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BACKGROUND OF THE INVENTION
20 Field of the Invention

The present invention relates to the fields of molecular biology, virology

and immunology of alphaviruses. More specifically, the present invention provides an

attenuated, recombinant alphaviruses having mosquito infection incompetence and

discloses method of generating such alphaviruses and use of these attenuated
25  alphaviruses in immunogenic compositions.

Description of the Related Art

The Alphavirus genus in the Togaviridae family contains a number of
significant human and animal pathogens. These viruses are widely distributed on all
30 continents except for the Antarctic region, and represent a significant public health threat
(18, 39). Under natural conditions, most of the alphaviruses are transmitted by
mosquitoes, in which they cause a persistent, life-long infection that has little effect on
the biological functions of the vector. In vertebrates infected by mosquitoes during their
blood meal, alphaviruses cause an acute infection, characterized by a high-titer viremia

35 thatis a prerequisite of infection of new mosquitoes and its circulation in nature.
Venezuelan equine encephalitis virus (VEEV) is one of the most pathogenic
members of the alphavirus genus. It continuously circulates in South, Central and



North America and causes sporadic epidemics and epizootics that involve humans, horses and other
domestic animals. During the most recent major outbreak in Venezuela and Colombia (1995) involving
subtype IC VEEV, about 100,000 human cases occurred, with over 300 fatal encephalitis cases
estimated (37). During VEEV epizootics, equine 5 mortality due to encephalitis can reach 83%, and
while the overall mortality rate is low in humans (<1%), neurological disease, including disorientation,
ataxia, mental YEHABEHR aNd eBrRRAsTRSsdiS PR BIEt @M Rigaetitadhal invetedhwmanduals,
especially chhdress @t othhedumesticdisiasie Carisg dhieymistreciant ncajacimuized amh a/tetadasiliness with
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RNA elemert RS GELITES R HHRSENSIEPImeter Atetimarlats: EP i Mrarigirotas, such
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vectors 520 Destattenisnithp attain CFREsgeN ceheccaingf emaspiisd aaiaaipa g srbdistion 120 in
E2 glycoprotein, and the second changed nt 3 in the SUTR (11, 23, 24, 43). Thus,
because of the alphavirus’ very high mutation rate, the reversion of TC-83 to a
pathogenic phenotype remains a great concern in the event that the appropriate selective
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potential as a biological weapon and concerns about application of attenuated alphaviruses, the prior
art is deficient in methods of generating attenuated strains of alphaviruses that are capable of
replicating only in vertebrate cells. The present invention fulfills this long-standing need and desire in
the art. 25 SUMMARY OF THE INVENTION In one embodiment of the present invention, there is
provided a method of 30 generating an attenuated recombinant alphavirus. Such a method comprises

cloning the ifRHPABOESR AT MINCRBSEAEH 2 PhQoMIWR Q6tHis WeERYRICYERESCiEhiken the
end of non-starabiephrentdatingris Paysooilingede qarch fentidd mtiesin ks (lisfvirgy bgesioatinRNA
coding‘sequexmetﬁé@mﬁpkwgmﬁﬁteaﬁmwr@bé'rb}{g{no‘;mnqmic RNA. In a further related
embodiment of the presentAfgfigp- i s YA UMELIRIAMRIAEL lahayiugepsrated by

the method discussed supra. r"]I:L_r}g/et another related embodimen e presen mvéntion,
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virused i BHpaihcretisatmiightentiinsize oclwonadic trepresesionion the the, datggediy sabaetppanes,
infectivities qiidhgoVbReSYBHUREL SRNES UIdRSIRIESH Ukh CFLIERGRSRYe d T SMIRE RiRAN POSL
transfection ofe%m‘ ?f tp%nl |£ro?s r%lesllzefi RNﬁ%lano BHK-21 gells, ta,nd sizes of theéPIaques,
formed by 25 SRERSHF WS LHEIGHE QAL rs AT YEUPH AR RULBR" RERSHSTIMcaldYinctional
subgenomicSEnestensiveinaidalions Savdiey e ansrrEsEnRb the aerelisaly afedifiedntiofser
subgenomiclpromsjeitecart@ising fragment of the VEEN/ TC-83 genome and the corresponding

fragmengy of the VEEV/musaGliR e ilhh&R2RsHI8 9 LiRdr %q%%igqggﬁg‘gyﬁg QX The start of

the subgeno itc RN{A in th%.\/ EV TC-83 %enom and 25" the b%%slnnlﬁg of the EMCV IRES are

indicated by AHOWS. The UIBNE, inFaAICed MR FEEVIRANS BIRIEE YL Abn AN ERELRDwn in
lower case |EtRSIMRAKFENOPSRORE HafRisienbrinanstheiari2aepelripg oftereaiedatvaiseeht 24 h
post transfectichavingeee tiiashowvsamgbieatib negfittatindroags iafteedesratectiens of Tmegpeéseatin

vitro-synthesigeABARISHiBIIKsAlaraliy AN AHERS:2As 2Tymhguy mutations found in the
plaquez-gurified VEEV/mutSG/IRES variants, which demonstrated more efficient replication in BHK-21

SUMMARY OF THE INVENTION

In one embodiment of the present invention, there is provided a method of
30  generating an attenuated recombinant alphavirus. Such a method comprises cloning the
internal ribosomal entry site of encephalomyelocarditis virus (EMCV IRES) between the
end of non-structural protein 4 (nsP4) coding sequence and initiating AUG of a
subgenomic RNA coding sequence of an alphavirus instead of natural 5° UTR of
subgenomic RNA. In a further related embodiment of the present invention, there is an

35  attenuated recombinant alphavirus generated by the method discussed supra.
in yet another related embodiment of the present invention, there is
provided a vector comprising nucleotide sequence encoding the attenuated recombinant
alphavirus and a host cell comprising and expressing this vector. in a yet another related
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cells, and the effect of the defined adaptive mutations on VEEV TC-83 and VEEV/mutSG/IRES
replication. Figure 2A shows the list of the mutations, found in the genomes of plaque isolates,
compared to the published sequence of VEEV TC-83 (24). 35 Figure 2B is a schematic representation
of the VEEV TC-83 and VEEV/mutSGARES genomes, having either one or both identified mutations,

and the infectivity of the in vitro- synthesized viral RNAs in the infectious center assay. Functional
subgenomic BRAADBRSLRENRIRIERSMIPATHATS, HRE ESVRCYIARE 9 WpalTeacsssied). Figwesiticnshows

replication off tiirecdepiogitenh coonpeises Bel KitBtuatdls @itembiansfatitaviolsl dkguekttestpra and
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OMmes 0
harvested at P8 Wﬁﬁﬁtﬁ%m&?’&a{ma}ﬁ"@ﬁrﬁ% R ‘EWRNA (Orig.), and in the genomes of
isolates from the stock thdt westradditiatad lgmbastaemdtiire prénens invartion cbkse( Rassyideiyare 3B

]'cshows |0(|>%“Zﬁ&ﬂ6@éﬂb@t€@tfﬁy39 &]‘EW ﬁk&t\@rﬁs\éék‘iﬁ%g-ﬂlﬁrp%%?e%% rﬁ%ﬂgmﬁw”
unctional do [ rus ns c ures 4A- w an
analysis of pr%l?eﬁ?aﬁ§ EJV%?A&M (L,?sslsfI |m§l§§%% %ﬁs’ﬁ%‘ns éi&%aav\)ftﬁ?ﬁg in w?r@ SIZ
recombinant ‘(IR TOAFRE @m%"%‘é‘?é eamrisig e UG sy %‘FQH@'W&&%@'&PRNAg%ﬁ@%@éded into
35-mml@isheweriinFipenabyl protectirg thp dsditidnaffrotivtherndetitionsnabative fomasereptasedby 1 ml of
alVEM 15 supglameied with 10% FBS, ActD (1 mg/ml) and [31-1]uridine (20 mCi/m1). After 4 h of

incubation at 37C, RNAs were isolated and analyzed by agarose gel electrophoresis. The positions of
viral genomic and subgenomic RNAs are indicated by G and SG, respectively. The

VEEV/IRES-specific subgenomic BARIEF BRACRITTIGN QfiTHE B%MH do other, subgenomic

RNA-producing, viruses, because, in the gel, it co-migrates with 20 the ribosomal 28S RNA. In Figure
4B, at 18 h post transfectipigyregeinpwane shetrbeltialyidabetethwith Rasdimathieninsangkanalyzed on
a sodium doqﬁea&.%a'f@@e%@%%%gv@mﬂssg@0{ RSO0 Of B (gtl?%w@évvg'gh gﬂ%ﬁfs (kDa) are

indicated at the left Side of the e positions of viral structural proteins:

precursor of E9}E3RMEI80 AT ép?nge%?ﬁfgld’éf Yrapeqas neferintiss rtdherin ﬁggﬁéiﬁg‘%?'ééﬂular
25proteins (tR&ARtba dRbQMSERN)Ehassayd Wsditdrsastorddi tast RES fentionliol vingsefsthe
Figures SA-5¢ afiesyRarsagia RN AberecamRinantelVI6nd |RESContaigingaYEEsY nrratpin C710
Qe RACaESARRIANTARI PRI A N P TTIES A I HGRIC RSN O e

functional subgenomic promoter. T ox indicates t eEposmon 0 lﬂ ure 5B shows

titers of the r& Wrﬁﬁ‘?ﬁ?[ﬁse@"ﬁ?@?’ﬁ?&s@gﬁmﬁ EM&MRESHFiewrs 1R sBowimn ?ﬂ%?ﬁ@%%?e infected
with 400 ml ¢fe/isubgsanipie plearotastedndiningdragimentost iz HEENITOFBHEe@dnue lEdithethe in

vitro—SyntheséaeédBM&BJf)a@rm@whomﬁé InEEUrRURE B/1RE SellshD asdurbHnss iInRCHRmibR-imit of
detection. FIgERS 51aYER WIS IRE'A0R Sl [BEFRRRIIN A WAVRRRP HEeRl TERRd

plaquezgurlflt%d VEEV/IRES variants, demonstrating efficient rep |cat|on in
e beginning of the EMCV IRES are indicatéd by arrows. The mutations, introduced into

the VEEV/mutSG/IRES genome are shown in lower case letters. Figure 1C shows
plaques, formed in BHK-21 celis by viruses, harvested at 24 h post transfection. Figure
1D shows replication of the viruses after transfection of 1 mg of the in vitro-synthesized
RNAs into BHK-21 cells.

