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LI VE GENETI CALLY ATTENUATED MALARI A VACCI NE
CROSS- REFERENCES TO RELATED APPLI CATI ONS Thi s

wa@ppkiocabi on clains the benefit of U S. Provi sSPOIEE2004/043023

Application No. 60/631, 228, filed Novenber 26, 2004,
and U.S. Provisional Application No. 60/531,479, filed
Decenber 19, 2003, all three of which are incorporated

COvER R LT R A A TN R ORI, PR cce
paid-up license in this invention and the right in

| !hL“etnES ot °5§%?E”€F§§@%&géﬁ%ﬁ#§“ﬁi@@?ﬁ%&%ﬁéﬁ by

ot it o PP e, PRmE ARE bR 2o (E Sy G iRpael  Applicaon
Non6@/631,228,r diled e Navembey e2@erd®04catid/ Wkl fRrevisional Application
NS EH o e LeBrEbEA: rAportp dBo e MHSCRERtsEporated by

réfEredtEn ANEN R Mal ari a has a trenmendous i npact on
human health, killing mllions annually and the

di sease i sSTATIMENTE GONERNMIENE 0ICENSERIGEEBRoni ¢

deve t of nations in | ar.i a- endeni.c .ar eas s
par ¢ B0 $vRGia Sih 2 B A IoGRE 1 TUEASRaon and the right in

ligRRE REEENhARE t®RJhire M phitdr olvdePtoTRRA dtBel®@hREasonable terms as
di sease that is transmtted by inoculation of th

e
prividedddr bimhgderassi afR @b A06T K% awvasdesyfey thepintiondi Instifutes of Health.

i nvade hepat ocytes , gﬁv | I ver stages,

and subsequent i ve?gﬁélt%ygagég omﬁn\{ljl timately

r esulThis inRefttinefs@edto it hegaivally TR6dIZed tF98smModlium organisms and
‘Because_ an effective 'subunit’' malaria_vaccine has

thedtrige e manpespeeifis AmmuneciEentgys &6 vagciprtiariirAesesy i a
parasite Pl as W%X@?@g%géﬁlﬁpg{}gwéﬁessf ul

devel opnent of suc I'ne, or gani sm vacci ne

appr dédireshagairamendoak dmbact vavieinhaal ledajthf killivp méltioneshnually and
interest (4).. The feasibility of such a ,vaccine has ) .
theedisease b A Ipaigr Eapedimsny fo sopighand ceanemie slsxe]ppmentyof; pations in

ﬂ%@d@%ﬂ ﬁg%xkg%)&‘ﬁ@uﬁﬁ?f%ﬁ §fd-$ apé:noAﬁfc%i(Y,esela Qi%@‘eagjp(eﬂded Citations).

t I nocu fon W I'rradl ation-attenua
Midsréesis tagnodghitobprne divense datiyemsanamitted Wy inveulatidraof the Plasmodium
vacci ne target begause the

§ag¢-e

can be co t el . .
PRiasity ?PQf‘&?lt _ Pq_’liof?lfﬁﬁ_l Yads E!@P%t%%gggig,rar%ﬁgpéw liver stages,
ahd es?d@%%lihfs}?t fRdragth @ 1987a65MaR (ifinatelerebBGCH release of pathogenic

aval | a y of conplete Pl asnodi um genonme sequences
n{eBozodtps By now permt the devel opnent of

l'i ve-attenuategd. parasites, by . nore precise and. defined

gen o BN i et ST Rl e b3S GPRRInk, Cgve and the
cOBMkRYSLY the€Raldri hRRANRES PIRModhlng BRER1 bhehldeY the successful

expressed during the ‘pre-erythrocytic part of the

dpvealergnent of sich acyaskcime( whole b2ganistn Mageingr apptoaches against malaria have
lately found renewed interest (4). The feasibility of such a vaccine has been
demonstrated in animal models and subsequently in humans by induction of sterile
protective immunity through inoculation with irradiation-attenuated parasites (5, 6).
Liver stages are a prime malaria vaccine target because they can be completely
eliminated by sterilizing immune responses, thereby preventing malaria infection (7).
The recent availability of complete Plasmodium genome sequences (8, 9) may now

permit the development of live-attenuated parasites by more precise and defined genetic

manipulations.
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pre-erythrocytic genes naned U S (up-regulated in
i nfective sporozoites) also showed upregulation in
W@ pwsoadt es when they gain infectivity for theCT/US2004/043023
mammal i an host (11). SUWMMARY OF THE | NVENTI ON Here we
show by reverse genetics that sel ected individual
genes, exenplified by U S3 (up-regulated in infective
sporpzoites gene 3)_.and U S4, ,are esseptjal for earl )
1 vePSREAeretaon mEpene We,Peyotsl,gniied genes that ate specifically

sporozoites.infect .he ocyt but are.no l.onger.,abl e
RS it e BrogatSe e Bl du Biredtfrlisd Byt B 120, A Fumber of
o . The | .. . .
oo RO el R 8 o PR A SR80 W B e -
: = 5 icf4\C
"GRG H ol AR RS By R e o Y SR B
ui s3(-) or uis4(-YUMMABMOFERTE INVENSTIONTPI et e
protection agai nst infectious sporozoite challenge in
a r oHleret wershew by ravated geriEtics that stlewed ndividual genes, meemplified by
and stage-specific, These findings provide the fjrst ]
Udsherreaplptpd an indeaiive sHoxarolies gsng gh peGL ¥, arq epsential for early liver
vacci nes. Thus, the invention provides a nethod_ for

stagfo Henelanmpeit:auigd(r) A W d(-h srarosites dafectlagratacytes iyt are no longer -
dm ni st er.i o,the host a.liye Plasnodi um qrgani sm
it b Bftot Grach Tl e g T go bt Tedtf 18 Sffcase. The
| iever-?ﬁea e-s ecc{ef it§ %errgﬁ ifVun ion,. Thg i n.vegt' ON e oeneticall
I ERqR. FISOS, PERYLIe] U8 MU AVE SHETEP 9 En ORI SR 25 8 Y
B ' ' i ticall
ergiifercd BRI IR A e FadRIEL OT Y o
f ]chnCSil@lﬂisi_ngry, aerdhiniriizationt Withi eitent aied(-)p lb_r)\l)z'.dg-ls iﬂw%;mﬁes confers
of a vaccine conpositiqn conprisin i ve Pl asnodi um
CIPRISIti BiRfecHeR ag@%ﬁ_el el F@r}e%gﬁerf%@ﬁ%rtge_ﬂa Ay fmalaria model.
This Bo380%1sS BREUALL aENGafRLIRD. TilBe! AUAAL Moo he first
provi des for productlon ofP A Nacci ne conpositTon, by
ganesipahdatteguathe whalej ozgdnien makesr edcigbais nodi um or gani sns
Ly B BB b BEE T A R s ot g
rr%%&it%ﬂ 8y AIAARRALS 8NHe 'Hgﬁ‘tya Qfvet PRisAbIHRA8iYaniRAY AR ?Qggnetically

} i'§ invention will beconme nore readily appreciate ]
ergindened watiwupiechvee-stageispecifin gensfunotiorhy Theinseminnefuttber provides

the foll ow ng. detail ed descriptjon, when taken jn . .
2 CORPHIA CHITERP ot S ARTSRE Gy PGB, e dha . enctically
ergi@é% {o At livaestd JRENicSEneChmESoRT 17 a@ﬁﬁﬁé%ii;éﬁez invention

S3 proteins, as described in Exanple 1, andFl 4 )
prgpejsles the usheof papécineenmposgiaonatosgyisingsalliveo igemedismeorgerdsm that is

ol TR ARG R B eSBER ie EVC R gion i
pidiviiek d8:SpradiRIoACS o Wiccind Qorlpdkitid, By Y@pbRih@ R f&dfdct engineered

agai nst a Pl asnodi um parasite, by adm nistering to the
Plaswodiym erganipmg shasiiiahledhgamacsttieal iyt aceeptable carrier solution.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing aspects and many of the attendant advantages of this invention will

become more readily appreciated as the same become better understood by reference to
the following detailed description, when taken in conjunction with the accompanying
drawings, wherein:

FIGURE 1 depicts the primary structure of Plasmodium UIS3 proteins, as

described in Example 1; and
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genetically engineered to disrupt a
l'iver-stage-specific gene function. By Pl asnodi um
wW@arassoel i s nmeant any nenber of the prot ozoanP@ENSN04/043023

Pl asnodi um including the four species that cause

human mal aria: P. vivax, P. nmalariae, P.falciparum

and P. ovale. The correspondi ng vertebrate host is a

huma t : i ' .

i ool T OREy PSR ERlAcHOR skl b2 WHERRNE UE 3() parasit
desstbedingExampde &nt i - mal ari al vacci ne, the Pl asnodi um

Tver ETAR I qite oS o REE SReh SR RERRE eyt
|'i verhs tiaeasipa Chrovides aNeftéd Chor ORocihtind ia_s{/éiﬁi)rat% hg?]t against a

LS-specific gene function" neans interfering wt
Plagmegdingt piresitpe by ddministesing o dhe hesttalivo Aldsetodium organism that is

dial Ly.inhihit, inactivate, attenuat r bl ock the

RBEUR onidd il sl Aot Sl sBelirrde Ty Tigmne

di sr Bpt iPdasnIdid | patediel Y hERASGhY PineMBer tdfaRR rbRoan genus

rotein folding, and/or protein activity. The term

Plasmodiuns ingledips ther fogr spestes that censsrungm malgrigpBoiitdxe P. malariae,

g ct.i.any, er Q fungtion at_i.s required
Pi]%? 7 %é%’ S gg% %E{easi p éSCO%SSpu gllnlgaYeerfe??mé? Qfcls @ human or other
sdcohdey hostshatey Qisedptdte @nafeesdroly the il 8pe PldsMoakt barasite.

stage of the life cycle, but that is not required for .

ent r 05 H$Soahadivenpi b¥acgineyihe, Péasmedimy paapide is genetically

' i I .gel a WMEL 1 on.

CBFRAEILS & BRI B A kAR, AL st
spenific gene duinytioR!' @8 Maisiuph L SppecafioigkRs findtibilemsalsi iveéH¥ring with an

gl andg of nR%quitoecg. These s?q(ilrﬁozoit,es invade .

