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SUMMARY
Despite reports that tuberculosis (TB)slowly declining (WHO 2020), the burden is

still a major public health concern in resowjgeor countries. Various studies have
also indicated that the diversity oflycobacterium tuberculosisomplex MTBQ
lineages could be accompanied by differences in the TB disease presentation and
treatment outcomes. Most importantly, the emergence of dregistant MTBc strains,
which result frequently among poor treatment outcomes, is also a serioeatho TB
control programs. In this PhD thesis, we described the population structure of
circulating MTBc strains isolated from human TB patients in Ethiopia and Miger

two countries in East and West Afridghat carry a high burden of TB with
phylogengically distine MTBc lineageg¢lLs)and sublineages usually referred to as

G T I Y Alh ad8itiord, dve tested the efficiency of current diagnostic practices for

differentiation of MTBc lineages amxclusion of resistanrB.

In the first study, Chapte, we describedte population structure of MTBcom 274
(67.7%)solates that had been collected from consecutive new TB pat{@nt405)in
Northwest Ethiopia, using a conventional genotyping method (spoligotypany)
tested the performance of culturesalation and MFP64based speciation for lineage 7
(L7) Five major MTBc lineages:cL4 and L7 were identified, with a predominance of
the EastAfricanindian L3(53.6%)and EureAmerican L440.1%) and less Ethiopia
specificL7 (2.6%)than expected.The CASiDdhi famiy in L3was the predominant
genotype in pulmonary as well as lymph node TB, largely designated by the SIT25.
Direct (On sputum) genotypingdisplayeda similar frequency of MTBc families and
lineages to indirect (isolateenotyping Additianally, all lin@ges, including Ethiopia
specific Lywere culturepositive at similar frequenciesndwere correctly classified
as MTBc by the MPT64 assag.MTBc population structures are often geographically
variable, future larger populatichased stdies using whole genome sequencing

(WGS)might elucidate the bacterial population structure of endemic lineages,



including L7, and examine lineage specific virulence and differences in its clinical

presentation

In the second study, Chapt& using spdfotyping ad line probe assay (LPAYe
investigated the phylogenetic diversity and resistagoaferring gene mutations from
130 rifampicinresistant/multidrugresistance TB (RR/MDR Ti8)lates 41 (63.1%)
isolates from65 newly recruited patients and 8 (74.2%)isolatesfrom 120 stored
strains in EthiopiaFour MTBc lineages: L1, L3, L4, and L7, with the predominance of
EurcAmerican L4 (55.4%) were identifiddl- and L#genotypes were less frequent
(each2.3% of the total)while L2 was notfound, contrary to our observations in
Chapter2. SIT149 (Ethiopian I8TH family), SIT21 (CASHi), and SIT25 (CABeIhi)
were the most frequent RR/MDRB strains with or without additional secofide
drugresistance (SL-B). Furthermore, in LPA analysispB S450L andkatG S315T
were the most common drug resistancenferring mutations, while we found a low
proportion of gyrA (conferring fluoroquinolone (FQ)resistance)and rrs mutations
(conferring secondline injectables (SLPesistance)among 68.5% RIRB We also
identifiedW 6 2 NR SoBdtalich§)D435Y, H445R, and L45@mmonly missed as
resistant in liquicbased DSTNone of thethree Ethiopianspecific L7isolates were
resistantto rifampicin RIB, isoniazid (NH), FQ or SLIdrugs.Systematic swveillance
for resistance in the area in newand retreatment TB patients will allow more robust

estimates of the frequency eésistance again®RIFandFQ as well as SLI drugs.

In Chapter4, asa supplemental study, we analyzed thedation structureof MTBC
from 222 baseline clinical isolates that had been collected from pulmofRYMDR
TB patients recruited consecutively between 2008 and 2016 in Nigad tested
whether the Cameroon and Ghana families displayed a slower resporRRMDR
TB treatnent. We identified the major MTBc lineage$ human TB, LL6, with a
predominance of the Eurdmerican L4. The largest families were the Ghana family

(including the Tisubfamily), having the SIT53 shared spoligotype, and the Cameroon



family, with SIT61 sgigotype type, both members @4 Among MDRB patients with

a SLBsusceptible profile, those with Cameroon families were more likely to cure than
those with Ghana families (aOR 6.3; 95%Ct3511; p = 0.04)LY YI LX 'y a§
analysis patients infect& with Cameroon family TB bacillgonverted significantly
fasterto sputum smearand culturenegative results, indicating fasteare (LogRank,

p < 0.0Q). Other risk factors such as gender, age, HIV statudy mass indexBMl),

and treatment regimenwere not associated with sputum smeamand culture

conversion.

In Chapter5, the effectiveness of MTBBRlirectly from sputum sampldsr excluding

FQ and SL¥esistance was also studied on 413 patients' data collected as part of the
Evaluation of thestandard Treatment Regimen of Aifitiberculosis Drugs for Patients
with MDRTB STREAML1 clinical trial. Sequencing was used to resolve discordant
results of MTBDRI and phenotypic drug susceptibility testing (pDST). We found 9
(2.3%) FQand 5 (1.3%) Sldiscordant pDST/MTBBResults. The negative predictive
value (NPV) of MTBBRor exclusion of FQ resistance was 99.2% (95% confidence
interval [CI] 0.8¢1.00), andor SLI resistancE00% (95%CI 0.9R00). The overall rate

of inconclusive MTBDRResultswas8.6% for FQ and 13.1% for SLI. A higher proportion
(24.2%)of patients with inconclusive MTBBIRiad low bacillary load samples (aeid
fast bacilli smeanegative or scantily positive) compared to conclusive results (P <
0.001). Aithough MTBDH turned out to bea good screening tool for the rapid
exclusion of FQ and SLI resistanpaucibacillary samplesan yieldinconclusive
results More sensitive molecular tools for paucibacillary samples, such as the Xpert

XDR, ar@eeded in high TBMDR/XDRB burden settings.

In conclusion, our studies provided great insights into the population structutteeof
MTBc in Ethiopia and NigdBesidesour analysisuggestdhat culture bias is limited
in the primary isolation of -4 and L7, and that the MPT@htigen test reliably

identifies the MTBc in settings where these lineages predomirilaver smearand



culture conversion of the Ghangrsus Cameroon genotypes implies that treatment
response varied by lineagwith relevance foclinicians scientiss, and public health

researchers in TB control programs:inally, LPAs were shown to be suitable for
excludng resistance to secoHihe agents from clinical samples at the start of

RR/MDRTB treatment and also testing the paucibacillary specimens
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SAMENVATTING

Ondanks berichten dat tuberculose (tbc) langzaam afneemt (WHO 2020), vormt de
Ziekte nog steeds een groot probleem voor de volksgezondheid in landen die over
weinig middelen beschikken. Verschillende studies hebben ook s@omyk dat de
diversiteit varMycobacterium tuberculosisomplex (MTBc) lineages gepaard kan gaan
met verschillen in de presentatie van de tbhiekte en de behandelingsresultaten. Het
belangrijkste is dat het ontstaan van resistente MTBc stammen, die gaalaren in
slechte behandelirgresultaten, ook een serieuze bedreiging vormt voor tbc controle
programma's. In dit proefschrift hebben we de populatiestructuur beschreven van
circulerende MTBc stammé&n 221 6St Gt A2ySyé¢ o[ 0 YSi
genoemd, geisoleerd van mensdlg tbc patiénten in Ethiopié en Niger, daarnaast
hebben we de efficiéntie getest van de huidige diagnostische praktijken voor

differentiatie van MTBc stammen, en voor uitsluiting van resistente tbc.

In de eerste studie, Hddstuk 2, beschreven we de popatiestructuur van MTBc voor
274 (67,7%) isolaten die waren verzameld van opeenvolgende nieuwmatiénten
(n=405) in NoordwesEthiopi€, met behulp van een conventionele
genotyperingsmethode (spoligotypering). We bekekek of standaardkweek en de
MPT@! testefficiént waren voor de isolatie en identificatie vijn-7 (L7) isolaten Er
werden 274 MTBc isolaten verzameld van tbc patiénten die zich presenteerden met
pulmonale of lymfeklier tbc geanalyseerd met behulp vam emonventionele
genotyperingsmdiode (spoligotypering). Vijf belangrijke MTHBoen: L1tot en met

L4 en L7 werden geidentificeerd, met een overwicht van de-Bfvi¢aansindiase L3
(53.6%)n EureAmerikaanse L#0.1%) en minder Ethiopispecifieke LT2.6%)dan
verwacht. De CASDRdhi familie in L3 was het predominante genotype in zowel
pulmonale als lymfklietbc, met voornamelijk het SIT25 type. Directe (op sputum)
genotypering gaf een vergelijkbare frequentie van Miduilies enstammen te zien
als indirecte (isolaat) genotyprg. Bovendien waren alle lijnen, met inbegrip van de

Ethiopiéspecifieke L7, met een vergelijkbare frequentie kweekpositief en werden zij

11



door de MPT64est correct als MTBc geclassificeerddhangezien MTBc
populatiestructuen vaak geografisch variabel nzijzullen toekomstige grotere
populatiegebaseerdestudiesmet gebruikmaking van sequentieanalyses van volledige
genomen(WGS) de structuur van de bacteriéle populatieet endemischelijnen,
waaronder L7,kunnen ophelderen Dit zou toelatenlijn-specifike virulentie en

verschillen in klinische presentatie onderzoeken.

Eveneens in Ethiopié, in studie twee, HoofdsBuknderzochten we met behulp van
spoligotypering en dine-probe-assay (LPA) de fylogenetische diversiteen
resistentieverlenende genmutaties van 130 rifampiciresistente/multidrug
resistente (RR/MDRYITBc isolaten, 41 (63,1%) isolaten van 65 nieuw aangeworven
patiénten en 89 (74,2%) isolaten van 120 opgeslasgammen.We identificeerden

vier MTBdijnen: L1, L3, L4, en L7, met een overwicht van de Eurepeesikaanse
L4(54.7%) Genotypes L1 en L7 kwamen minder vaak vtwijl L2 niet gevonden
werd, in tegenstelling tot onze bevinding in Hoofdsfuls1T149 (Ethiagche TETH
familie), SIT21 (CAilli), en SIT25 (CABEIhi) waren de meest frequente RR/MDR
TBstammen met of zonder bijkomende resistentie aan tweedelijns geneesmiddel
(SLER). Bovendien waren bij de LPA analypeB S450L erkatG S315T de meest
voorkomende geneesmiddelresistenti@rhogende mutaties, terwijl we een laag
aandeelgyrA-mutaties (die resistentie tegen fluogoinolonen (FQ) veroorzaken) en
rrs-mutaties (die resistentie tegen tweedelijns injeetbare middelen (SL$)
veroorzaken) vonden ip68,5% RHRB. We identificeerdermok 'borderline’ rpoB-
mutaties D435Y, H445R en L452P ndét phenotypische gevoeligheidstesten (pDST)
in vlioeibaar kweekmedium vaak worden gemist als resistent. Geen van de drie
Ethiopiéspecifieke L¥solaten was resisint tegen rifampicingRIF) isonazide, FQs,

of SLmedicijnen. Systematische surveillance voor resistentie in de regio, bij zowel
nieuwe als herbehandelde tbc patiénten, zal meer robuuste schattingen van de

frequentie varresistentie aarRIFen FQsen Sllsmogelijk maken.
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In Hoofdstuk4 analyseerden we als aanvullende studie M&Bcpopulatiestructuur

van 222 klinische isolaten van pulmonale RR/MBRpatiénten dieopeenvolgend
tussen 2008 en 2016 in Nigeremden gerekruteerd We testten of patiénten
geinfecteerd met TB bacillen vate Kameroerof Ghanafamilieseen tragere respons

op de toegediendeRR/MDRbc behandelingvertoonden We identificeerden de
belangrijkste MTB{ijnen van menselijke TB, 1.6, met een overwicht van de Eudro
Amerikaanse L4. De grootste families waren de Ghamdlie (inclusief de T1
subfamilie), met als meest frequente spoligotype SIT53, en de Kaméapslie, met

het spoligotype SIT61, beidedien van L4. Onder de RR/MIIR patiénten met een
SLDBgevoelig profiel hadden degenen geinfecteerd met MTBc van afeekoenr
families meer kans op genezing dan degenen met Gifamdlie isolaten (aOR 6,3;
95%CI:1,85,1; p = 0,04). Ook in een Kaplan Meiaralyse converteerden patiénten
die ziek waren met Kameroen familie MTB significant sneller naar uisémjk
kweeknegatief dan die met Ghana familie (ERgnk, p < 0.001). Andere risicofactoren
zoals geslacht, leeftijd, HIV status, body mass indexebkarimelingsregime waren niet
geassocieerd met sputum uitstrijkjeen kweekconversieLy SSy Y LX |y
analyse ertoonden patiénten geinfecteerd met TB bacillen van de Kameroen familie
een snellere omslag naar negatieve microscopie en kweekresult@dibésend op een

snellere genezing (Legank, p < 0.001).