30 Figures 2A-2C show mutations found in the plaque-purified
VEEV/mutSG/IRES variants, which demonstrated more efficient replication in BHK-21
cells, and the effect of the defined adaptive mutations on VEEV TC-83 and
VEEV/mutSG/IRES replication. Figure 2A shows the list of the mutations, found in the
genomes of plaque isolates, compared to the published sequence of VEEV TC-83 (24).

35 Figure 2B is a schematic representation of the VEEV TC-83 and VEEV/MutSG/IRES
genomes, having either one or both identified mutations, and the infectivity of the in vitro-
synthesized viral RNAs in the infectious center assay. Functional subgenomic promoters
are indicated by arrows, and EMCV IRES by filled boxes. Figure 2C shows replication
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35cells. The residual EMCV IRES-specific sequences are indicated by lower case letters.

Figure 6 shows replication of VEEV/mutSG/IRES/1 and VEEV TC-83 in the NIH 3T3 cells. Cells were
infected at an MOI of 10 PFU/cell. Media were replaced at the indicated time points, and virus titers
were measured by plaque assay on BHK-21 cells. The same samples were used to measure IFN-a/b
release in biological assay. Concentrations of released IFN-alb are presented in international units (IU)
per ml. of bR siesiBrRebWsuses/iia Btridedeiie altariansiegtign of 88 madol/ HeVimuiss/IRES/1
viruses. Six-cigyticddiadd-vEalpenones were inoculated i.e. with ca. 5 106 PFU of the indicated viruses.

Animals were monitored fe; Pe@oﬂﬁ‘%é\'gﬂé%thﬁ&%Uﬁ%e‘i’d@ﬁﬁﬁé’@XQ msfngrﬁgcgp&érhagy of these
experiments égwéfﬁ shows suirvival followin \éqccmatm C\gyc allen 1; g lét mice.
Five-to-6-week ol g AR JRMANRIng 3 [ asRigaue PRV s'l? 8§3%¥the
recombiRant ¥iieHNg aitionidentitep thﬁ%@mtaﬁ@amemmﬁzaﬂ@ﬁﬁwe@ Wisks
challenged ssd:odaithameél@zﬂa?Ew o o4t Ershsfeatin3 80 Bieaind it prdityesiasd dRidAdERtig. ), and ikigure 9
shows a scheainspribed RbRRACHRINGHITSRERRR? w&graem@émspbé% m%@@mﬁ& igfecting

mosquitoes. ETAI CRIPT OF THE INVEN ese ion is
a0 & ni’v%%ra S P bl B ot o oL B defned muiol s UREY
alphaV|ruses“élpezcgbﬁlﬂ%sﬁ\"f@pﬁf:ﬁﬂﬁ@’@ﬁliﬂﬂ%&éﬁ?&f@b@ﬂ@%é’bﬂ%@%’é WeR2a@8ed8Y by
renderihg the@0ndaagdtion of the viral structural proteins and ultimately, viral replication dependent on
the internal ribosome entrigiea eax:amgmxﬁlaﬁawgsovlBa&éﬁl\éﬁa/r#ﬁ}s';%}nﬁléet& gy pmbinant
virus is wablg_png \/QEGE/R J%tg n)bg %teﬁ%aéerq"pehs? {ge N newt ovr'rgarlnﬁ:ﬁAgeH puced protective
immunity against ectlon ormalinnacivated vaceines are expenswe 2N Refficient.

In addition tﬁﬁ%’%é@ga‘ﬁﬁmés% ‘éflstBeréEfﬂﬁ%t‘?ﬁLﬁtW fepesfetef M aBORE AisheermBre, the
only availabl&ifweeatteatat Schstittanatpaiist, veivhin fettgoneitsweay repletegidryid andbfndbErd

mosquitges dupperienteloafiimess wmsa%mﬁt@drwﬁa’ lﬁmmaméa(t@@i O 'Wﬁ&s digcypsed
herein provi ﬁcﬁb%%}hf%%@@ﬁ% QYeLd e)éaa%%”aen 51 aaB %g{é?%%ge aliable since. the

attenuated p enotype Is irrever rther t e genetic ere aV|r S8SAre not able

to replicate i ?ﬁo%ﬁ%ﬁl%”éeﬂ%"%é’eﬁ?@@ﬁ %W%{Bﬁr éf%é‘?ﬂé?:éfﬁfb W IRRE RS mbinant
viruses, whiclespectivgthc aliubidEeMiRESasvryific subggonoes RNA fthuss imcapeblifefechandativag in nature.

The developaesthef, theblidreHnd RNRNAEHRIRS BiusidBiscanskothanalgbairtsandrbdes witst) opened
the oppeytunify Nl Ay, Jerike tevarse 9es 359%96 W 38 Sﬁs’i‘é& uaying.different aspects of

the virus blolog?%? %pat ogenesis, put als§ or the deve nt o new recorﬁbB ant vaccines.

Attenuation &7% WIF@E&?W%‘Q@% r‘@'@ﬂ‘ﬂ@”lﬂ%@%@’éﬁﬁ%’ﬁﬁﬁ%ﬁ’&&?%%?(ﬁ%%{éneraﬂy
results from aclyapnyitaida of! sinelincaitrrersfohpenanwegbnemankere diiataraliadicateshatrietural

genes, and inbmd@imﬁa'@axeﬁm@@m@ﬁy%ﬂmﬁmaF%@m@I%1%&/5@\/(&9 -S¥@esne strain
relies on only, %?H?Q?J\OJ # h%té?J!e“%“&Q Fae”d 0 grﬂﬂé‘ dgaLee RLreac %%Sh UG { probably

reflect%%'ue msta |I|ty IS attenuation mechanis his raises a concern about the possi

reversion to BR&IIRS rﬁ%Bﬁ@rﬁE‘iﬂ%&?fﬁ@dﬂﬂW&%Wﬁ@ﬁ%‘&ﬁcﬂﬁ W%ﬁ%ﬁéﬁdi'ﬁalv’iﬂﬁﬁ% The
number of mutations can FégadestidfbCinshens edisaaingmif athe ueermbisis R 8K MGVIHREBrocedure

also does nogomalngrecntradrant Fhenursiise WauiRie AT Reaairitaiteripldssinatonith igctious
CDNA cloneg, of (R ENAL, YidIsSse &%%géﬁ%%?%éb#ﬂﬂ%% %Hgé]&?fg&&a IeRH9D ehyirkgenomes,

and provide an lﬁé)ortumtg to infroduce, extensive deletions that eitim Egossnble 10 to revert

to the wt gerfSHhE'dEA(5EBE PESEORGT FYCY, RikidraMR et ChRAR PR gHESAMRINARthe

|mmurﬁ)@en|gitysgﬁmf@evaamgmg in C;10 cells. Cells in 35-mm dishes were infected with 400 m! of
virus samples harvested either at 24 h post transfection of BHK-21 cells with the in vitro-

synthesized RNA (P1) or 48 h post infection of C;10 cells. Dashed line indicates the limit

of detection. Figure 5C shows the deletions of the IRES-containing sequence identified

in the plaque-purified VEEV/IRES variants, demonstrating efficient replication in C;10

35 cells. The residual EMCV IRES-specific sequences are indicated by lower case letters.

Figure 6 shows replication of VEEV/mutSG/IRES/1 and VEEV TC-83 in the

NIH 373 cells. Cells were infected at an MOI! of 10 PFU/cell. Media were replaced at the

indicated time points, and virus titers were measured by plaque assay on BHK-21 cells.
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There is also a great concern that genetically altered arboviruses might be introduced into the natural
circulation, mediated by mosquito vectors, and demonstrate a further evolution during long-term
replication, either in mosquitoes or during viremia 15 development in vertebrate hosts. An example is
the use of VEEV TC-83, which is capable of producing levels of viremia in equids sufficient for
infecting mosquitoes. The isolation of TC-83 from naturally infected mosquitoes collected in Louisiana
(32) during tHE8 SAINTSQRERIBTIMEIE (15e8rdeomeertseiskNbfrkarielnrssoinobiblogineinaasay-
alphavirusesCainargfatiensrotietigseagRNASWpE PRISSHHEJOh iierMatshaeusikaimg) fdésm0 prudent to make

