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LI VE GENETI CALLY ATTENUATED MALARI A VACCI NE

CROSS- REFERENCES TO RELATED APPLI CATI ONS Thi s
application clains the benefit of U S. Provisional
Application 5 No. 60/631, 228, filed Novenber 26,

2004, and U S. Provisional Application No.

60/ 531, 479, filed Decenber 19, 2003, all three of

whi ch are incorporated by reference in their

enti r et i BEVE GENENEMLIOF ATRERUNAED MAEAREA RIAETINEhe
U S. Governnment has a paid-up license in this
invention and the right in 10 limted circunstances

to requi r ecROBFREERR N Tgﬁ%r%ﬁg’gfpﬁgppgms q

reasonable ternms as provide
A0537ds awpplitationy cdimsNathe orbehefinsof t Ul®s Bfovidiaiat h Application

I H E[[}III Thi,s i tion rellatgs tq live .. .
l\g"eﬁb&’?é?gy Eﬁi?g'ivf M SHIRE s Buli 2 rgﬁ'ﬂﬁi ﬁn% aﬁH"'_‘ﬁ‘W&lr Application
Nt 6053 1AL FISD Do¢deirtbel MOUDOGE, T 8FLBES bPIwiiRE Chrd@lricBiporated by
pur poses. 15 BACKGROUND OF THE I NVENTI ON Mal aria has 'a

referemen irotheir entiegties.on human heal th, killing millions

Social  and SATRREREERIOYRRAMENT LiGESE RiGkTs
mal arfhe- U/8dGoventnanshasPa phidoy) Hedride 1ifl thisDmSahtifnd the right in

Africa (1, see the appended Citations). Milaria is a
Limjted sincumstgnens terequiiecthe petent; eyner 4o liggnse othepson reasonable terms as

A8 Rt b8 Ieernd e K0T AR T reha B e e L REPLSER of Healt
into liver stages, HRBHDOBIHRBIVENTION St age
devel opnent ultimately results in rel ease_of

pat hdg#hmventign sslates 43 Livs) gengieallysmogified Plaswmpgiam organisms and

" b Mancl r ned.. j nd the
thetd WA s St ek o RN A0AS B PAGHRIEH Bipheed D,

precl ude the sucBASKGROUMND OFVEHBANMENTIONuch a

vaccine, .,whol e organi sm vacci ng a oaches_.agai nst

mal aﬁéj#%@@ 3 hem dqwﬁa)%%&gagﬂﬁﬁﬁb tipd poilligag annvally and
tﬁeeéﬁéﬁﬁblif taymgf)f %g&gﬁle}i 5! Rial3Rd %8:%111&%@@%%? 9f nations in

in ani mal nodel s and subsequent!ly in humans by
nmalatizetridomiodreas, paiticelarlyrin sets Salvaran Aditice {1y seerthe sppended Citations).

I L T A K G-

pRRSIEIGRISARY sHRB. BRofRBRbahPAdk h%gaﬁhyt% (B! #8hsk¥m into liver stages,

steril'izing i mune responses, thereby preventing

andy| subseguenif bvari stagg developmentr sismatelyy rashilibiih i neleass of pathogenic

%;gzl. Pl asnmodi um genone sequences (8, 9) may now
permtgéﬁ}'e devel opnent of live-attenuated parasites by

nmor e BeeAge S ffdctiRf isiiBehit) anahti# vabEinRE HakafehRifed elusive and the

complexity of the malaria parasite Plasmodium might preclude the successful

development of such a vaccine, whole organism vaccine approaches 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-attenunated 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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-1 Using expression profiling, we previously

identified genes that are specifically expressed

during the pre-erythrocytic part of the parasite life

cycle (11, 12). A nunber of pre-erythrocytic genes

named U'S (np-regulated in infective siporozoites)

al so showed up- regulation in sporozoites when they

gain infectivity for the mamualian host (11). 5
SUMVARInGexiiichsioNprdfiTingNwaepe viveslyidentbed’ gates IBat are specifically
geneti cs that selected individual genes, exenplified
elpressstiSBiring he pyedrpthred ytio pant bé tel paeasitp difoeyaild €4, 2N A number of
3) and US4, are essential for early liver stage
Pae-voitipain genes sBed Ut (ipdieguléte)l is prfectivei sperzotiésy atso showed up-
hepat ocytes but are no longer able to establish blood
regulation inrspetoreites whentheyogain infeetintyfor thstmaramaliarphost (11).

di sease. The 10 i i ovi-Hes the first

live Plasmodi um oﬁmﬁﬁﬁ@@% éi“?@ally

engi NE&E ' H*z@* l . ﬁg? i fod ' .
functi ong%s‘{‘}@bﬂf’il ng sf/’,éelﬁﬁiﬁu“f]tlhza il%l%%\?\/l]h hvgde“lgfﬁgl}w’ exemplified by
UIS3 $hp-teglaté RihfektiPPPRSAifes getes) dldSUTs7OMRe! . .
pro?%%ti on agai'nst ?%ﬁ{ectl é_usgsporoé{)! tesg?:ﬁglcﬁég%ggl fIOEearlylzver
stage AROEIbpIMBAE i s3(-TREE |uis4(H Hipdra2bREL bR heptoSHed BitBE no longer
and stage-specific. These findings provide the first

abile weestablishlBlyodstage iifbetibrshinl wve afd iniodbildad fo disease. The
vacci nes. Thus, the invention provides a nethod for

investioh ahemby provides theafiesthiwt Pagsaoafiim orpdrdsm® thatyare genetically
adm ni stering to the host a live Plasnmodi um organi sm
engineerpd tqdisnipt Hedrisiagespgéifie geneifunctiokissr upt a

l'iver .specific gene .function, e in ion
fur ¢ AU e oS, Sy Bihero S0 ProBiii] sPrigzaites confers
cbﬂnp&té’bﬁé&iéh%{?aﬁkﬂl fifectibub Rpérolzsitd) eRAleh g lin ¥ rédent malaria model.
engi neered to disrupt a li ver-st_age-gl%em fic gene
This erotestion) is sustrined rand: wagpspesifi¢.on Theseo findingst providsethe first

' i1 C ..sing a live Plasnodi um
g%ﬁeé%ﬁgﬁm&%r%eﬁﬁgﬁ%‘fe;% 3 |carﬁg§ﬁé§%ﬁ°%€eg'r ed to disrupt a
|'i velThus,ade-isvativh iptodéeica metkdd €5t indéifatingy € Weitebita! 13t against

oVi ﬂg’s of . production of a vaccine conposition, by ]
“E’i?é’ﬂe i biocke hasyiankive Slpsmodiamomganism that is genetically

. . i . e H | 6 s -
BRI kA RLTBSE o, 0 SEBBR e rovie
aTgwciner e@;npm:cj;ticals; [petipfisiapda r‘iﬁny_l’ldfsmagﬁlmtdrgﬂﬂﬂﬁt that és I genetically
advant ages,.of this inventiopn, wi econe nore readijly .
e%ﬁiﬂ?%ﬁ'f 10 SisTupt 8 e stARe-BRscHife B FEICTighd einsadsiition, the “invention

pfoerf(aﬂe% MEEseldF a vaBind e&{&getmﬁﬁ%g&a@g%%a 68 Bl

B%Hﬁﬂno that is
taken 1 n conjunction anyi ng raw ngs,

gemeticallnenginecFed3oRtsrpice ivert stagehapepificrgeny fisdction.t The idfention also

plgvlp{gdsersn%gl! IlJJrrngL.IJ(IBtlSO% &a Eraeclcpnse’ coargposgh%%? Hr ggsdpe{lcri]ingx tﬁgﬂgl.llb?ec% ;engineered

Plasmodium organisms in a suitable pharmaceutically acceptable 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 | depicts the primary structure of Plasmodium UIS3 proteins, as

described in Example 1; and
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-2 FIGURE 2 depicts the replacenment strategy used to
generate the uis3(-) parasite described in Exanple 1.
DETAI LED DESCRI PTI ON OF THE PREFERRED EMBODI MENT The

i nvention provides a nethod for inoculating a
vertebrate host against a 5 Plasnodium parasite, by
adm nistering to the host a |ive Plasnmodi um organi sm

t hat enef i cal I y engl neered to disrupt a
| i verﬁm gRiAecmant strpisay ussd ol geneoalt the uis3(-) parasite

&mgg nt any menber of the protozoan genus
Pl asnodi um 1 PRcr udi ng the four species that cause

human DETAILED msakmomFrmmwmmD EMBOPIMERT
and P, oyval e The c¢orrespondi ng vertebrate host is a

hurarf b5y DeRtign. prov omwﬂy% dex ingealating & eyelrricohest against a
BIgsnmddison aﬂt@lt@, R{:ﬂ&ﬁigf? arl f&ethgl rPoi‘»{TBCiWé”M%?Jg@ Al ettﬁglffnolrsm that is

use as a‘livea vaccl ne

genetizslly engmeﬂyerhtﬁdmpﬂ yliveengigeapeddc geneifimttigl. a
Iive-s{_a ecific gene function. The term "di srupt
live E@"D WECPWE‘?’ge‘ﬁeméﬂcthm@i el'dF’%rfitlBt protozoan genus

Flﬁnﬁmfmﬂugﬁ §hd ﬂﬂﬁ%*)&%ssuc as to Coﬁr{pailﬂ%é}fd mafrl" malariae,

LS- specific ge e func
Pofaleipatiny andnPbovale.i Thet cormsponding centebirate Hdst ds abhmﬁém or other

SRR RRoehic PP RRHBAE g ool R s Wiipe Ciaadlamporete

pr ot ®of ub®bsliaMBve aRtldarid] Yosdifle, ARE 'Hhiﬂodj%g_e%%gsgtiﬂ}ils genetically

"liver-stage- ss)em fic gene fundtion
%@,ﬂr editocdiFnt a livérestaget specific\gene functivhat Thesterm qdistupt liver-stage-

n "t t | t t d . .
el BhiHibhe B3 BkieE et ¥ Funkelont s itspfering with an
Ls: ﬁiﬁ fgohd .
< g@f , o RO Sictiesto caltilAg or pRridfly SHGBH, EECkaRY, atenuat,

ithe LSrppgeifiz gene Sassion, fiir| exetplpe dyageme plisruption oninfluencing

o D SHREa B l SE8080 g e
mlclfwcgene fﬁmmsnﬂ bt Ue$ speblitsgens FRRcOA" véfersith WdHfction that is required

hﬁ? 0 es of the vertebrate host and differentiate
F‘nge Pa@ﬁ%ﬂe‘w( pigmately rﬁ"}d‘}qet mfe@mé\mmwtes HéldL®tabhsh the

ar ea%%%gg(?? fom t giéﬁfe"%lt{lﬁt gﬁ@&’ ﬁ@%@éﬁ%" 3% hepatocytes

o:emymnfmangﬁ ef tHeOpmmtmtdsexthll M&&eﬂg %aefdrﬁ prBadction of infective

causes r| a sease. Accor:gzl tot i nventi on,
SHOFPORES 5 el tsoinitiateth by Flagmpgiumnenosessites ie ghe salivary
glendy s ﬁi‘%a Sc[ﬁéé
t hd'jlst %‘é%ﬂéﬂﬁgﬁ tg}al espgﬁjng) ﬁgsz parasites ret!lr}g:q’ﬁ:ist Hiite host and
diffgysatitte ipto Liver stdge GLS)efimmecyAfsr aufiewc duysothe L aeRites produce

AR i 1, 5L P S HE PSS
B0 RN UYL B b AR el Mg o e
inyepsion; theoapmyodium parasite is genetically engmeered to disrupt at least one LS-
specific gene function such that the genetically engineered parasites remain capable of
invading hepatocytes but cannot produce merozoites that can establish blood stage
infections.

