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Abstract. Drug resistant tuberculosis (TB), especially multidrug (MDR) and extensively drug-resistant (XDR) TB, is still
a serious problem in global TB control. Slovenia and North Macedonia are low-incidence countries with TB incidence
rates of 5.4 and 10.6 in 2017, respectively. In both countries, the percentage of drug resistant TB is very low with sporadic
cases of MDR-TB. However, global burden of drug-resistant TB continues to increase imposing huge impact on public
health systems and strongly stimulating the detection of gene variants related with drug resistance in TB. Next-generation
sequencing (NGS) can provide comprehensive analysis of gene variants linked to drug resistance in Mycobacterium tuber-
culosis. Therefore, the aim of our study was to examine the feasibility of a full-length gene analysis for the drug resistance
related genes (inhA, katG, rpoB, embB) using Ion Torrent technology and to compare the NGS results with those obtained
from conventional phenotypic drug susceptibility testing (DST) in TB isolates. Between 1996 and 2017, we retrospectively
selected 56 TB strains from our National mycobacterial culture collection. Of those, 33 TB isolates from Slovenian pa-
tients were isolated from various clinical samples and subjected to phenotypic DST testing in Laboratory for Mycobacteria
(University Clinic Golnik, Slovenia). The remaining 23 TB isolates were isolated from Macedonian patients and sent
to our laboratory for assistance in phenotypic DST testing. TB strains included were either mono-, poly- or multidrug
resistant. For control purposes, we also randomly selected five TB strains susceptible to first-line anti-TB drugs. High
concordance between genetic (Ion Torrent technology) and standard phenotypic DST testing for isoniazid, rifampicin and
ethambutol was observed, with percent of agreement of 77%, 93.4% and 93.3%, sensitivities of 68.2%, 100% and 100%, and
specificities of 100%, 80% and 88.2%, respectively. In conclusion, the genotypic DST using Ion Torrent semiconductor
NGS successfully predicted drug resistance with significant shortening of time needed to obtain the resistance profiles
from several weeks to just a few days.

Key words: tuberculosis, Mycobacterium tuberculosis, drug resistant tuberculosis, multidrug resistant tuberculosis, next-generation
sequencing, lon Torrent, phenotypic drug susceptibility testing.
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CEKBEHWPOBAHME CJIEAYIOLLErO NOKONIEHWUS NEKAPCTBEHHOYCTOM4UBBIX
KJIMHUYECKUX U3OJIATOB MYCOBACTERIUM TUBERCULOSIS B CTPAHAX C HUSKUM
YPOBHEM 3ABOJIEBAEMOCTH

Coapa D.!, Tonaak H.2, Kopen C.2, Kopau M.2, Tpyaen C.!, Unuescka-ITonocka B.3, 2Koauup-Tdosu M.!

! YHueepcumemckas KAUHUKA PeCRUPAMOPHBIX U aanepeuieckux 6onesneil, Toanuk, Croeenus
20mega d.o.o., Tiooasana, Croéenus
3 Hnemumym 6oaesneti neekux u myoepkyaesa, Cxonve, Ceseprnas Makedonus

