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Background: Due to the emergence of Mycobacterium tuberculosis (M.tb) clinical isolates
resistant to most potent first-line drugs (FLD), second-line drugs (SLD) are being prescribed
more frequently. We explore the genetic characteristics and molecular mechanisms of M.tb
isolates phenotypically resistant to SLD, including pre-extensively drug-resistant (pre-XDR)
and extensively drug-resistant (XDR) isolates.

Methods: Drug-resistant (DR) M.tb isolates collected from 2012 to 2017 were tested using
sequencing and phenotypic drug susceptibility testing. Genotypes were determined to
explore their links with SLD resistance patterns.

Results: Of the 272 DR M.tb isolates, 6 non-multidrug resistant (non-MDR) isolates were
fluoroquinolones (FQ)-resistant, 3 were XDR and 16 were pre-XDR (14 resistant to FQ and
2 to second-line injectable drugs). The most frequent mutations in FQ-resistant and second-
line injectable drugs resistant isolates were gyrd D94G (15/23) and rrs al401g (3/5),
respectively. Seventy-five percent of pre-XDR isolates and 100% of XDR isolates harbored
mutations conferring resistance to pyrazinamide. All XDR isolates belonged to the Beijing
genotype, of which one, named XDR+, was resistant to all drugs tested. One cluster
including pre-XDR and XDR isolates was observed.

Conclusion: This is the first description of SLD resistance in Cambodia. The data suggest
that the proportion of XDR and pre-XDR isolates remains low but is on the rise compared to
previous reports. The characterization of the XDR+ isolate in a patient who refused treatment
underlines the risk of transmission in the population. In addition, genotypic results show, as
expected, that the Beijing family is the main involved in pre-XDR and XDR isolates and that
the spread of the Beijing pre-XDR strain is capable of evolving into XDR strain. This study
strongly indicates the need for rapid interventions in terms of diagnostic and treatment to
prevent the spread of the pre-XDR and XDR strains and the emergence of more resistant
ones.

Keywords: Mycobacterium tuberculosis, extensively drug-resistant tuberculosis, pre-

extensively drug-resistant tuberculosis, fluoroquinolone, second-line injectable drugs

Introduction

Nowadays, tuberculosis (TB) is the leading cause of death from a single infectious
agent, Mycobacterium tuberculosis (M.tb), ranging above HIV. In 2018, an esti-
mated 10.0 million people developed TB and around 1.5 million people died of this
disease, including 1.25 million deaths from HIV-negative individuals and 251,000
deaths from HIV-associated TB. Drug-resistant TB (DR-TB) is of major concern to
TB control worldwide, as no country or region is spared. The emergence of multi-
drug-resistant (MDR) (TB-resistant to at least rifampicin and isoniazid) and exten-

sively drug-resistant (XDR) (MDR plus resistance to any fluoroquinolone and
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any second-line injectable drug) M.tb isolates, along with
the lack of new effective drugs to fight the disease, is
a growing problem. An estimated 484,000 MDR-TB
cases emerged in 2018 and among the incident of TB
cases, 3.4% of new cases and 18% of previously treated
cases were estimated to have MDR-TB. As of 2018, XDR-
TB has been identified in 127 countries, with an average
proportion of XDR-TB of 8.5% among MDR-TB cases.'
Totally drug-resistant (TDR) TB has also been described,
but the term is not yet recognized by the World Health
Organization (WHO).>™*

Multiple factors have led to the emergence of XDR M.
tb isolates, including underdeveloped laboratory capacities
that prevent timely diagnosis of MDR-TB and limited
access to second-line drugs to treat MDR-TB.> Evidence-
based treatment is considered as the best treatment option
to prevent the development of drug-resistant TB.°
However, due to the delay of the results, limited access
to conventional drug susceptibility testing (DST) and the
unreliable results for some of the anti-TB drugs such as
pyrazinamide (PZA), the treatment is usually initiated
without knowledge of the drug's susceptibility of the
bacilli in many developing countries
Cambodia.” °

Currently, first-line drugs (FLD), including isoniazid
(INH), rifampin (RIF), ethambutol (EMB) and PZA,
form the core of treatment regimen for drug-susceptible

including

TB, while fluoroquinolones (FQ) and second-line inject-
able agents (SLID) are the two main classes of drugs used
in the MDR-TB treatment regimen.'' Prior to 2017, strep-
tomycin (STM) was also included in the first-line TB
treatment for retreated patients (WHO category II regi-
men) in many countries where conventional or molecular
DST was not routinely available.'*'> However, due to its
resistance and toxicity, STM is now a reserved second-line
injectable agent and used as a substitute for amikacin in
the MDR-TB regimen. Some FLD such as INH, EMB and
PZA also play an important role in the chemotherapy of
drug-resistant TB. Compared to drug-susceptible TB,
treatment of MDR-TB and XDR-TB requires prolonged
expensive chemotherapy, often associated with important
side effects and a low success rate, 56% for MDR-TB and
39% for XDR-TB. More extreme drug resistance patterns
to all available FLD and SLD drugs, ie, totally drug-
resistant TB (TDR),® also known as extremely drug-
resistant (XXDR) by Migliori et al,'* have already been
reported and were untreatable with currently available
drugs. For this reason, it is of critical importance to

understand how drug resistance arises, evolves and how
it may be prevented. The aim of this study is to acquire
phenotypic and genetic knowledge specifically on second-
line anti-TB drug (SLD) resistance in Cambodia. This
study was focused on M.tb clinical isolates phenotypically
resistant to SLD, including pre-XDR and XDR.