Lhspetite gersigrtionaicheas ie spmpletaly of partally intilak dpadtiyets, attenuate,
' (R 1.2 :
0f B0 14 ES PRI gl burlcpilbtor CXhbIer by Gt Bt drdnfluencing
travscepiie tfansiatioh eroteimatboitiyg, endan protaincabeivity.y (The aayt Béver-stage-

to. start the b|oogd stage cycle that causes nal ari . )
SRR TSGR LRI §eHe GHSOBR, Lt (oh ASHaaR I is equired
inPBV@Sithe barafitdietd ﬁlﬁkﬂa‘felf '}ﬂb&ﬁ:@rlﬁ.@ecﬁgug hﬁé’r%ﬁteétanh Zel‘”é‘}sd)i?lish the

one LSspecific gene function such that the genetic
eryigoeytierstage pé tixslifeeyclechuithat dapeitreguicdd fonesity imjo host hepatocytes

hepat ocyt es.hut cannat prod razoites that, can . .
o BRI Bf DbcpeeaganRrael Pind ool hasS apedrrdetige of infoctive
spoddMRlteQN NTEYrif SnfeflfdH is\ inBshtdts bPOPLOMHSINS IPRLIBHM ADYhe salivary

that is standard in the art. For exanple, "an
glpglssofempsquitoge ndhesersporagnitesinvade hefetadyfasad thy vertebrate host and

. ing. the functi f _gen whose expression is. .
oA et AL 9, R Rl 0SS SRR 53 obfscproduce
segembsthoudatd Bpordites tHANQF WERER IS HRINE Stk ORepafocytes and invade
eug-(;ﬁe ulated in |liverstage parasites may be ‘expressed

dp stast/bePloat stageerycln thgbcpuenmitatie disease. | Acaonding to the

. zgi t ] ation.that eperges f.rom npsgquito
inprlcl e e 2P Mgty F B ROty Snsipraltd R ishie? gt ome Ls-
speeifie sgef® fiadtioa sueh akg ahy généti&ami%ﬂgiﬁeerbdlB@ﬁ%iitééeremain capable of
. salivary gland sporozoites (like in the US4 and U S3
nyading hepatopdse dut panpd predwss asreraiighythatviean gsfablish blood stage
lc'ip&c_is for differential transcriptional profiling,
I'ncluding, but not limted to, subtractive
hy br Ad T Sadpiecificgene éngtion nfafy eddéntifled disiigl ravtinemethodology that is

enopre-wi de m.croarra
stgndarm \’é\ﬂe art. For example, an LS-specific gene function may be identified by

assessing the function of genes whose expression is up-regulated in liver-stage parasites

(LS-up-regulated genes). For example, genes whose expression is up-regulated in liver-

-3-
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anal yses, may be used for identifying genes whose
expression is up-regulated in |liverstage parasites.
wEewk/oembhods have been previously used to anaP@RES2004/043023
i nfectivityassoci ated changes in the transcriptiona
repertoire of sporozoite-stage parasites (11) and to
identify Plasnodi um genes that encode pre-erythrocytic
StBEA PR Chhy HePHYFEEES of hi eX DL Estagil Rah i
s%b?(active %ygri izatign esﬂﬁgéhséﬁgg%ﬁ%a eﬁ@%%%ﬁéﬁ%lnlﬂw
spefrozdite fpopulationithat enegrgésafrent mbbdtoomidrzathoauysts! ollp-regulation of
abundance t hrough a conbi pati,on of hybridi zatiqn and
e Rr S5 Eoch BPTFS B o OF (SR Sk @R | gfgctve Salvary gland
SPESAOREO (1fkel iahe 75 ¥nd RIS LERE'AROLR ML BIhABlct BBlow). Well-

and subtraction of t populations. Suppression
kaaypt methods don diffarentied ttiapseripionflepnofiling dintmdanga by @ot limited to,

ri b - on differen between non-infective. and,
S YO B SR P o S i oy
ary3ts, ahdy B uked Esitidmitifying Gehbe wBEEBLraRi OB tupkbdllated in liver-
This procedure has permtted the identification of

Stpgs. pRLSiERul aYush Bwtheds havel beennprevisuslynased itori analyze oinfectivity-
oAU ISR P REB oSS s 11 e

ression Su
toPldastify dblusmedilimvganys tHatREccIRQTe2LithRTyNE k@b specific proteins (12).
mer ozoites has al so been used to identify

Far s¥panrlpe svanressime sehitachyo dybridizetiom permisy seleetrye enrichment of

g . . ) ' " os .
SRS EERTAISERSN 00y, SETAISh bR ) § Aficn o
hybinelizatibn andipbdlydieraye dhiin béaotion (PERpaRPlification Prdtpécls that allow the

R il L Kol I S, ppsenie
suBEEMIVRURYi di 56 RS Debd hsed ® mdl%eﬁ%??sgﬁ@ﬁé}% HRrin@k between

the 1 nvention, LS-specific gene
nardiaficiive end mfecivalspaiorgitdstand fiol ideniitngenks controlling infectivity to the

LS-up-r | at.e enes, ., as, further .descri bed bel qw.
iRt SO 6{ Da T GoREatRs b9 B s LB PR Bcagion ot LS-up-regulated
gene) GhAIMIng it REERRHAA b, WIS PP U788 Uk @l}lﬁgﬂ‘ gl@&‘f‘fbe%}_xpﬂé@xamples
ul ate or ns

enes whose expression’is not up-reg in L
belery. Supptestien sehraptive bylwidizatios-of fesmddium salévary glzni eporozoites
Interference with a lLiver-specific function al so )
Ve a it GRS oips| &lsg pr'? 45eG v 0r ddemtidy s?tﬁgF'Wg&% pre-erythrocytic
trdrREipts 1QRY. f Wiffefentidiniefpe@FdrPTofMBahdiditd NSSEHRHKiPYeenes may be
reverse genetics nethods into a pseudogene, i.e., one
copfimed isigt methwndatthal areostapdardsint thes anty inchiding danyblots, reverse

i | | e life cvele.(47). -The inhibitor
RS R TRk e Sp e spmithora S paPet RiasSighpy, andior
micedat@l eRpfesdion adlpeh, RPprévioudBvadsempeant 1, Bych a factor

may include, but is not |imted to, inhibitors of

cel | Inspaecenphaskifnents jod iheainaemsiony bScapeeifin -genel ifuncéidns are identified

I SiS, [.or [ t,interfer ith .
byg&@%ﬁ%‘én@r F%{l?kgﬁa?if ?‘o(gﬁk?pr'gqglu o) &R Guthes described below.
Hbwevepant hil gegsneitd anLEispasfiepshefanétitire he@dsdiy LS-up-regulated

anal ¥ ing the phenotype of parasites in which one or
geHBY e é’tﬁ‘néeﬂ%ﬁ’&m% S¥PIgasIen iscrat uprregwlpied dn LSelpama may nevertheless

pog%p%ﬁl}ggciﬂggl{e%%@ene functions in Plasnmodi um

nown e art and may be used in the

Pr aghiceferedbe tvx'f'ig) {hgi‘(@fglg 'negfﬁc foMEfod By ol bOGEMEIGed BYLS-specific

are not limte ,
overexpression of an inhibitory factor. This factor may be inserted by reverse genetics

methods into a pseudogene, i.e., one that is not essential for parasite survival at any time

-4-
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repl acenent by honol ogous reconbi nati on, antisense

technol ogi es, and RNA interference. For exanple,
woreihoe®9Inf gene targeting for inactivation orPCT/US2004/043023

nodi fication of a Plasnodi um gene by honol ogous

reconbi nati on have been previously described (13).

Such nethods are herein successfully used to disrupt

LLS-speci fic, gene functjons, .as descrihed, jn Exanples. 1
paiAHdBringathe; 148 rgelet @D n 8ho phibitry Tacler g@é‘}ﬁi g%%%@%ftamcw to the
used for .di srupting,.Pl di.um gene, functi.ons. Eo .
pafS e R racher St Rt dutg PRI BP IR Skl R ShaPh ey iiude, but is not
.anti,sense ..ol igonucl.eot jdes agai ns i.ff.er i..ORS .
1y 8 B Gof 38 GHESlsd Plosbiol Sl bbb AERARR Drotcolysis,
. P el WHE - DRDT LAl as) 4
aRPOHEHOR BRGHElER W b A firioRR Bk Fodelielolddon
t he PBapenific wené dundtivas ummy [begRlegiifie] byhanalyzive thee phenotype of
shqoqwn.to_be essential for cytoadherence. by targete
Pasites dn Bhifbqns pr e gepe §uchons hayebsey gweéﬁiff | Skyera) methods for
. a " f_ N t .
dfHoR0 RERCRERHSRIRP B by HS SRR ANA0 o Otnd may be used in
theepmasct dfi thdénventiot.i cBudf ntelieds nnelndé,obutt arednatr limjted to, gene
LS-speci fjic gene functions,js.RNA interference, (RNAI
rGBRGoGho FOTRGIOER nifoPRRTPEe PSSIES, RGRFologies.  4nd RNA
IRERIHER. e RRANPIE Crnlttbas bPBshel @rg@ﬁ% $or iMivalié® oPBRBification of
used as a nethod to investrgate and/or validate gene
a fRiessnddium genevby homelogoyaracembination havti begnipreyipusly described (13).

Dr.osophi | a squi t oes i ce nd,.Pl asppdi u see .
SHOtp HseRpas s TR el e AP isrbB S b6 g functions, as
des¢ABR B BxlaghpkenDaed 7.aA8tisdhSe REBRI1bEPhas adofbeeh sacde@R¥fully used for

serine/threonine protein phosphatase (PfPPl) fromP.

disqupting aPlasrodiyn o8 fuaetianisso Feenexpde.t expgenioys t delivery of

al ci par.u r.ow h degr Lng. . deeyel of .
ohPUBEFR B FoBSGRETE! RbRRYIBAE roBlesor e P ftciarun
topolipteRge TR LRné 42ulttitt skyuehtedsiecifiy inhéhitoP o SRiraite Ofrowth (14).

cystei ne protease genes (43). In the nouse nalaria

Iy, trRmglectinns ob 8B rangiserset nptait Ipt the dHasnesdivs sg{cingrum clagd
T e . . - gent .
o, SO B Dl A o PRERR 367 Bigheb by rpeed gon

dshiptioh) ssultedoin 4 a5-fAidsredpétiongingeneadherenté oompired to untransfected

Pl asnodi um organi sms. The gene di sruption approaches
corir pamgiges{bdve (for exanpl e, gene targeting by

honol s%gﬁ i gﬁ]' é,q&s'% 2 . :
beenAggglglsg){Jc e%?ftu 99)%8 ﬂ|’€2‘£{rgvtnlle ti gate %ﬁ?ﬁg% un%% Pgﬁl%(;?ventlon fo
distuptt dUa8-$pecidicl gepe fasctionsdm RoY fdniesfietence €RNAR) ufiog short interfering
a e, the availability of sequenced genone S
RES BPleguien Zs%ﬁfn@ rt%ﬂqsiﬂc%?;hegwom& Inii3fans Berengr RAAL hgp been used
ad AHIRRRLR)| iﬁvég't\i?éte Shidk S8lidde g&‘ieeﬁﬁctfi&{ indeHous toPg'%ltisgl{s? including

I nvol ved in various processe such as devel opnen
plratshiNaysepbila, shasgesodssmice, endyPlaswbdiamdse6 e.g.,.S0edt) In Plasmodium,
.eens may be . used in the practice of the invention
RNAT Ben ry veds ot PPERion FRREPTEHS PR PG cimof @ PPI
sdARANRohinE priRh PoshBRese @PP OeRéhl Bl AfkidarumP@T).f RNAI has also
gene functions include, but are not lim'ted to, )
bedvewsst tpiichibit . Yelkepaswe rgrawth be dpdreasing, thiedews sfyexpression of the

ggr?es &hco 1encfl; aiﬂydroorotate dehydrogenase (42) and by blocking the expression of

cysteine protease genes (43). In the mouse malaria model, RNAIi has been used to inhibit

gene expression in circulating P. berghei parasites in vivo (44). These studies have
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Exanples 1 and 2. The term ' phenotypi c anal ysis'

i ncludes all assays with vital reconbi nant parasites
W@ b@t/o639e1 generated in a wild type, fluorescentCDUSHENY043023

ot her transgenic reporter background. Assays may be

performed in vivo, with cultured cells, ininvitro

devel opnent assays or any other systemthat provides a
dfluatdl R ueSHe i0 Leffebfie DO RFEAISH: Eh%sé@g'm&on in

organi sns 1 n which an LS-specitic gene funcplo as
Phwmndiinwsorgmiigds.are typically grown in cell culture or

' , ded in th it t d h ted .
20" TBhS ot BRR0RoR oot BRbbhe abosor B et Satgcting by
h&ﬁ@logb{pd e&omATHoAE aGREIARS! hhP TENAY ehg?é)qié&? heBY successfully to

suspéndi ng the attenuated |1 ve Plasnodi um organi sns I n
inaeqirgterthc @uctiombf yirtaslhy pll gbhes iv an orgmisnBugémilee For example, the

ceutically acceptabl e rriers include. rile.