In Hoofdstulé werd de effectiviteit van de LPA (Genotypd& BDRI, Hain LifeSciences)

voor het uitsluiten van FQen Sltesistentie onderzocht op gegevens van 413
patiénten die waren verzameld alsy RSNRSSt @GFy RS 1fAYyAa
Treatment Regimen of ArTiuberculosis Drugs for Patients with MDR(SW9 ! a0 M€ d
Sequentieanalyses werden gebruikt om discordante resultaten van MTBDRsI| en pDST
op te lossen. Wij vonden 9 (2,3%)-FD 5 (1,3%5Lidiscordante pDST/MTBDRSI
resultaten. De negatief voorspellende waarde (NPV) van MTBDRsI voor uitsluiting van
FQresistentie was 99,2% (95% betrouwbaarheidsinterval [CI}D,08), en voor SLI
resistentie 100% (95%CI 0;290). Het totale percentagenduidelijike MTBDRsl|

13



resultaten was 8,6% voor FQ en 13,1% voor SLI. Een hoger aandeel (24,2%) van
patiénten met onduilelijke MTBD& had monsters met een lage bacillaire lading
(uitstrijknegatief of schaars positief) in vergelijking met concluderende @sult(P <

0,001). Hoewel MTBBReen goed screeningsinstrument bleek te zijn voor de snelle
uitsluiting van FQen I tresistentie, kunnen paucibacillaire monsters onovertuigende
resultaten opleveren. Gevoeligere moleculaire testen voor paucibacillairestaie,

zoals de GeneXpeKDR (Cepheid, USA), zijn nodig in gebieden met een hoge

tuberculoselast.

Concluderend kamorden gesteld dat onze studies meer inzicht hebben verschaft in
de populatiestructuur van de MTBc in Ethiopié en in Niger. Bovendien bleek uit onze
analyse dat de bias geintroduceerd door kweek beperkt is bij de primaire isolatie van
L14en L7, en datel MPT64antigeentest de MTBc op betrouwbare wijze identificeert

in settings waar deze lineages overheerdean langzamere conversie van uitstrijkjes

en culturen van de Ghana versus Kameroense genotypen impliceert dat de respons op
de behamleling per MTBUjn verschilt, wat relevant is voor clinici, wetenschappers en
volksgezondheidsonderzoekers in #bestrijdingsprogramma’d.enslotte bleken LPAs
geschikt voor het uitsluiten van resistentie aan tweedelijns middelen bij aanvang van

een RRMDRtbc behandeing, inclusiefvoor het testen van paucibacillaire monsters

14
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1. General Introduction

1.1 Globahnd Ethiopiarepidemiology of tuberculosis

Tuberculosis (TB) is an ancient diseasmised bythe Mycobacterium tuberculosis
complex (MTBc). It has affected humankind throughout known higtry oday the
disease remains major global health proleim, caumg ill-health among millions of
people each yearranked as one of the leading causef death due to infectious
diseass (2). Even though the incidence of Tis slowly decreasingsince 2006the
World Health Organization (WH@$timates that, in 2020, 10 million new cases of
active TB hee been repoted worldwide and there were B.million deathsfrom TB
among HIvhegative people and an additionall4 000 deaths among Hivifected
patients(3), with a setback deito theCOVIBL9 pandemic and resulting challenges for
TB patients to redt diagnostic services and cardhe mortality rate diffes
considerably among countries rang from less than one TB death per 100,000
population in high resource countries to 40more deaths per 100,000 population in
low resource countriesBesides, arestimated 3.3% of new and 18% of previously
treated TBpatientshad RRMDRTBworldwide. In total, theincidence of MDR/RRB
was estimatedat 465,000in 2019 Of theseapproximately 7.4%vere estimated to

haveresistance to FQs and $2).

During the 2& century, TB incidence started to decrease rapidiydeveloped

countries throughthe improvement of health, the introduction of the BCG (Bacillus
CalmettegGuerin) vaccine in 192l1and the use of antimicrobial drugs, such as
streptomycin (1943), isoniazid (1952) and rifampicin (1963). However, despitéseffor
to eradicate this disease, TB incidence increased again in the 1980s, owing to the HIV
pandemic, the deterioration of healttonditions in large citiesf high and low income

countries and the appearance of resistance to antibiotit}

Ceographically, the burden of TB is highesthe WHO regions of Sowhast Asia,
Africa and the Western Pacifi@).! 6 2 dzi wp: 2F (KS ¢ AMNARQA
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region(2,460,000)which also has the higheger capitarates of @ases and death&?)

due to high HIV cinfection rates.Most TB cases were among the economically
productive age group (154 years)In 2020 more than85% of all estimated incident
TB cases were reported in the 30 higBburden counties (HBCH3), eight of these
countries accounted for twaohirds of the total with India (26%)eading thecase
followed byChina (8.5%), Indonesia (8.4%), the Philippines (6.0%), Pakistan (5.8%),
Nigeria (4.6%), Bangladesh (3.6%) amattsAfrica (3.3%)Figurel.l). Of 14 countries
listed by WHQhat has hal the highest triple burden oTB, HIYand MDRTB,eight

are insubSaharan Afric42), of whichfour are Eastern Africgountries: Ethiopia,
Kenya, Mozambigey and Zimbabwe where this disease contingeto have a
devastating effectTheEasern Africa region has a combinddincidenceof 901,060
cases witmearly 21.5%193,015) of the TB cases among people living with HIV. There
were 60,310 HI\tpositive TBleathsin 220, which is35% of thetotal HI\fpositive TB
mortality acrosshe WHO Africaegion(170,000) this rate of mortality iseryhigh.

Despite the tremendous global efforts and encouraging progress obtained towards the
control of the TB epidemic since 1990Bremains to be the singlenost infectious
diseasehat takes mordives each year and has grave implications for the TB control
programs(2). To reduce this high TB burden, the WHignedthex 9 Yy R ¢ . { ( NJ
in 2014 with set targets to reduce the absolute number of TB deaths and TB incidence
by 9®band 80% respectively by 2030 and8&nd 90% by 2038!). The total number

of TB incidence rate and deaths were expected to have been reduced@bgreli35%
between 2015 and 2020, respectively; however, orifyahd 14%, respsively were
achieved. Presently, various factors have been indicatde toontributing to the slow
reduction of TB, including the potential impact of the COWDpandemic on TB
determinants and TB disease burd&), the huge number of missed TB cases, its
strong association with HIV and the emergence ofgdresistance placed TB among

the serious threats that the world is fagrat the moment.
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Estimated TB incidence rates, 2019
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Figurel.1l. The estimated incidence of TB (per 100,0q®dapted from the WHO
Global Tuberculosis Rep@®20(2)).

Ethiopia, the secondhost populous African countrys currently rarked 12" in the
globalTB incidene andis the 4" highest TB burden countin subSaharan Africa, with
an estimated incidence of 157,000 of all forms of(@ZBTB-related mortality is in the
top ten reported causes of death among hospital admissions in the co(Bitrwith
an annual estimated death rate of 24 per 100,000 plaions in 2020. According to
the WHO estimate, the case detection rate of all forms of B8 %1%, with108714
casesnotified, 70% pulmonary TEand 62% bacteriologically confirmed (B} Ethiopia
is also the third country in the world in terms of the burden of extrapahary TB,
which covers up to 40% of all TB forms recorded annually in the country compared to
an overalll6% of extrapulmonary TBvorldwide (6,7). In the country, more than 75%
of all extrapulmonary TB reportembncerndymph node TB that currently accounts for
around 30% of all incident TB cagedthiopia(8), and predominantly 6§90% of the

disease presented in cervical lymphadenitis than otless
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Ethiopia isalsoone of the 30 high TB, TB/Hid&hd MDRTB burdened countrie),
with more than 1600 estimated MDR/RRB caseseported in 2019 The reent
estimate indicated that the incidence of MDRARR i2.7% in newly diagnosed cases
and 14% in previously treatedB However, acording to the WHGn 2020,0nly 591
MDRRRTB casewvere notified and started treatmeni3). Since 2009,hite Ethiopian
Ministry of Healthhas started the first treatment program for MDRB patients at St
Peter Hospital, in the capital Addis Ababa, and010 at Gondar University Hospital,
Northwest Ethiopia.In the subsequent years, MDRIRTB testing and treatment
centers have been expanded into other cities in Ethiopia. The treatment success rate
was reportedly 70980% in 2018However, due tahe absence oastrong surveillance
system lack of earlydiagnostic facilitiesand health sevice caverage, the real burden
of TB andVIDRRRTBis still not well known. In additiorthe genotypesof circulating
MTBc strainsvithin the population in Ethiopiare not well documentedAt present,
the national TB control program recommendsgferent drug-suseptibility testing
(DST)methods including Xpert® MTB/RIF asday detecting MDR/RRB cases,
considering the suitability for use #te peripheral health facility level, the rapid turn

aroundtime of results, and minimal need for expertise aadety measures

1.2 TheM. tuberculosigpathogen

1.2.1 Characteristics ofiycobacteria

M. tuberculosisthe tubercle bacillus, was first discovered by Robert Koch in 1882, and
has been included in the scientific literature as a genus in {B9§ Phylogenetically,

the genusMycobacteriumis contained within the phylum Actinobacteriarder
Actinomycetales, andsa member under the family Mycobacteriaceae. Currently, the
genus has more than 190 recognized species, including diverse species ranging from
environmental saprophgs to obligate pathogeng9,10) Most of them live and
replicate freely in natural ecosystems and only a few species became sutcessfu

pathogens of higher vertebrates.
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Mycobacteria are aerobic, nemotile, nonsporeforming, and acidag bacilli that
appear microscopically as straight or slightly curved rods. These bacteria also express
unique mycolic acids, wastike complex lipid, in the cell envelope that play a critical

role in the structure and function of the cell wall; includimgdrophobicity, resistance

to drying, acidity or alkalinity, and many antibioticdMycolic acids havdistinctive
immunostimulatory propertie11,12) The growth rateof mycobacteridas generally
slowrelative to other microorganismsvith generation timesanging from two hours

to 14 days.

Traditionally, mycobacteria can be classified into several ngjmes based on the
ability to grow in vitro, fundenental differences in epidemiologgndtheir association
with disease.The species within the genudycobacteriumhave been classically
divided into two taxonomic groups based on their growth rate on solid media, which
consist of fastand slowgrowing menbers, with the quickegrowing speciesusually
being nonpathogenic saprophytes, and the majority of the pathogenic strains
belonging to the slowegrowing specie$l2). Mycobacteria can also be grouped for
the purposeof diagnosis and treatment: these indiel the MTBc, the cause of TB
disease in different host species, followedMy leprae,etiology of Hansen's disease

or leprosy, andM. ulcerans the cause of Buruli disease. Other roberculous
mycobacteria (NTMshclude norpathogenic species and patbens that can cause a
variety of disease presentations, from pulmonary disease indistinguishable from TB to

lymphadenitis or skin diseag#?2).

The mycobacteriagenomedisplaysa typical bacterial chromosomal structyri.e. a

single large circular DNA molecule with a high G+C content-@080The genome

sizes of mycobacterial species obtained by DNA sequencing range from 3,268,203
basepairs M. leprag (13) to 6,988,2@ basepairs M. smegmatiy (14). M.
tuberculosisvas among the first bacterial species to have its full (4.41 Mb) genome

sequenced13). Moreover, the genome size dfl. bovis(15)is significantly smaller
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than that ofM. tuberculosisind revealed thak. bovishas several DNA deletions while

maintaining 99.95% identity withl. tuberculosi@nd no new genetic materiél6).

1.2.2 Evolution othe Mycobacterium tuberculossomplex (MTBc)

TheMTBcisa genetically related group of mycobadtdrspeciesaind subspecieghat

are characterized by 99.9% similarity at the nucleotide level and identical 16S rRNA
sequencegl6,17) The present evolutionary studies hypothesize the evolution of the
MTBc from an environmental saprophyte through a collective process of genome
adaptation. In a phylogenetic analysis, reportsicatked that the MTBc is the clonal
progenyof an ancestral strain &fl. canettii belonging to the group of smooth tubercle
bacilli (16,18,19) (Figurel.2). Evidence also suggests that MTBc evolved from a
commonancestral hominid pathogeaf African origin(18), and spread globally with
human migration and trade to give rise tioe current humanadapted phylogenetic

lineages (19¢21) approximately 70,000ears ago.
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M. canettii in East Africa and STBs
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Figurel.2. Evolutionary relationship between selected mycobacteria and members of
the Mycobacterium tuberdosiscomplex (MTBc) Adapted fromGalagan, 201419)).
TbD1 indicates the deletioevent specific foM. tuberculosidineages 2, 3and 4. All

species shown are from the genMiycobacterium

The MTBccomprised the humamdapted lineages, such ag. tuberculosis sensu
stricto(including ineagel - L4 and L7)M. africanum(L5 and L6)andM. canettii and

other various animahdapted lineagédspeciessuch advl. bovis M. microti, M. caprae

M. pinnipedij M. suricattae M. mungi M. dassie M. orygis,and M. oryx (22¢25)
(Figure 1.3)Recently, twather lineages, L&6)and L927), have been identified and
increased the number into 9 MTBc lineages. Some lineages occur globally and others
are geographically restricted, suggesting generalist gpetialist pheatypes(28,29)
(Figure 1.3 For example, the most ancestral humassociated lineages (naryel1l,

L5, L6, andL7, and the newly identified L8 and )L8re all linked to Africa, either to
western (5 andL6,) or eastern Africald, L7, L8and L9, whichsupportsan African

origin of the MTBc. In contrast, the strains of more recently derivedanotineages
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show a distribution rather centered on Asia), or intercontinental distributiongL2
and L4) but still with strong phylogeographicapansionst familylevels(29). Several
well-definedfamilieshave beerdescribed within these lineages; the Beijiiagnily of

L2 is globally spread but prevalent in East Asia, China, and Russia.faimdies i.e.
the Central Asian (CAS), is common in Central Asia and Africa. fEneille such as
the Latin AmericatMediterranean (LAM), Haarlem (H), Ang@axon (X), ansbme ilt
defined T families, are globally spreadhile familiesGhana, Uganda, and Cameroon

occur at high frequencies in specific regions of Africa and(28i30)