Materials and Methods
M.tb Strain Collection and NTP Routine
for MDR-TB Screening

This retrospective cross-sectional study included FLD-
resistant M.tb isolates taken from the collection of clinical
isolates obtained via a platform established for routine
screening of MDR-TB among high-risk groups by the
National Tuberculosis Program (NTP)."* Since 2012, peo-
ple at risk of developing MDR-TB were screened using
Xpert MTB/RIF, followed by culture and phenotypic drug
susceptibility testing (pDST) for FLD. All confirmed RIF
resistant (RR) or MDR-TB cases received a 24-month
standardized regimen in two phases: an 8-month intensive
phase and a 16-month continuation phase. The treatment
contained PZA and at least 4 effective SLD including one
SLID, one FQ and two oral bacteriostatic drugs selected
among Ethionamide (Eto), Cycloserine (Cs) or
P-aminosalicylic acid (PAS)."* The Cambodian NTP
adopted the WHO-recommended MDR-TB shorter regi-
men in 2017 and the rapid molecular DST (GenoType
MTBDRsl, Hain LifeScience, Germany) was systemati-
cally used to screen for resistance to FQ and SLID for
all eligible patients for the shorter regimen.'’

The National TB Reference Laboratory (NRL) of the
National Centre for Tuberculosis and Leprosy Control
(CENAT) and the Mycobacteriology Laboratory of the
Institut Pasteur in Cambodia (IPC) are the two main DST
laboratories in Cambodia. During their routine screening
activities to detect drug-resistant TB among MDR-TB high-
risk groups, M.tb were isolated, identified, and cryo-
preserved in the strain bank at the IPC and NRL. All the
strains were thus tested for their susceptibility to first-line
anti-TB drugs (FLD) including rifampicin (RIF; 1.0 pg/mL),
isoniazid (INH; 0.1 pg/mL), ethambutol (EMB; 5.0 pg/mL),
streptomycin (STM; 1.0pg/mL) by pDST using the auto-
mated BACTEC MGIT 960 (MGIT AST SIRE kit, Becton
Dickinson (BD), Sparks, MD, USA).'® STM is considered
as one of the FLD since it was used in first-line TB treatment
for retreated patients until the end of 2017.° The DST results
were not available for PZA.
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Patient data including age, gender, geographic arca
and year of registration, clinical information, FLD suscept-
ibility profile and treatment outcomes were collected from
the patients’ laboratory and available medical records.

DNA Preparation

The original stocks of clinical M.tb isolates stored at —80°
C were re-cultured on Lowenstein-Jensen (LJ) medium
slants. A loopful of M.tb colonies recovered from LIJ
medium slants were suspended in 300 mL of TE buffer
(10 mM Tris, 1 mM EDTA pH 8.5) and boiled for 30 min.
The supernatant containing bacterial DNA was used as
PCR template.

Phenotypic Drug Susceptibility Testing
(pDST)

The pDST of M.tb to second-line anti-TB drugs was
carried out in a Biosafety Level 3 laboratory at the IPC
using the BACTEC™ MGIT™ 960 liquid culture system
(BD, Sparks, MD, USA). The MGIT DST method was
used according to the standard critical antibiotic concen-
trations recommended by the WHO: ofloxacin (Ofx; 2.0
pg/mL); amikacin (Am; 1.0 pg/mL); kanamycin (Km; 2.5
pg/mL) and capreomycin (Cm; 2.5 ug/mL)."” Based on the
FLD and SLD phenotypic DST profiles, the M.tb isolates
under this study were categorized into MDR, non-MDR,
fluoroquinolone-resistance (FQ-R), second-line injectable
drug (SLID) resistance, pre-XDR and XDR (see Box 1).

Sequencing

The main genes associated with resistance to FLD and SLD
were amplified by PCR using specific primers reported in
Table S1 and sequenced (Macrogen Inc., Republic of Korea
and Eurofins Genomics Germany GmbH, Germany). For
FLD resistance, the following genes and gene fragments
were studied: the katG gene, the inhA gene coding and the
inhA promoter (INH resistance); the rpoB gene (RIF resis-
tance); the rpsL gene and rrs-F1 fragment targeting rrs 530
and 915 loops (STM resistance); the embB gene (EMB
resistance); the pncA gene and its promoter (PZA resis-
tance). For SLD resistance (including FQ and SLID), the
following genes or gene fragments were analyzed: the
gyrA and gyrB genes (FQ resistance); the 7rs-F2 fragment
targeting the rrs 1400-1500 region (SLID resistance).'® The
sequences were aligned with the M.tb H37Rv reference
(GenBank NCO000962.3) using the Bioedit
v7.2.6."" To describe the mutations associated with

software

Box | Definition of Drug-Resistant Categories Based on Phenotypic
DST Profiles

First-line drug resistance (FLD-R)*: Resistance to any first-line drugs
(FLD) tested including INH, RIF, EMB and STM.

Second-line drug resistance (SLD-R): Resistance to any second-line
drugs tested including fluoroquinolones (Ofx) and second-line
injectable drugs (Am, Km and Cm).

Multidrug-resistance (MDR): Resistance to at least two of the most
effective anti-TB drugs, INH and RIF.

Non-MDR: Resistance to one or more FLD but not to INH and RIF at
the same time.

Quadruple drug resistance (QDR): Resistance to all four first line
drugs tested including INH, RIF, EMB and STM.

Fluoroquinolone resistance (FQ-R): Phenotypic resistance to any
fluoroquinolone (ie Ofx in this study).

Second-line injectable drug (SLID) resistance: Phenotypic resistance
to at least one of three SLID including Am, Km and Cm.

Extensively drug-resistant (XDR): MDR isolates simultaneously
resistant to any fluoroquinolone (ie Ofx in this study) and at least to
one SLID (Am, Km and Cm).

Pre-extensively drug-resistant (pre-XDR): MDR isolates resistant
either to any FQ (ie Ofx in this study) or one SLID (Am, Km and Cm).

Note: *Phenotypic DST is not available for pyrazinamide.

Abbreviations: Am, amikacin; Cm, capreomycin; DST, Drug susceptibility testing;
EMB, ethambutol; INH, isoniazid; Km, kanamycin; Ofx, ofloxacin; R, resistance; RIF,
rifampicin; STM, streptomycin.

resistance in the 7poB and gyrB genes, a numbering system
based on the Escherichia coli sequence annotation and 2002
M.tb H37Rv sequence re-annotation was used.”*?' The
interpretation of mutations related to resistance was based
on resistance mutation sites reported
studies.'®*** When the results between DNA sequencing

and pDST were not consistent, both methods were repeated.

in previous

If the repeated result conflicted with the original data,
a third round of testing was accepted as the final result.

