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not beableto control andeliminatewhipworm infection,andrisksthe spreadof resis-
tanceto albendazolandmebendazol@ the parasitepopulation.We areattemptingto
developnewtreatmentdor parasiticworm infection, particularlyfocusedon whipworm.
We reporttheidentification of a clasof compoundsdiaminothienopyrimidines
(DATPs),which havenot previouslybeendescribedasanthelmintics. Thesecompounds
areeffectiveagainstadult stage®f whipworm, and alsoblock the developmenbf the
modelnematode. Our DATP compoundgeducethe ability of treatedegggo
successfullgstablishinfectionin amousemodelof humanwhipworm. Theseresultssup-
port apotentialenvironmentalsprayto control whipworm by targetingthe infectiousegg
stagan environmentahotspots.

Introduction
Current anthelmintics

Thebenzimidazolenthelminticsalbendazolend mebendazolaretypicallyusedto treat
humanwhipworm infection but arecompromisecby lackof single-dosefficacyandtherisk
of resistanceT hus,existingdrugslacksufficientefficacyin massdrug administration(MDA)
programsto adequatelygontrol or potentiallyeradicatevhipworm. Thisis amajor stumbling
blockin the WHO targetto eliminatemorbidity from soil transmittedhelminthiasesn chil-
drenby 2020.The currentapproachor controlling soil-transmittedhelminthssuchas

is masgdrug administrationof a single-dos@f albendazoler mebendazoleypically
repeatedannually[1]. Howeverfor infectionwith . ,  singledoseof benzimidazoles
leadto low curerates pnly 28%and 36%for albendazolandmebendazoleespectively2].
Thesecureratesaremuchlowerthanthoseof othermajor humansoil-transmittedhelminths,

andhookworm,demonstratinghe needfor improvementgo therapy

specificallytargeting Indeedmodellingstudieshavedemonstratedhat, dueto these
low curerates MDA with benzimidazolegloesnot interrupt whipworm transmissiorand
thuscannotachieveeradicationin manysettingdq3].

Furthermore the experiencdérom studieson veterinaryparasitess thatwidespreadisage
of anthelminticscanleadto rapid developmenbf resistanceThediscoveryof isolatef two
specie®f gastrointestinahematodesesistanto monepantebnly four yearsafterits introduc-
tion [4] underliestherealthreatto control programmesmposedby emergingdrug resistance.
Indeed the combinationof MDA programsandlow single-doseureratesmayfacilitatethe
developmenbf drug resistancén populationsof humanparasitesk-or exampleresistancéo
benzimidazolalrugsis causedy point mutationsin B-tubulin. Suchresistancenutations
havebeenfoundin . aftermassdrug administration[5], andhavebeenfound to
increasen frequencyafterMDA. High frequencyof resistancenutationsin a populationmay
beassociatewith loweregg-reductiorratesafterMDA [6]. Whilst thereis no clearevidence
yetof widespreadnthelminticresistancén humanpopulationsjdentificationof newdrugs
with novelmechanism®f actionsis warrantedto slowthe developmenbf drugresistance.

Trichuris lifecycle

A . infectionbecomegpatentwhenadultfemaleworms,embeddedn the gut of the
host,startto layeggsA singlefemaleworm canlay up to 20,00Gegger dayandtheseunem-
bryonatedegggasout with the faecesnd embryonaten the soil. Developmenbnly pro-
ceeddurther if the embryonateceggsareaccidentallyconsumedvia contactof the nexthost
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with contaminatedood, wateror soil. Onceingestedsignaldor hatchingarereceivedvhen
theegggeachthelargeintestine[7,8], the newlyemergedirst stagdarvaeinvadethe mucosal
epitheliumanddevelopmento the adult stageof the parasiteoccursthroughasuccessionf
larvalmoults.Importantly, evenwhenactiveinfectionsaresuccessfulljreated hostsarecon-
stantlyre-infecteddueto high levelsof infectiveegggresentwithin the waterandsoil,which
canremainviablefor years.

Currentanthelminticprogrammesincluding thosetargeting ,  focuson post-infec-
tion eradicationof existinginfections.However lifecyclestage®utsideof the hostarealso
potentialviabletargetsfor smallmoleculedrugs.Thus,both preventingeggembryonationand
reducingthe infectivity of embryonatedzggrior to ingestionoffertargetshat would break
the parasitdifecycle.

Screening ex vivo T. muris adults for new anthelmintic chemotypes

Themousewhipworm, . , isaconvenientmodelof the humanwhipworm asit canbe
grownroutinely in the laboratoryviainfection of severe&eombinedimmune deficiency(SCID)
mice.Screening adult . hasbeenusedto testthe anthelminticactivity of avari-

etyof compoundsjncluding approveddrugswith the potentialfor repurposingandalsoplant
extract§9+11].Werecentlyreportedasmallmoleculescreerutilising anautomatedassayor
assessmeumatf the motility of . adults.This screeredto the identificationof a
classof moleculegermeddihydrobenzoxazepinon@HB) which demonstratedencouraging
activityin this assayaswell asthe ability to reduce infectivity of treatedeggq12]. Most
of theactivemoleculesdentified from that screerbelongedo thedihydrobenz[ ][1,4]axaze-
pin-2(3 )-one chemotypebut interestinglyoneadditionalactivewasfrom acompletelydif-
ferentstructuralclassHerewereporttheidentification, synthesignd characterisatiornf a
serief compoundselongingto this secondchemotypeywhich hasnot previouslybeen
describedashavinganthelminticactivity,the 2,4-diaminothieno[3,2- Jpyrimidines (hence-
forth calleddiaminothienopyrimidinesor DATPS).

Materials and methods
Ethics statement

All animalexperimentavereapproveddy the University of ManchesteAnimal Welfareand
EthicalReviewBoardand performedunderthe regulationof the Home Office ScientificPro-
ceduresAct (1986)andthe Home Office projectlicence70/8127.

In vivo culture of Trichuris muris

wormswereculturedusingsevere&sombinedimmune deficiency(SCID) mice,atthe
BiologicalService&acilityatthe University of ManchesterMale andfemalemicewere
infectedwith 200infectiveembryonated. eggsviaoral gavageThirty-five daysater,
themiceweresacrificed Adult . wereobtainedfrom theintestineaspreviously
described12]. Wormsweremaintainedin RoswelParkMemorial Institute (RPMI) 1640
mediasupplementedvith penicillin (500U/mL) andstreptomycin(500ug/mL) atapproxi-
mately37ECandstudiedon the sameday.

Ex vivo T. muris adult maintenance for motility screen

Individual adultwormswereaddedto wellscontaining75uL of RPMI-1640medium,penicillin
(500U/mL), streptomycin(500pg/mL) plus1%v/v final concentrationof dimethylsulfoxide
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(DMSO) or compounddissolvedn DMSO. Platesvereincubatedat 37EC5%CO,. Motility
wasdeterminedafter24hours.

Automated motility assay

An automatedsystemwasusedto quantifyworm movementAn earlierversionof this system
hasbeenpreviouslydescribed13,14].Two hundredframemoviesof the wholeplatewere
recordedat 10framesper secondandthenmotility determinedby analgorithmbasedn
thresholdingpixel varianceovertime [15]. For the hit confirmationandexpansiorassays,
library materialwasusedatafinal concentrationof 100puM.Dose-responseurveswerecalcu-
latedwith the four factorlog-logisticmodelusingthe R package [16] or usingGraphPad
Prism.

