


not beableto control andeliminatewhipworminfection,andrisksthespreadof resis-
tanceto albendazoleandmebendazolein theparasitepopulation.Weareattemptingto
developnewtreatmentsfor parasiticworm infection,particularlyfocusedon whipworm.
Wereport theidentificationof aclassof compounds,diaminothienopyrimidines
(DATPs),whichhavenot previouslybeendescribedasanthelmintics.Thesecompounds
areeffectiveagainstadultstagesof whipworm,andalsoblockthedevelopmentof the
modelnematode�. �
��	��. Our DATP compoundsreducetheability of treatedeggsto
successfullyestablishinfectionin amousemodelof humanwhipworm.Theseresultssup-
port apotentialenvironmentalsprayto control whipwormby targetingtheinfectiousegg
stagein environmentalhotspots.

Introduction

Current anthelmintics

Thebenzimidazoleanthelminticsalbendazoleandmebendazolearetypicallyusedto treat
humanwhipworminfectionbut arecompromisedby lackof single-doseefficacyandtherisk
of resistance.Thus,existingdrugslacksufficientefficacyin massdrugadministration(MDA)
programsto adequatelycontrol or potentiallyeradicatewhipworm.This isamajorstumbling
blockin theWHO targetto eliminatemorbidity from soil transmittedhelminthiasesin chil-
drenby2020.Thecurrentapproachfor controllingsoil-transmittedhelminthssuchas����
������ ismassdrugadministrationof asingle-doseof albendazoleor mebendazole,typically
repeatedannually[1]. Howeverfor infectionwith �. ��������	, singledosesof benzimidazoles
leadto low curerates,only 28%and36%for albendazoleandmebendazolerespectively[2].
Thesecureratesaremuchlowerthanthoseof othermajorhumansoil-transmittedhelminths,

��	��� 
����������� andhookworm,demonstratingtheneedfor improvementsto therapy
specificallytargeting���������. Indeedmodellingstudieshavedemonstratedthat,dueto these
low curerates,MDA with benzimidazolesdoesnot interrupt whipwormtransmissionand
thuscannotachieveeradicationin manysettings[3].

Furthermore,theexperiencefrom studieson veterinaryparasitesis thatwidespreadusage
of anthelminticscanleadto rapiddevelopmentof resistance.Thediscoveryof isolatesof two
speciesof gastrointestinalnematodesresistantto monepantelonly four yearsafterits introduc-
tion [4] underliestherealthreatto control programmesimposedbyemergingdrugresistance.
Indeed,thecombinationof MDA programsandlow single-dosecureratesmayfacilitatethe
developmentof drugresistancein populationsof humanparasites.Forexample,resistanceto
benzimidazoledrugsiscausedbypoint mutationsin β-tubulin. Suchresistancemutations
havebeenfound in �. ��������	 aftermassdrugadministration[5], andhavebeenfound to
increasein frequencyafterMDA. High frequencyof resistancemutationsin apopulationmay
beassociatedwith loweregg-reductionratesafterMDA [6]. Whilst thereisno clearevidence
yetof widespreadanthelminticresistancein humanpopulations,identificationof newdrugs
with novelmechanismsof actionsiswarrantedto slowthedevelopmentof drugresistance.

Trichuris lifecycle

A �. ��������	 infectionbecomespatentwhenadult femaleworms,embeddedin thegutof the
host,startto layeggs.A singlefemaleworm canlayup to 20,000eggsperdayandtheseunem-
bryonatedeggspassout with thefaecesandembryonatein thesoil.Developmentonly pro-
ceedsfurther if theembryonatedeggsareaccidentallyconsumedviacontactof thenexthost
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with contaminatedfood,wateror soil.Onceingested,signalsfor hatchingarereceivedwhen
theeggsreachthelargeintestine[7,8], thenewlyemergedfirst stagelarvaeinvadethemucosal
epitheliumanddevelopmentto theadultstageof theparasiteoccursthroughasuccessionof
larvalmoults.Importantly,evenwhenactiveinfectionsaresuccessfullytreated,hostsarecon-
stantlyre-infecteddueto high levelsof infectiveeggspresentwithin thewaterandsoil,which
canremainviablefor years.

Currentanthelminticprogrammes,including thosetargeting���������, focuson post-infec-
tion eradicationof existinginfections.However,lifecyclestagesoutsideof thehostarealso
potentialviabletargetsfor smallmoleculedrugs.Thus,bothpreventingeggembryonationand
reducingtheinfectivity of embryonatedeggsprior to ingestionoffer targetsthatwouldbreak
theparasitelifecycle.

Screening ex vivo T. muris adults for new anthelmintic chemotypes

Themousewhipworm,�. �����, isaconvenientmodelof thehumanwhipwormasit canbe
grownroutinely in thelaboratoryvia infectionof severecombinedimmunedeficiency(SCID)
mice.Screening�� ���� adult �. ����� hasbeenusedto testtheanthelminticactivityof avari-
etyof compounds,includingapproveddrugswith thepotentialfor repurposing,andalsoplant
extracts[9±11].Werecentlyreportedasmallmoleculescreenutilising anautomatedassayfor
assessmentof themotility of �� ���� �. ����� adults.Thisscreenledto theidentificationof a
classof moleculestermeddihydrobenzoxazepinone(DHB) whichdemonstratedencouraging
activityin thisassay,aswellastheability to reduce�� ���� infectivity of treatedeggs[12]. Most
of theactivemoleculesidentifiedfrom thatscreenbelongedto thedihydrobenz[�][1,4]oxaze-
pin-2(3�)-one chemotype,but interestinglyoneadditionalactivewasfrom acompletelydif-
ferentstructuralclass.Herewereport theidentification,synthesisandcharacterisationof a
seriesof compoundsbelongingto thissecondchemotype,whichhasnot previouslybeen
describedashavinganthelminticactivity,the2,4-diaminothieno[3,2-�]pyrimidines(hence-
forth calleddiaminothienopyrimidinesor DATPs).

Materials and methods

Ethics statement

All animalexperimentswereapprovedby theUniversityof ManchesterAnimal Welfareand
EthicalReviewBoardandperformedundertheregulationof theHomeOfficeScientificPro-
ceduresAct (1986)andtheHomeOfficeprojectlicence70/8127.

In vivo culture of Trichuris muris
�. ����� wormswereculturedusingseverecombinedimmunedeficiency(SCID)mice,at the
BiologicalServicesFacilityat theUniversityof Manchester.Maleandfemalemicewere
infectedwith 200infectiveembryonated�. ����� eggsviaoralgavage.Thirty-five dayslater,
themiceweresacrificed.Adult �. ����� wereobtainedfrom theintestineaspreviously
described[12]. Wormsweremaintainedin RoswellParkMemorial Institute(RPMI) 1640
mediasupplementedwith penicillin (500U/mL) andstreptomycin(500μg/mL) atapproxi-
mately37ÊCandstudiedon thesameday.

Ex vivo T. muris adult maintenance for motility screen

Individual adultwormswereaddedto wellscontaining75μL of RPMI-1640medium,penicillin
(500U/mL), streptomycin(500μg/mL) plus1%v/v final concentrationof dimethylsulfoxide
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(DMSO)or compounddissolvedin DMSO.Plateswereincubatedat37ÊC,5%CO2. Motility
wasdeterminedafter24hours.

Automated motility assay

An automatedsystemwasusedto quantifyworm movement.An earlierversionof thissystem
hasbeenpreviouslydescribed[13,14].Two hundredframemoviesof thewholeplatewere
recordedat10framespersecondandthenmotility determinedbyanalgorithmbasedon
thresholdingpixelvarianceovertime [15]. For thehit confirmationandexpansionassays,
library materialwasusedatafinal concentrationof 100μM.Dose-responsecurveswerecalcu-
latedwith thefour factorlog-logisticmodelusingtheRpackage��� [16] or usingGraphPad
Prism.

Chemical synthesis

Thin layerchromatography(TLC) wasperformedon aluminium sheetscoatedwith 60F254sil-
ica.All solventsareusedanhydrousunlessstatedotherwise.NMR spectrawererecordedon
BrukerAV400(400MHz), BrukerAVII 500(500MHz) or AVIIIHD 600(600MHz) instru-
mentsin thedeuteratedsolventstated.All chemicalshifts(δ) arequotedin ppmandcoupling
constants(�), whicharenot averaged,in Hz.Residualsignalsfrom thesolventswereusedasan
internalreferenceusingthestateddeuteratedsolvent.Infraredspectrawererecordedon aPer-
kin-Elmer1750IR FourierTransformspectrophotometerusingthin films on adiamondATR
surface(thin film). Only thecharacteristicpeaksarequoted.Melting pointsweredetermined
usingaStanfordResearchSystemsEZ-Melt.Lowresolutionmassspectra(���) wererecorded
on anAgilent6120spectrometerandhigh resolutionmassspectra(HRMS���) on aBruker
microTOFmassanalyzerusingelectrosprayionization(ESI).Compoundsweresynthesised
from commerciallyavailablestartingmaterials,andfully characterisedby Infrared(IR) Spec-
troscopy,MassSpectrometry(ESI-MS,HRMS-ESI)andNuclearMagneticResonance(1H and
13C NMR). Spectrasupportingthesynthesisof thesecompoundsareprovidedin theS1File.