Spoligotyping

Spoligotyping was carried out following previously
described standard techniques.>?® The spoligotype inter-
national type (SIT) was determined using the 6th version
of the international genotyping database SITVIT2.?” The
isolates with an undefined pattern declared as “orphans or
New” were further compared with the SPOTCLUST
database.”® The family assignation was retained when the
probability was >95%.

MIRU-VNTR

Standardized 24-locus mycobacterial interspersed repeti-
tive unit-variable number tandem repeat (MIRU-VNTR)
typing was performed by following the recommendations
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of Supply et al.?’ The allelic profiles were analyzed using
the MIRU-VNTRplus database (available at www.miru-
vntrplus.org/).

The resolution power of 24 MIRU-VNTR was deter-
mined based on the Hunter-Gaston- Discriminatory Index
(HGDI).*° The method was classified as “highly discrimi-
nant” (HGDI ranged between 0.90 and 0.99), “moderately
discriminant” (HGDI ranged between 0.6 and 0.9) and
“poorly discriminant” (HGDI <0.6).>' The genetic diver-
sity within sample (Hg) was calculated using FSTAT ver-
sion 2.9.3.2.%?

Phylogenetic Reconstruction

Phylogenetic analyses were performed combining spoligo-
type and 24 loci MIRU-VNTR profiles and a Neighbor-
Joining (NJ) tree was built using the Chord distance
(Cavalli-Sforza and Edwards 1967) setting in the MIRU-
VNTRplus web-based tool to calculate the distance
matrix.>*** We included one M. canettii reference data-
base isolate as outgroup. A cluster was defined as a group
of two or more isolates sharing the same combined spoli-
gotype and 24 MIRU-VNTR patterns.

Results

Mycobacterium tuberculosis Population
Under Study

Among a total of 710 M.tb isolates (1 isolate per patient)
collected from 2012 to 2017 and stored at the IPC and
NRL banks, 309 were phenotypically resistant to at least
one FLD and 401 were pan-susceptible (Figure 1). Among
the 309 drug-resistant M.tb isolates, 278 were successfully
subcultured on Lowenstein-Jensen (LJ) medium slants and
underwent sequencing of the gyrA/B and/or rrs-F2 genes
involving resistance to FQ and SLID, respectively.
However, the sequencing results were obtained for only
272 isolates including 118 (43.4%) MDR isolates and 154
(56.6%) non-MDR isolates (See Table S2). Among these,
37 isolates carried mutations in the gyrA/B and rrs-F2
genes. The data on these 37 isolates are detailed in Table
1. Out of these 37 isolates, the phenotypic resistance to
any SLD including Ofx, Am, Km and Cm was found only
for 25 isolates which were then used for genotypic study.

Characteristics of Patients

Patient data including age, gender, geographic area, year of
registration and clinical information linked to the 272 iso-
lates included in the study were collected (See Table S3).

Absence of recorded data was considered as missing data
and not included in the analysis. From the available data,
most of the study subjects were males (164/258; 63.6%).
The mean age at the time of diagnosis was 44.9 (95% ClI,
42.9 to 46.8), ranging from 15 to 83 years. The majority of
patients had pulmonary TB (215/220; 97.7%). Five patients
had extrapulmonary TB including two lymph nodes TB, two
TB meningitis and one pleural TB. Among the 203 pulmon-
ary TB patients, 68.9% (140/203) were smear-positive. Most
study subjects were TB cases in re-treatment (140/254;
94.5%). The HIV status was known for only 18 patients
and eight were HIV-positive patients (8/18; 44.5%). SLD
resistance TB cases were only observed among pulmonary
TB patient (100%) and a higher number of cases was
observed among the 15- to 34-year (32.0%; 95% CI, 13.2
to 50.8) and 35- to 54-year (60.0%; 95% CI, 40.3 to 79.7)
age groups compared to >55-year age group (8.0%; 95% CI,
—2.9 to 18.9) (See Table S3).

Resistance to First-Line Drugs

Phenotypic Resistance to FLD: INH, RIF, STM, EMB

The phenotypic resistance to FLD was available for INH,
RIF, STM and EMB (See Table 1 and S2). For suscept-
ibility to PZA, only molecular data were acquired in the
framework of this study and are detailed in the following
paragraph. Among the 37 isolates, 24 (64.9%) were MDR
and 13 (35.1%) were non-MDR. The phenotypic resis-
tance rate of all the clinical isolates to each FLD was as
follows: INH, 83.8% (n=31); RIF, 70.3% (n=26); STM,
64.9% (n=24) and EMB, 27.0% (n=10). Among the 24
MDR isolates, 21.6% (n=8) were resistant to all four FLD,
defined here as “Quadruple drug-resistant” (QDR) isolates.

Mutations in the katG, inhA, rpoB, rrs-Fl, rpsL and
embB Genes

The mutations detected in genes involving resistance to
FLD are reported in Tables 1 and 2. Among the 31 INH-
resistant isolates, 24 (77.4%) harbored mutations in the
katG gene, 5 (16.1%) in the inhA core gene and/or its
promotor, and 1 (3.2%) in both genes. One (3.2%) INH-
resistant isolate had no mutation in either katG or
inhA. The most common mutations were katG S315T
(20/30, 66.7%), followed by inhA c-15t+S94A (3/30,
10%) and inhA c-15t (2/30, 6.7%). Other mutation
points were found: katG S315N; katG W149R; katG
W477L+A479P and katG F720S+inhA c-15t in one iso-
late each. For one (3.2%) isolate, katG could not be
amplified after repetitions using two pairs of primers
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M.tb isolates from routine
screening of MDR-TB
presumptive patients

(n=710)

/\.

M.tb isolates resistant to at
least one of the FLD
(n=309)

37 excluded isolates:

A,
M.tb isolates available for
sequencing of genes involving
resistance to FQ (gyrA/B) and
a SLID (rrs-F2) (n=272)

M.tb isolates carrying
mutations in gyrA/B and/or
rrs-F2 (n=37)

M.tb isolates susceptible to
FLD
(n=401)

- 31 did not grow during subculture.
- 6 sequence data were not available.

