteristics

The mean age of the patients whose sputum culture iso-
lates were included in the analysis was 38,8 + 8,5 year old, of
them 67,3% being male. Majority of the patients (84,6%) had
a cavitary disease detected by chest radiography and 17,3%
were HIV positive. The median number of linezolid doses
previously received by the study patients was 347 (IQR 165
- 470,5). At the same time the number of the active drugs in-
cluded into the linezolid containing regimen of the study pa-
tients was 3,0 (IQR 2,0 - 4,0).

According to WGS data 12 of the study isolates (23,1%)
were resistant to linezolid. Patients with linezolid resistant
strains had a higher number of taken linezolid doses as well
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Tabel 1. Caracteristica cohortei.
Table 1. Cohort characteristics.

Parametri Total LNZ rez‘istent LNZ sensibill .

Parameters N=52; n (%) IL\II\:Iigeils(t;)’;t l](]Zig?icft;)?blle p
gﬁﬁé‘lf?iﬁiﬁ” 35(67.3) 8 (66,7) 27 (67,5) 1,0
XZZSt,ie?f T?g > 38,5£8,5 33553 39,988 0,01
et reiee 22 (42.3) 4(333) 18 (45,0) 052
IH-I;\I;SESZIlttII\Ye 9(17.3) 4(333) 5(12,5) 0,18
]&z\zzi?;;ycz‘;lltoarfse 44 (84,6) 10 (83,3) 34 (85,0) 1,0
Retraatment afer foure 35 (67,3) 11(917) 24 (600) 0,08
nl\gg 2:;;;? ?ggﬁg) 33 (63,5) 7(583) 26 (65,0) 0,74
AT lineuge 4 (UhciLAM] 19.365) 5 (417) 14.350) 074
1\]\;31}; : 58 :ssziisslrzenrlcte 40(76,9) 10(83,3) 30 (75,0) 0,71
vt ﬁigjz;‘j,%%ﬁ‘) 347,0 (165,0 - 470,5) 576,5 (404,5 - 705,5) 2575(1205-3765) 0,001
Intrerupere LNZ a7 1 683) 305) 0

LNZ interruption

Medicamente active in schema de tratament cu LNZ;
mediana (IQR)* 3,0(2,0-4,0) 1,5(1,0-3,0) 4,0 (2,5-4,0) 0,0001
Active drugs in LNZ regimen; median (IQR)*
Mutatii compensatorii

Compensatory mutations 38(73,1) 10 (83,3) 28(70,0) 0,5

Notd: MTB - Mycobacterium tuberculosis; FQ - fluoroquinolone, LNZ - linezolid, DS - deviatia standard, IQR - intervalul dintre cuartile, LNZ - linezolid, * - evaluat
conform datelor de secventiere a intregului genom.

Note: MTB - Mycobacterium tuberculosis; FQ - fluoroquinolones, LNZ - linezolid, SD - standard deviation, IQR - interquartile range, LNZ - linezolid, * - assessed by
whole genome sequencing data.

M no mutation(s)
M rrl unknown mutation(s)

rrl mutation (s)

40 M rplC mutation(s)
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Fig. 2 Distributia concentratiei minime inhibitorii (CMI) la linezolid pentru tulpinile MTB si rezultatele secventierii.
Fig. 2 Linezolid minimum inhibitory concentration (MIC) distribution for the analyzed clinical isolates and sequencing results.



cresterea MTB s-a reusit in cazul la 52 (70,3%) care au fost
incluse in analiza finala.

Caracteristicile lotului studiat

Varsta medie a pacientilor ale caror tulpini MBT izolate din
sputd au fost incluse in analiza a fost de 38,8 + 8,5 ani, dintre
acestia 67,3% fiind barbati. Majoritatea pacientilor (84,6 %)
aveau leziuni cavitare pulmonare detectate la radiografia to-
racicd, iar 17,3 % aveau statut HIV pozitiv. Mediana numarului
de doze de linezolid anterior administrate pacientilor inclusi
in studiu a fost de 347 (IQR 165 - 470,5). In acelasi timp, nu-
marul medicamentelor active incluse in regimul de tratament
cu linezolid la pacientii analizati a fost de 3,0 (IQR 2,0-4,0).