(bt tislfheel HRERORSTebRa e eoneiatopiad sRVA Hbrities for use
inPRFde- fedlcARNW 1 RARIFRNB RrlH b bekbsSBht 418 ih¥IAd irPParldRks| processes,

known in the art. Vaccines according to the invention
sushrastievelgpinantel pathbwayseonstagdsr(secadax. ,ndl fyd 46). Such screens may be

sybecut.aneously, i.ntrapmuscul arly, intr ritoneally, . .
ol B P SR of b BGREE i eb L ARG et Ben s fynctions in
PRSogH . t A@agarBht B8l bededSor RISRORHR LS spdeeid @k fuldions include,

i mmune response is neant an acquired and enhanced .
befeaye gt dimijed dp o phenpyDigrARAlY oy sugh a3 drcaphapobtipifopssaes described in

i tecti-pn, aj b t. e . .

ERFRED e 2B oo i By SRS AR F  uBlBEE MG abes with via
reediablilags pdesidd fed del gneratddetin | £ wildttawd | fubry¥@ent or any other

achi eved fol |l ow ng three vaccinations with 10,000 |ive )
trepsgeRir geporipr hagkermyade ef*%%r%b‘i’q E@fqgg\ed in vivo, with cultured cells, in
. ] | at i T D I -Backar.our
il VR B Blinal Cere of S OMACE spreti ! pRECACHANYS: for L
devettgmenhat achi eves sterile, protective inmmunity
agai nst malaria_jnfection. Nalaria causes, norge than )
300 Ah¢ PREReCERd ﬁ%aéfapdlemgmaﬁas Howeice 38} Srsnepitici gepe function has
b P o, Dbical) TrNA 37 581 Miter? cETaAEh A JRYBeMn the mosquito
hobt\emld dyaivegted as sporezoifEs forase ssvareines (sehe.gpl@r i a

parasjte Plasnodiumto the manmal,ian host occurs when .

" nf o0 b SUbiER AP URR OTBPRSHANS GEF BRQUSHI, Mispendig the aienuated live

PERRLIEM 1 6rahRAR (8PZ) - phbdn®lce@iMaBy NEobfifble carrier, Suitable
bl oodstream spzs are quickly tranSported to the |iver
phdmareeutically exteptables eareiemnihclude asderilh epateo oy tstesilg Physiological salt

/thin hepatocytes, transf into liver stage
safvigh. patEf BT b e Rkl RS D) B il ki i BPER
par ayhé@fesIAMrditg 46 1HO iAknkioR! @n' BIREMiMéteRHC QAT intradermally,
division and finally produce thousands of nerozoite

sybeutand@isly, Msraowsculady, iatrapesicahellys rnd fdravenansly: api dl y

i nvade red bl ood | nd, initiate the.erythrocytic .
cyor Dosi orrrantiell iR s Al Be' AP RS Setronse in te
héBe! By amywame| iasponse! sl nltae ah refERdONS] ehlMcéd dBg@é VTprotective
_health but despite over a century of efforts, no
inpyBRity; @referably complete or sterile protection, against subsequent exposure to wild-

type Plasmodium sporozoites. In the working examples described below, sterile
protection was achieved following three vaccinations with 10,000 live genetically

attenuated sporozoites per inoculation.
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has been devel oped that confers prol onged protection.

Yet, we have known for nore than 35 years that sterile
w@e@snesdved protection agai nst mal ari a i nfectiPCI/US2004/043023

possi bl e. I nmuni zation of mce with

radi ation-attenuated rodent nodel malaria spzs

(ganmma-spzs) induces sterile imunity agai nst

subsequent infectious s chal hus npl etely
preventing the QW“HLQE? ﬁﬁc 6‘1‘6’30%%§p§é%n(ﬁi?ectl on
fr 02?%%5#11&‘3 rRS ton!diR J’c@cm;%qo}‘ozol?@sc‘%@ Pdn ﬁsﬁodel that achieves

fin ater sovvnt at i nmmuni zatTon of
stérilappretestivdringanmity &anfsamalaplanmﬁecmpzs conpl etely

rotected greater tha 30/ reci pjents
L) e e 13 300 3o YRR s i mte thba © riilion death

aruGlECThOBiseAR Ha8alse{ @k n@éat ve3sihadbnMBEHSal(H: economic progress
Gamma-spzs retain the capacity to infect the liver of

off Idevai«amngl nationbos {lransthissinadé the pmabseipt paragited Fi@ynodium to the

B e OoRTa R4 o SO BT P IBPG Bipoutats e sporozoite
stﬁ%ﬂ (spk)f QGter WnferiiR! B8 Yl Rtredh! e qulkly ﬂﬁﬁdﬂoﬁ&@do the liver

Is the spz, the main imune target is t
where éb@e@(treéfpsat@@yd &vade bepatorytasHa). L3V lggn)hepm@tt@aa ﬁpzSetransfonn

L e BT, SIBHHAR 535, HPSLOE8 s g,

uidlet @ @Ryl founde 6f adclemsdivisioaemd eikpis gfloduee lﬁod@@l@;}s of merozoite
20,000 rads, of gamma radiation is required to pro

(17 E8)rrdYletoreijesaeleassdjirom thedivgnepilly sviade eed:hlopscells zmd Initiate the

oGSOy PR A58 he! 3 BENURE, s o

hai@&&n{sﬁﬂoﬁwﬂiﬁ#aet én plobildrhltle butcdugpise dver Aty dﬂéff(&fbo no vaccine
| nportantly, inmmunjzati on W th over- |rrad| ate

hasesen Aavalonedthal coptess pralonged profsstigne Y6 Stecdiave §0r more than
33t ?%&E&g]% agnfega%mfc% p%%cﬁ%férﬁ?hﬁf'ﬁia&nw iR Gor Rpo

er I 'nocul ati‘on roresstoallver
st agknibaizatiord ufemiger otithc n'admtlc(rﬁatteﬁéz)ted Qodettentvesl snaddria spzs
observatlo S |n t e.rodent mal arlg nmodel, Eﬁgotract

asmaémas & 9 iRy BEHESt SHOSARSTYE dfEpious spz chialienge, thus

oSHRLEEE D Al USSR g B AR W W ver 9

Injgrzintpnbased i thesst Gndingsit(@49 latdrnghomnathet ymmunization of humans

R AR EHEA P (RSB R F T R, o 9310 of human

re@fﬂﬁen@@F@sbf €4)54daftsh uﬁ'@dﬁoﬁé %{)i) ERAIRAEE QA @BhipRstéction can last for at
het er ol ogous “strai ns Al t hough™we have’l ear ned

leastdid monshs (G®p ﬁagemasm pjetemsth@ napam;ty teeinifeps theflisigr p&thegnammalian
5- 27. LS
g il s PRI JTorhl TR eL S o Pard Bt aimeyspes suffer

arfdsuidie de@ea}inéht PARS HiuS oA ed Ydducd @6@ bicod tell-Kffbdtious merozoites.
i nherent experinmental inaccessibility. W currently

Althonghorthg ippenlated estagst isgessnge ithe angiy, inumrsy tasgeigis the infected

h%aﬁcg%pnlﬁa&'%vﬁ Lo, II)r§ ((%ﬁ a]%roEeéﬁVe nj ““Eﬂtg \s};gz 38 eC' f Irad1a¥10n dose

dépéﬁ&érﬁ's griéBlen edn IUU)Of‘iﬁﬁﬁﬂﬁzmQ ®@a4! Sont PefaAGﬁalﬁmmﬁﬁdmosqultoes
LS parasites remai n unknown., Feasibility to create

e@@ﬁ@i t%hﬁ 090201080 medseaf grmmemtadiationiis yequired sgyprptect thy majority of
s&?&@’ %&sosed to infectious spz challenge (6). Mosquitoes inoculate between

10-100 spzs during a bite (22-23). Therefore, the total spz dose for complete protection

comes to 10,000-100,000. Importantly, immunization with over-irradiated spzs or heat-
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genetically attenuated Plasnodium LS that are
defective only in LS devel opnent a stagespecific gene
wao bat/opdoays an essential and excl usive rol e atPe€TiUS2004/043023
stage needs to be di srupted. The gene cannot be
essential during the blood stage cycle given that
Pl asnmodiumis haploid and transfection is done with

m@@t%#ﬂ sggg ?aqg té 12(%%@ &?&gctfo% ?%fcaﬂgé tl?a%rﬂ?es%ﬁ exﬁuﬁrrgmam viable for

soniigptitng ettelr rlﬁﬁtﬁ,ﬂ?dtiomt andnmpﬂtqirbgieﬁg tdd aSﬁ@r Gtagk I’tbat induces protection
é)redl ction_that gf ectjous Plasnodi um spzs residing i

Ré)- nBadhe basis af phssryations Hhthe spdeni malerda podgl P&ﬁ@a%dl protective
%\lﬁgﬁq 25&@21\% I%% gﬁeﬁ?]l%lérg%xﬁﬁés@g%? Pﬁ: &t&e}&gﬁ’%g&aﬁ@treatment

wsthr EémaghifiQra tdragsthau gils L8atbarte tlspeevdlopméndr of protection 21).

re-erythrocyti nda sent. from bl ood cell sta
IR PR IR WO B o /i e ST Skt S S Bgpending:
1n631ﬁ11t10n-rh®1tﬁo%ﬂﬁ peS' 6 he! itd | Gehih Weor@BMNGRRbction  against

sal 1vary gl and spz enrl ched transcripts that are
h@ibsh]gbuﬂtlmm&b(!@od stages, termed U S3 and U S4 (for

upre at ed ectious.sp zs). Cell biol.ogi.cal

oPuatbbSifoue g oot ADRE PO RIS G4 i gt few years
(Xsbey) Fﬂ% Es Il Qﬁé‘ﬁ'ﬁ@ HBmYIAENLIcEL takdRE oP Eﬁxﬁﬁiats%zﬁ du¥&@protection have

organel | e where replication and schi zogony takes pl ace

sc( &apampbvtelzg hlwdng geeenprésnion leosalysis lbgq:'cwge of ﬂv@m inberenfrpgperimental

BLEBEE "t BRSO Tl SHESHAAAL IR Bnge guigen-1
m‘“?gi@' O, Bt oI GiiScRy oF RSy SXRERSARShe I proective

spzs (data not shown) but ui 53{ ) and ui s4{-)
inyapeit) remeiay ainkpown rifelungnss begayse Hees Agp rixperssed by LS parasites

re@nﬁ%@%&% normal | y. However, uis3(-) and uis4{-) LS

ALY it er medi at e- LS devel oprment and do not

pr odpeRibikfyao kfeatcd@ingticuly astbmytdd Plﬁhﬁb&‘ﬁlﬁzrlaveMEeSUlT&?generate
and U $4 have LS-specifc ghclane functi ons, ortantly

genehipallveatienpated é’érlwdﬁm L;p ahat gre defeqtive @MYa é%‘re}onmﬁtrﬁ a stage-
s&gﬁ* oL 1R lpL gts :L.g 'e%)%g ARG ef ugl% rfi€ ﬁpﬂrﬂgﬁ Qééeerﬂeteds to be disrupted.