M.tb isolates phenotypically
resistant to Ofx and/or at least
one SLID (Am, Km, Cm)
(n=25)

characterization using
spoligotyping and MIRU-
VNTR typing (n=25)

M.tb genotypic

Figure | Mycobacterium tuberculosis isolate collection and analytic methods.

Abbreviations: Am, amikacin; Cm, capreomycin; FLD, first-line drugs; FQ, fluoroquinolones; Km, kanamycin; M.tb, Mycobacterium tuberculosis; MDR, multidrug-resistant;

Ofx, ofloxacin; SLID, second-line injectable drugs; TB, tuberculosis.

targeting two different regions on the gene. The result
suggests that the partial or completed katG gene was
truncated, as reported by Ramaswamy et al.>> One out
of 6 INH-susceptible isolates had mutation G560S in the
katG gene.

Among the 26 RIF-resistant isolates, 25 (96.2%) had
the 81-bp
rpoB rifampicin resistance-determining region (RRDR)

mutations at least at one codon in
and one isolate had no mutation in the rpoB gene. The
most prevalent drug-resistant mutations were S531L,
H526D/R/Y and D516V, which accounted for 50.0%,
19.2% and 3.8%, respectively. Five isolates carried double
mutations; three (11.5%) carried L511P + H526Q and two
(7.7%) were found with L511R + D516Y mutations. One
isolate carried rpoB Q513-F514ins. Among the 11 RIF-
susceptible isolates, one harbored mutation 1572F, which
was reported to appear among the mutations conferring
low-level RIF resistance.*®*’

All the 24 isolates resistant to STM exhibited muta-
tions in rpsL or rrs-F1. The mutation in rpsL K43R was

the most prevalent and accounted for 50%, followed by the

mutations 7psL. K88R and rrs-F1 a514c accounting for
29.2% and 12.5%, respectively. Two other mutations,
rpsL K88T and rrs-F1 ¢905a, were found in one STM-
resistant isolate each.

Resistance to EMB was observed in ten isolates,
among them, eight (80%) isolates harbored mutations in
the embB gene. The most common drug-resistant muta-
tions were observed in the embB codon M306L/V/I and
embB codon F330S/V, found in 5 and 2 of the 10 resistant
isolates, respectively. However, four single mutations at
the embB codon Q497L/R; D354A and G406A were
detected in five of the 27 EMB-susceptible isolates.
Overall, 7 of the 37 isolates had contradictory results
between EMB resistance phenotype and embB gene
sequencing (see Table 1).

Overall, among the 37 isolates, one INH-resistant, one
RIF-resistant and two EMB-resistant isolates had no
mutation in the studied genes. In contrast, mutations in
the katG (G560S), rpoB (I572F) and embB (D354A,
G406A, Q497L and Q497R) genes were found in one
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Table 2 Mutation Patterns in Genes Involved in Resistance to First- and Second-Line Drugs

Drug Gene Mutation Patterns in Drug Resistant Isolates® Mutation Patterns in Drug
Susceptible Isolates®
RIF rpoB D516V; H526D; H526R; H526Y; S531L; L51 1P & I572F
H526Q; H526D & M736T;
L51IR & D516Y; Q513-F514ins; S531L & L635P
INH katG WI49R; S315T; S315N; G560S
WA477L & A479P; Gene deletion
inhA gene and c-15¢t; c-15t and S94A
promoter region
katG + inhA F720S + c-15¢t
EMB embB M3061; M306L; M306V; D328Y; F330S; F330V D354A; G406A; Q497R; Q497L
STM rpsL K43R; K88R; K88T
rrs-FI® a514c; c905a
Ofx gyrA G88A, A0V, S9IP, D94A, D94G,
gyrB G407C°, S413A°, A432P, G512RS,
K600T*, 1601LS, A644D°
gyrA + gyrB D94G + A644D* D7Na + A644D°¢,
H87Q & D94G + A644D°
SLID (Am, Km rrs-F2° al40lg, al40lg, 1489t gl177a, 1204 ins a
or Cm)
PZA® pncA gene and a-11g; V7G; DS8E; LI9P; L35P; T47P; H71Y; Y103C; SI04R; VI31G; AI71E; Al71V; partial pncA gene
promoter region deletion

Notes: *Drug susceptibility patterns were obtained using the BACTEC MGIT 960 method used according to the standard critical antibiotic concentrations recommended
by the WHO: RIF (1.0 ug/mL), INH (0.1 ug/mL), EMB (5.0 pg/mL), STM (0.1 pg/mL), Ofx (2.0 pg/mL); Am (1.0 pg/mL); Km (2.5 pg/mL), Cm (2.5 pg/mL); ®Sequencing
targeting Loops 530 and 915 of the rrs gene; “Mutation outside quinolone resistance-determining regions; Sequencing targeting the 1400—1500 regions of rrs gene;

“Susceptibility to PZA is not available.

Abbreviations: Am, amikacin; Cm, capreomycin; EMB, ethambutol; INH, isoniazid; Km, kanamycin; Ofx, ofloxacin; PZA, pyrazinamide; RIF, rifampicin; SLID, second-line

injectable agents; STM, streptomycin.

INH-susceptible, one RIF-susceptible and 5 EMB-
susceptible isolates, respectively.

Mutation in the pncA Gene (PZA Resistance)

Overall, mutations in the pncA gene and its promoter were
found in 18/37 (48.6%) of the isolates, including 16/24
(66.7%) MDR isolates and 2/13 (15.4%) non-MDR iso-
lates. Seven out of eight (87.5%) QDR isolates had muta-
tions in the pncA gene. Sequencing revealed high SNP
(single-nucleotide  polymorphism) diversity in the
pncA gene (see Table 2). In total, 13 different mutation
patterns were identified, among them, 12 mutation points
were found in 17 isolates and one isolate with a partial
pncA gene. All the 12 mutations and the deletion had been
previously documented in PZA resistant isolates.'®** The

most common mutation was A171E found in three isolates

(16.7%), followed by V7G, V131G and a-1lg in two
isolates each (11.1%).