An LS-specific gene function may be identified using routine methodology that is
standard in the 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-
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assessing the function of genes whose expression is
up-regul ated in |liver-stage parasites
(LS-up-regul ated genes). For exanple, genes whose
expression is up-regulated in liver- -3 stage
parasites may be expressed at higher levels in
liver-stage parasites than in the sporozoite
s@ggulation that enmerges from nobsquito md-gut oocysts.

e RIFASiteR MsY by exprepsed st highestlewels lin diwestage pardsites Ben in the

. ' t I.] I ve salivary gl and .
. po?%izég tﬂes { | |EIE§1FF?11&£?§WW%F§)§'@'&P@§Y$'S Qpstegyylation of
ekpressien BX soph genée ) als¥el obsel@Mh WRitednfb@ive salivary gland
differentjal transcriptional profiling, including, but

SPEPZqucleyin e UdiandalhSs gsnpy discusisodiin the Bxowaesshelow). Well-
il shabdnkr 4l ) MBI P ol 8RR g not i
séhiractivs hybridization rseguehst differential \ddplays t AGE gBRGASWI®S microarray

Sych net hods have been. previously used tq anal yze oo
Y& oY ?’?“SS@ §%}d§il€@%&mé§vhqse {eMBressiom ét nppeguisied in liver-

SSEOTIBIAE obIPRAT 5¥ 1y IR b o Sl vy

asoeiated ehangss yiu ithe tramsgriptional tepertoips of sporszdittitage pagisites (11) and
toe]zq%rrﬁb.e sug&r €ssSi on tﬁéjbén’rag&t ive hybridization permts,

s iieaty; {lasmndium, gyes that engode pre o sagerspeeific proteins (12).
FeDlbeem ' | W%ﬂﬂaﬂa Ulgégmﬁc%g@n t]

of hy r g}lglg?ﬁ% as?fd po 5 rase ?Egi regc |onqu%%zhmem of
didfeprtinily aegudated cRNAD (o higha andildwvabuhdancei thrduigh e ootbination of
iR 3 BO Rk Bt tgect i PUR) SinpbBRatidamplogsls ahaatiow the
sitmultansuy 2@ rinaBAf o Bid @HBtactivh f6 %P%N@xekgﬁtﬂgﬁons. Suppression

non-infective and infective sporozoites a
subtrastive; Jyhsidization hasrlseniused itonianalyre ittapscriptiphal differences between

J . Thi h itted fhe.,
o B bt eyl oy s el gy to e
mimnatiat hosti{l 1)e A'ti@prockdide Bapedniifed the ideatifibftion of LS-up-regulated

described in the Exanpl bel ow. S
< dRRAIRG PO o 09,0753 AL s thesslosecibed i HamnBcamples

i ' L.so b t .

A4 S BRI il SBTRR Promes

vef1@) mebzoites elrdsi alsoebperesmedntoofidaaiii sage spedificd giblehhrocytic
enes nay be ,&onfi,r med usi,ng methods that are

“%’FE?R}%\F_@ }-n Dfferential iexprestion pfdsandidate sLSwspecifie egenes may be

cohFiAREE isRlpAARER hE aFRanddd™) gﬂo ah! ififludin dgy blots, reverse

i mmunof | uGrescence m croscopy, an mcroarr
&mwﬁﬁpﬁmsﬂﬁﬁidﬁgF%GRﬁjfﬂmm?bFﬁhqyihﬁn?@ﬂamhﬁgdméhﬁm?&%by,andhm
n. some enbodinments of , inventjan, -specific
ey SRRSO AR P AT Sessrbaiiyr 1y ¢ he

f UndthisBfhe GmBodiMPats 3¢ ‘tﬂ!{@ﬁl@gntﬂi?l[‘ gﬁrsp@&ﬁfcgevhmg ?{%ncgiﬁms are identified

descri bed bel ow. However, no gene
by| gnalpeing fthe Gmetion vk tliSoup-rogelatet eeaes, i sy further described below.

- Up- T | at ed ..geneg. Thus, gepes, whose expression
Hﬁl"s?e"%gt“"ﬁ%f 2] Pﬁ?ﬂﬂl ﬁﬁ-%@#%me ﬂ_ﬂsﬂ%% negrspasily LS-up-regulated
geRérS SHAR, Béhek WHRIBE CkpreSsi P Atndt WPGek@Bted in LS forms may nevertheless

possess an LS-specific gene function.

Interference with a liver-specific function may also be achieved by LS-specific
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
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30 Interference with a liver-specific function may
al so be achieved by LS-specific overexpression of an
inhibitory factor. This factor nay be inserted by
reverse genetics nethods into a pseudogene, i.e., one
that is not essential for parasite survival at any
time -4 point during the life cycle (47). The
|nh| b|tory factor should not confer toxicity to the

thelifer &iclee(473.C The nRibitest fadthr lshowtd it @PARPtoxicity to the
Such a factor may 1 nclude, but is not limted to,
panabkitdbitoathendct ehiresting 165 @evelppasat. oBuchdifaetor may include, but is not
ubi qui tin-medi ated proteolysis, and/or factors that
limitedr fog rishibitérs @fosdli-tyde grogrpssiomn ahd/op nibiqitimmediated proteolysis,
gene-expression. 5 LS-specific gene functl ons may be
andfenfactorsthabipteafens withpgst-mansptiptiasial penteol of gencesipressionn

whi ch sone .qr nore.gene function een dl.sru te
Seveigf ﬁ%"%ﬁo%@ef%& i ""h éﬁ'@gflﬁn hienotype of
phtasise¥af iR ipbiee mhbrel%&wrﬁm@ohb Bavd beed isriptedd Sev@zﬁﬂmethods for

| n the practice of e invention. Such nethods

dismentingegens fencaions ioPlasmediueny axeowelykn@wnmphwé #ad mayybe used in

R PR A T IRUHBE. oty MO BEIAET 40P PO fBF 1 1o, gome

ré;ammenn gby O homﬁhigbuy akécofmbdiationgdi Antisahieo nteeﬁnol@glcs, and RNA
]%sm)dl um gene hono] o%ous reconbi nati on have been
PHSTERRSS | Epfﬁﬁﬁ@ﬂeb gsthods ol gexg ErgetingHeEMagtetiopyarimodification of

aSBIaSRoHiH lgeﬂe Hy gmto?o@hg E@(&tﬁ)ﬁ %'bg%rgﬁ%%musly described (13).

uncti ons, escr |
Sach meﬂmh medtmahogmcéssﬁﬂlgl mdbkaemsmpt deSsspeoificy gerwe functions, as

dfor, Srupt i ngbglggge nodi um gen f%%g‘éﬁaé?m‘fﬂ spepessfully used for

i n u t ai LEN
A %? hd o et ?%Sﬁ?‘%nei@ge@?‘%&géhe&%%@ﬂ?@%“m of
phespheroiitoatp entisense oligunocieoidesagainat diffeteat tpginasiof (AR, falciparum
Simlarl transfe%i.on of an ant Sﬁr&n construct, to

tQROLSOBICTAS i §FRF FISFRF L SeHeRre gl R o Raasiffegrpwth (14).

SERNY, ttﬁanﬂ&cﬁ&? &f tdnaéntfseﬁsecydtﬂ'&ﬂ&efoeﬂﬁermEWﬁﬁ&pamm clag9
gene " ‘disruption, resulted in a 15-fold reduction ih

g@% owbunbr @eemrshawadtq deuessentiad f for t exdoadbereponthnbitargeted gene

0 rlehin pA3CbIE eGSR b ohierRe (Pngfil s lranstocted

pafakitdsqigene functions is RNA | nterference (RNAl)

u3| n short interferi ng1 RNA nol ecul es (si RNA) to
prod h exrsRplaydeehno sydh%tmayg@ in aptipe af daginvention to

d#ﬁ% t o n véér?l?gf&ég%dr& %?%%P%{g g rpg{‘@%15 q'?{n%t &%ﬁemterfenng

Rﬂmmmmea(smlib pRRRce p‘h@:ﬁx chubitRas bl e ROEA] has been used
37-44) 1 n Plaspodi um NAi_ has been used, for

a%miﬁéh%i to igvertigats andéor é’allﬁ%te @SB fircHpn i Varigls qrgamsms, including

PAF PRt RhaR Pigoligh, Bt RAPRRARLERE (165 53R LE plasmodium,
RNAlf hhg ibean Utsed] dot rb)dam;ﬂigcuemmite thev eksenfial role of a PPI

exp tﬁrSSI on of the
serine/threonine protein phosphatase (PfPP1) from P. falciparum (41). RNAI has also

been used to inhibit P, falciparum growth by decreasing the level of expression of the

gene encoding dihydroorotate dehydrogenase (42) and by blocking the expression of
cysteine protease genes (43). In the mouse malaria model, RNAi has been used to inhibit
gene expression in circulating P. berghei parasites in vivo (44). These studies have
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gene encodi ng di hydroor ot ate dehydrogenase (42) and by
bl ocki ng the expression of 30 cysteine protease genes

- (43). In the nouse mal ari a nodel, RNAi has been used

to inhibit gene expression in circulating P. berghei

parasites in vivo (44). These studies have -5

denonstrated the use of RNAI as an effective tool for

di srupting gene function in Plasnodi um organisns. The

dgmeasteted 3;?{ vgth of NS aisean ¢feetivebtndl oo viésrypting gene function in
targeting by honol ogous reconbination,

@We’%’ée“ a%“RNAl) have been used successfully to 5

i nveghiegrhe dishq)ti‘ourag fdaﬁhésfdéébﬁﬁddaéﬂo)(re Hor NPk, géheatﬁrgetmg by
organi sm s genone or exanple, the availability o

hewglngsue eepnbination sentisarss) cadt RNA nhavat besn gsecg.smssﬁﬂly to

S5 15 Ay AR i e P e,

amﬂabﬂﬂy of seqlﬁueéﬁl gehofirey dho phablddothe RRheMays oDEIRN A tbfaries for use
(f%g 45 and 46). Such screens may be _used in
scpld B&%ﬁr‘mﬁ%m prresn: fosigenes that are myolysdspér@rlpm:processes,

use% ?orfofﬂg%% Vi ngyggﬁﬁg ﬁ%’ égg'ne un?@ o@&l Yreens may be

usedc [inidthe ptmtlcmrof thet ibvemtibadtd ddentifenDSspedifiengdngs @nctions in

szffa'ofas A hﬁ}ai)t yg Pgﬁ%’ym!&be?ﬁé&ﬁa?g l St?onls include,

r
R A B g B8 T s o
Examplegehiandr &poﬂ'ﬂlertehac‘pbcmnypic amlyaist imalyddseall assays with vital

erformed in.viv vvlthcultredcells in, 15 in vitro
R Jeresiee fh mﬁfép §y§'}1@ ¥PrafiigreRmber @y other

hRQEniR Hepdrih bhck ciBMeN T ith cultured cefl
Pl asnodi 'um or gani sns |% an LS—speC| fv?lg’ va Y cells, in
i whoe idswelopment essaysiicsr ant ethear systeppithatl prpvigoovm réai-out for LS

d%%i(% ol Iture or animals, expanded in the nosquito
P ﬁd harvest ed as sporozoites for use in vaccines

(s eeThe efigineckéd Plashodiien Srglnisms iy dhidhh CSERRHMC beieFunction has
are produced by suspending the attenuated |ive

nAismatedrate typieallyngron in qsHaulturecon animplsy expaodest ibthe mosquito

eyt o oS BRSO 1 bEpo @ FE. 18).°

physiTht sghject!vascihé corpbsitibrare peodubed bpkhspendifg BMdtRnuated live
%g{%red salipne (PBS), as well known in the art. .
s 8@35"6%56‘!% gitt 0t (Rbarmgeentically cagsepleble carrier.  Suitable
| .
pRRERaBORIORIT Sepdpiable chSt REME wihile e 08 MR W Tploical salt
scbatéary partmulartpmhos;ﬂhtwhﬁlmtﬁ&da (PBSI bs el khbwn ge theraetd
i mu rresponse_in the host, By ipmune . response is

meant’ ASHNeSC ARAOFHRE 4R dhe IRYeRIion ¢Adg bR Adriniicrrde Gi8-y intradermally,
subBaREduély, ﬂ{tﬁhﬁfs&hhﬂ&%@ e V\X’Is'%ﬁ ihtefveRb@iycti on,

agai nst uosequent e
Dosage is empirically selected to achieve the desired immune response in the

host. By immme response is meant an acquired and enhanced degree of protective
immunity, preferably 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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type Pl asnodi um sporozoites. In the working exanples
descri bed bel ow, sterile 30 protection was achieved
follow ng three vaccinations with 10,000 |ive
genetically attenuated sporozoites per inocul ation.
-6 DETAI LED TECHNI CAL DESCRI PTI ON Background.