2-Chloro-N-(2-(chlorophenoxy)ethyl)thieno[3,2-d]pyrimidin-4-amine (2a). To a20
mL microwavevial containing2,4-dichlorothieno[3,2-�]pyrimidine (1.50g,7.32mmol,1.0
equiv,)in 1,4-dioxane(15mL) atRTwasadded2-(2-chlorophenoxy)ethylamine(1.26g,7.32
mmol,1.0equiv.)and�,�-diisopropylethylamine (2.5mL, 14.64mmol,2.0equiv.)underan
argonatmosphere.Thevesselwassealedandthereactionheatedat80ÊCfor 3 hours.Themix-
turewascooledto RT,concentrated�� �	��� andthecruderesiduewaspurified by flashcol-
umn chromatography(silicagel)to affordthetitle compoundasanoff-whitesolid(1.59g,
64%).

mp = 118±119ÊC;R� = 0.2;νmax(film)/cm-1 = 3398m(NH), 3088w(CH), 2970w(CH),
1586s(arom.),1539m(arom.),1483m(arom.);1H NMR (500MHz, CDCl3) δ 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, apparenttd, � = 7.9,1.3Hz), 5.79(1H, t, � = 5.4
Hz), 4.30(2H, t, � = 5.0Hz) 4.13(2H, apparentq, � = 5.4Hz); 13C NMR (500MHz, CDCl3) δ
161.4,158.1,157.6,153.9,132.6,130.5,128.1,124.9,123.5,122.6,114.7,114.3,68.1,40.5;
LRMS(ESI-) calculatedfor [C14H11ON3

35Cl2
32S-H]- = 338.0,found337.9,[M-H] -, 100%,cal-

culatedfor [C14H11ON3
35Cl37Cl 32S-H]- = 340.0,found,339.9[M-H] -, 60%;HRMS(ESI+) cal-

culatedfor [C14H11ON3
35Cl2

32S+H]+ = 340.0073,found340.0071,[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-dioxane(10mL) atRTwasadded2-phenoxyethylamine(0.6mL, 5.0mmol,1.0eq.)and�,
�-diisopropylethylamine (1.7mL, 10.0mmol,2.0equiv.)underanargonatmosphere.The
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vesselwassealedandthereactionheatedat80ÊCfor 3 hours.Themixture wascooledto RT,
concentrated�� �	��� andthecruderesiduewaspurified by flashcolumnchromatography
(silicagel)to affordthetitle compoundasanoff-whitesolid(1.23g,80%).

mp = 115.5±116.9ÊC;R� = 0.5(EtOAc:Petroleum;1:4);νmax(film)/cm-1 = 3228w(NH),
3041w(CH), 2962w(CH), 1597s(arom.),1581s(arom.),1533m(arom.),1511m(arom.),
(arom.),1496m(arom.),1469m(arom.),1434m(arom.);1H NMR (500MHz, CDCl3) δ 7.72
(1H, d, � = 5.4Hz), 7.34(1H, d, � = 5.4Hz), 7.32±7.28(2H, m), 6.97(1H, appt, � = 7.3Hz),
6.96±6.92(2H, m), 5.78(1H, t, � = 4.8Hz), 4.22(2H, t, � = 5.1Hz), 4.11±4.06(2H, m); 13C
NMR (126MHz, CDCl3) δ 161.4,158.4,158.1,157.5,132.6,129.7,124.8,121.5,114.6,114.1,
66.2,40.9;LRMS(ESI+) calculatedfor [C14H12ON3

35Cl2
32S+H]+ = 306.0,found306.0,[M

+H]+, 100%,calculatedfor [C14H12ON3
35Cl37Cl32S+H]+ = 308.0,found308.0,[M+H] +, 40%,

calculatedfor [C14H12ON3
35Cl2

32S+Na]+ = 328.0,found328.0,[M+H] +, 60%,calculatedfor
[C14H12ON3

35Cl37Cl32S+Na]+ = 330.0,found330.0,[M+H] +, 20%;HRMS(ESI+) calculated
for [C14H12ON3

35Cl2
32S+H]+ = 306.0462,found306.0462,[M+H] +.

General synthetic procedure. To a10mL microwavevialcontaining2-chlorothieno[3,2-�]
pyrimidine (1.0equiv)in �PrOH (10μL/mg chloride)atroom temperaturewasaddedtherequi-
siteamine(10.0equiv.)underanargonatmosphere.Thevesselwassealedandthemixtureheated
at100ÊCfor 16±24hours.Thereactionwascooledto ambienttemperature(RT),concentrated��
�	��� andthecruderesiduewaspurified byflashcolumnchromatography(silicagel).

N2-Methyl-N4-(2-phenoxyethyl)thieno[3,2-d]pyrimidine-2,4-diamine (3a, OX02925).

Followinggeneralprocedure1,thetitle compoundwasobtainedfrom 2b (600mg,1.96mmol,
1.0equiv.)andmethylamine(2.0M in THF, 9.8mL, 19.6mmol,10.0eq).Purificationby flash
columnchromatography(MeOH:CH2Cl2; 1:49v/v) followedby trituration with coldEt2O
affordedthedesiredproductasapaleyellowviscousoil (526mg,89%).

R� = 0.2(MeOH:CH2Cl2; 1:49v/v); νmax(film)/cm-1 = 3418w(NH), 3232w(NH), 3038w
(CH), 2936w(CH), 1585s(arom.),1532s(arom.),1508s(arom.),1460s(arom.),1405m
(arom.);1H NMR (500MHz, CDCl3) δ 7.55(1H, d, � = 5.4Hz), 7.33±7.28(2H, m), 7.15(1H,
d, � = 5.4Hz), 7.00±6.96(1H, m), 6.96±6.93(2H, 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); 13C NMR (126MHz, CDCl3) δ 161.9,
161.8,158.5,157.4,130.4,129.6,124.1,121.2,114.5,106.5,66.6,40.2,28.7;LRMS(ESI+) calcu-
latedfor [C15H16ON4

32S+H]+ = 301.1,found301.1[M+H] +
, 100%;HRMS(ESI+) calculated

for [C15H16ON4C
32S+H]+ = 301.1119,found301.1118[M+H] +

.

N4-(2-(2-Chlorophenoxy)ethyl)-N2-(2-methoxyethyl)thieno[3,2-d]pyrimidine-

2,4-diamine (3b, OX02926). Followinggeneralprocedure1,thetitle compoundwasobtained
from 2a (600mg,1.76mmol,1.0equiv.)and2-methoxyethylamine(1.5mL,17.6mmol,10.0eq).
Purificationbyflashcolumnchromatography(MeOH:CH2Cl2; 1:49v/v) followedbytrituration
with coldEt2O affordedthedesiredproductasanoff-whitesolid(380mg,57%).

mp = 69±97ÊC(Et2O); R� = 0.1(MeOH:CH2Cl2; 1:49v/v); νmax(film)/cm-1 = 3424w(NH),
3304w(NH), 3076w(CH), 2949w(CH), 1606m(arom.),1532s(arom.),1476m(arom.),
1460m(arom.),1444m(arom.),1412m(arom.);1H NMR (400MHz, CDCl3) δ 7.56(1H, d,
� = 5.3Hz), 7.39(1H, dd, � = 7.9,1.4Hz), 7.23±7.21(1H, 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, apparentq, � = 5.4Hz),
3.68±3.59(4H, m), 3.40(3H, s);13C NMR (151MHz, CDCl3) δ 161.8,161.1,157.3,154.0,
130.5,130.3,127.8,124.0,123.3,122.1,114.3,106.8,71.6,68.2,58.7,41.4,39.9;LRMS(ESI+)
calculatedfor [C17H19O2N4

35Cl32S+H]+ = 379.1,found379.1,[M+H] +, 100%,calculatedfor
[C17H19O2N4

35Cl32S+Na]+ = 401.1,found401.1,[M+Na]+, 10%;HRMS(ESI+) calculatedfor
[C17H19O2N4

35Cl32S+H]+ = [M+H] +, 379.0990,found379.0991[M+H] +
.

N4-(2-(2-chlorophenoxy)ethyl)-N2-(2-methoxybenzyl)thieno[3,2-d]pyrimidine-

2,4-diamine (3c, OX03143). Followinggeneralprocedure1,thetitle compoundwas
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obtainedfrom 2a (240mg,0.70mmol,1.0eq.)and2-methoxybenzylamine(0.92mL, 7.0
mmol,10.0eq.).Purificationby flashcolumnchromatography(MeOH:CH2Cl2; 3:37v/v)
affordedthedesiredproduct(189mg,61%)asathick paleyellowoil.