_?_rhbokustes not only hlghlylgnegup\tltlg%Mtf@%QNggpgplﬁggremgaggg“gmyﬁge):sr@‘ ggrtgpgatehongln
is can be ce ific nts into viral genomes. In contrast to the
crcket paral e T T e Bt R TGS Mei R st o Vefy
inefficiertly |n0arﬁ§:nd[5’6§‘6éﬂ§ W?ﬁé"ﬁfé%%nﬁﬂﬂ@ﬁ%’%@%ﬂ’ RE BV 8 ife N ESHEEY TC-83
25 genome tocowaied ditert daystepiont-ofedt@insir acty od tigesscsxHeBrSedependent. One of the genomes

coniained a functional SUGGHRTE SHATO iR faeon@sugcmﬁaawwméh@g%@omRNA This
virus was wgﬁ{:l% b#\ éteoeé)lll%k_og%duqe Hiﬁ %;SenqcnélgvgglAnPrgrrpzo ted furth n .which

resulted in | etion and reversion most 0°8 SERdaT efg fion of the
structural prot&ifs. B8 IREPTIRIBABH YIFHE &t |13399§<9p86Ie &A- réﬁlcg in ﬁf8§qWﬁ6‘%§3II%ﬁ%e second
variantlWith imrtipigatenatioes wethesalereyednsic. pritmoser0faBRitabieBEYrstsa0f B908akility to revert
to a cap-dep%ﬂgmms@é&ae@ecause such reversion would require not only the IRES deletion, but
also the restoration of the ngmig promoter, which we |n ctjvated b muta jons

reversion of these multiple #\u%gtlgns ﬁ|o‘é[:)babl sr%herre\s?er?ts a neg4|g%¥eegrls'¥5rﬁ5‘\%ever erl %‘g variant
developed aWWEP@ﬁM@'MT&W&ﬂF@?@Qfm§éﬁlaéﬂwt?éﬁi|cat|ng phenotype by accumulating
additional, adaptive mutations in the nsP2 gene. These mutations did not noticeably change the level
of viralRNA replication, syntheperhitiEp\wies SEatidR IcK FigENVENTIGNCOMpartmentalization in the
cells. The detected mutations also did not create an additional signal that could increase the efficiency
of the genome packaging. Thus, the mechanism of their functioning remains to be determined.
However, the accumulatlrrd‘ﬁuﬁr%??éﬁ dRYEUIRTY dSt Bl IhdDp R Rsin G Er i8Ry gBhofis¥e!aRin%e RNA
viruses is strafteiyaletestnaingl ¢fyaipbaviplisesivénese pligesateddaipbaypnsaresresdpetie Bfpresented

by the functiesicasRs saithe SiesbraleERIRINS KR naéﬁetea@rwwatielar(%zeaoaymawrﬂ@ﬂw@ypothesis
hereinjgthag r%@!&%}?ﬁéjgmﬁéﬁ@t% éﬂﬁn@ ﬁeml IR G BRI %SEQKH&& BFégentation for

its packaging into the nucleocapsids, an thus, the d mutations could have a positive effect on

the efﬁmenc?}‘&efrﬂﬂg'ﬁ?% totltg & ﬁB?SBW&MﬂB&?@I‘%é’ IrasEN Y dRfoH WAkt Bevelop 10
VEEV variarmestmnhiazat iwmém@ﬁﬁremmmg‘mr&nﬁrbﬁb& Rtenratet @hrnolypstiateewdele, more

attenuated pheiotygeinaleear gistedhvel thﬁ\ﬂa&igagﬁméEw/EwS@AiBES/ Eyraiantibimasth-
IPN-alpha/bg ajsacwm&emmeg ' SBRRI0D Sl R R 3 SERolENEY Rl Ugecane levels

of IFN-alpha/beta In tissue culture, Its reat uce ew orn mice even atter i.e

inocul&tidn, 3KQ itEIHEDiMY! l?'?epr ‘ﬁ‘l’rﬁ@%ﬂﬂﬁfﬁ%’é céﬁ%’gl?é’é’@é? tﬁ'&?ti’?ﬁ%"(/aﬁéﬁ‘n‘?ﬁ‘lf‘gﬂi’%eet those
requirementgﬁﬂeumdmaggeﬁ|aﬁ§lmil\ffé5°dmﬁe¢tinvestmyeceﬁ$@mwmmfabmmsumeseover it is
believed thatigHiagrtROBRIVIAINGANIS IRttRvitdaesorests e miteRsAlRELBYalHB G @ S8t cEKaY

IRES-based,glyaiedy, Wy sqam%rﬂpmme%ql QRN BURURLARR Rf M al s peen
developed within the recent éears Oln summc‘glé%%r ! urpose of the present invention
0

is the develdBATENS: f8PhRYRESSS! éﬁ\ﬁefﬁgpa@‘l e%%%fﬁé against
the endBbhafiRitpvitisesstiaviel sbls thaeniichieénVREIE EElS, étmwmvs&m a)nﬂa.-v appradehses such
as Chlkungtmy@mmm@ws&dlﬁa&ﬁﬁummmaweandzmasm@lhd%abeatwafdewebm@haVIruses

would depenqogelﬁgggynﬁﬁ %ﬂmg‘?ﬁ' H?@u% inaappgle of replicating in mosquito cells or

mosquito vectors. More importantly, this henot pe is irreversible because of the extensive

modifications introduced int§ AFYFH éfg?ét'?n‘és%%‘i}g?%%t%fc%ﬁq?ésu@é‘al fIP€kccination
without a coAthaviausas b@ssﬁﬁl|t§6®th€neﬁdhsmssﬁﬁmenmmlqumﬁ) reYErs s JEnetisresent

invent®y is dk@@mm%nemang@WaMem&aw@amﬁs valRhBiviag 6RapaSIBgEMRstep of:

cloning the igigrhg) F@%&G@? O G L RS IS 5
end of nonstructural protei |n sequence and Initiating a subgenomic RNA coding
sequence ofpé‘ﬁsgﬁiﬂ h%t%%‘d’%f%&&iﬁaps '[’J'Fﬁ‘dﬁﬂsemgf%ﬂ ﬁ%g%/ ﬂ?ﬁﬁ@"Zdﬁﬁiﬂ‘fe fRgttivating
the subgenom:z;!pimmgteqafcﬁfftm alphkeisusf bgointistatelippeimt thetatiopis @hdoé|atostvicthes!
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35 natural 5' UTR in the subgenomic RNA. Further, the inactivation of the subgenomic promoter may
not modify the carboxy terminus of non-structural protein 4. Additionally, the method may further
comprise introducing adaptive mutations in non-structural protein 2 (nsP2) effective to increase virus
replication, release and virus titers. Examples of the adaptive mutations in non-structural protein 2
may include but are not limited to to Y370-D, K371-.Q, P349-", D418-A, K423-.1. or combinations
thereof. FurtA&MfTo AERIRfoFissastinmelgments of iRl SRRAMES biielsaxampisitdert Y BEMEEC8/in Equine
Encephalitis wApging\SEEIN Jelieasie onfy U prinEmatgtibaitier \iisuatténttivh, \Wheisties migh Wiegr&&seephalitis
virus (WEE'.ia&t6dukieng ¢oaordsioly reflects HaarMaBRey BIVRRIgRS Al ISR arraitenuated
recombinant.gighayigis ety melhgd dizausserd Herg, Sudhan slphavie may be Incapable
of replicating In mosquitoes, Incapa Igo transmission by mosquffo ve_g?ors, caeﬁ%’f 0 W:ﬂ?cmg high
levels of IFNVEHSHERIER 08 By BF6IRAER NEN ¥aisa/ S BmnmBesrivingrations tam renedriirnmy-deficient
BHK-21 cellénereassshityishtionictianetdgenesis (28]hbybritise ptaneduteonl stitlfsirtioe matilectad to a
vector compiigigLacauHesssieiseckients TReQRNGIthAAIRMARS WRRAMEINaNS aMbRIIYsediscussed

e e o Rk sl emALE e RPN IbE P iRl S UM G R g BiRIE S g therm

. . e
in cells is well-known and stan technique In the art, Flence, one SKi e art may

construct suBRARIBHAE BLQRRACGHTIHEtEaERnsaiRaRivh daiRTiamD R YR ie sakedt meeseiae the art.
The predenttizyetivle ithéunhesntireeteenteaceh@mbaduti®al comqidititiahgeoetiprisateritiidrattenuated
recombinanthadpinaniatsebeussachayenria st dhaianaceutically acceptable carrier. The present
invention is also directed 2Q0 ' itlon,. isin attenuated.recombinant
alphavirus herein. ﬁ%?ﬁ%e@é%ﬁ%%ﬁ%ﬁo%%t%ﬁ %?{%]%Sr%w r%%%é%gtél"}gor\ﬂgfﬁ%sci r(')1f£;1;§’}otfeecting a
subject from"mf’éj&%ﬂé"?%éhuﬁ’ti%t%n‘?'@%&é'gﬂré‘\%’ﬁf?gl%ﬁ?ﬁﬁﬁgft%dﬁfﬁﬂﬁnQ’iﬂé‘%‘?&?ﬁf?&ﬂministering
immunologidafthestrusivéonrdating denbdsrmrapiicption eithgrositmostistossent sipiag thessiin/ protecting
the subfect fdevelsireiinns versbiagruRexpesesample bemninkavisisyEbe sehiectbeesfiling from

such a metmm@&%ﬁaum%%dmg%kem;a in equiddCsDRRIER!

vention is still further directed to a
method of gen%rt?gtgl %Ee uafed, recombinant alphavirus incapa #]é%%ﬁ%étfﬁéé ué{éc?gitjég,
f

n | > | AL )
comprising tR& dﬂ%%"l'ﬂé‘mfg?ﬁﬁl"?fﬁ‘ét%n’f%ﬂﬁ%ﬂ?ﬁifé’ﬂﬁ%ﬁ%é‘bH&Wﬁ‘@/@d@%’dﬂlﬂ“ﬂ)ﬂus and
capsid genebeld\RRtrEarasot ideavalogerstoced rieinsient srarntmissiboapbidhge atiea@tthe 3' end
of the subgedipitaigriegio Thestisps iaaseafiiig 3 HR, gehersidihss aapsihizip¥Psasses in &

p - - i i : but
eSS AL BB R R

"an” may m&3H Th&TF RbYERE A% Id e PR Ve AL SIRMRSCERARSRIH RN he word
"comprising®!eMeNt® iate Ygabgenomas.inganteent tnéher srickettharatysis. sisussRERC@N "throther" or
"other" may EMEW+siideiasersRO0MGOEXPOERO tdEnsasAE, ey GHégeBhHaRIRBMRALQII§OMponents