Conform datelor WGS, 12 (23,1%) tulpini MTB au fost re-
zistente la linezolid. Pacientii cu tulpini rezistente la linezolid
au avut un numdr mai mare de doze de linezolid administra-
te, precum si un numar mai mic de medicamente active in re-
gimul de tratament decat cei cu tulpini sensibile la linezolid
(576, 5 (IQR 404,5 - 705,5) fata de 257,5 (IQR 120,5 - 376,5),
p= 0,0001 si 1,5 (IQR 1,0 - 3,0) fatd de 4,0 (IQR 2,5 - 4,0),
p = 0,0001, respectiv). Nu s-au constatat alte diferente sem-
nificative dintre pacientii cu tulpini rezistente la linezolid si
cei cu tulpini sensibile la linezolid, cu exceptia varstei acestora
(33,5+5,3vs 39,9 +8,8,p=0,01; Tabelul 1).

Rezistenta genotipicd a tulpinilor de MTB

Majoritatea tulpinilor analizate apartin liniei genotipice 2
- 63,5%), celelalte tulpini apartinand liniei 4. WGS a confirmat
profilul MDR al tuturor celor 52 de tulpini de MTB incluse in
studiu. Dintre acestea, 72% prezentau mutatii compensatorii
in genele rpoA si rpoC. De asemenea, 76,9% dintre acestea
prezentau rezistenta suplimentara la fluorochinolone. Nu au
existat diferente statistice in ceea ce priveste rata de rezisten-
ta la fluorochinolone, mutatiile compensatorii si frecventa li-
niilor genotipice intre tulpinile rezistente la linezolid si cele
sensibile la linezolid (Tabelul 1).

Numarul de tulpini cu rezistenta genotipica la linezolid
(12/52) difera de cel detectat prin DST fenotipic bazat pe cul-
turd, prin care s-au evidentiat 15 tulpini rezistente la linezolid.
Pentru 8 tulpini rezistente la linezolid, a fost gasita mutatia de
tip substitutie (460T>C) in gena rplC, in timp ce in cazul altor
4 tulpini au existat mai multe mutatii de tip substitutie in dife-
rite pozitii a genei rrl (Rvnr02) (Tabelul 2). In cazul unei sin-
gure tulpini cu rezistentd fenotipica nu s-a gasit nici o mutatie
in genele rplC si rrl, In timp ce la alte 2 tulpini cu rezistenta fe-
notipica au fost detectate mai multe mutatii de tip substitutie
nucleotidica in diferite pozitii a genei rrl, la care asocierea cu
rezistenta la linezolid nu este cunoscuta, pentru tulpinile date
nu au fost gasite mutatii in gena rplC.

Toate tulpinile cu mutatii rezistente in gena rplC au o con-
centratie minima inhibitorie (CMI) a linezolidului mai mare de
2 mg/l, la fel si in cazul tulpinilor cu mutatii rezistente In gena
rrl. Majoritatea tulpinilor fara mutatii in rplC si rrl au avut o
CMI a linezolidului <0,5 mg/1. Tulpina cu rezistenta fenotipica
la care nu s-au gasit mutatii in gena rplC, sau la rrl, a avut o
CMI a linezolidului de 2 mg/1 (Figura 2).

Factori asociati cu rezistenta la linezolid

Pentru a determina factorii de risc asociati cu rezistenta
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a lower number of the active drugs in the treatment regi-
men than those with linezolid susceptible strains (576,5 (IQR
404,5-705,5) vs 257,5 (IQR 120,5 - 376,5), p= 0,0001 and 1,5
(IQR 1,0 - 3,0) vs 4,0 (IQR 2,5 - 4,0), p = 0,0001, corespond-
ingly). No other differences have been found in patients with
linezolid resistant strains compared with those with linezolid
susceptible strains, excepting their age (33,5 + 5,3 vs 39,9 *
8,8,p=0,01; Table 1).

Genotypic resistance of the MTB strains

Sixty-three-point two percent of the strains belonged to
genotypical lineage 2 while others to lineage 4. WGS con-
firmed the MDR profile of all 52 MTB strains included into the
study. Of them 72% had compensatory mutations in rpoA and
rpoC genes. As well 76,9% had additional resistance to fluoro-
quinolones. There were no differences in the rate fluoroqui-
nolone resistance, compensatory mutations, and frequency of
lineages between linezolid resistant and linezolid susceptible
strains (Table 1).

