10

11

12

13

14

15

16

17

Tuberculosis Drug Discovery: Challenges and New Horizons

GuilhermeFelipe Santofernandes™” Andrew Mark Thompso#A?” Daniele Castagnolb,

William Alexander Denny,andJean_eandroDos Santo%’

! Department ofChemistry, University College London, 20 Gordon Street, London WC1H 0AJ,
United Kingdom

2 Auckland Cancer Society Research Centre, Faculty of Medical and Health SciendgsivEnsity
of Auckland,Private Bag 9201%uckland 1142, New Zealand

3 Sa0 Paulo State University (UNESP), School of Pharmaceutical Sciences, Arara48a6903,

Brazil.

#Theseauthors contributed equalty this work



18

19

20

21

22

23

24

25

26

27

28

29

30
31

32

33

2 of 135

ABSTRACT

Over the past 2000 yearsberculosis (TBhas claimed more lives than any otiméectiousdisease

In 2020 alone TB was responsible for 3 million deaths worldwidegomparable tohe 1.8 million
deaths caused by COVADO. The World Health @anization hastatedthat newTB drugs must be
developedo end thispardemic After decades afieglectin this field a renaissance era of TB drug
discoveryhas arrivedin whichmanynovelcandidates haventeredclinical trials. However while
hundredsof molecules are reported annually as promising a8 agentsvery few successfily
progress telinical developmentn thisperspectivewecritically reviewthose antiTB compounds
published in the lassix years thatdemonstrategood in vivo efficacy againstMycobacterium
tuberculosisAdditionally, we highlight the main challenges and strategiesdoelopingnew TB
drugsandthe current global pipeline dirug candidatem clinical studiesto fomentfreshresearch

perspectives

KEYWORDS: tuberculosisMycobacteriuntuberculosisdrug discoverydrugresistage

preclinical developmenin vivo efficacy.
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1. INTRODUCTION

Tuberculosis (TBhaskilled moreindividualsin the pastwo millenniathan any otheinfectious
illnessaround theglobe!® Severalsignificantpandemics that have affected humarstych as the
Black Death smallpox and the Spanish flwr evenCOVID-19, havehad cumulativefatalities that
pale in comparison to those of T8ne of the oldest and deadliest diseases that#titits people
today>* The causative agent$ TB aremembers of thélycobacterium tuberculos{®1tb) complex
primarily Mtb, but alsoits African variantsMycobacterium africanurandMycobacterium canettii
as well asMycobacterium bovi8 Estimates based on synonymous substitution aoés to the
likelihood of a common ancestof these species aroun8,000 years agbHowever,Hayman has
speculated of Jurassic origim®re than 150 million years agd@he earliestlearevidence of human
TB comes from skeletal remailesatedn a Neolithic settlement in the Eastern Mediterrandating
from about9000 years ago, soatfter the development of agriculttr©ver the centuries[B has
consistentibeen linked ta@ high mortality raté From 20120 2019 Mtb wasthe leading infectious
killer, responsible for more deathsnuallythanthe Human Immunodeficiency Virusl[V/AIDS).8°
Accordingto the World Health Organization (WHQM 2020, TB claimedthe lives of 1.3 million
HIV-negative peoplé¢a 0.1million increase from 2019while there were durther 214,000 HIV-
positiveindividuals who died from TB? Moreovet there were an estimat&d million new cases
of TB in the same gar. In comparison, COVIBL9 killed about1.8 million peopleduring2020**

Currently, the major globdalB challengefor the scientific community is the fight agairsug
resistant forms of the disea®e? particularly multidrugresistant TB [MDR-TB; defined as
resistageto at least rifampicifiRIF) and isoniazidINH)] and extensively drugesistaniTB (XDR-
TB). The latterwasreclassifiecby the WHOIn Jaruary2021 aseingeither preXDR-TB, meaning
MDR-TB plus furtherresistance t@ny fluoroquinolone or XDR-TB, now redefined a®#DR-TB
plus further resistance fany fluoroquinolonendat leasneadditionalGroup Adrugo (seeTable

1 below).* The latestWHO datafor drugresistant TBare concerningwith an estimated65,000
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new cases and 82000 deaths from MDR or RIF-resistardTB in 2019.° Crucially, only 38% of
affected patientseceived proper diagnosis and treatmant theprimaryglobal gapg41%)werein
China andndia The arrival ofCOVID-19 thenled to a 15%decreasen thetotal number ofsuch
casedreated in2020%° In the past two decade$ere have also bedémcreasing occurrences bftb
strains with resistance to all available TBdrugsr esul ting in fAprogrlammati
18 While the WHO has not approved thermfit ot a krleys i dsrt (BOR{TB) Tobed by some
authorst™®cases otlinical resistanceo even the neestTB drugsare now appearintf:?°

Recently, threenovel agentshave received marketingqauthorisationby regulatory agencies
representing the first new TB drugs to be approvedare than 40 yea(§igure 1). Bedaquiling(1)
(BDQ; Janssen Therapeutiésjvasapproved in 2012 by the U.S. FO& treatng MDR-TB.22 This
compoundKills bothreplicating and nonreplicating mycobactdmainterfering withthe synthesis of
ATP. Specifically,BDQ binds tosubunitc of the ATP synthase enzynfehich converts ADRnto
ATP), blocking its actiorf® Delamanid(2) (Otsuka Pharmaceutic@lo) was approved in 2014 by
the European Medicines Agen¢§MA) for use against MDR'B,?* and hassubsequently gained
regulatoryapprovals in several other countri®etomanid3) (TB Alliance)was approveeh 2019
by the FDA althoughsolely for usen combination wit BDQ and linezolid(LZD) for thetreatment
of highly drugresistant forms of TBXDR-TB or treatmenintolerant/norresponsive MDRTB).?°
Furtherapprovals o8 weregranted by the EMA and the Indiaagulatory authorityn 2020

Drugs2 and3 are representatives of the nitroimidazole class anddathy inhibiting mycolic
acid biosynthesi&®?’ As prodrugs they first requirespecificactivation by themycobacterial ko
deazaflaviiidependent nitroreductadgpon activation, petomanid(3) has been showto generate
reactive nitrogen speciascluding nitric oxidewhich provides anadditionalmodeof actionagainst
norreplicatingMtb by blocking cellular respiratiort’ Transcriptional analysis data fittb exposed
to delamanid(2) point to similar effects?® However,a new study has suggestie importance of
forming adducts with NAD in the anaerobic activitytbis drug®® While somehavequestiond the

FDA approval ofpretomanid3) based on limited daia the pivotal NixTB trial, 2 it is noteworthy



5 of 135

85 thatin earlierphase llaearlybactericidal activity EBA) studies 3 outperformed as a single agen?
86 Pretomanid(3) also displayssuperior oral pharmacokinetics (suitable for once daily doshep
87 muchlower plasmaprotein bindinghan2 (~86% vs~99.5%),24?° andis now available a& fraction
88 of the price oR. Moreover, anew phase I/l clinical triathatcompaedthe oral combination of3,
89 BDQ, LZD and moxifloxacin(MFX) for 6 monthswith standard tierapy for MDR-TB (TB-
90 PRACTECAL NCT02589782jound thathe new regimemwasboth safer andhore effective (89%

91 vs 52% of patients were cured)

92

oN— N M o OCF

2 _,’,J_‘ fp 3

| O on— )

93 1: Bedaquiline (2012) AN 2: Delamanid (2014) 3: Pretomanid (2019)
94 Figure 1. Recently approved drugs for the treatment of MDIRR
95
96 Each year, hundreds of nawwoleculesare describedas promisinganttTB agents but several

97 questios* often remain 1) How were they design@®) What phaseof development have they
98 reache@ 3) How many agentsare likely toreachthe clinical development stages and eventually
99 become drugs®his Perspectivewill first discuss the current challenges faced in TB drug discovery

100 and the strategies used to discover new small molecules d8aagents. Second,will reviewthe

101 drug candidates in clinical studies in tharent TB drug pipelineFinally, it will describe lielatest

102 discoverieof newanti-TB compoundshat have reachdtl v a ledleddadr preclinical development

103 stages, focusingnly on thosecompounds wittsignificantin vivo efficacy againsitb in relevant

104 animal modelsOf note, throughout this reviewe have converted all MIC, kgandCGCspvalues to

105 micromolar (uUM) to facilitate better comparison between the compounds

106

107 2.CHALLENGES AND STRATEGIES FOR TB DRUG DISCOVERY
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From a global perspectivene of theobstaclsto betterprogressn TB drugresearch is funding.
According to the lst Policy Cures ResearchlBNDER survey® in 2019,worldwide fundingfor
TB research incresad by4.6%to US$ 670 million compared tthe2018datg with reduced industry
investment being offsaby increased contributions from the Gates Foundation and the German
Federal Ministry of Education and Resear&MEBF). Anotherreport provided by the activist
organization Treatment Action Growgssessdthe 2019globalresearchundingfor TB asreaching
US$ 901 million, represerihg the second highesbtal ever recorded Neverthelesseven this
amountis still well short ofthe US$ 2 billion of fundingannualy that wastargeedin the United
Nations (UN) Political Declaration on T&uringthe 2018&iUN High-Level Meeting on the Fight to
EndTRO®Li kewi se, the Stop TB Par t h2022 caltsiomptiiesvorlG| o b a
to spend over US3.5 billion peryear on TB researdto supporturtherbasic science researahd
the developnent ofnew tools)Jooking toward the goal oéliminaingthe disease by 2036

Thesedata lead tsomecritical unanswered questierWhere will wesourcetheremainhg US$
1.1-1.6 billion per year that is needed for TB researebfthermore, how can we be more productive
with the limitedavailable funding® It is broady accepted thatlongsideindustry, publici private
consortianow play a vitalrole insuccessful TB drugevelopment® Severainitiatives, partnerships
and notfor-profit organkationshave emerged since 2000, whew TB drug candidatesvere in
clinical assesment TB Alliance, Lilly TB Drug Discovery Initiative,TB Drug Accelerator Program
Orchid, New Medicines for Tuberculos(sshich becamé/lore Medicines for Tuberculogighe new
European Regimen Accelerator for Tuberculo&iNITE4ATB, and Project to Accelerate New
Treatments for Tuberculosisre some example®espite the advances these partnershipge
achieved(or will achieve) there is still an urgent need fgreatey more sustainableand more
equitablediscoveryresearch funding®* The annual G INDER reportshows thabver thepast10
years, roughly3% ofresearch and developméduahding camdrom thepublic sectoin high income
countries 20% from philanthropigrougs, and14% from private pharmaceutical and biotechnology

companies? In 2019, the togive funding source for TB research were the US National Institutes
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134 of Health(NIH; US$ 315 million) Gates FoundatiofUS$ 117 million), aggregate pharmaceutical
135 companiesyS$83 million), German Federal Ministry of Education and Resedd@$@3 million),
136 and the UK Depament for International Developmefi!S$ 17 million)* Thesedata provide éinal
137 pictureof TB researctiundingbefore the emergence of COVUD, aneventwhose full effect on the
138 research landscape will only be known in the forthcoming y#ars.