Radi ati on- attenuat ed sporozoites are a singular nodel °
that achieves sterile, protective imunity agai nst

mel ari a i nf ect i PRTANBER TECHINIGAS DESCRIPTFON300
mllion clinical cases and nore than 1 mII|on deat h

5 anBﬂMhBA@ammu@tsd sparexaites an?gg | ingular madgkthat achieves
ci a [ econ r.0@r (0] eve Opl ng
siffie) Bibiee BhofiRty FRiS ManB REBRR. oo ool o
P' as Médzhri&'@:dh@estﬁi&e thE 08 hilod itdic 4l Gasts smibgite tizheiCindtion death

ui t oes bl oodf eed and inocul ate the sporozojte
ﬁz» (e Aiscage Inaéra sewersmegetiveriaparioonithersegiel angheepngpdc progress

g
of Jordbtik: B | Mrabb i ot B 2B Pt Prasmodion 1o the

)li)eﬁoccﬁtmﬁhehrm&fed mﬁﬁs&lﬁlmthloddwmtm@aﬂaté kHe) sporozoite
(aI SO cal | ed exo erythro ic forms, EEFS)
é!@ £y ﬁEZSr%“Grﬂ}E‘Jl@Y W to the liver

“?‘if‘/" fﬁi%@’ﬁﬁéf%z%%%“?é?%ﬁ%&%o@%aﬁﬁﬁh@f WEBRE, s bensform

inton \livele sliageb {ILSoiisoctdllad amd-erythtacgtie foinss, EERs).h rIcﬂ: phrasites grow,

“%(1:‘!&? | t\l,llg;g 2@&@%@2@@2@%@& ¥ éprfpar AR E}{},%/@gds of merozoite
I
(ﬂ ?\k)g MQﬁn%f{% SléhsedIih U RS op %Md&)fefslosét:a!ééxd initiate the

cCl ne hat confers
m;yﬂanmg:ecycﬂn, otvisich icauses siaria\distezee mpmmﬁwnnima Ydaamc would

b Sepdoh Gopach o plovpleeith Bt Sspfi e ohY O cHfpty, no vaceine

hi¥ Ben aeéélalsé&ﬁaﬁfoh&wﬁbﬁﬁgw PR ctiBRd %t R%d Révend@AFor more than

ganma-spzs) induces sterile i nmunity ai nst

3xmearethat aﬁm@mt@iwowpuoma@m% n@@m tiow tyiseiblel y

preventing t.he i |t.|a bl og e_infecti
Pr onFRmBRbRY qfomiee s mtipRmeirisBe cmeef ol nalaria. spes
(dahiiek-5158) iﬂduw@sSstérﬂ& %Itﬁlhﬂjﬁ'@.g&hﬁtsubﬁéiwmﬁﬁfdcﬂ@usoépz challenge, thus
umans W th gamma-P. fal ci parum spzs conpl et el

completelt aue*gqnaagethet indtiatippoobf blpodestager d ph@ht’%one 1theoliver (5).

iR, Bibed o ks BpEpBE R SRElaef SRl el ppizaion of bumans

wiﬁrrganmam JulRiririmt §2s CeRsletely tpeotedtbd Cireatbe thary @3%fof human
mannal [ an  host _and, i nvade, hepat ocytes (19-20).

rch‘é%m oK1 depgainst irfectiovg spahallpnge snd gt ngteatil%g%hlst for at
|
1o 16 SR L) Wbl SR 6 R SO o Fifted tMver of the spammalion

host agé insadehRepmporytes r(e94mb N Homewes, I,Srd;aeived drom %amma spzs suffer

|nfec ed. hepatocyte harboring the (21). Prot ective
5?‘93 @@n%r}szm@oﬁwsefﬁun%mm% rreé i&%odl anfgetiqus merozoites.

Aﬁg@}g 'thé MRG0 gﬁ[ge;gfa' alen%ﬂo'tag%&homm target is the infected

arum i ntecte
hepatocyte harboring the LS (21). Protectlve immunity is spz dose and radiation dose

dependent: greater than 1000 immunizing bites from P. falciparum-infected mosquitoes
exposed to 15,000-20,000 rads of gamma radiation is required to protect the majority of
subjects exposed 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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exposed to 15, 000-20, 000 rads of gamma radiation is

required to protect the majority of 30 subjects

exposed to infectious spz challenge (6). Msquitoes

i nocul ate between 10-100 spzs during a bite (22-23).

Therefore, the total spz dose for conplete protection

cones to 10, 000-100, 000. Inportantly, inmunization

Wwith over-irradi ated spzs or heat- -7 inactivated spzs

inagtivated spasrfdileto imduceeprotestion,iindicating thgt theatpz inest sgmain viable for
. remain. viabl.e for some tinme after inocyl ation )

SCPHR ik PR i @21 584 miR§ Fostshie ™ Hiter sthgh el ines protection

(62Tl B8 bakis. of bkervitions'if 2 Sl RnPhalPRELY@I Hdfratted protective
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IARYIHY meyhdgpead punsiibeieatexnireisiomt o2k rantigem (Ag), HeSause treatment

f] p L t 5wt [ ' .
i, GAERGtE by GRESHRE GNCTST o e nBlapmpt oF profection 21).
Ippertacly] Protéetion indue®d MyaPt faloipdidt ?ﬁﬁhﬁﬂsﬂzﬁ%%@iﬂlﬁanscending:
.F. fal ci parum gamma-spzs i s strain-transcendi ng:
inoculation: Wit \gapnayspaT of pere oparasite stratisicoufers r protection  against
t

h%gf%ﬁ?%ﬁ%%ﬁ i on agai nst heterol ogous strains (6).

gh we e | earned nmuch about spz gene

expr ddthoogh ive Have 1éa6éd avh MBAIt Spz fend Stpréstion Methk Tast Few years
true i nol ogi cal target of gamma-spzs i nduced i

(#;%Dég? LSS 1ho drue Jgmppologine asget| of gammnsspzgdnduced protection have

YA 53 DESRUER By T e peimenl
imn&skibﬁﬂy.zb\tag.?_rmﬂy&?iﬁwa)fnkgoniﬁm rstagb?gml?@ tAigfg Hwerlstage antigen-1
- . us, e fine.Ag specifici of, . . ]
SR 120 2Tis, ths Bine A sescllivity-ost Dephowtes Hertiipang in protective
» i i b .
Mﬁg%ﬂ%@%bﬁnhﬁ”ﬁlﬂﬁm Besiné th%?a@ig g’flﬁétﬁ%& f’o?e €S parasites

by LS parasites 15 renaln unknown.

rempadmueknpyaer i cal |y attenuated Pl asnodi um Liver Stages.
To g¢ e %ei.l y.attenyated Pl asmodj um. LS t

ar e HEREET Pve-bH e £ YRR SO IV ET S AGES

géRACally @ienbated Pidhddhns 15 Rit 28 Jefbdie bHly t 1.9/d8vélbpment a stage-
this stage needs to be disrupted. The gene cannot” be
Sm@raena%mﬁ pldys gniersentialood exclugive cylelat thys stage n¢eds to be disrupted.

' S 20 hapl oi.d d,transfectiqgn i.s dgn ith ..,

The BEADPhulfs % EPeniR' e IR oD Rp8 v 8 i BRE Mssmibaam is

haploid tand ieehsRetion @P6ork! Wik Ssdxlid) blo¥é smgey b Be/mutant parasites are
eppl.oyed transcription-profiling base on the

mgingaingd asoblopd stages {1501 | We previoushv employee transasiptign profiling based

o1, A3 S, L B B i
glandss expu eniquely v equidppedn withl tradserips fe%%ﬁ‘z% gbé?(?]fga‘t?%};te invasion and

creeneg for transcripts that are _
S@F@“@P’y ﬁ‘feimw ofntheabs dAi)- r Naxtoweowreeard for Argascripts that are
r : S

SAERE 1) PSR and BRSSOl Bog 0, iy o menrt o
subbeirofagenes that camdigrupltean@ 25 p Zhe eoinbbed creens dddnfifisd twatabundant
$aﬁre absent frqulbI ood stages, ternmed U1lS3 and

vary gland spz enriched transcripts that are absent from blood stages, termed UIS3 and
UIS4 (for upregulated in infectious spzs). Cell biological studies showed that both

encoded proteins locate to the parasitophorous vacuole, the parasite-derived organelle

SOheo

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 uis4(-) parasites
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U S4 (for upregulated in infectious pgs). Cel

bi ol ogi cal studies showed that both encoded proteins
| ocate to the parasitophorous vacuole, the

par asite-derived organelle 30 where replication and
schi zogony takes place (data not shown). Gene
knockouts using insertion and repl acenent strategies
have now reveal ed that both genes are necessary for

dt@ku:elmn@bmtan(l these mdphwtqcmrmaﬂel dloweveniuis3(-) and uis4(-)

iR nRir Sale i el S0 R Bl 1 18 (gta mot shown),

ThereroM, tﬁmzswam Gndl TEEY Hat¥ msﬂ@sm g&zttﬁnaﬁmaalﬁﬂponanﬂy, animals
However , ui s3(-) and uis4(-) LS arrest in

injfented b aptarad bite aydwisavspaushy vaidlages abup 9 40008 spzstdo 1@ become

o L AR, BE B4 i O oo o

Plashedimt 1igy cyoleu(sek Dables dr ahdt2 &%Rimus"ﬂlemfbfh Owe eticceeded in
of up to 10,000 spzs do not_  becone 5 patent
gensrating the first igsnetisally afemuatedL Sy Bmdapn these dispoweries we and others

| oL .
oith 567 Sifinol U 54 VBl Toup FEARARE 'SR 1dcatBe 6y microarray
ampdysts fotrithedr inysortancs in U8 rdetrelop:lnbm aWb@exﬁctaﬂatLﬁore%s-mﬂ—regulated

on th ﬁse di scoverl es we and. ot hers n now advance

18136 cpsap’ Feds daveloogsnt {5 orassess ¢ Spgpecific gene
ﬂ%@f’@g ke ‘%M‘f“e?}v. FrepRf Senbd BT ckBieBle, capgeity of the

pgamﬁo@e%lop firom a)smgmspheo mosethan 40,000 daughtelemertoapitesn tSuch LS-

é‘ﬁ%’l’:qt%‘{ %?QOS?%EZP%S%@PJ@%S%M i Io% itional live vaccine

cArimdsaR feseARANeinOf the parasite to develop from a
single spz to nore than 10, 000 daught er nerozoites.