R� = 0.4(MeOH:CH2Cl2; 3:22v/v); νmax(film)/cm-1 = 3424w(NH), 3247w(NH), 2935w
(CH), 1587m(arom.),1553(arom.),1487(arom.),1461(arom.);1H NMR (600MHz, CDCl3)
δ 7.54(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, t,
� = 5.3Hz), 4.68(2H, d, � = 6.2Hz) 4.20(2H, t, � = 5.3Hz), 4.04(2H, apparentq, � = 5.3Hz),
3.87(3H, s);13C NMR (151MHz, CDCl3) δ 161.9,161.2,157.6,157.4,154.1,130.5,130.3,
129.1,128.1(x2),127.8,123.9,123.3,122.1,120.3,114.3,110.1,106.6,68.2,55.3,41.4,40.0;
LRMS(ESI+) calculatedfor [C22H21O2N4

35Cl32S+H]+ = 441.1,found441.2,[M+H] +, 100%;
HRMS(ESI+) calculatedfor [C22H21O2N4

35Cl32S+H]+ = 441.1147,found441.1142[M+H] +
.

N4-(2-(2-chlorophenoxy)ethyl)-N2-methylthieno[3,2-d]pyrimidine-2,4-diamine (3d,

OX03147). Followinggeneralprocedure1,thetitle compoundwasobtainedfrom 2a (237
mg,0.70mmol) andmethylamine(2.0M in THF) (3.5mL, 7.0mmol,10eq).Purificationby
flashcolumnchromatography(MeOH:CH2Cl2; 1:19v/v) affordedthedesiredproduct(218
mg,93%)asapalebrownoil.

R� = 0.4(MeOH:CH2Cl2; 1:19v/v); νmax(film)/cm-1 = 3247w(NH), 2940w(CH), 1588m
(arom.),1552m(arom.),1510m(arom.),1484m(arom.),1461m(arom.),1446m(arom.),1406
(arom.);1H NMR (600MHz, CDCl3) δ 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,
apparentq, � = 5.5Hz), 3.04(3H, d, � = 5.0Hz); 13C NMR (151MHz, CDCl3) δ 162.0,161.9,
157.5,154.2,130.7,130.5,128.0,124.2,123.6,122.3,114.6,106.9,68.5,40.1,28.9;LRMS(ESI+)
calculatedfor [C15H15ON4

35Cl32S+H]+ = 335.1,found335.0,[M+H]+, 100%,calculatedfor
[C15H15ON4

37Cl32S+H]+ = 337.1,found337.0,[M+H]+, 30%,HRMS(ESI+) calculatedfor
[C15H15ON4

35Cl32S+H]+ = 335.0728,found335.0725[M+H] +
, calculatedfor [C15H15ON4

37

Cl32S+H]+ = 337.0698,found337.0695[M+H] +
.

C. elegans growth assay

A mixed-stage�. �
��	�� N2 populationwasobtainedby liquid culture(20ÊC)accordingto
standardmethods[17]. It wasthenbleachedto obtainaneggpopulationwith 1.5mL 4M
NaOH,2.4mL NaOCl,2.1mL water,washedthreetimes,andallowedto hatchin 50mL S-
basalbufferat20ÊCovernightto obtainasynchronisedL1population.For thegrowthassay,
49μL of S-completebufferand1μL of DMSOor DMSOpluscompoundwereaddedto each
wellof 96-wellplates.50μL of aworm suspension(approximately20synchronisedL1worms,
1%w/v �. ��
� HB101in S-completebuffer)werethenaddedto eachwell.Plateswereincu-
batedat20ÊCbeforeimaging5 dayslater.Worm movementwasstimulatedby insertingand
removinga96-wellPCRplateinto/from thewellsof theassayplate,andthenwholeplate200
framemovieswererecordedat30framespersecond.Growthwasquantifiedasacorrelateof
movementusingthesameautomatedsystemdescribedearlier,whichestimatesmovementfor
eachwellbycategorisingpixelsasimagingmovementif their varianceisgreaterthemeanplus
onestandarddeviationof thevariancesof all thepixelson theplate[15].

Cytotoxicity testing

Themouserectalepithelialcellline CMT-93(LGCPromochem,Teddington,United King-
dom) wasusedfor thesestudies.TheWST-8andneutralredcytotoxicityassayswere
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performedasdescribed[12]. Briefly,cellswereculturedwith testcompounds,chlorpromazine
positivecontrol or DMSOalone(final compoundconcentrationsof 0 to 100μM) for 72hours.
TheWST-8assaywasthencarriedout usingtheCellCountingKit± 8 (SigmaAldrich # 96992)
with anincubationtime of 2 hours.This time waschosenaccordingto themanufacturer's
instructionsandwassuchthat theabsorbanceof theWST-8formazandyewaswithin thelin-
earrangeof themicroplatereader.Followingthisassay,themediumwasexchanged,andthe
ability of thecellsto takeup thedyeneutralred(concentration33μg/mL, incubationtime 2
hours)wasdeterminedusingamicroplatereader(absorbanceat540nm). Resultswereana-
lysedusingGraphPadPrismandfitted usingalog-logisticmodel.

In vitro and in vivo establishment of infection

100infectiveembryonatedeggswereincubatedin deionisedwaterwith 1%v/v DMSOor test
compoundsatafinal concentrationof 100μM in 1%v/v DMSOfor 14daysat room tempera-
ture in thedark.Eggswerethenwashedandresuspendedin deionisedwater.For �� �����
hatchingassays100eggswereaddedto 1 mL of �. ��
� bacterialculturegrownin LBbroth
overnightat37ÊCshakingat200rpm. Egg-bacterialcultureswereincubatedfor 24hoursat
37ÊC,5%CO2 andhatchingdeterminedfollowingblinding byvisualexaminationunderadis-
sectingmicroscope.For �� ���� hatchingassays,40eggswerecountedunderadissecting
microscopeandgivento aSCIDmousein 200μL water.At day15post-infectionmicewere
culledandthenumberof L2 larvaepresentin thecaecaeandcolonenumeratedin ablinded
mannerunderadissectingmicroscope.

Statistical analysis of in vivo establishment of infection data

Theexperimentwasconductedin two `experimentalbatches'.Forbatchonetherewere5 mice
in eachof theDMSOandOX02926 groups.Forbatchtwo therewere9 micein eachof the
DMSOandOX02926 groups.Therawdata(numberof wormsthatestablishedinfectionin
eachmouse)areshownseparatedbybatchandtreatmentin theS1Fig.

To analysethedataweusedatwo-wayANOVA (worm number~ treatment� batch).This
showedasignificanteffectof treatment[F(1,24)= 8.520,P= 0.00752].It alsoshowedasignifi-
canteffectof batch[F(1,24)= 10.956,P= 0.00294].Therewasno significantinteraction
betweentreatmentandbatch[F(1,24)= 0.296,P= 0.59153].Thesignificanteffectof batch
reflectedthat in bothDMSO-andOX02926-treatedgroups,thenumberof wormsthatestab-
lishedinfectionwasgenerallylowerin mousebatch1 thanin batch2 (S1Fig).Variation in con-
trol worm establishment,whichiscommonplacein ��������� infectionsdueto naturalvariation
in egginfectivity from astandardisedeggnumber,waswithin expectedranges.Wetherefore
took theapproachof normalisingeachdatapoint bydividing by themeanof theDMSO-treated
groupfor thatbatch.Thisyieldedthe%batchnormalisedinfectionestablishment.

Weusedatwo-wayANOVA (%batchnormalisedinfectionestablishment~ treatment�

batch)to analysethedata.Therewasasignificanteffectof treatment[F(1,24)= 9.569,
P= 0.00497]but no effectof batch[F(1,24)= 0.083,P= 0.77618]or interaction[F(1,24)=
0.0830.77618].Wethereforeconductedapost-hocTukeyHSDtestwhichshowedthat infec-
tion establishmentin theOX02926-treatedgroupwassignificantlydifferentfrom theDMSO-
treatedcontrol group(P= 0.0050).

Embryonation assay

Onehundredunembryonatedeggsweretreatedwith water,1%v/v DMSOin wateror test
compoundsatafinal concentrationof 100μM (unlessstated)with 1%v/v DMSO,in thedark
at26ÊC,eitherfor 56daysor for shorterperiodsasdescribed.Imageswerecollectedon an
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OlympusBX63upright microscopeusinga60x/ 1.42PlanApoN (Oil) objectiveandcaptured
andwhite-balancedusinganDP80camera(Olympus)in monochromemodethroughCell-
SensDimensionv1.16(Olympus).Imageswerethenprocessedandanalysedusingtheimage
analysisplatformFiji [18].