Chemical synthesis

Thin layerchromatography{TLC) wasperformedon aluminium sheetsoatedwith 60F>s5,Sil-
ica.All solventsareusedanhydrousunlessstatedotherwise NMR spectravererecordedon
BrukerAV400(400MHz), BrukerAVIl 500(500MHz) or AVIIIHD 600(600MHz) instru-
mentsin the deuteratedsolventstated All chemicalshifts(d) arequotedin ppm andcoupling
constantg ), which arenot averagedn Hz. Residuakignaldrom the solventsvereusedasan
internal referenceusingthe stateddeuteratedolventInfrared spectravererecordedon aPer-
kin-Elmer 1750IR Fourier Transformspectrophotometeusingthin films on adiamondATR
surfacg(thin film). Only the characteristipeaksarequoted.Melting pointsweredetermined
usinga StanfordResearclsystem&Z-Melt. Lowresolutionmassspectrg( ) wererecorded
on anAgilent6120spectrometeand high resolutionmassspectrg HRMS ) onaBruker
microTOF massanalyzewusingelectrosprayonization (ESI).Compoundsweresynthesised
from commerciallyavailablestartingmaterialsandfully characterisethy Infrared (IR) Spec-
troscopy MassSpectrometrfESI-MS HRMS-ESIyandNuclearMagneticResonancéH and
13C NMR). Spectrasupportingthe synthesiof thesecompoundsareprovidedin the S1File.
2-Chloro-N-(2-(chlorophenoxy)ethyl)thieno[3,2-d]pyrimidin-4-amine (2a). ToaZ20
mL microwavevial containing2,4-dichlorothieno[3,2- Jpyimidine (1.50g,7.32mmol, 1.0
equiv,)in 1,4-dioxang15mL) atRT wasadded2-(2-chlorophenoy)ethylamineg(1.26g,7.32
mmol, 1.0equiv.)and , -diisopropylethylamine (2.5mL, 14.64mmol, 2.0equiv.)underan
argonatmosphereThevesselvassealedindthe reactionheatedat SOEGor 3 hours. The mix-

ture wascooledto RT,concentrated andthe cruderesiduewaspurified by flashcol-
umn chromatographysilicagel)to affordthetitle compoundasan off-white solid (1.59g,
649%).

mp = 118+119E® = 0.2;vmay (film)/cm™ = 3398m(NH), 3088W(CH), 2970W(CH),

1586garom.),1539m(arom.),1483m(arom.);*H NMR (500MHz, CDCly) & 7.75(1H, d,
=5.4Hz),7.39(1H,dd, =8.0,1.6Hz),7.36(1H,d, =5.4Hz),7.23(1H,ddd, =8.3,7.5,

1.6Hz),7.02(1H,dd, =8.4,1.4Hz),6.96(1H, apparentd, =7.9,1.3Hz),5.79(1H,t, =5.4
Hz),4.30(2H,t, =5.0Hz)4.13(2H, apparent, =5.4Hz);3C NMR (500MHz, CDCly) &
161.4158.1157.6,153.9,132.6,130.5128.1124.9123.5122.6114.7114.368.1 40.5;
LRMS(ESI) calculatedor [C14H1,0N3>°Cl,3%5-H] = 338.0found 337.9]M-H] ~, 100%cal-
culatedfor [C14H1,0N3>CIFCI *2S-HJ = 340.0found, 339.9M-H] -, 60%:HRMS(ESI') cal-
culatedfor [C14H1:0N3>°CL,3%S+H]" = 340.0073found 340.007[M+H] *

2-Chloro-N-(2-phenoxyethyl)thieno[3,2-d]pyrimidin-4-amine (2b). To a20mL micro-
wavevial containing2,4-dichlorothieno[3,2]pyrimidine (1.0g,5.0mmol, 1.0equiv.)in
1,4-dioxang10mL) atRT wasadded2-phenoxyethylamin€d.6mL, 5.0mmol, 1.0eq.)and ,
-diisopropylethylamine (1.7mL, 10.0mmol, 2.0equiv.)underanargonatmosphereThe
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vesselvassealedandthe reactionheatedat S0EGor 3 hours. The mixture wascooledto RT,
concentrated andthe cruderesiduewaspurified by flashcolumnchromatography
(silicagel)to affordthetitle compoundasan off-white solid (1.23g, 80%).

mp = 115.5+116.9ER; = 0.5(EtOACc: Petroleum1:4);vmax (film)/cm ™ = 3228w(NH),
3041WCH), 2962W(CH), 15979arom.),15819arom.),1533m(arom.),1511m(arom.),
(arom.),1496m(arom.),1469m(arom.),1434m(arom.);*H NMR (500MHz, CDCl,) § 7.72
(AH,d, =5.4Hz),7.34(1H,d, =5.4Hz),7.32+7.282H, m), 6.97(1H, appt, =7.3Hz),
6.96+6.922H, m), 5.78(1H,t, =4.8Hz),4.22(2H,t, =5.1Hz),4.11+4.062H, m); **C
NMR (126MHz, CDCls) 6 161.4,158.4,158.1157.5132.6129.7,124.8121.5114.6114.1,
66.2,40.9.LRMS(ESI) calculatedor [C14H10N3>Cl,*%5+H]" = 306.0found 306.0[M
+H]*, 100%calculatedor [C14H1,0N5>°CP'CI*%5+H]" = 308.0found 308.0][M+H] *, 40%,
calculatedor [C14H120N5>°CL,3°S+Na] = 328.0found 328.0]M+H] *, 60% calculatedor
[C14H1 0N3> CPCI*?S+Na] = 330.0found 330.0]M+H] *, 20%:HRMS(ESI') calculated
for [C14H1 20N> CL*%S+H]" = 306.0462found 306.0462M+H] *.

General synthetic procedure. To alOmL microwavevial containing2-chlorothieno[3,2- ]
pyrimidine (1.0equiv)in PrOH (10uL/mg chloride)atroom temperaturenvasaddedthe requi-
siteamine(10.0equiv.)underanargonatmosphereThe vesselvassealecindthe mixture heated
at 100EGor 16+24hours. Thereactionwascooledto ambienttemperaturg(RT), concentrated

andthe cruderesiduewaspurified by flashcolumn chromatographysilicagel).

N’-Methyl-N*-(2-phenoxyethyl)thieno[3,2-d] pyrimidine-2,4-diamine (3a, 0X02925).
Followinggeneraprocedurel, thetitle compoundwasobtainedfrom 2b (600mg, 1.96mmaol,
1.0equiv.)andmethylamineg(2.0M in THF, 9.8mL, 19.6mmol, 10.0eq).Purificationby flash
columnchromatography{MeOH:CH,Cl,; 1:49v/v) followedby trituration with cold Et,O
affordedthe desiredproductasa paleyellowviscousoil (526mg, 89%).