Resistance to Second-Line Drugs (SLD)
Mutations in the gyrA and gyrB Genes

Among the 37 isolates under study, mutations in the
gyrA gene were found in 25 isolates (67.6%) (see Tables
1 and 2). Twenty-three out of 25 (92.0%) isolates had
a single mutation in the quinolone resistance-determining
region (QRDR) of gyrA and the most recorded mutation
was D94G (15/23, 62.5%), followed by A90V (5/23,
21.7%), D94A (1/23, 4.3%), S91P (1/23, 4.3%) and
G88A (1/23, 4.3%). Among two other isolates, one har-
bored a double mutation in the QRDR region of
gyrA (D94G and H87Q) and another a single point D7N
mutation outside the QRDR region.
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Mutations in the gyrB gene were observed in 11 iso-
lates (29.7%) and all of them were located outside the
QRDR region. The most common mutation observed in
the gyrB gene was A644D (5/11, 45.5%). Other point
mutations were found: G407C, S413A, A432P, G512R,
K600T and 1601L in one isolate each. The gyrB A644D
mutation was found together with mutations in gyrA in
three isolates (see Table 2).

Mutations in the rrs-F2 Gene

Among the 37 isolates under study, six isolates exhibited
mutations in the rrs-F2 gene (see Tables 1 and 2). Among
them, mutation al401g was found in three (50%) isolates,
and three other mutations including gl177a, 1204 ins
a and c1489t, that have not been reported elsewhere,
were found in one isolate each.

DST for SLD on the 37 Strains with Mutations in the
gyrA/B and/or rrs-F2 Genes

In total, 37 isolates carried mutations in genes linked to SLD.
The 37 isolates under study were tested for their susceptibility
to second-line drugs including FQ (Ofx) and SLID (Km, Am
and Cm); the results are shown in Table 1. Among them, only
25 isolates including 19 MDR and 6 non-MDR exhibited
resistance to at least one SLD and were used for genotypic
analysis. Among non-MDR isolates, Ofx-resistance was found
in all the 6 isolates including isolates with mono-resistance to
STM (n=3) and to RIF (n=2) and poly-resistance to INH and
STM (n=1). Resistance to any of the SLID was not observed
among non-MDR isolates. Among the 19 MDR isolates, 16
(66.7%) were resistant to either Ofx (14; 87.5%) or at least one
SLID (2; 12.5%) corresponding to the pre-XDR profile, and
three (12.5%) MDR isolates were resistant to Ofx and at least
one SLID simultaneously corresponding to XDR isolates.

All 23 isolates with a single mutation in the QRDR region
of the gyrA gene were resistant to Ofx. A double mutation
(D94G and H87Q) and a single point D7N mutation outside
the QRDR region were found in FQ-susceptible isolates. Ten
out of 11 isolates with gyrB mutation were susceptible to
Ofx. One isolate with the gyrB A644D mutation was found in
one Ofx-resistant isolate, together with mutations in
gyrA D94G, known to be FQ determinant.

Three isolates with the rrs-F2 al401g mutation were
resistant to at least one SLID by pDST; two isolates were
resistant to Am, Km and Cm and one resistant to Am and
Km (see Table 1). Among the isolates with the 3 new
mutations, the isolate with the c1489t substitution was
resistant to Am and Km, while the isolates with the two

Table 3 Proportion of Resistance Phenotypes Among Beijing and
Non-Beijing Genotypes

Phenotypic Drug Beijing, | Non- Total,

Resistance n (%)* Beijing, n (%)*
n (%)*

XDR-TB 3(1000) | O 3

FQ-resistant; pre-XDR-TB 11 (78.6) | 3 (214 14

FQ-resistant; neither XDR- | 4 (66.7) 2 (333) 6

nor pre-XDR-TB

SLID-resistant; pre-XDR-TB | | (50.0) 1 (50.0) 2

Total 19 (76.0) | 6 (24.0) 25

Note: *Proportion calculated by row.
Abbreviations: FQ, fluoroquinolone; SLID, second-line injectable drugs.

other substitutions (gl177a and 1204 ins a) were found
susceptible to the three SLID. Among the 37 isolates, one
isolate was Km-resistant and did not have any mutations in
the rrs gene.

It is worth noting that 3/3 (100%) XDR isolates and 12/16
(75%) pre-XDR isolates carried mutations in the pncA gene
conferring resistance to PZA. In addition, one of the three
(33.3%) XDR isolates, referred to as “XDR+" in this study,
was totally resistant to all 4 FLD (INH, RIF, EMB and STM)
and 4 SLD (Ofx, Am, Km and Cm) tested, as well as resistant
to PZA by carrying mutation T49P in the pncA gene.

Genotyping

Genotypic analysis was performed on the 25 isolates pheno-
typically resistant to at least one SLD and for which mole-
cular data and pDST were in agreement. Spoligotype patterns
of 24 isolates were found in the international database
(SITVIT2) and one unique pattern (4%) was declared
“orphan”. Four families were identified among the 24 iso-
lates, including Beijing, EAI2-nonthaburi/EAIS, Manu-
ancestor and Zero-copy families. The Beijing family was
the most predominant, representing 79.2% (n=19), followed
by EAI (8%, n=2), Manu ancestor (8%, n=2) and Zero-copy
(4%, n=1). Seventeen isolates shared the Beijing-SIT1 spo-
ligotype pattern, accounting for 70.8% of all isolates in the
study (see Table S4). When comparing spoligotyping results
with drug resistance patterns, the predominant Beijing family
was found in 78.3% (18/23), 80.0% (4/5), 75.0% (12/16) and
100% (3/3) of Ofx-resistant, SLID-resistant, pre-XDR and
XDR M.tb isolates, respectively (see Table 3). Manu-
ancestor and Zero-copy isolates were found in 12.5% (2/
16) and 8.3% (1/16) of pre-XDR isolates, respectively,
while the 2 isolates of the EAI-2/5 family were found in non-
MDR isolates.
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Resistance to FLD & SLD
HRS & Ofx
HRS & Ofx, Km
HRS & Ofx
HRS & Am, Km
S &Ofx
HRSE & Ofx
HRSE & Ofx
HRSE & Ofx