Results

Ex vivo T. muris adult motility screen

Wehaverecentlydescribedasmallmoleculescreenfor newanthelmintics,whichused
reductionor lossof motility of adult �� ���� �. ����� asanendpointfor screening[12].
Thisscreenwasdesignedto identify compoundsactiveon ��������� asexistingdrugsare
notablylessefficaciousagainstthis nematode,andit is comparativelyevolutionarilydis-
tant to nematodestypicallyscreenedin anthelmintic-discovery efforts,suchas�. �������
���, �. ��������	 and�. �
��	��. From this primary screen,wefound 13membersof the
dihydrobenzoxazepinonechemotype,whichhadnot previouslybeenshownto have
anthelminticactivity.

In this report wedescribethe identificationof asecondnewanthelminticchemotype
from this screen.A single2,4-diaminothieno[3,2-�]pyrimidine (DATP) compoundwas
found in theprimary screen.Thishasbeengiventheidentifier OX02926 (Fig1A). We
confirmedthis activity in asecondaryscreenusingthesamesourcesample(DMSOsolu-
tion containing10mM compound),andalsotestedanumberof structurally-related com-
poundsfrom our smallmoleculecollectionusingthesameassay(Fig1B).Therationale
for this wasto gaingreaterconfidencein thescreeninghit andalsoto exploretheactivity
of ªnear-neighbourºmoleculeswith thesamecore2,4-diaminothieno[3,2-d]pyrimidine
structure,whichcouldsupporttheearlydevelopmentof theseries.Thehit expansionpro-
cessledto the identificationof threefurther activemoleculesin this seriesOX02925,
OX03143 andOX03147 (Fig1C).Two structurally-relatedcompoundswerehowevernot
activein this assay(Fig1D).

Resynthesis of active compounds

HavingidentifiedpromisingactiveDATPsfrom testingof DMSOsolutionsamplesof com-
pounds,thesewerethenresynthesisedto obtainauthentic,unambiguouslycharacterisedsam-
plesfrom whichconfirmatoryscreeningcouldtakeplace.Compoundresynthesisis important
sinceDMSOsolutionsamplescandegradeovertime,andthisoftenleadsto so-called̀ false
positive'hits [19]. Thesecompoundscouldbereadilypreparedin two stepsfrom commercially
available2,4-dichlorothieno[3,2-�]pyrimidine1, viatwo sequentialnucleophilicaromaticsub-
stitution reactions.Treatmentof 1 with 2-(2-chlorophenoxy)ethylamineor 2-phenoxyethyla-
minegaveexclusivelymonosubstitutionaffording2a and2b asasingleregioisomerin 64%
and80%yieldrespectively.SubsequentdisplacementreactionatC4gaveauthenticsamplesof
OX02925, OX02926, OX03143 andOX03147 in 57±91%yield(Fig2).

Activity of resynthesised diaminothienopyrimidines in the T. muris ex vivo
adult motility assay

Theresynthesizedhitswerethentestedin thisscreenandaconcentration-responsecurvecon-
structed,therebyconfirming theanthelminticactivityof severalexamplesof thisstructural
class(Fig3,Fig4).
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Chemical properties of the hit series and synthetic suitability for further

development

Thisclasshas`lead-like'or `drug-like'chemicalproperties[22], althoughit is important to
notethat in thecontemporarymedicinalchemistryliteraturethis term isusuallyappliedin the
contextof impartingoralbioavailabilitycharacteristics(Fig4).Foragentstargetingthegastro-
intestinallocated���������, minimal systemicexposureof thehostisdesirableandthereforeit
iscritical to differentiatebetweentheconventionallyusedterminologyandparametersfor
`drug-like'molecules,whichaffectsolubilityandpermeability,comparedto propertiesthat
wouldberelevantto agentstargetingotherbodycompartments.Recentliteraturehas
describedthis important caveatfor non-peripheralCNSdrugs[23], andindeedfor anti-para-
siticdrugdevelopment[24]. Importantly, thereisconsiderablescopefor generatingthelarge
numberof structuralvariantsof theDATPsneededfor theiterativeimprovementof com-
poundpropertiesduring thedownstreamleadoptimisationprocess.

Active diaminothienopyrimidines block C. elegans development

Althoughwearefocusedon developingananthelminticwith improvedefficacyoverexisting
drugsagainst���������, activityacrossthenematodephylumisvaluable,particularlyasefficacy
againsteconomicallysignificantagriculturalanimalparasiteswouldmakefurther develop-
mentmoreeconomicallyviable.

Wethereforewantedto testtheactivityof theDATP chemotypeagainstthecladeV nema-
tode�	�����	������ �
��	��. Usingaquantitativedevelopmentassayto measurethegrowthof
synchronisedL1stageworms,wetestedvaryingconcentrationsof thecompoundsto deter-
mine theconcentration-responseeffects.Asshownin Fig5,all four DATP compoundswere
activein thisassaywith EC50valuesfrom 7±87μM.

Interestingly,theDATPsdisplaydiffering trendsin activitybetweenthe��������� and�.
�
��	�� assays.At thisstagewedo not knowwhetherthis reflectsdifferentpotencyat thetarget

Fig 1. Identification of a diaminothienopyrimidine series from an ex vivo T. muris motility screen. (a) Structureof
thehit compound, whichwasgiventheidentifier OX02926. (b) Hit expansionbytestingof structurally-related
compoundsusinglibrary material,assayconcentration100μM.Significancewasdeterminedbyatwo-sidedMann-
Whitneytestcomparedto DMSO-only controls,adjustedfor multiplecomparisonsusingtheBonferronimethod(for
testcompoundsn = 5,eachreplicateon differentassayplates,eachpoint indicatesoneassaywell).Bluebarindicates
meanmovementscore.(c) Structuresandidentifiersof additionalactivecompoundsfrom thisclass.(d) Structures
andPubChemCID accession numbersfor thetwo compoundsthatwerenot significantly activein thisassay.

https://doi.org/10.1371/journal.pntd.0006487.g001

Fig 2. Synthetic route to putative hit compounds. (a) Substituted2-phenoxyethan-1-amine(1.0equiv.),DIPEA(2.0equiv.),1,4-dioxane, 80ÊC,3hours.(b) Alkyl
amine(10.0equiv.),�PrOH,100ÊC,16±24hours.

https://doi.org/10.1371/journal.pntd.0006487.g002
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or differentpatternsof drugaccessbetweenthespecies,but thefindingshighlight theimpor-
tanceof screeningagainst��������� in thesearchfor novelanthelminticagentstargetingwhip-
worm.Thedatafrom eachof theseassaysaswellasstructuraldescriptorsandLipinski rule
assessmentfor thefour DATP compoundsandotheranthelminticsaresummarisedin Fig4.
Theleadingmemberof thedihydrobenzoxazepinoneclassOX02983 is shownin Fig4 for
comparison.EC50valuesfor thetwo seriesarecurrentlyin asimilar range.

Assessment of the cytotoxicity of the diaminothienopyrimidine series

It wascritical to ensurethat thisseriesof compoundsshowedminimal cytotoxicitytowards
mammaliancells,andshowedselectiveactivityagainsttheparasite.Forexample,gutcytotox-
icity mayresultin thecompoundshavingtoo narrowatherapeuticwindow.Selectedexamples
of theDATPswereassessedfor cytotoxicityusingthemousegutepithelialcellline CMT-93
(Table1).Although,theDATPsexhibitedincreased�� ����� cytotoxicityin theseassayscom-
paredto thepreviouslyreportedDHB series[12], anencouragingoverallprofile wasexhibited
for theseearlystagemolecules.Furthermore,thenematodecuticleoftenlimits drugaccess
whichreducestargetengagementbysmalldrug-likemolecules[25,26].Thismeansthatcom-
poundoptimisationto improveuptakethroughthecuticlemaybeafruitful routeto improved
anti-nematodeselectivity,aswellasimproving thecytotoxicityprofile.

Fig 3. Concentration-response curves for resynthesized DATPs in the T. muris ex vivo adult motility assay. n = 4or 5wellsperconcentration per
compound, eachreplicateon adifferent96-wellplateusingwormsfrom differentmice.Blueline indicatesconcentration-responsecurvefitted with the
3-factorlog-logistic modelusing��� [16]. Figurein parenthesisindicatesEC50estimate± standarderror from thismodel.OX03143 did not clearlyform a
sigmoidalcurvein therangeof concentrationsusedin thisassaysowereport theEC50estimateas> 80μM.

https://doi.org/10.1371/journal.pntd.0006487.g003
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It is interestingto notethat theactivityagainst��������� did not correlatewith cytotoxicity,
with themostcytotoxiccompound(OX03143) showingthelowestactivityin the�. �����
adultparalysisassay,with anEC50> 80μM.Thissuggeststhateitheranti-��������� activityis
distinct from cytotoxicaction,or thatdifferentialdrugaccesscanbeexploitedto achievedif-
ferentialhost-parasiteactivity.Eitherpossibilityisencouragingandsuggeststhatcontinued
explorationanditerativeimprovementof theDATP structuremight beanticipatedto delivera
morepotentanthelminticwith acceptablehosttoxicity.