R = 0.2(MeOH:CH,Cly; 1:49V/V); vmax (film)/cm™ = 3418W(NH), 3232w(NH), 3038w
(CH), 2936W(CH), 15859arom.),15329arom.),1508qarom.),14609arom.),1405m
(arom.);*H NMR (500MHz, CDCls) 6 7.55(1H,d, =5.4Hz),7.33+7.282H, m), 7.15(1H,
d, =5.4Hz),7.00£6.961H, m), 6.96+6.9382H, m), 5.16(1H, brs),4.83(1H, brs),4.21(2H, t,

=5.26Hz),4.02(2H, m), 3.04(3H,d, =5.04Hz);%C NMR (126MHz, CDCl;) § 161.9,
161.8,158.5157.4130.4129.6124.1121.2114.5106.566.6,40.2,28.7. RMS(ESI") calcu-
latedfor [C1gH160N4**S+H]" = 301.1found 301.1[M+H] * 100%HRMS(ESI') calculated
for [C1eH1ON4C3?S+H]" = 301.111%0und 301.111§M+H] ©

N*-(2-(2-Chlorophenoxy)ethyl)-N°-(2-methoxyethyl) thieno[3,2-d] pyrimidine-
2,4-diamine (3b, 0X02926). Followinggeneraprocedurel,thetitle compoundwasobtained
from 2a (600mg, 1.76mmol, 1.0equiv.)and 2-methoxyethylamin€l.5mL, 17.6mmol, 10.0eq).
Purification by flashcolumn chromatography{MeOH:CH.Cl,; 1:49v/v) followedby trituration
with cold Et,O affordedthe desiredproductasan off-white solid (380mg,57%).

mp = 69+97EQELO); R = 0.1(MeOH:CH,Cly; 1:49V/V); Vmax (film)/cm™ = 3424wW(NH),
3304wW(NH), 3076wW(CH), 2949wW(CH), 1606m(arom.),15329arom.),1476m(arom.),
1460m(arom.),1444m(arom.),1412m(arom.);*H NMR (400MHz, CDCls) & 7.56(1H, d,

=5.3Hz),7.39(1H,dd, =7.9,1.4Hz),7.23+7.211H,m), 7.13(1H,d, =5.3Hz),7.00+6.92
(2H, m),5.29(1H, s),5.17(1H, s)4.27(2H,t, =5.2Hz),4.05(2H, apparenig, =5.4Hz),
3.68+3.594H, m), 3.40(3H, s):"*C NMR (151MHz, CDCl) § 161.8161.1157.3154.0,
130.5130.3,127.8,124.0123.3122.1,114.3106.8,71.6,68.2,58.7 41.4,39.9 RMS(ESI)
calculatedor [C17H140.N,>°CPP?S+H]" = 379.1found 379.1[M+H] *, 100%calculatedor
[C1H 140N, CP?S+Na] = 401.1found 401.1[M+Na]*, 10%:HRMS (ESI') calculatedor
[C1H 140N CP%S+H] = [M+H] *, 379.0990found 379.099IM+H] *

N4—(2-(2—chlor0phenoxy)ethyl)—Nz-(2—methoxybenzyl)thieno[3,2-d Ipyrimidine-
2,4-diamine (3¢, 0X03143). Followinggeneraprocedurel,thetitle compoundwas
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obtainedfrom 2a (240mg,0.70mmol, 1.0eq.)and 2-methoxybenzylanie (0.92mL, 7.0
mmol, 10.0eq.).Purification by flashcolumn chromatography{MeOH:CH,Cl,; 3:37v/v)
affordedthe desiredproduct(189mg, 61%)asathick paleyellowoil.

R = 0.4(MeOH:CH,Cly; 3:22V/V); vmax (film)/cm ™ = 3424W(NH), 3247W(NH), 2935w
(CH), 1587m(arom.),1553(arom.),1487(arom.),1461(arom.);'H NMR (600MHz, CDCls)
87.54(1H,d, =5.3Hz),7.38(1H,dd, =8.1,1.7Hz),7.36(1H,s)7.22(1H,ddd, =9.5,7.5,
1.6Hz),7.20(1H,ddd, =8.2,7.5,1.6Hz),7.12(1H,d, =5.3Hz),6.93(1H,dt, =7.5,1.5
Hz),6.91(1H,ddd, =8.1,7.1,1.1Hz),6.89(2H,d, =7.9Hz),5.34(1H,br), 5.29(1H, 1,

=5.3Hz),4.68(2H,d, =6.2Hz)4.20(2H,t, =5.3Hz),4.04(2H, apparenty, =5.3Hz),
3.87(3H, s);"*C NMR (151MHz, CDCly) § 161.9161.2157.6157.4154.1130.5130.3,
129.1128.1(x2),127.8123.9123.3122.1,120.3114.3110.1,106.668.2,55.341.4 40.0;
LRMS(ESTI') calculatedor [CoaH210N,>°CP?S+H]" = 441.1found 441.2[M+H] *, 100%;
HRMS(ESI") calculatedor [CogH2:0.N,>°CP?S+H]" = 441.1147ound 441.1142M+H] *

N*-(2-(2-chlorophenoxy)ethyl)-N>-methylthieno[3,2-d]pyrimidine-2,4-diamine (3d,
0X03147). Followinggeneraprocedurel,thetitle compoundwasobtainedfrom 2a (237
mg, 0.70mmol) andmethylaming(2.0M in THF) (3.5mL, 7.0mmol, 10eq).Purificationby
flashcolumn chromatography{MeOH:CH,Cl,; 1:19v/v) affordedthe desiredproduct (218
mg, 93%)asa palebrown oil.

R = 0.4(MeOH:CH,Cly; 1:19V/V); vmax (film)/cm ™ = 3247W(NH), 2940W(CH), 1588m
(arom.),1552m(arom.),1510m(arom.),1484m(arom.),1461m(arom.),1446m(arom.),1406
(arom.);*H NMR (600MHz, CDCls) 6 7.56(1H,d, =5.3Hz),7.38(1H,dd, =7.9,1.7Hz)
7.21(1H,ddd, =8.2,7.5,1.7Hz),7.15(1H,d, =5.3Hz),6.98(1H,dd, =8.2,1.5Hz),6.95
(1H,dd, =7.5,1.5Hz)5.31(1H,t, =5.5Hz),4.84(1H,s)4.27(2H,t, =5.4Hz),4.06(2H,
apparenty, =5.5Hz),3.04(3H,d, =5.0Hz);*C NMR (151MHz, CDCl,) § 162.0161.9,
157.5154.2,130.7,130.5128.0124.2,123.6,122.3114.6106.968.5,40.1,28.9,L RMS(ESI)
calculatedor [C1gH 150N CI*?S+H]" = 335.1found 335.0]M+H]+, 100%galculatedor
[C1H 150N CIP%S+H]" = 337.1found 337.0[M+H]+, 30% HRMS(ESI') calculatedor
[C1H150ON,3CIP?S+H]" = 335.07280und 335.072%M+H] * calculatedor [C1sH150N "
CIP?S+H]" = 337.06980und 337.069%M+H] *.

C. elegans growth assay

A mixed-stage. N2 populationwasobtainedby liquid culture (20ECaccordingto
standardmethodg[17]. It wasthenbleachedo obtainaneggpopulationwith 1.5mL 4M
NaOH, 2.4mL NaOCI,2.1mL water,washedhreetimes,andallowedto hatchin 50mL S-
basabufferat 20E@vernightto obtainasynchronised.1 population.For the growth assay,
49uL of S-completdéufferand 1 uL of DMSOor DMSO pluscompoundwereaddedto each
well of 96-wellplates50uL of aworm suspensiorfapproximately20synchronised-1 worms,
1%wlv . HB101in S-completduffer)werethenaddedto eachwell. Platesvereincu-
batedat 20Eeforeimaging5 dayslater. Worm movementwasstimulatedby insertingand
removinga 96-wellPCRplateinto/from thewellsof the assaylate,andthenwholeplate200
framemovieswererecordedat 30framesper secondGrowth wasquantifiedasa correlateof
movementusingthe sameautomatedsystendescribedearlier,which estimatesnovementor
eachwell by categorisingixelsasimagingmovementf their varianceis greatetthe meanplus
onestandarddeviationof the variance®f all the pixelson the plate[15].