The number of strains with genotypic resistance to line-
zolid (12/52) differs of that detected by culture based phe-
notypic DST which shown 15 linezolid resistant strains. In 8
linezolid resistant strains resistance was associated with the
same type of susbtitution (460T>C) in rplC gene while in oth-
er 4 strains with several diferent substitions in rrl (Rvnr02)
gene (Table 2). In one of the phenotipicaly resistant strains the
wild type of both rplC and rrl genes were found, while other
2 pnenotipicaly resistant strains cary a wild type rplC gene,
and several diferent substituion mutations in the rrl gene, not
known to be assocaited with resistance.

All resistant strains with mutations in rplC have a linezolid
minimum inhibitory concentration (MIC) higher than 2 mg/1
as well those strains with known resistant mutaion in rrl. Ma-
jority of the strains without any mutation in rplC and rrl had
a linezolid MIC <0,5 mg/l1. The phenotipicaly resistant strain
with wilde type of both rplC and rrl had a linezolid MIC of 2
mg/1 (Figure 2).

Factors associated with linezolid resistance

To determine the risk factors for the emergence of linezol-
id resistance main demographical, clinical, and microbiologi-
cal characteristics as well as factors characterizing the history
of previous exposure to linezolid were primarily assesed by
univariate logistic regresion analysis. The following variables
were subjects the univariate logistic regression analysis: gen-
der, age, HIV status, place of residecne, presence of cavities
on radiography, MTB lineage, presence of compensatory mu-
tations, number of taken linezolid doses, history of linezolid
treatment intreruption longer then 2 months, number of the
active drugs in the TB treatment regimen assessed by WGS
data (Table 3). Four of these vairables - number of taken li-
nezolid doses, number of the drugs in the regimen, HIV status
and patient age - shown significant association in univariate
analysis (p<0,25) and were subsequently checked in a multi-
variate logisitc regresion model (Table 4). The latest identify
a significant association between the emergence of linezolid
resistance and the number of the active drugs in the MDR-TB
treatment regimen (OR 0,23; 95%CI 0,03 - 0,70; p = 0,04). A
weaker association was found with the number of the privi-
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Tabelul 2. Mutatiile M. tuberculosis in genele rrl si rplC cu rezistenta fenotipica la linezolid.
Table 2. rrl and rplC mutations in M. tuberculosis with phenotypic linezolid resistance.

MJHS 26(1)/2021

NI 122;‘::: ;g LNZ MGIT960 (mg/mL)  LNZgeno  rplC (%) rrl (%) ]L“:;’:;ge LD;Z:Z;IT;ZZI;SS
1 BUA001 >2,0 R WT 2746G>A (99%) Ural 405
2 KEG002 >2,0 R WT ggigizz 822//‘3 Beijing 690
3 ERR003 >2,0 s WT 219G>C (1,3%)* Beijing 267
4 MAA004 >2,0 R 460T>C (100%) WT Beijing 393
5 SHP005 >2,0 R 460T>C (94%) WT Beijing 689
6 LEI006 >2,0 R WT 2270G>T (2%) Ural 730
7 BOS007 2,0 R 460T>C (73%) WT Ural 656
8 GRE008 52,0 R WT 2814G>T (100%) Beijing 730
9 MAV009 52,0 R 460T>C (100%) WT LAM 351
10 SMEO010 >2,0 R 460T>C (26%) WT Beijing 404
11 SPOO11 >2,0 R 460T>C (96%) WT Beijing 473
12 STVo12 2,0 S WT ;ggﬁ:g 83333* Beijing 362
13 ZAI013 52,0 S WT WT Beijing 182
14 RODO14 52,0 R 460T>C (100%) WT Beijing 497
15 BOI043 >2,0 R 460T>C (100%) WT Ural 721

Notd: LNZ geno - sensibilitatea fatd de linezolid conform datelor secventierii, S - sensibil, R - rezistent, WT- tip salbatic, LNZ - linezolid, * - mutatii necu-
noscute, considerate in studiu sensibile la linezolid.

Note: LNZ geno - linezolid sussceptibility according to sequencing data, S - sussceptibile, R - resistant, WT- wild type, LNZ - linezolid, * - unknown mutations,
considered sussceptible to linezolid in the study.