Despite the limited genetic variability within these MTBc, the strains belonging to
different lineagesof MTBcshow significant differences in terms of pathogenicity,
transmesibility, and host specificity28). Although human TB caused by any of the
MTRC strainsis reportable worldwide(2), genotyping the dhical isolatess usually
restricted to specifimolecularepidemiological investigatiaon transmissiostudies

As treatment iuntil now the same for all MTBc lineagdd.(bovisbeing intrinsically
resistant to pyrazinamide)outinely appliedgenotygng is focused on resistance

associatedyenes rather tharrue typing to knowwhich lineage is causing disease
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Ape—tasesesaassssanssssasess M.canott

M. tuberculosis sensu stricto

Lineage 2
East-Asian

Lineage 3
East-African-indian

Lineage 4
Euro-American

M. africanum Lineage 5 West-Africa

Chimpanzee bacilus

“Animal” lineages

Figure1.3. Phylogeny of theM. tuberculosiscomplexand distribution of the seven
main M. tuberculosidineages fAdapted fromCoscolla and &neux, 201428). RD =
region of difference A=Nodesupport after 1000 bootsap replications is shown on
branches and the tree isooted by the outgroup M. canettii B= the most
geographically widespread lineages; C= the intermediately distributed lineages; and

D= the most geographically restricted lineage

1.3 Clinicapresentaton of tuberculosis

TBis a contagious infection that mainly affects the lungs but can also affect any other
organ includinglymph nodes,bone, brain and other internal organs.The clinical
presentationof TB infection and disease is highly variable, irpfyomarapid clearing

by the hostdefenseresponse to lifdong latent infection(31). About a quarter of the

g2 NI RQa Liateddiyfinfedietl @ith TB\ (also called LTBI), reflecting ortbef
largest reservoirs of TB disease, and can colonize their hosts without showing any
clinical and radiologic manifestatioif32). Some studies also show the prevalence of

LTBI; 55.2% in South Africa and 31.2% in Ethi@3a Since the last two decades,
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possiblydue to expanded TBiagnosis andreatment, the annual risk of infection
might havebeenreduced in parts of the world, though, the recent givlburden of
latent TB is therefore indeterminate and require to be studiBldwever,5¢10%of
latent TB may convert to activeiseaseif viable bacilli in thetissues reactivate
following a reduced host's immunity, for example in Hi¥infected patients

progressive chronic diseases, poor nutritiand in elderg34).

Clinical symptoms are usually gradual in onsetrying from weeks to months,
although more acute onset can occur in immunocompromised individ(Z83
Tuberculosigan present apulmonary and/or extrapulmonary disea.In pulmonary

TB the most commonly reported symptoms are chronic cough, sometimes mixed with
blood in sputum chestpains, weakness, weight loss, fevand night sweatsThe
extrapulmonary form that accounts for 16% of all the total worldwide TB cg5es
shows various presentations depending on the a#dcorgansystem(36). Lymph
node TB, which is particularly common in Ethiopia, may invahyeregional lymph
nodes but most often affects those of the neck and supraclavicular regions. Physical
examination reveals painless anjied lymph nodes, often of varying size, firm discrete
or matted nodesmobile orfixed to surrounding structures, arkde overlying skin may

be indurated or form scrofuld37). A higher proportion of extrapulmonary TB, 30% of
all incidentTB, ha been documented in Ethiopiés,7) The reason for such high
prevalence is unknown. In general, the frequency of extrapulmonaignbBably high

in patients with immunosuppression worldwide. For example, among etyhg

with HIV, extrapulmonary TB reaches up to 60%.

A wide variety of host and pathogerssociated variables influence the clinical
manifestation of TB in different individuals within the human populat{88,39)
Although it is still challenging to investigate the influence of bacterial and host
genotypes on the development of different forms of TB in humans, molecular studies

have suggested that disease phenotype seems to be mdedcwith a bacterial
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genotype(39). This is particularly true foéhe MTBc, where the interaction of genotypic
variation among different strains with human genetic polymorphismsdgyrominent

role in the onset of TB diseasé38,40) It has been indicated that higher rate of
pulmonary TB was often associated with L4, while extrapulmonary TB, such as TB
meningitis and TB/imphadenitiswere moreattributed to L3(41,42) Also, despite the
clinical presentationseing associated with the level of B disease severity, the
mechanisms supporting this variation have not yeeb completely exploredPatient
to-patient differences in clinicalBlikely reflect a multifaceted relationship between
host factors, includingthe level of immunosuppression and immune response
phenotype (43) and MTBc genetic diversit{28,44) as well asa health system or

LJ- A SofaisQséich &sldelays to diagnosis and treatmet evidenced from
Ethiopia, patients with.7 infection were more likely to delay in seeking treatment for
pulmonary TB. Tik pathogenis also linked with slow growth in vitr¢45), possiby
showing less capability of the sinato cause active TB diseaséoreover, n another
study, patients infected with L2 or L4 strains were shown to have a higher probability
of developing ative TB than those infected with L6 strai@d®), which might be the
ability of these strais to produce a unigue phenolic glycolipid that attenuates the
K2aGQa AYYdzyS NI thdddn seGereldigeRse.( NA 33 SNB R

1.4 Diagnosis of tuberculasi

The diagnosis of TB still largely depends upon initial clinical manifestations and
radiographic finthgs (sensitivityof 8%% and specificity aroun@6% for abnormality
suggestive of T)B with subsequent laboratory confirmation of the disease from
different types of clinical specimef#7,48) The most widely used clinical T@eening

is the WHO symptonscreening for clinical features associated with pulmonary TB
(including cough,haemoptysis, weight loss, fevepr night sweats). Symptom
screening has, however, low and variable sensitivity particularly for detecting TB early
(48), with sensitivity (51%) and specificity (88%) for any cough for deteofioiB

diseaseThe yield ofcreening with symptoms may differ from one areaataother,
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depending on the prevalence of ndiB diseases and the ajity of screening For
example, the sensitivity and specificity of any TB symptom (cough, haemoptysis, fever
night sweats, weight loss) had been indicated 71% and 64%, respedivelynged
O02dAK o6flradAiy3a x H ¢SS aoutiahiyNgSsRerific (9F06) K | &
(48). However, the usual TB symptostreening criteria are not of much help in
individuals with subclinical TB9), revealing the weakness of this method, particularly

in highrisk, vulnerable populations. It was raped that over 50% of patients with
active TB wre missed with only a symptom screening approach in TB prevalence
surveys(48), and also a proportion of patients ranging from 34% to 68% had no
symptams among sputum smegoositive patientsln recent years there has been an
increasinghumberof new and excitingliagnosticmethods inmycobacteriology, but

there is no single test that can yet staatbne (47). However; the conventional
microscopic examination, mycobacteriallture, DST and molecular testing of

LI 6ASyGQa al YL Sa FINB (GKS Yz2ad 02YY2y K
the MTBc strain47).

1.4.1 Bacteriological examination of tuberculosis

1.4.1.1.Smearmmicroscopy

Microscopy has been a diagnostic tool forfdBover a century, and currentbtill is

the mostcommonand availableliagnostic methodn developing countrieg47). Itis a
simple, inexpnsive and feasibletechnique for detecting mycobacterialirectly in
clinical specimensf most infectious patierg, requiring 1@ acidfast bacilli AFB/mI
bacilli for TB to be detectable. Tlsputum smearsensitivities range from 20%6%
(50,51) and it isparticularly poor in patients with paucibacillary TB including children,
patients with extrapulmonary TB, or those who are HIV coinfecteehear microscopy

is the standard of careyith high specificity96%, in areas witla high incidence of
TB while WHO recommends substituting conventional microscopy with rapid
molecular tests (Xpert WB/RF) for the initial diagnosis of TB2,53) Specificity is

likely to vary consierably depending on the local prevalence of infections with
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nontuberculous mycobacterigb4) The most widely sed smear microscopy method
in lowresource settings comprises examination of Ziehl Neelsg¢@N)stained slides
under light microscopy, anduramineO stained slides examined using fluorescent
microscopy(53,54) Presently auramine staining using fluorescent microscopy is
gradually replacing conventional ZN light microscopmany settingg55). Overall,
fluorescence microscopy of auramistained smearshas similar specificity on

average a 10% higher setingty, and is less time consumitigan ZN staining

1.4.1.2 Mycobacteriakulture

Despite significant advances mmolecular TBliagnostic over the past decadé47),
culture is still the universal gold standard for the laboratory analysis .of ilBoroves
TB detection and increases the number of diagnosed casesdd0%39compared to
microscopy, and enak$ antimicrobial susceptibility testjn and speciespecific
identification (56). Culture is traditionally performed on solid eggsed media, such
as Lowensteirdengn (LJ), which supporthe growth of M. tuberculosisbut it is not
reliable for all mycobacterial speci€57). Althoughmost laboratories still use LJ
media, some have transitioned to agapased media (Middlebrook 7HI1d 7H11),
which allows fowisible colonies of sloygrowingmycobacteriakpecies in 142 days
compared wih 1824 dayson LJ medid58). In general, mycobacteria grow faster in
liquid media (Middlebrook formulations, MGIT) than on solid md8i}; growth ofM.
tuberculosigakes an average of 10 days in liquid media corag&n 20-25 days on
solid media(58,60)before being discarded and reported as negatM&IT has been
endorsed by WHO fahe isolation of MTBc from clinitapecimens in 20061).

Optimal isolationof mycobacter is routinely achievedising a comlmiation of both
solid and liquid media (62), following the mycobacteriological protocol for
decontamination, centrifugationand inoculation of @hical samples on medig3).

Despite the slow growth rate, culture for mycobacteria is more sensitive than an AFB
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smear microscopy, requimg only 1601000 CFU/mL smegositive sputa for reliable
growth (58).

There ae several constraints to widespread implementation of mycobacterial culture,
including the need for infrastructure and maintenance to support biwsafetylevel
(BSE2 and 3) practices, such as containment equipment and facilitizstralled
access to th laboratory and ventilation requirements, and selidsing doubledoor
access and negative airflow into the laboratogninterrupted power supply, rapid
transport of samples to the laboratory (maximum of 4 days if samples are

refrigerated), and cos{64).

In mycobacterial growth, other bacterial contamination and frequency of NTM
isolation need to be addressed. A rapid method to discriminate the MTBc from other
mycobacterial speies is also essentidtor the identification of MTBc culture isolates,
immunochromatographic assay, such as the MPT64 test, has been devéapethe
MPT64 assay is robust, fast, and can differentiate between MTBc and NTM, as the
MPT64 preein is specific for MIBc strains, and not found in NTM. This antigen
detection in culture isolates is a highly specific, sensitive, and rapid method of
confirming MTBc isolates. A mutténter study has shown that the sensitivity of this
method was 94.8%nd the specificity wa 100%(65). However, some subsequent
studies found that clinical MTBc isolates were falsely identified as NTM because of
mpt64 gene mutationg66,67) This weakness may influence the performance of

MPT64 based assay.

1.4.2 Molecular diagnosis of tuberculosis

1.4.21 GenoType line probe assays (LPAS)

The LPAsre a family of DNA stripased tests that use nucleic acid amplificatfBiCR)
and reverse hybridization methods for the rapid examination of MTBc and mutations

associated with drug resistanc&mongst othersthe GenoType MTBQRIs(68)and-
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sl assays(69) (Hain Lifescience GmbH, Nehren, Germanyehseen endorsedoy
WHO, and are commercially availabldor detection of antimycobacterid drug
resistance. These LPAs identify resistance by detecting hybridization of DNA&om t
TB pathogen to a mutant (resistant) probe and/or by detectadailure of

hybridization to a wildype (sensitive) probeoated in the strips

The MTBDBRlusdetects RIFand INHresistance by identifying mutations in tpoB,

katG, andinhA genes, wth pooled sensitivities of 96.7% and 90.2% and pooled
specificities of 98.8% and 99.2% for detectiorRtfFand INHresistance, respectively

(70). The assay is suitable fapplication directly orsmearpositive sputumas well as
indirectly fromMTBc isolatesThepooled sensitivityfor detection of MTBavas94%

when the tests were done on smepositive sgcimens, and it was 44% whasedon
smearnegative specimens’he MTBDS& LPA (version (v) 4nd 2) detects the most
frequent mutations that confer resistance to FQs and SLIs (KAN, akdICAP}71).

The MTBDS$t v.1 detects mutations i the gyrA quinolone resistancdetermining
region (QRDR) (codons@®) andrrs (codons 1401, 14Qand 1484) and also detects
mutations inembB that encode for resistance to EMB, while v.2 additionally detects
mutations in thegyB QPR (codons 53%41)and theeispromoter regionto detect
SL[(codons10togl4). The assay had sensitivities and specificities of 85.1% and 98.2%
and 76.9% and 99.5% for the detection of FQ and SLI resistance from clinical samples,
respectively(72), while the sensitivities and specificities were 86% and 99% and 77%

and 99% for detectio of FQ and SLI resance by indirect testing (isolate@)1).

LPA indeterminateesults,i.e. if the presence of weak bands or absence of wyide

(WT) and mutted (MUT) bands, together with the absence of the locus control bands
for one or more of the genes testetas also been previously reported to be related

to smear and culture status of the evaluii SR LI (i A SGederndly, ittotcfdii S a
1¢20%, depeding on sample typeyarticularly in paucibacillary TB disease and smear

negatives(73), and also the gess involved, for firstor secondine antiTB drugs,
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eitherfrom pulmonary or extrapulmonary TB4). Commonlythe MTBDR had better
resultsin the direct testing of sputum from MDR/RBBconfirmedpatients, although
the indeterminate rate is higher when tesgnsmeamegative sputum. When the
MTBDRI assay is used in the direct testing of smaagative sputum from patients
with confirmed drugesistant TB, up to 44% of the results might be indetermeizad
hence require repeat or additional testing. In MTBIIRA, indeterminate results have
also been reported in 7.1% of FQ bands and 13.5% of7S)LIHowever, further
investigations are needed to ket understand the indeterminate results in MTBDR

LPA and explore if there is an association with resistaocderring mutations.