Cytotoxicity testing
Themouserectalepithelialcellline CMT-93 (LGC Promochem Teddington,United King-
dom)wasusedfor thesestudiesThe WST-8andneutralred cytotoxicityassaysvere
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performedasdescribed12]. Briefly, cellswereculturedwith testcompoundsgchlorpromazine
positivecontrol or DMSO alone(final compoundconcentrationf 0 to 100uM) for 72hours.
TheWST-8assayvasthen carriedout usingthe Cell Counting Kitx 8 (SigmaAldrich #96992)
with anincubationtime of 2 hours.Thistime waschoseraccordingto the manufacturer's
instructionsandwassuchthatthe absorbancef the WST-8formazandyewaswithin thelin-
earrangeof the microplatereader Followingthis assaythe mediumwasexchangedandthe
ability of the cellsto takeup the dyeneutralred (concentration33 pg/mL, incubationtime 2
hours)wasdeterminedusingamicroplatereader(absorbancat 540nm). Resultsvereana-
lysedusingGraphPadPrismandfitted usingalog-logisticmodel.

In vitro and in vivo establishment of infection

100infectiveembryonatedeggsvereincubatedin deionisedvaterwith 1%v/v DMSO or test
compoundsatafinal concentrationof 100uM in 1%v/v DMSOfor 14 daysatroom tempera-
ture in the dark. Eggsverethenwashedandresuspendeth deionisedwater.For
hatchingassay400eggsvereaddedto 1 mL of . bacterialculturegrownin LB broth
overnightat 37EGshakingat 200rpm. Egg-bacteriatultureswereincubatedfor 24 hoursat
37EC5%CO, and hatchingdeterminedfollowing blinding by visualexaminationunderadis-
sectingmicroscopeFor hatchingassayj0eggsverecountedunderadissecting
microscopeandgivento a SCIDmousein 200uL water.At day15post-infectionmicewere
culledandthenumberof L2 larvaepresentn the caeca@ndcolonenumeratedn ablinded
mannerunderadissectingmicroscope.

Statistical analysis of in vivo establishment of infection data

Theexperimentwasconductedn two “experimentabatches'For batchonetherewere5 mice
in eachof the DMSOand 0X02926 groups.For batchtwo therewere9 micein eachof the
DMSOand0X02926 groups.Theraw data(numberof wormsthat establisheéhfectionin
eachmouse)areshownseparatedby batchandtreatmentin the S1Fig.

To analysehe dataweusedatwo-wayANOVA (worm number~ treatment* batch).This
showeda significanteffectof treatment[F(1,24)= 8.520 P = 0.00752]It alsoshoweda signifi-
canteffectof batch[F(1,24)= 10.956P = 0.00294]Therewasno significantinteraction
betweertreatmentandbatch[F(1,24)= 0.296 P = 0.59153]Thesignificanteffectof batch
reflectedhatin both DMSO-and 0X02926-treatedgroups the numberof wormsthat estab-
lishedinfectionwasgeneralljjowerin mousebatchlthanin batch2 (S1Fig).Variationin con-
trol worm establishmentywhichis commonplacen infectionsdueto naturalvariation
in egginfectivity from astandardise@ggnumber,waswithin expectedangesWetherefore
took theapproachof normalisingeachdatapoint by dividing by the meanof the DMSO-treated
groupfor thatbatch.Thisyieldedthe % batchnormalisednfection establishment.

We usedatwo-wayANOVA (% batchnormalisedinfection establishment treatment*
batch)to analysehe data.Therewasa significanteffectof treatment[F(1,24)= 9.569,

P =0.00497put no effectof batch[F(1,24)= 0.083P = 0.77618pr interaction[F(1,24)=
0.0830.77618]Wethereforeconducteda post-hocTukeyHSD testwhich showedhat infec-
tion establishmenin the 0X02926-treatedgroupwassignificantlydifferentfrom the DMSO-
treatedcontrol group (P = 0.0050).

Embryonation assay

Onehundredunembryonatedggsveretreatedwith water,1%v/v DMSOin wateror test
compoundsatafinal concentrationof 100uM (unlessstated)with 1%v/v DMSO,in thedark
at26ECeitherfor 56daysor for shorterperiodsasdescribedimageswerecollectedon an

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006487  July 11,2018 7/24


https://doi.org/10.1371/journal.pntd.0006487

Diaminothienopyrimidines, a new chemotype for the control of whipworm

OlympusBX63upright microscopeusinga60x/ 1.42PlanApoN (Oil) objectiveand captured
andwhite-balancedisingan DP80camera Olympus)in monochromemodethroughCell-
Sendimensionv1.16(0Olympus).Imageswverethen processedndanalysedisingtheimage
analysigplatform Fiji [18].

Results
Ex vivo T. muris adult motility screen

We haverecentlydescribeca smallmoleculescreerfor newanthelminticswhichused
reductionor lossof motility of adult . asanendpointfor screenind12].
Thisscreerwasdesignedo identify compoundsactiveon asexistingdrugsare
notablylessefficaciousagainsthis nematodeandit is comparativelyevolutionarilydis-
tantto nematodesypicallyscreenedn anthelmintic-discovey efforts,suchas .

and . . Fromthis primary screenwefound 13membersofthe
d|hydrobenzoxazep|nonehemotypewhlch hadnot previouslybeenshownto have
anthelminticactivity.

In thisreportwedescribeheidentificationof aseconchewanthelminticchemotype
from this screenA single2,4-diaminothieno[3,2- Jpyimidine (DATP) compoundwas
foundin the primary screenThis hasbeengiventheidentifier 0X02926 (Fig 1A). We
confirmedthis activityin asecondarycreerusingthe samesourcesampleg(DMSO solu-
tion containing10mM compound),andalsotestedanumberof structurally-relate com-
poundsfrom our smallmoleculecollectionusingthe sameassayFig 1B).Therationale
for thiswasto gaingreaterconfidencen the screeninchit andalsoto explorethe activity
of @near-neighbourdmoleculesvith the samecore2,4-diaminothieno[3,2-d]pyrimiihe
structure,which couldsupportthe earlydevelopmenbf the seriesThehit expansiorpro-
cesdedto theidentification of threefurther activemoleculesn this series0X02925,
0X03143 and0X03147 (Fig 1C). Two structurally-relateccompoundsverehowevemot
activein thisassayFig 1D).

Resynthesis of active compounds

Havingidentified promisingactiveDATPsfrom testingof DMSO solutionsample®f com-
pounds thesewerethenresynthesisetb obtainauthenticunambiguoushcharacterisedam-
plesfrom which confirmatoryscreeningcouldtakeplace Compoundresynthesiss important
sinceDMSO solutionsamplegandegradeovertime, andthis oftenleadsto so-calledfalse
positive'hits [19]. Thesecompoundscouldbereadilypreparedn two stepfrom commercially
available2,4-dichlorothieno[3,2- Jpyrimidinel, viatwo sequentiahucleophilicaromaticsub-
stitution reactionsTreatmentof 1 with 2-(2-chlorophenoxy)ethylaminer 2-phenoxyethyla-
mine gaveexclusivelymonosubstitutionaffording 2a and 2b asasingleregioisomeiin 64%
and80%yield respectivelySubsequerdisplacementeactionat C4 gaveauthenticsample®f
0X02925, 0X02926, 0X03143 and0X03147 in 57+91%yield (Fig 2).