Fig 4. Properties and activities of resynthesized diaminothienopyrimidines, and other anthelmintics. RMM: relativemoleculemass.HBA: numberof hydrogen
bondacceptors.HBD: numberof hydrogen bonddonors. tPSA:topologicalpolarsurfacearea,calculatedusingDataWarrior [20].ROTB:numberof rotatablebonds.a

Datafrom [15]. b Datafrom [21]. c Datafrom [12].

https://doi.org/10.1371/journal.pntd.0006487.g004
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Activity of diaminothienopyrimidines against the infective egg stages of T.

muris
Developingnovelanthelminticsto disrupt the�. ��������	 life cycleat theeggstagerepresents
anexcitingandcomplementarystrategyto anoral therapyandisparticularlyattractiveas�.
��������	 eggsarehighly resistantto extremetemperaturechangesandultravioletradiation,
therebyremainingviablein theenvironmentfor manyyears[27]. Weassessedwhetherthe
DATP derivativeswerecapableof affectingeitherinfectionestablishmentor embryonationof

Fig 5. Concentration-response curves for resynthesized DATPs in the C. elegans growth assay. n = 5wellsper
concentration percompound, eachreplicateon adifferent96-wellplate.Blueline indicatesconcentration-response
curvefitted with the4-factorlog-logistic modelusing��� [16].Figurein parenthesisindicatesEC50estimate± standard
error from thismodel.

https://doi.org/10.1371/journal.pntd.0006487.g005

Table 1. Summary of the cytotoxicity in a mouse epithelial cell line of the DATP series. MouseCMT-93rectalepi-
thelialcellswereusedfor thisassay.Maximumtestedconcentration was100μM. � � 8,error range(in parentheses)
shows95%confidenceinterval.EC50valuesin theadult ��������� paralysisassayareshownfor comparison.

Compound WST-8 EC50 (μM) Neutral red EC50 (μM) Adult Trichuris paralysis assay EC50 (μM)

OX02925 75(48±124) 29(19±43) 47

OX02926 43(28±67) 21(15±31) 27

OX03143 15(9±26) 5 (3±7) >80

OX03147 37(24±57) 21(14±30) 44

https://doi.org/10.1371/journal.pntd.0006487.t001
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eggs.Wefirst exploredwhetherthecompoundscouldaltertheestablishmentof infectionby
soakingembryonated�. ����� eggsin thetestcompoundsfor 14days,washingtheeggsand
thendetermininginfectivityboth �� ����� and�� ���� (Fig6A).

To determineeffectson �� ����� hatching,aprotocolmodifiedfrom thatpreviously
described[8] wasestablishedwherebyeggswereinducedto hatchwhenincubatedin aculture
of ����������	 ��
� at37ÊC.Theresultsaresummarisedin Fig6B.Strikinglyall DATPswere
capableof significantlyreducing�� ����� hatchingcomparedto theDMSOcontrol.

Fig 6. Reduced worm burden in mice given T. muris eggs that had been treated with diaminothienopyrimidines. (a) Embryonatedeggsweresoakedin
compoundfor 14days,washedin waterandthenusedin either�� ����� or �� ���� hatchingassays.(b) Treatmentwith DATPsreducedtheability of embryonated
eggsto hatchin �. ��
� bacterial suspensionafter24hours.A one-wayANOVA showedasignificantdifferencebetweentreatmentgroups(F(5,26) = 25.95p<0.0001)
with apost-hocDunnett'scomparedto DMSOcontrol (���� = p<0.0001)� � 7 (DMSO),� � 5 (DATP compounds)(c) SCIDmicewereinfectedwith 40eggsand
worm burdenassessedatday15postinfection.Theexperiment wascarriedout in two batches,with n = 5andn = 9micerespectively in eachof thecontroland
treatmentgroups.Datawerenormalisedfor eachbatchrelativeto themeanof theDMSO-only controlgroupfor thatbatch.Blueline indicatesmeanfor each
treatmentgroup.A two-wayANOVA showedasignificant effectof treatment[F(1,24)= 9.569,P= 0.00497] but no effectof batch[F(1,24)= 0.083,P= 0.77618]or
interaction[F(1,24)= 0.0830.77618].A post-hocTukeyHSDtestshowedthat theOX02926-treatedgroupwassignificantly differentfrom theDMSOcontrolgroup
(P= 0.0050).

https://doi.org/10.1371/journal.pntd.0006487.g006
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Diaminothienopyrimidines reduce the ability of T. muris eggs to infect

mice

To extendthis finding, weselectedOX02926 to testin an�� ���� hatchingandinfectionestab-
lishmentassay,asthiscompoundshowedbothasignificantdecreasein �� ����� hatchinganda
smallstandarddeviationbetweensamples.Theeggsweresoakedasfor the�� ����� experiment
andSCIDmicewereinfectedwith 40treatedeggs(OX02926 or DMSO)byoralgavage.Egg
infectivitywasquantifiedatday15postinfectionbyculling themiceandcountingthenumber
of establishedL2 larvaein thegut.All L2 larvaecountedhadanormalmorphologyasviewed
underadissectingmicroscope.

Thisexperimentwascarriedout in two batchesandtherawdataareshownin theS1Fig.
Becausevariationin control worm establishmentiscommonplacein ��������� infectionsdue
to naturalvariationin egginfectivity from astandardisedeggnumber,wetook theapproach
of normalisingdatafor eachbatchrelativeto themeanof theDMSO-onlycontrol groupfor
thatbatch.Thisallowedusto determinetheeffectsof OX02926 treatment(afull statistical
descriptionisgivenin theMethodssection).Theresultsareshownin Fig6C.Weusedatwo-
wayANOVA (%batchnormalisedinfectionestablishment~ treatment� batch)to analysethe
data.Therewasasignificanteffectof treatment[F(1,24)= 9.569,P= 0.00497]but no effectof
batch[F(1,24)= 0.083,P= 0.77618]or interaction[F(1,24)= 0.0830.77618].Wetherefore
conductedapost-hocTukeyHSDtestwhichshowedthat infectionestablishmentin the
OX02926-treatedgroupwassignificantlydifferentfrom theDMSO-treatedcontrol group
(P= 0.0050).Treatmentof eggswith OX02926 wasableto significantlyreducetheburdenof
worms�� ���� byanestimated40%.This is likely to reflectreducedinfectivityof DATP-treated
eggs.

Activity of diaminothienopyrimidines against the embryonation of T.

muris eggs

Theability of theDATPsto altertheembryonationof �. ����� eggswasinvestigatedbysoak-
ing unembryonated�. ����� eggscollectedovernightfrom liveadult �. ����� in thetestcom-
poundsat26ÊCfor thedurationof theembryonationprocess(56±60days).During
embryonationthefirst larvalstageof theparasitedevelopswithin theeggshell(Fig7A) from a
ballof cells(Fig7B).Treatmentwith theDATPsOX02925 andOX03147 resultedin asignifi-
cantincreasein thepercentageof unembryonatedeggspresentcomparedto theDMSOcon-
trol (Fig7C).Importantly,althoughtheotherDATPsdid not alterthepercentageof eggs
unableto undergotheembryonationprocess,thelarvaethatdevelopedwereatypical(Fig7D±
7I). Theseatypicallarvaeweremorphologicallyalteredwith thegranulespresentwithin the
larvaeappearinglessdistinct.

AsOX03147 hadtheclearestphenotypewith asignificantincreasein thenumberof unem-
bryonatedeggs,aconcentrationresponsestudywasperformedto determineif aneffectcould
beseenat lowertreatmentdoses.Additionally,werepeatedtheexperimentat room tempera-
ture to allowfor morephysiologicalconditionsratherthantheconstant26ÊCutilisedin the
initial studyto standardiseconditionsacrossexperiments.Althoughtheincreasednumberof
unembryonatedeggswasonly detectedat thehighestdrugdosetested(100μM) atboth26ÊC
androom temperature(Fig7Cand7J)striking effectson eggmorphologywasdetectableat
concentrationsaslow as1μM with significantlarvalstuntingobserved(Fig7K).