1.4.2.2 GeneXpert MTB/RIF assays

In the last decade, new technology has begun to revolutionize TB diagnosis throughout
theworld. The GeneXpert MTB/RIF assay (Cepheid, SaleySA, hereafter referred

to as Xpert MTB/RIF) is a cartridgased, automated diagnostic test that can
simultaneously detect MTBc and RéBistance within two hourér6,77) The test was
officially endorsed by WHQ@78) and reported in a mulicountry study to have
sensitivities of 98.2% among smeasitive, culturepositive patients and 72.5%
among smeanegative, culturepositive patients on a single direct Xpert MTB/RIF test
(79). In addition, h a metaandysis report, a pooled sensitivity of 89% and pooled
specificity of 99% were documented for the detection of MT&®). The assay also
detects the major mutations responsible for RIF resistance and thus predicts whether
the strain infecting the patient is RIF susceptible or not. However, similar to smear
microscopy, sensitivity is lower in patients with HIYeution (79%) and children (66%)
(81). For extrapulmonary samples, sensitivity varies with sample type, wathitfhest
sensitivity for lymph node aspirates andrebrospinal fluid, but poor for pleural fluid
(82).

Despite substantially imeased sensitivity for MTBc detection compared with smear

microscopy, Xpert MTB/RIF sensitivity is nevertheless suboptimal, particularly with
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paucibacillary and H¥slssociated TB. The assay also has samiations in the
determination of RIF resistane@ad theinability to distinguish between live and dead
bacilli. To improve on Xpert MTB/RIF sensitivity for MTB detection and specificity for
RIFresistance detection, Cepheid developed GeneXpert MTB/Ri& (Hlereafter
Xpert Ultra) that uses a newly deweked cartridge (83) with similar WHO
recommendations as to the initial diagnostic test for all adults andien with signs

and symptoms of TB and the tegjirof selected extrapulmonary specimens. The
sensitivity of Xpert Ultra was 88% (85% to 91%) versus Xpert MTB/RIF 83% (79% to
86%); Xpert Ultra specificity was 95% (94% to 97%) versus Xpert MTB/RIF 9886 (97%
99%) for detection of MTB(83,84) Xpert Ultra performed compailble to Xpert
MTB/RIF in the detection &IFresistance and the specificity of both assays was close
to 100%(85). In2021, WHO has also endorsed the XpdTB/XDR assay for testing
sputum samples following a Rigsistant MTBc result on the Xpert MTB/RIF or Ultra
assaysXpert MTB/XDR sets new standards by detecting mutations associated with
resistance towards INH, FGGLI (such as amikacin (AMK), kanamydqKAN),
capreomycin CAP), andethionamide ETHin a single tes(86).

1.4.2.30ther nucleic acid amplification tests

Various nucleic acid amplification tests (NAA$aghas inhouse polymerase chain
reaction (PCR) and other methods for amplifying DNA and RNA, have been advanced
over the past few decades to improve the diagnosis of MTBc infe¢&@dph More
recently, WHO haevaluated three classes NAATS for use in testing pulmonary. TB
First, low complexity automated NAATS, such as Xpert MTB/XDR (Cepheid), for the
detection of resistance to INH and SLDs in sputum from patients with microbiologically
diagnosed pulmonary B. Secondmoderate complexy automated NAATs, which
includesamongst othersAbbott RealTime MTB and MTB RIF/INH (Abbott GmbH & Co
YDX 2A8a06l RSy> DSN)TB &8écbn Dickensan! & Zo, BG w
Bioscience)Cobas®MTB and MTBIF/INHRoche Molecular iagnostics, Pleasanton,

USA)for the detection of TB, RIF and INH resistance from respiratory samples of
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pulmonary TB.Third, high complexity hybridizatidmased NAATS, which includes
Genoscholar PZAB Il (Nipro), for the detection of pyrazinami@f&ZA)esistance in
MTBc isolate$87). In general, the overall pooled sensitivity and specificity of these
classes of NAAT&ve been reported high, and range from 81¢®%.7% and 97.7&6
100%, respectively. Hower, further work ha been ecommendedo determine the
diagnostic accuracy of these classes of NAATs in specific patient populations (e.g.
children, people living with HIV, and extrapulmonary TB patients) and irspiotum
samplesSimilarly the impactof these diagnostic toolsn clinical decisiomaking and

treatment outcome are important to patienté87).

1.5 Treatment of tuberculosis

Along withthe proper diagnosis,reatment of TBpatients represants a basis in the
management and control of TB. The use of-dii8idrug treatment started in 1944 with
the discovery of streptomycin (STM) an@minosalicylic acid (PAQ). Currently, the
number of available antibiotics has increas@dwever,part of the first antibiotics
discovered during the 1950s and 1960s still pegt of the first-line TB treatment
regimen particularly RIF and INKDver the years the combinddeatment regimen
wasfurther improved treatment efficacyachieved more than 90% treatment success

rate and 85% cure rajand decreased the lengthy treatment durati(88).

The WHO recommersda standardized treatmentt O G S 3 @dikken forénev
pulmonary or extrapulmonary TB patients, i.e. not exposed to-@ittlrugs for more
than one month or new cases of TB, comipgswo phases of treatment using first
line antiTB drugs. The initial (intensive) phase includes the use of INH, RIFariEMB
PZA for two months, followed by 4 montbEcontinuous phase treatm# using INH
and RIK88). However, depending on the site$ extrapulmonary TB, some experts
also recommend-42 monthsof treatment for TB meningitis or Tdfecting lones and
joints. For new TB patients with HI\tiadection who have smegpostive or-negative

pulmonary TE88), treatment comprises &-month initial phase (with daily or three
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times weekly INH, RIF, RAnd EMB) and a continuation phase of 4 months (with daily

or three times weekly INH and RIF) or 6 months (with daily INH and EMB). The efficacy
of the currently available regimers regularly monitored with repeat sputum smear
microscopy to followup patients who convert to smeamnegative and recover clinically

during treatment.

For retreatment of smeaipositive relapse cases of TB and retreatment afier
interruption, an 8montha @IS 3 2 Ndimenvéasrecommended by WH(B8), with

2 months intensive phaseomplemented withstreptomycin, followed by 1 montbf
INH, RIF, PZA, and EMB and finally 5 months of INH, RIF, angagiBnoleculaDST
was recommendedto guide the regimen choice, particularly in areas wighhigh
prevalence of MDRand XDRI'B(88). Since 2Q7 this category 2 retreatment regimen
is no longer recommende(B8). The category Il regimen was designed to overcome
INH resistance and to reduce the risk ofaired resistance to RIF. Nevertheless, with
the common use of a-fonth regimen including RIF throughout the fukdtment
regimen (2 month INH, RIF, PZA,B=&hd 4 month INH and RIF) for new TB patients
(category | regimen), the prevalence of RIFstasice among previously treated TB
patients became highdB9), inferringthat the category Il regimeresultsunsuccessful

and challenging.

Treatment of drugresistant TB, particularly RR/MBIR XDRTB, requires more
expensive and often more toxic secelige drugs. The first develop@dDR treatment
regimens typically lastedl8¢24 months. WHO has also issued different evidence
based policy recommendations andcorporated them in the WHO consolidated
guidelines on drugesistant TB treatmentideally, br RR/MDRIB patients on longer
regimens, antiTB drugshould be selected consideritige LJ- G A Sy 4 Wa Y24
of the strain isolated from the patient, histy of previous drug use and/or exposure
and documented background drug resistari®8). Thepreviouslyrecommended long

regimen for treatment of patients with RR/MBHB comprises a combination of SLDs
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includinglater-generation FQ such as moxifloxacin, levofloxacor gatifloxacin, an
injectable agent such a8MK KAN or CAR and two or moreaddtional SLDs such as

ETH prothionamide, cycloserine, terizidone, clofazimine or linezdlide intensive
phaselasts8 months ands followed bya continuation phaseof 12 to 18 months
FOO2NRAY3I G2 GKS LIGASYGQa NBatwenwwiadgsS (72
monitored by smear and culture conversion and by completion of therapy with
negative followup sputum smears and culture within&weeks apart, but it @y vary

in different regiong91).

Since the introduction of new drugs, bedaquiline (a diarylquine)and delamanid (a
nitro-dihydroimidazooxazole derivative), the Mb& XDRTB treatnent landscape
hasbeenevaluated and multiple clinical triaése being conductedyhose results are
being used to update the management of patients with all forms ofifB016, WHO
recommended the shoftourse (911 months) MDRB treatment regimen unde
certain conditions, such as for patients without extrapulmonary A&jing noFQ
resistanceor not beingpregnant Following a metanalysis suggestirte exclusion

of SL} in 2020 theall-oral MDRTB regimen was suggested to be the preferred option
in the updated recommendatio(B0), for examplein Ethiopia(Table 11).

For treatment of patients with XDRB, the WHO recommends the recently developed
drugs bedaquiline and/or delamanid, plus linezplitcluding a later generation FQ,
and addition of other drugs such as clofazimine, paranosalicylic acid, PZA, high
dose INH, and other drugs depending on the likelihood of susceptibility is

recommended92).
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Tablel.1. Nationally Recommended BIHB treatment regimens in Ethiopia

Regimen type Regimen composition Remarks
All-Oral Loger Levofloxacin (Lixedaquiline (Bdq) **Bedaquline is
MDR/RRTB Linezolid (LzdCycloserine (Cs) recommended for
Treatment Regimen 6 months/24
(LTR)1820 months* (LfxBdgLzdCfzCs) weeks.
Add pyridoxin
(VB6)
Standardized Shorter  4-6 AMK-moxifloxacin (Mfx) Refer to the strict
Treatment Regimen prothionamide (Pto)Xlofazimine revised inclusion
(STR), 42 months (Cfz)PZAINHHD}EMBS5 Mfx-Cfz  criteria for
PZAEMB country

(4-6 AMKMfx-Pto-CfzPZAINHHD)-  Add pyridoxin
E/ 5 MfxCfzPZAEMB (VB6)

Individualized LTR, 18 At least 45 likelyeffective

20 months, but could be drugs can be used based on
extended up to 24 the drug availability and
months *** CRC decision.

* Due to potential side effects with Lzd and potential unknown FQ resistance at
initiation of treatment (due to delay in getting the &IPA result), Cs is routinely
included at the start ofreatment. If patient is shown to be FQ res (preferably prior to
initiation of treatment), thenDIm would be used instead of the F&Bdq is
recommended for a total duration of 6 months, however, could be extended
depending on thepatient condition and clinician decision (défoel use),*** The
individualized LTR composition depends on whether each of the medicines in the list
could be used as an fettive drug based on reliable DST result or likelihood of
effectiveness as well astolerance(Adapted fromEthiopia, Ministry of Healt(93)).

In recent years, research efforts have been directed towards finding safe and effective
shorter regimeng94). Unfortunately, no definitive randomized or controlled clinical
trials were reported to introduce the best regimens for treating patients wahous
patterns of drugresistant TB. However, the efficacy of the available TB treatment
regimens had been evaluated by different studies to update treatment regimens with
a shorter duration, higher cure rate, enhanced tolerability, and lesser cost. For

instance, studies from Bangladesh, Niger, and Cameroon have shown that new MDR
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TB treatment regimens of 9 to 12 months have relafgee cure rates (84% to 90%) in
patients wihout FQ resistancg95¢97). Moreover, a multcenter randomized
controlled trial STREAMtage ) wascarriedout further evaluations of the safety and
efficacy of MDRTB treatment regimen§98) comparing a ninenonth short regimen

(the Bangladesh regimenm) the treatment recomnended by theVHO(99)in patients

with MDR pulmonary TB without evidence on LPA of FQ or SLI resisi@heshort
regimenconsistsof moxifloxacin figh dosg, clofazimineEMB andPZAadministered

for nine months (40 weeks3upplemented by KAN, INH, and prothionamide in the first
four months (16 weeks). The intensive phase could be extended to 20 or 24 weeks for
patients who did nb have a conversion to a negative smear by 16 @& ®eeks,
respectivelyThe control regimen is the locally used Wa@proved MDRE . NB 3 A Y Sy
(98). Stage 1 results from the STREAM study presented that the-sharse regimen

was noninferior to the conventional MDHB treatment regimen for 20 to 24 months
(94).

1.6 Development of drugesistant tuberculosis

TB is an infectious disease in which the phenomenon of drug resistamnae first
described in 1948, during the very first human trial of TB thefap®) Since the past
decades, the emergence of drugsistant TB has become apparent, in particular,
MDRTB and RRTB, which are a growing challenge to global TB co(itfdl)

The development of drug resistae is a complex phenomenon with a broad range of
contributing socioeconomic and behavioral factorslowever, the emergence of
resistance within any pathogen population is ultimately an evolutionary prdd€3

This evolutionaryprocess is influenced by multiple factors, including drug pressure and
pathogen geneticsMore recently, thecauses ofmolecular mechanism ofirug
resistance in MTBc strainsave been classifid into two main factors and their
interactions; the first is @xrnsic factors, which are related to social elements of TB in

populations and the quality of TB control and prevention services; and the second is
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intrinsic factors, responsible for the acqitisn of mutations in drugresistance
associated gened.03,104)Table 12).