Activity of resynthesised diaminothienopyrimidines in the T. muris ex vivo
adult motility assay
Theresynthesizedits werethentestedn this screerandaconcentration-responseurvecon-

structed therebyconfirming the anthelminticactivity of severakxample®f this structural
clasqFig 3,Fig4).
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Fig 1. Identification of a diaminothienopyrimidine series from an ex vivo T. muris motility screen. (a) Structureof
the hit compound whichwasgiventheidentifier 0X02926. (b) Hit exparsionby testingof structuraly-related
compounda usinglibrary material,assagoncentrationl00uM.Significancevasdeterminedby atwo-sidedMann-
Whitney testcomparedo DMSO-orly controls,adjustedor multiple comparisos usingthe Bonferronimethod(for
testcompounds = 5, eachreplicateon differentassaylatesgachpoint indicatesoneassayvell). Bluebarindicates
meanmovementscore(c) Structuresandidentifiersof additional activecompoundsrom this class(d) Structures
andPubChenCID accessionumbersfor thetwo compoundsthatwerenot significanty activein thisassay.

https://abi.org/10.1371durnal.pntdd006487.9g001

Chemical properties of the hit series and synthetic suitability for further
development

Thisclasshas’lead-like'or “drug-like'chemicalpropertieg22], althoughit isimportantto
notethatin the contemporarymedicinalchemistryliteraturethis termis usuallyappliedin the
contextof imparting oral bioavailabilitycharacteristicéFig 4). For agentdargetingthe gastro-
intestinallocated , minimal systemi@xposureof the hostis desirableandthereforeit
is critical to differentiatebetweerthe conventionallyusedterminologyandparameterdor
“drug-like'moleculeswhich affectsolubility and permeability comparedo propertiesthat
would berelevantio agentgargetingotherbodycompartmentsRecentiteraturehas
describedhis important caveafor non-peripheralCNSdrugs[23], andindeedfor anti-para-
siticdrug developmenf24]. Importantly, thereis considerablescope&or generatinghelarge
numberof structuralvariantsof the DATPsneededor theiterativeimprovementof com-
pound propertiesduring the downstreaneadoptimisationprocess.

Active diaminothienopyrimidines block C. elegans development

Althoughwearefocusecdbn developingananthelminticwith improvedefficacyoverexisting
drugsagainst ,  activityacrosgshe nematodgphylumis valuableparticularlyasefficacy
againsieconomicallysignificantagriculturalanimalparasitesvould makefurther develop-
mentmore economicallyiable.

Wethereforewantedto testthe activity of the DATP chemotypeagainsthe cladeV nema-
tode . Usingaquantitativedevelopmentassayo measurehe growth of
synchronised.1 stagavorms,wetestedvaryingconcentrationsf the compoundgo deter-
mine the concentration-responseffectsAs shownin Fig 5, all four DATP compoundswvere
activein thisassayvith EGsgvaluesrom 7£87uM.

Interestingly the DATPsdisplaydiffering trendsin activity betweerthe and .

assaydAt this stagevedo not know whetherthis reflectsdifferent potencyat thetarget

N IN > o R NN . R NN
cl X o~ X ! o~ N !
N N
/ H Y/ H Y/
1 2aR'=Cl, 64% 3a (0X02925); R" = H; R? = NHMe, 89%
2b R'=H, 80% 3b (0X02926); R' = CI; R? = NHCH,CH,OMe, 57%

3c (0X03143); R = CI; R? = NHCH,(2-OMePh), 61%
3d (0X03147); R! = Cl; R?2 = NHMe, 93%

Fig 2. Synthetic route to putative hit compounds. (a) Substitutec®-phenoxythan-1-anine (1.0equiv.),DIPEA (2.0equiv.),1,4-dioxane80EC3 hours.(b) Alkyl
amine(10.0equiv.), PrOH, 100EC16+24hours.

https://dbi.org/10.1371durnal.pntdd006487.g002
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Fig 3. Concentration-response curves for resynthesized DATPs in the T. muris ex vivo adult motility assay. n = 4 or 5wellsperconcentraion per
compound eachreplicat on adifferent96-wellplateusingwormsfrom differentmice.Blueline indicatesconcentratiorresponseurvefitted with the
3-factorlog-logigic modelusing  [16]. Figurein parenthesisndicatesE G5 estimater standarderror from this model.0X03143 did not clearlyform a
sigmoidalcurvein therangeof concentratiors usedin this assagowereportthe EC50estimae as> 80uM.

https://doi.0g/10.1371Hurnal.pntd006487.g003

or differentpatternsof drug accesbetweerthe specieshut the findingshighlighttheimpor-
tanceof screeningagainst in the searcHor novelanthelminticagentgargetingwhip-
worm. Thedatafrom eachof theseassayaswellasstructuraldescriptorsand Lipinski rule
assessmeffior thefour DATP compoundsandotheranthelminticsaresummarisedn Fig4.
Theleadingmemberof the dihydrobenzoxazepinte clasg0X 02983 is shownin Fig 4 for
comparisonEGsgvaluedor thetwo seriesarecurrentlyin asimilarrange.

Assessment of the cytotoxicity of the diaminothienopyrimidine series

It wascritical to ensurethat this seriesof compoundsshowedminimal cytotoxicitytowards
mammaliancells,and showedselectiveactivity againsthe parasite For examplegut cytotox-
icity mayresultin the compoundshavingtoo narrow atherapeutiovindow. Selecteéxamples
of the DATPswereassessefdr cytotoxicityusingthe mousegut epithelialcellline CMT-93
(Tablel). Although,the DATPsexhibitedincreased cytotoxicityin theseassaysom-
paredto the previouslyreportedDHB serieq12], anencouragingpverallprofile wasexhibited
for theseearlystagemoleculesFurthermore the nematodecuticleoftenlimits drug access
whichreducedargetengagemerntby smalldrug-like moleculeg§25,26].Thismeanshat com-
pound optimisationto improveuptakethroughthe cuticlemaybeafruitful routeto improved
anti-nematodeselectivityaswell asimproving the cytotoxicity profile.
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Fig 4. Properties and activities of resynthesized diaminothienopyrimidines, and other anthelmintics. RMM: relativemoleculemassHBA: numberof hydrogen
bondacceptorsHBD: numberof hydrogen bond donors tPSA:topologicalpolarsurfaceareacalculatedisingDataWarior [20]. ROTB:numberof rotatablebonds 2
Datafrom [15]. ? Datafrom [21]. ¢ Datafrom [12].

https://da.org/10.1371durnal.pntd006487.g004

It isinterestingto notethatthe activity against

did not correlatewith cytotoxicity,

with themostcytotoxiccompound(0X03143) showingthe lowestactivityin the .
adultparalysisassaywith anECso > 80uM. This suggestthat eitheranti- activityis
distinctfrom cytotoxicaction,or that differentialdrug accessanbeexploitedto achievedif-
ferentialhost-parasit@ctivity. Either possibilityis encouragingand suggestthat continued
explorationanditerativeimprovementof the DATP structuremight beanticipatedto delivera
more potentanthelminticwith acceptabl@osttoxicity.
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Fig 5. Concentration-response curves for resynthesized DATPs in the C. elegans growth assay. n = 5wellsper
concentraion percompound eachreplicateon adifferent96-wellplate .Blueline indicatesconcentréion-resporse
curvefitted with the 4-factorlog-logistc modelusing  [16]. Figurein parenthesisndicatesEGspestimae + standard
error from this model.

https://cbi.org/10.1371durnal.pntdd006487.g005

Activity of diaminothienopyrimidines against the infective egg stages of T.
muris