To determineif aneffecton embryonationcouldbeobservedfollowingashorteneddrug
exposurewesoakedunembryonatedeggsin 100μM OX03147 at26ÊCfor weeks0±2,0±3,
2±4or 4±6of embryonation.Althoughtherewasno increasein theproportion of unembryo-
natedeggsobservedin anytreatmentgroup(S2FFig) therewereclearmorphological
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Fig 7. Unembryonated T. muris eggs treated with diaminothienopyrimidines have altered embryonation. Unembyronated eggswere
soakedin 100μM compound(unlessspecifiedotherwise) at26ÊC(unlessspecifiedotherwise)for thedurationof theembryonationprocess
(56±60days)andthenembryonation determinedandeggsimagedusinganOlympusBX63microscope.Scalebarindicates10μm. (a) Typical
embryonatedeggand(b) unembryonatedegg.(c) treatmentwith DATPsincreasedtheincidenceof unembryonatedeggs.Representative
picturesof (d) DMSO,(e) OX02925, (f) OX02926, (g) OX03143 and(h) OX03147 100μM and(i) OX03147 1μM soaked�. ����� eggs.(j)

Unembyronatedeggssoakedin OX03147 at room temperaturefor 56daysandembryonation determined.(k) Unembyronatedeggssoakedin
OX03147 at26ÊCfor 56daysandlarvallengthcalculated usingImageJ.

https://doi.org/10.1371/journal.pntd.0006487.g007
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alterationsin theL1 larvaewithin theeggfollowingexposureto OX03147 during weeks0±3,
2±4or 4±6of theembryonationprocess(S3A±S3EFig).Themoststriking observationwasthe
clearlarvalstuntingobservedfollowingdrugsoakingfrom weeks0±3(S2CandS2GFig).A
one-wayANOVA testshowedasignificanteffectof treatmenton larvallength,F(4,21)=
3.984,P= 0.0147.A post-hocDunnett'stestshowedasignificantdifferencein theWeeks0±3
treatmentgroupcomparedto theDMSO-onlycontrol group(P= 0.0076).Thisappearedto
phenocopytheeffectOX03147 hadwhentreatedfor thedurationof theembryonationprocess
at1μM (Fig7K).Additionally, in the2±4weekand4±6weekgroups,althoughlarvallength
wasnot affected,therewasevidenceof structuralalterationsin theL1 larvaewith alessdistinct
structurepresentandalteredgranulationwithin thelarvae(S2DandS2EFig).

To theknownrangeof applicationsof DATPsin medicinalchemistrywecannowadd
anthelminticactivity.Thisstudysuggeststheyhavesignificantpotentialfor further develop-
mentinto dual-actingtherapeuticagentsfor both thereductionof ��������� egginfectivity,
andembryonationin theenvironment.Thus,their actionson both theembryonatedand
unembryonatedeggstagesmayenableabreakin theparasitelifecycle.

Discussion

Gastrointestinalnematodeparasitesremainasignificanthumanhealthburden.Current
anthelminticslackefficacyandachievelow curerates,threateningthetargetssetby theWorld
HealthOrganisationfor control of soil-transmittedhelminths[2,28].In particular,existing
drugshavenotablylow efficacyagainst�. ��������	, thehumanwhipworm.�. ��������	 maybe
especiallydifficult to targetasit inhabitsthelargeintestineandis in part intracellular[29]. The
metabolicallyactiveanteriorof theworm, thestichosome,isburiedin thehostepithelialcells
lining thegut,affordingsomeprotectionfrom orallydeliveredanthelmintics.

Diaminothienopyrimidines (DATPs), a new anthelmintic chemotype

Werecentlyreportedasmallmoleculescreenfor newanthelminticstargetingthegastro-intes-
tinal (GI) nematodeparasite��������� ����� that identifiedthedihydrobenzoxazepinone
(DHB) chemotype.TheDHBshadnot previouslybeenascribedanthelminticactivity[10].
Here,wedescribeasecondclassof novelanthelmintic,thediaminothienopyrimidines
(DATPs).Thepotentialfor thisearlystageseriesissignificant;their chemicalsynthesisis facile
andlendsitselfto iterativeoptimisation,whichwill facilitatestructuralmodificationsaiming,
for example,to increaselocalepithelialpenetranceandhenceimproveefficacyduring future
development.Furthermore,their straightforwardproductionimpartsafavourablecostbenefit
aspectto theseries.

Other thienopyrimidines–their applications and targets

Thienopyrimidineshavereceivedmuchinterestin medicinalchemistryastheyarebioisosteres
for purines,suchasthenucleicacidcomponentsadenineandguanine.Theyarealsorelatedto
quinazolines,animportant classof kinaseinhibitors, includinggefitinibanderlotinib,which
actby recognizingtheATP-bindingsiteof theenzyme[30]. Thieno[2,3-�]pyrimidinesarea
particularlyimportant scaffold,with manyreportedexamplesof proteinkinaseinhibitors,as
wellasinhibitors of dihydrofolatereductase,kainatereceptoragonists,andα1-adrenoreceptor
antagonists[31].

Thethieno[3,2-�]pyrimidine scaffoldfound in thecompoundsreportedin thisstudy,has
alsobeeninvestigated.A seriesof 2-aryl4-morpholinoderivativeshavebeenidentifiedas
phosphatidylinositol-3-kinaseinhibitors [32], leadingto thediscoveryof thePI3Kinhibitor
GDC-0941(pictilisib) [33] andthedualPI3K/mTORinhibitor DGC-0980(apitolisib)[34].
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Thestructuresof thesecompoundsareshownin theS3Fig,in comparisonwith the2,4-diami-
nothieno[3,2-�]pyrimidine OX02926. Pictilisibandapitolisibareunderdevelopmentasanti-
canceragents,havebeentoleratedin PhaseI trials for solidtumors,andPhaseII trialshave
commenced[35,36].

A seriesof 2,4-diaminothieno[3,2-�]pyrimidineshavebeendescribedasorallyactiveanti-
malarialagents[37], with activityin thelow nanomolarrangeagainst 
	������� �	
��!	���.
Thestructuresof thesecompoundsareshownin theS3Figin comparisonwith OX02926.
Thisanti-malarialserieswaslaterimprovedbysystematicmodificationgivingimprovedanti-
malarialactivity,but unfortunatelycontinuedhERGinhibition [38]. Whilst our DATP com-
poundshavethesamecorescaffoldastheanti-malarialseries,theyhavedifferentsubstituents,
andin particularlackthe6-arylsubstituentthat iscritical for anti-malarialactivityandfound
in all compoundstestedfor hERGactivity.However,theauthorswereableto demonstrate
thathERGactivitycouldberemovedthroughmodificationof theC1substitutuent,suggesting
that thispotentialliability isnot instrinsicto the2,4-diaminothieno[3,2-�]pyrimidine core.
Wehavenot yetperformedhERGassessmentof our compounds,but thiswill form animpor-
tant partof thefuturedevelopmentof thisseries.

A seriesof 2,4-diaminothieno[3,2-�]pyrimidineshasalsorecentlybeenreportedasactive
againsttheendosymbioticbacterium"�
�	���	, with potentialuseagainstfilarial nematodes
[39]. In neithertheanti-malarialor anti-"�
�	���	 caseis themoleculartargetof thecom-
poundsknown.

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

Themajorgoalof our researchis to developaneworal therapyfor trichuriasis,whichcouldbe
widelyusedin massdrugadministrationprogramsleadingto theeradicationof humanwhip-
worm.Suchanagentshouldhaveasubstantiallyhighersingle-dosecureratethanthecurrent
drugsusedin massdrugadministration,albendazoleandmebendazole.Drug developmentis
longprocess,andrecentwork hasdefinedasetof criteria,tailoredto neglectedinfectiousdis-
eases,for progressionin thehit to leadandleadoptimisationstages[40,41].Our DATP series
membersareearly-stagecompoundsin thedevelopmentprocess.Thecompoundsmeetalmost
all of thecriteriafor hit selectionin neglecteddiseases,includingconfirmedactivitywith resyn-
thesizedmaterial,dose-dependent�� ����� activity,atractablechemotypethatpassesdrug-like-
nessfilterssuchastheLipinksi ruleof five,andanestablishedsyntheticrouteof only two steps
[40]. Themostpressingweaknessof theseriesis thesmallselectivitywindowfor their activity
againsttheparasitecomparedto cytotoxicityin amammaliancellline. Improving thisproperty
for theseearlystagecompoundsmustbeapriority for futuredevelopment.TheDATP com-
poundsalsomeetsomeof themilestonesin thehit to leadprocess,particularin termsof drug-
likenessandtheexploitabilityof thestructure,givingtheability to generatevariantsandestab-
lish thestructure-activityrelationshipandhenceimprovepotencyandselectivity[41]. The��
����� activityof OX02926 in theadultwhipwormmotility assay(EC50= 27μM,equivalentto
10.2μg/ml)alsoreachestheactivitythresholdfor leadcompoundsthathasbeendeterminedfor
drugdevelopmentagainstthemicrofilarial nematode#����	 �	
	$� [41]. In summarythe
DATP seriesarepromisingearly-stagecompoundswith anumberof lead-likefeatures.
Improvementof potency,togetherwith anunderstandingof parasite/hostselectivityandphar-
macokineticpropertieswill bethefocusof thenextstepsof development.