139 Besides theihanceissue there is also thtundamentathallengeof working withMtb and our
140 limited graspof its biologyduringinfectionof a human hos®“? For instanceMtb is a slowgrowing
141 bacteriumthat must bemanagedunder strict containment ifacilities (Biosafety Level 3yith the
142  minimum requirements necessary to mitigate rtskaboratorystaff. FurthermoreMtb is a highly
143 successful intracellulapathogen thatan evade the host immune systdsg inhibiting several
144  antimicrobial mechanisms of the hpshabling itto survive andeplicateinside macrophagesven
145  after been internalized in a phagosdiité As part of tle diseas@rocessthe Mtb-infectedalveolar
146 macrophagegenetratéhe lung interstitiumhere a growing populationf immune cellsre recruited
147  to the infectiorsite, engenderinga multicellular host responsemmonly termeé granulom&® As
148 Mtb proliferatesand inflammation develops, the granulorsgiucture matures leading tothe
149 destruction of blood vessels, causing increasgnyosis anttypoxia. Theability of macrophaget
150 eliminake the mycobacterithenbecomes limitedecausesuperoxide and nitric oxidgenerations
151 blocked under these conditioftsAt this stage, if the infection isontained buhot eradicatedthe
152 mycobacteria caremainin a nonreplicating persistent state or latent tate

153 The wide rangeof microenvironments in whicMtb survives within the host represents one of
154 the biggest challenges when developing new drugs and should be considered in the drug discovery
155 proces$? Ideally, a newTB drug should besffective againstvarious physiological statesf the
156 bacteriaasdiffering local conditions(e.g.,acidic pH, hypoxia, higler carbon monoxideor nutrient
157 scarcity can change their metabolic profile and induce drug toler&fe&pecialist assays can be
158 used to screen fonovel agents hat better addressthis® Bacteria live in diverse lesion and

159 compartmentypes, including theharder to penetrateaseum of necrotic granuloméghere many
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slowly or nonreplicating bacilli reside)and can be extracellular or intracellular ieutrophils and
macrophagesY Even when the bacteria asaccessfullyeachedthelow permeabilityof the lipic-

rich Mtb cell wall acts as @arrier, curiing many potential drug candidates from reachingir
targets* Besideghis, numerousactive efflux pumpsire expressed amday acrucialrole inlimiting
theanti-TB activity of small moleculesand this representme of theprimary mechanism®f drug
resistancen Mth.*®* Compounds may also be metabolised within the bacteria, as well as the host.
Hence, there ara variety ofbiological physical and pharmacokineti(PK) factorsat playin TB

drug discoverywhich constrain the developmentrawleadmolecules.

TB is frequently fataland,in the absence of proparedicaltreatment, approximately 50% of
individuals who develop active TB disease will succumb.i®The curent standardnedicationfor
drug-susceptibleTB (DS-TB) comprisesa 6-monthcourse withfour first-line antimicrobialdrugs:
INH, RIF, pyrazinamide (PZA) and ethambu(&MB). This canachieve cure rates of >95% when
administered under directly observed ther2imithough globasuccessateshave been consistently
lower (8% in 2019)!%4° Treatment ofMDR-TB is far more complexand comprises the use af
cocktail of secondine drugsover 9i 12 months for the shorter MDIRB regimen and at least 18
months for the longer MDRB regimens?In 2019, the WH®ublishechew giidelinesthatbrought
a major revision and ctassificationto the drugs recommended for MBERB treatmen{Table 1).>
The latest WHO guidelines (2020) hatsoclarified that the ne\8-9 month regimen of pretomanid,
BDQ, and LZD camow be used for MDR B patients with additional resistance to fluoroquinolone
antibiotics (under operational research conditions ortypespite these improvementhortening
treatment time for drugresistant TB represents one of the main challengd®idrug discovery
Treatment succedwere(59% globally in 20189 may be limitedby inadequateatient compliance
toward the prescribed therapydue toits greaterlength, complexity,and adverseide effects. In

generalmostseconeline drugsaremore toxic costly, and less effectivthan the firstine drugs™

Table 1 Antitubercular drugs recommended by the WHO for the treatmeviDit-TB.>
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Classification Drug Mechanism of action(in Mtb)
Group A Levofloxacinor moxifloxacin DNA gyraseA inhibitors
(Include all three Bedaquiline Inhibition of ATP synthase
medicine$ Linezolid Protein synthesis inhibition
Group B Clofazimine Release of reactive oxygen species and ce

membranealestabilization
(Add one or both

Cycloserine or terizidone Peptidoglycan biosynthesis inhibition

medicine}
Ethambutol Arabinogalactan biosynthesis inhibition
Delamanid Mycolic acidbiosynthesis inhibition
Pyrazinamide Coenzyme A biosynthesis inhibitiduia
Group C target degradatioff)
(Add to complete the Imipeneni cilastatin or Peptidoglycan biosynthesis inhibitioim (
regimen and when ~ Meropenem presenc® f -ladbamasenhibitor)

medicines from Groups Amikacin or streptomycin Protein synthesis inhibition

A and B cannot be usgc Ethionamide or Mycolic acid biosynthesis inhibition
prothionamide

para-Aminosalicylicacid Inhibition of folic acidand mycobactin
biosynthesis

TB treatment in HIVpositive patients is another problematic issue. An esting&edwf the
incident TB cases i8020 were HIV-positive andcountries on the African continent had the highest
proportion of TB cases emfected with HIV.1° Furthermore, studies have indicated that #bsitive
patients cenfected with TBface a greaterisk of contractingMDR-TB than HIV-negativeTB
patiens.®® The treatment of theseo-infected patients isalso more complicated due to druedrug
interactions between antiretroviral agents and &ety TB drugs Suchinteractions occur between
the rifamycin derivatives (RIF, rifabutin and rifapentine) anddhegs that inhibit HIVproteaseor
reverse transcriptasé For instance, RIF induces the expression of liver enzymes, CYP3A4)

responsible fothe metabolism of HIVprotease inhibitors and thus increaie rate ofmetabolism
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of thesedrugs®®> More rapidmetabolismcan reduce thant-HIV drug concentration below its
optimalrange affectingtreatmentfficacy.>®

Improving TB therapy remains an urgent research priority and can be summarized in the
following goals:i) to makethe treatment dDS-TB shorter and simpleii) to develop moreffective
fasteracting,safeand affordableegimers to curedrugresistant TBiii) to discoverTB drugs that
are more compatible with aritllVV drugs for treatingd1V -coinfected TB patienfgndiv) to redu@
treatment time for latent Mtb infection® Thes goals are consideredtal to improving patient
adherence ttherapy, thuslecreasinghe demands on national health systems amgimising the
developmenand spreaaf resistant straingConradie et al. recently reported the results ofNhe
TB trial, an operlabel study of 109 patients wiXDR-TB or with MDR-TB that was not responsive
to treatmen(or thetherapy had to be discontinued due to drug intole)aiidée regimen was daily
oral treatment for 26 weeks with BDQ, pretomanid and L#illpwed by a 6month followup
period At the end othat time, 98 of 109 patients (90%) were shown to have a favourable outcome
(a negative sputum culture testhereforejt is widely recognizedhatdrug discoveryhasa central
role in improving TB therapy andtimatelyachievingthe End TB Strategpgoalst®®

TB drug discovery screens can be either tabgsed or phenotypic/cdiiased® Phenotypic
screening represents an importsinategicapproactbecause iprovides the opportunity to discover
compounds that inhib@ine or morenew target or pathwag, or compounds thainly become active
afterenzymatic transformatigsuch as prodrug®€ The main advantage ofisicell-basedmethodis
that no prior knowledge dhe modeof action is requiredMoreover, he compounds identified by
phenotypic screenindisplaycell permeability anghossesstructures that caoften be modified to
improve potencysafety,and PKprofile.*3%%61 Neverthelessthis approachlsohassomedrawbacks
such as thdlifficulty of hit-to-lead and leadptimisation effortsin the absence aftructural data for
the targefs) whenthe cell-based activitydependon multiple parametef¥.Anotherweaknesss the
tendency to repeatedly discover inhibitorsotsa | | e d @ p r o m¥%asitismomsrudiaa r g e t

to developcompoundsvith new mechanisms of action that will not display cressstance to other
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222 agentsTarget identification can also be problemakimally, a recent analysis of actil@ads against
223  Mtb pointsto limitationsaroundinadequatehemical diversity in the screening librariesed where,
224  giventhe likelihoodthat more than five million compounds have already liested, there is now a
225 higherrisk of rediscovering knowmbhibitor classesind only modestly improving theff