Conti g m ng genes p ay vita es
Thel (gems shnrlot dtengdsaitiabriueihg tthe biodsstagh cyolé i gﬁ\e:nctghat ®lasmodium is

ee T bI es_ 1. and bel ow). Ther ef cceeded in
@i trapstegdon iy (tneg\@wé@?eeﬂgﬁ oad ﬁ@ﬁ%ﬁd%ﬁﬁfsnufeafs%asﬂes are
di
Al “‘5‘3?5. o3 B B3 o SRR SR B A A Brofildg based
omithe paedictionatimt yisfestidusr Ptalweodzumrmpnstmmdmg m 8 mosquito salivary
el opnment Ict t at nmore LS up-requl ated . .
e b ety Falhicd §itb.bateR: T eI aRl faysion and
SL(Hsecg.xent H@v&%ﬁ&ftsoﬂ—%espgc('lfl) C NiRewb %%eh@d‘%‘am transcripts that are

especial ly i quel y expressed genes given the
spesifir foailgire-ecahmciti and abseat fromadblaod ¢adl stegesl mporfdento generate a

i ngl t t 0 d ht .
A PILASES HAE G ARBIPULHEL B cBRTEIHh o5 MLl e ebundant
sdlRvaRy QST Szafeichd PiR@sciipty ta¥ é&%’b@éht ERhfbIdad @@gesa&rmed UIS3 and
described "herein. Representative enbodi nents of

Uféf‘éé’@nt_prwéated an infeetioiss spzshe dCalh biokegi¢ad| stedigsn QhQWﬁd that both

encode& pgotgl)r(lgqgca?e to |’t:‘l%@‘parasrtophorous vacuole, the parasite-derived organelle

where replication and schizogony takes place (data not shown).
Gene knockouts using insertion and replacement strategies have now revealed that
both genes are necessary for LS development (see Examples 1 and 2 below). Both

proteins are already expressed in spzs (data not shown) but uis3(-) and wuis4(-) parasites

-8-
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This first Exanple was published by Nature ACP on
Decenber 5, 2004 (29). We hypot hesi zed t hat

w0 pse3gat i on of U S genes for which expressi oPCT/BS2004/043023
restricted to pre-erythrocytic stages could lead to
attenuation of the liver stage parasite, wthout
affecting the bl ood stages or nosquito stages. W

at..e d
SO P ROBALLEA WD AR Bt SR ad i
L8 mmeasnaﬂterrnedmtbé.cﬁ dm@o;mmt ancb do ast prodjcalatt IA.S (data not shown).

r m_ned ressed after s 020| e .
Thérpat i S5 ok 287 et 18- PRang seee ﬁé‘%‘\%ﬂi ; animals
QY& Dy PBLA bie B?'ilﬁﬁivteﬁ&f fﬁ'ﬁﬁ%b&% %Z)not become

and U'S3 of the human mal dria parasit fal Cl parum

pe@téantl &gﬁﬁrmlﬁg thhtohotd4 Zenesi play aciatl relequemce;sdﬁthtqompletmn of the

i i PSR o et JoRRL A BBRA AR5k Yilbecaed in

géﬂeeaimgeth@ Birdt igéBSticRll R ARt I S - BaddOtkéd @isédeHBY ¥ and others
we pursued investigation of US3 in this species. The

can doye a@wc@kauﬂsas@ eadoviad. See-regulatads gn@eSaldeebﬁ@ft éwe mlcroarray

}rssg%{%g )ﬁéfé gflg%J E’S,L%éiﬁé f LsL t r\ﬁg %%e?fcﬁ t@eﬁ 6ﬂ§ —up-regulated

g8 31l ttBrml 4196 bdesicafial RE LS @éizél-o}mfehﬁ(l e5ab g)@lséb@ﬁ LS-specific gene
excl usively the predicted | ocus del eti on ta not

funetions).. esnscially awiqugly ax@wﬁ# g@aseSagme@sthg Héméﬂ(ah]@r eapacity of the

pRRREAR SsruPRE R, ERTRIeAMG T Bfe (AATRORSPARME TSGR, fuch Ls-

uphegulmsd] Uiches Was 3be )m@ﬂ@ﬂl}azdisﬁ@&dd&)\/ grathred additiaddl yliven vaccine
m dgut oocycts and infected the salivary glands in
Cﬁl&h%éﬁs egeiflo wi | dt ype (WI) sporozoites (data
not \% [ TS [ .
o RO S SESaATe o BLSpey i BT (et in
folltwishomaworking &an)plepor ozoi t es showed typi cal gliding
notility, a formof substrate-dependant | oconotion
that is critical for sporBXAMRLE tansm ssi on and

et Arisgure TRl hSE PRt RREHEY DI Boraubhenalihas

cel | sya ¥ﬂo@ﬁ’e§iz§d CARHCAPA RN F VB RBEAfr vifc Q}éﬁr@ssﬂﬁht is restricted
shown). "I'ntracel lular uis3(-) sporozoites initiated

ta pee- Qlytdmr@afhc ctdgesilcanldt leadh dd efteration of the: éxygr sthgﬁ Pﬁr@%ﬁ; without
alfise B plc el s BPo it MPeef " IS RRASHS P SREZHE s tha

eﬁ&ﬂ%@a RfHall oawNed ﬂrﬂlsﬁﬁhhﬁ&ecﬁﬂie[rﬁéﬂl(}mﬁ IS3 was expressed in

parasites showed a severe defect in their ability to
n&mtwmes@orpzcam {(bDreadi we detemnpingd that ittwasleszoipressed afigrapporozoite

R TR SR R, B b RS s

naPPEE A 22837 ia%H €MSB Yorsh@hlresin iakifiatgaeastte 1A, gEppaein Pf13_0012)
WI forms. Consequently, nutant lparasntes | acked. t he

shap ade amiso mch seaiene idantity SFIGURE 13.c hPoeause theygpdent malaria

N N N -,
aﬁcbpfe%l@llhtc&:?’uh admiuaiy welrirsued apestigayioh of PISDInehS specles

through lIiver stage devel opnent and lead to blo
stag AR randeganes Zo/ISH \esne IWasedeleted fisingy @ rfsnlécement strategy (13)

Ft‘ I@[ﬁ@]& Q? nAgtFub %%sfe%ﬁ%g qaaQ&Qal i eﬁﬁ%gﬁsgﬁf&%susfa@ td §ain clonal

0 1'nduc stag€ ‘parasitem a
parasite lines designated uis3(-) that contained exclusively the predicted locus deletion

(data not shown). As expected, uis3(-) parasites showed normal asexual blood stage
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Sprague/ Dawl ey rats which are highly susceptible to P.

ber ghei sporozoite infections (data not shown).
wW@0v106d99WI spor ozoi tes i nduced bl ood stage par@FUSHIN/@i3023

in rats between 3-4 days after injection. Thus, the

observed phenotypic characteristics of uis3(-)

parasites, i.e., their ability to i nvade hepatocytes

geavah tandi norvhet eransmission tplthe elropkles SlodgEiH S¥GbO PR hot shown).
“%h'!i}g\ﬁd usg}mg tesjt them as a whol e organi smvaccine in
a & /MABGIBY 1130 sRarpzoiige %@j@pe_q wermallyr &v emidgell yocycts and

inifeaRREN i adliirG ©1Mdb hn Whidtss) | i
di fferent lgarr?%e boost hlr%%érlsn%n a%’égéig’?é‘ﬁi’sgﬁ 1}) sporozoites (data
nethghovengeRevans triseripiase RTRPPERD aonfimhjedClable rofot/is3 expression in

| t1ou orozoites (Table 1), Protection was.
”’Jé'\%f {Pg{%gﬁsﬁdgfaﬁboa saowa) %léf(?képew%ﬁwhewé tpiead ielidiste motility,
fdraodf Sibs@eeldapari ' ; ' .
? por 0zoi t e gﬁaﬁsl e%@%?ﬁgﬁﬂ{oﬁap%twﬁag%ﬁ? %%%%Eet trgngpnission and
mgft%‘mty EPr(detagrot srovayai Tey alwl mtaized théie bbstasll ifvdsiBpacity of

- o3y j ¢ |l owed by 2 boost
otk i A IeYeS paTaE BE Wl mshales  GRtp pek weve
|1 Intreestiuta@d .3 ' ! %Wt h 0 i
2 or 0zoi tes g?%ﬁ¥7®g§fgﬁ&aﬁ‘ ?gj?ﬁtéﬁeﬁfégs %ogt%igl(l%aglia}é@i‘ormatlon
prﬁgge_ss éq{.dng}setosc{eedlfﬁe@npﬂfmle of thenbapanmshapetielamated sporozoite to a
.0l . | hi d with
AR o095 000 TS, L7, AT b iy i
shoped azovdre defctall teit hbiliie td @dihpl'bm&hisfe?lﬁamr? fhtd! ?iitvﬁxgwhozoites

the same prine-boost protocols but challenged w
(défﬁ&%gm“ss Onlyve small fretion efisi(agmrasiesdeveNipad imb splieeical early

: ' | d st i,nfecti .
A S R PO 0 L ST s
Camsequeatly.edutaniopaadiics tacked tRomphtife®d hyess & MRkl g@&‘eschizonts

xper i,men ere protected animals werée chal |l enge
(dgtﬁ 2‘9{18%“?"57 gg’fﬁdgﬂ? thissxtrems dsvelspmedal deféas obsarved in vitro, we next
tesHRP O ZRi3L-§ Sspdd, t t hS. | .animals remai ned ..
ecorrpl et efg Sr g:zgfé?se .d lr\wgge&?n.nnéélﬁf% o i FReEFS -O)‘gh liver stage
deglopmenti and deadetoebladds stagroimdotivas § Avet Bedeed aaavddhis in.i_ection of
o

re- en i nfectioqus nosquito bite (Table 1).
UP t@@%e“‘gﬁ@b Fasrapoliss Eﬁlietde@t [ghceblaedastagedparesitemia in young
SptagibMazaty [joes Si boost . . .
ppr ot ocol }:Nl t?}q’%%&b\(%e Idfg?f g‘jlg%g o%lglz%%ili' gjgl.’g%le&g?foa?ﬁe {fections
(datemohsheranls  dintrpb W osppirastoiteprindueed itdood whpk Gatdidemia in rats
bet&@e]'gﬁhm @a%, tlﬁr ee. api mal s becane patent after a | ong

el ay i n patendfCUfxt, a subset of inmunized mice was

chalThesgksotigrvdt phehot! bAGiWo Bishl- 9L their abili

e ek ATy 8 5140%s, i

par . X
to inypdeshenatecytes wad thejrsdefigat én completeclinge staiga devalbpragnttalidtved us to
r protective imunity is not acting agai nst
j[est :ﬁgegg Qg t’ﬁaéélggleaé{gaj?lﬁ{asvz}%@e SIBG% qu&e/g&;p;ﬁg@ challenge model. We
intpvencslyt inmoyize€ mic8oREh Ez‘sﬁ‘@ |sjdoro_§61te%"ﬁ‘§iﬂ%tcﬁff@reﬂp p¥ime-boost
yacci nerel evant delivery rout'e we I nmunized mce
regupensuinshabhsequenily ichgllenged ithe nticd bp shtrprentux ijectiohhof infectious

wPQ Wl .S nd 000 ui 33?(%* 0] 0zQi t es,
" cepeapa ible iy st BelcaleRlr by feed siveer to detect the
devalppinresit ofblosé gtage paiabitraen@tite Who IR GE0 i

chal.l enge. Qur results shovyth%t.itgfys possgf&gﬁcélt?%hauenge’ the
MO RGP Jearout don Figrileoprotecsign ragiatnst malaria infection. Priming with
50,000 wuis3(-) sporozoites followed by 2 boosts with 25,000 wuis3(-) sporozoites
completely protected all immunized mice against a challenge with 10,000 WT

sporozoites given 7 days after the last boost (Table 1). Complete sterile protection