Developingnovelanthelminticsto disruptthe . life cycleatthe eggstagerepresents
anexcitingand complementanstrategyto an oral therapyandis particularlyattractiveas .
eggsarehighly resistanto extremetemperaturechangesndultravioletradiation,
therebyremainingviablein the environmentfor manyyearq27]. We assessegahetherthe
DATP derivativesverecapableof affectingeitherinfection establishmentr embryonationof

Table 1. Summary of the cytotoxicity in a mouse epithelial cell line of the DATP series. MouseCMT-93rectalepi-
thelialcellswereusedfor this assayMaximum testedconcentraion was100uM. 8, error range(in parenthess)

shows95%confiderceinterval. ECspvaluesn theadult paralysisssayreshownfor comparison
Compound WST-8 EC5 (UM) Neutral red ECs, (uM) Adult Trichuris paralysis assay ECs, (uM)
0X02925 75(48+124) 29(19+43) 47
0X02926 43(28+67) 21(15+31) 27
0X03143 15(9+26) 5(3+7) >80
0X03147 37(24+57) 21(14+30) 44

https://abi.org/10.1371djurnal.pntdd006487.t001
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eggsWefirst exploredwhetherthe compoundscouldalterthe establishmentf infection by
soakingembryonated. eggsn thetestcompounddor 14dayswashingthe eggsand
thendetermininginfectivity both and (Fig6A).

To determineeffectson hatching,aprotocolmodified from that previously
described8] wasestablishedvherebyeggsvereinducedto hatchwhenincubatedn aculture
of at37ECTheresultsaresummarisedn Fig 6B.Strikingly all DATPswere
capableof significantlyreducing hatchingcomparedo the DMSO control.

a
% hatching calculated
on blinded samples
. L after 24 hours
Co e In vitro hatching: Eggs incubated
@ o@ — » Eggs with E. coli
SLC washed
@ o@ .
Mice culled 14 days
_ . .
Embryonated eggs post infection and
soaked in compound worm burdens counted
for 14 days In vivo hatching: 40 eggs/mouse on blinded samples
by oral gavage
b * ok K ok c
! Xk k%
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Fig 6. Reduced worm burden in mice given T. muris eggs that had been treated with diaminothienopyrimidines. (a) Embryonatedeggsveresoakedn
compoundfor 14dayswashedn waterandthenusedin either or hatchingassaygb) Treatmentwith DATPsreducedheability of embryonated
eggdo hatchin . bacteridsuspensiomfter24hours.A one-wayANOVA showedasignificantdifferencebetweertreatmentgroups(F (5,26 = 25.950<0.0001)

with apost-hocDunnett'scomparedo DMSO control (**** = p<0.0001) 7 (DMSO), 5(DATP compound)(c) SCIDmicewereinfectedwith 40eggsand
worm burdenassesseat day15postinfection. Theexperimet wascarriedout in two batcheswith n = 5andn = 9 micerespectivly in eachof the controland
treatmentgroups.Datawerenormalisedfor eachbatchrelativeto the meanof the DMSO-only control groupfor thatbatch.Blueline indicatesmeanfor each
treatmentgroup.A two-wayANOVA showeda significant effectof treatment{F(1,24)= 9.569P = 0.0049Y but no effectof batch[F(1,24)= 0.083P = 0.77618br
interaction[F(1,24)= 0.0830.77618]A post-hocTukeyHSDtestshowedhatthe 0X02926-treatedgroupwassignificartly differentfrom the DMSO control group
(P=0.0050).

https:/Hoi.org/10.137/4ournal.prd.0006487.9g006
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Diaminothienopyrimidines reduce the ability of T. muris eggs to infect

mice

To extendthis finding, we selectedX 02926 to testin an hatchingandinfection estab-
lishmentassayasthis compoundshowedboth asignificantdecrease hatchinganda
smallstandarddeviationbetweersamplesThe eggsveresoakedasfor the experiment

and SCIDmicewereinfectedwith 40treatedeggq0X02926 or DMSO) by oral gavageEgg
infectivity wasquantifiedat day15postinfection by culling the miceand countingthe number
of established 2 larvaein the gut. All L2 larvaecountedhada normal morphologyasviewed
underadissectingnicroscope.

This experimentwascarriedout in two batchesandthe raw dataareshownin the S1Fig.
Becauseariationin control worm establishmenis commonplacen infectionsdue
to naturalvariationin egginfectivity from astandardise@&ggnumber,wetook the approach
of normalisingdatafor eachbatchrelativeto the meanof the DMSO-onlycontrol groupfor
thatbatch.This allowedusto determinethe effectsof 0X02926 treatment(afull statistical
descriptionis givenin the Methodssection).Theresultsareshownin Fig 6C.We usedatwo-
wayANOVA (% batchnormalisedinfection establishment treatment* batch)to analysehe
data.Therewasasignificanteffectof treatment[F(1,24)= 9.569 P = 0.00497put no effectof
batch[F(1,24)= 0.083P=0.77618pr interaction[F(1,24)= 0.0830.77618]Wetherefore
conducteda post-hocTukeyHSD testwhich showedhat infection establishmenin the
0X02926-treatedgroupwassignificantlydifferentfrom the DMSO-treateccontrol group
(P=0.0050)Treatmentof eggswith 0X02926 wasableto significantlyreducethe burdenof
worms by anestimated10%.Thisis likely to reflectreducednfectivity of DATP-treated

eggs.

Activity of diaminothienopyrimidines against the embryonation of T.

muris eggs
Theability of the DATPsto alterthe embryonationof . eggswvasinvestigatedy soak-
ing unembryonated. egg<ollectedovernightfrom live adult . in thetestcom-

poundsat 26EJor the duration of the embryonationprocesg56+60days) During
embryonationthefirst larvalstageof the parasitedevelopsvithin the eggshell(Fig 7A) from a
ball of cells(Fig 7B). Treatmentwith the DATPs0X02925 and 0X03147 resultedn asignifi-
cantincreasen the percentag®f unembryonatedgggresentcomparedo the DMSO con-
trol (Fig 7C).Importantly, althoughthe other DATPsdid not alterthe percentagef eggs
unableto undergothe embryonationprocessthe larvaethat developedvereatypical(Fig 7D+
71). Theseatypicallarvaeweremorphologicallyalteredwith the granulegpresentwithin the
larvaeappearindesddistinct.

As 0X03147 hadtheclearesphenotypewith asignificantincreasan the numberof unem-
bryonatedeggsa concentrationresponsetudywasperformedto determineif aneffectcould
beseeratlowertreatmentdosesAdditionally, werepeatedhe experimentatroom tempera-
ture to allowfor more physiologicatonditionsratherthanthe constan26E Qutilisedin the
initial studyto standardiseonditionsacrosexperimentsAlthoughtheincreasechumberof
unembryonatedeggsvasonly detectedatthe highestdrug dosetested(100uM) atboth 26EC
androom temperaturegFig 7C and 7J)striking effectson eggmorphologywasdetectableat
concentrationsaslow as1 uM with significantlarvalstuntingobservedFig 7K).