NJ-Tree, MIRU-VNTR [24]: Dc: Cavalli-Sforza and Edwards, 1967 (1), Spoligo: Categorical (1)

1

Clonal complex |

S &0fx

HRSE & Ofx

R & Ofx

HR & Ofx

HRSE & Ofx, Am, Km
HRS & Ofx

HRS & Ofx

HS & Ofx

HRS & Ofx
HRSE & Ofx
HRSE & Ofx
HRE & Ofx

HR & Am.Kn,Cm
R & Ofx

01

HRSE & Ofx, Am, Km, Cp

SIT GenoType 24loci MIRU-VNTR Spoligotyping

1 Beiing 234232352544425173353823 OO D S S——=—=
1 Beiing 224232352544425173353823 OO S E———
1 Beiing 224232352544425173353823 OO ANSRERES.
1 Beiing 244213352544426171352823 O T ANNREREEE
1 Beiing 244233352544425173343823 CCOCCCIICIIIICIIIIICICITIC T T ANNREREEE
1 Beiing 244233382344425163343823 O SESEEE—=S
1 Beiing 244233382344425133353823 OIS S-S
1 Beiing 244233382644425173355823 OO T D M—————
1 Beiing 22423338264442517335565 23 OO D AS————
1 Beiing 2442333526444251733537 23 OO T ANNEE_E.
1 Beiing 234233352644425173353823 O T ANNREEE.
621 Beijing 234233342544425173353823 OO NCHENRERS
1 Beiing 225233342344425155353843 OO T SE——=—=
1 Beiing 234233342744425173453 1243 OO D S EE——=—=
1 Beiing 234213342644425175353833 OO D S RE——=—=
1 Beiing 234213342644425173343823 COCIIICIIIIIIIITITTITCT T T ANSREREE.
269  Beijing 234234342--4425173343833 CCOOCICCICCCCCTCCC U D SSSm—"
1 Beiing 2342333421444251833437 33 COCCCIICIIIIIICIIIICICCC T T AN_RE—=.
1 Beijing 234233352534225173363823 O D MEEER.S

Orphan Notdefined 2 3523822-7642351333411213
523 Manuancestor 2 4 4237242854235173341813
405 Zero-copy 32463425226324522335461 3 EECESEEEEESSEENNNC]ICCCCCTCCICIICTITONE
89 EAI2-nonthaburi 2 1 4 652 4 3 152 14 3 2 6 6223 33 2 8 0 3 WEEENTIIIIIUICITCIT LD MEECT T NNRERRERE
502 Canetti 3331633211110556867226461 3 CCCOCCCCCCICICCICCICCCCICITCMCCICOMCCIITIT

Figure 2 Phylogenetic analysis of spoligotyping and 24 loci MIRU-VNTR results of 23 Mycobacterium tuberculosis isolates resistant to SLD.
Abbreviations: Am, amikacin; Cm, capreomycin; Canetti: Mycobacterium canetti used as Outgroup; E, ethambutol; FLD, first-line drugs; H, isoniazid; Km, kanamycin; Ofx,

ofloxacin; R, rifampicin; S, streptomycin; SLD, second-line drugs.

Among the 25 isolates, MIRU-VNTR analysis showed
that 21 (72.6%) isolates had unique MIRU-VNTR geno-
types, and two (21%) of the isolates shared the same
genotype. Two isolates showed mixed MIRU-VNTR gen-
otypes (double alleles in one locus) and were excluded
from the analysis. The 24 MIRU-VNTR loci Hunter—
Gaston Discriminatory Index reached 0.9967.

Genetic variability was analyzed using MIRU-VNTR
loci among the 23 sample sets and within the Beijing
group (n=19). The genotypic diversity of all the 23 isolates
was 0.956. The average of allele numbers per locus was
3.29, ranging from 1 to 7, and 2 loci (MIRU-20 and
MIRU-39) were monomorphic. Among the 19 Beijing
isolates, the genotypic diversity was 0.947 and the average
of allele numbers per locus was 2.29, ranging from 1 to 5.
Eight (MIRU-02, MIRU-04, MIRU-16, MIRU-20, Mtub-
29, ETRB, MIRU-24 and MIRU-39) of the 24 loci were
monomorphic. The genetic diversity index Hg was 0.378
for the entire sample and 0.211 for Beijing isolates.

A dendrogram was constructed based on both spoligo-
typing and MIRU-VNTR results (Figure 2) and was used
to determine clusters. A cluster is defined as a group of
isolates having the same MIRU-VNTR and spoligotype
profiles. We observed only one cluster (Cluster I) of 2
isolates (DR 002 and DR _007) which belonged to the
Beijing family. In addition, three Beijing isolates, includ-
ing the two isolates of Cluster I and DRC 003, formed
a clonal complex (CC I) by sharing 23 of the 24 MIRU-
VNTR loci. Interestingly, except for the phenotypic resis-
tance to Km for isolate DR 002 and mutation G400A of
the embB gene for isolate DRC_003, the three isolates had
the same pDST (resistance to INH, RIF, STM and Ofx)
and mutation patterns: katG_WT, inhA_c-15t and S94A,
rpoB L511P and HS526Q, rpsL L88R, pncA Al71E,

gvrA_A90V, gyrB_ WT and rrs. WT. DR _007 was isolated
in 2012 from a patient in Kompong Cham province and
DRC 003 and DR 002 were identified from patients in
Phnom Penh, three and four years later, with an additional
mutation named G406A in the embB gene and an addi-
tional resistance to Km, respectively.

Treatment Outcome of Patients with Pre-XDR and
XDR lsolates

Among the 19 pre-XDR and XDR isolates identified in
our study, the treatment information were available for 16
patients including two of the three patients with XDR
isolates and 14 of the 16 patients with pre-XDR isolates
(13 pre-XDRgq and 1 pre-XDRgyp patients). For two
pre-XDR patients (1 pre-XDRgg and 1 pre-XDRgpip),
the information were missing and the patient with the
XDR+ (resistant to 5 FLD and 4 SLD) isolate refused
treatment (see Table S4). The treatment information were
not available for patients with SLD-resistant non-MDR
isolates.