The de novo emergence of drug resistance can be attributed to low adherence to
treatment and incorrect dosageamongother factors(105) In additionto the drug
resistance attribuéd to the specific characteristics of the cell envelope of MTBc and
the active drug efflux mechanis(h05,106)the acquisition of drug resistance through
chromosomal mutations is the major mechanism in MTBc sti@ioé) In MTBc, drug
resistance often resultfrom chromosomal mutations that either directly affect the
drugtarget binding site (e.g. faRIF in thepoBgene), interfere with bacterial enzymes
involved in predrug activation (e.g. for INH in tlk@tGgene), or cause overexpression

of the target (eg. for INH in the promoter region othA) (107)

Besides, resistance to first and secdlimtk antiTB drugs has been linked to mutations
of genes(103,104)(Table 12). Mutations onkatG and InhA genes have frequently
been linked with INH resistanc@d08) In katG the S315T is the most common
mutation, which is present in §@5% of INH resistant MTBt04) The occurrence of
mutations is also observed in the promoter regioniiA RIF resistaneeonferring
mutations are located at codon 42462 (109)within the 81-bp hotspot region of the
rpoBgene, which habeen found in 96% of RIF resistant clinical isolates. Mutatio
S450L, D435V, H445D, and H44%Yaanong the most commonly identified mutations

in RIF resistant MTBc straifisl0,111). Mutations conferring FQ restance have been
reported in the quinolone resistanegetermining region (QRDR) wittggrAandgyrB

in which more than 90% of FQ resistant MTBc strains have mutations in the QRDR
region(112,113) The most common mutations of the FQ resistant isolates are located
at gyrA codons 90, 9land 94(113) which demonstrated to confer higlvel FQ
resistance, while less frequeglyrB mutations were related vth lower levels of FQ
resistance Resistance mutations at tha's gene of16S rRNAt position 1400 cause

highlevel resistance to KAN and ANIKL4) while mutatons in the promoter region
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of the eisgene cause lovevel resistance to KA{L15) In CAP resistance, mutations

in tlyA and the 23S rRNA genes at positiors A1401G and G1484T are the most
common(116,117) Resistance conferring mutation with A1401G and C1402T in the
rrs gene could resulin resistance to both KAN and CARL6) Nevertheless, not all
observed resistance phenotypes can be explained by these mutations. The lineage
specific biological characteristics, the capacity of adaptation, and the variety of
extrinsic and intrinsic processes cabtite to the emergence and spread of drug
resistant straing28,118,119) Studies have also highlighted that the various MTBc
lineages and families differ in their individual capacity of developing drsigtance
(120) For instance, the Beijing genotype is frequently associated with drug resistance
in East Asigl21) and the Ghana and Cameroon families oftetassociated with drug
resistance in West Afriqd22)
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Table 12. Anti-TB drugs, gendmkedin resistance and mechanisms of action

Drugs Gene Target enzyme Mechanism of
involved in action
resistance
Isoniazid katG, Catalase peroxidase, Inhibits mycolic acid
InhA, enoyl A® reductase A synthesis and other
ahpC, Alkyl hydroperoxidase multiple effects
reductase
kasA i m1Saz21 0eftn
Rifampicin rpoB wsubunit of RNA Inhibits RNA
polymerase synthesis
Pyrazinamide  pncA pyrazinamidase Disrupts plasma
membrane and
energy metabolism
rpsA ribosomal S1 protein inhibition of trans
translation
panD aspartate decarboxylase inhibits
pantothenate and
CoA synthesis
Ethambutol embB Arabinosyl transferase  Inhibits
arabinogalactan
synthesis
Streptomycin rpsL, S12 ribosomal protein,  Inhibits protein
rrs, 16S rRNA, synthesis
gidB 16S rRNA
methyltransferase
Fluoroquinolone gyrA/B DNA gyrase subunit A/B Inhibits DNA
synthesis
Kanamycin/ rrs, 16SrRNA, Inhibits protein
Amikacin eis, Aminoglycoside synthesis
whiB7 acetyltransferase,
transcripional regulator
Capreomycin rrs, 16S rRNA, Inhibits protein
tlyA Nwb 'O H Q Synthesis
methyltransferase
Ethionamide ethAetaA  Flavin monooxygenase Inhibits mycolic acid
ethR transcription repressor  synthesis
InhA enoyl ACPeductase A

ACP = acydarrierprotein; CoA = coenzyme; DNAleoxyribonucleic acitRNA =
ribonucleic acid(Adapted from Zhang and Ye&i04)
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1.7 Molecular tools used for characterization of mycobacterial

strains

Over the past decade, malelar epidemiology research has been very useful for
molecular characterization of MTBc strains circulating in a population, understanding
the transmission dyamics, investigations of the evolution of the MTBc strains as well
as making it possible to monit prevalent strains or strain families that are
overrepresentedThe MTBc was previously considered genetically monomorphic but
the development of genotypingnethods that discriminate strains into distinct
genotypes andlineages has demonstrated previoyslunrecognized diversity.
Consequently, the genetic variations of MTBc have been investigated extensively in
phylogenetic studies to understand the evolutiand spread of MTBE.23) Several
genotyping methods have been successfully applied toattarize genetically the
MTBc strains; including spoligotyping, MIRNTR typing, sequencing, single
nucleotide polymorphism (SNP) typing, and othd21¢126)

1.7.1 Spoligotypingspacer oligonucleotide typing)

Spoligotyping is a P&Rsed molecular method that detects the variability of a highly
polymorphc direct repeat (DR) region in the MTBc genofth24,127) The assay
includesa reverse hybridization protocol for the presence or absence of 43 specific
DNA spacer sequences in the DR region that had been identifiéfierent strains of
MTBc(124) For instance, theM. tuberculosisspoligotypes are characterized by the
absence of spacers 836, whereagVl. bovisBCG spoligotypdack spacers 3, 9, 16
and 3343 (128)(Figure 14).

Spoligotyping has been widely used as a tool in molecular epidemiology studies;
providing the genotyping information and the establishmerita global picture of
MTBc diversity(30,124) It is a useful method for screening antkmtifyingthe new
clonal composition of MTBc isolates in countries or areas where a variety of MTBc

lineages andamiliescoexist(124) Soligotyping has gaineacreased international
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acceptance as a rapid tesk large MTBc genotype datababas been constructed
containing a global distribution anchplogenetic analysis for worldwide spoligotypes
(30). This ditabase provides information that is useful for comparing the ggpet
patterns found within different geographical locations, and enhancing our
understanding of disease distribution dynamics. A current publicly available
multimarker database for spoliggtyng, the SITVIT2, now comprises 111, 635 entries
with 9,658distinct patterns, 103856 number of strains,,851 number of International
Types (ITP8,049 number of isolated strains, ang8B7number of orphan strains from

131 number of countries of isdlan (SITVIT2/dscription.jsp (30).

Spoligotyping, however, is not disciimatory enoughand transmission chains might
not be correctlydrawn because strains with shared spoligotypes may have different
corresponding I&L10profiles andarenot suggested for trang some strains in a higgh
prevalent areg129,130) Nevertheless, it is a very sensitivity assay to detect MTBc in
a small quantity of chromosomal DNAlo&ling the method to be applied directly in
clinical samples and nonviable cultures, Zidekelsen smear slides, or paraffin

embedded tissue sectior{d31,132)
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Figure 1.4. Schematic presentation of spoligotyping principles.Mycobacterium
tuberculosiggenome B. DR locusAdapted fromBarnes and Cave 200#)d Comas et

al., 2009(130,133); C. Spoligotyping technique based on the detection of 43 unique
spacers located between direct repeats at a specific locus of the MTBc genome (A), as
the direct repeat (DR) locus (B). &ample result taken from owtudy MTBc isolates
(Ethiopian L7 and TBTH from L4).

1.7.2 Mycobacterial Interspersed Repetitive Units Variable

Numbers of Tandem Repeats (MHRNTR)
This genotyping technology, MIRINTR, is a P@Rsed assay that analysenultiple

independent loci antaining variable numbers of tandem repeats (VNTR) of different
families of interspersed genetic element$34¢136) This genotyping method is
technically flexible, as it is based on the detection of polymorphism within the number
of tandemrepeats at multiple loci ithe MTBc genomeé/NTR typing systems for MTBc
strains made use of very limited sets of loci including the major polymorphic tandem
repeat (MPTR) and exact tandem repeats (EI®)) andmycobacterial interspersed

repetitive units (MIRUg)L38) The MTBc strains vary in numbef repeats at different
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loci. For example, thBl. tuberculosidH37Rv reference strain contains 41 MIRU loci, of

which 12 are polymorphic and therefore appropriate for VNTR ty(iig)

Initially, the method was employed using 12 MIRIDi and subsequently advaed

into a 15 and 24 lodiased MIRWY/NTR typing witla higher level of discriminatory
power(139) and increasingly used in MTBc strain typing. The discriminatory power of
MIRUVNTRyping generally depends oh& number and set of loci used and could be
further improved bythe inclusion of hypervariable loci especially in settings where
highly homogenous genotypes prevéll35,136) Severalstudies have proven that
MIRUVNTR typing is a reliable and reproducible typing method that enables molecular
characterization of MTBc straind39,140) The ease withwhich this PCRased
method can be performed, its adaptability to higiroughput automation, and the
digital format of MIRWWNTR patterns make this method suitable for the molecular
epidemiological studies of MTBL36,139)

An analysis of different groups of epidemiologically linked M3@ates has indicated

that the stability of the MIRWNTR loci is adequate for the tracking of outbreak
incidents, idetification of laboratory crossontamination, and discrimination
between relapses and reinfectior{$34,141) A database was introded for MIRU
VNTR, known as MIRENTRIus (https://www.miru-vntrplus.org/MIRU/index.faces)

to globally compare among saes (135,136) In addition to epidemiological
applications, MIRYWNTR data have been used for the definition of MTBded and

the construction of the MTBc phylogeri¥36) In 2006 molecular typing based on
MIRUVNTR has been proposed in combination with spoligotyping, as a reference

standard for largescale highthroughput genotyping of MTBc strai(ik39)

1.7.3 Genome sequenain

In recent years, the use of sequencing for routine typing of bacterial isolates has been

increasing substantiall{142,143) In the history of TB, a major landmark was the
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deciphering of theM. tuberculosiggerome sequencg144)which has provided great
energy to the field of TB research, particularly widgards to the detection of drug
resistance, identification of the genetic diversity and transmission dynamics of MTBc
(145¢147) Itis also used to trace the evolutionary patie ofMTBcspread worldwide,

and allows the identification of SNPs, which can be used to predict susceptibility to
anti-TBdrugs, diinguish between different straingnd lineages, or study outbreaks

and transmission events with the highest level ofolation (145,148)

The advent of genome sequencing has improeed understanding of molecular
epidemiological studies and surveillance of MTBc infectid4s) Various studies
have also demonstrated the potential use of genome sequencinfufare routine
applicatons in molecular epidemiology of BB well agor getting rapid and full drug
resistantTB patterng149,150) However, in developgcountries, the use of genome
sequencing is limited by factors such as high running costs, the absence of automated
sequence analysis pipelinemd the possibility of its accommodation into pe&isting

diagnostic frameworké146)

Genome sequencing a modern tool with increasedresolution and discriminatory
powercompared to the other genotyping methoddmong genome sequencing, next
generation sequencing (NGS) is a powerful tool with the capacity to irapid
management and cdrol through the rapid and accurate detection of all clinically
relevant mutations, and thereby the rapid diagnosis of TERin clinical specimens
(146) Recent advances in NGS have transformed our understanding of TB disease and
clinical research usintargeted NGS andthole genome sequencing (WGSAJthough
targeted NGS and WGS both rely upon the same basic NGS workflow, and both
applications may be ruron the same NGS instrument, the sample type input
requirements and processing §® can vary widely according to the desired

application.
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Targeted NGS allows to sequence specific areas of the genomedeptim analyses

more rapidly and cosgffectively. This sequencing method uses deep sequencing to
detect known and novel variantsithin the region of interest, and it provides rapid
sequence information for a larger number of loci than existing molecular (@4&)
Targeted NGSas emerged as an alternative to existing methods for DST of MTBc from
patient sputim samples for clinical diagnosis of-DB.For exampleDeeplex My€TrB
(Genoscreen, Lille, France) is one such targeted NGS platform that identifies targets in
drug resistane-associated genes in MTBc, along with genomic targets for
mycobacterial speciegentification and MTBc strain genotyping using a simple,

automated webbased bioinformatic pipelin€l51)

TheWGSallows the examinatiomf the entire region of a genomeand facilitates in
detecting thevariations of possible epidemiological importangerticularly for in
depth resdution of transmission eveni{d.46,147)WGShas the hipest resolution and

an additional advantage in allowing for simultaneous identification of the MTBc strains
and genotype familiegl52,153) as well as detection gésistanceo anti-TB drugs in

a reliable method (154) WGS generally requires an initial culture stage to ensure
enough mycobacterial DNAs it relies a having sufficient gad quality DNA to
provide adequate genome coverage depth. Although there have also been attempts
to perform WGSlirectly from sputum(155,1%), results have beerariabledue to
human cell DNA contamination in the samples. Studies also tested sputum directly by
WGS, and obtainedariable amoung of DNA, which is not efficient for diagnostics
(157)
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1.8 Rationale of the study and problem statement

TB disease, caused by thEBc, has been existimgthe humanpopulation since the

start of documented history(1), and the current epidemic is driven by numerous
different genotypes(28). Despite evidence that TB is slowly declinithg burden is

still a major publichedth concernin resourcepoor countries(2). Additionally TB
RAaSIIaSQa 0dz2NRSYy RAFFSNEBR INBlLGfe |yzy3

resistant strains of the MTBc have also been threatening the control of the disease.