thereof. The cofRRS AL IRSAUBRIbASHRIERRY ARASTIDIIRISHLINdaRpcenyegliher

syste i§ally gr(l}%:all , by any method standard In the art, Tor exam le, subcutaneously, 1 ravenou_sly,
paren erally,glr?traﬁeﬁé?\éﬁl SrfAnsatoRIof Wéﬁﬁ%&‘ﬂf@rﬁﬁ%&ﬁ%ﬁ?ﬁq‘?&gﬁﬂy%Séé"f%rmulatlons
of the comp@eReHIEE 6Bt a functional subgenomic promoter, and the IRES in the 5'UTR of the
subgenomic RNA. This virus was viable, but its ability to produce the subgenomic RNA
promoted further evolution, which resulted in IRES deletion and reversion, most likely, to a
standard, cap-dependent translation of the structural proteins. The latter deletions made it
30 capable of replicating in mosquito cells. The second variant with multiple mutations in the
subgenomic promoter was stable in terms of its inability to revert to a cap-dependent
translation. Because such reversion would require not only the IRES deletion, but also the
restoration of the subgenomic promoter, which we inactivated by 13 mutations, direct
reversion of these multiple mutations probably represents a negligible risk. However, this
35  variant developed an interesting way to evolve to a more efficiently replicating phenotype
by accumulating additional, adaptive mutations in the nsP2 gene. These mutations did not
noticeably change the level of viral RNA replication, synthesis of the viral structural
proteins, or their compartmentalization in the cells. The detected mutations also did not
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5 herein may comprise conventional non-toxic, physiologically or pharmaceutically acceptable carriers
or vehicles suitable for the method of administration and are well known to an individual having
ordinary skill in this art. The composition described herein may be administered independently
one or more times to achieve, maintain or improve upon a therapeutic effect. It is well within 10 the
skill of an artisan to determine dosage or whether a suitable dosage of the composition comprises a
single admirfi@@ieaneddtiona siapr Hatraidtincregsedae afficippey miaite aaname Raskadsmn the
subject's hedltlas tHbe mdechiamsof infntheie fiespionie aedisinprey drtidetefrinfediciveavsed g the

alphavirus, theciaviRHPAEMBINREA MRS Has R et ksGiAg be e JeismitasAERIRa are given
for the purpQse of |Ilusttrat|ré%é rious %Eb%glments of tkc1e inyention and are not meant to limit the
h SKill

presen;%jnventlc?r?siﬁsésnrf?g ion, One eqin ?H%ag‘f?w‘ﬁingpeﬁ‘reescigte réadiy that tﬂ%egr %8Rt invention

is well atlapfEESeNted Ry fin fechenetnsBaipderatusteralrretang iveaitisiiormatianiéd, 3Qwell as
those objectshewdskingchppivthrsiskerainisrthat e dielicGtmdgasithefr¢in asieotiight becsrdvadich are
eir(l'lclor;pashsadméthia!tﬁ@asméi&%ébemaﬁlsﬂmt%&fﬂﬁaT #avgtg{%mﬂ ”éﬁaaasqlam?ém}gﬁ%ﬂ tlogl!ose
skilled in t . . - -21 cells were provided by Paul Olivo
(Washingtoﬁc%r'ﬁltl’\*/r:gé:?:}t%l%’tg.h I%o%o%?aehﬂgc){é;éljﬁ%%%%v?/grfgcéé S'?%?/ haries Is?lcteﬁf%ccl?g%ller University, NY,

NY). The IV-1 373 cells WerS BBt RfeANe Ak anatatichtheyiesers v RN W SR 88YRIPRIanassas,
VA). THase YEENnariansshabaneaineabab!s sOénlisting iniaithiepoesestied anddtiiemciasitate a30
fSUDplementetwét,mibea/@ﬁ@mlda@uimeﬁafw@. (BRWREGS Wil BT e Wm@mgmg/pbtﬂnedh
rom Henry tliang; aTa \AS) ' r tedd 1_supplemented wit
10% heat-ina(:,tjvat::E_]\c;\glg,g@t'::}';?rjfgﬂféJ Yo t?%? %gs‘%%%ﬁgggqg%p&g{ﬁ’%@%g%&ﬁ%ﬁ'\gﬁgE@}ggﬁ%d
constructs 2010 Advge BIgbRIHRYSIS: NN -RlehaRRiR O tiesee ity forts  pratyriscusrd AR ns. Maps
and sequentekilhrewheritabicsevanaftauionisequiatiorgarditsT nalityitarghisatednvtbs@E vV TC-83
??t’??tl)onl& Eug@némg@wm&ﬁ@ﬁawrmgmmﬁas&o@&@zﬂ;@wégwsmlzrﬁé%mdgeﬁiﬁ@sﬁiﬂp%@TeAsewhere
.p | VIC) i S ¥ is
sequence vygs C o$ n@%gug'ﬁé%gga \%E@\fl/fé%ﬁgéﬁ%tl{;%%%—%o%?%%\éﬁuéﬁ%e %%%v(,é%% *‘%é) e%ﬁééf the

[ S SN
5'UTR and AERRAREG U APV SGFaTSRS AbevalrdbRe e eeiEvaro EMGEARRRPRS Rhich the
subgenomicsiiateawteyighsdan iy arndies il gombinkiwinvithuciensprvbistheldirait raveliedme amino
add sequengevefdbsicathioxyid esadntigeatneP43Rg813A and 1B). This viral genome had the 5'UTR of

the supgenormic RINA delfiStimhuty; 16 bYRE3NAISHUCIANIHBH U W2 LRRIEIRIHPL? expected

to be synthesjzed fro[n e same gené)mlc_ aptive mutations were introduced into

pVEEV/mut&ENn AHS7SP By S AR AS o BT PRGN RINYE St A9RNSE thE selected
variants, folRngeahalitegsiaiceaielin brusrs chat sipehuia gMRRYneREFMendriyiR Yeanmetitre same
PCR-based dpphaniqisesastiseddnikayathgsisicioniig cduifairebiagmamamntardbeizridate in the

SUTR of (NRYEEH B BP SUBFAARIRIE Al dNG-pone d iraqisy sl RarHRies daherore

furthe&gxpe_rimenﬁ Witfh th? rescued viruses. EXAM . ) )
incapable of replicating in mosquito cells or mosquito vectors. More importantly, this

phenotype is irreversible because of the extensive modifications introduced into viral
genome. Therefore, these new variants can be used for vaccination without a concern

about possibility of their transmission by natural mosquito vectors.
The present invention is directed to generating attenuated, recombinant
30 alphavirus, comprising the step of: cloning the internal ribosomal entry site of
encephalomyelocarditis virus (EMCV IRES) between the end of nonstructural protein
(nsP4) coding sequence and initiating AUG of a subgenomic RNA coding sequence of an
alphavirus instead of natural 5' UTR. This method may further comprise inactivating the
subgenomic promoter of the alphavirus by clustered point mutations and deletion of the
35 natural 5 UTR in the subgenomic RNA. Further, the inactivation of the subgenomic
promoter may not modify the carboxy terminus of non-structural protein 4. Additionally,
the method may further comprise introducing adaptive mutations in non-structural protein
2 (nsP2) effective to increase virus replication, release and virus titers. Examples of the
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RNA transcriptions Plasmids were purified by centrifugation in Cad gradients and linearized 20 by Mlul
digestion. RNAs were synthesized by SP6 RNA polymerase (Ambion) in the presence of cap analog
(New England Biolabs). The yield and integrity of transcripts were analyzed by gel electrophoresis
under non-denaturing conditions. RNA concentration was measured on a FluorChem imager (Alpha
Innotech), and transcription reactions were used for electroporation without additional purification. 25

EXAMPLE 43RRPAFamfialiggRdn non-strueiural Rsoieil o BRB INRIuse Rils et HBHEEd irtdier
previously désesih&d Eomndifos£277. Ta:fesdudihevirmesombinptidna theesintifesizecndral 30

genome E’:l/éﬁ@ﬁﬁ_:%@@fqa@_rﬁtsﬂaiﬂl?%hﬁﬁHﬁc@&e\u ag/el m%thﬁaﬁam%f?é%%%%gtsni%ﬂmt‘ di;hfas
and incuba athi savere ohserved. Virus titers were ined using a standar
iaque saega%%*'ﬁtﬁ%%%@g%ﬁ N R VR GV NGRF R ot
electroporated' BRRaSiE WEw QLGN BURIA ESStar plates containing subconfluent, naive cells.
After a 1 35h incubation af 37 @resarB%nGDRdndabaitor, dislidedere oneattad walidd?2 radoni itz -
corlltain][tng 2&%&!&6@-&#&&6@@&&“83'&@&3&%6 Mﬂ?ﬁoé}déﬁgn Fa’alaﬁy&fﬁjw{fy%éimpg\g@ gpﬁ)ta'
violet after i infecti ined in plague-forming_units per
g of wansr L S R Bhid e RSB BRI RIS IO PR R e o e

randomly selBRERDISRdEYEISIRG BN AlehURstRs RN HIMERIRIRY Rirhatsin sefied s I rewtiere
extracted fromltiNsignativgedehcipotRidivE Mellsnat albgodisatiththéastdr media were used to infect

BHK-21 cells in 35-mm _di$he$raeeﬁftﬁrvéﬁwglp@raemmniarpf@iwegFiE,a\lliouétéFfel_sﬁ\el;\‘%ﬁﬁdﬂaivested

accorcing to e ptL ooy gDiaT A TR ALl e e S S T e

were synthe8%& JS5h SEUCRIPEEND BRESXRMSHIDG, PIFNEAIR) afhBuEUstng ¥efGsharadis and

sequenced. Sxersirdrthest inedlsFRvelidnperiandsthnyardinay tethriqstOnticaR HarRe OReKit

(Ambidry) as stesaripethelsawhefectHiruct such vectors based on routine experimentation and
knowledge that is available in the art.

The present invention is further directed to a pharmaceutical composition,
comprising the attenuated recombinant alphavirus discussed supra and a
pharmaceutically acceptable carrier. The present invention is also directed to an

20  immunogenic composition, comprising the attenuated recombinant alphavirus herein.

The present invention is still further directed to a method of protecting a
subject from infections resulting from exposure to an alphavirus, comprising the step of:
administering immunologically effective amount of the immunogenic composition
discussed supra, thereby protecting the subject from infections resulting from exposure

25  tothe alphavirus. The subject benefiting from such a method may be human or livestock.