-10-
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parasites that are conpletely attenuated at the |iver

stage, which normally establishes infection of the
woreomsabioan host after nosquito transm ssion. TPCBHUS2004/043023

attenuation was achi eved by deletion of a single

parasite gene, U S3. Although U S3 function renains

unknown, uis3{-) parasites clearly |lacked the ability
a aﬁls@mgaﬁ@tsgoﬁo%ua iSaifeRSS dosk ol By AR SHBL bl dimilar prime-2

rotection agalinst malarta that we observed arter

boastpnotaedli wsingn 0,000 ius3 () )spepaoidaso(Tabte 1)n Weenext immunized mice

nouse/ sporozoite chall en del provid r oof ,of
using e S&Pf@ Rrﬁla%-{’%ésg aﬁé?q%sgﬁ{}%ﬁﬁmaefi St & PPOROARSEE ek after
theSadt @85! Rond6f ﬂﬁ%ﬁléﬂ&%@ rRictldevel 9 b6d 'éfé]ge infections and thus
F13 12) he g t he nost

(accessi on nunber P In the genone o

erljeyduaprotrantedh starleqrotactiar @ableel ) P Profraritgubprotectidinives wonfirmed by a

el Pt ety Bitted Buumbu’ el Pificherit sehin with a high
inBUIBR SPSOW00! InfecEbd LkER6LIIR AT S - twhoaRhiR! sémr animals remained

findings lead the way to the devel opnent of
cqyepletelyc ardtected: t Micmimounized tvath Wé(-gzlsmrezmteg awgrs ralso completely

L N I T O p—

levElaas brftédiion. wititfa re@iicadCinRidizAfonPidde STe ttvvied’ A aaRNEIAgle boost
re anplified using primers: U S3replfor

p%e TP ACGLATRACARST GlevPaou ' of terspmmats Rigoyed complete

PSR e AP SRISATL AT TAVIISES i ptncy
NektS3isabsdt of iniihimiGEPAICEGATATIEAgE I GHABCADCuRdIn GEEDlood stage

| D.NO 3). and MK3rep4rev L
pe(rm@frm@@mw dbtredrstaga srrasitpmiastwy | dayn@iten challenge,

o 1L vof . USi e i '

iR yal 2y oo RARGER iiBbfihy K RRElon MG sages and

thue otasrspedifiy agemis precbrytirgelytis Blageq ARMEfly, fooewadiaté & more vaccine-
g%onal 1oar asite populations, Jimted dilution series

relgyant dglivery; route; §is Brmypiged Jpise; ubcntanepusly pERE 3 giime-2 boost

: - . IAf: - j .
PR R YRS R P00l O Yo R rRB B> Af mice were
caghpiailysproteotediagaiastanbiseqaedtanted epohsy WA spiozoite ogpliehgeo
dT-cal umms._ (I nvitrogen). For. cDNA-synt hesi s, d . .
ol i dBat s HRP bk p0sSbIE g A eprmeracich, posifithymalaria
pAR8GRIRhatPArk TRhDldéY RANated At IDLBCGUEN e, STRRTA6AN AT Restablishes

-reactions. Phenotypical analysis of ui 3_3(.-) par asi t'es.
infeetiph edfethesmeminatian hosts gfiért mos@eto trgnsariesiomi rflem attcauation was

re.ynder a 14. h |light/10 h dar yC 75% L di t .
ety Y siietfp o v st i 1B AR gigh remeins
@S LASE ) WakRitad tRUEH 14¢ked RO AbilRE do fcBmpRsald for M loss. The

anaest hetized NVRI -nmice that had been infected with )
prafraeied spsailprajeqtigh eigaiukb atariat that wies@iseived |afier immainization with
were assayved.far a high proportion of differentiated,. . .
i ERRSRGACES it e s Rnr Bl il lefad rogsl Syidgs pidof of principle
theep atieticAly fwtlifRaahdlatia Ofcciddis qetisitie s Weidentifi&s ei7STlorthologue
at days 10, 14, and 17 to determne infectivity,

(ageasgion nypbeoPBl 3 S0hNdnghe senonye of tadnespdatiedl diuman malaria parasite
P%{E?}fc{r 731/1 RSPHIL A ¥s to FQLat @ gleﬁ/eﬁlcg’ll}p Jltte%ggtgg %{%‘3%—? human parasite

that can be tested as a vaccine in human/sporozoite challenge models. Together our

findings lead the way to the development of a genetically attenuated, protective whole

organism malaria vaccine that prevents natural infection by mosquito bite.
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sporozoites were deposited onto precoated (3% BSA/ RPM

1640) gl ass coverslips, fixed for 10 mn at RT wwth 4%
w@anabenrl dehyde, and incubated using primar yP@nusivodes43023

agai nst P. berghei circunsporozoite protein

(anti-PbCSP) (32). To detect l|iver stages in

hepat ocytes, 103 Huh7 cells were seeded in eight

cha N g .t L:confhue j

cpor g e T AR Al SupRENERS R RplicoRion BT 2G5S two
frapasesd Of fwerdf t er afhplifiedd 15, usdg 36 priche8 h, LS wadsl83replfor

St GAC IO AARCATAETA TSR CATERGE) Do b o NG ) and
: : . S o ‘

USSR SRR GBI TR I PIat o B0 1 -2

foi nf ecthevi ty 860 cl ondb sporBzoi t efrgenpant;at i onsnd:n vi VgliS3rep3for

RSP ARIL QA ARKEc LA FShETH NGB ¥
IEPETRY LG TETHETTA AATETANICRE BANAT PIEEE D 3ad 4) fhythe 760 bp

G ensa- stai ned bl ood snears. The appearance of a )
5' Sraggleat @sing . deygliet genagie PNPr as tameplateh eClaning ingayheof. berghei

R B PRSSES LS8 s,
lithfPdil fRonREeMEY arddaibe ife@Idn@Tlond patabite BHE 19 techfleAtNMRI mice each

days were used. For inmunization, ui 53(3) sporozoites 5
wame perfemtedac Fer RT-BaR sartalysisr yre glisgeated i@ v AT misde) ed 6x 10> WT

squi toes. Typicall a si.ngle i pfe Uit }
Sagg?fgaigﬁf’é’g Zq@?%%ﬁﬁ?fi %ﬁl )lsozarg%(?ogcg' es. poggl; i ¢ ie1 0, 3T golumns
(Il!nfitrﬁgéxﬁ.d FbAcBNWOdysiR sigfand @hplification weperforfiedameoats-PCR using
into the tail vein or subcutanously into the neck of

rapdorrdeeamenprinters (Awbien) s sviosepen) standardPGRreactiga®e of
1 orgbs X, 104, ui s3(- L L:es, ito reari
boort B s by PRRFERMES, L0 UER gDl g i

ardOithintehbfdcefede. uadePsd 14 hclighthe H dark teyblep 3% \immidity emd 44428°C or
dg]ys followi ng the inmunjzation, with a segond bo%ft

24°6), Iresmepiavely- dAips carfe PERATIRATT BPSQHITOPS Werg AR i blood-feed for
| Dl GRt Se i b TRl St WildOYBE P. berghei

98 e BRo L Tl g mcl TS Siioypd . g

NE&&6 hor Theeuias(-)relone viaadewtteemssayedi foor & digho praposgion of differentiated

parasitem a by daily blood snears. Al i ngl . .
SHRARRIRSAIS THSOSTERCYErattags PaesiEy &?WL? ok vfestlption; Mesavitoes
[ syhs efehfhe i ite and
woE LR R HaGE 10" HESGRHET o AORBL T JARCITTICS MRIgR! pporoneite an
sdlizaty pland tspofozoits Jmpesp oespedivelys Hpr ianalysis eofosporagoite motility,
subcut anous . i nj.ection of ei

e R ol gt Bogpon
fRXRELIdBN R wAth hRepirafoiheRcRRicY %n_éﬁh&?dafedoﬁsiﬁg?ri?ﬁbg}i‘ antibody

age group were i1 ncluded to verlfy infectivity o ’ .
agapot §z bérgdeictisduhspomzaitsproteim (aiePbGSEVE2hnT erletect liver stages in

| tem di |y det bl e. t hy.
BT 0 e Bl L L o
sé?ﬁi%lﬁﬁeﬁgy.lalrlﬂ’. %}'ﬁiem SrobBIfst WerRJadded, aicubsad90idindays7°C, and
0

and typically up nonth. A rechall enge study was .
wpshefl@ffredften8, 1Pnd5i Mrdhiand ¥i8dn Léxyeteirreasied whingmyirsy antibodies

attert first . challenge wth,a- s €,d0s f :
a%a@hs%ith? c.tble(/@eb.h.eﬁite Flb%g?pr\?\ﬁ%n% 278 r gg%llg?i s(.3g$oe¥(gsa{l§l.yée sporozolte
inWRSbR 8 dotbIe Haiing Fro6EI EthTENEEC SR katiudytveas wdd @) Tt determine
re-chal | enge by natural L
the infectivity of clonal sporozoite populations in vivo young Sprague-Dawley rats were

injected intravenously with 100 microliter sporozoite suspension in RPMI 1640.
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transm ssion 10 protected and 5 naive control mce

were exposed for 10 mn to 10 highly infected
woR®§ns39ees t hat contai ned an average of 40, O0BCTATS2004/043023

salivary gl and sporozoites each. Successful

bl ood- f eedi ng was confirnmed by nosquito di ssection

after the challenge experinment. To confirm

TR e ——
appERhRelFd sRGHH é‘r[fﬁ}u@cﬁlb&‘[alge AgResohisithd fifseddy vfpatency.

sporozoites. i muni zed m ce and three najve

contimsnunizatienvadepasasitel @xulereensxnerimentsenbos all ifxpetpes female
SIS S S0 AR 5 808P P LB . o
mmﬂrl]ﬁrﬂza‘mt@ﬂd ltuistég.% g;laflgaoms wmteeemact%gs ﬁrbtns salifatyt glahdbdtamy infected

shows a mec ni ze th P. hei .
mesqugpes; Eypieadlse pisuglapde %&%ﬁ%ﬁv‘%ﬁf%@&@@(ﬂ@%ﬁ%%P"éOZO“eS
SEGET 5rd LT BHORE 0P BFERFRS S AR o fe il vt
or#éuﬁtmhﬂcmelgedtoahp nedk of anim@]s- )Ampmls wenehiemsuniztayyith a single dose

e B R i S BBt 5 it
spg)gj gﬁ% %(9‘89195@61’@&1 idAbt 530, '@Qé)ﬁ}sq B9 ﬁ/ﬁ@ 1\(eﬁ 1(74) d%)gé folldQing the

Infection) - - 000 s
mﬁﬁulﬂﬁiﬂloﬁS vﬁﬂﬂa(sd:c@@ onﬁ ibIl@wm MBIYS rtherewersoy ab tyimg intervals

in ]?jg Iégf se (o aé.waﬁg)w/as 5111{1‘1%1%1%%&%8%%\7%: By gadsnié} y bo%& \919191 x 104

uz}% )Oéf)gro%B?tes Qac'h 6 Hearftmalk v&eQe QR BBniRed (6t thé paraserliddy daily
38) 5/ & o infection) (d.21) IIP.
blood mansa o@n gmnmb) remgngh lcmi istege pAsatite-regativy) afjey the first

S b S 30084 gl o 1 mons

affed- BleivinkOtHAORsE PostOof u§3§§1 sﬁbro@@xt&ﬂ@ 2t ého(isl . ok 43ubeutanous
25,000 10, 000 bIood st.. 0/ 5(d.2) (d.21) (d.30)
mjecuon of either 5 x 104 or 1 x 104 infectious P. berghei WT sporozoites. For each set

of experiments, at least three naive animals of the same age group were included to verify
infectivity of the sporozoite challenge dose. In each naive animal, parasitemia was
readily detectable at days three to five after injection by Giemsa-stained blood smears.
Protected animals were monitored for at least 14 days and typically up to 1 month. A re-
challenge study was performed for one immunization experiment two months after the
first challenge with a single dose of 5 x 104 infective P. berghei WT sporozoites. To test
whether wis3(-) immunized mice were protected against re-challenge by natural
transmission 10 protected and 5 naive control mice were exposed for 10 min to 10 highly
infected mosquitoes that contained an average of 40,000 WT salivary gland sporozoites
each. Successful blood-feeding was confirmed by mosquito dissection after the challenge
experiment. To confirm stage-specificity of protection, an additional experiment was
performed with 10 mice that were fully protected against a challenge with infective
sporozoites. All immunized mice and three naive control mice were challenged by
intravenous injection of 5 x 104 P. berghei WT blood stage parasites. All mice were fully

susceptible to blood stage inoculations with no differences in patency.
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10

(d.2) (d.21) (d.30) - -
WG )08/068931 C.