Tabelul 3. Factori de risc pentru rezistenta la linezolid, regresie logistica univariata.
Table 3. Risk factors for linezolid resistance, univariate logistic regression.

Factor B SE p OR 95% ClI
Genul (femei)

Gender (female) 0,04 0,70 0,96 1,04 0,24 - 3,97
Virsta 0,13 0,06 0,03 0,88 0,76 - 0,97
Age

Re;edm;a.urbana -0,49 0,69 0,5 0,61 0,14 -2,28
Urban residence

Total doze linezolid 0,01 0,00 0,001 1,01 1,005 - 1,02
Total linezolid doses

lr}treru.pe.re lmezol.ld 0,11 1,21 0,92 1,12 0,05-9,80
Linezolid interruption

Mutatii compensatori -0,76 0,85 0,37 0,47 0,06-2,13
Compensatory mutations

Me(.ilcamente. active m‘ schema de tratament 1,49 0,47 0,00 0,23 0,07 - 0,49
Active drugs in the regimen

MBT linia 2

MTB lineage 2 -0,28 0,67 0,67 0,75 0,20 - 2,97
LeleuIll cav1.tare 0,13 0,89 0,89 0,88 0,17 - 6,66
Cavitary lesion

HIV pozitiv 1,25 0,78 0,11 3,50 0,73 - 16,43
HIV positive

Notd: MTB - Mycobacterium tuberculosis, SE - eroarea standard, OR - raportul sanselor, 95%CI - 95% intervalul de incredere.
Note: MTB - Mycobacterium tuberculosis, SE - standard error, OR - odds ratio, 95%CI - 95% confidence interval.



Tabelul 4. Factori de risc pentru rezistenta la linezolid, regresie logistica multipla.
Table 4. Risk factors for linezolid resistance, multiple logistic regresion.

Factor B SE p OR 95% CI
Virsta -0,17 0,11 0,14 0,85 0,63 -1,007
Age

Total d.oze llpezohd 0,01 0,005 0,03 1,01 1,004 -1,03
Total linezolid doses

Mec.hcamente? active in schema de tratament 149 0,72 0,04 0,23 0,03-0,7
Active drugs in the regimen

HIV pOZ'lt'lV 0,33 1,49 0,83 1,39 0,07 - 35,7
HIV positive

Notd: SE - eroarea standard, OR - raportul sanselor, 95%CI - 95% intervalul de incredere.
Note: SE - standard error, OR - odds ratio, 95%CI - 95% confidence interval.

la linezolid, principalele caracteristici demografice, clinice si
microbiologice, precum si factorii care caracterizeaza istoricul
expunerii anterioare la linezolid au fost initial evaluate prin
regresie logistica univariata. Variabilele testate prin regresie
logistica univariata au inclus: sexul, varsta, statutul HIV, locul
de resedinta, prezenta cavitatilor la radiografie, linia MTB,
prezenta mutatiilor compensatorii, numarul de doze de line-
zolid administrate, istoricul intreruperii tratamentului cu line-
zolid mai mult de 2 luni, numarul de medicamente active din
regimul de tratament al tuberculozei evaluat prin datele WGS
(Tabelul 3). Patru dintre aceste variabile - numarul de doze de
linezolid administrate, numarul de medicamente din schema
de tratament, statutul HIV si varsta pacientului - care au pre-
zentat o asociere semnificativa in analiza univariata (p<0,25)
au fost verificate printr-un model de regresie logistica multi-
variata (Tabelul 4). Acestea au evidentiat a asociere semnifi-
cativa Intre rezistenta la linezolid si numarul de medicamente
active din regimul de tratament al TB-MDR ( OR 0,23; 95%CI
0,03 - 0,70; p = 0,04). O asociere mai slaba a fost gasita cu
numadrul de doze de linezolid anterior administrate (OR 1,01;
95%CI 1,004 - 1,03; p = 0,03). Pentru ceilalti doi factori testati
(statutul HIV si varsta) nu au fost evidentiate asocieri semni-
ficative.