The present invention is still further directed to a method of generating
attenuated, recombinant alphavirus incapable of infecting mosquitoes, comprising the
step of cloning the internal ribosomal entry site of encephalomyelocarditis virus and
capsid genes downstream of the envelope glycoprotein genes with said capsid gene at

30 the 3’ end of the subgenomic region just upstream of the 3' UTR, wherein the capsid is
expressed in a cap-independent manner and the envelope protein genes is translated in
a cap-dependent manner but the capsid protein translated in an IRES-dependent manner.

As used herein, the term, “a" or "an" may mean one or more. As used

herein in the claim(s), when used in conjunction with the word "comprising”, the words

35 "a"or"an" may mean one or more than one. As used herein "another" or “other” may
mean at least a second or more of the same or different claim element or components
thereof.



EXAMPLE 6 Viral replication analysis One-fifth of the electroporated cells were seeded into 35-mm
dishes. At 20 the times indicated in the figures, media were replaced and virus titers were determined
by plague assay on BHK-21 cells (26). Alternatively, BHK-21, NIH3T3 or C710 cells were seeded into
35-mm dishes and infected at the MOlIs indicated in the figures. Media were replaced by fresh media,
and virus titers in the harvested samples were determined by plaque assay on BHK-21 cells. 25

EXAMPLE 7 Analysis of pt8fefiPSjpagitiefsdescrippgk hefeip ra e @dmifipsratcidmrangdentvof the
indicated RN¢itheansy steexitkiyobthé eldigirdyyorate cdhretlisdvetarsizeded ithe saxtwédr Cestanpdates. At 12

h post 30 tragstrgliaRe BIRIGINSHYRICMEIRPPlICRYeIRaRlaH by.mwp@ftmgwacm?O MigtdBRrRay of DMEM
medium Iackmtgamethl n e Su Iemente wit 01%%rm Emons i/'ml @ rn th|0n|n§ After

this incubation, tﬁé’f%ear r%pec}' |r(1)tronﬁ1s"3l e osapgézllete Zenffifugation"and disson |n 100 p1 of

standarc prof&ieiB A/ B‘Emef'sﬁqﬁ%%‘?ﬁ%ﬂ?é BPPr¥ms WF@?BQ YoRfo QBBTHWPEBE@SYI sulfate
(SDS)-10% eoisentaplancatéagelsr SEHiftes setitophurésismaptiowef admiistmticautnhdiegrathed.

EXAMPLE 8@% Ay iptsividual hav,ﬂ{@@}a%@%mﬁm@pis of virus-specific RNAs, cells were
Clectioporated with &m0 Shi'eifdiigsnaulisnasdolil RaVts andqne i abiuagaly swere

seeded into 35-mm dishes as. At%f ost transfectlon ium in t e wel s was re

aMEM su pplg?ﬁ‘é‘ﬁf'emﬁﬁltf’fﬁ%e#%@algﬂﬂ ol mprevs uRRl misrRrsEtieefia@inttis A‘ﬁgr"ﬁ'tﬁ'ﬁf
incubalifn at3y Gkilbefl epllattisaNirsdetaering adeddep Trizohgthsreyenitableortisagthefitheufacturer's

protocolhthea&mm%mmnséwam@dimm@wm% IhPzeshiniaaawassesl An

S hmpen SRR I SR O () e e AR R
and/or preventton of mfectlon caused by the alphavirus, the route of administration and
the formulation used.

15 The following examples are given for the purpose of illustrating various
embodiments of the invention and are not meant to limit the present invention in any
fashion. One skilled in the art will appreciate readily that the present invention is well
adapted to carry out the objects and obtain the ends and advantages mentioned, as well
as those objects, ends and advantages inherent herein. Changes therein and other uses

20  which are encompassed within the spirit of the invention as defined by the scope of the

claims will occur to those skilled in the art.

EXAMPLE1
25  Cellcultures
The BHK-21 cells were provided by Paul Olivo (Washington University, St.
Louis, Mo), and the Vero cells by Charles Rice (Rockefeller University, NY, NY). The NH
3T3 cells were obtained from the American Type Tissue Culture Collection (Manassas,
VA). These cell lines were maintained at 37°C in alpha minimum essential medium (aMEM)
30 supplemented with 10% fetal bovine serum (FBS) and vitamins. Mosquito C,10 cells were
obtained from Henry Huang (Washington Univ., St. Louis, MO) and propagated in DVEM
supplemented with 10% heat-inactivated FBS and 10% tryptose phosphate broth (TPB).

EXAMPLE 2

35  Plasmid constructs

Standard recombinant DNA techniques were used for all plasmid constructions.
Maps and sequences are available from the authors upon request. The original plasmid
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IFN-alpha/beta assay 15The concentrations of IFN-alpha/beta in the media were measured by a
previously described biological assay (41). Briefly, L929 cells were seeded in 100 rrd of complete
media at a concentration of 5x104 cells/well in 96-well plates and incubated at 37C for 6 h. Samples of
media harvested from infected NIH 3T3 cells were treated with UV light for 1 h, and serially diluted in

two-fold steps directI&Zin the wells with L929 cells. 20 After incubation for 24 h at 37C, an additional

100 ml of me¥itd WR\2 ke mrepmevwden the senatint STaRNVSRoRaraeeeRrife REE\ANd
incubation cdkHB8iedadSBridedelddremeczl33) e pyERMARES dtimaigstaEMOILIREA dhvitte thadipdint was
geggrn%iae??&ﬂa?matggw ;s&&ﬁ?é@%{%.@%{%&ld&@%@&?@}%%Ef%éﬁmz 8:%%-'”0'%090'
. The IFN& rdfor normalization e resylts was, ased from the. , an
titers of the rg eaéc(agﬁ/?‘?uassgguﬁg?g rgké?%av?r%?r?e 6 ?3;}36 aL#e %s?sigyl%ﬁ%ﬁﬁ%’ ge E&'@ER!\% ' 10
Evaluation oPYREY/BHIRGIRE % eneedatdse 36%/% ag%ééé BIRABoiNcHRipR I 8YRIABIf0esS in
Vvivo, intrathgrecoieneeatatnentvefetiduiesiasengotip@nt otomgtions)indticty did Gatvestlify, fhexasjnmosquitoes
using ca. 10addbéddhde’d: el dBBoNPIaMTRE. JIer arRRECTRQFHatIN MRS haledrshayaagral
exposure bepilise,Raty AR-CUERSHIO R wadueh it RuecaRib o8 raiarpals infpcion by any
alphavirus, while ora%zusqeptlbl |%/ IS mﬂh varlaéb e ahé.mu’ch ess sensitive F Ség o?lrc')wing
inoculation u%fH@%ﬂlBé@%éﬁ%ﬂerﬁégﬁ&?gég PRAYMNENERE D the sare generic i itiaRed
individli@lly indaptiveohmativnsupwplemistrestiiodith R0/ VES/ na $oiRESRacHidDOSR2y blnfERf each
titrated mosGimginGasisReBf aidet 4g mevtl Ot EihiBRR0ay aheNsaledewel R atRsaned Ifiwedvay for 5 days

for cytonathip, Gllectiif GSIRCHMERiaPARTAR AR SRS LORIM S R PREaR s and the

IRES mutant. EXAMPLE 11 5Immunization a allenge with viru IXx-day-old NIH

Swiss mice JFER SRR ASSAIAKRIBASS Jlo0ina,oh YERRN YT e entsii e B RBL RIS Mtitants at a
dose of ca. FJéTREEthe YEBWMUHGARES g20meof P BGthafidemeft fkgmesiveohareqfedddianimals

was mbitainetbie futthze BipervHEed il theaRiklladioruésy. 21 days, mice were observed daily for
signs of illness 10(ruffled fur, depression, anorexia and/or paralysis) and/or death.

Eight-week-old female NIH Swiss mice were vaccinated sc. at a dose of ca. 106 PFU/mouse using
VEEV TC-83 or the recombinant virus, then ciextlemiged 31bcutaneously 4 weeks later with ca. 104
PFU of highly virulent VEEV strain 3908. For 21 days, mice were observed twice daily for signs of
iliness (rufflédMutranserstiols, 15anorexia and/or paralysis) and/or death.

Plasmids were purified by centrifugation in CsCl gradients and linearized
20 by Milul digestion. RNAs were synthesized by SP6 RNA polymerase (Ambion) in the
presence of cap analog (New England Biolabs). The yield and integrity of transcripts
were analyzed by gel electrophoresis under non-denaturing conditions. RNA
concentration was measured on a FluorChem imager (Alpha Innotech), and transcription
reactions were used for electroporation without additional purification.
25
EXAMPLE 4

RNA transfections
Electroporation of BHK-21 cells was performed under previously

described conditions (27). To rescue the viruses, 1 mg of in vitro-synthesized viral

30 genome RNA was electroporated into the cells (27), and then they were seeded into

100-mm dishes and incubated until cytopathic effects were observed. Virus titers were
determined using a standard plaque assay on BHK-21 cells (26).