226 In contrast to celbased screening targetbaseddrug discoverystrategyenableghe use and
227 application of in silico and other structurabpproachesto explore a particular molecular
228 proposition®®®®The main drawback of this approach is thatgbkectedarget may not bessential
229 in vivoand vulnerable to drug8 Sometargets also develop resistance too readilgreover,even
230 when the target is wellalidated it canbe challenging taranslatepotency incell-free assayinto
231 activity inwholecells.*%%% Finding promising antiTB agents through targelirected screersone
232 has beemelatively unsuccessfui® Since publicationof the entire Mtb genome sequence in 1998
233 severapotentialTB drug targets have bepmpointedand validated fouse intargetbased screamg,
234 asreviewed elsewher®%® 72 However while this strategy habeen widely employed in TB drug
235 discovery campaigns, it ha® farnot produceda singleclinically effectiveanti- TB agent??61.6566
236  Truly, not only TB drugs budlsomostcurrently usedantimicrobialagens hadtheir originsin the
237 phenotypic/celbased screening strategyderliningthe importance of thitterapproactf®®!But
238 amore recentacticof ftargetbasedvholec e | | s enayeféerthe adyantages of both’

239

240 3.CURRENT STATUS OF NEW TB DRUGS IN CLINICAL DEVELOPMENT

241 Followingthe Golden Age of antibiotic discovery (1940s to 1960s), the succkss-tihe drug
242  regimensn curing TB led to aprolongedperiod oflow activity in TB drug discovery* However, by
243 the early 1990saresurgence of TBue to increasing drugesistance and HIV coinfection prompted
244  the WHO in 1993 to declare the disease a global emerdéic¥ebruary 2000public and private
245 sectorrepresatatives and donorassembledn Cape Town, South Africa ardiscussed theargent

246 needo developbetter treatments for T8’ Today, aftertwo decades of renewed efforts in this area
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thesituationhasimproved(Figure 2), with seveteendrugcandidatesiow listed as beingn various
stages otlinical development® Of thesg up to termight qualify asfiradical innovation due totheir
novel mechanismef action(althoughfour agens have the same targéwo beingfrom the same
chemical classTable 2). The remaining @/encandidates are feptimised versions of existing TB
drugs.Thisillustrates the point made byobel Prize winnerSird a me s B | a enkst fruitfuh a t
basis for thediscovey of a new drug is to start with an ofitugd.” It is alsoin line with arecent
analysis of published clinical candidates frdmaJournal of Medicinal Chemistryvhich concluded
that the most common lead generation appraathese casesasto start from a previously known

compound (43%)random screening waankedas thesecondmnost commorstrategy(29%).””

EC
TBA)-587

GSK2556286

OPC-167832
BTZ043

Pyrifazimine (TBI-166)
TBA-7371

WX-081

Figure 2. Current global pipeline of new tuberculosis drugs based on information provided by the

Working Groupfor New TB Drugs(\WGND)"® andTreatment Action Grouf?

Table 2 Current global pipeline of new tuberculosis drugs in clinical development.

Name Structure Chemical class | Phase Target
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SQ109(4) is a 1,2ethylenediamine derivativhat has produceahixed efficacy resultsin phase
lla, 11b, andIIb/lll combinationtrials for DS and MDRTB, respectively, withonly the latterone
showingsignificant promise(more extensiv@hase Ill trials are planne®™ This leadwasinitially
discoveredby Sequella, Inc. and the Laboratory of HDsfferses National Institute of Allergy and
Infectious Disease@NIH) via high-throughput screeninHTS) of a large combinatorial library of
EMB analoguesavingl , 2 et hy | ethepHarnmecophar® Deapiteits broadstructural
similarity to EMB, 4 retained good activitpgainsEMB r e s Mtb strains(MIC 2.4 uM, cf. 1.2
MM againstH37R\), implying that the twocompound must havelistinct mechanisra of action.
Candidate4 actsin part by inhibiting MmpL3, a transmembrane transporter protein involved in
exportingtrehalose monomycolateom the cytoplasnto the outer membrarduring Mtb cell wall
biosynthesi$'® Additionally, 4 is believed to affect energy productiénhibiting the menaquinone
biosynthesis enzymes, MenA and Men G, and blockasgiration andATP synthesis)lt mayalso
inhibit otherMtb efflux pumps(by dissipating the plradient and membrammtentialthat powes
them)® The inhibitionby 4 of multiple targets may explain why spontaneous dasjstant mutants
could not be generaté4® In vitro studies have shown thasynergize with several other TB drugs,
including INH, RIF, BDQ(1), and sutezolid6), and has efficacy superior to EMBvivo, bothalone
and in combinatiortherapy’®8 A new investigation hasalso confirned that it is the parent
moleculeand not a metabolite thatovidesthe antitubercular activit§

Delpazolid ) (LegoChenBiosciences, Inc.), sutezoli@)((Sequella, Inc. and TB Alliance) and
TBI-223(15) (TB Alliance and Institute of Materia Medica) dadspectrumantibiotics from the
oxazolidinone clasthat are currently beindeveloped for the treatment of both dmagistant and
DS-TB.”® The structural design of thesew candidateoriginated from_ZD, the first oxazolidinone
to be FDAapproved and noan establishe@roup Amedicinefor the treatment d1IDR- and XDR
TB.>% The mechanism of action dhis class ofdrugs involvesinhibiting protein synthesi&
Specifically, oxazolidinone derivativdsind selectively tothe A-site on the 50S subunit of the

bacterial ribosome and block thiding of incoming aminoacyl tRNA In phase | clinical trials5
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289 wasfoundto havebetter safety (milder side effectd)an LZD due to its more rapid clearafiee
290 although final results froma phase & EBA study maysuggestower efficacy tharboth LZD and
291 sutezolid 6).89%° A phase llkclinical trial of 5in combination with delamani@), BDQ (1) andMFX
292 for DSTB commencd in October2021 (NCT04550832)Sutezolid(6) showedgood safety and
293 promising antTB activity in a phase lla EBA study®® but furtherclinical developmenof this drug
294 had stalledfor reasons relating to its ownershfpHowever, Sequellawith the PanACEA
295 consortiumhas recentlyaunchted a phase lltrial of 6 in combination with delamani@), BDQ and
296 MFXfor DS-TB (NCT03959566)Lastly, TBI-223(15), anothelLZD analogue witlsuitableactivity
297 againstMtb andreduced toxicityis currently completinghase | clinical triad (NCT04865535.8%%
298 Telacebec?) (Q203 Qurient, Inc) is anoptimisedmidazopyridine amide derivatiyICso 2.7
299 nM againsiMtb H37RV), based omstartinghit that wasdentifiedfrom a commercial librarshrough
300 wholecell screeningn Mtb-infected macrophagé3 This compounchasan innovativemechanism
301 of action, which involves interference with energgneration inMtb. Specifically, 7 targets the
302 cytochromebcc complex at theQcrB subunit(the menaquincbinding Qr site, as confirmed by a
303 cryo-electron microscopgtructurg,® disrupting the electron transport chétiat is essentidbr ATP
304 synthesidn both replicating and nonreplicatingtb.>® While 7 displaysvaluableactivity in mouse
305 models of TB” considerablymprovedbactericidal effectsvere observed inombinatiorwith BDQ
306 and clofazimingCFZ)*® or withinhibitors of the alternativeytochromebd oxidase® A recentphase
307 lla EBA clinical trial of 7 demonstragd satisfactorydosedependent efficagywith acceptable
308 safety?” andplanning is underway faphase llb combination trialgainsdrugresistant TB® Q203
309 (7) hasalsoreceived orphan drug designation from the FDA as a treatment for Buruli ulcer (based on
310 its outstanding efficacy in mice against infectionNdyulceran3® andis now under appraisals a
311 possibletherapy forCOVID-19in a phase Il stud{§NCT04847583)

312 Macozinone §) (PBTZ169)and BTZ043(13) are benzothiazinone derivativisat are being
313 developed by Nearmedic Plus, Ltd. and the PanACBAsortium, respectivel$*° The class was

314 initially discoveredthrough identifying and testingthe metabolitedormed after incubating an



315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

17 of 135

antimicrobial dithiocarbamate derivative witlf. smegmatis® Macozinone(8), which is an
optimizedanalogueof theearlierlead BTZ04313), has @ MICgg value of~0.0007 uM againstMtb
H37Rv (3-fold lower thanthe MICqg of 13)%* anddisplayssynergism with several affiB drugs
includingBDQ, CFZ, delamanid2), and sutezolid6).1®* Candidate alsohasreducedcytotoxicity
andbetterin vivoefficacy thanl3(~1.1 vs 0.6 logp CFUreduction in lungat 50 mg/kg in a chronic
Mtb infection mouse modelvhere CFUmears colony forming unitg® albeit thisactivity level is
still considered only moderate, givenliwsy MIC value The extraordinaryn vitro potency of these
benzothiazinore(BTZs) is due totheir covalent mode of inhibitigras well as the cellular location
of their target decaprenylphosphorf-D-ribose 2Gepimerase (DprEl)an enzyme required for
arabinarbiosynthesisluringmycobacterial cell waltonstructiont® BTZs act agisuicide substratés
for the reduced DprE1 enzyme; this occurs through partial nitro group reduction to generate nitroso
intermediates that react with an active site cysteine (CysB8BIlb), forming stable semimercaptal
adducts which blockthe enzymatic actiod® Intriguingly, reversible ring reduction to an oxygen
sensitive Meisenheimer complex is also evidantivo (as a common metabolite formed in whole
blood), complicating PK analyses with these drd§sMacozinone8) hasshown good tolerability
and safety in phase | studies axhibited significant efficacy im pilot phase lla studyin Russia
(another is plannelly the InnovativeMedicines for Tuberculogi$®!® Meanwhile,BTZ043 (13)
begama phasd/llaclinical trial in South Africa in Novembe2020 (NCT04044001)

GSK3036656(9) (alsoreferred to asxsSK656 andGSK07Q GlaxoSmithKling'® is the first
boroncontaining compound in theurrent pipeline and was developed from two screening hits
identified by testinga small library of benzoxaborolegyainstMtb.!% Like the antifungaldrug
tavaborole, lis moleculeacts byselectivelytargeting leucytRNA synthetase (LeuRSThe boron
atom is essential for the activibecause it bindsovalentlyto thecis diol of adenosine nucleotide
Ade76 of tRNA® in Mtb, trappingoneendof the enzymen the editing siteThis in turn inhibits
leucylation and thuproteinsynthesig®® Candidated has good potency agairdtb H37Rv(MIC