SuchRmesematrwg amboénheglmexf thenpieecrti inventiony age sdespitibad in the
foglg) o%gge gddltl ongl live vaccine candidates, as
®Represent ative enbodi ments of the
present invention are de the follow ng two
wor ki ng exanpl es. EXANPLW?l rst Exanpl e was
publ TERdistBxahgilevas paBlishad Be dnipe ACP o2 DRderhB&)S5, 2084 (29).

hypot hesi zed t hat i nactivation of U S genes for which
expr géeshmth%lzﬁéﬁw inactyatiopopt; IS geaes foF Wik gxpression is restricted

PRI oA b Sk o5 ANl s, withou

aﬁf‘mtmglthe) bk:todgn@w\m rhosguite dtages. a Wie freusad bed gdnBatledi/IS3 that

;‘lodes ch%;elggc%\?ééner by ansmnﬁ;{w&gbg}f& was expressed in
infRioRe %cﬁ@z?ofl{eg rs| 23%@ %@dé’r@ﬁ:‘ﬁfl Rt a*lé(% ewéﬁ@ss@t%l affer sporozoite

expr esse ter orozoite ectlon
infgotion (off éwarsnnhnm(dam not lsih@ﬂn)of UTSﬁdﬁwtodnﬂl malaria parasites (accession

A G 35 113 R i ralec gapane CRi cipaS (PEL3_0012)

show 34% amino acid sequence identity (FIGURE 1). Because the rodent malaria
parasites such as P. berghei (Pb) are excellent models to study Plasmodium liver stage

and pre-erythrocytic immunity we pursued investigation of UIS3 in this species.

The endogenous PbUIS3 gene was deleted using a replacement strategy (13)
(FIGURE 2). After transfection, parental blood stage parasites were used to obtain clonal
parasite lines designated wis3(-) that contained exclusively the predicted locus deletion
(data not shown). As expected, uis3(-) parasites showed normal asexual blood stage
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show 34% am no acid sequence identity (FIGURE 1).
Because the rodent nmalaria parasites such as P.
berghei (Pb) are excellent nodels to study Pl asnodi um
liver stage and pre-erythrocytic imunity we pursued
investigation of US3 in this species. The endogenous

PbUl S3 gene was del eted using a repl acenent strategy
par ent al

= t t
ooda&?age a?é@ sm}l "v\tc'?rglcu’éan %o‘[ﬁggﬂuﬁocYe&ﬁFHI (data not shown).
Withiastheembsqé®o HRS(-YRpbRGoH#ES aével t| orf %Ziﬂ{'ﬁﬂrrig{t oocycts and

excl vely the predlcted | ocus d

’%‘ﬁﬁtﬁﬁﬂ)d‘ x selivanpelen : BHIBl3s )comamlgletteswﬂdtmtvedwmrspaiozmes (data
g n or ransm ssion

o 41)An g&ﬁgﬁséétﬁa%rrg%’%}’&ﬁe @é@%ﬁ Mgf'anad%% REViAS3 expression in

W( h Bpﬂmtmt nbOsha
T S e LS AP o

h‘;@mm that isvctitical fer {POFYzoite transmission and

! RT)““"?E% f@'ﬂ?ﬂf"?“‘aﬁ& Pk TR Bhosrgl Z@eé bevt el b¥ason capacity of

culhwed bypatqma cellsiat ievelsdaipanidle ﬁ» {%ﬁta) not shown
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of SM d‘é’\gz déﬁ’ﬁmmt% it tthat typs:ab raellizlzal trén:slformatlon
pﬁ)ﬁ@isotﬁﬁﬂ Iﬁﬁd§ fcﬁ&é , Hq)f %Q tbﬁéqt.[iavwaé (fglgg]gétd[? sporozo]_te to a

not shown). They SO al ne

spheriedi llmrtraplwoit 18§31 dhthlmﬁﬁh a |
11 I Is conp ecglgé( t{) )C{ par asi tdggﬂ(ggt@n;:ﬁegtdo?gg&, Slls3()parasnes
%%?aacﬁvf"{?l ‘%&f %ﬁe £emplete fransformationtinte liver trophozoites
da [ t | ead
(ttgmc?gg%? er%ﬂr%?l at1on o? Bﬂﬁnﬂgaggﬁ%aékg(ggﬁ Eﬂ%’ erical early
“é%dﬁﬂ%ﬁhﬁé % appesredesansiatently wataller ¢iphoheidofedpondil) WT forms,

p ar g%n?gsmagﬂgﬁé@s %’sslga{?ﬁggﬁl g%énateg"?ﬁ‘th Pfqlgsg (t@t I)@Mtlllle;lmeo schizonts
(datampt gticgw)! m§éd3<5ﬂmﬁ 4 St Gevlelofilental ARA07 @%sgw d i3 PR we next

no th\NnB a smal | ractl urs
teged &t ¥ |$P95)79ﬁ%|hadalosieﬂlduy capacugrtospm@mstthﬁ;ugal Ii@er stage

t th d
defAep Rt e 7 b KoBF Jatectinns Jf vivar dafeceo iiaeRaa iection of
upctap #00,000 1x30) GP6:036itds0 r siteitiia
S gbasgd onl thligﬂée&ngéﬁn%%geb&éﬁg%ggﬁ& ae b {n young

P&@Me}' Fatyiwhigh ape highly susqeptlbb fiof Pwa@&ez)sporozmte infections
(deﬁﬂ%@zsﬁb% er@tﬂ} ST g@é ! C a.C| E} ﬁl@ﬁ%o %Bf;’gggtemla in rats

hr ough I| age
be@teagé~4 ddyscifiepitgectionyi vo. I ndeed i ntravenous
|nJ 3@ ﬁﬁ to 100, 000 ui 33( ) sporozoites failed
to | 595@% rehigracteniistcs of W) padilBites, i.e., their ability

to EREAINGalRMeS Ynl Hicir &4}'&&?{1 %ﬁ%pﬂe{%ﬁy% sﬁqggcc@ﬁt | bxljngntt ﬁlowed us to

ber ghei spOrozoite 1 nfec

testihent o aWheleoorganismesadchiduinesl hhRERpSroasiR BRIRALS Eﬁﬂd%l. We
mtllagc 0%13, betv\eeg 3:4 %’é\%s atter inj ect| on. Thus, e

Sh T o IRURGEY Jhicec wathawisde) SPPIOZOitds ubing( di}["ferent prime-boost
regﬁﬁélﬁsmﬁbs &nﬂ tcﬁ&ﬂé %ﬁ ttlé E%]CC tbo i jvade he agfoﬂcq‘ ﬂf ]nfectlous

and their de ect in co wd
Whispesneeitess(Eable 1). Protection was evaluated by blood smear to detect the

development of blood stage parasitemia starting two days after sporozoite challenge, the
most stringent readout for sterile protection against malaria infection. Priming with
50,000 uis3(-) sporozoites followed by 2 boosts with 25,000 uis3(-) 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
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25 test themas a whol e organismvaccine in a

nmouse/ sporozoite chal |l enge nodel. W intravenously

i mmuni zed mce with uis3(-) sporozoites using
different prine-boost reginens and subsequently
chal l enged the mce by intravenous injection of
infectious W sporozoites (Table 1). Protection was
eval uated by bl ood snear to detect the devel opment of

againgdthstsame rarazeite shallenge alose vwpstaleo dehieveds a similar prime-2

b? (gq?r oz% ]Ielésnnal bg’@ﬁe"lfﬁ;@gﬂ?%%%%@%l ?l?lg'f?n;% %ﬂ%}numzcd mice
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achl eved wth a simlar prie-2 boost protocol using

ofj 20000) inferdioys Spergoitesapiter o mgnthfeytAll animals remained
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pi'cﬂmtecbmmnst rélohallenfre bipdnfebtibuscmoephitol sie (Tabkl DpeTo determine the

stage infections and thus.,5 enjoyed tracted,
leéfsﬁ Pg [PEO W rqdmf yn@ymzm;% dia B ‘ﬁ$ dcPif-single boost
piAScot WAt "lﬁ%@(r}m qlfl sﬁ:@r&ﬁ%% ongs CHRCET 7R e?lécﬁred complete

protected ani agaln wt

pratentiohywhidé ﬂﬁ&gﬁ@ﬁmgrthmtamnaﬂs bmmrzpntemaﬁen‘a bngﬁnhy in patency.

NERE & Sohsrof SO b 9ps SOUISORGLbY (100 Jalaoagvih blood stage

p&asiRiset Ay anipidN et gﬁloﬂﬁtsﬁ@ iteBH8 GwWaY days after challenge,

i nfectious nosquito bite (Table 1). To determnet
intlicatiog ahatche pbasrest protective immunity is adt actingrigainst bh)od stages and

8 a5, 558 B a0 i8R sl v S oo vaceine-
r@ﬂaﬁyeﬁm&vpfcﬁﬁ@ WD irRlzied nmww bﬁ&utaﬁeo@grrfiisﬁigng prime-2 boost
el a

three animal s becane patent after a | on

Prodeceh axith SAROG wis3(- )s%ﬂds%ﬁ,oQﬂ‘ ws%spoz@@ﬂm, a@spmvely All mice were

cGPeleRy B0t sk hanpsd B Bhpitholh Wr Siafpie Blfenge.

par adiuk eghdtst Wowlais iefib gossibR! e dgeelop Fehdtiballpt hbdified malaria
that the observed g’r otective immunity is not actin
pygsiessthatyarg epmaplety sawteﬂrﬁyéhwers 9@g¢,fwblchgwrmﬂy establishes

B RS0 208 bl SRR, 1 idaion v

achidedtteyndeielidny ofis isingleaparadittegened UdiSi. Aﬂlhoﬁgpﬁllsy\nfﬁﬂmuon remains
and 25,000 ui spor ozoi tes,

“‘ﬁ@g‘g’gt#l é‘SyPﬁI%“FS ﬁ‘vk@@yvlé?lgedséé ;%mlgyetpycomgypgsﬁ dar its loss. The
SO YA LTSI DR e i it

uid 3 e ’spmomehm theel ﬂnyusmbguzeﬂe n?]ilh:nga mqdel grovides préeft of principle
are co t el ttenuagted at fhe ljiver stage i.C

thaot gang %Fﬁ%‘!‘?@r@ ArlR YRGHERG By {oRTOlEr YV ma?ﬁaﬁpcﬁg (33 orthologue

(aREdsSion HRasbet PR13 60785 YPnomld b i h6RYShhiN MBS malaria parasite

P. falciparum. This will allow us to create a genetically attenuated uis3(-) 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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achi eved by deletion of a single parasite gene, U S3.
Al t hough U S3 function remains unknown, uis3(-)
parasites clearly |acked the ability to conpensate for
its loss. The 25 protracted sterile protection agai nst
mal ari a that we observed after inmmunization with

ui s3(-) sporozoites in the nouse/ sporozoite chall enge
nodel provides proof of principle that a genetical

nmodi MethedstaPlasimadivac bengbel transfeationt e Foyweplacement jof dPéUIS3 two

U S3,orthol ogue ( ion er PE1l3 _12) inth
ﬁag%'ﬁ&ﬁ% of nost lﬁg :!}gngrml ar rasite ﬁIS3rep1for

(5f @CGM@GGCWT'BAGUAT@ACAWOI@AHGGS613‘53 @smnm @ﬂOt y1l) and
attenuated ui sé&? uman parasite 30 that can

UlSSsenZaeva &' £AA Tﬂi@ﬁcﬁﬁ/ SpbF EEETAL TIKENG ér)g@EQ ID NO:2)
fopodel %eToge(spsr our, |nd?.ngs Iﬁ%gm%&g way .t g t he UlS3rep3for
al enuart ed,

devel ophent a gengtl c y att protective
(SWEOMA TICOCATATGEIRGTE TVACATE B)A(SEQ EVENOs 3)aindr 8YS3repdrev