To assess the RNA infectivity, 10-fold dilutions of electroporated BHK-21

cells were seeded in 6-well Costar plates containing subconfluent, naive cells. After a 1

35 hincubation at 37°C in a 5% CO, incubator, cells were overlaid with 2 ml of MEM-

containing 0.5% Ultra-Pure agarose supplemented with 3% FBS. Plaques were stained
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EXAMPLE 12 Recombinant VEEV TC-83- based viruses A rationale of this study was to develop
alphaviruses capable of efficient 20 replication in the cells of vertebrate, but not of mosquito origin.
Therefore, replication of such viruses had to depend on proteins or RNA sequences that function only
in vertebrate, but not in insect cells. To achieve this, the present invention designed a method to make
expression of alphavirus structural proteins dependent on the EIVICV IRES. The designed IRES did
not contain tM&thelysts) ¥iikledfter BudaxtaineebatioTid 37 26, b destiEaxap ofigteBtanetoachieve
the most effipleqidransiay anitsf (FEE\HEGrE ditarcettd)RNAS. In later experiments, it was confirmed
that these additional amino acids had no negative effect on virus replication, but had detectable
positive effect on the translation of viral structural proteins (data not shown). In one of the constructs,
VEEVARES, the IRES sequence was cloned into 30 the subgenomic RNA downstream of the intact
511TR (Fig. 1A). Therefore, this genome was EXMMRLE S be capable of subgenomic RNA synthesis.
In another resequémemiatoMirki\geRohSes/IRES, the subgenomic promoter was inactivated by 13
synonymous point mutations (Figs. 1A and 1B), which were expected to prevent reversion to an active
SG RNA promoter. To pror%r&te éfr?tlﬁ%ssi‘éveorlg tﬁ%’@géy/ g rﬁaﬁéa?‘ﬁ%‘ iﬁ%é,)ftﬂ% %E’gageﬁtﬁgh%e 35 was
cloned to rep¥dtowh&t2iping Wtrneutral red).TYardafo NIRRT e NRecaga(gsE PIHESt Bt9/IRES and
unmodified, WEMERDd Jigus® widhe Etteihmsiiadvaresitsedna intecsiBHCd intel 8 Idk2Mhmalishbs the
infectiqup centlr agsaoRenERY IRESURN Actemansiialagdie same iy asthe rhi of TC-83,
and develoneg PIAAIES Ol MR KRS SNIALRANES LR LGH3E10%, LAR] 1C), Jyis was a
strong indication t?)a no additional, adapiive Mutations were required for proyduc 178 rreep Etion of the
designed vifﬁ%?%@lﬂﬁ@@%ﬁﬁ&&[@&%@ frarsiagieenifyifeerP - 0/OUtIeResevRRAPRIBgs and virus
replication rdtagmeete wiga isidhdsiztdweingstantBrtR3A PR sSecohidids)/ pliHe3 b ldaRise et
transfected \@ig&t%?m?w@amb_%wa! Q@fﬁQ@hﬁin&%EWéB@i%ﬁ?fAﬁ%?p&{fHﬁhéé%f@% %Jt;ﬁenomic
promotes, pr .in very inefficie ig. .In ectious center assay, this
constrti% de\eg#)%‘?é%cr%g%%%?}]&lp%ﬁ% Q\é){‘q%%ré, %snddqﬁﬁ%éfl):e r%uerqﬁg)gp 3\'/'35 gl#ficult to 10 estimate.
Surprisingly, this virus demonstrated further evolution upon serial passage and rapidly developed
variants that produced larger plaques (Fig. 1CpoaMRaig got shown). The growth curve presented in
Fig. 1D repr%%ptg thréetllrglj‘egsq ofsboth small and large plaque-forming viruses. Thus, the results of
these experi , at least in the 15 context of the VEEWIRES genome, EMCV IRES
could produce structural Potefiith 2f [theelestiifiedcatetbeallE Werecpiedeid intd RS-oondlisheswifit a mutated
subgepOMictpsaimeiandéaby mHeSgURE Snetrdusrd raginies tirar Wrte Piteadi e hdrdstihadireauld evolve

for more efigietccplicalion PBRKAVIELE 3 AR AUIRIS TWISEES i NEEHIRG/IRES

The evolution’of VEEV/mMUtSG/IRES to a Iar‘g%fla ue p erﬁ%y\%e suggested an accumulation of
B

additional mETEHERLA MEVHAITERANR RS A LR NS 2 QYaEnMedRY &fimpossible
event due toreptatgebyriteahenesimpoduias Hisrs inShehenesiedstaineles cuerendeteimiped & mutations
was difficult prapuedissay eridaMkifytheigutations, 5 plaques of VEEV/mutSG/IRES samples harvested
at 24 iy gost electroporation were randomly selected, and the entire genomes (including the 3" and
5'UTRs) of two plaque-purified variants were sequenced. The list of the mutations identified is
presented in Fig. 2A. The majority of them wef@XAMBRENous and were not

Analysis of protein synthesis
BHK-21 cells were electroporated with 4 mg of the indicated RNAs, and one-fifth
of the electroporated cells were seeded into six-well Costar plates. At 12 h post
30 transfection, proteins were metabolically labeled by incubating for 30 min in 0.8 ml of
DMEM medium lacking methionine, supplemented with 0.1% FBS and 20 mCi/mi of
[**S]methionine. After this incubation, they were scraped into the media, pelleted by
centrifugation and dissolved in 100 ul of standard protein loading buffer. Equal amounts
of proteins were loaded onto sodium dodecyl sulfate (SDS)-10% polyacrylamide gels.
35  After electrophoresis, gels were dried and autoradiographed.
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30 present in the known cis-acting RNA elements. Thus, their effect on virus replication was very
unlikely. However, the genomes of both plaque isolates contained the same mutation in the nsP2
protein, Y373-'C, and one of the genomes had the next encoded aa changed as well (K371-Q). To test
the effect of the mutations on virus replication, Y370-C and both 35 Y370-C and K371-.4) were cloned
into the original VEEV/mutSG/IRES construct (Fig.2B) and compared the RNA infectivity, virus
replication rates and plaque sizes with those o%ﬁ&‘ﬂ&gécél VEEV/mutSG/IRES and other constructs.
The same mEkignsiyyrre also cloned into the VEEV TC-83 genome to test their effect on the
replication of this parental virus. The IRES-encagig%gepome RNAs with sm}?r one or both mutations
in the genome, VEEVIMulSGAREET ahg \/EyII:JV/?nu S&/IRvérgf‘z,s%ee?ﬁbcnstra ot e s%m‘@%?ectivity in
the infectiou§'@eifRepPatehyilisLmoat iy nEisnsENiResiRac e RYAR rassoreril ehthseels plaque
sizes siilarvwerthessded thie 9ERvh BGHES fdatAtrod bhyostriyaidfestiats ovaeimaristtadadetissiang increase

TS, aken e e L sl

us, taken together, the data indicated that the --C mutation iy the nsP2 had a strong positive
effect on vin@?gﬂ) .Kg\!ﬁorﬁ%?{&ﬁ@ﬁ@&&%ﬁ"&”u%t gn diﬁ)ﬁbfﬁo@%regg%ﬁrWSFS\}%Oi‘EtWI%nﬁQHﬁ%guced into
the VEEV Tdydregeqe anerrding Saamanutaciorss aidietrcshythamydgaatetas | wisireatyoahdrates of
virus replicatémetiiydBdiftxidéesnd FigalZfad sygamstisg Hehtdbetramiinaioniinneepenvioussy. specific
to the YHEV ol REiNGHaMH  Gels werd WRAHEIES B DBRERRAYRLA:0i&8P0} / drg) could

represent only a fraction of possible mutations leading to the efficient replication of the subgenomic 15
promoter-deﬁ}é%?nfqa%@r@é) hing virus. Therefore, in parallel experiments, nt 2161- 2959 in the
other three plaque clones isolated from the samples were sequenced, harvested at 24 h post RNA
transfection of the in vitro-synthesized RNAs, &XAMPRBIlaque-purified variants isolated from the virus

stock after aﬁf@%gm%%k;é@g?ages in Vero cells. It was anticipated that such passaging would lead to
e

the selection 0 most efficiently replicating viruses. The list of the identified mutations is
preserktéd in Figure 3A. SERRIERRASGHALSSerfofiNcaiPhrbet ifrdhe medemeeCRRIRMEEAIN A ragments;
therefore, therpvietsiyiedsaritiedi drsotpraeseyayt (¥ COBSEMS LS XR qelaneesa sHedqdqueaienived virus

Eggglearf?end fra gtﬁp F‘)’%gigcgio-rg(%ér(i’v‘((né Qﬁéﬁ?‘é%@@%&ﬁdg ;%ﬁﬂ{?@rmfgﬁj %%%@J%Wélﬁ: yﬂsi domain
of nsP2, anéE?ngfPfr{%e'%a@?g‘&%ﬁ?fB“s%g@E%ﬁ%‘%@’fﬁd‘ﬁ%‘ﬁﬁ%ﬁ%Be Bid§ @45?@% it eover, the
most commdiVriighhrsrd, b ardisearialy dited raosioldctgendiramtl mrtee svetsroptr a9, esllg.in the
passa@ed potteWnsub3fion, tor Thishwassarondicaidanisnal itdikely slamenia efithe2wiost prumdnent effects
on replicatiog, {RGrefQfem e SNAEISF IRRLYBLRR WL Sty RAHSHIBH TUHANRLY for 36-
VEEV/mutS%éIE /1, walg used in the esrfpﬁrlme?tf (ﬁtl{ned in the fgIIO\{wtn\% se%tl?r}rs“.i Ee aI\éIPLE 94
Effect of the P2 P87 6 E AR SRNIPEN R Bn 298 NS ERS RN Bt %Sap iVe mutation in
the carboxy teeraangefieiineef of Nedbrrenpirgddonaatestrik RE e serdeosuthasRY dndusernot
suggest any@fwimemlamaﬁwhwdm inereasieatior B Wi eSGHRES naplitated. ffdns thatation
could p@ssibifrcc, and titers of the released viruses were determined by plaque assay on BHK-21

cells.

EXAMPLE 10

Evaluation of virus replication in mosquitoes

30 To assess replication competence in mosquitoes in vivo, intrathoracic inoculations
of Aedes aegypti (a colony originating in Galveston, Texas) mosquitoes using ca. 10° PRU
in a 1 uL volume were used. Intrathoracic inoculation was selected over oral exposure
because nearly any culicine mosquito is highly susceptible to intrathoracic infection by
any alphavirus, while oral susceptibility is highly variable and much less sensitive (42).