5

25,000 (d.11) s.c/ 50,000 spz.

V. 10,000 10,000 (d.14)/ 10,000 10,000 blood st. 0/ 5
10,000 blood st. 0/ 3 (d.2)
25,000 (d.11) s.c/ 10,000 spz. (dr@BYSZ04/043023
(no infection) 25,000 (d.18) s.c. WI. 50,000 s.c.
(d.23) 5/ 5 (no
infection) 25,000 (d.18) s.c. - 10,000 spz. O/ 6

Ui Sgieslglt g‘e@? Nbglgwmﬁ}ﬁ s \lr.l\ﬂéy 527§ij/FI enge’glm %&f‘@v'lth P. berghei

uis3h %bto@tdﬁespareb@frﬂ;ﬂ@ﬂelw‘@r(ﬁméd) a@lihssa ohallingedvitt AGESP. berghei
Mce were fromthe same age group (50-80 days old) and

SP@]Q@‘P@EOl tes were fromthe same nosquito batch.
Tinmepoints in colum 4 indicate the day of chall enge
after the final

defi ned as the time until thipgd{rst appearance of a

boost .

The pre-patent period is

stfgte—erythro

yticstage T G

mea-stai ned bl o

d 4 Protected /

sne Fi ve mjc f th . r

re- c}b@@}"éﬁ?é‘ﬁ‘ Wi t hgﬂ%s%g f5 OF@H@@:\‘@ d%?eozm t egpcglanenged
Exhnt h U8 CEIPZ% He § RP@P ndtimgpait) o ré-patency)

pr gt ect58@P00EXANFIEIG) Qqeli“é/,%v\@od srARR00:08t o) 10/10

Pl asnodi um protlein wi fh28 critiftal function for (no infection)

Korpl et1®,d00ver [s1(000 @elMl Kotont . 10,89 fpapidehul at ed 1A/ 10

i nf

in

ective sporag

zoites(¢zne 4) ip

expressed excl Usi (el ipfection)

inf eciive sp

orozoites and devel oglorm)olgpzer st

age9$./9(d.3)

rlr;; grcll ?p@pg; It If%m%fh) :j]fhlell6 dggﬁgir gtggg} knock O(lﬂl o infection)
arlasi-testhat o4 he i

B er ocyt|eTd- ARG Y 1“({9@1 1008 5P~ S0, { ey S (o nfection)
transforminto learly K948 stages However they are

sevierel y—i-npairled in ferther |iyer skOa(f spavel opmen?/6(d.4.5)

an

carsouoy 1 N

i nacul at ed at hi

ch

54 k
agd

| 50,006 (b14)010,6004e10 imf andiqo(b38he
| nmuni zati @

| gh speg.oppite d

DSES.

rp / 5 (no infection)
n wth

ot
t" Subsequie

p% @Gﬂ& F4P/ £0080

OUS W
51}

PURD 3fhOSE ¢d.58)M
| dtype sp?gg%zm tle

C¥/ 5 (no infection)

UL S

O | S AV
o_the aenl v for

> Ulg 'mf 1*21:8

tocC

N ©°5:0/5(d.3)

Wacluol el ran

cel

| intekrface

E_LM Qéﬁhk‘f)/—r ut

o HEQOQ#HZ;

thar
Do Host 7/10 (d.8)

and extends as a

t ubol0,Q%) 0l ar et wdtiS (d.3)

i nt
de

tt
it
whi

wi |

o t hsp dowmpat o

nstrate tha

025,00@ ¥d. 0P 25000
L depl ggpon of US4

TogéOJﬁ)Gﬁ btood stlat 4

resdli3oy in

0/5(d2)

Cnual B ve

ive

r stag §20pY .

16089 ¢d. PAY 85,006%

i nduce i

F6108b 'bfid Y.

0/5(d.2)

%) r ESDOHSES,

II IIIIII IJIL Q

dt vheTnarasi

oo
tbseguert—tnfect

ag CGCenérati-on-—o

o000 Todd I

M th/3d2)

G vie
bIood st ages,
VWIS u@0,000 sad. t

n 090 sig. sS4

we

i 259084 Ee n
S 08118) 8.6 p

J W espe

Irsue_a targeted

S

S

n%{ 5 (g infection)

gene

he 25/000dd.41 pges
25,000 (d.18) s.c.

50,000 spz. (d.23)

"5/ 5 (no infection)

10,000 spz.

0/6 (d.4.5)

Notes:

Mice were immunized with P. berghei uis3(-) sporozoites. Mice were

challenged with infectious P. berghei WT sporozoites or blood stages. Mice were from

the same age group (50-80 days old) and sporozoites were from the same mosquito batch.

Timepoints in column 4 indicate the day of challenge after the final boost. The pre-patent

period is defined as the time until the first appearance of a single erythrocytic stage in

Giemsa-stained blood smears. Five mice of the Exp. L. group were re-challenged with
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to study the inportance of U S4 for the Pl asnodi um

pre-erythrocytic life cycle stages. The endogenous
wokigs8639gene was di srupted using the above- desPCT/bsb04/043023

insertion and repl acenent strategies (data not shown).

The parental bl ood stage population fromthe

successful transfection was used for selection of

clonal parasite |ines carrying the gene_dis tion. W
ongdase D00 W T sRPgzeitesp? imenthy éﬁ%&ﬁe@'s@)ﬁ ge and remained

uis48~) and repl acenent cl ones designated ui s4REP{-)
Prefesiedcont ai ned excl usively the predicted mutant |ocus.

The correct repl acenent ﬁé{fﬁi’lﬁgﬁ confirmed by

i nsertion-specific PCR ( shown). To confirm

PbUI def i;Gi ; -

e RSPl MRS o RAS8 S51 RBSL 0P omptc
.sal.i - . . .
7Sl L AP ARBEd BRI s o e

t anal ysi's of ui S4RE

exSRRIVeR S ciilfethpbRizofled At dePbihag liveRétagdR0 Tasiteddene disruption

Pl'asnmodi um ber ghei transfecti on and genotypic

of2UE8 A5l the rbdint GRRR] hdl@e! pargsiel PlabmbdHdmabérgheitgenerated knockout
fragment was anplified using prinmers U S41 NTfor (51

pAcisHeA THAEADNIAS TACTANANET TESE3AE i)l 4{fBF(hdpBtodie myasioml UISY
Ul S41 NTrev (51TCCCCGCGGTTATTCCATGITATAAACGTITATTTCC 3') |

kr(oBE6t IpBrabifes tnsfosmrigtoRearlydivghsthgage owayeDileyaae severely impaired
template. Cloning into the P. berghei targeting vector

in( figther &ger stege dpvmlagmtmp\mgr_ﬂypaﬂwgq blood stage infections when
transformati on and sel ecti on was perfqrned

ingedated 96 digh epereraits doses) . Immuaigatien Stk ,5@%? fenpcksg sporozoites

cathlee Py MRS SEptahent RISGSAh PIERER Paoye Shallenge

Ao roBEpTs SRR TS APt eyl formed
s cebataibr e hERibr e ek eb s Mecpagerts ey oq) ngefce ond
extdod 3 o SAAEORE AT AT, B heh o0 Rl gt foifter our date

dég‘(SAﬂastr hdt(defBti8S bR OIS 143l SinldiehiRR] hedr stage parasites. Genetically
IT TTCATTTTTTGATGCATGC 3') (SEQ I D y 11) and

attdnedie@ BdES¥aded m AGERIR FEAEAECHARRAATHA FEBssquait infection
(SEQ ID NO 12) for the I kb fragment and Ul S4rer 3for

of hd BAGAGTICHIEADAPATREAIST ATGAGTAGTGTAATTCAG 3') (SEQ ID
NO 13) and Ul S4repdrev (51
CCCOBAGETTANNGTIF MOATAIARCSCCIGET TECLESY iy SEQss®l MOspbagzoites but
for the 600 bp fragment using P. berghei genom c DNA

netsin tbood| stetges, V& waieraplé tot pirsieen targei gene gésrvpiipnasdhgplood stages
(34) resulted in plasm d pAKML7. To detect U S4

toestpde 8hsi lmpoﬂﬂnWOng&SAnfﬁr ¢ Rasmadigm dre-pryigesytisslifecygle stages.
105 sal i var | and sporozgites were dissolved i. 0] .