0.08 uM) and displayedexcellentin vivo PK (low clearance, high exposure, and 100% oral
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341 bioavailability) as well agmpressiveefficacy in a chronidVtb infection mouse model (2.bgio
342 CFUreduction inungsat 10 mg/kg)-* In a phase tlinical study,9 wasfound to bawvell toleratect®

343 andaphasdla EBA assessientthatstartedn 2019has just been completédCT0355728)

344 TBA-7371(10) is a 1,4azaindole derivative that was initially discovered by AstraZefiada)
345 through a scaffold morphing strategy, followed by leatimisation, starting froman analogue of
346  Q203(7) in theimidazopyridine amide clas§’. CompoundLOis a noncovalent inhibitor of thdtb
347 DprEl enzyme (I& 10 nM), not crossresistanto the benzothiazinoes!” havingweakerpotency
348 against culturedtb (MICgo 1.6 uM) butreasonablen vivo efficacy in a chronidVtb infection rat
349 model (~1 logo CFU reduction inlungsat 100 mg/kg}® This candidate hassmundoverall profile;
350 albeit moderate offarget activity against phosphodiesterase Go(HCuM) raised some concesn
351 regarding thepossiblerisk of ocular side effect$®!® Nevertheless, TB Alliance completed a phase
352 | clinical trial of 10 in 2018® and a phaséla EBA clinical assessment (sponsoredthg Bill &
353 Melinda Gates Medical Research Institliepan in January 2020 (NCT04176250)

354 Pyrifazimine (1) (TBI-166) is ariminophenazine derivative related to CFZ that is being
355 developed by the Institute of Materia Medica in CHilfahis moleculevas discovered through lead
356 optimisationwork with the TB Alliance, involving more than 500 new CFZ analogGesnpound
357 11showed very high potencies agaibib H37Rv anda panel of clinical isolates:4-fold superior
358 to CFZ,with MICgo values ranging from <0.008 uM to 0.34 pM. In an aduté infection mouse
359 model,11displayed primarily bacteriostatic activity, equivalent to or better than'®E#Z However,
360 in the chroniavitb infection model, delayed bactericidal activity was observed for both compounds
361 (with minimal efficacy in the first 2veeks of treatment), antll appeared to be slightly less
362 efficacious than CFZ (1.7 vs 2.2 ledgCFU kill at 20 mg/kg after 4 weeks of treatment). Furiher
363 vivo experiments revealed that the combination1df with BDQ and LZD was particularly
364 effectivel? Importantly, it was demonstrated tHik causedower skin discoloration in mice than
365 CFZ and several other analogd&sthis being an unwelcome effect that hinders the use of CFZ in

366 anti-TB therapy:® The mode of action of CFZ (antll) was thought to involve the production of
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reactive oxygen species (ROS), following its reduction by the respiratory enzyme type Il NADH
dehydrogenase (NDH) andin situ reoxidation by oxygeh* However, more recent data @n
knockout strain oMtb in which both NDH2 encoding genesxdh andndhA were deleted shows
that the activity of CFZ does not require NEX}® TBI-166 (11) completed phase | clinical
evaluation in China and is currently in the final stage gifiase lla EBA study (NCT04670120).
OPCG167832(12) (OtsukaPharmaceutical Co., Ltdi$ anothernoncovalent DprE1 inhibitor
(ICs0 0.26 uM), resulting fromthe identification andptimisation ofcarbostyri-basedscreening
hits.11® This compound exhibitedutstandingvIC 9 values againsMtb H37Rvand a panel of moro
resistam strains with values ranging from 00053 to 0.084 pM. Further experiments showed that
12 wasbactericidal andhad excellentin vivo efficacyin a chronicMtb infection mouse modgk1
logi0 CFU reduction in lungat 2.5 mg/kg; equivalend delamanid2) and superior to macozinone
(8)]. Moreover the four-drug regimen of 12, 2, MFX and BDQ(1) reduced the CFU count in the
lungs of ICR mice infected witiMtb Kurono to undetectable levels after 8 weeks of treatment
without subsequent relapgedditionally, anewin vivostudy comparind.2 with macozinong8) and
TBA-7371(10) headto-head inMtb-infected C3HeB/FeJ mic&fichdevelopcaseous necrotic lung
lesions) confirmed the superior efficacy I#f, even at low dos€s! OPG167832(12) has almost
completedthe last stage ofa phasd/Il a clinical trial for uncomplicatedS-TB (NCT03678688)
which alsoaimed toasses$wo- or threedrugcombinatiors with delamanid2) and BDQ(1).°
SPR72(Q(14) is an orally bioavailable phosphate prodrudte ative drugSPR719VXc-486),
whichbelongs to the class of benzimidazoteaDNA gyrase inhibitosand waslevelogdby Vertex
Pharmaceuticajghenlateracquired by Spero Therapeut{@916.11811° This antibacteriatlasswas
first discoveredhrough HTS of a compound librarg an ATPase assay to target gyrase B, then
further optimigdby SAR studies using structutmsed desigtt’ SPR71%hasdecenipotency levels
againstMtb (MICges 0.0/7-0.58 pM), including strains resistant ftuoroquinolones(e.g., MFX),
which target DNA gyrase Aln a murine chronidMtb infection model the prodrug form 14)

displayed more potent bactericidal activity than the paatathol (SPR719) comparable to MFX
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when dosed twice dailgt 100 mg/kd2.5 logo CFU reduction,*8and was sterilizing in combination
with RIF and PZA!"® Candidatel4 showed good tolerability and safety duriaghase | clinical trial
in 2019° and begana phase Ia EBA study in November 2020 against the #oherculous
mycobacteriumM. avium(NCT04553406)Unfortunately this trial was terminatesh early 2021,
following FDA concerns about preclinidalxicologyfindings in norhuman primatedNevertheless,
the company has expressed optimamutrelaunchingts SPR72Qlinical programIn 2019,Spero
TherapeuticassignedheBill & Melinda Gates Medical Research Instit@eolelicenseto develop
and eventually market4 for useagainst TBin poorto middle-incomecountries’

Two novelBDQ analoguesTBAJ-876(16) and TBAJ587 (17),*2t commenced Phase I clinical
trials in June and December 20Z01CT04493671 and NCT04890535)hesenext generation
candidates werdeveloped by researchersTdie University of Aucklangd New Zealangdthrough an
extensive lead optimisation programme conduatedartnership with the TB Alliangeaiming to
improveactivity andPK profiles, reduce lipophilicity, andecreaseardiotoxicity risk Compounds
16 and17 displayed excellent MIGo values againg¥itb H37Rv (0.006 and 0.Q uM, respectively,

7- to 12-fold more potent than BDQ, despite having lower calculated lipophilicities (b2.1.%g
units) 2! Furthermore, Hesecompoundgetained excellent efficaciégs mouse models of TH-or
example,TBAJ-587 (17) was more effective than BDQ against betid-type Mtb H37Rv and a
resistantRv0678mutant strain, either aloner combinedwith other drugsit also renderedthe
regimens less prone to the emergence of drug resis&rogportanty, both 16 and17 showed a
lower risk of inducing QT prolongation, due tedu@d inhibition of hERGby >19-fold*? in the
formercasg. Recent nvde of action studiedemonstratethatTBAJ-876(16) binds to the same sites
as BDQ on the mycobacterial ATP synthabkcking its action, but has much weaker preton
shuttling ability than BDQ suggesting that the latter effect is redsential for bactericidal
activity.12124 |nterestingly anothersecond generation BB{ke candidate, WX081, began phase I
clinical trialsin September 2020 (NCT0460895%)is compoundvas derived from a collaboration

between Cisen Pharmaceutical Co., Ltd. and WuXi AppTec (Sharighalthough the current trial
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is sponsored by different companyShanghai Jiatan Pharmatech Co.,.Ltlo information is
available onthe structure or npfile of WX-081, but a2017 patent applicatiorby the original
collaborators claims BDQke molecules in which thBromoquinolinemoiety has been replaced by
5-(4-chlorophenyl2-methoxypyridine-®

Two other drug candidatesith innovativemechanisms of actiothat enteredphase | clinical
studies at the end 0f2020 are GSK2556286 (18) (NCT04472897)and BVL-GSK098 (19)
(NCT046541438 GSK2556286 (18) is a pyrimidne2,4-dione derivative discovered by
GlaxoSmithKline(GSK), in collaboration with the Bill & Melinda Gates Foundatios TB Dr u ¢
Accelerator Prograrrusinglibrary HTS inMtb-infected macrophagé$’ The mechanism of action
of 18 is related tothe catabolismof hostderived cholesterol (whiciMtb employs as a carbon
source)?812 This candidateelectively killsMtb in macrophages (MIC <0.1 uM) and has moderate
in vivo efficacy in several animal modelsiore significant in combination with other TBrugs*#
Lasty, BVL-GSK098(19) is an amidepiperidine derivativehat Bioversys AG has developgih
collaboration withGSK, the Pasteur Institute Lill@ndthe University of Lille, Franc€® Compound
19 boosts the bactericidal activity of two important Clagsr@lrugsthat are useébr the treatment
of MDR-TB, ethionamidéETH) and prothionamideand restoresensitivitytowardbacterial strains
that have becomeesistant to these drug® While full details of the mechanism have yet to be
disclosed, it appears thE acts orone of severafranscriptionategulatorsn Mtb (VirS), stimulating
theexpression oén additionaknzyme activator fdETH (MymA).2*9131 Based on then vivoresuls,
a reduction irthe efficacious oral dosage of ETH by at least tHiald is predicted in humang® A
phasdla EBA studyof 19 and ETHin comparison to INHhas beemplanned for 202231 The dinical
development o19represents the climax of an extensive program in this area, as discuSeetian

4.1.3 below.