Pestome. JlekapcTBeHHOYycTOUMBHIM TyOepKyne3 (JIY-TH), ocobenHo Th ¢ MHOXECTBEHHOM JTIeKapCTBEHHOM yCTOM-
yuBocThio (MJIY-TB) u Th c minpoxoii niekapctBeHHoi yctoitunbocThio (LLJIY-TB), mo cux mop nmpeacTaBisier cepbe3-
HY10 pobJemy riodaabHoro KoHTposs JIV-Th. CrnoBenust u CeBepHasi MakeaoHUS SIBISIOTCS CTpaHAMU ¢ HU3KUM
ypoBHeM 3abosieBaeMocTu JIY-TB, kotopsie B 2017 1. coctasunu 5,4 u 10,6 Ha 100 ThIC. HaceJaeHU s, COOTBETCTBEHHO.
B o6eux crpanax gons JIY-Th xpaiiHe HU3Ka, BRISBIASIOTCS JUIIL criopagnueckue caydan MJIY-Th. Onxnako rio-
O6anpHbIl YypoBeHb JIY-TH mpogoikaet pacTu, 0oKa3blBasi CYylUIECTBEHHOE BIMSIHUE HAa CUCTEMY 31PaBOOXPAaHEHUS,
a TakXke Croco0CTBYSI 0OHAPYKEHU IO TEHETUUECKUX BApUaHTOB, cBsA3aHHBIX ¢ JIY-TH. CexBeHMpOBaHNUE CIeAYIONIETO
nokoJieHus (next generation sequencing [NGS]) MoXeT MpeaocTaBUTh BO3MOXHOCTD INTYOOKOI0 aHajliu3a reHeTuye-
CKHUX BapHallMii, aCCOIMUPOBAHHBIX C JILKAPCTBEHHON YCTOMUMBOCTBIO Mycobacterium tuberculosis. 1lenpio HacTOSI-
IIeTO MCCIIeAOBaHM OblIa OIleHKa MTPUMEHNMOCTH aHaJIN3a TAKWX T'eHOB (inhA, katG, rpoB, embB) ¢ ncIionb30BaHEM
texHosoruu lon Torrent u cpaBHeHMs faHHBIX NGS 1 cTaHAapTHOTO (DeHOTUTTMUYECKOTO ONpeaeIeHUsT JeKapCTBEH-
Holi uyBcTBUTEeNbHOCTH (drug susceptibility testing [DST]) uzonstos JIV-TB. beino mpoBeneHo peTpocneKTUBHOE HC-
ciepoBanue 56 J1Y-Th mrtammoB, mony4eHHBIX B TedeHue 1996—2017 rr. u3 HaunoHaabHOM KOJUIEKLIMU KYJIBTYP MU-
kobaxkTepuii (lonHuk, CroseHust). U3 Hux, 33 n3ossTa ObLIO MOJYYEHO OT MauMeHTOB U3 CIOBEHUHN U3 pa3IMYHbBIX
KJIMHUYECKUX 00pa3loB, MOABEPTHYTHIX heHoTUunMyeckomy TectupoBanuio DST B JlabopaTopuu MukobGakTepuit
(University Clinic Golnik, Slovenia). OctanbHbie 23 n30s1Ta ObLIN BhIACAEHBI OT MalueHToB U3 CeBepHoit Makeno-
HHU, U TIEpeIaHbl B HAIY JJa00PaTOPHIO IJIs TIOMOINM B mpoBeaeHun TectupoBanus DST. JIV-TB mramMmmbr o6mana-
JIU MOHO-, TIOJIM- WJIM MHOXECTBEHHOM JIeKapCTBEHHOI YCTOMYMBOCTHIO. B KauecTBe KOHTPOJBHBIX 00pa310B ObLIN
WCIIOJIb30BaHbl CYYallHBIM 00pa3oM OTOOpaHHBIE MATh IITAMMOB, YYBCTBUTEIBHBIX K MPOTHUBOTYOEPKYJIE3HBIM
npemnaparam IepBoro psiga. B pesyibprare, mokasaHa BbICOKas CTENEHb COOTBETCTBUS MeXny reHetTuyeckumu (lon
Torrent) TaHHBIMHU ¥ pe3yJbTaTaMu cTaHAapTHOTO (peHOTHIIMYecKoro DST mis n3oHmasuga, pudaMnuiinHa 1 3TaM-
OyTtoia, ¢ okasareyeM coriaacust 77, 93,4 u 93,3%, uyBcTBUTENBHOCTBIO — 68,2, 100 1 100%, crieliuUIHOCTHIO —
100, 80 u 88,2% cooTBeTcTBEHHO. TakMM 00pa3oM, FeHOTUITMYECKOE TECTUPOBAHME JIEKAPCTBEHHOW YCTOMYMBOCTH
¢ npumeHeHreM NGS B hopmare moaynpoBoaHUKOBOI TexHonoruu lon Torrent ycrenHo BeISIBUIIO JJEKapCTBEHHYIO
YCTOMYMBOCTB C PE3KUM COKpaIIeHNEM BpeMEeHH!, HEOOXOMMMOTO JIJISI TTOIYYeHU S TPODUIIS pe3UCTEHTHOCTH — C He-
CKOJIBKMX HENEeJb 10 IBYX THEH.