Tht epdpgcnenss? 4 geRs wap disrapted Using f?bésa%m’%- %%CPEE% Insfrtion and

e O 0 B8] Sl B Aok o
successful transfection was used for selection of clonal parasite lines carrying the gene
disruption. We obtained insertion/disruption clones designated uis4(-) and replacement
clones designated uis4REP(-) that contained exclusively the predicted mutant locus. The
correct replacement event was confirmed by insertion-specific PCR (data not shown). To

confirm PbUIS4 deficiency of the mutant parasites we performed RT-PCR and cDNA
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| gG secondary anti body (Amersham. For RT-PCR anal ysis

we dissected 8 x 105 uis4(-), 8 x |1 uis4REP(-) and 4
WO 2008063981 sal i vary gl and sporozoites and i sol aperpsiogfeu3023

RNA using oligo dT-colums (lnvitrogen). For cDNA

synthesis and anplification we perfornmed a two

st ep- PCR usi ng random decaner priners (Anmbion) and

subsequent standard PCR reactions. Phenot% i C anak)%si(%1
amplifigation usingrpeladi tRNA from saleyay stand sRerezp %O%Sqfsw <s (data not
were rai sed under a 14 h 1.ight/.10. k cycle at..
shownle, MemwpyirmWestsmabiat ABFESE &f BRI L SeHgeqteS did not detect
| on. Bl ood-feedi ng and nosquito dissection was as
Pbiﬁé%ké%ﬂﬂ?“@&@?&»The nunber of sporozoites per infected
nosqui t o s ,det.ermn ' h g .
oS Webfech P! PRl A ARG ORRARS,, For 2R Meoing of
PRIRGOA e8! a5 COYAHGH: PRadN AniphEUAA! R8!S Iiinddt | NOISUINTor
anti body "agai nst 'P.” berghel circunsporozoité protein
{ R A’@Fﬁﬁf DAT BT AT TCEGES 93t dIDSiN@: 5) and
(SAIQEE;Q uorAEg%- conj ugat ed anti nmouse an?i gSoEdcg )
UIsYRb ey (3Y TECERTGGTTATIGTATGITTAT A AGET TATTTCC 3" (SEQ ID
hepat ocytes, P. berghei sporozoites were added to )
NOubo@iid P eekg/ive paionsiy DRSA ab rangiatee Clénihg atto 8RQ. banghei targeting
washed off. After 12, 24, 36 and 48 h, liver stages
veor €13 e wsattat in plasoid pAdEYly S .arRarisiidi teansfaymiatign and selection was
parasite heat shock protein 70 (HSP70) and a secondary
peafioriabd dy dessmibed) aresdouslyt bl3N dutegritigarspagfc (R agplifiation of the
Probes). To anal yze sporozgite invasion, 3

s 104, .
uissHt)i loewsywas aehievsgotsingothedsllowing prémes: ttestly ol RRFR-TS for
Hep&2 l d i t 0. m t C-.Th '
SheRRRANGFAEBAAT QR AL G PRSI N 73 e T test rev
. i . 4 iR b
S A T T R A T AT A RO PSR S Oy o 2, s
. ¢ . h pe -

S AT IO T AR GATRICA TSR NO: ) and T
LSRR TATAUGENEL I AD: 160 ksephiaator s
| i 1. BPMnql 6o i t e i VB
B A R S e i
(55 "B A TTOEGEPERT ATTE TOTGATGOATECer 3) hi(SEQL | ID stN@e 11) and

represents the first day of patency. [|mrmunization and
UM@Q&&\%Sh@G@m&CWAMGAGEﬁAAEAAéMTGM 8" (SEQ ID
femal e 7BL/6 mce (Charles River Laboratories) aged
Noeteen 5Goand 8Ghdays wekle usedfragioenti rmuniaurdt i onsUIS4rep3for
ui S4REP(-) sporozoites were extracted fromthe
(55 AAAAECTGEAGATANTIECARTATCAGEASTEEAAETCA5b R0 ASERD NO:13)
were injected in a volune of 100 mcroliters '
aridn Ui Sdreprres (§| CRCEAMNSCTTAAGETRGEAEAPAGRGRTIGCTTCC 3) (SEQ
Ani mal s were imuni zed with a_ singl edose 10, 000 ?r Cloxi
Qb far theradP br)fragsesnt 2oine &s berglei gshepn! N §9Ls Cloning

mgj ﬁlfqlq gBZ[rngé’PaFge\%%g %ﬁaé;tzogl (8 g)? r%b@éd?%&a)sﬁcs 3;??{1\35 zg;go detect UIS4
ek Hov it S TP e Bl TIPS JBED g sporosses
W{rar%g 'E&Zﬁeﬁr}fgﬁ@ %c%?ﬁfe%segbg %}ﬁgpeaf)& esrtb latgfegq WIBHsHaliZh h Western

remnal ne 0]0)

blgg%‘gszi% giﬁt”&ﬁ%lhe(ﬁ Gisuelntisbe (10 8id horEREZR JeRki@RE-coupled anti-
rabbit IgG secondary antibody (Amersham). For RT-PCR analysis we dissected 8 x 105
uis4(-), 8x 105 uis4REP(-) and 4x 105 WT salivary gland sporozoites and isolated
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boosts were exposed to a challenge with W&
sporozoites. Animals were chal l enged 10 days after
WO e@siogdonyg t he | ast boost of ui S4REP(-) spor ozPCT/ES2004043023
i ntravenous injection. Al chall enges consisted of
50, 000 infective P. berghei W sporozoites. For both
sets of experinents, 5 naive animals were included to

verify_ infectivity of_.the sporozoite challen ose. )
PYIFAS 2 RN absiae a?llil%)al ,T'ﬁ‘gl'“é‘g _t@ﬂ%"goﬁfé@' r elgﬂ’_f I ‘gSNg synthesis and
oAFERARRIe B B Rl R n b d ! P Phmbin

S oLte-] ' imal s were exam ned for
mﬁ@%&%%%%?%“%%@%ﬂ?é@g?%B#%PG ensa- stai ned bl ood snears.

A . . . > S
50 oy Bl B AT REKREL AL SR blioes e
e RERREEA 4B BiRADdarRegtlet a3 28P€, 342 Mimhibity 3BH Svete fed on 10%

bel ow. | muni zation wth ui s4REP{-) sporozoites

siePoNeBofutiher BloddiFeelifs hh® Mosdhito daséctiohakasad dé@tibed (35). The
proportion of mce renai ned bl ood stage negative after
ninfAb&ubfadpotuzoited pertingetiidRhodquitoowaz déttrdsinad irowddmoesytometer. To
test if immunization with these attenuated sporozoites
anabyecspprozbie matility, spgeizoites Wiresgaposital ordo ghiedoatedggass coverslips
Therefore, we inmunized C57/bl6 mce with 3 doses of )
gD, i00bated 1N OPinary4REtifody egrinszBi hesgheingircumsporozoite protein
subsequent |y chal | enged the_m ce, which renai ned bl ood

(antiRRCY§30) VRouareahibedyies detedteshusing fpxadle#88-conjugated anti-
STEVOLAED FoFE SgaiV STt RYET B Apiofisa o it 47°C, and washed
o A0k {8 AR PR R0 AT ofVF SRR BB A Bhl v ibtibodics
ol o InHTERO G RANOPAR | 6286 S Shiugated with

agai ns
r n : C 4 gali

A Pk e QOB BRI 6 Ak SRR icTinmb) 07 salfvary

o -sholoPsiBRAV&R edePd QModMlent LitpG222119@Ad inchibhi28 for 90 min at
25,000) 8 / 8 (no infection) 1 none none 0 / 5 (day

3P The 200 Bdednl thivacdMilAQAMNH, exBracel b pardstted0@) vBuhlid using a
(no infection) 1 none none 0/ 5 (day 3)2 Notes:

dduble saiize grotdcob widr the alntlCSTh gatbody t(B6 HahdDEMvR] Bricroscopy. To
ber ghei sporozoites at day 38 after immunization. Mce

deternging rtheninfbaiviyned clgralgaporqzotie poppletionsoint vizoneh &/Ble amice were
the sanme nosquito batch. Blood smears were eval uated .

iru?pt@blmyermglaf eresubgriangauayewit NAD vaicediters sporpizeide gispension of
fromthe sane age group and_chall enged with 50, 000 WI

VWl ngeasiiefe Pr &peskenb parasitesainy RPMIg16ts darasiamiag ol thepagimals was

cgé%:k(gé Idgily %gf%?(&%?nsati%ﬁ roi%oar G?e%‘s%—sstgirrllgcf biood snm%%gssl%gyappearance of a

single erythrocytic stage represents the first day of patency.

Immunization and parasite challenge experiments. For all experiments female
C57BL/6 mice (Charles River Laboratories) aged between 50 and 80 days were used. For
immunizations, uis4REP(-) sporozoites were extracted from the salivary glands from
infected mosquitoes. Sporozoites were injected in a volume of 100 microliters

intravenously into the tail vein of the animals. Animals were immunized with a single
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only for successful conpletion of the pre-erythrocytic
manmal i an infection, within hepatocytes. W have shown

wao bat/oeBvbeti on of such a gene effectively creaP@pUS2004/043023
genetically attenuated mal aria parasites that infect
the liver of the manmal i an host but are severely
inpaired in their ability to further progress through
the life cycle and cause mal ari a di sease. O her gene

dasp of hA0RD a0 Las Gldmbspovroies. dplovad by (e baosts of ievﬂﬁ(?r 10,000

st age develognent, can be .identifie

¢ W t he .
o0 i dRBRD) RO OIPAIEER fler S DARSt yvas given 14 days
ave shown her.e that .i.muni zation wth Ul knockout
folns e R tse UL BFO P PO B CHER, ttatier.  The
agaj nst _subsequent, knfecti . ] I ' .
e AR BB, ALOEOLE 0 AR, i
A | _ i i :aS: |
ERGIE 8 lod R0 HARER ELARID e At subssque
b(\%qs%sﬂag'& R818% BB BYWHE W EpbREbiYesP ARidiatIwafR challenged 10
pl e organi smvacci nes agai nst mal ari a. EXAMPLE 3
d%@'aﬁelt TRE&iin@ X REL FOSEEH 11 SYRFE FL-) P P02 M 18l inttevenoasé Bfedtion. All
or making a U S3-1k& knockout in P.fal ciparum The
clRlbadesi doasised \df S, @eninfecsive . detghdi T sgomizainds. oRobpoth sets of
repl acenent via a wel |l known doubl e-crossover )
expetiomhisn it naive ahinadle gyere TineludedB3o| varify indeatizvply acle thebpporozoite
a fragment containing the 5 and 3' untranslated
chatighgmdosef InlvactPnaifveaningals parasitegda oyae neadilydietestablapteday 3 after
_each fl ankigg the hunan di hydrofol ate reductase = | .
injeetiony Ptasingtomislay Saftrdl T ¢ Rcibe garRE Gy sperezete-immunized
fal ci parum Ul S3 | ocus were obtained fr the Pla DB,
anjalh H6E EFAINNET a@ﬁ&&tﬁc&bgé parpReTaEC s SHERSHEABE] Bopd smears.

S5 9138 SR P SRRSO S P S e
is 123930.- 12461 n_the mnus strand. The P.

a’?‘iY"S’ieﬁgPﬂﬂ‘?r ggnplgbe?y Piofe @nt ext ends from nucl eoti des
124609- . . , .
L0885 a0, 1819 M) s

C(E) skerild Ellogén 9{1E ;Ph? ?%ﬁtqgﬁ%%fge%diﬁbﬂ 9f @ig@féﬂlained blood stage

ol ynmer as ow ng priners: PfU S3 repl

n%\%rti“()@ bflertho CaSE WA DA IRE oA @Rowed (1SEQebtRf immunization
r 15) and reverse 51- GAGA CATTTCAAAAAGGAAG 3 (SEQ

with thEdelfifeudtbdbrordiRe Werldvptsled mice against WT sporozoite challenge.
CAAATGAAAACTT TAATCAGACGAG S (SEQ I D NO 17) and

Therers,ewsd imnfuh&xed ATIFHIG AARE WMEEAAARvRSGHT DPGAAG-¢B' 10, BRQuis4REP(-)
ID NO 18). The sizes of the repl and rep2 fragnents )

sporpidites eod swhse@8Btizrtall@ied tesmiqeaivhich nemeined tbleasl stage negative
The PCR conditions are: one cycle of 94C for 3 mn,

after Inowenizagions ith Y040P0| infectpu NCT fsperozoitese €lablp 25,C Nege of the
1 mn, and 65C for 3 min. . )

immunized mice developed blood stage infections after challenge and therefore enjoyed

complete, sterile protection. Naive mice that were challenged with 50,000 WT
sporozoites developed blood stage infections 3 days after inoculation.
Table 2. C57Bl/6 mice immunized with uis4dREP(-) sporozoites are completely

protected against a challenge with WT sporozoites.
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The PCR products are digested and cloned into the pHTK
(47) vector. Repl was cloned into restriction sites

w@gdoshexnd Sacll, and rep2 into Ecol and Sfol BCT/ES2004/043023

The PfU S3 replacenent construct is sequenced to
confirmcorrect cloning. Positive selection for
transfected parasites carrying the dhfr gene is
carried out with the drug WR99210. pHTK contains the

ne for th\/m' dine_ ki nase, TAB -ng far negat Lve

e'ﬁrﬁhﬁxﬁ?ﬁtﬁ»‘h parasi tes cagrying the pla dl%%eCted/ #Challenged

pi soma sim | ar protocol may be uyse

(kd‘s@REBm SpA.) an;(dgﬁmefteoinumhe# ebépzi)n F. fal quppatamy)
for exanple accessgl on nunber

tofinaa, - bt 425,000 88 (RS0, | il etetion)!