Constatarea asocierii dintre numarul de medicamente ac-
tive din regimul de tratament si rezistenta la linezolid ne-a
determinat sa comparam numarul de medicamente active din
regimurile de tratament care contin linezolid prescrise paci-
entilor inclusi in studiu din perspectiva rezultatelor fenoti-
pice, a testului de sensibilitate si datelor WGS. Am constatat
ca conform rezultatelor WGS, mediana numarului de medica-
mente active din schemele de tratament este semnificativ mai
mica decat cel administrat de facto, calculat in baza datelor
testului de sensibilitate fenotipic si a prezumtiei de sensibili-
tate la medicamentele netestate, 3 (IQR 3-5) vs 5 (IQR 4,5-6),
corespunzator, p<0,0001 (Figura 3).

Discutii

In studiu prezent, am stabilit ci in majoritatea cazurilor re-

ously taken linezolid doses (OR 1,01; 95%CI 1,004 - 1,03;
p=0,03). For the other two tested factors (HIV status and age)
no significant association were found.

Our finding of association between the number of the ac-
tive drugs in the treatment regimen and linezolid resistance
made us to compare the number of the active drugs in the
linezolid containing treatment regimens prescribed to our
patients from perspective of phenotypic bases DST and WGS
data. We found that when assessed by WGS the median num-
ber of the active drugs in the treatment regimens is signifi-
cantly lower than that counted in the real life based on the
phenotypic DST and presumption of susceptibility to the not
tested drugs, 3 (IQR 3 - 5) vs 5 (IQR 4,5 - 6) correspondingly,
p<0,0001 (Figure 3).

Discussion

In this cross-sectional study, we found that the main gene-
tic corelates of linezolid resistance in MTB strains in Moldovan
settings are given by a set of substitution mutations in rplC
and rrl genes. As well we found that the strongest risk factor
for linezolid resistance in strains isolated from patients with
previous exposure to linezolid is it use in an unproper MDR-
TB treatment regimen, i.e. a regimen with a reduce number of
drugs to which the MTB strain is susceptible.

The rate of linezolid resistance varies considerably in the
previously reported studies on MDR MTB clinical isolates -
5,5% - 33.3% [10-14]. In our study the frequency of the MTB
resistance to linezolid is mostly in the middle of the reported
range (23,1%). These differences in resistance rate across the
studies are commonly explained by different types of the en-
rolled patients, a higher rate in cohorts with higher number of
retreatment cases. This is a plausible explanation for the pres-
ent study as well, in which most of the patients are retreated
TB cases.

Overall, the 460T>C mutation in rplC was the underlying
cause of linezolid resistance in most of our isolates (8 out of
12 resistant cases). This is in line with previously reported
data on both in vitro and clinical isolates [15]. It was hypoth-
esized that rplC resistance is associated with lower biological
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Fig. 3 Numarul de medicamente active in regimul de tratament cu linezolid.
Notd: WGS - secventierea intregului genom, DST - test fenotipic de sensibilitate la medicamente, LNZ - linezolid, * - numarul de medicamente
active 1n baza testului de sensibilitate fenotipic si a prezumtiei despre sensibilitatea fatd de medicamentele netestate.
Fig. 3 Number of active drugs in the linezolid containing regimen.
Note: WGS - whole genome sequencing, DST - phenotypic drug susceptibility test, LNZ - linezolid, * - number of active drugs based on the pheno-
typic drug susceptibility test and presumption of susceptibility to the not tested drugs.

zistenta genotipica la linezolid a tulpinilor de MTB din Repu-
blica Moldova este determinata de un set de cateva mutatii de
tip substitutie in genele rplC si rrl. De asemenea, am constatat
cd la pacientii cu expunere anterioara la linezolid, administra-
rea linezolidului intr-un regim de tratament suboptim, adica
un regim cu un numar redus de medicamente la care tulpina
de MTB este sensibila, reprezinta un important factor de risc
pentru rezistenta la linezolid.

Rata de rezistenta la linezolid variaza considerabil in stu-
diile raportate anterior, referitoare la tulpinile MTB izolate de
la bolnavii de tuberculoza - 5,5% - 33,3% [10-14]. in studiul
nostru, frecventa rezistentei MTB la linezolid se situeaza apro-
ximativ la mijlocul intervalului raportat (23,1%). De regula di-
ferentele in ceea ce priveste rata de rezistenta in studiile pu-
blicate sunt explicate prin diferite tipuri de pacienti inrolati, o
ratd mai mare in cohortele cu un numar mai mare de cazuri de
retratament al TB. Aceasta este o explicatie plauzibila si pen-
tru studiul de fat3, in care majoritatea pacientilor sunt cazuri
de retratament.