B L T
S SRR T P g
tarpeting VbcBGyr (dﬂ?resu}tédih plEAGTCPARBMITY.CEe bﬁﬁ]ﬁ'&l@ﬁﬂl@mﬁoptﬂahons,

3't)§é EQID NO CF') for t!IEe 800 b%? ré}g%gnts ?@g e cach
Wi b Rt 2 ggfrm?&éﬂ%ﬁmc 3)“(‘1365(’5 107 uigd() 54 & 105 WT

salivary7 @laridp spﬁrozbrteug remdt isodated) Poly rgﬁﬁA gsmgm DcthNAlT-columns
(aberDy Fof PN mmbipsis o irblitiatiotiovg gettomh gl 4 1, Ap-PCR using

rafills faleca@&érqﬂnse%s e%uioaj hﬁ‘ﬁlbsécﬁleht M&E’d PCRUkAGHBNS.

series and . I'njection of one parasite into 15

r eC| lzheantypmkanaiym ofuish(-) paresitesr f4nophees Fepharti mopyuito rearing

oo s B 9% B R bl PSR g a2 o

2096}, Respettihady. dm@aﬂﬂ@ﬁ?erﬁﬁéiﬁ,l nos@iftbes wepé allowed to blood-feed for

eDNA- synt hesi s and ification we perforned a fwo

I%m@p m@hﬂgmﬂ%meéhﬁéadpbw Arwith mlldame P. berghei

NRRS G R S ol el G Wi by L BB RUL BF ciferntiated
Wémwmwm adiree cupabtie webftlagallﬁibnh Mosquitoes

lightl 10 h dark cycle, 75% mdlty and at 28C. o
wgvchssee@éeaftdawwz 140nde 1T o ﬁgﬂmm msqwqg’féwmmﬂe and

ané‘zs?‘#“?\@?&&%%‘&%gﬁé’ ?%g%&ﬁ’e}f béen | n 1c!:;t %fdspom%?ﬂe motility,

spordzditéslweréﬂepbﬁtdglhﬁﬂo prdsodted (S%WAMRE&GI ] 640)) @lass movkrslips, fixed
fop ) aiRe B K, B3 PREEPBARBRSEy B0 dnaifatssh s Eltaty antibody
A B o 50 T4 30 s
hapntd)g)mbs sym? dult ecHndwvere seeded in eight chamber slides and grown to
semiconfluency. P. berghei sporozoites were added, incubated 90 min. at 37°C, and
washed off. After 8, 12, 15, 24, 36 and 48 h, LS were revealed using primary antibodies
against the P. berghei heat shock protein 70 (HSP70) (33). To analyze sporozoite
invasion a double staining protocol with anti-CSP antibody was used (34). To determine

’ts

the infectivity of clopal sporozoite populations in vive young Sprague-Dawley rats were

injected intravenously with 100 microliter sporozoite suspension in RPMI 1640.
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salivary gl and sporozoite nunbers, respectively. For
anal ysis of sporozoite notility, sporozoites were
deposited onto precoated (3% BSA/RPM 1640) glass
coverslips, fixed for 10 min at RT with 4% T
par af or mal dehyde, and incubated using primary antlbody
25 agai nst P. berghei circunsporozoite protein
(anti-PbCSP) (32). To detect l|iver stages in

Paiafieinde ¥t te adiddldwag chetled duilvebyp Qﬁdmda-sta]mdg:ﬂd)od smears. The
chanber slides and grown to sem confl uency

appeIrGNAS; O mgh ervthrecytisrsiagg deprgsenty ibe Biastday gép#PFFY at

ﬁ?C Wer a rev%% g%‘%& ng prgnae’léerﬁan}n%%gﬁoés ggjaélr‘%??w female

CS?EIlJE .mibe (Qhﬁieslmaé%%m&toﬁes)taem Eg&bcliﬂ-ﬂ:’%oso (&8)weraised. For
. analyze spor020|te I Nvasli on a u e stal ni
imgRERiERtIon, WisBEr) SPerezeies RS ses@msg é&ﬁ glm%’a from infected

e WO T e T
Sporpzvites tvereniniatatinLes vylumetaf moanmaims iinteavenpasly g0 the tail vein

Mg&g&q&;ﬂ&g@&%ﬂl}&ng Par SI tem a of. ﬁfcgglathasmgle dose

ofS1E %109 98'3%51 it GRS SfoRbwed §¥ 'ﬁ% %o@ity bf"élﬂfeytl o 253 2964 wis3(-)

represents t st day of patency. |mmunization and
sgomzas:es edmimw:mdger oxpar | Fbeatfist Wanst atas gixgrei4 ey following the

e o0 Ont B PR { e RS G e imtervals

mlHEHiéH' Z@ﬁd 4, of%ﬁﬁﬂs haslphanriddefollveed byxd siaglectbost wifh 1x104
salivary glands frominfected nosquit oes. T§l§l cally,

uis? (Agipordzoltes each. ibsyanimelscysre sheneamoniiod Fargsitemia by daily

ISR b | AU, SERAY RpuRledYoed, e, Bipki-Replfind e e first

m&ﬂﬁﬁﬁtﬂﬂoﬁﬁi MlUséti&nt beoshe C Anfthala Wet@ challebgedrdl daynmpeto 1 month
I mmuni zed with single dose of 1 or 5 x 104 uis

afigg oreesivinge the fost Iheitd ob yis3{m %ngg%fb?emww%‘so?f 221'5"'“"3110“3

uﬁhﬁ:ﬂlgﬁa 0 %oos %@4 élpP;:lq\?g Mﬁl g'P '3 ovm ngp&ﬁz&{ess F6r each set
of expeiiingnts) gtlcast\thirde mwmﬂmdlsm‘mbd sdmzl dgz\@m@ Weﬁa;lsluded to verify

KL I I
re%ﬂyh d Bl dég? gé‘e% to B9 %ﬁ@l‘ irg GTé?ﬁsaas@élﬁai Blood smears.

en nonit or t S|temab daily
Plhaltemtmﬂ siimals sver@\iﬂonanradﬁbsatrleamm ddy&a&n;bﬂpmﬂﬂg gp to 1 month. A re-

R SR T b S T s e
fifsP cﬂall‘éﬁﬁ {ﬂrltl*.l""a‘c sﬁﬁé]e HE§LHM9 RI0L BRective (P, Bemsei WT sfiobdoitks. To test

Sporozo es by Nt ravenous or subcut anous gﬁkectlon
whétha tebigd(-)5 imnb@izedr micek i protested agsingt 1 glﬁmge\m natural

0ZO0i ch_set f experinents
RS ot TPt ook A eff e siElog 16%5h o 10 highly
infeadUABSfiRey Hdk bintainell @6 laviday oP10[006 WIOEITAyt dand sporozoites
chal | enge dose. In each naive animl, parasitem a was

emb. Sueatissfyl blovddeedingwas canfiymed hy seosquite diseectipn gfter the challenge
| %m%gl{ OCl“oonn%rm stggg’-ts;%c d blfo Br%tescggﬂr #n 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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Protected animals were nonitored for at
and typically up to 1 nonth. A re-

| east 14
chal | enge stu

days
dy was

performed for one i munization experinment two nonths

after the

104 infective P. berghei

whet her ui s3(-)
re-chal | enge by

To test

first challenge with a single dose of 5 x
W' sporozoites.

i mmuni zed m ce were protected agai nst

nat ur al

25 transm ssion 10 protected

and Bemlis v el'abdn L r dlowi shewsdthat €5TBKEE dnito impownided wish 1R berghei

i nfecte

I.I{}
§§f ul

d| ssection afte
st age-speci fi cCi
experi nent was

r the chall enge
ty of protection,

experinment. To c
an addi ti onal

Yoty 5 PRIl BiFacleq il ¢ ehalengh vath WE P. bergher

bl ood- f eedi ng was confirnmed by nosquito

onfirm

performed with 10 mce that were fully

tected against a chall JBLEilth infective 30

pr
spdrozoites. AI£ i mmuni zed micejand three naive # Protected /
cont Iminunizatonef e Bookisdsyzd by | | rChallengodosei nj lect# Ghallenged
Enp. [5#% uisG) Bpz. ber ghminbéfs (ﬂhy)od ‘tage(tﬁﬁépiﬁlt) es. |Al |(pre-patency)
m ge \’\BS'OQ)ffOU”y ol 90006 5p4¢d.7) 10710
[ (r;gt:“ull ati ons w LI n pat ency. - 13 (no infection)
I c L 1
I'mmuni zed Wi t h )@8@?8@2@@@ a‘r 10/10
conpletely—prot thet rhal | ence wi-th g p (o infection)
berlghei —spor 0zjoj ites B—TABIE 1 SN @Q:fﬂfd 0/9(d.3)
| miuni 26:006n Bojo2$,800 &1.3Hh25,000] | eld}g(lﬂmze(dﬁﬂ) 5 /5 (no infection)
Chdl | enged # s} uis3 {dd45¥¢. nunhers (day) timint e-
Bt gnc 5@,6000 25| 060 10,860 Q001 01600054, ds 73 (no infection
10 |/ 1om’(d.21) (no‘}‘?%}é";’y’. on) 1 10, 000 %mc))og J )
(d. [T 10, 000 1107 000 SD2. (U 7) T07 187080 gl (10 | 016 @4-5)
(d.|34) /ﬁ%"’ooo 6018%(%%7 1?=Q‘.’%0) 1%‘91“@‘0?‘!13& PRY elct | Do infection)
1110 00010 006 34) /1000010000 spz
1l [30) 0005 ( oA AP 1DA]O.00 §510 int mospee38] 575 Guo iestion)
(d.}4.5) 50, 0001050 00@d.28 14) / 10.000 10 inf. nosq.
(d.[38) 5+ 5 (no infecti-on) d.21 10 inf mosq. 0/5(d.3)
v 10,000 10,000 (d.14)/— 10,000 spz. (d.7) 7/10(d.8)
— — 10,000 spz. 0/5(d.3)
50,000 25,000 (d.14)/ 25,000 10,000 blood st. 0/5(d.2)
(d.21) (d.30)
V. 10,000 10,000 (d.14)/ 10,000 10,000 blood st. 0/5(d.2)
d.21) (4.30)
— — 10,000 blood st. 0/3(d.2)
50,000 s.c. 25,000 (d.11) s.c./ 10,000 spz. (d.23) | 5/5 (no infection)
25,000 (d.18) s.c.
VVL | 50,000 s.c. 25,000 (d.11) s.c./ 50,000 spz. (d.23) | 5/5 (no infection)
25,000 (d.18) s.c.
— 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. 1. group were re-challenged with
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| H 10,000 10,000 (d.14)/ 10,000 10 inf. npDSQ.
d.3 5/ 5 (no infection) d.21 - - 10 inf. nosqg. O
.3) 1V 10,000 10,000 (d.214 Y- 10,000 z. (d.7) 7
0 (d.8 - - 10,000 Spz, 0/ 5 (d.3) 50,000 25,000 .
(d. 14)/ 25,000 10,000 blood st. 0/ 5 (d.2) (d.21)
(d.30) V. 10,000 10,000 (d.14)/ 10,000 10,000 bl ood
St. 0/ 5 (d.2) d.21 (d.30) - - 10,000 blood st. 0/
on? ddke 2f 5EHPWT SIpbrozdnted0mbathd hites ife first Gh@léhgePand remained
d.23) 5/ 5 (no infection) 25,000 (d.18) S.C. WVI.
profeced0 S.C. 25,000 (d.11) s.cJ 50,000 spz. (d.23) 5/
5 (no infection) 25,000 d.18 s.c. 10,000 spz.
170/ 767(d74757) Notes: MXAMBEER i nunized with P.
berghei uis3(-) sporozoites. Mce were challenged
wi t hHémsf we tispups aRothbe Plisepdinm pteitowith aagitical fonctian for complete
stages. Mce were from the sanme age group (50-80 days
liver atagadevelommantoililS4 (upsegulated in infectiyg spo igepe 4) is expressed