To determineif aneffecton embryonationcouldbeobservedollowing ashortenedirug
exposuravesoakedinembryonatedggsn 100uM 0X03147 at26EGor week<0+2,0+3,
2+40r 4+60f embryonation Althoughtherewasno increasdn the proportion of unembryo-
natedeggobservedn anytreatmentgroup (S2FFig) therewereclearmorphological
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Fig 7. Unembryonated T. muris eggs treated with diaminothienopyrimidines have altered embryonation. Unembyronate eggsvere
soakedn 100uM compound(unlessspecifiecbtherwis¢ at 26EQunlessspecifiedtherwiseYor the duration of the embryonationprocess
(56+60days)andthenembryondion determinedandeggsmagedusingan OlympusBX63microscofe. ScaldarindicateslOum. (a) Typical
embryonaedeggand (b) unembryonagdegg.(c) treatmentwith DATPsincreasedheincidence of unembryonaed eggsRepresetative
picturesof (d) DMSO, (e) 0X02925, (f) 0X02926, (g) 0X03143 and(h) 0X03147 100uM and (i) 0X03147 1 uM soaked. eggs(j)

Unembyronaed eggssoakedn 0X03147 atroom temperatire for 56 daysandembryondion determined(k) Unembyronatedeggsoakedn
0X03147 at 26EJor 56 daysandlarvallengthcalculate usinglmageJ.

https://da.org/10.1371¢urnal.pntdd006487.9007
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alterationsn the L1 larvaewithin the eggfollowing exposureo 0X03147 during week+3,
2+40r 4x60f the embryonationproces¢S3A+S3Eig). Themoststriking observationwasthe
clearlarvalstuntingobservedollowing drug soakingfrom week+3(S2Cand S2GFig).A
one-wayANOVA testshoweda significanteffectof treatmenton larvallength,F(4,21)=
3.984P = 0.0147A post-hocDunnett'stestshoweda significantdifferencein the Weeks0+3
treatmentgroupcomparedo the DMSO-onlycontrol group (P = 0.0076)This appearedo
phenocopythe effect0X03147 hadwhentreatedfor the duration of the embryonationprocess
at1uM (Fig 7K). Additionally, in the 2+4weekand4+6weekgroups althoughlarvallength
wasnot affectedtherewasevidenceof structuralalterationsn the L1 larvaewith alesdistinct
structurepresentandalteredgranulationwithin thelarvae(S2Dand S2EFig).

To theknown rangeof applicationsof DATPsin medicinalchemistrywecannow add
anthelminticactivity. This studysuggesttheyhavesignificantpotentialfor further develop-
mentinto dual-actingtherapeuticagentgor boththe reductionof egginfectivity,
andembryonationin the environment.Thus,their actionson both the embryonatedand
unembryonateceggstagesnayenableabreakin the parasitdifecycle.

Discussion

Gastrointestinahematodeparasitesemainasignificanthumanhealthburden.Current
anthelminticslackefficacyand achievdow curerates threateningthe targetssetby the World
HealthOrganisationfor control of soil-transmittedhelminths[2,28].In particular,existing
drugshavenotablylow efficacyagainst. ,  thehumanwhipworm. . maybe
especiallgifficult to targetasit inhabitsthe largeintestineandisin partintracellular[29]. The
metabolicallyactiveanterior of the worm, the stichosomeis buriedin the hostepithelialcells
lining the gut, affordingsomeprotectionfrom orally deliveredanthelmintics.

Diaminothienopyrimidines (DATPs), a new anthelmintic chemotype

Werecentlyreportedasmallmoleculescreerfor newanthelminticstargetingthe gastro-intes-
tinal (GI) nematodeparasite thatidentified the dihydrobenzoxagpinone
(DHB) chemotypeThe DHBshadnot previouslybeenascribedanthelminticactivity [10].
Here,wedescribea secondclasof novelanthelmintic,the diaminothienopyrimidines
(DATPs).The potentialfor this earlystageseriess significant;their chemicakynthesiss facile
andlendsitselfto iterativeoptimisation,which will facilitatestructuralmodificationsaiming,
for exampleto increasdocalepithelialpenetrancendhenceimproveefficacyduring future
developmentFurthermore their straightforwardproductionimpartsafavourablecostbenefit
aspecto theseries.

Other thienopyrimidines-their applications and targets

Thienopyrimidineshavereceivednuchinterestin medicinalchemistryastheyarebioisosteres
for purines,suchasthe nucleicacidcomponentsadenineandguanine Theyarealsorelatedto
quinazolinesanimportant clasf kinaseinhibitors, including gefitinib and erlotinib, which
actby recognizinghe ATP-bindingsiteof the enzym¢g30]. Thieno[2,3- Jpyrimidin esarea
particularlyimportant scaffoldwith manyreportedexample®f protein kinaseinhibitors, as
wellasinhibitors of dihydrofolatereductasekainatereceptoragonistsanda,-adrenoreceptor
antagonist$31].

Thethieno[3,2- Jpyrimidine scaffoldfoundin thecompoundseportedin this study,has
alsobeeninvestigatedA seriesof 2-aryl4-morpholinoderivativeshavebeenidentified as
phosphatidylinositol-3-kinasimhibitors [32], leadingto the discoveryof the PI13K inhibitor
GDC-0941(pictilisib) [33] andthe dual PI3K/mTORinhibitor DGC-0980(apitolisib)[34].
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Thesstructuresof thesecompoundsareshownin the S3Fig,in comparisorwith the 2,4-diami-
nothieno[3,2- Jpyrimidine 0X02926. Pictilisib andapitolisibareunderdevelopmengasanti-
canceragentshavebeentoleratedin Phasé trials for solidtumors,andPhasdl trials have
commenced35,36].

A serief 2,4-diaminothieno[3,2-]pyrimidines havebeendescribedasorally activeanti-
malarialagentg437], with activityin thelow nanomolarrangeagainst !
Thesstructuresof thesecompoundsareshownin the S3Figin comparisonwith 0X02926.
Thisanti-malarialseriesvaslaterimprovedby systematienodification givingimprovedanti-
malarialactivity,but unfortunatelycontinuedhERGinhibition [38]. Whilst our DATP com-
poundshavethe samecorescaffoldasthe anti-malarialseriestheyhavedifferent substituents,
andin particularlackthe 6-arylsubstituenthatis critical for anti-malarialactivity andfound
in all compoundgestedfor hERGactivity. However the authorswereableto demonstrate
thathERGactivity could beremovedthrough modification of the C1 substitutuentsuggesting
thatthis potentialliability is not instrinsicto the 2,4-diaminothieno[3,2-]pyrimidine core.
We havenot yetperformedhERGassessmeimif our compoundshut this will form animpor-
tant part of the future developmenbf this series.

A serieof 2,4-diaminothieno[3,2-]pyrimidines hasalsorecentlybeenreportedasactive

againsthe endosymbiotidacterium" , with potentialuseagainsfilarial nematodes
[39]. In neitherthe anti-malarialor anti-" casds the moleculartargetof the com-
poundsknown.