4. PRECLINICAL PROMISES
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Notwithstandingthe recent exit of severalmajor pharmafrom TB research €.g., Pfizer,

AstraZenecaandNovarti9, 32133 in the past two decadéise development of new drugs for TB has

recapturedsubstantialglobal interest, resulting inhe identification ofmany new lead candidates.

Many reviews have been published addressiagel compounds withpotentin vitro activity in the

early stages of developmefutiscovery)’'113+14% and othershave describethe drug candidates in

clinical studies>'%1142 Neverthelesshere is ascarcityof reviews covering the anfiB compounds

that haveprogressedo i v a | i d a orerdclinica dedefopmenstatusand to the best obur

knowledge,no articleto datehas specifically coveredthose compound$rom a drug candidate

profiling perspectiveThis sectionreviews theant- TB compound$published in the lastix yearsthat

have reachedsuch stages (arising from hit-to-lead, leadoptimisation and other preclinical

investigatiors), focusingsolely on those withproven efficacy againstMtb in animal models To

simplify this task, we willrestrict our attentiomo soc al | e d

i s meaobtdinedwdhdlheby u | e s

chemical synthesisThe lead compounds presented herein were selected fromStop TB

Partnershifs Discovery Pipeline hitps://wwwnewtbdrugs.org/pipeline/discovery) atiterature

reports identified manually or vicientific databassearching These molecules will be discussad

various subsectionagccording to theireportedmode of action.

4.1 Compounds Targeting Cell Wall Biosynthesis

An essentiakequirementn developingany antiTB drug is that the compound can cross the

lipid-rich cell wallsurrounding the bacterium amelach itsintendedtargets). The cell envelopeof

mycobacterias distinctive incorporatinghe secalledfimycomembran@or outer membrane, which

is abundant idong-chain fatty acids (mycolic acids), as well as lipoglycans, phospholipids, and

glycopeptiddipids (Figure 3).2* This outer membrane isrganizationallysimilar tothat of Gram

negative bacterja@ven thougiMtb is a Grarmpositive organism* The complete cell enveloman

bebroadlyrepresented as comprisitfiyee domaing) a n

exter.i

or

df @rote;s and i Cc a [
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469 some glucan;i) a cell wall with an outer membranattached to an arabinogefan-based

470 polysaccharidéayerjoined to peptidoglycariii) an intemal plasmamembrang®>-148

471
Protin
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473 Figure 3. Schematic model of th#tb cell envelope and some approved or candidate TB drug
474  inhibitors, based on the information provided by several autftlfs:14

475

476 Thedistinctiveand complexarchitecturef the mycobacterial celinvelope hagenderedt arich

477 source of novelargets for TB drug discoveX ¥ It is estimated that there aaeleas60 potential
478 enzymeargets in the cell wall dfith.}*® Recent omprehensiveesearch intthe construction of this
479 cell wall has shed lighbn many importantbiochemical and structural features. This bparred
480 renewedefforts to findnew antiTB agents thainhibit the biosynthesis of essential components of
481 this structure itMth.1>° Some @amplesof agentsknown todo thisincludethetwo front line drugs

482 INH andEMB, the MDRTB drugsETH, delamanid2), pretomanid3), cycloserine, imipenenand
483 meropenemas well as several drug candidates in clinical studiesh as macozinorg8), TBA-7371
484 (10), OPG167832(12), andBTZ043(13).145147

485

486 4.1.1 DprE1
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The flavoproteinDprE1L is & oxidising enzymethat plays a critical role ithe biosynthesiof
arabinogalactan, one of the essential building bldakthe cell wall*>! A reductase, DprE2, is also
involvedin this. First,DprE1convertdecaprenylphosphor-riboseinto decaprenylphosphorgh
ketoribose thenthe latteris reduced by DprE2 ttorm decaprenylphodmryl-D-arabinose (DPA).
DPA s the sole known sourad D-arabinofuranoswinits, whichare required tareatethe arabinan
chains ofarabinogalactaff®'®! Numerouscrystal structures oMtb-derived DprE1l have been
published with mostfeaturingthe enzyméoound toan inhibitor!>?

Many promising novetompoundsre known tdarget theDprE1 enzymé2'>2 For instancein
2019,researchers working at AstraZenatdndia (n collaboration with the TB Alliancdeforethe
site closure in 2014 reported benzimidazole derivati26 (Figure 4) as a DprE1 inhibitot®® This
compound was discoved using the scaffold morphing stratedpy replacing the azaindole core of
their earlier lead, TBA7371(10),'® with a benzimidazole moietyand adjushg the position of the
amide side chairCompound0showedan MICgovalue of 1.6 uM againg¥ltb H37Rv(equal to that
of 10), andhigh potency against the enzyritself (ICso 0.034 uM cf. 0.010 uM for10).1%913 The
activity was specific for mycobacteria, 88 was ineffectiveagainstvarious Gramnegaive and
Grampostive bacteria® Benzimidazole20 displayel goodaqueous solubility (152 pMgndlower
humanplasma protein bindinthan10 (68% vs 78%j)it alsoexhibited a soundsafety profile (Cso
>33 uM againsthe hERG channel and ¥g>50 puM against a panel éive CYP9S. RatPK studies
revealedexcellentoral bioavailability(100%)andan acceptablelearance ra&t Oral dosingof 20 at
30 mg/kg for 4 weeks a chronicMtb infection BALB/c mouse modeteduced thdung bacterial
burden by 1.5 log CFU, relativeto untreateccontrollevels.

Severalteamshave alsopreparednew BTZ derivativesas analogues of theovalent DprEl
inhibitors macozinone &) andBTZ043 (13), attemping to improve keyaspect such asolubility,
metabolic stabilityandin vivo PK andefficacy. For examplePiton et aldevisedtheless lipophilic
sulfonylpiperazineanalogue?l (Figure 4), whichretained high potencyavingan MICog value of

0.0065 uM againsiMtb H37Rv (15fold decreased, relative ®), andshowed modestytotoxicity
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against HepG2 cell§CCso 17 pM), resulting in an excellent selectivity index (S| of 2,6%5).
Notably, although its solubility was inferi¢t9 vs 68 pMfor 8), 21 displayed much better stability
than8 toward mouse and human liver microsontéswever, the efficacy a21 in the chronicMtb
infection BALB/cByJ mouse modelas disappointing, witloral dosng at 50 mg/kg for 4 weeks
giving a lung bacterial load reduoti of only 0.5 logo CFU (relative to the untreated control),

compared to a 1.0 legCFU decrease fd@ (25 mg/kg).

TBA-7371 Q\S/A Macozinone
Phase Il clinical trials NO, (\N' N Phase |l clinical trials NO, N
\O SY N \) NG, (\ N s N
| —-— \) s \Ir
N= N S N N
2 FaC g FsC F
) 21 O FaC N 22 O
8 o}
N 21 22
\ / MICgq Mth H37Rv = 0.0065 uM MICg, Mtb H37Rv < 0.035 pM
N:/' /‘JOH Lung CFU reduction = 0.5 log,, Lung CFU reduction = 3.2 logq
N Treatment dose = 50 mg/kg NO; N Treatment dose = 25 mg/kg
10 g H Treatment time = 4 weeks S N\) Treatment time = 3 weeks
Chronic Infection Mouse Model m/ NOCH; Acute Infection Mouse Model
N
F3;C
o— 3 , i L
4
N= N
Ny 20 24 NO»
N MICg, Mth H37Rv = 1.6 uM MICgy Mtb H37Rv = 0.028 pM S. N CFs;
N Lung CFU reduction = 1.5 logq Lung CFU reduction = 1.8 logy, T
/> Treatment dose = 30 mg/kg Treatment dose = 25 mg/kg N
Scaffold N Treatment time = 4 weeks Treatment time = 8 weeks F3C
morphing £ Chronic Infection Mouse Model Chronic Infection Mouse Model 23 o]} 23
o} ﬁ/\/ MICgo Mth H37Rv < 0.028 pM
ion >
Macozinone (8) Lung CFU reduction > 5.0 logq,
20 Phase Il clinical trials Treatment dose = 25 mgrkg
Treatment time = 3 weeks
Acute Infection Mouse Model
Scaffold morphing
BTZ043

Phase Il clinical trials 0

NO, (\N

>
NO, OLO L SYI\OLO g s O@ SN f\O\OH
S__N — | \ |
" 25 S o}

26 O Metabolism 27

25
MICg, Mtb H37Rv = 0.046 pM
Lung CFU reduction = 3.4 log,g
Treatment dose = 150 mg/kg

26
MICqy Mtb H37Rv < 0.035 pM
Lung CFU reduction = 5.4 logy,
Treatment dose = 100 mg/kg

27
MICgy Mitb H37Rv = 0.15 pM
Lung CFU reduction = 0.9 log,
Treatment dose = 100 mg/kg

Treatment time = 3 weeks
Acute Infection Mouse Model

Treatment time = 3 weeks
Acute Infection Mouse Model

Treatment time = 4 weeks
Acute Infection Mouse Model

Figure 4. Benzimidazole€20, BTZ derivatives21-24, benzothiazinethiong5, and

benzothiopyranone2t and27 as DprElinhibitors

Anotherresearchieam, based in ChinaxploredBTZs withspirocyclic aminebased side chains

e.g., IMB1603(22) (Figure 4).1°°%%6 _ead 22 exhibitedpotentactivity againstvito H37Rv (MICao
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<0.035uM, the same a8in their assay) anchinimal cytotoxicity againsVero cells CCso811uM).
Comparablesolubility valueswere measured fd& and22 at a pH value of ~2.0(2.0 and2.1 mM,
respectively andthe twomolecules displayedalmost identicamouse PK profile$®> Compound22
was subsequenthassessetbr efficacy in the BALB/c mouse model of acub infection Here,
oral dosing at 25 mg/kg for 3 weeks gaveosable3.2logi0 CFU decrease in lung bacterial burden
(relative tothe untreated controtf® Neverthelessfurther testing reveate22 to be astronghERG
inhibitor (96% at 1QuM vs 42% for8) andto causesome acute toxicity in mice at 500 mgA&g1°°

A newstudy by theseinvestigatos pinpointedcompound?3 (Figure 4) as a improvedead?!®’
This molecule provided simildiCgo potency againd¥itb H37Rv(<0.028uM), was nm-cytotoxic
to Vero cells CCso >112 uM) andwas well tolerated by mice at 2 g/kgomparedo 8, 23 also
provided asuperiormousePK profile, with a slightly longer haffife (6.7 h vs 5.1 h fo8) and much
greater oral bioavailability (42% vs 12% f8). In the acuteMtb infection BALB/c mouse model,
treatment witl23 (25 mg/kg for 3 weeks) reduced the CFU count in lungs53 g1 (relativeto
the untreated controlleaving no detectable bacterighe authorginally identified 23 as a possible
preclinical candidate, although the paper diddistloseanyinformationabouthERG inhibiton.