batch., _ Tinmepoints in colurm4i,ndi,cateth§Eda f . .
exghuivelirigdnfertive snorezoites,and dryslopingiiiver pagesy agidicd gene disruption
eriod is definedeis the tinme u

i il the first,
ofaff¥atnctie godant snageh gpalariz Wﬁﬁl&‘ca@@o way berghet generated knockout
G ensa- stai ned blood snears. Five mice of the
P Lok oilaicte 1 AR 1ge: vele Yol fflerchepatiy e Bralign. LIS
W, sporozoites nont hs_af.t er fyl o
bl ol Eef et lLSacb e sy J1dvilyel ity RYEAAY impaired
. , is .
in B ks 326 delAToBbBhCit il Unf it Whiod RS iictions when
inobiﬁﬁtﬁ@%ﬁfi&lg olzBit& HokesS BEALibE Swille 184 ) krokout sporozoites
expresse exctlusively In infective sporozoites and
tﬁﬁ% ' ' 48R SsubJeueist! Beections wildsypeniposdioite fchallenge.
¢ ul %Iig’gp{&%gﬁr gﬁéeent rmdzsiu ﬁl aria parasite Pl asprmdi ll,lm onee
AREr ofpbiozeRe einvbden ko Htepatocytesr AHE4 efochliads tontheenewly formed
the malaria life cycle until after hepatocyte
parmsit@pharous WhGrble vemibirans that rcanstitetes tthe pafasiterhosteell interface and
early liver stages. However, they are severely
extenslai as exl tubo-viesichlar mistvork i ivter the thepatoerde sytopiasm:  Apgetherour data

only initiate blood stage jnfections_when . )
demonstrate that depletion of UIS4 results in attenuated liver stage parasites. Genetically

|
(
/
/

attenuated liver stages may induce immune responses, which inhibit subsequent infection
of the liver with wildtype parasites.

Generation of uis4(-) parasites. Given that UIS{ is expressed in sporozoites but
not in blood stages, we were able to pursue a targeted gene disruption at the blood stages
to study the importance of UIS4 for the Plasmodium pre-erythrocytic life cycle stages.
The endogenous PHUIS4 gene was disrupted using the above-described insertion and
replacement strategies (data not shown). The parental blood stage population from the
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 PbhUIS4 deficiency of the mutant parasites we performed RT-PCR and cDNA
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i nocul ated at hi gh sporozoite doses. |Inmmunization wth
U S4 knockout sporozoites conpletely protects nice
agai nst subsequent infectious w | dtype sporozoite
chal | enge. After sporozoite invasion of hepatocytes,
U S4 localizes to the newy fornmed parasitophorous
vacuol e nenbrane that constitutes the parasite-host
cell interface and 15 extends as a tubo-vesicul ar
mgﬂ;_ﬁe,gﬁgn the g,jg@ﬁhmgt Rem! livary Qaraisspordzoites hetenaplates (data not
ata dermns rate that depletion of US4 results in
shaivhf NUdbRAver, Westsinablot mnalysist & uis@RAE(-) spbtogoites did not detect
attenuated |iver stages may induce inmmune responses,
PulfiB¢ liditmhodshbwalbsequent infection of the liver with
wi | dtype parasites. Generation of uis4(-) parasites.
G veashadiui Aghe tengleciueand genotinio 2o9lyes. Fpr gepe targeting of
not in blood stages, we were able, tq pursue a targe]tﬁg
Pl@féﬁé dasriffti bp afragmentp| wee smplified ¢ Bsing | RrMES 4INTfor

(51. Mf&of Ul S4 for t Qﬁwﬁ&@ﬁﬁemﬁ |05) and
vﬁeﬁﬁi@&ﬁéﬂ#&ﬁﬁw«m@mﬁ@mw&m@ﬁ 3 (EQ D
0!8 P R AU A et i

velc orlle(j?f éJ‘gng;ﬁ%gE& \ 19] SP&RLite0 ﬁ'iﬂﬁdselectlon was

I'sru nes deS|gnate urs4(-) and

perfobindd a8 RLcribed W?ﬁf Eﬂi)at BitkgrhtishERCifik P@Rtamphﬂcatmn of the

contal ne excl u e “predi ct ed nutant |ocus. The

uiSAIL) Rehs WEP bAtE SVEINhsiEY EHet folfovigOphiinese dtebtd, T, gondii DHFR-TS for
inSertion-specific PCR (data not shown). To confirm

(SP¢CECATGGACGNADECAGATGGAS) (BEQ@SID a$OneT)pand diiSédtest rev
RT- PCR and cDNA -15 anplification using pol yA+ RNA

(5t CODAFGCYAAG T PGOATATACGGCTGEETCE 3 (REQSI NEX: 8);rest 2, ULSY
shown). Moreover, Western blot analysis of ui S4REP(-)

testrfor (57 GG@%AWGTQQA'B’EGAJHTTﬂH@ﬁSEGCM@ ﬁoftSE;Q] ):'9) and T7
Pl asnmodi um berghei transfection and genotI¥

(GAFEAATACGAGT EAM@@G 334SBR IsNBG iflsa %rrsslzc%ent of PbUIS4

fragmsnt vvaci_ki_rl'[pllfl u5| g prlngl Ul S4I NTf ar "5% gﬁ%ﬁlreplfor
(sfg%méwgﬁﬁﬁ%@éﬁﬁ@ﬁ%@@% A1) end
SR 1 SRR AR AIAERATRRG 2 =
Ng}te forn% on anﬂ sel ec;ﬂdgn wassg, é@n rforrrg.%;jI 3SR UIS4rep3for

|bed preV|ousFy (13 I nt egrat i on- speci

' 113
I I TR0 T P o)

OCACATAA GTTTEEA TLTACGGE TSI TIG4") (SEQ
test rev (5 COCAAGCTTAGITTGCATATACGGCTGCTTCC 3')

ITf NEQRL 4)FoNBe 60D ;bpt fegpiment usith®P. berghei genomic DNA as template. Cloning
into .the ZDHFR targeting vector (34) resulted in plasmid pAKM17. To detect UIS4

expression in WT and mutant P. berghei parasites, 1 x 103 salivary gland sporozoites
were dissolved in 10 microliters SDS sample buffer. UIS4 was visualized on Western
blots using the polyclonal UIS4 antisera {12) and horseradish peroxidase-coupled anti-
rabbit IgG secondary antibody (Amersham). For RT-PCR analysis we dissected 8 x 10
uis4(-), 8 x 105 uis4REP(-) and 4x 105 WT salivary gland sporozoites and isolated
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test for (5 CGGAATTCTGGATTCATTTTTTGATGCATGC 3' (SEQ

ID NGO 9) and T7 15 (5' GIAATACGACTCACTATAGGC 3) ( SEQ

ID NO 10). For replacenent of PbU S4 two fragnents 1

kb and 600 bp were anplified using primers Ul S4replfor

(5" GAATTCTGGATTCATTTTTTGATGCATGC 3') (SEQ ID NGO 11)

and Ul S4rep2rev (5

GGGGTACCTTTATTCAGACGTAATAATTATGIGC 3') (SEQ ID NO

pAAH ®RNAh@sihkb ofigaodBabluais dnSiteued).or B} CDNA synthesis and
AAAACTGCAGATAATTCATTATGAGTAGTGTAATTCAG 3') (SEQ ID
abi@lifidjtionawel petfbeinebd teo stég-PCR using random decamer primers (Ambion)
CCCCAAGCTTAAGTTTGCATATACGGCTGCTTCC 3) (SEQ 1D NO 14)
afibsubsequesBangard PERmeantionsi ng P. berghei genomi c DNA

as tenplate. Cloning .into the hDHFR targeting vector,

( 34) Phennfypie goalysig|a grird(-)ppacngites. Fropbelet stephenyi mosquitoes were

expression .in_, and tant P._ber h‘()e' pafgsites, 1
roie) KT 9B ERAD B dokola w287, vave blRPLGE) andivers fd on 10%
mcroliters S | e byffer. ., U s visualjze n
SRRl o BIOGSiERUE 1 o uitd, oo i Wik i dsfihedps).  The
angd hog seradish_peroxidase-caupl ed ,anti- rabhii |19G
o8B FPrereites o isuie Tpaefy pas Btnhine IR hemdigmeter. To
e s . . .
SRR RSy Ipo ity ot pird ad5ba BT TrecdptAl Yods oversips
|: LNQ.. i il - | i . .
o HOlooR 5" iSSP WS [ BghE S SkmefRtaoite proten
(RLEPLEXT (98). @oﬁn@%ﬁwm&pﬁéd {(8ihg AIARDFIABD 48R E6hjugated anti-
subsequent ‘'standard P reacti ons. Phenotypic anal ysis
nWusé! ebtiiody ASIBGIIAEProbAEIOPTE | detect Li®BStAgds MOBdPatdcoRS, P. berghei
were 5 raised under a 14 h light/10 h dark cycle at
SpiaZoiies Selne nildbd tp smbconfinent hepadtoentes Otcutsated 2 heat 37°C, and washed
sol ution. Bl ood-feeding and nosquito di ssection was as
offesAfiebdd, 23536 afide48 huliber stagesswereorevealed using primary antibodies
i nfected npsquito was_determ ned in a henocytoneter., .
against paresije beat panckmsptein HHEHSIET0) and pspenndntyaantihedy conjugated with
deposited onto precqated glass coverslips

Alexa iilaer- 488, SMalecplar r?ﬁ@@%nﬁpmvzag%apm@ﬂ@ﬁ%giogh%# 104 salivary
ol SBOROURR T URrD P BB DR oALs A8 ThEHHRRADE 90 min at
3T o T palfiCdtn BN ncid SlrapRGE faresifls S Sifuplized using
SAFHE s iy S B R RRRY. 8, g ey, T
ok SR S S4OTPPUSES JESh TG mice wer

hi?aﬁapﬁﬁrayemgiyb&déubeeﬁhwﬁtyemﬂv 100 rthitrdlitBrsaspokorRite 4 ion of

Mol ecul ar Probes). To anal'yze sporozoite invasion,

W Yadshed ov khiickotit pachsBEO D RPME $64E T Papdbitestid of the animals was
subconfl uent Hep& cells and i ncubated for 90 m n at

checked daily by examination of a Giemsa-stained blood smear. The appearance 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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37C. The ratio between intracellular and extracellul ar
parasites was visualized using a double staining
protocol with the anti-CSP anti body (36) and confoca
m croscopy. To determine the infectivity of clonal
sporozoite populations in vivo, C57B16 mce were 20
injected intravenously or subcutaneously with 100
mcroliters sporozoite suspension of W parasites or

dlsmwoo&ﬁ 5800 A AREPRD MporbS4is, foflodl i ?fﬂwa Hobsts be either 10,000

ani mal 5 was checked dai’l y by exam natio

of 28000 1644RAPEY FpoRPBited Rahinstti®l APPEPHANRE b@Bstawas glven 14 days
single erythrocytic stage represents the first day of

folkiving the immmunization, owithng sqpahd Hoost EdlRIwWiRRAE days thereafter. The
experinments. For all experinents female 25 C57BL/6

amiireds W&ledhé¢remoRitored fomprrasitentia by daily dibodestmenesy Gfilyathdse animals
80 days were used. For immunizations, ufs4REP(-)

thap temagined bloodstage parasiteneghtivecafier ke Sest iimaupizptiondad subsequent
from infected rmsqw t oes. &a_rozm tes were injected

bposts,wors| axpesest to1spchalicage mitheWd spionezoiies n duwimglsi ware cheldenged 10

Animal s were i nized wi,th

tall vei n, of |rral
reéel"msﬁil e iistRERL) soreRsties b Mtvengus inection. All

b tes@&éfw@%fﬁf&s@ﬁs?ﬁr%@o A s o
chel %ﬂﬁ%‘ 45wk AR PO Srg T af b sporonotte
cﬁpégr%gg%ma 3 A S e o 3wt

he f| rst n| zgo'P %gawg%lﬁgé@%bent%%pgs P \%‘Jrzﬁfteqmmumzed

GRS Qérd %x&mﬁﬁé' {08 "fifecible) p%sﬂ&ﬁi@%?'&%ﬁ:sa—@ﬁiﬁ' Blood smears.

were chal l enged 10 days after receiving the |ast

Abimals dif noll SHORER (delectibly’ parditentia bﬁﬂhﬂtSOZﬂégl FoBowing the challenge
injection. Al challenges consisted of 000

andhwerstconsidéted bempletdly Potsgpat. 0zoi t es. For both sets of
experiments, 5 naive animals were included to verify
i nf eBesultstage sfovrhin Telde dAwlove I@mumidation yetldeis¢REPR) sporozoites
each na| ve ani mal, parasitem a was readily detectable
e protestion,; The dagtdhat adeeget prapottion ef arige Beragined blood stage
cha | enge, the uts4RE &i spor Qzoi t.e-i pmuni zed

n%ﬁ#% erweg%ﬂvé;sﬁwlg YistBE. mm;ref aggwgéwmeﬁt if immunization
- An

Wi R AR  sRarveied Wi rete iy acrps B0F seororife chattenge.