DATPs, their potential and route to a new anti-whipworm oral therapy

Themajor goalof our researclis to developaneworal therapyfor trichuriasis,which couldbe
widelyusedin massdrug administrationprogramdeadingto the eradicationof humanwhip-
worm. Suchanagentshouldhavea substantiallyhighersingle-doseureratethanthe current
drugsusedin massdrug administration,albendazolandmebendazoleédrug developments
long processandrecentwork hasdefineda setof criteria, tailoredto neglectednfectiousdis-
easedpr progressiorin the hit to leadandleadoptimisationstage$40,41].0ur DATP series
membersareearly-stageompoundsn the developmenprocessThe compoundsmeetalmost
all of the criteriafor hit selectiorin neglectedliseasesncluding confirmedactivity with resyn-
thesizedmaterial,dose-dependent activity,atractablechemotypehat passedrug-like-
nesdilters suchasthe Lipinksi rule of five,and an establishedyntheticroute of only two steps
[40]. Themostpressingveaknessf the serieds the smallselectivitywindow for their activity
againsthe parasitecomparedo cytotoxicityin amammaliancellline. Improving this property
for theseearlystagecompoundsmustbea priority for future developmentThe DATP com-
poundsalsomeetsomeof the milestonesn the hit to leadprocessparticularin termsof drug-
likenessandthe exploitabilityof the structure giving the ability to generatevariantsand estab-
lishthe structure-activityrelationshipandhenceimprove potencyandselectivity{41]. The
activity of 0X02926 in the adultwhipworm motility assayECso= 27uM, equivalento
10.2pg/ml)alsoreacheshe activity thresholdfor leadcompoundghat hasbeendeterminedfor
drug developmenggainsthe microfilarial nematodet $ [41].In summarythe
DATP seriesarepromisingearly-stageompoundswith anumberof lead-likefeatures.
Improvementof potencytogetherwith anunderstandingof parasite/hosselectivityand phar-
macokineticpropertieswill bethe focusof the nextstepsof development.

Activity against the egg stage of T. muris

In additionto activity againsthe adult stageof whipworm, the DATPswerealsoableto signif-
icantlyreduceegghatching,both and . Thesadataarein keepingwith members
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of the DHB seriesyhich alsowereableto inhibit parasiteegghatching.Howeverunlike the
DHB seriesweidentified membersof the DATPsthat alsosignificantlyreducedhe percent-
ageof eggseembryonating , with othermembersof the DATP seriesappearingo disrupt
theembryonationprocesstesultingin defectsn embryonicelongationandabnormalegg
shape. eggembryonationoccursgraduallyandthe mechanisnby whichit occursis
currentlyapoorly understoodprocessA detailedcharacterisatiomf the morphological
changesvhich occurwith the eggduring embryonationhasbeendescribedand
other speciegappeaito undergothe sameprocessOncethe unembryonatedunseg-
mentedeggsaredepositedthetwo clear,nuclei-likeareasnovetogetherandfuse.Cellular
divisionthenbeginsjnitially occurringasymmetricallywith two blastomeresf unequalsize.
Thelargerblastomerghendividesagainandthen subsequentlgachblastomerelividesin
two until ablastulaformedof manysmallblastomereslevelopsTheinitial larvaldifferentia-
tion thenoccurswith the appearancef amotile cylindricalembryo,which graduallyturns
into aninfectivelarvawith its characteristioral spearThefully developedarvais no longer
motile andisthoughtto beanL1 larvaasno moult is observedvithin theegg[42]. Theembry-
onationprocesss temperaturesensitive The effectof temperatureon eggembryonationhas
beencharacteriseth detailin recentyeardor . eggwith the embryonationprocess
acceleratedt 30+32EComparedo 18ECwith degeneratiorf the egggatherthanembryo-
nation observedit highertemperature$40EC)At low temperature$5+10ECho embryona-
tion occurshowevemncetheseeggsarethentransferredo optimal embryonation
temperaturemormal embryonationproceedg$43]. Similartemperaturesensitivityhasbeen
describedor other specieincluding with differentspeciegmbry-
onatingwith differentkinetics[44,45].More researchs requiredto understandhe mecha-
nismsbehindthis embryonationprocesswhich maythenallowan evenmoretargeted
approachto breakingthelife cycle.

Potential and feasibility of an environmental treatment

Humansbecomdnfectedwith viaafaecabral route. Adult parasitesn theintestine
shedunembryonatedggswhich pasout with the faecesandembryonaten the externalenvi-
ronmentoveraperiodof five weeksEggscanremainviablein the environmentfor many
months[46]. Parasiteeggsareonly infectiveif fully embryonatediponingestion.Thus,the
ability of the DATPsto disrupt both theinfectivity of embryonatedeggsandthe embryonation

processtselfsuggesta potentialenvironmentalcontrol to decrease infectionratesin
thefield without the needto developand administeraneworal anthelminticto theinfected
population.

In particular,it hasbeennotedthatthe environmentalpool of infectiouseggamakeshose
individualssuccessfullyreated typicallyonceor twice peryear,in massdrugadministration
programsatrisk of reinfection[47]. It hasthereforebeenproposedhatimprovementsn sani-
tation arerequiredin additionto anthelminticMDA. We suggesthat anenvironmentally-act-
ing, egg-targetingigentpotentiallydevelopedrom our DATP seriescompoundsgcould playa
complementaryoleto helpbreaktransmissiorin parallelwith MDA andsantitation
improvements.

Clearlyit is not possibleo widelytreatlargeareaf endemicregionswith suchanenviron-
mentalcontrol. Instead we envisage¢hetargeteduseof DATPsin the environmentat sitesof
high parasiteeggdensity thesemight includefor examplefocusingtreatmentaroundpit
latrines,asit is known that pit latrinesmaybeafocalpoint of infectionwith ahigh concentra-
tion of eggof soil-transmittedhelminths[48]. In astudyin Ethiopia, prev-
alencewvashigherin communitieswith greatetatrine usaggcomparedo field or yard
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defecation)suggestinghat basicpit latrinesmayin somecircumstancebeineffectiveat
reducinginfection[49]. Howeverimprovedsanitationfacilitiesgenerallyjncluding pit
latrines,ventilatedimprovedpit latrines,andflushtoilets,do reduceSTHinfectionrates
[47,50].

Suchanegg-targetedgentshouldhavealimited negativeeffecton the environment,have
asuitableformulation for practicaldelivery,andbeableto blockeggviability atlow concentra-
tion in the environment.The DATP serieswhich damageeggdevelopmenandinfectivity
whenappliedatfairly high concentrationg1 to 100uM)for quitelong periodsof time (from 2
to 3weekdo 60days)showpotentialfor developingsuchanagentHowevertheseproperties
needto beimprovedduring future developmentyhile achievingan appropriatesafetyand
environmentalprofile.

Conclusions

In summarywereportthe discoveryof anewclasof anthelmintic,the DATPs,which pos-
sesseactivity directedagainstadult stage. parasiteandthe eggstagelmportantly, as
achemicakerieshe DATPSarenotable sincetheyarerelativelyfacileto producesyntheti-
callytherebypresentingconsiderablescopdor structuralmodificationsto improveefficacy
anddeliveranoptimisedagent.
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S1 Fig. Raw data separated by batch for the in vivo hatching experiment. Eachpoint indi-
catesonemousethat hasbeeninfectedwith T. muris eggghat hadbeentreatedwith deionised
waterplus1%v/v DMSO (control) or deionisedwvaterplus 1%v/v DMSOandfinal concentra-
tion 100pM0X02926 for 14days Blueline indicatesmeanfor eachtreatmentgroup.

(PDF)

S2 Fig. Unembryonated T. muris eggs treated with 0X03147 for part of the embryonation
process have altered morphology. Unembryonateceggsveresoakedn 100pM 0X03147 at
26Edor the duration specifiecandthenembryonationdeterminedandeggsmagedusingan
OlympusBX63microscopeScaléarindicateslOum. Representativgicturesof (a) DMSO,
(b) 0X03147 week9+2,(c) 0X03147 week90D+3,(d) 0X03147 week2+4,(e) 0X03147
weekd1+6.Following56 daysembryonationwasdetermined(f) andlarvaelength(g), egg
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S3 Fig. Structures of selected thieno[3,2-d]pyrimidine compounds in development com-
pared to 0X02926.
(PDF)
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