Karoueesnie caosa: mydepkynes, Mycobacterium tuberculosis, nexapcmeennoycmoiiuugsiii mybepkynes, mybepkynes ¢ MHONCECMBEEHHO
AeKaApCMBEeHHOI yCMoiuU80Ccmoio, ceKgeHuposanue caedywujeeo hokosenus, lon Torrent, penomunuueckoe onpedenenue
NeKaApPCMBEeHHOI 4y8CmeumeabHoCHu.

of MDR-TB noted in 2009 and in 2017. For North
Macedonia, the average percentage of any drug re-
sistance against INH, RIF, EMB and SM (they do

Introduction

Mpycobacterium tuberculosis (MT), an obligate

pathogen that causes tuberculosis (TB), is highly
transmissible agent with significant morbidity and
mortality. Global strategies to treat and control TB
are designed to accurately and rapidly diagnose, treat
and reduce the transmission of TB. The increasing
burden of multidrug resistant (MDR) and exten-
sively drug-resistant (XDR) TB is a serious problem
in global TB control. Slovenia and North Macedonia
are countries with low incidence of TB cases with
incidence rates 5.4 and 10.6 in 2017, respectively [1].
Moreover, in Slovenia in the period between 1996 and
2017 the average percentage of any drug resistance
against isoniazid (INH), rifampicin (RIF), pyrazi-
namide (PZA), ethambutol (EMB) and streptomy-
cin (SM) was 4.13%, dropping from 6.55% in 1996
to 1.89% in 2017. In the same period, 25 sporadic
MDR-TB cases were observed with the last two cases

not perform DST testing for PZA) was higher and
accounted for 10.84%, dropping from 9.93% in 2001
to 5.81% in 2017. During 1996 and 2017 75 MDR-TB
cases were observed in North Macedonia with MDR-
TB cases appearing each year [2,3,4].

Currently, the reference method for determining
drug resistance in clinical laboratory is culture based
drug susceptibility testing (DST), using either solid
or liquid media. However, this method is labour-in-
tensive, time-consuming (due to slow growth of MT
it takes weeks to months to obtain DST results), tech-
nically challenging and requires handling viable and
potentially infectious cultures of MT bacilli [1].

As alternative to phenotypic DST, several com-
mercially available molecular assays rapidly detect
common mutations related to resistance to iso-
niazid, rifampicin and some second-line anti-TB
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drugs. GeneXpert MTB/RIF Ultra assay (Cepheid,
Sunnyvale, CA, USA) is a real-time PCR based as-
say that detects resistance directly from sputum sam-
ples. On the other hand, there are several line probe
assays recommended by WHO, including GenoTlype
MTBDRplus and MTBDRsl (Hain Lifescience,
Nehren, Germany) and Nipro NTM + MDRTB
II (Nipro Corporation, Osaka, Japan). However,
the mechanisms of drug resistance are complex and
not completely understood. Therefore, one of the
main limitations of such molecular tests is that they
evaluate only limited number of mutations linked
with drug resistance in TB [9].

In recent years, significant and continued pro-
gress in next-generation sequencing (NGS) made
this technology a promising clinical tool in compre-
hensive analysis of gene variants linked to drug re-
sistance in TB [9]. Besides known mutations, NGS
facilitates the discovery of novel variants in the entire
coding regions of several genes previously implicated
in MDR and/or XDR-TB resistance [9].

In this study, we examined the feasibility of a full-
length gene analysis for the drug resistance related
genes using Ion Torrent technology and compared
the results with those obtained from conventional
phenotypic drug susceptibility testing (DST) in 61

TB isolates. In this short paper, we compare molecu-
lar results with phenotypic DST results for isoniazid
(INH), rifampicin (RIF) and ethambutol (EMB),
anti-TB drugs used in first-line treatment regimens.