All the 16 patients initially received the 20 to 24
months standardized MDR-TB treatment regimen which
is composed of a combination of FLD and SLD including
SLID (Km or Cm), FQ (Levofloxacin, Lfx or
Moxifloxacin; Mfx), Eto, Cs, PZA and EMB. The regimen
was later adjusted according to clinical evaluation and
available phenotypic or molecular DST. Four patients
including 2 XDR (DR 001 and DR 002) and 2 pre-
XDRgg (DR_003 and DR_004) did not respond to the
standardized treatment regimen and revealed FQ resis-
tance. Thus, these four patients switched to a 24-month
regimen containing Bedaquiline and SLID for 9 to 12
months as well as Cs, Clofazimine, Linezolide, PAS,
PZA and EMB.
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Among the 16 patients, 12 (75.0%) including 10 pre-
XDRgqg and 2 XDR were cured, 1 pre-XDRg; p (6.3%)
was lost during follow-up and 3 pre-XDRgq (18.7%) died
during the intensive phase of treatment. Two of them died
after receiving the treatment for less than 1 month and one
died several months after the discontinuation of the treat-
ment due to other medical issues (see Table S4). Of the 12
patients for whom the treatment was successful, respec-
tively, nine, two, and one had isolates belonging to the
Beijing, Manu_ancestor and undefined family. The four
patients who died during the treatment and the one who
was lost during follow-up presented isolates belonging to
the Beijing family (see Table S4). Overall, there was
a 71.4% (10/14) and 100.0% (2/2) treatment success rate
for pre-XDR and XDR patients, respectively.

Discussion

Although XDR TB cases have been reported worldwide,
Cambodia, with nearly 35,000 cases of TB and 150 MDR-
TB cases annually, reported the first XDR-TB case to the
WHO in 2016." Due to the absence of surveillance pro-
grams and systematic screening for SLD drug resistance
among MDR patients, the burden of pre-XDR and XDR-
TB has been under-reported in Cambodia and is still
unknown. However, in an initial previous report, the pro-
portions of pre-XDR and XDR, based on molecular tests
among MDR isolates identified between 2007 and 2009,
were 14% and 1%, respectively.”® Another study reported
four XDR-TB cases (0.7%) and only one pre-XDR-TB
case (0.1%) confirmed by DST among MDR-TB patients
between 2006 and 2016, but only the patients who did not
respond to the treatment regimen were tested for SLD
resistance.”® The present study reports the first description
of SLD drug resistance in M.tb in Cambodia using
a combination of molecular screening for mutations in
the gyrA/B gene conferring FQ resistance and the rrs-F2
gene conferring SLID resistance followed by pDST con-
firmation. Overall, only 25 of the 37 M.tb isolates harbor-
ing mutations in the gyrA/B and/or rrs-F2 genes were
resistant to FQ or SLID by pDST. The proportion of pre-
XDR and XDR cases among MDR isolates in our study
were 13.6% and 2.5%, respectively. These proportions
remain lower than the global estimation of 6.2% for XDR-
TB and 20.8% for FQ-resistance among RR/MDR-TB but
higher than the two previous reports.'>*® It should be
noted that, for the first time in Cambodia, one XDR isolate
(DRI _151), named XDR+ in our study, was resistant to the
4 SLD and 5 FLD tested.

Among the isolates resistant to SLD in our study, the
resistance to fluoroquinolones (FQ), observed in the MDR
group (14.4%; n=17) as well as non-MDR group (3.9%,
n=6), was more common than the resistance to SLID. This
result was expected since FQ is one of the most commonly
used antibiotics in non-TB infections in Cambodia and the
drug is accessible without prescription at the counter of
pharmacies.®® High incidence of FQ-resistance has also
been reported in many parts of the world, particularly in
countries with a high TB burden.*® FQ is used in both the
standardized and shorter MDR-TB regimen and is consid-
ered as an essential part of the MDR-TB regimen.
Considering the high incidence of FQ-R described in our
study, resistance to FQ should be determined right after
patients are diagnosed with MDR-TB.

All 23 FQ-resistant isolates had mutations in the
QRDR region of the gyrA gene represented by 5 SNP
(see Table 2). Mutations at codon 94 were the most fre-
quent (69.6%), followed by codon 90 (21.7%), codon 91
(4.3%) and codon 88 (4.3%). These findings are in accor-
dance with previous reports, according to which 60.0-90%
of FQ-resistant isolates had mutations at codons
88-94.*""* The five SNP detected in our study (D94G,
D94A, S91P, A90V and G88A) have also been reported to
cause cross resistance among FQ compounds (Ofx, Lfx
and Mfx)."® The D94G mutation was also observed in the
XDR+ isolate.

Unlike the gyrA gene, mutations in the gyrB gene are
less commonly associated with resistance to FQ in M.tb.*'
In our study, all mutations in the gyrB gene, 7 SNP in 10
isolates, were located outside the QRDR region and most
of them (10/11) were observed in FQ-susceptible isolates
(see Table 2). The A644D mutation in the gyrB was only
found in 1/23 FQ-resistant isolates but was observed
together with the D94G mutation in gyrA, known to be
FQ determinant. No gyrB mutation was observed in the
XDR+ isolate. Overall, all the 9 isolates with mutations
only found outside the QRDR region of gyrA/B were
found susceptible to FQ, suggesting no impact on FQ
resistance. However, one FQ-susceptible isolate harbored
a double mutation in the QRDR region of the gyrA gene
(see Table 2): mutation D94G, known to be FQ determi-
nant, and mutation H87Q, reported in one study but not
with This  double
gyrA mutation has never been reported elsewhere before.

associated FQ-resistance.**
The presence of a double gyrA mutation in a FQ-
susceptible isolate might suggest: i) hetero-resistance
with a lack of detection of the resistant population by the
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pDST method; ii) deactivation of FQ resistance caused by
the D94G mutation due to the presence of mutation H87Q
or iii) other mechanisms involved.