Molecular epidemiology studies from Low and Midtileome countries (LMIC) are
few despite the endemicity of TB. In s@aharan Africa, where the origin of the MTBc
FNE F2dzy RZ | a LI-BE# NA OO SF0) linged siudiBszhave wssd
genotyping data to address the phylogeographic distitiuof MTBc lineage€l58)
and the associations between genotype and phenot{p®). Nevertheless, there is
increasing evidence that the genetic differences betweerBM3trains are relevant to
the outcome of TB infection and disease in human populati@s159) Since some
lineages are distributed worldwide, for example, L2 and49}158) and others are
more restricted to Africa, (L5 and L6 in West Affitd0)and L7 in East Afriqd61),
the impact of MTBc strain variation on accuracy of diagnosticsleedse outcome is
still understudied. This could impact the worldwide applicability of diagnostics,

important tools to assign the correct trement regimens.

In Ethiopia, a broad variety of MTBc strains is known to caug&6 Nevertheless,

data on the genotypic distsution of mycobacterial strains within the country is
currently limited, with prior studies suggesting that L7, alineage 4 6 SSy Wl y O
FYR WY2RSNYyQ ac¢. O YSYOSNEZ erhoi theycediB LINS
(161,162) In North Gondar, in the Amhara Region of Ethiopia, the TB disease burden

is high, probably because it is located on the popular human migrabiote to Sudan,

and it is a commercial farming area where ne&dif amillion laborers work seasonally

(163) Studies also reported high proportions of extrapulmonary TB presenting as
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lymphadenitis irthe region(6,8), albeitthe real cause of the high rate of this disease
type in Ethiopia remains uncertain. Prior investigations cowtddocumentM. bovis
as the cause for these higher extrapulmonary TB rétg&161) For unknown reasons,
Ethiopia has a higher burden lgfnph nodeTB compared to neighbimg countrieq8)
that accounts for around 33% of all TB cases in the coulrithiopia, only a few
genotyping studies have been perform€f45,161)and provided helpful insight on
the Ethiopian specific L7, yet the data is stillitéd in terms of geographic and
population coverageTlhelimited existing data on the population structuretbfe MTBc
limits identification of genotypes and understanding ithienpact on diagnosis, clinical

presentation, and treatment outcome dfiberculosis

It has been shown that mycobacterial culture favors modern MTBc stfidy thus
jeopardizing the diagpsis by culture, and introducing culture bias in the estimation of
the proportion of the different lineaged 64) Alsq it has been documented that some
MTBc strains have mutations within the MPT64 gene, leading tddweeal expression

of this protein during bacterial growth, which could hamper the accuracy of the
MPT64based rapid identification tesfl65) Indeed, L5 and L6 are less likely to be
isolated in culture and have a higher chance to be missed as BdiBg by the MPT64
assay(166,167) The accuracy of the MPT64 assay to identify Ethiopiaisolates is

not known. In this study, we assessed the culture isolation and a commercial MPT64

TB Ag test for the identification @&thiopian L7 isolates.

The prevalence of drugesistant TB varies geographicalB), with a global health
threat, particularly in African countries. In Africa, home to th&Bd lineages, the
burden of DRIB is largely driven by the emergence and spread of resistant MTBc
strains(168) with an indication that some lineages are particularly linked witiTBR
For instance, the Ugandan famili€69) LAM familieg170) Ghana and Cameroon
families(122)within L4 were more prevalent among the MOR strains in different

study populations. Besides, some resistance mutations appear to be lirsgapific,
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or more likely to be present in certaiMTBc lineageg171,172)either through
polymorphism andér the intrinsic resistant nature of the MTBc strgitv3)like M.
bovisresistance for PZA, and a higher mutation rate in resistant L2 st(hifig
However, findingsare not always consistent, and might also depend on the
geographical region. In Ethiopia, drgsistant TB has also been reportedaamajor
problem with more than 3,300 annual estimated cases (FMOH 20Ifg main
reasons contributing to this increasemain elusive, and data on the association
between circulating MTBc lineages and drug resistance in Northwest Ethiopia, one of

the highTB burden regions, remains limited.

Moreover, knowing the genetic diversity of MTBc is also an important element in
dedgning new strategies as some studies showed that strain differences affect the
effectiveness of drugs and treatment outcomes. Foransge, the L4 Ghana family is
associated with drug resistance in Ghgh@5) This is also true for over preded L4
Cameroon family in West Afri¢d76) The MTBc lineage may also influence sputum
culture conversiorfl77) TB patients infected with L6 have also been found to convert
slower in culture(178) and patients withM. bovisshowed faster sputum culture
conversion on treatment than those infected witfl. tuberculosis(179) All these
studies suggest thasputum smear andculture conversion may differ between
patients infected with different strains. However, in developing countiietuding
Ethiopia and Niger, mycobacterial factors, including genotypes and drug resistance,
that affect the variation in theate of smear ad culture conversions in TB patients
remain poorly understood. Therefore, in Niger, we examined whether MTBc lineages

are associated with sputum smear and culture conversion in RR/MDgatients.

Due to the lack of universal DST, dnggistant TB may c¢dinue unnoticed and
facilitate ongoing transmission, particularly in MTBc lineagesfammilies that are
linked with drug resistance. Although new diagnostics such as Xpert Ultra and LPA are

recommended by WHO for rapid detection of TRlais resistancediagnostic gaps
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remain to decide on the eligibility of patients for enrolment in specific treatment
NEIAYSyaod {2YS NBLRNISR OKIffSy3asa | NBY
sufficient mycobacterial DNA (AFB negative or low bagiltzad) for validdiagnostic
results, and the occurrence of mutations in MTBc strains that may causepfaiteve
results in genotypic drugesistance diagnostic assay480,181) for example,
synonymousgyrAmutationsor the TBOAA90G mutations, &d a falsepositive result

in MTBDRI assay for the Eurdmerican L4 of the Uganda genoty(#3,181) Few
studies evaluated the performance of LPA in different settings, reporting that the rate
of indeterminate results is higher when testing smeagative sputum specimens
(75,182) No studies were done yet to demonstrate the effectiveness of LPA for patient
recruitment in clinical trials, particularly for directsng of sputum gecimens from
MDR/RRTB patients, regardless of their smeaicroscopy status. Therefore, we
tested the effectiveness of using the Genotype MT8IDRAfrom clinical samplet
include or exclude RR/MBRB patients in the STREAM Phaserilcell trial.
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1.9 Objectives

1.9.1 General objective
U Molecular characterization of thpopulationstructure ofthe MTBclineages
in human TB isolateand their association with clinical presentaticarug

resistancediagnostic performanceandtreatment outcome

1.9.2 Specific objectives

1 Investigate the population structure of MTBc among culture isolates and
specimens from TB patients with pulmonary or lymph node presentations in
Northwest Ethiopia, and

V assess the performance of cultureolistion and MPT6dased
speciation for L7 isolates comparing direct genotyping of sputum with
genotyping of cultures.

91 Describe the phylogenetic diversity and gene mutations that confer resistance
to RIF, INH, FQ, and SLI drugs in MBRsolates in Northvat Ehiopia.

1 Characterize (risk factors associated with) the MTBc population structure and
determine the effect of MTBc families on sputum smear and culture
conversion in RR/MDBRB patients in Niger

1 Evaluate the MTBDReffectivenesslirectly from sputunmsamples and

V Analyze inconclusive versus conclusive MTBD& assess the

association with bacillary load
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1.10Materials and Methods

1.10.1 Study settings
C2N) GKAa UGKSaAraz RIEGE ¢gSNB LINRBRRIzZOSR dza
isolates from dierent studiesand settings in various geographical areas (Figuse
1. Ethiopia: study embedded in the routine TB diagnostic serviceaosah
Gondar,Amhara region from the NTRHapter2 and3)
2. Niger: study embedded in the routine Tdagnostic service from Damien
Foundation, Belgian negovernmental organizatiorCiapter 4)
3. Ethiopia, Mongolia, South Africa, and Vietnam, as recruitment sites for the
STREAM Phadeclinical trial (STREAM 1, ISRCTN78372190 and clinicaltrials.gov
NCT0289290) Chapterb)

Thestudies described inChapter 2 and 3 were done in the Amhara regional state in

the Northwest of Ethiopia, situated between 9°20' and 14°20' North latitude and 36°
Hnd YR nnc HnU 9F&ad 2y 3AldR&gest edods; | YK
it has 12 zones, threeity administrations, and 180 woredas (139 rural and 41 urban).
Geographically, the Amhara region shares borders with Sudan to the west and
northwest and by other Ethiopian regions in the north (Tigray), east Afest and
south-west (BenishanguGumuz), and south (Oromia) (Figur®). According to the
Ethiopian Central Statistics Agency (CSA), the Amhara region has a projected

population of 21.5 million people, more than 80% of whom are rural farrtlg3)

In 2018, the region had 80 hospitals (5 referrdlgeneral and 73 primary hospitals),

847 health centers, and 3,342 health posts. Currently, the region has 24 GeneXpert
sites and a total of 150 sgalledDistrict Sample @lection Centers (DSCCs) that collect
sputum specimens of presumptive MBI patients from remote health facilities for
testing DRTB at the two TB culture laboratories. Nine treatment initiating centers (TIC)
are providing treatment foMDR TB patientd here are also 115 treatment folleup

centers (TFCs). In 2017, the Amhara region reported 23,345 TB cases (all forms) and
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4896 (21%) bacteriology confirmed TB cases. Presently, only two TB d#dtee
diagnosis and LPA sites are avyaéan the Amharaegion, which are located in Bahr

Dar (Amhara Public Health Institute) and North Gondar (University of Gondar
Comprehensive Specialized Hospital). The University of Gondar Comprehensive
Specialized Hospital is the secdadgest hospital serving clinical are and
management for TBand BR. Ay GKS O2dzyiNBEX ySEG (2
hospital in Addis Ababa, Ethiopia.

In addition,as a supplements studthis thesis also included MBPRB (including MDR

TB (both RIF and INH resisiaand RRTB) basline clinical isolates retrieved from the
ITM mycobacterial strain collection that had been collected from pulmonary-VIBR
patients in Niger, who received treatment between 2008 and 2016, managed by the
Damien FoundatiorRetrospectivedata from smear naroscopy results in the MDRB

unit lab in Niger, and sputum culture results (initially at ITM, Belgium, later in Niamey,
Niger) after 6 and 12 months of treatment were used to decide on treatment outcome.
For our analysis, data from diial isolates witlpositive smear microscopy and culture

at baseline, pDST and documented foHopy sputum smear, culture conversion and
genotyping (spoligotyping at ITM, Belgium) test results were included. Detail methods

are described itthapter4.

Finally, the thesis ab incorporated retrospective MTBBIResults from theSTREAM
stage 1 centratlatabaseto assess its diagnostic effectiveness directly from sputum
samples. These MTBBIResults havebeen obtained from baseline clinical samples
(defirSR | & LJ NatunGpetiheyidi @liected hdfore initiation of MDB
treatment) fromSTREAM ttial sites located in Ethiopia, Mongolia, South Africa, and
Vietnam from patients randomized between July 2012 and June 2015 against pDST
results onbaseline isolateg98). The trial enrolled adult patients with RR/MOB
without evidence of resistamcto FQ and SLI WY TBDRI LPA v.0lfrom a test

performed during the screening prior to enrolment into the trial. For this study,
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retrospective laboratory data, such as smear microscopy, MSBPR v.01, pDST and
DNA sequenceesults were included. We pdurther description of the methods in

Chapter5.
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Figurel.5. Map showing the origin of study samples

1.10.2 Ethical approval

Ethical clearance to perform this study was obtained from the Institutional Research
andEthical review committees of the Umitsity of Gondar, Ethiopia, and also from the
Institute of Tropical Medicine (ITM, Antwerp) and University of Antwerp (UZA),
Belgium before the commencement of research activitlesither ethical statement

was also exfained in each of the study chapters.

1.103 Laboratory work

In Ethiopia, laboratory protocols, such as smear microsamy culture (55), the
MPT64based SD Bioline rapid test (BD Diagnostic System, Spark®)Ndgxtraction

from isolatesusing the GenoLyse® BMextraction kit (Hain Life Sciendggehren,
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Germany) GenoType MTBPRIS and -sl assays(183), were performed at the TB
laboratory facility using standard procedures of the University of Gondar
Comprehensive Specialized Hospital. All extracted DNA extracts and ethanol preserved
sputum samples were shipped the Mycobacteriology laboratory, ITMyntwerp,
Belgium, per specimens/materials transfer agreements, for molecular genotyping. In
Antwerp (Belgium), serdutomated DNA extraction was performed from ethanol
preserved sputum following the adapted ITM protboaoMaxwell®16 (Promega, USA)
(184) which tracts were spoligotyping to assifiTBc lineage€l24)

Overall, details on the study methodologies and populations are described in each of
the respectiveChapters @ - 5) (Tablel.3).