35 Following inoculation using a glass pipette, mosquitoes were incubated 10 days at 27°C
and then titrated individually in 1 mL of MEM supplemented with 20% FBS and Fungizone.
A 100 uL volume of each titrated mosquito was then added to a Vero cell monolayer on a
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have a stimulatory effect either on RNA replication, or the viral structural proteins translation, or viral
particle formation, or replicative complexes compartmentalization, etc. However, the most expected
effect was an increase in viral RNA synthesis, Therefore, BHK-21 cells were transfected with in
vitro-synthesized genomes of different VEEV 5 variants, metabolically labeled the newly synthesized
viral RNAs with (3H]uridine in the presence of ActD for 4 h beginning 4.5 h post electroporation, and
the RNA wag4arellphalg aRdaesansadresidavadelrsxtopriiqeiieda fo detect infgstioppebraty
VEEV/IRES watats nabldedbstiotheTomse PidéntsyinthesttheifiESinditated that the RES introduced at
the 3' end of the subgenomic RNA 5'UTR did 10 not interfere with the subgenomic promoter activity.
VEEV/mutSG/IRES and its variants with adapg'*g teti_?ps in nsP2 produced no detectable SG
RNAs. Thus, 13 mutations introduced into thewo%emquence of these genomes completely
abolished thinrusezatisnencheratesgppithainilemMBES urprisingly, the adaptive mutations in the nsP2

did not have a noticeable sffeg, 0B RN GIREIRISP i oand YERYABMSRARES'S e 15

VEEV/mutS enaome RNAs replicated as efficiently as did the griginally designed
VEEV/muthé%Eigeegnngﬁg _rF%‘r%gS%‘é)'}%"S"é‘g‘ﬁB?%S‘ﬂﬁ S%O&%atﬁo% %I of tLgéavé{ﬁllgmg Was very
similar to tha’i%f'\?fi%gﬁ’réﬁgﬁ inlRelign qashireBe it tiohanifals asis craeinizingd éndeRiadtitie original
VEEV TC-83vRidit asywedinjpalatiane Foo ot sfagedmigdond ek bidernst \dakty/(2) . sigs fondingsirongly
suggesd thakndpriatiepaidioot drstdkin MacsennrROuh B LaRication. Synthesis of viral
structural proteins was evglﬁ_teg&t_ 318 e%c%jt E'Iﬁfgor@gr%tic%n Frié;uvre 4_8%. Bﬁ}{ that '%ime, VEEV/IRES-
and VEEV/mutSG{SIRES-sp%Cl IC’ capsid and Tikely othar Stracar _I p%?gl L% %/ﬁtﬁé’?fi&ﬁ -2-fold
less efficientff thidh fRAHENwRS tHeiRge¥EMyith-FE eV e IegamtimaThiviiessdifibighairnoestference
does 25 notselpléandbasiy dreebis dtemlith oade 0l BEUNaighighigeviarent WEEtistsitite3osf WirEV/IRES
and VEEV/myt3G5ARRZe idse SRS inetd ARG ashiR theilitess fg&(@é\h}ca%%}egga%ted in
sampl?% harvestedaag ]F;op (é)?a?lt 'gig SI]%%lrogéa oréover, no difference between the synthesis of viral
proteins’in BHR LIRS NNy e original VEEV/mutSG/IRES genomes versus
VEEV/mutSG/IRES/1 and VEEV/mutSG/IRES/2 with 30 adaptive mutations in the nsP2 was detected
in this and other experiments. The distinguishEXAMBLEe12f the patterns of the labeled proteins in the
cells infecte@é%%%%mL%gg&gﬁ&g@s in the presence of two additional bands, which

were identified by mass spectrometry as heat-shock proteins Hsp90 and Hsp72. The biological
significance of their inductidatianas efdhbis\udyanithdexeionp Aohnvsusesasrrabicantiefficiens viral
structi@l prc&alinéﬂ)arﬁdldﬂhgde@bfg@tsmg deveh:omm_embﬁmitbe)@ﬂs Wi‘tbrﬁﬂﬁé,_tﬁ‘epﬂttﬁ_ﬂoprefeins _
expressed figrhthg B Shad to de éhadewq;aaie%%@nﬁ@nmssmfmté@&ew@wé{r&muuﬂly%the viral
glycoprotelng in %%It%lrg&c;[‘% ‘n'mseEEcVuE C?%Sé\é%glg// .let Gl RrES aEd Vlr—Z‘§V/rcrj1ut_SG IRES/1 were
assessed and rttﬁe resence of these pro%elhs on e Gt cee‘?(v%%eg éri'ﬁe ny SEARG fith
VEEV-specifte@Rfbgdnrakengxpassidbr! alfersiiée styR@isbipatisndspenden ptbeciiGYas
identified. THRESSTHaildysibaedHBES aitinet curtatiothe paligell shquenvsationrefameddnétiaral packaging
200 e e e BT B e, and th

- Q eno was cloned into the 3' mutS enaome, and the
recombinanfglrr?c\;/?l‘ffg-gﬁﬂ%ésﬁ%ggﬁﬁrgwgse{g%t%& i e f|'Lr;| ee&%‘l?\é%gﬁ of aés'%_é%rila.l rcT)"Vr?’cF'ecz';lgs;e in plaque
size or virushR R0 BEARINRBMteCtrRs ¢ B eRbRRiRal YrtEasfRiseARE Bositie rifectean 10 another
variant, a suysimionopriaicterciunalpieing CEpsitbtebiamsequence was cloned into the 3'UTR of
VEEV/mutSG/IRES genogigds semeisihiaidie aeeiingal eapwieSXRtpasian Jamdbretpgenomic
RNA Id jpcrease the efficiency of virus replication. Thi ification also did not have any positive
effect\%ﬁuvirtﬂsetl @g?ﬂ%@f?v%ﬁe ﬁg;e%v‘@ e g@/i'ﬂgﬁ%gpq’gﬁgpgg'ﬁoﬂ;@-ﬁﬁ%&s&'\?i%ﬁrﬁgﬁﬁcles
instead of 1¥3mRMARARM 1SS EIPARE e Bubganeih B sy IEsiRis (Naanatetheeeesbinaslis
transfected WEBEWRHSGNIRESCHER ESb§ENsrandronelrbalinallydeheird with BsHomthiusinsidid not
pLoduc)e iﬁbxuakfgﬁgtttﬁ@%.twa@@ﬂth %pevd%wm_ Qg’pég{@cﬁ?&m@{%ﬂﬂ?ég%s?&‘t%%S_Qn@tééﬁi}b%ré%(data not
shown). aken together, the above-descrihe x analysis did n 0 obvious
mechanisti@él%rﬁg}?g%s %’r %%mvg?ys%né?ﬁ(s:f% %ep}?gg\lgﬁ?rgﬁ%rg%rotems, tﬂe ?Fggg sequence

was cloned to replace the 26S 5'UTR.
The genome RNAs of VEEV/IRES, VEEV/mutSG/IRES and unmodified, wt

VEEV TC-83 were synthesized in vitro and transfected into BHK-21 cells. In the
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20 original VEEV/mutSG/IRES or for the positive effect of the detected mutations in VEEV nsP2 on the
replication of the IRES-containing virus. However, the main aim of the present invention was the
development of the VEEV variants, whose replication depends on the EMCV RES function, and both
VEEVARES and VEEV/mutSGARES/1 appeared to meet this goal. 25 EXAMPLE 15 Replication of the
IRES-dependent VEEV variants in the mosquito cells and mosquitoes The accumulated data
about alphaVirgstieysiiesttehassaym Big\EEY/ BES Givly semprstrgiaddtie inaRifedivivhrm thete of
evolution, reSiNAngf IFCH3S, dele denetd(d playJeetef cdogaifisraikes {ilad @), hasicuofatty iTdhey have a
negative effegigan wwenﬂ;afne Jéte@fatsngnﬁde&ttaﬁ &l Cﬁ& %%%I&Qﬁts ahRvY AsRafdayention was

whether the designed. E S lnsert ns, woul table ren us pable of
replicatign in moghﬁlfgeceF Fifo est thi |s “ﬁt?’r’h fﬁL'ci‘ﬁl eﬁglnf S/EEF{/@% gt%ﬁﬁ%}ﬁ S and
VEEV/muts 8igreesscrndiag h%r\?ecét'é@’apmtheﬁésf‘é%cﬂ*@p%rﬁti%rt’tﬁf‘?héeﬂ‘%t‘(?ﬂrfﬁ%%fnm@é&ed RNAs
into BHK-21 sighiicaHiifr Mowat g\ REStvanstisedofh SER TE8% dbide tiestsitradsfected with

VEEVImutS@Aaﬁé/r%cwhﬁéhamty&w&awwmé&né@ema?té&é@%@%@é&gﬁomaw of the
variants, released afterogsg IngAftegtnsfe%tllgjg for the b||| ﬁté)shg d@é% in mosqwto cells.
On the flrst assa e BI%% ost R&iSH 6t \6%5' E roached
1.5x1010 PFASAH; Wampﬁvéhm raet@&teaanhe'%qa@ﬁ as%mégwab&ﬁy@ﬁ@f@eébm passage
(Figs. 58 anesiRptd [Rutitasingly MEEVIfosLdSGohRERd futiel astiutiereubbd BéFldl phedteyethadirst

passage (thigalydedRiped el {3 RS Ui iNda iR, th@%ﬂé&%@%f%@mmed in the
mosquito ce and below theréiseetretcgo |t ter the fo f%le%(l\ﬁln econd §Sh Aand 5B). In

additional expen?he nts, Niiy Paque punP ed%anan?gr%ﬁ/ %aéﬁ F?If:' ontalnea 3%apt ive
1Omutat|onsHﬁW2rW§}%Vﬁé.'§§§ged in C710 cells. No infectious virus was ever recovered after two
blind passages. Thasothe resyierinfetht shee xgegiypenta osdididtes thete ahtleskbracibally

inoculatgd wWilhest éﬂ&%éwtﬁé@@é%@%mmylé&\a%@@l&%%avarmasu@rne/atsthe 17
mosquitoes gt%cu{e tteg,J wnE% ‘?‘EF %ﬁmHtaﬂt re Ilcete de ee%ta{tg %alp Ae 3 %{g 15r f\F/1v(;1 reas 17/17

mosquitoes Inocu arent strain repllcat tectalf) E assay,
with a mean\fﬁé\’é’f‘t&\%?’ﬁ%slvweﬁﬁtﬁ%gﬂﬁéfeFHY?s"tﬁépiRE@%&H@M%@W@E\?‘(PAY%FRr more
VEEV/mutSé&ffiedrsréplicmioncapable of replicating in mosquito cells both in vitro and in vivo. To explain
the high titers of VEEV/IRES (capable of producing the 20 subgenomic RNA variant) after passaging
in mos?(yito cells, two individual plagues wer Qméy_'sflected and sequenced the IRES-containing
fragment of the genome In both |solates the %{eqﬂence was no longer present in the viral
genomes, afdiaiyay : £ wtSEIREDriginal IRES were found (Fig. 5C). Thus,
passaging of WEV/IRESW%M{WWW&@%@%&@ waagwa}@wn%fp&% gespative
variants, 25 and VEEV/mutS?AJ%If_ (ath ka I(()ed th subr%enomlcg oter) did not ﬁyelon mutants