Mutatia 460T>C in rplC a determinat rezistenta la linezolid
la majoritatea tulpinilor MTB studiate (8 din 12 cazuri rezis-
tente). Acest lucru este in concordanta cu datele raportate an-
terior atat pe tulpinile izolate in vitro, cat si pe cele izolate de
la bolnavii de tuberculoza [15]. A fost emisa ipoteza ca mutati-
ile asociate cu rezistenta din gena rplC reduc mai putin adap-
tabilitatea biologica a MTB decat mutatiile din alte gene, ceea

fitness costs than resistance associated with other genes, that
promote transmission of these bacteria in the population and
lead to the dominance of these resistant mechanism in various
settings [14].

In previously reported sets of MTB isolates, resistant mu-
tations in the rrl gene are less frequent but a bit more divers
then those in rplC [15]. This finding was observed in our study
as well. Four strains from present cohort had resistant muta-
tions in rrl gene. Three of the observed rrl resistant mutations
(2814G>A, 2746G>A, 2270G>T) are among the most com-
monly reported in the literature while the other one 2810A>C
is much rare being described particularly in patient with MDR-
TB treatment failure [11]. Three other rrl mutations (219G>C,
2434T>C, 2691A>T) identified in our MTB isolates has not
been previously described to be associated with linezolid re-
sistance as well they were not described in susceptible strains.
Further experiments would be needed to establish the poten-
tial role of these mutations in conferring linezolid resistance.

One of our phenotypically resistant strains did not harbor
any mutation in rplC or rrl. Several previous studies have been
reported such type of strains as well [16]. Detection of other
non-ribosomal genetic targets of linezolid resistance in such
strains should be aimed by further studies. It seems plausible
to assess the cellular changes that negatively influence cell
permeability for antimicrobial agents, particularly changes in
efflux pumps function and cell wall thickness [17].



ce contribuie la raspandirea mai eficienta a acestor tulpini in
populatie [14].

Studiile anterioare raporteaza ca mutatiile rezistente in
gena rrl sunt mai putin frecvente, dar ceva mai diverse fata
de cele din rplC [15]. Acest fapt a fost observat si in studiul
nostru. Patru tulpini din cohorta analizata au prezentat mu-
tatii rezistente 1n gena rrl. Trei dintre mutatiile rezistente rrl
observate (2814G>A, 2746G>A, 2270G>T) se numara printre
cele mai frecvent raportate In literatura, in timp ce cea de a
patra, 2810A>C, este mult mai rar3, fiind descrisa in special la
pacienti TB-MDR cu esec terapeutic [11]. Alte trei mutatii din
rrl (219G>C, 2434T>C, 2691A>T) identificate la tulpinile de
MTB nu au fost descrise anterior ca fiind asociate cu rezistenta
lalinezolid si, de asemenea, nu au fost descrise nici la tulpinile
sensibile. Pentru a stabili rolul potential al acestor mutatii in
conferirea rezistentei la linezolid sunt necesare studii supli-
mentare.

Una dintre tulpinile MTB analizate in studiul dat, desi avea
rezistenta fenotipicd nu a prezentat nicio mutatie in rplC sau
rrl. Anterior astfel de tulpini au fost, de asemenea, raportate
[16]. Rezistenta acestor tulpini ar putea fi legata de alte tinte
genetice non-ribosomale. In acest sens pare plauzibild evalu-
area modificarilor celulare care influenteaza negativ perme-
abilitatea celulard pentru agentii antimicrobieni, in special
modificarile functiei pompelor de eflux si grosimea peretelui
celular [17].

Nivelurile CMI ale linezolidului raportate in studiile ante-
rioare pe tulpini de MTB cu rezistentd la linezolid si mutatii
in genele rplC si rrl, variaza comparativ cu concentratia cri-
tica mai mult de 4 - 32 de ori si 8 - 50 de ori, corespunzator,
[15]. In studiul realizat nu a fost posibil de a evalua CMI exacti
pentru tulpinile rezistente. Cea mai mare concentratie inhibi-
torie testata la linezolid (2,0 mg/1), este de doua ori mai mare
decat concentratia critica recomandata pentru testarea de ru-
ting, iar In cazul tulpinilor cu mutatii in rplC si rrl aceasta con-
centratie nu a inhibat cresterea tulpinilor rezistente. Aceasta
confirma rationalitatea utilizarii concentratiei critice aplicate
in mod curent pentru evaluarea fenotipica a rezistentei la line-
zolid in practica LNRM.