In 2019, this team also reported the results of an alternative SAR stfategymng orside chais
bearingan alkoxyimino grougcf. gemifloxacin and zabofloxadit®® The best lead[ZY -5-84 (24)
(Figure 4), shonedanMICgo valueof 0.028 uM againstMtb H37Rv(~65-fold less potent thag),*>®
with no cytotoxicity (CGo >128uM on VERO cells) minimalinhibition of hERG (1Go 48 uM) or
CYPs (IGo 7.8 uM for 2C19; others had >10 uM), and no mutagenicity (Ames tesBimilar to
23, in mouse PK studiesf 24 and8, 24 demonstratetletteroralabsorption(7- to 9-fold greater Gay)
andmuchhigheroral bioavailability (3% vs 9% for 8).1%81% This translatednto almostequivalent
efficacy for both compounds$ollowing oral dosingat 25 mg/kg for 3 weeks in a BALB/c mouse
model of acutévitb infection (ung CFUreductiors of 4.0 logo for 24 and 3.8 logp for 8, compared
to the untreatedtontrol group.®® A chronic Mtb infection experiment washen conducted in

C3HeB/FeJ micewhich developnore refractorynecrotic granuloma'®® Here, dosing ofompound
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24 or 8 at25 mg/kgfor 8 weeks alsgieldedequivalent efficacy (lungburden reduction df.8logio
CFU, relative to the control grougt the start of treatment™® These dataeinforcethe potential
benefis of improvingPK prdfiles in this classLead24was selected fdurtherpreclinicalevaluation
Additional promising lead compounds have been generated through modifications to the BTZ
scaffolditself. Gao et al. reporte@KLB-TB1001 (25) (Figure 4), whichis structurally related to
BTZ043(13) but features a thionmoiety on the thiazine ringthe chiral methyl group on the side
chain is also absent! This new analoguevas equipotent td3 againstMtb H37Rv (an MIC g of
0.046uM in the assayised butwasat least 4fold less cytotoxic thathe latter drugtoward A549
cells (CCsp values>231uM and 58uM, respectively. Another difference was th@b displayedin
vitro synergy with RIF whereadsl3 gavean additive effectA rat PK investication further revealed
that25had better oral bioavailability tha3 (44% vs 30%)although other parameters, such as-half
life (1.5 h vs 1.2 hand AUC(847 vs 89g®/mL), were comparabldloreover Jead25alsoshowed
substantiakfficacy in an acute infectiorMtb Erdman)BALB/c mouse modelwith oral dosing at
150 mgdkg for 4 weekddelivering a 3.4 logy CFU reduction in lung&elative to the vehicle contigl
whereadl3 (150 mg/kgwas surprisingly ineffectivel hefavourableactivity of 25was confirmed in
otheracute infection modefé2 However,acomprehensivén vivo metabolism studiateridentified
threemetabolicpathways eachinvolving reduction of thenitro group to inactive ame derivatives
which may havebroader implications for the BTZ clas&€® High human plasma protein binding
(99.4% similar to data foB), poor solubility (<2.3uM), andalow lung:plasmalistributionin mice
(1:2.7)were otheissues for thismolecule which wasnitially descrited as a preclinicaiandidates!
Another excellentexample of scaffoldswitchingis compound26 (Figure 4), in which the
thiazire ring of macozinon€8) has beemeplacedy a thiopyrarring. This lead was derived from a
wider medicinal chemistry studynductedy investigators at thastitute of Materia Medica, China,
who concurrentlyexplorel benzoxazinones and benzopyranoassalternative scaffold§* While
SARsvaried across these classes, compdfwas the most active of the thréeect analogues of

8 (MICg0<0.035 uMagainstMtb H37Ry, the same a8) and the least cytotoxmne(CCso >140 uM
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578 on VEROand HepG2 cells Surprisingly this new moleculg26) showed only modestpotency
579 against the DprEl enzyme @64.5 pM, cf. 0.20 uM for8). Compound26 exhibited good stability
580 toward human and mouse liver microsomesngparableto 8); it also displayel a substantidy
581 prolonged haHife in mice (73 h vs 19 h for 8), although, like8, its oral bioavailability was low
582 (13%). Furthermorein a BALB/c mouse model of acuteltb infection, oral dosing of26 at 100
583 mg/kg for 3 weekprovidedan impressiveb.4 logo reduction in lungCFU (relative to the untreated
584 control) The excellentin vivo resultsfor 26, supported byavourablesafety data (hER®Cso >30
585 pM and 1Go>50 puM against a panel @ffe CYPs),suggest significarpotential forthis novelclass
586 The samanvestigatos haverecentlyreported a new study based around one ofptbposed
587 metabolites o6 in hepatocytesalcohol27 (Figure 4).2% This active metabolitédMICgo 0.15 pM
588 againstMtb H37R\) was considerablyess lipophilic thar26 (ClogPwas loweed by 2 log units) and
589 had muchbetier solubility in water (18 uM vs <0.2 uKbr 26). These results prompted an assessment
590 of itsin vivoefficacy, using the acut®ltb infectionBALB/c mouse modelHowever, in comp&on
591 to 26, alcohol27 showed only modstutility, with oraldosing at 100 mg/kg for 3 weegss/inga 0.9
592  logioreduction in lung CFUNew ester and amidkeacds based or27 arecurrentlybeingevaluaed %
593 Meanwhile Borthwick et al.(2020)disclosed novel morpholinepyrimidine derivatives 29 and
594 30 (Figure 5) aspotentnon-covalentDprE1 inhibitos with enhancegbhysicochemical properties in
595 comparison to the origina TS hit, 28 (Figure 5).1% Compound29 and 30 respectivelyexhibited
596 MICgpvaluesof 0.6 and 1.7 pMagainstMitb H37RvandICsp values 0f0.025and0.09 pM against
597 the DprE1l enzym&@hese leads algisplayed low cytotoxicity toward HepG2 cells, wi@Cso values
598 of 50 and 32 uM, respectiveldditionally, both compoundshowed suitableaqueous solubility
599 (160 an dfor®%@ue30, ré8péctivelyput there was big difference in their stabiliéstoward
600 mouse and human liver microsomesth 29 demonstrahg moderate or high clearaneehereas30
601 gave low clearance valudgouse PK studiefurtherrevealed thaboth compounds had short kalf
602 lives (0.45 and 1.0 h) bwxcellentoral bioavailabilites (100% and 79%)Thesetwo leadswere

603 evaluatedor efficacy inarapidacuteassay®’ usingC57BL/6 mice infected witMtb H37Rv. Herg
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the candidatesvereadministeredrally at multiple dosefor 8 days, starting one day pastection,
and activity was quantified by Ebvalues(where ERg is the dosage thatecreasemycobacterial
load at day 9 posnhfection by 99%, compared to the untreated gr@up.0 logo CFU reduction)

Compound®9 and30 gave ERg values of 30 and 29 mg/kiamplying significantpromise'®®

0/\ N F
L NN
N 29
N. =N N
MICq, Mth H37Rv 1.7 uM
29 H|t -to-lead Hn -to-lead Lung CFU reduction = 2.0 logq,
MICqy Mtb H37Rv = 0.6 pM C ‘<\ Treatment dose = 23 mg/kg
Lung CFU reduction = 2.0 logy, T (MICgy Mth H37Rv = 4.0 pM) Treatment time = 8 days

Treatment dose = 30 mg/kg Acute Infection Mouse Model
Treatment time = 8 days
Acute Infection Mouse Model

o CN S NH, 32
0 TyNH o S MIC Mtb H37Rv = 0.7 uM
NH ° V=S
N Hit-to-lead o Y Lung CFU reduction = 0.5 logy,
0 ft-to-lea N Treatment dose = 200 mg/kg
——- .
F F 31 o Treatment time = 4 days
F F Acute Infection Mouse Model
{MIC Mtb H37Rv = 8.3 uM) 32
= O
o, 21 N o, /° 0
S 4 \N s N
S NH S NH NH
W Hit-to-lead b/ Scaffold Hopping L/
e S ——-
NH NH
o] O Q o]
/e IO -
34 33 35
34 33 35
MICgy Mtb H37Rv = 0.089 uM MICgy Mth H37Rv = 0.23-1.3 uM MICg, Mth H37Rv = 0.29 uM
Lung CFU reduction = 2.3 logy Lung CFU reduction = 2.9 logq Lung CFU reduction = 2.0 logyg
Treatment dose = 100 mg/kg Treatment dose = 100 mg/kg Treatment dose =100 mg/kg
Treatment time = 3 weeks Treatment time = 3 weeks Treatment time = 3 weeks
Acute Infection Mouse Model Acute Infection Mouse Model Acute Infection Mouse Mcdel

Figure 5. Morpholino-pyrimidine derivative29 and30, hydantoin32, andthiopheneamide

derivatives33-35as DprE1 inhibitors

The hydantoin derivative82 (Figure 5) is anothernoncovalentDprE1 inhibitoridentified by
researchers aBSK.%1® This compound was discovered through a tabgsed HTSstrategy,
followed by further optimisation of the initial H#1® (Figure 5). Compound32 providedan MIC
valueof 0.7 uM againsMtb H37Rvandwas notcytotoxic (CCso >100 uM on HepG2 cell$.1%8 It
also demonstratd high potency against thBprE1 enzyme (16 0.063 pM)anddid not interact

markedlywith thehERG potassium chann@Cso >50 uM). Lead32wasni c el y wa #486r

s ol
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p1M) and displayed moderate or low clearanpen exposure tmouse and humdiver microsomes
Anin vivoassessment &2in the rapid acuttb infectionassay’’ (usingC57BL/6Jmice), dosing
orally at200 mg/kgfor just 4 days (starting 5 days pastection), led to amodes.5 logo decrease
in lung CFU(relative tothe untreatedontrol).%® This outcome wadespite plasma levels remaining
above the MIC for 24 h after a single dok®wever, itis important tonote the brevity of this
experiment anthatonly theR-enantiomer oEompound32 contributes tdhe activity.