TRl 9 i aiaB 7R Sl it 3586 oF st S5 B wsemmpcy

{
O R T i e —
affe@ "M E’lﬁ? %ﬂoﬁ,"%ﬁf 46900 Qﬁ%@ﬁbﬂsev&afts?o tzgﬂgéJ k’?&ﬂl@@)v"' NBne of the

ui s4 Spor ozol tes all owed us

i AMB T MideOdbveWpbd) blmsﬁa@tﬁﬂﬁéﬁ@ﬁi&%méﬁetﬁﬂ thexdkdte enjoyed

protect mice agai nst W sporozoite challenge.

cohiiysletef Qtepile Visrotedtiomli Z @uhived thied Othat CRerd Chalfengdes ewithf 50,000 WT
50, 000 or 10, 000 ui S4REP(-)

sporozoites developed blood stage infections 3 days after inoculation.

Table 2. C57Bl/6 mice immunized with uisdREP(~) sporozoites are completely
protected against a challenge with WT sporozoites. |
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20 sporozoites and subsequently chall enged the m ce,
whi ch renai ned bl ood stage negative after

i mruni zation, with 50,000 infectious WI' sporozoites
(Tabl e 2). None of the i mmunized m ce devel oped bl ood
stage infections after challenge and therefore enjoyed
conplete, sterile protection. Naive mce that were
chal I enged with 50,000 W sporozoites devel oped bl ood
stage infections 3 days af trgygigngcul ation. 25 Table 2.
o/BI7omce | nzea win ur S4REP(-) gporozorte '
clonhmenizgtionpr )t ected agdaests a chal | eng# Peptectedim Challenged

ip&; C’i%’ftﬁ%m-_ S &BLEW:ZI " |%.at| on Bost '. enc

vl oT w1uUr

nspioel? of s z 1s(tm£p9$ yind é@/ 9@0@ sié dmfecuonl

[

25, UUU) 2na (87 n- 8

norme / 5 (da nGl)Q 10, 000 1St (14 / 1(1)015)0:1ay33?1d (28
/1 10,000) 8 / B (no infection )l none jnone 0 / 5 (day
3 Notes: |l mruhized mce re chalTen dvvlth 50, 000
VG000, ghei | 4EH, 1,000 2K (28 16.600) | 848 (no inféction)!
i%gi z_ati on. \413(3 wer e fromthe sane .o'- gr o and
spot-ozottes—we i :

SEARGtILT € 1 d%&dnﬁec t\ger'é ?ﬁﬁleﬁge@f%ﬁﬁ 88%6%@? P. berghei

2Nai ve control mce were from egroup

s?&@%l&@%qia ﬁ‘aﬁgrﬂgﬁlhat na?bm% tlg?ﬂﬁar or@érgroup and

I ndi ngs defonstr at aria parasl

sPeBLsitels Vadre Irdin BE %ﬁﬁa@rﬂiosqﬁﬂb Yoath! BWodesiadai were evaluated up to
conpl etion of the pre-erythrocytic manmal i an

daybeciftepnchalledge. n 2N tcosiydle fice \evee Vieor Nhensdiitage group and
del etion of such a gene effectively creates

challeaged with $0,000aW el betgidi spolremoitas.par asi t es t hat

infect the liver of the nmammal i an host but are
seveOarr findingsadenuuhstratet theti malatia [patagitesohdrbox genes that are necessary
og‘roggess through the life cycle and cause nmal aria

¥s s@wwﬁérc&g@legon ® tthe mmgfﬁb@pmm gearamalianyinfeetion, within

har crit |@a\m‘{lor i v Plle ‘P%Og nt G&By‘gyicff@gps senctically
aﬂ Sl b ps?zu@e@% %@ﬂ%ﬂﬁﬁg 2 sy
e & it Ak ¢v°ﬂ>g§9fﬁﬁ”%%°%§%§@9ﬁ%§‘ i ot Bnd. canse malaria
dfsé &nsgtﬂg% egceBF SWaé}iwszS@g fedSRGtH S8 lcﬁtlcal goa liver stage

attenu asrm I um par asit as’l'ive exper

ANAISINDS, cafPBRSddrtidel Yyid the RiadrRts éﬂgﬂggkh BRSHdHBrein,

parasites may be simlarly prepare organl sm
vaccFinaly,agehaed shown here that immunization with UIS4 knockout sporozoites

confers complete, sterile protection against subsequent infectious sporozoite 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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mal aria. 20 EXAMPLE 3 This third exanpl e describes a
representative protocol for making a U S3-1ike

knockout in P. falciparum -19 The P. fal ci parum U S3

gene is targeted for disruption by replacenent via a

wel | - known doubl e-crossover reconbi nati on strategy.

The U S3 locus is replaced by a fragnment containing

the 5° and 3' untranslated regions of the P.

f al ciThetRuyalipbrum BHS3 géRAd itigetbd AFRlisraptdn by eeﬂface&ehhﬁa a well-
human di hydrof ol ate reductase (hdhfr) sel ectable

krawk edoubBecrossover dedombimatioh hetrdfegyt a|’ﬂ1epw&ﬂ11b&u‘§3ls| fpliiced by a
were obtained fromthe PlasnoDB database

fregmenttentainity. the §f and 138 usicashssdoregiunstuti thée &, fhletparum UIS3 open
COdI n sequence of P. falciparumU S3 is PF13 0012

& Hrach oflanking, the huianedibpdmifelaten reduntasera(bdiyfe) selectable
13 I s §23930 -124619 on the mnus strand. The P.
mazker; H SPANANCE siata don the P Jaksinarient YAt laqugnwere obtained from the

A G 55 Bl M chiekshint e codin

R it L e i
SRR 825, SR A o s o
A BB i o g

12308rse 5 - GTATTATGCTTAAATTGGAAAAAAGITTGAAG 3' ( SEQ
ID NO 18). The sizes of the repl and rep2 fragnents

anpl PIUES3 Rpel 986 22R8rheRd aRASBpRAG Frond @?B@Wﬁh D7 genomic

The PCR conditions are: one cycle of 94Ctor 3 mn

DINA. | wsivegr] Bxpahd)i polymersd @gd ofhe Ofbfloiviig éﬂ'nm&ﬁ“ePfBIS?ﬁGepl forward
for 1 mn, and 65C for 3 mn. 20 The PCR products are

S HETAAT. ATAAT GRE6TAATGCATATGGR' ((SHQVEDt ONO:F®pland reverse
was cloned into restriction sites Bglll and Sacll,

SHAACAGCTTEAT TECGA A AAN GHAAGsBY (REQ The NG 6); BFUIS3 rep?2 forward

regl agement construct is seguenced to confirmcorrect

JOAAACIIOGEPATARICACACOAGA! GHQ Bk rovers
SRR A ATt Sadihe ede&‘ﬁ@%ﬁ‘%é 18 ot e s
ofthe PSP F02 BReents Smrteiar S s fYs1 ass prist sewectively. The

PCR oo’ e (S (Kb F0F 500 o e Py HEHY eflen gfogaec for 30
S5t IRl Bnd B59 for Bmi 1_00638

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
PfUIS3 replacement construct is sequenced to confirm correct cloning. Positive selection
for transfected parasites carrying the dhfr 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 UIS4-like gene, accession number NP_700638,
PF10_0164), or for making a knockout of such genes in other Plasmodium organisms.
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PFI O_0164), or for making a knockout of such genes in
ot her Pl asnodi um organi sns. -20 Genom c information,
i ncl udi ng genom ¢ sequences, ESTs, annotations,
automated predictions, SACE tags, mcroarray data,
mappi ng data, and open reading franes, for many
Pl asnmodi um or gani sns, including, for exanple, P
fal ci parum P. vivax, P. knowesi, P. yoelii, P
Ghalasiy dinforthatiof)] GREGEME . i& Lpa | i
readily availagTe inb p%%@?ggdggaI%%%sﬁgzg%agém??ﬂF% automated
iNedictors| SGGHE asgs aticRBafby di O lRghYi ' read1')n
(www. ncbi . nhn. nglrE} gov), fheﬁbl asnodi E?nﬁ’g?r?oﬁgenmt a gsﬁéames, for
Tanyv Bl sesoditeth . ongadisme) dnchidigy, SRirgeanhpls) % Yekiparum, P. vivax, P.
(wwmv. sanger . ac. uk). -21 Citations The content's of
KkegwiesttP. yordiis Bl dhobinnd, Busicherdwipasd Psgdlliasvenmy; iirestil\available in
é@%grence herein. 1. Sachs, J. & Malaney, P. The
Rofptebasss sedi aas he dNatiosalnelemtsra for SBidd¢chnelogy Information

415:65%- 85,(2002). 2. Kappe, S.H , Kaiser, K &
(R @i@;&m gRY): thecPlasmediva Geneme Matehase (wrouplasmodinorg), and
i Le of age. Trends ParasitolL 19:135-143 (2003).
téé 15% P%gaﬁ%—f' M@Wﬁﬁ\“ﬁ’ C.C. Pre-erythrocytic
stage in manmalian nmalaria parasites. Nature 161:126
(1948). 10 4. Hoffman, S.L. Save the children. Nature
430: 940-941 (2004). 5. Nussenzweig, R S. et at
Protective immnity produced by the injection of
X-irradi ated sporozoites of Plasnodi um berghei. Nature
216:160-162 (1967). 6. Hoffrman, S.L. et at Protection
of humans - against nmalaria by imunization with
radi ati on-attenuated Pl asnodi um fal ci parum
sporozoites. J. Infect. 15 Dis 185:1155-1164 (2002).
7. Hoffman, S.L. & Doolan, D.L. Malaria
vacci nes-targeting infected hepatocytes. Nat. Med.
6: 1218-1219 (2000). 8. Gardner, MJ. et at Cenone
sequence of the human mal aria parasite Pl asnodi um
fal ci parum Nature 419:498-511 (2002). 20 9. Carlton,
J.M et at Cenone sequence and conparative anal ysis of
the nodel rodent mal aria parasite Plasnodi um yoeli
yoelii. Nature 419:512-519 (2002). 10. Hoffman, S.L. &
Luke, T.G Method for the prevention of malaria.
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WO 2004/ 045559 A2. 11. Matuschewski, K. et al.