In studiul realizat genotipul dominant in randul tulpini-
lor rezistente la linezolid a fost Beijing (in 7 tulpini din 12).
Cu toate acestea, asocierea raportatd anterior intre genotipul
Beijing si rezistenta la linezolid [18] nu a fost confirmata in
cohorta noastra. Acest lucru ar putea fi cauzat de numarul re-
dus de cazuri in cohorta studiata. In cadrul unui studiu epide-
miologic recent la nivelul Intregii tari, cu utilizarea WGS, s-a
demonstrat rolul tot mai important al genotipului Beijing in
raspandirea TB-MDR in Moldova [19]. Avand in vedere acest
lucru, precum si intensificarea considerabila a utilizarii line-
zolidului, ar trebui adoptata o atitudine de farmacovigilenta
sporita in legatura cu linezolidul.

Printre factorii de risc clinici asociati cu rezistenta la line-
zolid, 1n literatura au fost raportati expunerea anterioara la
linezolid si procentul de afectare pulmonari [20]. In cohorta
noastra de pacienti expusi anterior la linezolid, cel mai im-
portant factor de risc asociat cu rezistenta la linezolid a fost
numadrul de medicamente active din schema de tratament a
tuberculozei. Ghidurile actuale privind tratamentul TB-MDR
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The previously reported linezolid MIC levels in MTB strains
with rplC and rrl associated resistance range largely between
4 to 32 fold and from 8 to 50 fold, correspondingly [15]. In
our study we have not had the possibility to assess the MICs
of the resistant strains. In the highest tested inhibitory con-
centration of linezolid (2,0 mg/1), which is double higher than
that recommended breakpoint for the routine assessment, the
growth of all strains with mutations in rplC and rrl were not
inhibited. These data confirmed the rationality of the current-
ly use breakpoint for the phenotypical assessment of linezolid
resistance in the routine practice of NRLM.

The dominant genotype among the linezolid resistance
strains in our study was Beijing (in 7 strains out of 12). How-
ever the previously reported association between Beijing gen-
otype and linezolid resistance [18] was not confirmed in our
cohort. That could be caused by a reduce number of observa-
tions in our cohort. Nevertheless a in recent country wide epi-
demiological study with use of WGS, it have been shown the
increasing role of the Beijing genotype in driving the MDR-TB
epidemic in Moldova [19]. Considering that, as well the con-
siderable scaling up in use of linezolid, an increase pharma-
covigilance attitude in relation to linezolid should be adopted.

Among clinical risk factors associated with linezolid resis-
tance prior linezolid exposure and percent lung involvement
were reported [20]. In our cohort of patients previously ex-
posed to linezolid the most important risk factor associated
with linezolid resistance was the number of the active drugs
in the TB treatment regimen. Current guidelines on MDR-TB
treatment recommend having 4 or 5 active drugs as part of
the treatment regimen [21, 22]. The idea behind combina-
tion of multiple drugs in treatment of TB disease is to avoid
monotherapy and by that to prevent selection of MTB strains
resistant to a certain TB drug. Unfortunately, due to lack of
tools for the assessment of DST for some of the MDR-TB drugs
(e.g. linezolid, bedaquiline, delamanid, carbapenems, clofazi-
mine) during the study period or unavailability and shortages
of certain MDR-TB drugs the number of the drugs included in
the treatment regimens of the patients from our cohort was
frequently suboptimal. It should be acknowledge that this is a
sad aspect of the MDR-TB management in other high MDR-TB
burden settings in Eastern Europe as well [6]. However, use
of an inefficient drug regimen (with not enough active drugs)
could also happen in high income setting at least during the
initial phase of the MDR-TB treatment, before phenotypic
DST results become available. That because diagnostic tools
for rapid assessment of susceptibility (as those based on the
detection of genetic markers of resistance) to majority of the
MDR-TB drugs form WHO drug group A and B are unavailable
even in high income settings [23]. All these argue the need of
strengthening current DST capacities and drug availability.