Liu et al.(2017)reported thenewthiazold4,5-c]pyridine amiddead TCA007 @34) (Figure 5)
as a promisindprE1 inhibitor.}’® This moleculewas obtained bgtructureguidedoptimisation &
the in vivo active screening hit TCA (33) (Figure 5), which the teamhaddiscloseda few years
earlier!’! Lead 34 gavean improved MIGo value of 0.08uM againstMtb H37Rv (cf. 0.23 pM for
33) andwas9-fold more potent thaB3 against the DprE1 enzyme derived frfnsmegmati¢lCso
0.0053 pM)"® Compoundd4 alsodisplayed naytotoxicity towardHepG2 oNVero cells CCso>100
pMM) and no hERG inhibition (165 >30 puM). Although explicit data were not provided, it was noted
that 34 showed enhanced®K properties, so ivas tested in BALB/c mouse models of acute and
chronic infection @gainstMtb Erdman). In theacute infectiorexperimentoral dosingof 34 at 100
mg/kg for 3 weeks resulted &2.3 logo CFU reduction idung bacterialburden(relative to vehicle
control). Similarly, dosing with34 at 200 mg/kg for 4 weeks in the chronic moeelto a >1.7 logo
CFU decreaseOverall, compound34 showed an excellenin vitro and in vivo profile but,
unfortunately it was found to inhibibne of the major CYP enzyme&C9 (ICso 0.1 puM). Because
TB treatment requires the combination of multiple drsgsh areffectcould produceproblematic
drug-drug interactionsHence, gucturebased desigis being used tbnd amore suitableandidate.

A differentgroupof investigatorgecentlydevelopedhe 4substitutedoenzamideanalogue3s
(Figure 5) through a systematic SAR study of the same 38).1"2 This new molecule35) also
displayedstrongcellularactivity (relative t033), with anMICgo valueof 0.29 uM againstMtb H37Rv
(a 4-fold improvement) Additionally, 35 exhibitedreduced cytotoxicity toward Vero cells (€€

>154 uMvs 85 pMfor 33), providing a superior Sl value (>531 v6 fbr 33); it also showed slightly
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lower hERG inhibition (IG 23 vs 18 uM).However 35 was8-fold less effective thathe starting

hit 33 at inhibiting DprE1 (ICses 2.2 and 0.27uM, respectively).The in vivo efficacy of both
compoundsvas evaluatedusing the BALB/c mouse model ocuteMtb infection. Following oral
dosing at 100 mg/képr 3 weeks, e newlead35 reduced the bacterial burden in the lungs by 2.0
logi0 CFU, compared to the untreated grquhereasdentical dosing of hiB3 gavea 29 log:10 CFU
lung burdendecrease in eepeatexperiment) Notwithstandinghis activity, 35 displayel a shorter
half-life than33(0.85 vs 2.2 h)inferior oral absorptiorfCmax 22-fold less than data f@&3), and very

poor oralbioavailability (7.9 vs43% for 33), indicating that furtheimprovemeninay beneeded

4.1.2 MmpL3

Like DprE1, te inner membrandransporter proteiMmpL3 is anotherfi p r 0 mi sbatu o u s ¢
importantdrugtarget incell wall biosynthesi&? Specifically, MmpL3 is responsible fothe export
and deliveryof mycolic acids(as trehalose monomycolgtéo the outer membrane of trell
envelopé? It has been shown that MmpL3 is essentiaMtis growth and survival, with its depletion
affecting surface permeabilily® Several crystal structures of MmpL3 derived fréin smegmatis
have been solved, with or without smailblecule inhibitorssuch asSQ109(4).52 Nevertheless, the
additional effect osomereported MmpL3 inhibitors on dissipating the transmembrane cluarge
protongradiens required to drive such transportaray further explaiheir mode of actiof?

One of the many interesting MmpL3 inhibitor claspablished in the past dec&dis N-benzyl
spiracycliccompounds o r  fArkepestammeddrona HTS hit,36 (Figure 6), whichwasfurther
elaborated intdhe preferredlead 37 (Figure 6) by investigatos from GSK.1"41”® This molecule
exhibited high potency againdtitb H37Rv (MICgo 0.06 pM), modestcytotoxicity (CCso 36 UM on
HepG2 cells),and a favourable PK profile (good oral exposure, with an oral bioavailability of
55%) 1’4 Further assessment®7 in the rapid acut®tb infection assayf’ (usingC57BL/6mice and
dosing orallyatup to50 mg/kg for 8 days, starting 1 day posection) revealed impressiwedficacy

(amaximal4.2 logio CFU decrease in lungacterial burderrelative to the untreated contr@indan
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EDgo value of 12 mg/kyy*”™ However the authorsitedvariousconcernsibouthERG inhibition (1Go
1.5 or10 pM), hepatotoxicity riskand limitedin vivo tolerability, together with low solubility (6
p1M) andhigh lipophilicity (ClogP 6.2) such thatheir work on ths classwasterminaed Recently,
Ray et aldescribed their optimisation ofsimilar pyrazole based spirocychtTS hit from the Lilly
collection, butalthoughlipophilicity, HepG2 cytotoxicityand hERGnhibition werenicely reduced

for a zwitterionic leadit showel no efficacy in thecute inéctionBALB/c mouse modet’®

(MICgy Mtb H37Rv = 0.30 uM)

© N . N s 37 R
x Hit-to-lead = MICg, Mtb H37Rv = 0.06 uM o
o —_— O Lung CFU reduction = 4.2 lo,
6 0 a7 e} g 910 AN

38
(MICqq Mtb H37Rv = 2.3 uM)

Ol

OCF;

O

s

39

Nﬁ
o}
/T _/
N o FoA
S M
N —-— —_—
)\ Scaffold
Hopping
44 F 43
44 43

MIC Mtb H37Rv = 0.15 pM
Lung CFU reduction = 1.5 log4g
Treatment dose = 50 mg/kg
Treatment time = 8 days
Acute Infection Mouse Model

MIC Mtb H37Rv = 0.12 pM
Lung CFU reduction = 2.0 log,,
Treatment dose = 49 mg/kg
Treatment time = 8 days
Acute Infection Mouse Model

Treatment dose = 50 mg/kg
Treatment time = 8 days
Acute Infection Mouse Model

N HN
R H {><

40: R=Cl;41:R=F

39
MICgo Mtb H37Rv = 0.76 pM
Lung CFU reduction = 0.8 log4g
Treatment dose = 100 mgikg
Treatment time = 4 weeks
Acute Infection Mouse Model

40
MICgg Mth H37Rv = 0.02 pM
Lung CFU reduction = 3.1 log,o
Treatment dose = 100 mg/kg
Treatment time = 4 weeks
Acute Infection Mouse Model

45
MIC Mtb H37Rv = 0.30 pM
Lung CFU reduction = 1.5 log;,
Treatment dose = 200 mg/kg
Treatment time = 4 days
Acute Infection Mouse Model

42
MICgo Mth H37Rv = 0.012 pM
Lung CFU reduction = 3.6 logy,
Treatment dose = 100 mg/kg
Treatment time = 4 weeks
Acute Infection Mouse Model

Figure 6. Aryl azaspirocycliaderivatives37 and39, indole-2-carboxamide40and42, and 1,5

disubstitutee(pyrrole or pyrazole) derivativet3-45 asMmpL3 inhibitors

In 2018 a teambased athe National University of Singaporeported astudyaboutstructurally

relatedindole derivativegontaininga spiroketamoietyas potent ardi B agens!”” Out of98 newly

synthesizednaloguesierived from theipreviouslead 38, compound39 (Figure 6) was the most

promising It displayedanMICgo of 0.76 pM againsMtb H37Rvandlow cytotoxicity toward Vero

cells (CGo 29 uM; an Sl of 38) Further studiesof 39 revealedadequate solubilitf28 uM),
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accepablerat microsomal stabilitya half-life of 28 min), andstrong partitioningnto lung tissuan
CD1 mice(due toits high lipophilicity: ClogP 5.7) A 'H NMR study of39 treated with the thiol
cysteamine (rumn deuteratedMSO containing 1% acetic agidlsoindicated good stabilityover
24 h suggesting that loss of the Mannich base side chain would poblblematic In the acuteMtb
infection BALB/c mouse model, oral dosing 80 at 100 mg/kg fodt weeks reducethe bacterial
load in lungs by0.8 logio CFU, relative to the untreated contré®lecent node of action studies
demonstratethat in addition to theariousmembrane disruptive effectsund with norspirocyclic
indolyl Mannich basege.g., inducing permeabilization angdregulatinga stresseporter promotey)
compound39directlyinhibits MmpL3, withoutaffectingthemembrane charge or proton gradiefits
Anotherwell-known class oMmpL3 inhibitors is indat-carboxamidesincluding NITD-304
(40) andNITD-349 @1) (Figure 6), which werediscloged by Novartis as preclinical candidates
2013and provided tahe TB Alliancein the following year?!® Stec et al(2016)reportedthe new
analogue4?2 (Figure 6), following optimisation of their earlier cyclooctylamide lead® This
compound4?2) showedmpressive potencagainstMtb H37Rv(MICgo of 0.012uM) andnegligible
cytotoxicity toward Vero cell§CCso 192 puM). It alsodid notsignificantly inhibit major CYPs or
hERG (IGo >30 uM). MousePK studies o412 and40 suggested greateral exposure fod2 (with
preferential accumulation ilngs over plasmy so both leads weradvanced inton vivo efficacy
testing In thisacuteMtb infectionexperimentBALB/c mice wereorally dosed withd2 or 40 at 100
mg/kg for 4 weeks, starting one day pwgection, leading toeductions in lung bacterial load &f1
and 11 logio CFU (relative to untreated controljespectively Additionally, a combination of RIF
and 42 displayed synergy in the same modeéverthelessyse ofa suboptimabral formulation
(0.5% carboxymethylcellulose in waleast some doubt on the efficacy differences observed
To resolvethis uncertainty regarding the best indalarboxamide candidateewin vivo studies
wereconductegdin collaboration with the TB Allianc&® The use ofin optimized formulatiorfor 42
(4:1 propylene glycal Tween 80 dramaticallyimprovedbothits oral bioavailability (from 22% to

96%) and efficacy in the aculdtb infection BALB/c mouse modéh 4.7 logio lung CFU reduction,
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relative to untreated control, was observed after dositig42 at 50 mg/kg for 4 weekslkinally, a
headto-headefficacy comparison o#2 and40 was maden BALB/c miceinfectedwith Mtb via a
high-doseaerosol(acute model)After 4 weeks obral dosingwith 42 or 40 at 100 mg/kgusinga
lipid-based formulation developed by Novartis in each ¢#se)ung bacterial load decreassd3.6
and 3.1 logoCFU, respectively, relative to untreated contcohfirming theslight superiority of42.