Materials and methods

TB strains. Between 1996 and 2017, we retro-
spectively selected 33 TB strains that were isolated
from various clinical samples of Slovenian patients
and subjected to phenotypic DST testing according
to routine procedures in Laboratory for Mycobacteria
(University Clinic Golnik, Slovenia). Between years
1999 and 2010, National Laboratory for Mycobacteria
(Institute for Pulmonary Diseases and Tuberculosis
Skopje, North Macedonia) sent to our laboratory 23
TB strains for assistance in phenotypic DST testing.
TBstrains included were either mono-, poly- or MDR
resistant. For control purposes, we also randomly se-
lected five TB strains susceptible to first-line anti-TB
drugs. Detailed information about the type of resist-
ance is presented in Table 1.

Phenotypic drug susceptibility (DST) testing.
Phenotypic drug resistance to first-line drugs was de-
termined using Bactec MGIT 960 System (BD) from
pure culture of MT strains. Critical concentrations

Table 1. Distribution of Mycobacterium tuberculosis (MT) strains included in the study according

to resistance profile and country of origin

Country of origin (survey period)
Resistance profile Slovenia North Macedonia* Number of TB patients
(1996-2017) (1999-2010)
Sensitive 5 0 5
Mono-resistance 11 0 1
INH 2 0 2
RIF 3 0 3
PZA 6 0 6
Poly-resistance 6 1 7
PZA+SM 3 0 3
INH+PZA+SM 1 0 1
INH+PZA 2 0 2
INH+EMB+PZA+SM+FLQ 0 1 1
MDR 16 22 38
INH+RIF 1 7 8
INH+RIF+SM 1 0 1
INH+RIF+EMB 0 1 1
INH+RIF+PZA 0 3 3
INH+RIF+EMB+PZA 1 1 2
INH+RIF+EMB+SM 2 3 5
INH+RIF+PZA+SM 1 0 1
INH+RIF+EMB+PZA+SM 8 6 14
INH+RIF+EMB+PZA+SM+FLQ 2 1 3
Total 38 23 61

Notes. INH: Isoniazid; RIF: Rifampicin; EMB: Ethambutol; PZA: Pyrazinamide; SM: Streptomycin; FLQ: fluoroquinolones (either ofloxacin, ciprofloxacin or
moxifloxacin); MDR: multi-drug resistance; resistance to (at least) INH and RIF; *National Laboratory for Mycobacteria (Institute for Pulmonary Diseases
and Tuberculosis Skopje, North Macedonia) sent 23 TB strains for assistance in phenotypic DST testing.
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Notes. *Mutations in inhA and katG included in the comparison; **one TB isolate was not tested for ethambutol and was therefore excluded in further comparison; N: number of isolates included; NGS: next-generation

sequencing (lon Torrent, lon AmpliSeq TB Research Panel, Thermo Fisher Scientific); 95% Cl: 95% confidence interval; PPV: positive predictive value; NPV: negative predictive value

for anti-TB drugs tested were as follows: INH 0.1 pl/
ml (highlevel 0.4 pul/ml), RIF 1 ul/mland EMB 5 pl/
ml (high level 7.5 pl/ml).

DNA extraction. Mycobacterial genomic DNA
was isolated from pure cultures of M. tuberculosis
using previously described protocol [13]. Purified
genomic DNA was stored at -20 °C in Slovenian
National Mycobacterial DNA Collection until fur-
ther analysis.

AmpliSeq Library preparation, sequencing, data
analysis and interpretation. Nucleic acid quality
and quantity were assessed using NanoDrop 2000
(Thermo Scientific) followed by agarose gel electro-
phoresis. All DNA samples were normalized to 10 ng
in 15 pl of starting sample dilution. To identify gene
variants related with drug resistance in genomic
DNA extracted from MT isolates, AmpliSeq librar-
ies were generated using the AmpliSeq™ Kit for Chef
DLS8 and the Ion AmpliSeq TB Research Panel. This
panel amplifies 109 amplicons in two highly multi-
plexed PCR reactions covering coding sequences
of eight genes related to drug resistance (including
inhA, katG, rpoB, and embB). NGS libraries were
prepared automatically using the Ion Chef instru-
ment. The automated protocol performs targeted
amplification, digestion, ligation, and normaliza-
tion on eight samples without any user intervention.
Prepared libraries were then automatically clonally
amplified, enriched and sequenced on two Ion 530
Chips using the Ion Chef and Ion S5 instruments.
Signal processing, base calling and variant caller
analysis were performed with the Torrent Suite soft-
ware version 5.6 (all reagents, instruments and soft-
ware Thermo Fisher Scientific). The sequencing
data were analysed manually, comparing the deter-
mined variants with published data and data avail-
able in the Tuberculosis Drug Resistance Database
[7]. Sequence of MTB H37Rv (NC_000962.3) was
used as the reference sequence. The resistance geno-
typing profiles obtained with manual approach were
compared to the results of phenotypic DST testing.
Sequence data are available in SRA NCBI database
under BioProject accession number PRINAS51916.