Our study has several unavoidable limitations. Due to it
retrospective design and technical limitations we were able
to include into the study only a part of the cases with the li-
nezolid exposure registered during the study period. As well
the clinical characteristics of the study cases were collected
as part of routine clinical care and not originally obtained for
the purpose of this study. Therefore, we had to accept the bias
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recomanda includerea in schema de tratament 4 sau 5 antitu-
berculoase cu eficacitate demonstratd (medicamente active)
[21, 22]. Ideea care std la baza combindrii mai multor medi-
camente 1n tratamentul tuberculozei este de a evita monote-
rapia si, prin aceasta, de a preveni selectia tulpinilor de MTB
rezistente fatd de un anumit medicament. Din nefericire, din
cauza lipsei capacitatilor de testare in mod curent a sensibili-
tatii pentru unele dintre medicamentele pentru TB-MDR (de
exempluy, linezolid, bedaquiling, delamanid, carbapenem, clo-
fazimina) sau lipsei anumitor medicamente pentru tratamen-
tul TB-MDR, numarul de medicamente incluse in regimurile
de tratament ale pacientilor din cohorta noastra a fost in mul-
te cazuri suboptimal, fapt care a contribuit la aparitia rezisten-
tei fata de linezolid. De mentionat ca acesta este un aspect trist
al managementului TB-MDR si in alte regiuni cu povara Inalta
de TB-MDR din Europa de Est [6]. Cu toate acestea, utilizarea
unui regim medicamentos ineficient (cu un numar insufici-
ent de medicamente active) ar putea avea loc si in regiunile
cu nivel ridicat de trai, cel putin in timpul fazei initiale a tra-
tamentului TB-MDR, inainte ca rezultatele DST fenotipice sa
fie disponibile. Acest lucru se datoreaza faptului ca evaluarea
rapidad a sensibilitatii (cum ar fi prin teste bazate pe detectarea
markerilor genetici de rezistentd) pentru medicamentele din
grupele A si B de medicamente anti TB-MDR nu sunt disponi-
bile nici in regiunile cu nivel ridicat de trai [23]. Toate acestea
argumenteaza necesitatea de a imbunatati capacitatile actuale
de DST si disponibilitate a medicamentelor.

Rezultate prezentului studiu au cateva limitari inevitabile.
Din cauza designului retrospectiv si a limitarilor tehnice, am
putut include in cercetare doar o parte din cazurile TB-MDR
cu expunere la linezolid inregistrate in perioada de studiu. De
asemenea, caracteristicile clinice ale cazurilor studiate au fost
colectate in cadrul prestarii asistentei medicale de rutina si nu
au fost obtinute primar in scopul acestui studiu. Prin urmare,
trebuie admis un posibil grad de inexactitate in descrierea ca-
racteristicilor clinice ale cohortei precum si in generalizarea
rezultatelor studiului. Cu toate acestea, suntem increzatori ca
strategia noastra de identificare a cazurilor eligibile a fost su-
ficient de riguroasa pentru a evita excluderea unor observatii
extreme importante si ca parametrii-cheie, precum durata ex-
punerii la linezolid sau numarul de medicamente active din
regimul de tratament, au fost bine documentate, asigurand
caracterul robust al rezultatelor obtinute.

Concluzii

1. Rezistenta la linezolid este frecventd la pacientii tratati
anterior cu acest medicament, spectrul determinantelor ge-
notipice ale rezistentei fiind dominat de un set de mutatii in
genele rplC si rrl.

2. Numadr suboptimal de medicamente active in schema de
tratament cu linezolid creste sansele de aparitie a rezistentei
tulpinilor de Mycobacterium tuberculosis la acest medicament.
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when describing clinical features of the cohort and general-
ized the results. However, we are confident that our strategy
to identify eligible cases was sufficient rigorous to avoid exclu-
sion of important outliers and that the key parameters (e.g.
duration of linezolid exposure or number of the active drugs
in the treatment regimen) were well documented and ensure
the sufficient robustness of the obtained results.

Conclusions

1. Resistance to linezolid is a common feature in patients
previously treated with this drug, the spectrum of genotypic
resistance being dominated by a few genetic determinants in
rplC and rrl.

2. A reduce number of the active drugs in the LNZ contain-
ing treatment regimen increase the chance of LNZ resistance.
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