Activity against the egg stage of T. muris
In addition to activityagainsttheadultstageof whipworm,theDATPswerealsoableto signif-
icantlyreduceegghatching,both �� ����� and�� ����. Thesedataarein keepingwith members

Diaminothienopyrimidines, a new chemotype for the control of whipworm

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006487 July 11, 2018 18 / 24

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


of theDHB series,whichalsowereableto inhibit parasiteegghatching.However,unlike the
DHB series,weidentifiedmembersof theDATPsthatalsosignificantlyreducedthepercent-
ageof eggsembryonating�� ����, with othermembersof theDATP seriesappearingto disrupt
theembryonationprocess,resultingin defectsin embryonicelongationandabnormalegg
shape.��������� eggembryonationoccursgraduallyandthemechanismbywhichit occursis
currentlyapoorlyunderstoodprocess.A detailedcharacterisationof themorphological
changeswhichoccurwith the��������� ���� eggduring embryonationhasbeendescribedand
other��������� speciesappearto undergothesameprocess.Oncetheunembryonated,unseg-
mentedeggsaredeposited,thetwo clear,nuclei-likeareasmovetogetherandfuse.Cellular
divisionthenbegins,initially occurringasymmetricallywith two blastomeresof unequalsize.
Thelargerblastomerethendividesagainandthensubsequentlyeachblastomeredividesin
two until ablastulaformedof manysmallblastomeresdevelops.Theinitial larvaldifferentia-
tion thenoccurswith theappearanceof amotilecylindricalembryo,whichgraduallyturns
into aninfectivelarvawith its characteristicoralspear.Thefully developedlarvaisno longer
motileandis thoughtto beanL1 larvaasno moult isobservedwithin theegg[42]. Theembry-
onationprocessis temperaturesensitive.Theeffectof temperatureon eggembryonationhas
beencharacterisedin detailin recentyearsfor �. ���� eggswith theembryonationprocess
acceleratedat30±32ÊCcomparedto 18ÊC,with degenerationof theeggsratherthanembryo-
nationobservedathighertemperatures(40ÊC).At low temperatures(5±10ÊC)no embryona-
tion occurs,howeveroncetheseeggsarethentransferredto optimalembryonation
temperaturesnormalembryonationproceeds[43]. Similartemperaturesensitivityhasbeen
describedfor other��������� speciesincluding ��������� ��������	 with differentspeciesembry-
onatingwith differentkinetics[44,45].More researchis requiredto understandthemecha-
nismsbehindthisembryonationprocess,whichmaythenallowanevenmoretargeted
approachto breakingthelife cycle.

Potential and feasibility of an environmental treatment

Humansbecomeinfectedwith ��������� viaafaecaloral route.Adult parasitesin theintestine
shedunembryonatedeggs,whichpassout with thefaecesandembryonatein theexternalenvi-
ronmentoveraperiodof fiveweeks.Eggscanremainviablein theenvironmentfor many
months[46]. Parasiteeggsareonly infectiveif fully embryonateduponingestion.Thus,the
ability of theDATPsto disruptboth theinfectivity of embryonatedeggsandtheembryonation
processitselfsuggestsapotentialenvironmentalcontrol to decrease��������� infectionratesin
thefield without theneedto developandadministeraneworalanthelminticto theinfected
population.

In particular,it hasbeennotedthat theenvironmentalpoolof infectiouseggsmakesthose
individualssuccessfullytreated,typicallyonceor twiceperyear,in massdrugadministration
programsat risk of reinfection[47]. It hasthereforebeenproposedthat improvementsin sani-
tation arerequiredin addition to anthelminticMDA. Wesuggestthatanenvironmentally-act-
ing,egg-targetingagent,potentiallydevelopedfrom our DATP seriescompounds,couldplaya
complementaryroleto helpbreaktransmissionin parallelwith MDA andsantitation
improvements.

Clearlyit isnot possibleto widelytreatlargeareasof endemicregionswith suchanenviron-
mentalcontrol. Instead,weenvisagethetargeteduseof DATPsin theenvironmentatsitesof
highparasiteeggdensity;thesemight includefor examplefocusingtreatmentaroundpit
latrines,asit isknown thatpit latrinesmaybeafocalpoint of infectionwith ahighconcentra-
tion of eggsof soil-transmittedhelminths[48]. In astudyin Ethiopia,��������� ��������	 prev-
alencewashigherin communitieswith greaterlatrineusage(comparedto field or yard
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defecation),suggestingthatbasicpit latrinesmayin somecircumstancesbeineffectiveat
reducinginfection[49]. Howeverimprovedsanitationfacilitiesgenerally,includingpit
latrines,ventilatedimprovedpit latrines,andflushtoilets,do reduceSTHinfectionrates
[47,50].

Suchanegg-targetedagentshouldhavealimited negativeeffecton theenvironment,have
asuitableformulation for practicaldelivery,andbeableto blockeggviability at low concentra-
tion in theenvironment.TheDATP series,whichdamageeggdevelopmentandinfectivity
whenappliedat fairly highconcentrations(1 to 100μM)for quitelongperiodsof time (from 2
to 3weeksto 60days)showpotentialfor developingsuchanagent.Howevertheseproperties
needto beimprovedduring futuredevelopment,whileachievinganappropriatesafetyand
environmentalprofile.

Conclusions

In summarywereport thediscoveryof anewclassof anthelmintic,theDATPs,whichpos-
sessesactivitydirectedagainstadultstage�. ����� parasitesandtheeggstage.Importantly,as
achemicalseriestheDATPSarenotable,sincetheyarerelativelyfacileto producesyntheti-
callytherebypresentingconsiderablescopefor structuralmodificationsto improveefficacy
anddeliveranoptimisedagent.
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S1 Fig. Raw data separated by batch for the in vivo hatching experiment. Eachpoint indi-
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waterplus1%v/v DMSO(control) or deionisedwaterplus1%v/v DMSOandfinal concentra-
tion 100μMOX02926 for 14days.Blueline indicatesmeanfor eachtreatmentgroup.
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26ÊCfor thedurationspecifiedandthenembryonationdeterminedandeggsimagedusingan
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weeks4±6.Following56daysembryonationwasdetermined(f) andlarvaelength(g),egg
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with post-hocDunnett'stestcomparedto DMSOcontrol.
(TIF)

S3 Fig. Structures of selected thieno[3,2-d]pyrimidine compounds in development com-

pared to OX02926.

(PDF)

Acknowledgments

Specialthanksgoto RogerMeadowsfor hishelpwith themicroscopy,andto ProfDavid
LomasandDr StevenBuckinghamfor usefuldiscussionsduring thecourseof thiswork.

Diaminothienopyrimidines, a new chemotype for the control of whipworm

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006487 July 11, 2018 20 / 24

http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0006487.s001
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0006487.s002
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0006487.s003
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0006487.s004
https://doi.org/10.1371/journal.pntd.0006487


Author Contributions

Conceptualization: FrederickA. Partridge,RuthForman,Nicky J.Willis, CaroleJ.R.Bataille,
EmmaA. Murphy, GrahamM. Wynne,KathrynJ.Else,AngelaJ.Russell,DavidB.Sattelle.

Formal analysis: FrederickA. Partridge,RuthForman,Nicky J.Willis, CaroleJ.R.Bataille,
EmmaA. Murphy, GrahamM. Wynne.

Funding acquisition: KathrynJ.Else,AngelaJ.Russell,DavidB.Sattelle.

Investigation: FrederickA. Partridge,RuthForman,Nicky J.Willis, CaroleJ.R.Bataille,
EmmaA. Murphy, AnwenE.Brown,NarinderHeyer-Chauhan,BrunoMarinič, DanielJ.
C.Sowood,GrahamM. Wynne,KathrynJ.Else.

Methodology: FrederickA. Partridge,RuthForman,Nicky J.Willis, CaroleJ.R.Bataille,
EmmaA. Murphy, AnwenE.Brown,NarinderHeyer-Chauhan,GrahamM. Wynne,
KathrynJ.Else,AngelaJ.Russell,DavidB.Sattelle.

Project administration: KathrynJ.Else,AngelaJ.Russell,DavidB.Sattelle.

Software: FrederickA. Partridge.

Supervision: KathrynJ.Else,AngelaJ.Russell,DavidB.Sattelle.

Visualization: FrederickA. Partridge,RuthForman,Nicky J.Willis.

Writing – original draft: FrederickA. Partridge,RuthForman,Nicky J.Willis, CaroleJ.R.
Bataille,GrahamM. Wynne,KathrynJ.Else,DavidB.Sattelle.

Writing – review & editing: FrederickA. Partridge,Nicky J.Willis, CaroleJ.R.Bataille,Gra-
hamM. Wynne,KathrynJ.Else,AngelaJ.Russell,DavidB.Sattelle.