I nfectivity-associated changes in the 25
transcriptional repertoire of the nmalaria parasite
sporozoite stage. J. Biol. Chem 277:41948-41953
(2002). 12. Kaiser, K, Mtuschewski, K., Camargo, N.,
Ross, J. & Kappe, S.H Differential transcriptone
profiling identifies Plasnodi um genes encodi ng pre-

eryt kita9as c st age- specific proteins. ML M crobi ol .

géné%ﬁar g&télgtr?g(g&?c% |°§3ﬁ% é?:j‘lﬂw\{%% }glﬁé?gﬁoand B I\/bx % e‘? by reference

hédeinecul ar Medi ci ne, Vol . 72 Mal ari a Met hods and
Prot ocol s, D. L Dool an, Humana Press, 2002. -22

14. Noonpﬁfa%l@e % Mgangy, P Thﬁwmnom;ﬁ anfl soicied fyedenof malaria,
Nfrzﬁ)r gm@gﬁ @?ratl on | n vitro by antisense
oxynuc ‘des agai nst nmal ari al topoi sonerase
I, BJ oc hm:(pp@ S)HHMSKC&FMHMGW)K.GH%BHISMM& sporozoite
. 15. Gardi ner, Inhibition of Plasnodium
ofigiey; B A %&P@apmw 335043 @03cnse RNA
I\/bI i och H?ﬁ’%r i tol Hﬂé%) .
Oga anS ﬂi 'Q PI et e][g&%gﬁgmﬁgﬂ% mﬁe in mammalian

lpﬁtﬂlt@‘]ﬂb&ﬂ‘édﬁlﬂﬁé(l%b aria parasite in vitro,

vl s R S et ba cpddin: ReiedaGor bl bogy,

Nat USG 30RudwfizwdiBORS. ed Q1 Pot Ety rﬁﬂu}:eﬁ) by the injection of

Ver have. Exoerythrocytic devel opnent o aria
Xpm&stqd@@ormueﬂzﬁﬂmmadzm b&rghke ABYure A 6:160HiR2HE96D. L.
et a to ver ria: Parasite
Bi ol Bkl S o ok teﬂ%waj mgps <Ageipgh, malaria by
nﬁﬁumﬁiﬁﬁd Gtk ﬁﬂﬁﬁ% YattbRiate dV'PHs% cz %ﬁ'*@ FRBitds. J. Infect.
5131_é 1998). 15 20. Silvie, . fects of

D?Sr i&ﬁﬂhﬁﬁ b 40@092hsm)d| um fal ci par um spor020| te

or o br e nFSRYERE ik o Do e Milaie P briisatge infected
h@ﬂto%?fbs (R&ORed. @12185¢08 (2000), L. F., & A F. Azad.

Mai nt enance of prot ective i mruni ty agai nst malaria by
per s¥-st entiariagat Mel. (g rdls iGeaamg eseiuenses e thei huaan gnalaria parasite

P%@%@é@%&eng}ﬁ%hl%%ﬁgﬁzﬁ% g\ssf\i rgnit i48260f t he
nunb@r of Camtoa| TM.s@oab Genbffe sequence and comparative analysis of the
model rodent malaria parasite Plasmodium yoelii yoelii. Nature 419:512-519 (2002).
10.  Hoffman, S.L. & Luke, T.G. Method for the prevention of malaria.
WO 2004/045559 A2.
11, Matuschewski, K. et al Infectivity—associated changes in the

transcriptional repertoire of the malaria parasite sporozolte stage J. Biol. Chem.
277:41948-41953 (2002).

12,  Kaiser, K., Matuschewski, K., Camargo, N., Ross, -J. & Kappe, S.H.
Differential transcriptome profiling identifies Plasmodium genes encoding pre-
erythrocytic stage-specific proteins. Mol. Microbiol. 51:1221-1232 (2004).

13. V. Thathy and R. Ménard, Gene targeting in Plasmodium berghei, in
Methods in Molecular Medicine, Vol. 72: Malaria Methods and Protocols, D. L. Doolan,
Ed., Humana Press, 2002.
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CLAIMS 1. Alive Plasnodiumorganismthat is
genetically engineered to disrupt a
|'iver-stage-specific gene function. 2. A method for
i'nocul ating a vertebrate host against malaria, by
adm nistering to the host a Iive Plasnodi um organi sm
that is genetically engineered to disrupt a

|iver-stage-specific gene function. 3. A vaccine
conmpddi t i neirals iChgrasterizatiorPhnd repiiessivm of an PBInseriae/threonine

i SUE e OO0 R i, ol

dembAstatod ¥F @b Bﬁeﬂtﬁal@olb Ry Fiiﬁﬁf{ﬁté&féf@n@é IR 1h3%5 (2602).
genetlcally engi neer ed to di srupt a

I'i veri2st addeRobsdti &i Mc§onkey.i RIVA dnterfsrence (BNAG) m;lflbxts growth of

PRSI R M B Pl ol | OREETR OB 2

Pl asaadi umgbeael amndmale-stfande&mmmdwe@gawaﬁhsﬁgtdf cysteine
disrupt a |liver-stage-specific gene function. -

proteaseicinainri sl -2 of Plaseadivm alsipereai Y. Mécselapb H5(5):1245-54
@@phitute <120> LIVE GENETI CALLY ATTENUATED MALARI A
NE <130> SBRI - 1- 24055 <150> US 60/ 631,228 <151>

2004441 - 2Moledined Sl 6W SHb Zﬁ&cm’glﬁrl?lcﬁgﬂ»%drﬂ -Bkfghei - a mouse
<160> 18 <170> Patentl n _version 0> <211> 31
“@iﬂﬂ‘ﬁm@ﬂl@c BiochemBigphysa R G*n%@%ﬁw@@@é'li (gw)acccgc

att aggat ag pahe P%t@e&rﬁelmigﬂfmzanﬂs}s oi;]growth and viability in
Drosophila cells, Science 303:832-5 (2004).
46.  Kamath et al. Systematic functional analysis of the C. elegans genome
using RNAL 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 berghei <400> 2 caagcttgct
ttcatatatt tgttatttgt ¢ 31 <210> 3 <211> 27 <212>
DNA <213> Pl asnodi um berghei <400> 3 ggaattccca
tatgtttgtg taacatc 27 <210> 4 <211> 31 <212> DNA
<213> Pl asnodi um berghei <400> 4 ctctagagtg
tgcttaaatg tttctttaaa ¢ 31 <210> 5 <211> 31 <212>
DNA <213> Pl asnodi um berghei <400> 5 cggaatt cat
catattacta attttcgggg g 31 1/3 <210> 6 <211> 36
CERIES DNA <213> Pl asnodi um berghei <400> 6 tccccgcggt
tattccatgt tataaacgtt atttcc 36 <210> 7 <211> 23
<212> DNA

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 fimction.
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<110>
<120>
<130>

<150>
<151>

<150>
<i51>

<160>
<170>

<210>
<211>
<212>

<213>

<400>
gggta

<210>
<211>
<212>
<213>

<400>

<213> Pl asnodi um berghei <400> 7 cccgcacgga
cgaatccaga tgg 23 <210> 8 <211> 32 <212> DNA <213>
Pl asnodi um ber ghei  <400> 8 cccaagctta gtttgcatat
acggctgctt cc 32 <210> 9 <211> 31 <212> DNA <213>
Pl asnodi um berghei  <400> 9 cggaattctg gattcatttt
ttgatgcatg ¢ 31 SERUBNCHQISPING> 21 <212> DNA <213>
Pl aspodi um ber ghei  <400> 10 gtaatacgac tcactatagg c
2 PeakbifyBiqmediog) Repgarcip Instibre <213> Pl asnodi um

25788 Sy TN A IRBhLS AR SR ol o bor g
2/sBrI~1-24055

Us 60/631,228
2004-11-26

Us 60/531,748
2003-12-19

18
PatentIn version 3.2

1

31

DNA

Plasmodium berghei

1
cccge attagcataa catctcattg g

2

31

DNA

Plasmodium berghei

2

caagcttget ttcatatatt tgttatttgt e

<210>
<211>
<212>
<213>

<400>

3

27

DNA

Plasmodium berghei

3

ggaattceca tatgtttgtg taacate

<210>
<211>
<212>
<213>

<400>

4

31

DNA

Plasmodium berghei

4

ctctagagty tgettaaatg tttctttaaa c

<210>
<211>
<212>
<213>

<400>

5

31

DNA

Plasmodium berghei

5

cggaattcat catattacta attttcgggg g

1/3

31

31

27

31

31



<400> 12 ggggtacctt tattcagacg taataattat gtgc 34
<210> 13 <211> 38 <212> DNA <213> Pl asnodi um ber ghe
<400> 13 aaaactgcag ataattcatt atgagtagtg taattcag 38
<210> 14 <211> 34 <212> DNA <213> Pl asnodi um
fal ci parum <400> 14 ccccaagctt aagtttgcat atacggctgc
ttcc 34 <210> 15 <211> 27 <212> DNA <213> Pl asnodi um
fal ci parum <400> 15 gagtaatata atgtgtaatg catatgg 27

<210><Z10> 16 <211> 24

<212> DNA <213> Pl asnodi um

<211>f Fbci parum <400> 16 gagaccttca tttcaaaaag gaag 24

<212>PAB> 17 <211> 30

<213>¢ Blasnpdd i bezgbe 17 caaat gaaaa cttggaaata at cagacgag

<4DO>3%

<212> DNA <213> Pl asnodi um

teccegeggt tattecatgt tataaacgtt atttce

<210> 7

<211> 23

<212> DNA

<213> Plasmodium berghei

<400> 7
coogeacgga cgaatccaga tgg

<210> 8

<211> 32

<212> DHNA

<213> Plasmodium berghei

<40C0> 8

cccaagetta gtttgeatat acggetgett cc

<210> @9

<211> 31

<212> DNA

<213> Plasmodium berghei

<400> 9

cggaattctg gatteatttt ttgatgeatg c

<210> 10

<211> 21

<212> DNA

<213> Plasmodium berghei

<400> 10
gtaatacgac tcactatagg ¢

<210> 11

<211> 29

<212> DNA

<213> Plasmodium berghei

<400> 11

gaattectgga ttcatttttt gatgcatge

<210> 12

<211> 34

<212> DNA

<213> Plasmodium berghei

2/3

36

23

32

31

21

29



<400>

<210> 18 <211> 32

ag 32 3/3

12

<212> DNA <213> Pl asnodi um

fal ci parum <400> 18 gtattatgct taaattggaa aaaagtttga

ggggtacctt tattcagacg taataattat gtge

<210>
<2il>
<212>
<213>

<400>

13

38

DNA

Plasmodium berghei

13

aaaactgcag ataatteatt atgagtagtg taattcag

<210>
<211>
<212>
<213>

<400>

14

34

DNA

Plasmodium falciparum

14

ccccaagett aagtttgeat atacggetge tice

<210>
<211>
<212>
<213>

<400>

i5

27

DNA

Plasmodium falciparum

15

gagtaatata atgtgtaatg catatgg

<210>
<211>
<212>
<213>

<400>

16

24

DNA

Plasmodium faleciparum

lé

gagacctteca tttcaaaaag gaag

<210>
<211>
<212>
<213>

<400>

17

30

DNA

Plasmedium falciparum

17

caaatgaaaa cttggaaata atcagacgag

<210>
<211>
<212>
<213>

<400>

18

32

DNA

Plasmodium falciparum

18

gtattatget taaattggaa aaaagtttga ag

3/3

34

38

34

27

24

30

32