1.104 Datamanagement and analysis

Data from mycobacteriologicahnd molecular laboratory analyses, and clinical and
epidemiological investigations, were entered in a passwinatected studyspecific
Microsoft Excetlatabase and doubtehecked to avoid record fasluntil analysis. The
records of molecular genotyping results were compared to the publicly available
international databases (SITVIT2, MIRNTRIus TBlineage, Spotclust) to identify
genetic diversity antineages of mycobacterial strains. For GenoTy@@DRIusand

-sl, results were recorded and interpreted as described in the manufacturer's

instructions (Hain) and prior protocols.
Statistical analysis for soet®emographic, clinical, and epidemiologictalaincluding

univariate and multivariate analiss were performed using STATA version 15.1

statistical software, and the detailed analysis is described in each of the chapters.
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Tablel.3. Overview of the studies included study samples, the study sites, sampling, diagnostic and laboratory analysis

Chapter  Study sites Samplingand collection dates Routine diagnostic analysis Study laboratory analysis
Study 1 Ethiopia, North Sputum fom new pulmonary TB Smear microscopy, culture on LJ Hain DNA extraction and TBDRIus
Gondar patients(n=244) media, and MPT64 at @darTB lab and-sILPAs at GondarB lab, and
(from 2017to 2019 spoligotyping at ITM
Sutum preserve in 95% ethanol at Maxwell DNA extraction and
Gondar TB lab Spoligotyping at ITM
FNAs from new TB lymphadeniti Smear microscopy, culture on L3 ~ Hain DNA extraction and TBDRIus
patients(n=161) media and MPT64 Gondar TB lab  and-sILPAs at GondarB lab, and
(from 2017 to 2019) spoligotyping at ITM
Study 2 Ethiopia, Amhara Newly enrolled Xperpositive Xpert, culture on LJ media and
region RR/MDRTB patients at biversity MPT64 at Gondar TB lab HainDNA extraction anTBDRIus
of Gondar hospitaln=65) and-sILPAs at Gondar TB lab, and
(from 2017to 2019 Spoligotyping at ITM
-20°C freezer stored RR/IMBRB  Subculture on LJ media at Gondar
isolates from Gondaand Bahir and Bahir dar TB labs
dar TB lab$n=120)
(from 2013to 2016
Study 3 Niger Baseline RR/MDIRB isolates Smear microscopy, Sputuculture,  DNA extraction and spoligotypirag
retrieved from ITM mycobacteria pDST, treatment outcomg®iger IT™™
straincollection(n=222) andITM)
(from 2008to 2016
Study 4 STREAM 1 sites MTBDRIresults from baseline Smear microscopyyDSTSTREAM 1 Hain MTBDS& LPASN the site labs

(Ethiopia, Mongolia,
South Africa, and
Vietnam)

sputum samples from RR/MBR
TB from ITMn=413)
(from 2012to 2015

sites and ITM)

and DNAsequencing at ITM
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Abstract

Objectives This study described the population structurehdf tuberculosisomplex
(MTBc) strains among patients with pulmonary or lymph node tuberculosis (TB) in
Northwest Ethiopia and tested the performance of cultigelation and MP&4-based
speciation for Lineage 7 (L7).

Methods: Patients were recruited between April 2017 and June 2019 in North Gondar,
Ethiopia. The MPT64 assay was used to confirm MTBc, and spoligotyping was used to
characterize mycobacterial lineagieLine probe asy (LPA) was used to detect
resistance to rifampicin and isoniazid.

Results:Among 274 MTBc genotyped isolates, there were five MTBc lineaggs! L1
and L7 were identified, with predominant Eafricanindian (L3) (53.6%) and Euro
American (L4) (40.1%) stins, and low prevalence (2.6%) of Ethiopia L7. The genotypes
were similarly distributed between pulmonary and lymph node TB, and all lineages
were equally isolated by culture and recognized as MTBc by the MPT64 assay.
Additionally, LPAr®wed that 259 (8.5%) MTBc were susceptible to both rifampicin
and isoniazid, and one (0.4%) was mdiig resistant (resistant to both rifampicin and
isoniazid).

ConclusionThese findings show that TB in North Gondar, Ethiopia, is mainly caused
by L3 ad L4 strains, wh low rates of L7, confirmed as MTBc by MPT64 assay and with

limited resistance to rifampicin and isoniazid.

Keywords Genotypes; Line probe ass&§ycobacterium tuberculosisSpoligotyping;

Tuberculosis
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2.1 Introduction

Tuberculosis (TB) remainsmajor public health threat and the leading infectious cause

of morbidity and mortality throughout the worldl). According to the World Health
Organization (WHO), there weem estimated 10 million incident casesT® and 1.5
million deaths worldwide, wvth the African region displaying the highest annual risk of
infection, aggravated by high HIV -odection rates and the emergence of drug
resistant TB(1). TB disease, caused by thHdycobacterium tuberculosigM.
tuberculosiy complex (MTBc), has been pest in the human population since the
beginning of recorded histor§2) and ceevolved with ancient hominid&,4) Today,

eight phylogenetic lineages of the MTBc have been identified worldwide, causing TB in
humans(5¢7).

The distribution of MTBc lineag has shown significant geographical varia(io)8),

with a major impact on disease presentation, drug resistance nature and host
adaptation(9,10) A high rate of lymph node TB has been reported in Ethiddidl 3),

and the country uniquely harbor®. tuberculosisLineage 7(6,14) a lineage in
0S06SSYy WIHyOSaidNIrfQ FYyR WY2RSNYyQ ac¢. O Y
of TB compared to neighboring countrigs12) although the reasons remain unclear,
justifying further understanding of potentiahycobacterial factors. Druggsistant TB

has also been reported as a major problem in different regions of Eth{&pe 8);
however, the overall molecular epidemiology of dregistant TB is poorly understood

in the country.

Mycobacterial strain genoping has been used to complement epidemiological
studies and provided a helpful understanding of TB transmission dyngdfds
Genotyping studies have been performed on culture isolates in Ethig@jal) It has
recently been shown that culture seledts modernM. tuberculosistrains(22), thus
introducing culture bias in the estimation of the proportion of the different lineages

(22,23) Also, data on the association between circulating MTBc lineages and drug
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resistance in Northwest Ethiopia, one thfe high TB burden sufegions(17,18)

remains inadequate.

This study describes the population structure of MTBc among culture isolates and
specimens from TB patients with pulmonary or lymph node presentations in
Northwest Ethiopia, and the performancef @ulture isolation and MPTédased

speciation for Lineage 7.

2.2 Methods
2.2.1Study design and patients

A crosssectional study of consecutive patients with presumptive TB egaslucted
between April 2017 and June 2019 in North Gamdt the University of Gondar
Hospital (UoGH), Ethiopia. The hospital serves as a comprehensive specialized hospital
for people living in North Gondar and the neighboring cities of South Gondahand t
Tigray region. It serves as a treatmdmitiating center for multidrug resistant TB
(MDRTB), with screening facilities for patients with presumptive resistant TB. All
patients aged >15 years who directly presented to UoGH or were referred from other
health centers and who were diagnosed with new pulmonrB®Byor TB lymphadenitis
were asked for informed consent before initiating treatment. The sample size was
calculated assuming the expected prevalence of Lineage 7 to be 15.6% among
pulmonary TB20)and 9.8%(11) among TB lymphadenitis, using a 95% configen
interval (Cl) and 5% absolute precis{@4) The sample size was 532 for pulmonary TB
and 816 for TB lymphadenitis. The computed sample size was not achieved, as only
244 pulmonary TB and 161 TyBnphadenitis patients were enrolled in this study. A
structured and pretested questionnaire was used to collect sociodemographic and

clinical data.
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2.2.2 Culture

Sputum samples from presumed pulmonary TB patients and lymph node aspirates
from patients wih presumed TB lymphadenitis were collected based omdsed
protocols, as described by the WHO and Global Laboratory Initiative(25).In the

TB culture laboratory, the standard cultivation method on Lowensieinsen (LJ)
medium (25) was carried ot for isolating mycobacterial species. Before
decontamiration, an aliquot of the sputum was preserved in 95% ethanol, as
previously describe(26). Briefly, an overnight stand and liquefied sputum sample was
added into 1 mL of 95% ethanol in a 2 mL screwped cryovial tube (final
concentration of 50%), vortexi, and kept at ambient temperature. Subsequently, the
mixtures were centrifuged at 13,000 xg for 5 min, the supernatant was discarded, and
the sediment (250 mL) was transported to ITM, Antwerp, BelgiAll aliquots were
stored at 28 °C in Antwerp untDNA extraction.

2.2.3 Confirmation ofMycobacterium tuberculosisomplex

Preliminary identification of the isolates obtained from positive cultures as being
mycobacterial species was performed based on morphological characteristics on LJ
media, and detedon of acidfast bacilli (AFB) (with cording) using ZiNkklsen (ZN)
smear microscopy25). The MPT64ased SD Bioline rapid test (BD Diagnostic System,
{LINJazx a50 O2yFANN¥SR Y&O206F OGSNRFE A&
instructions. Also, sggotyping(27)was used as a reference standard identification
for further confirmation of the MPT64o0sitive and MPT6#egative isolates. Isolates
were considered as MTBc positive by spoligotyping when any spoligotype pattern was

seen, and negative whehe absence of all spacers was observed.

2.2.4DNA extraction

Deoxyribongleic acid (DNA) was extracted from LJ cultures using the GenoLyse® DNA
extraction kit (Hain Life Science, Nehren, Germany) and stored at -20°C until shipment

for spoligotyping in Averp. Also, DNA from sputum specimens was extracted by the
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Promega Maxwé®16 DNA extraction kit (Promega, USA) following the adapted ITM
protocol with pretreatment, and previously published protocq[88). Briefly, each
sputum sample (200mL) was pretted with 20mL proteinase K and 200mthiouse

lysis buffer, and homogenideovernight at 60°C in a shaking incubator (200 rpm).
Subsequently, 330mL of Maxwell®16 lysis buffer was added to thegatted sputum,
vortexed, and transferred to the cartridgeal (maximum 750mL); the DNA was then
eluted in 50mL elution buffer in a dwell®16 LEV device (model AS3000). A
Mycobacterium bovigM. bovi§ BCG inactivated suspension and molecular biological

(Milli-Q) water were included as positive and negative colstrrespectively.

2.2.5Genotypic drug susceptibility testing

The MTBDBRlusLPAs, including PCR amplification and hybridization procedures, were
02y RdzOGSR | OO0O2NRAY 3 (2 (A)KThe rasuityigizfipsvaredzNS N.
taped to LPA workshegtand interpreted using WH@uidelines(30). Internal quality

control was ensured by using H37Rv DNA as positive and distilled water as a negative

control in each run.

2.2.6 Molecular genotyping

Spoligotype analysis was performed onrhivuse prepared memanes after PCR
amplificatbn for the direct repeat region7). Both M. tuberculosiH37Rv and M.

bovis BCG reference strains were included as positive controls, and distilled water as a

negative control in each run.

2.2.7 Genotyping and phylogenetic alyses

The publicly availdb international multimarker database of the Pasteur Institofe
Guadeloupe (SITVITZhttp://www.pasteur-guadeloupe.fr:8081/SITVIT2(B1) was

used to assign genotypes. Mycobacterial lineages and families were defined according
to signatures provided i8ITVIT231,32)and based on TBlineage, Spotclust and MIRU

VNTRIus websites. In addition, spolTools (http://spoltools.emi.unsw.edu.au/) were
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used to analyze MTBc spoligotype data for probable relationships among genotypes

usingSpoligoforests (spolToolsierarchical layout]33).

2.2.8 Statistical analysis

Descriptive statistics like frequency distributions and percentages were conducted
using STATAL 15.1 (StataCorp, USA). Proportions of LPA and spoligotype results for
both MTR: lineages were compared ing the twosample proportion test analysis.

Odds ratios (OR) and 95% confidence levels (Cls) were calculated to measure the
F2a20AFGA2Y 2F a¢. O tAySFAISAE 2N Tl YATAS:
presentation usinginary logistic regressiorAdditionally, twed A RS R t St NRA 2y
square test was used to assess associations of geographic MTBc lineage distribution in

study districts. A walue of <0.05 was considered statistically significant.

2.2.9 Ethical review

Institutional permission to erform this study was obtained from the Institutional
Research and Ethical review committees of the University of Gondar, Ethiopia, and also
from the Institute of Tropical Medicine (ITM, Antwerp) and University of Antwerp
(UZA),Belgium before the commenaoeent of research activities. Voluntarily signed
informed consent was obtained from each patient and no patient personal identifiers

were used in this study.

2.3 Results

2.3.1Patients and MTBc characteristics

A total of 405 pagnts were recruited, including 244 with new pulmonary TB and 161
with TB lymphadenitis (Figul). Most patients were male (249/405, 61.5%) and the
median age was 30.0 years (IQR 24@0). The median body mass index (BMI) was
18.7 kgm2 (range 11.826.3, IQR 17.€20.5). Among 211 TB patients with known HIV

test results, 30 (14.2%) were Hbpdsitive. Few patients (6.7%) had been in prison or
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had a smoking history (2.5%). The majority of patients (69.1%) were from rural areas
of the digricts (Table2.1).