References

1. World Health Organization. Helminth control in school age children: a guide for managers of control pro-

grammes [Internet]. 2nd ed. 2011. Available: http://www.who.int/intestinal_worms/resources/

9789241548267/en/

2. Keiser J, Utzinger J. Efficacy of current drugs against soil-transmitted helminth infections: Systematic

review and meta-analysis. JAMA. 2008; 299: 1937–1948. https://doi.org/10.1001/jama.299.16.1937

PMID: 18430913

3. Turner HC, Truscott JE, Bettis AA, Hollingsworth TD, Brooker SJ, Anderson RM. Analysis of the popula-

tion-level impact of co-administering ivermectin with albendazole or mebendazole for the control and

elimination of Trichuris trichiura. Parasite Epidemiol Control. 2016; 1: 177–187. https://doi.org/10.1016/

j.parepi.2016.02.004 PMID: 27430028

4. Scott I, Pomroy WE, Kenyon PR, Smith G, Adlington B, Moss A. Lack of efficacy of monepantel against

Teladorsagia circumcincta and Trichostrongylus colubriformis. Vet Parasitol. 2013; 198: 166–171.

https://doi.org/10.1016/j.vetpar.2013.07.037 PMID: 23953148

5. Diawara A, Drake LJ, Suswillo RR, Kihara J, Bundy DAP, Scott ME, et al. Assays to Detect ��-Tubulin

Codon 200 Polymorphism in Trichuris trichiura and Ascaris lumbricoides. PLoS Negl Trop Dis. 2009; 3:

e397. https://doi.org/10.1371/journal.pntd.0000397 PMID: 19308251

6. Diawara A, Halpenny CM, Churcher TS, Mwandawiro C, Kihara J, Kaplan RM, et al. Association

between Response to Albendazole Treatment and ��-Tubulin Genotype Frequencies in Soil-transmitted

Helminths. PLoS Negl Trop Dis. 2013; 7: e2247. https://doi.org/10.1371/journal.pntd.0002247 PMID:

23738029

7. Koyama K. Bacteria-induced hatching of Trichuris muris eggs occurs without direct contact between

eggs and bacteria. Parasitol Res. 2016; 115: 437–440. https://doi.org/10.1007/s00436-015-4795-2

PMID: 26481492

8. Hayes KS, Bancroft AJ, Goldrick M, Portsmouth C, Roberts IS, Grencis RK. Exploitation of the intestinal

microflora by the parasitic nematode Trichuris muris. Science. 2010; 328: 1391–1394. https://doi.org/

10.1126/science.1187703 PMID: 20538949

Diaminothienopyrimidines, a new chemotype for the control of whipworm

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006487 July 11, 2018 21 / 24

http://www.who.int/intestinal_worms/resources/9789241548267/en/
http://www.who.int/intestinal_worms/resources/9789241548267/en/
https://doi.org/10.1001/jama.299.16.1937
http://www.ncbi.nlm.nih.gov/pubmed/18430913
https://doi.org/10.1016/j.parepi.2016.02.004
https://doi.org/10.1016/j.parepi.2016.02.004
http://www.ncbi.nlm.nih.gov/pubmed/27430028
https://doi.org/10.1016/j.vetpar.2013.07.037
http://www.ncbi.nlm.nih.gov/pubmed/23953148
https://doi.org/10.1371/journal.pntd.0000397
http://www.ncbi.nlm.nih.gov/pubmed/19308251
https://doi.org/10.1371/journal.pntd.0002247
http://www.ncbi.nlm.nih.gov/pubmed/23738029
https://doi.org/10.1007/s00436-015-4795-2
http://www.ncbi.nlm.nih.gov/pubmed/26481492
https://doi.org/10.1126/science.1187703
https://doi.org/10.1126/science.1187703
http://www.ncbi.nlm.nih.gov/pubmed/20538949
https://doi.org/10.1371/journal.pntd.0006487


9. Hurst RJ, Hopwood T, Gallagher AL, Partridge FA, Burgis T, Sattelle DB, et al. An antagonist of the reti-

noid X receptor reduces the viability of Trichuris muris in vitro. BMC Infect Dis. 2014; 14: 520. https://

doi.org/10.1186/1471-2334-14-520 PMID: 25261877

10. Silbereisen A, Tritten L, Keiser J. Exploration of novel in vitro assays to study drugs against Trichuris
spp. J Microbiol Methods. 2011; 87: 169–175. https://doi.org/10.1016/j.mimet.2011.08.009 PMID:

21889548

11. Wangchuk P, Pearson MS, Giacomin PR, Becker L, Sotillo J, Pickering D, et al. Compounds Derived

from the Bhutanese Daisy, Ajania nubigena, Demonstrate Dual Anthelmintic Activity against Schisto-
soma mansoni and Trichuris muris. PLOS Negl Trop Dis. 2016; 10: e0004908. https://doi.org/10.1371/

journal.pntd.0004908 PMID: 27490394

12. Partridge FA, Murphy EA, Willis NJ, Bataille CJR, Forman R, Heyer-Chauhan N, et al. Dihydrobenz[e]

[1,4]oxazepin-2(3H)-ones, a new anthelmintic chemotype immobilising whipworm and reducing infectiv-

ity in vivo. PLoS Negl Trop Dis. 2017; 11: e0005359. https://doi.org/10.1371/journal.pntd.0005359

PMID: 28182663

13. Buckingham SD, Sattelle DB. Fast, automated measurement of nematode swimming (thrashing) with-

out morphometry. BMC Neurosci. 2009; 10: 84. https://doi.org/10.1186/1471-2202-10-84 PMID:

19619274

14. Buckingham SD, Partridge FA, Sattelle DB. Automated, high-throughput, motility analysis in Caenor-
habditis elegans and parasitic nematodes: Applications in the search for new anthelmintics. Int J Parasi-

tol Drugs Drug Resist. 2014; 4: 226–232. https://doi.org/10.1016/j.ijpddr.2014.10.004 PMID: 25516833

15. Partridge FA, Brown AE, Buckingham SD, Willis NJ, Wynne GM, Forman R, et al. An automated high-

throughput system for phenotypic screening of chemical libraries on C. elegans and parasitic nema-

todes. Int J Parasitol Drugs Drug Resist. 2018; 8: 8–21. https://doi.org/10.1016/j.ijpddr.2017.11.004

PMID: 29223747

16. Ritz C, Baty F, Streibig JC, Gerhard D. Dose-Response Analysis Using R. PLOS ONE. 2015; 10:

e0146021. https://doi.org/10.1371/journal.pone.0146021 PMID: 26717316

17. Stiernagle T. Maintenance of C. elegans. WormBook. 2006; https://doi.org/10.1895/wormbook.1.101.1

PMID: 18050451

18. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, et al. Fiji: an open-source

platform for biological-image analysis. Nat Methods. 2012; 9: 676–682. https://doi.org/10.1038/nmeth.

2019 PMID: 22743772

19. Dahlin JL, Walters MA. The essential roles of chemistry in high-throughput screening triage. Future

Med Chem. 2014; 6: 1265–1290. https://doi.org/10.4155/fmc.14.60 PMID: 25163000

20. Sander T, Freyss J, von Korff M, Rufener C. DataWarrior: An Open-Source Program For Chemistry

Aware Data Visualization And Analysis. J Chem Inf Model. 2015; 55: 460–473. https://doi.org/10.1021/

ci500588j PMID: 25558886

21. Keiser J, Tritten L, Adelfio R, Vargas M. Effect of combinations of marketed human anthelmintic drugs

against Trichuris muris in vitro and in vivo. Parasit Vectors. 2012; 5: 292. https://doi.org/10.1186/1756-

3305-5-292 PMID: 23231753

22. Oprea TI, Allu TK, Fara DC, Rad RF, Ostopovici L, Bologa CG. Lead-like, Drug-like or “Pub-like”: How

different are they? J Comput Aided Mol Des. 2007; 21: 113–119. https://doi.org/10.1007/s10822-007-

9105-3 PMID: 17333482

23. Rankovic Z. CNS Physicochemical Property Space Shaped by a Diverse Set of Molecules with Experi-

mentally Determined Exposure in the Mouse Brain. J Med Chem. 2017; 60: 5943–5954. https://doi.org/

10.1021/acs.jmedchem.6b01469 PMID: 28388050

24. McKerrow JH, Lipinski CA. The rule of five should not impede anti-parasitic drug development. Int J

Parasitol Drugs Drug Resist. 2017; 7: 248–249. https://doi.org/10.1016/j.ijpddr.2017.05.003 PMID:

28623818

25. Ho NFH, Geary TG, Barsuhn CL, Sims SM, Thompson DP. Mechanistic studies in the transcuticular

delivery of antiparasitic drugs II: ex vivo/in vitro correlation of solute transport by Ascaris suum. Mol Bio-

chem Parasitol. 1992; 52: 1–13. https://doi.org/10.1016/0166-6851(92)90031-E PMID: 1625697

26. Burns AR, Wallace IM, Wildenhain J, Tyers M, Giaever G, Bader GD, et al. A predictive model for drug

bioaccumulation and bioactivity in Caenorhabditis elegans. Nat Chem Biol. 2010; 6: 549–557. https://

doi.org/10.1038/nchembio.380 PMID: 20512140
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