Resistance to SLID was found in 4.2% (5/118) of
MDR isolates, three times less than the rate of FQ resis-
tance. This can be explained by the fact that in
Cambodia, injectable agents are not usually used to
treat common infections compared to FQ. Mutation
al401g in the rrs-F2 gene is reported as the most promi-
nent mutation causing cross-resistance = among
SLID.?**3*¢ This mutation was also found in the XDR
+ isolate conferring resistance to all the 3 SLID tested. In
our study, cross-resistance was detected in 4/5 SLID-
resistant isolates and 3 of them carried the al401g muta-
tion, in agreement with previous reports. One isolate
(DR _001), carrying a new mutation named c1489t, also
exhibited cross-resistance to Am and Km. Another iso-
late (DR _002) resistant only to Km did not reveal any
mutations in the 7rs gene, suggesting the contribution of
other mechanisms. It is worth noting that two isolates
with mutations (gl177a and 1204 ins a) located outside
the 14001500 region of the rrs gene were susceptible to
all the SLID tested, suggesting no impact on SLID
resistance.

Briefly, out of the 37 isolates harboring mutations in
genes associated with SLD resistance (ie, rrs-F2, gyrA and
gyrB), 12 were SLD susceptible by pDST. Among these
12 SLD susceptible isolates, 11 isolates carried mutations
not conferring resistance and one isolate carried the D94G
mutation linked to FQ resistance in association with other
mutations (see above). Even if the sampling is small, these
results suggest that molecular detection of SLD resistance
is beneficial in our study in complement to pDST and is
time-saving.

All pre-XDR and XDR isolates harbored genetic muta-
tions conferring RIF and INH resistance. The most pre-
valent mutations were located in codon rpoB S531L
(52.6%; 10/19) and katG S315T (73.7%; 14/19) in agree-
ment with previous reports.***” Globally, more than 75%
and 90% of the pre-XDR and XDR isolates, respectively,
have been reported with phenotypic resistance to PZA.*
In our study, mutations conferring PZA resistance were
observed in all XDR isolates and 70% of pre-XDR iso-
lates. Since PZA resistance is not routinely tested in
Cambodia, the drug is systematically added to the treat-
ment regimen for drug-resistant TB patients when there is
no clinical contraindication for its use. Our findings under-
line that the resistance to PZA should be assessed among

MDR-TB before using this drug in pre-XDR and XDR-TB
treatment regimens.

Regarding the spoligotyping and MIRU-VNTR typing,
the dominant genotype was Beijing, representing 81.3% of
pre-XDR and 100% of XDR isolates, in agreement with
previous reports in Cambodia and other parts of the
world.*®#%4346 MIRU-VNTR profiles were heterogeneous
with 22 genotypes out of 23 isolates. One cluster of two
isolates belonged to the Beijing family (DR 002-XDR
-2016 and DR _007-pre-XDR-2012). With another addi-
tional isolate (DRC _003-pre-XDR-2015), they form
a clonal complex by sharing 23 of the 24 MIRU-VNTR
loci and 8 out of 9 genetic patterns of drug resistance
genes. This finding suggests that resistant isolates propa-
gate in Cambodia and, particularly in our study, are able to
evolve from pre-XDR to XDR. This underlines the abso-
lute necessity of a better control strategy in terms of
diagnostic and treatment to avoid the spread of highly
resistant strains such as the XDR+ strain (DRI 151).

The treatment success rate in our study was high,
71.4% for pre-XDR TB and 100.0% for XDR-TB, com-
pared to the WHO latest treatment outcomes of 56% for
MDR-TB and 39% for XDR-TB. However, among the
pre-XDR-TB patients who received the standardized
MDR-TB treatment regimen, only 57.1% (8/12) were
cured. It is worth noting that the patient with the highly
resistant XDR+ Beijing isolate (DRI 151) refused treat-
ment. This XDR+ strain was isolated in 2017 from
a smear-positive sputum sample from a patient who lived
in Phnom Penh capital city, suggesting a high risk of
transmission of this strain in the population and
a possible evolution towards more antibiotic resistance.*’

Since we used a limited set of genes to screen for
resistance of M.tb isolates to SLD, we could not determine
the resistance mechanisms for the Km resistance in one out
of five isolates resistant to SLID. Furthermore, pDST was
only performed on mutant isolates in our study. Therefore, it
is likely that we underestimated the proportion of FQ- and
SLID-resistant isolates for which the resistance mechanism
involved other resistant genes, such as eis promotor, whiB,

tlyA or genes encoding mycobacterial efflux pumps.'®>°

Conclusion

The present report is the first description of SLD resis-
tance including pre-XDR and XDR M.tb isolates in
Cambodia using both molecular and phenotypic meth-
ods. Our data suggest that the proportion of XDR and
pre-XDR among MDR low in

isolates remains
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Cambodia but on the rise compared to previous reports.
The increasing proportion of pre-XDR and XDR M.tb
isolates, the detection of a XDR+ isolate and the
absence of systematic susceptibility testing raise concern
for the patients. Indeed, pre-XDR and XDR patients
were treated as MDR-TB patients and thus received
suboptimal treatment, which is likely to contribute to
poor patient outcomes, DR resistant strain transmission
and the acquisition of additional drug resistances.
Taking this current evidence into consideration, PZA
should not be used in the treatment regimen for pre-
XDR TB and XDR-TB unless the resistance has been
ruled out. DST using phenotypic or molecular methods
for PZA should be performed for all MDR-TB patients
in order to avoid a treatment failure and the risk of
transmission of highly resistant strains. The genotypic
results confirmed that pre-XDR Beijing strains circulate
in the population and can evolve into highly resistant
forms of XDR isolates. These results indicate the need
for rapid interventions to prevent the spread of these
highly resistant isolates and the emergence of extremely
resistant isolates. Further study should be performed
prospectively to better understand the current burden
of SLD resistance in M.tb in Cambodia and the mechan-
isms responsible for XDR and XDR+ resistance.
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