~Q @ W

Sl+“ genes in Ol],'1 %r P| asnodi Um or gani Sfﬂb/@ﬁdﬂﬁ
i [ UI frat+ot—i |L,(|91UU| a1 gcuunl C—Sequences; l:olg]?’y2
npnot-ati ons—a Homat-ed pF edicti ons SAGE— 2G5S

i W60 I ay dat aj st QIB,F?H'OVIE)W @1@(2@“11) GRS SV/Q?@bﬁﬂfectiqn)l
firames, —for—m y_Prasmodi um or gamni sis, [T netuding,— for
diwmpl e, P. falwinsarum P. vivax, P. knéwieay 3R
yoelii, P. chabaudi, P. rei chenovm, and P.

gal | Neteseum! Inizyunizedii mjceawedre aghadlengedp ubith cSUHRGLWSesP. berghei
such as the National Center for Biotechnolo

sporPEiteRtat slay (IRnafterc BRmpRigatiom . §bi¢ 9 were dropp égfhé%mﬁ #ge group and
Genone Dat abas Iasm)db or an t he San
S?%g%qweat“éer%&xfm‘é% geosaklfo é?tl"gtl 'PHEaESoWF‘%n?‘?l%Fed up to
ubl.ications is . nc or at

GBS0 et ceHnpiEe 'n°vw§gg§gmm i Rt w%g rated DY oup and
P T T
Nl B e demohifat (AATRA gﬁg{’}:ﬁ@&'&é% 200 %@gg ?1% a5 necessary

oRly ﬁ?oﬁc&essﬁh Feongvlgﬁfﬂ" RAMhe R &exc}thrgﬁﬁlce AR h AN irﬁ“ectlon within

stage in mamal 1 an nal ari a araS|tes Nat ure 161:

h&ﬂa@ es. AWe Hatd Swn Sat delS@Eott iRh Gidnd refﬂée‘u\‘\é?li}‘E erﬁtes genetically
30: 940-941 (2004). 5. Nussenzweig, R S. et al

affériadtmaleria panasitdsythit iachec e@d 1bjer bl ¢he maﬁ}]ﬂtah@ﬂ h@ﬁt but are severely
X-irradi ated sporozoites of Plasnodi um berghei. Nature

iffGrelion- theRr {bily7io. fitheHptdgress, thffuigh the 1HE .cyPleotrelc tausa malaria
of humans agai nst nmalaria by immunization with

disgaticat deragetnem i tthel Flswsodisdic | genbmkc whighuate critical for liver stage
sporozmtes Infect. Dis. 185:1155-1164 (2002). 7.

dpmlqapmqnt ogn be 1@@;@@;1 avith the mateviglseandnethods descnbed herem
\6/a(1:g e z,tlwgé g{%gl?ovlvrg gréﬁ%ﬁgﬁr?umat@o%%tgtevag} UIQﬁs kg(p@(out sporozoites

%scg%péﬁﬁ? Skfgﬁﬁ @rrga@lggirnlgtistl%?e&g%%ﬁfeglugl?srrgp%lrgz%}te challenge in

a mouse model. This demonstrates the successful use of genetically attenuated

Plasmodium parasites as live experimental vaccines. Genetically attenuated human
Plasmodium parasites may be similarly prepared as whole organism vaccines against
malaria.

EXAMPLE 3
This third example describes a representative protocol for making a UIS3-like
knockout in P. falciparum.
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9. Carlton, J.M et al. Genonme sequence and
conparative analysis of the nodel rodent nmal aria

w@arassel Pl asnodi um yoel ii yoelii. Nature 419pGU/BSH09043023

(2002). 10. Hoffman, S.L. & Luke, T.G Method for the
prevention of malaria. W 2004/ 045559 A2. 11.
Mat uschewski, K. et al. Infectivity-associated changes

e B RSSO R SPRARSu By St bhfment i et
G AR B 0abingh SSST T N PRSP SH e b
SHERBRAPUPIE L b S0uh RSB BB TR 5 open
yhE il o3y Mk e halid) ol BN sclectable

nfBleR00SedudndDIdatuU kG (BRI FAIBBarP! 1S5 2oclBvAE SBbtained from the
Met hods and Protocols, D.”L." Dool an, Eé’. , Humana

PRsRSDB d48dBask4 (wivaoslRdtsidoorg)V . Ble @bcessibRMinkhbdroforofhe coding
Pl asnmodi unf al ci parum proliferation in vitro by

s@fith@ItSe foldieimolys3uie IFFIBi GHS @Rhnd thenb@&idnadf the exon within
topoi sonerase |1, Bi ochem Bi ophys Res Conmun.

cBOR(049mE39-16423FMW031 24659 ofcdhel miwars, stiandl. , ThetP. gulciparum UIS3 repl
I nhi bition of Plasnodi um fal ciparum cl ag9 gene

fragmenti extendy frant hedentidleRAR609B1258Dhcmdrthe rep?2 fragment from 122872-
Parasitol.l10(1):33-41, 2000 16. Al-O ayan, E M, et

123921. Conpl et e devel opment of npsquito phases of the
mal aria parasjte_in vitro, Science 295:677-679, 2002.

17. RES3 19pH apd 2qfragments piesapplified frem Pofdeipgiayns, 3B genomic
DV g Yoxpatnonitodasezit e rioDeytie: VB oBAUSS g1 forward
SBhFrETRRSR S ST AOERS TSk SR BN md oo
SUAPACCTTERISER BARARIAATRS IR0 D) KRS RIS o2 o
S RRIRQIMACRIRERAOM LrefaACuARLY, (IRFTD NE07) and roverse

5PIAPHA oAl A RETHT SRR NMZTETGARRY 3¢ (SIRY EDMNOBRY.: The sizes
inplications for the design of pre-erythrocytic

offthk aép loaneepP MRgmelRIaaglifRd lafe98HAnd 053 Hasé A0S respadtively. The
Scheller, L.F., & A F. Azad. Mi ntenance of protective

PCRronditipnag@t orsd cyebd aff M4aCHyr paisifsllentd bethaity cycles of 94°C for 30
parasites derived fromirradi ated sporozoites. Proc

sddab4.5A¢ &t Somin, aad 6°Q1AB6 mih995) . 22. Rosenberg, R et

al. An estimation of the nunber of malaria sporozoites
The PCR products are digested and cloned into the pHTK (47) vector. Repl was

cloned into restriction sites Bglll and Sacll, and rep2 into Ecol and Sfol sites. The
P{UIS3 replacement construct is sequenced to confirm correct cloning. Positive selection
for transfected parasites carrying the dhff gene is carried out with the drug WR99210.
pHTK contains the gene for thymidine kinase, allowing for negative selection of parasites
carrying the plasmid episomally.

A similar protocol may be used for making a knockout of any gene of interest in
P. falciparum (for example, a UlS4-like gene, accession number NP_ 700638,

PF10_0164), or for making a knockout of such genes in other Plasmodium organisms.
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<400> 4 ctctagagtg tgcttaaatg tttctttaaa ¢ 31 <210> 5
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Eg'g‘atf’z.ggggﬂ@trg%, d'el“?i r}%@églficd'g%iv 31‘2‘ %gecgﬁ&gg%%éalczparum life
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Matuschewski. Genetically modified Plasmodium parasites as a protective experimental
malaria vaccine. Nature. 2004/12/05/online (advanced online publication).
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<400> 9 cggaattctg gattcatttt ttgatgcatg ¢ 31 <210> 10

<211> 21 <212> DNA <213> Pl asnodi um ber ghei <400> 10
w@e@aneddgac tcactatagg ¢ 21 <210> 11 <211> 29 RRI/ES20DMNMN3023

<213> Pl asnodi um ber ghei <400> 11 gaattctgga

ttcatttttt gatgcatgc 29 <210> 12 <211> 34 <212> DNA

<213> Pl asnodi um ber ghei <400> 12 ggggtacctt tattcagacg

taat gqt t ag 496,34 éﬁ%xggtex}gatﬁlénﬁt g:gaargégogxz%%ﬁzsjeﬁe/ﬂneonine

Pl asnodi um ber ghel™ < aaaac at't

paitegjagphosphataseat(PRR] ) 3Gox? i fvdlagid 1 parasite, <Phidmobldia falciparum:
<213> Pl asnpdi um f al ci parum_<400> 14 ccccaagctt
dg&a@%%elap% SRR fRle p1p1ng RAVA uyqrfierencs. MpdarsJ o 1):5 (2002).

42.  McRobert & McConkey. RNA interference (RNAi) inhibits growth of
Plasmodium falciparum. Mol. Biochem. Parasitol. 119(2):273-8 (2002).

43.  Malotra et al. Double-stranded RNA-mediated gene silencing of cysteine
proteases (falcipain-1 and -2) of Plasmodium falciparum. Mol. Microbiol. 45(5):1245-54
(2002).

44.  Mohmmed et al. In vivo silencing in Plasmodium berghei - a mouse
malaria model. Biochem. Biophys. Res. Commun. 309(3):506-11 (2003).

45.  Boutros et al. Genome-wide RNAi analysis of growth and viability in
Drosophila cells. Science 303:832-5 (2004).

46.  Kamath et al. Systematic functional analysis of the C. elegans genome
using RNAIi. Nature 421:231-7 (2003).

47.  Duraising et al. Negative selection of Plasmodium falciparum reveals

targeted gene deletion by double crossover recombination. Int. J. Parasitol. 32(1):81-9
(2002).

While the preferred embodiment of the invention has been illustrated and
described, it will be appreciated that various changes can be made therein without

departing from the spirit and scope of the invention.
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<212> DNA <213> Pl asnodi um fal ci parum <400> 15
gagtaatata atgtgtaatg catatgg 27 <210> 16 <211> 24

WG 2m3m6NA <213> Pl asnodi um f al ci parum <400> 1BCT/US2004/043023
gagaccttca tttcaaaaag gaag 24 <210> 17 <211> 30 <212>
DNA <213> Pl asnodi um f al ci parum <400> 17 caaat gaaaa
cttggaaata atcagacgag 30 <210> 18 <211> 32 <212> DNA

<213 I ' Lparum <400>,18 gt attat gct .. .
; aaa?Pé) Sglgggﬁggegg% (Efts%é Véen gn in'whichan kcfusive operty or privilege is

claimed are defined as follows:

1. A live Plasmodium organism that is genetically engineered to disrupt a

liver-stage-specific gene function.

2. A method for inoculating a vertebrate host against malaria, by
administering to the host a live Plasmodium organism that is genetically engineered to

disrupt a liver-stage-specific gene function.

3. A vaccine composition comprising a live Plasmodium organism that is

genetically engineered to disrupt a liver-stage-specific gene function.

4. Use as a malaria vaccine of a live Plasmodium organism that is genetically

engineered to disrupt a liver-stage-specific gene function.

5. A method of producing a vaccine composition, by suspending in a
pharmaceutically acceptable carrier solution a live Plasmodium organism that is

genetically engineered to disrupt a liver-stage-specific gene function.
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