The known class of 1;8iarylpyrroles, exemplified by the first reported Mmpiughibitor
BM2125382 has also been explored recenyarting with then vivo activecompoundBM635 (43)
(Figure 6),281 Poce et al. developedrisopropylanaloguet4 (Figure 6) as a new leat#f? While the
in vitro activity and toxicity profile®f 43and44werecomparabléMtb MIC valuesof 0.12 and 0.15
MM, CGso values of 40 and 20 pM vs HepG2 cells, and hERG @lues of 10 and 16 pM,
respectively, thekinetic aqueous solubility af4 wasgreatlyimproved (19uM, cf. <1 uM for 43).
Additionally, membrane permeability was increasefbl@l for 44 and human serum albumin binding
was reduced (to 94.1% from 98.4% #38). Compoundi4 was tested foefficacy inthe 9-dayrapid
acute assa¥’’ using C57BL/6 mice infected witkltb H37Rv. Compared to the untreated control,
oral dosingwith 44 at 50 mg/kg for 8 days lowered the lung CFU count by 1.x.f8§However,
poor oral bioavailability (1%n C57BL/6mice) was an unresolved issue for this molecule.

In asubsequerdttempt tamprove this class, th@boveinvestigatorgurned to scaffoldhoppng.
They discovered that the central pyrrole ring could be replaced by pyrazole and idébt{feglre
6) as the best ledd® Compound45 wasonly 2-fold less potent thad4 (MIC of 0.30uM vs Mtb
H37Rv) anddisplayal low cytotoxicity (CGo 32 UM vs HepG2 cells), although proved to bea
moderate inhibitor of hLERG (Kg6.3 uM). This compound also showgdodaqueous solubilityl(52
MM) but slightly greaer binding to human serum albumin (96.4%)rtherassessment @b in the
same 9day rapid acut®ltb infectionassay (but dosingrally at 200 mg/kg for 4 days, starting 5 days
postinfection) againresulted in a 1.5 lag CFU reduction in bacterial loa@elative to untreated
control). With SARsvarying betweerpyrroles and pyrazoles, the mode of actiod®fvasstudied

by whole genomsequencing of resistahttb mutants, and MmpL3 was confirmedtastarget.
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4.1.3 InhA

Enoy+ACP reductasdighA) is an enzyme involved in the elongatioriasfg chain fatty acid$*
Specifically, itcatalyses thdouble bondeduction of2-trans-enoylsubstrates of at least 16 carbon
in length the laststep in the type Il fatty acid sywse (FASI) pathway Inhibition of InhA such as
with the firstline TB drug INH blocksmycolic acidbiosynthesig® Because most clinical resistance
to INH can be traced to mutations in KatG, the enzyme that activatggadisig, direct inhibitors
of InhA haverecentlybeen sought as potential alternative drug candidex&<B.

Screening of th&SK compound collection against Inf#adinitially identified thethiadiazole
hit GSK625 46) (Figure 7) and further optimisation produced the lead compound GSK693)(
(Figure 7).18 This molecule was a low nanomolar inhibitor of Inhi€« 0.007 uM) and showed
good activity againdvitb H37Rvbothwithin and outside of macrophages (MIC QM). Compound
47 was not cytotoxic tidepG2 cells CCso >50 uM) and displayedo inhibition of hERG (1Go >50
MM). Pleasindy, aqueous solubility wamarkedlyimproved (413 uM fod7 vs 9 uM for46) and
metabolic liabilities observed in MBwere reduced, leading to a betteousePK profile (a haltlife
of 56 min ancan oral bioavailability of 92%)lhis new lead47) was tested in the-8ay rapid acute
Mtb infection assay'®’ where oral dosingt 100 mg/kgfor 8 daysgavea largedecreasén lung
bacterial load (~® logio CFU vs untreated controf}® Dosing of47 at 300 mg/kg foB weeksin a
chronicMtb infection model alsted toexcellent efficacy (3 logio CFU reductiorin lungs relative
to the untreated contiglcomparable tthat ofINH (25 mg/kg. Finally, amuchlower frequency of
generating resistante 46 (4 x 108 mutantsCFU vs ~10° for INH) furthervalidated this approach

Xia et al.(2018)reported the discovery optimiseddiazaborine AN1285%49) (Figure 7) as a
potentInhA inhibitor, after screening againgturified Mtb InhA had identified the weak h48
(Figure 7).1% Compound49 exhibited an ICso value of 0.03 pM againsinhA (a 2@3-fold
improvement ove#8), anMICgo valueof 0.09uM againstMtb H37Ryv, andvery low cytotoxicity

against HepG2 cellsCCso >100 pM). It alsoretained high potenciesyainstMDR clinical isolates
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765 resistah to INH. A cocrystal structuravith InhA revealed tha#9 occupi@l both substrate and
766 cofactorbinding sites of the enzymdin contast to earlier inhibitors likd6, which occupedonly the
767 formerlocation). Diazaborine49 displayed asatisfactorymousePK profile (@ half-life of 3.5 hand
768 anoral bioavailabilityof 53%)andwas progressethto in vivoefficacy assessments the acutétb
769 infectionmodel C57BL/6 micg, oral dosing of49 at 50 mg/kgfor 9 daysled toa decrease lung
770 burden of3.7 logo CFU, relative tothe untreated controlMoreover in the chronicMtb infection
771 model (BALB/c mice)prolongeddosingof 49 at 100 mg/kdor 8 weekseducedhelung bacterial
772 loadby 1.7 logo CFU, relative tothe untreated controlAn additional experimentusingthe more
773 stringentC3HeB/FeJ mouse modebnfirmed this efficag, dosing of49 at 100 mg/kg fo# weeks
774 provideda 1.5 logio CFU reductionin lung burden, relative to the control at the start of treatifént.
775 Importantly,it was showrthat49 was taken up early and retained well in caseum and necrotic lung
776 lesions where mosextracellularbacteriaare locatedLead49 also hada muchlower tendency to
777 generad resistance than INH, both vitro (4 x 107) andin vivo (0.04% resistancéo 49 and 29%
778 resistance to INH waseenat the end ofhe last efficacy experiment. Taken together, these data
779 indicatethat49 has promisingttributes as a possikddternative to INH in TB therapy.

780 Aside from direct inhibitors of InhA, there aaésocompounds that have an indirdeit similar
781 overalleffect.Like INH, the Group CMDR-TB drug ETH is a prodrug that whextivated by the
782 enzyme EthA forms a covalent adduct with NAD, which binds to InhA and inhibits its aétfitg.
783 notedin Section 3phase | candidaBVL-GSK098(19) boosts the activity oE TH and overcomes
784 acquired ETHesistancdy interacting withaspecifictranscriptional regulator iMtb, triggering the
785 expression ofisecondenzyme activator for ETKMymA).*3! Boosting ETH activitywould enable
786 the use of lowedrugdoses that minimize side effectscieasig patientcomplianceo therapyThis
787 novel approach is beilgd by researchers at the Pasteur Institute Lille and the University of Lille.

788
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Figure 7. Pyrazolylaminethiadiazole47 and diazaborine derivativi9 asdirectInhA inhibitors

andspiroisoxazolineanalogues0 and oxadiazole derivative2 as ETH boosters

In 2017, these investigators had reported the discoveryaiher spiroisoxazolineanaloge
named SMAR#20 60) (Figure 7) that also boosted the activity of ETB.In this case, the molecule
50 promoted the expression of a new enzyme activator for ETH (EthA2) through binding to its
transcriptional repressor, EthRA cocrystal structureof 50 in EthR2 revealedchanges tothe
conformation of EthR2 such that it could no longpérd to its DNA target angrevent elevated
expression levels of EthAZhis had the effect of providingore efficientETH activation meaning
more potent inhibition of InhAThus, he MIC of ETHaloneagainsMtb H37Rvwas12uM, whereas
the combination of ETH an#0 (at 10 uM) gave an MIC 0f0.30 puM. Similarly, ETH resistant
MDR/XDR clinical strains yielded MIC$or ETH alone of 481540 uM, whereas in the presence of
50(at 10puM), theseMIC values were A5-3 uM. In anMtb-infected macrophage assapdisplayed
an ECso of ~0.020uM (whereECso wasdefined aghe concentratioof inhibitor that allowed ETH
at 06 uM to inhibit 50% ofMtb growth). The activityboosting effect ob0 wasnot observed for
nonthioamide TB drugsind wadurthervalidated in a acutenfection BALB/cmouse modalising

an ETHresistant Beijing strain d¥itb. Here, 3 weeks ajral dosing with ETH alone (at 50 mg/kg)