In total, the study showed smegositive samples among 60.7% (148/244) of
pulmonary TBand 17.4% (28/161) of TB lymphadenitis patients (p < 0. 001, Zable
Among 405 culture processed samples, a total of 280 (69.1%) were positive: 79.5%
(194/244) d pulmonary specimens and 53.4% (86/161) of TB lymphadenitis patients.
Most samples that did not yield an isolate had no growth in culture (45/244 from
pulmonary TB and 74/161 from TB lymphadenitis), while only a few were
contaminated (Figur@.1). Of the280 isolates, 274 (97.9%) were identified as MTBc by
the MPT64 Ag test (Figugel).
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¢. LINBaSyidlirzyo

Table21.t F GASYy G Qa OKIFNIOGSNrAailAOa oe& (eLs 27
Total (n=405) Pulmonary TB  TBlymphadenitis OR [95%CI] p-value
(n =244) (n=161)
Gender, n (%)
Male 249 (61.5) 160 (65.6) 89 (55.3) 0.73 0.43-1.24 0.250
Age, median (IQR) 30.0 (2440) 28.5 (2338) 30.0 (2440) 1.26 0.74-2.16 0.395
BMI, median (IQR) 18.7 (17.220.2) 18.4(16.820.0) 19.5(18.620.9) 2.06 1.24-3.43 0.005
HIV status, n (%)
Positive 30 (7.4) 23 (9.4) 7 (4.4) 0.67 0.21-2.14 0.495
Negative 181 (44.7) 100 (41.0) 81 (50.3) 1.41 0.83-2.39 0.201
unknown 194 (47.9) 121 (49.6) 73 (45.3) Ref.
Prison history, n (%)
Yes 27 (6.7) 12 (4.9) 15 0.3) 2.65 0.93-7.57 0.068
Smoking history, n (%)
Yes 10 (2.5) 6 (2.5) 4 (2.5) 1.10 0.27-4.49 0.898
Patient address, n (%)
Rural 280 (69.1) 155 (63.5) 125 (77.6) 2.29 1.26-4.17 0.006
Urban 125 (30.9) 89 (36.5) 36 (22.4) Ref.
Smeamicroscopy
Positive 176 (43.5) 148 (60.7) 28 (17.4) 0.14 0.08¢0.22  0.000

BMI = Body mass index; ClI = confidence interval; HIV = human immunodeficiency virus; IQR = inteaggertitR = odd ratio;

Ref. = reference; TB = tuberculosis
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Figure2.1. TB patients included in spoligotyping and line probe assay (LPA) analysis.
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2.3.2Genotypes of thélycobacterium tuberculosisomplex

Spoligotypingon isolates yielded 274/280 interpiable results (Figur@.1). The six
MPT64negative pulmonary isolates included four likely ADB mycobacteria
(negative spoligotypes) and two MPT64 fatemjative MTBc isolates (one isolate from
L1 and the other from3). All L7 isolates were correcthassified as MTBc by MPT64

analysis.

Among the 274 spoligotype results, 68 different spoligopatterns were identified: 44
known in the SITVIT2 database and 24 orphan patterns (2abéand Supplementary
Table 2.1). Amorgst the total 68 spoligopatterns, 38listinct spoligotypes were
identified from pulmonary TB, nine patterns from TB lymphadenitis patients, and 21
patterns were shared by both pulmonary TB and TB lymphadenitis. Five major MTBc
lineages (Ls) were identifie@ight (2.9%) Ind®ceanic (L1), tw§0.7%) East Asian
(Beijing, L2), 147 (53.6%) EaAdticanrindian (L3), 110 (40.1%) Eukmerican (L4), and
seven (2.6%) Ethiopian lineage (L7) (Tal#g RVithin the predominant Easfrican

Indian L3, the CAelhi(140, 51.1%) was the most common famivith few isolates
classified as CAKili (4, 1.5%) and CAS (3, 1.1%). umnerican L4 comprised @2,
15.3%), Haarler(28, 10.2%), FETH (20, 7.3%), LAM16, 5.8%), 92, 0.7%) and X

(2, 0.7%) families (B 2.2 and Supplementary Tabkl). Fifty orphan spoligotypes
(18.2%) were further analyzed to the nearest lineages and/or families by the TBlineage

and Spotclust database and added into those identified MTBc families @ahle
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Table2.2. Distribution ofM. tuberculosisomplex(MTBc) lineages and families among isolates, by TB presentation

Lineages (Ls) Total, n (%) Family (n) SIT nr No. of total TB presentation
isolates, PTB, (%h=188 TB LN, (%) n=8¢
n/274 (%)
Indo-Oceanic (L1) 8 (2.9) Family36 (1) SIT4 1(0.4) 1(0.5) 0 (0.0)
Manu (2) SIT54 2(0.7) 0 (0.0) 2(2.3)
Family34 (5) SIT56 4(1.4) 3(1.4) 1(1.2)
orphan 1(0.4) 1(0.5) 0(0.0)
East Asian (L2) 2(0.7) Beijing (2) SIT1 2 (0.7) 1(0.5) 1(1.2)
East African Indian (L3) 147 (53.6) CAS1Delhi (140) SIT118 4 (1.4) 3(1.49) 1(1.2)
SIT1199 2(0.7) 1(0.5) 1(1.2)
SIT1343 1(0.4) 1(0.5) 0 (0.0)
SIT141 1 (0.4) 1 (0.5) 0(0.0)
SIT142 2(0.7) 2(1.1) 0(0.0)
SIT247 3(1.1) 1 (0.5) 2(2.3)
SIT25 89 (32.5) 56 (29.8) 33(38.4)
SIT26 10 3.6) 9 (4.8) 1(1.2)
SIT952 3(1.1) 2(1.1) 1(1.2)
orphan 25 (9.1) 22 (11.7) 3(3.5)
CASXKili (n=4) SIT21 4 (1.4) 2(1.1) 2(2.3)
CAS (n=3) SIT1789 1(0.4) 1(0.5) 0 (0.0)
orphan 2 (0.7) 2(1.2) 0 (0.0)
EurcAmerican (L4) 110 (40.1) Haalem (n=28) SIT121 4(1.4) 4(2.1) 0 (0.0)
SIT134 12 (4.4) 10 (5.3) 2(2.3)
SIT35 1(0.4) 0 (0.0) 1(1.2)
SIT47 1(0.4) 0 (0.0) 1(1.2)
SIT50 4 (1.4) 1(0.5) 3(3.5)
SIT750 4 (1.4) 3(1.4) 1(1.2)
SIT764 2(0.7) 0 (0.0) 2(2.3)
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T-family (42) SIT1626 1 (0.4) 1(0.5) 0(0.0)

SIT1688 1(0.4) 1(0.5) 0 (0.0)
SIT1745 1(0.4) 0 (0.0) 1(1.2)
SIT196 1(0.4) 1(0.5) 0(0.0)
SIT205 1(0.4) 1(0.5) 0 (0.0)
SIT358 1(0.4) 1(0.5) 0 (0.0)
SIT44 1(0.4) 1(0.5) 0 (0.0)
SIT52 3(1.1) 1(0.5) 2(2.3)
SIT53 21 (7.7) 13 (6.9) 8(9.3)
orphan 11 (4.0) 8 (4.3) 3(3.5)
T3ETH (20) SIT149 19 (6.9) 10(5.3) 9 (10.5)
orphan 1(0.4) 1(0.5) 0 (0.0)
LAM (16) SIT33 1(0.4) 1(0.5) 0 (0.0)
SIT41 2(0.7) 1(0.5 1(1.2)
SIT42 1(0.4) 1(0.5) 0 (0.0)
SIT59 1(0.4) 1(0.5) 0 (0.0)
SIT230 1(0.4) 1(0.5) 0 (0.0)
orphan 10 (3.6) 9(4.8) 1(1.2)
Sfamily (2) SIT34 1(0.4) 1(0.5) 0 (0.0)
SIT156 1(0.4) 1(0.5) 0 (0.0)
Xfamily (2) SIT119 10.4) 1(0.5) 0 (0.0)
SIT336 1(0.4) 1(0.5) 0 (0.0)
Ethiopian lineage (L7) 7(2.6) ETH1 family (7) SIT343 1(0.4) 1(0.5) 0(0.0)
SIT910 1(0.4) 0 (0.0) 1(1.2)
SIT1729 5(1.8) 3(1.6) 2(2.3)

Mycobacterium tuberculosisomplex lineages anaihilies from 274 isolates from pulmonary TB (PTB) and TB lymphadenitis (TB
LN) patients in Northwest Ethiopia. L = lineage; CAS = Central Asian; LAM famibAmkeatanMediterranean
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Overall, 234 (85.4%) MTBc isolates were chestdy spoligotyping, ith 21 clusters
comprising 289 isolates per cluster, while 40 isolates were singletons. The most
predominant cluster was largely designated by the SIT25 (identified asENS)L

with 89 MTBc isolates, followed by SIT53 (n = 2lates). The majority oMTBc
clusters were from pulmonary TB (66.2%; n = 155) and rural areas (67.5%; n = 158)

(Supplementary Tabi21).

2.3.3Distribution of genotypes among direct (sputum) and indirect
(isolate) spoligotyping

Direct spoligotyping wasuscessful for 180 (73%) of 244 sputum specimens, while

55 (22.5%) were negative (missing all spacers; of which 47 samples were microscopy
smearnegative) and nine (3.7%) had nonerpretable spoligotype results (too weak
spots; of which four were smearegative). The majority93.3%; 168/180) of sputa

with successful direct spoligotype results were also positive in culture. Of the 168
patients with both direct (sputa) and indirect (isolates) spoligotype results available,
spoligotypes were concordant B1.1% (153/168) (Suppteentary Table2.2). The 15
discrepant profiles differed by one spacer (n = 5), two (n = 3), three (n = 3), five (n = 3),
or 28 spacers (n = 1) (Supplementary Ta#¢ Those with <5 spacers difference were
identified without any chnge between familiesral/or lineage pairs, while the 28
spacer difference led to an interfamily and interlineage change (EETFBin sputum

and L3 CAS1_Delhi in culture) (Supplementary TaBJe The proportion of lineages

did not significantly differ tween spoligotype angsis directly on sputum versus on
cultured isolates (73.8% versus 77.0%; 95%0C1%;0.56]; p = 0.476) (Tablg.3).

Notably, the proportion of L7 was similar in sputum and isolates (TaB)e
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Table2.3. Mycobacterium tuberculosis compl@tTBc) lieages and families obtained by direct (on sputum) and indirect (on isolates)

spoligotyping

Lineages (Ls) Family Spoligotyping results p-value* [95%CI]*
Direct (sputa), N=180 (% Indirect (isolates), N=188 (%)

Indo-Oceanic (L1) 5(2.8) 5(2.6) 0.984 [-0.190.20]
Family36 1(0.6) 1(0.5)
Family34 4 (2.2) 4(2.1)

East Asian (L2) 1(0.6) 1(0.5) - -
Beijing 1(0.6) 1(0.5)

East African Indian (L3) 101 (56.1) 104(55.3) 0.908 [-0.13:0.14]
CASDelhi 98 (54.4) 99 (52.6)
CASKilli 1(0.6) 2(1.1)
CAS 2(1.1) 3(1.6)

EuroAmerican (L4) 69 (38.3) 74 (39.4) 0.893 [-0.17-0.15]
Haarlem 16 (8.9) 18 (9.6)
T-family 24 (13.3) 28 (14.9)
T3ETH 11(6.1) 10 (5.3)
LAM 13 (7.2) 14 (7.4)
Sfamily 2(1.1) 2(1.1)
Xfamily 3(@1.7) 2(1.1)

Ethiopian lineage (L7) 4(2.2) 4(2.1) 0.992 [-0.20:0.20]
ETH1 family 4 (2.2) 4(2.1)

CAS, Central Asian; CI, Confidence Interviithidlage; LAM family, LatihmericanMediterranean
*p-value and 95%CI were calculated udimgtwo sample proportion test.
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2.3.4Spoligoforests among spoligotypes and MTBc genotypes

The spoligoforest tree was drawn by using thspoligotype data in
http://www.emi.unsw.edu.au/spolTools/(33) and presented with a Hierarchical
layout in Figure.2, which shows four parent trees with linked nodes and 13 distinct
nodes. The tree shows SIT26, SIT54, SIT910, and SIT35 spoligotypes (&g athese
spoligotypes represent the parent spoligotypes). Six spoligotypes descended from
SIT26, of which fivepoligotypes consisted of small clusters (SIT952 (n = 3), SIT247 (n
= 3), SIT142 (n = 2), SIT143 (n = 1), and SIT1343 (n = 1)), apdligogype (SIT25,
named as CASelhi) with a big cluster (n = 89), whereas SIT54 (Manu family)
descended into one bigluster (SIT53, named addamily). The spoligoforest tree also
indicates that SIT910 (ETH) provided the SIT1720 and SIT343 spolgestywhich

were designated as the genotypes of the Ethiopian L7. It was also observed that the
tree visualizes the lot@ns of the predominant SITs such as SIT26, SIT25, SIT53,
SIT149, and SIT134 in the hierarchical chain. The majority (n = 9) of thstit&t d

nodes represented orphan spoligotypes.
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Figure 2.2. The spoligoforest  trees were drawn using
http:/ /www.emi.unsw.edu.au/spolTools/ in Hierarchical Layout. Each spoligotype
pattern represents a node in the tree with the number of isolates. Loss of spacers is
represented by the edges between nodes, with the arrowheads pa@ntio
descendant spoligotypesolid black lines link patterns with a maximum weight of
distance. Dashed lines represent a link of weight comprised between 0.5 and 1, and

dotted lines represent a link of weight <Q33).

2.3.5Geographical distribution dTBc lineages

The majority othe 274 MTBc isolates were identified from four districts: Gondar (74,
27.0%), Dembia (50, 18.3%), Gondar Zuria (31, 11.3%), and Wegera (31, 11.3%) (Figure
2.3 and Supplementary Tak®ed). Genotypes belonging to L3 and L4ewvidespread

in all districts while the ancient L1 was found only in Alefa, Belesa, Dembia, Gondar,
and Wegera with one or two isolates each. The only two L2 (Beijing) isolates were
identified in Gondar and Belesa districts. The Ethiopian L7 was ontifiein Belesa,

Chilga, Dernia, Gondar, and Wegera districts with one or two isolates each. The
geographic distribution of lineages did not significantly differ by district (p > 0.05, data

not shown).
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