Statistics. Sensitivity, specificity, positive predic-
tive value (PPV) and negative predictive value (NPV)
for NGS were calculated using GraphPad Prism
v 6.04 (GraphPad Software, Inc., CA, USA).

Results and discussion

The NGS analysis was successfully used to predict
drug resistance profiles. Percentage of agreement be-
tween both methods and corresponding sensitivities,
specificities, positive predictive values and negative
predictive values are presented in Table 2.

The percent of agreement between molecular and
phenotypic DST testing in our study was the low-
est for INH and accounted for 77% with sensitivity
of 68.2% and specificity of 100%. The studies based

~
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on susceptibility testing so far have not demonstrat-
ed complete agreement between the phenotypic and
genotypic assays [6, 7, 12, 14, 16]. Hazbon u coaBr.
[6] reported in their study on a large number of TB
isolates that around 34% of phenotypically resistant
isolates are not associated with any genotypic muta-
tions in genes most commonly linked to INH resist-
ance (katG, inhA, kasA, ahpC and ndh), suggesting
that many genetic causes of INH resistance are yet
to be discovered. Supporting this data, recent sys-
temic review [12] on INH resistance demonstrated
that 84% of global phenotypic INH resistance is as-
sociated with mutations in katG, inhA and ahpC-oxyR
intergenic region, while the other 16% are, probably,
linked to genetic changes in other genes.

Our study indicates high percentage of agreement
between both methods used for RIF resistance test-
ing (93.4%) with high sensitivity (100%) and specific-
ity (80%). This is concordant with published litera-
ture [5, 10, 13] which reported very good agreement
between genotypic and phenotypic DST. Zaw et al.
[15] showed that mutations in rpoB gene (specifically
mutations within 81-bp RIF-resistance determining
region; RRDR) are responsible for approximately
95% of all RIF resistance cases in TB strains.

Similarly, we also noticed high percent of agree-
ment between phenotypic and genotypic DST re-
sults for EMB (93.3%) with high sensitivity (100%)
and specificity (88.2%). These results are concord-
ant with some of the published studies [9, 10], which
showed large overlap in the estimated prevalence
of EMB resistance by genetic sequencing and the es-
timated prevalence by phenotypic testing. However,
several other studies observed discrepancies between
the presence of common mutations at codon 306
of embB gene and phenotypic EMB resistance [5,

References

8]. Authors of these studies determined mutations
in embB306 also in clinical M. tuberculosis isolates
that are susceptible to EMB. One large study (with
international TB isolates included) noted that almost
half of the TB isolates with embB306 mutations were
fully susceptible to EMB. Furthermore, they found
strong correlation between embB306 mutations and
resistance to any antibiotic, suggesting that embB306
mutations were responsible for broad antibiotic re-
sistance [5]. In our study with relatively low number
of patients included, we observed 20 (20/60; 33.3%)
TB isolates with embB306 mutations. Of those 20
MT isolates that harboured embB306 mutations, four
(4/20; 20.0%) TB isolates that were phenotypically
susceptible to EM B, remaining 16 (16/20; 80.0%) TB
isolates were phenotypically resistant to EMB.

Opverall, this study describes the first utilization
of Ion Torrent sequencing of full-length genes to char-
acterize drug resistant MT isolates for In conclusion,
genotypic DST using Ion Torrent semiconductor NGS
has the potential to provide useful information several
weeks before phenotypic DST results. Therefore, ge-
netic sequencing (NGS) seems to be a valuable tool
for surveillance of drug resistance in TB. Before this
takes place, there is a need to standardise the whole
procedure including DNA extraction, recording, and
reporting and data interpretation.
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