% s in the viral genome. The reversion to
capable of repllca Inge C|ently IN'MOoSq G Calg
genome sequence was an mpossnble event due to the large number of introduced point

25 mutations, so the location of adaptive mutations was difficult to predict. To identify the
mutations, 5§ plaques of VEEV/mutSG/IRES samples harvested at 24 h post
electroporation were randomly selected, and the entire genomes (including the 3’ and
5'UTRs) of two plaque-purified variants were sequenced. The list of the mutations
identified is presented in Fig. 2A. The majority of them were synonymous and were not

30 present in the known cis-acting RNA elements. Thus, their effect on virus replication was
very unlikely. However, the genomes of both plaque isolates contained the same
mutation in the nsP2 protein, Y;,,—C, and one of the genomes had the next encoded aa
changed as well (K;;,—Q).

To test the effect of the mutations on virus replication, Y;,,—>C and both

35  Y30—C and K;;,—Q were cloned into the original VEEV/mutSG/IRES construct (Fig.2B)
and compared the RNA infectivity, virus replication rates and plaque sizes with those of
the original VEEV/mutSG/IRES and other constructs. The same mutations were also
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EXAMPLE 16 VEEV/mutSG/IRES/1 variant demonstrates an attenuated phenotype 30The present
invention was aimed at development of VEEV variants incapable of replicating in cells of mosquito
origin (and, correspondingly, in mosquito vectors) but demonstrating a more attenuated phenotype in
vertebrates than the parental VEEV TC-83. The slower replication rates of VEEV/mutSG/IRES/1
variant raised a concern that this virus might be incapable of replicating in vertebrate cells with intact
(FM- 35 a/b {epediEte thaMER Hatfhoeremele teghitigiaeliest ¢ thasepiidatior siitbinparentaiperiments,
presented inviigs. Ghd¢RESsteaidirid gehdniaANALHEA BIEES! briepliassechattierdy il fiEZealimavhich have

no defects '%@bﬁl@ﬁ@@ﬁéﬁ%ﬁ&'%@vﬁn@@@lﬁﬁs@ ﬁ%&%ﬁﬁ?&&% %Qﬁ\é’ s pication
caused a mare |C|ent N-a/b mducﬁ #?g @é %Wpaéf the IFN ease did not abrogate the
already estaf)rf e VirGS e SRERN ST A §¥ Wn'in B 1S g%edz&j URES|ifQgg gfniform
VEEV/nﬁjtSGmEesﬁlzﬁﬁﬁ*réééfeﬁcﬁéﬁﬁhaﬁ fhet YERY VEB? Tears notiggfeawing tlaethealso

IRES-dependemonstrtatat miglohdnattemsedtethéngvivah | natee dFigite pChande1 D) oswl akie R feé &-day-old mice
with ca. 106 éﬁgstecéqé%tmximg Qaeei: f&a@e&a@ﬂ@w%avs 2H0R%00 89 57R0ALSyY contrast,

92% of mlce k|II “k‘l‘fe e of VE V strai Q aken together, these data indicate
that genetica rn’?ﬁbhﬁeg1 St %Ha th\;?%E AR er?ugfbﬁ'?ﬁsa PRlEeRe A0 VEEY TC-83.
Nevertheles§eff?@<iﬂﬂl£%tlﬁﬁ\ﬁ$’6‘lm EgrqeeaWamnr@mmWimm inegenastiinta GheoWEEYoRa#83 and adult
mice. @Othe geradue Gidosanis mitidhatd vdrethie amp detetitibie/igtrddt v/ Myt aa/tRES/itud 0

survived s.c. rs&@mg%whr%%%@(%m@é DRI TR RARINISHRS L emUREES, @ter: in
contrast, of 12's gq?ag;ﬁ\ ‘E )?% %%ﬂ% aIIenged in"'the same manner, none survived (Figure 7).
The VEEVlmpet RES mg |c in adult mice; one s.c. immunization with ca. 106
PFU protected 80% of 15 h@iééeagﬁﬁﬁs@%ﬂ?@ﬁ%ge?%@%ma%mq@mwwmmmw of
VEEV strain fa&fidrFag pee Shid\eiuiterlsregextihgdy thersfiiciBMNTR0)ivatien wideiectablrrdm® in all of
hese e InBIRBEIANBRIR FHESIeAMAnRIdATSIne Batde .wgomﬁ)é?wémﬁ&mn Aft8h dyvaccination

was likely a It.of Jo Iev | of | 3 S-containing virus replication in vivo. Thus, its high level of
attenuation ASRTBIS ARIGHEEATERE o BHAP BT dSRAIEN SOTa LN SRS I BEE 18RRI foq.
EXAMPLE 1%56@@#@@%ﬁ%ﬁaneggf%wetraoef%&tma&m utvittaiarahesisied RSy urdirde ivity In a
separate emplagimpotitidhamintasblateartHem theNahs) stRFCSREMar 2aHiIRsRGY IVesssagidNRd to

reduce attenyglion fut maiggaénda psilMARLILR BERCLYIRG IR TAlEgY INIRERICRODC RES
downs%r§am of the nvelope QG(? Pr otein s with the Capsic ﬂ%;ene att e subgenomic

region ?155 C5 e sPUs PRI é‘ﬂﬁ% RENIRE, %f Db SEnRae muations (FaRa35aEith the
envelope pr&lawge?fés tREAaRING avéappééfpéfﬁéénﬁmﬂMeﬂbm tHe cBIsRCHrelenivarhPAted in an
IRES-depentiegineras naerefilR epdiqatisentédhisutaiontESreseianhénddhitemnd becuentisswias again

efficient, buttﬁgl&g@g&%\g@tgﬁg oA NTONapTolo (V1) 1) ,sg[;j{sdgaqgél'{g ‘\gé/\gg mculatlon of 20 Aedes

aegypti adult female mos%w ﬁlle de no evidence, of regljcatlon hen this IRES version 2 was

used to vaccinate mice, & cé%%‘r?éd“\ﬂﬂﬁ‘ ShTHEBPS B dlt DG oRE BIRRFATAPEERE ) by
normaf P C-sRrEasRaFing ke V?é?é’ﬁrtﬁ’é@!ﬁ! fRomentol éreiBNA helisristdamanfiiaRananiis
challenge. Thitotthesittredemin® BSdexpsesricatairbpéegycapaants40ide 348-424. Moreover, the

most common mutation, both in the original viral stock, generated after electroporation,

and in the passaged pool, was Y3;,—C. This was an indication that it likely has one of
the most prominent effects on replication; therefore, the above-described variant with

30 this particular mutation, VEEV/ImutSG/IRES/1, was used in the experiments outlined in the
following sections.

EXAMPLE 14

Effect of the nsP2 Y,,,—>C mutation on virus replication

35 Identification of the adaptive mutation in the carboxy terminal fragment of
the nsP2-associated RNA helicase was surprising and did not suggest any obvious
explanation for the increase in VEEV/mutSG/IRES replication. This mutation could possibly
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in less attenuation while retaining the mosquito-incompetent phenotype. Table | Immunogenicity and
efficacy of TC-83 IRES mutants Fraction Mean protected neutralizing against lethal Vaccine
Fraction

have a stimulatory effect either on RNA replication, or the viral structural proteins
translation, or viral particle formation, or replicative complexes compartmentalization, etc.
However, the most expected effect was an increase in viral RNA synthesis. Therefore,
BHK-21 cells were transfected with in vitro-synthesized genomes of different VEEV

S  variants, metabolically labeled the newly synthesized viral RNAs with [*H]uridine in the
presence of ActD for 4 h beginning 4.5 h post electroporation, and the RNA was
analyzed by electrophoresis in agarose gels (Fig. 4A).

As expected, VEEV/IRES was capable of subgenomic RNA synthesis,
which indicated that the IRES introduced at the 3’ end of the subgenomic RNA SUTR did

10 not interfere with the subgenomic promoter activity. VEEV/mutSG/IRES and its variants
with adaptive mutations in nsP2 produced no detectable SG RNAs. Thus, 13 mutations
introduced into the promoter sequence of these genomes completely abolished the
transcription of the subgenomic RNA. Surprisingly, the adaptive mutations in the nsP2 did
not have a noticeable effect on RNA genome replication, and VEEV/mutSG/IRES/1 and

15 VEEV/mutSG/IRES/2 genome RNAs replicated as efficiently as did the originally designed
VEEVImutSG/IRES genome. Moreover, the genome RNA replication of all of the variants
was very similar to that of VEEV TC-83. No effect of these mutations was detected in
the context of the original VEEV TC-83 RNA as well (see lanes corresponding to VEEV/
and VEEV/2). This finding strongly suggested that adaptation did not result in an increase

20  in RNA replication.

Synthesis of viral structural proteins was evaluated at 12h post
electroporation (Figure 4B). By that time, VEEV/IRES- and VEEV/mutSG/IRES-specific
capsid and likely other structural proteins were synthesized ~2-fold less efficiently than
in the cells transfected with VEEV TC-83 RNA. This reasonably small difference does

25 not explain the more than 4 and 7 orders of magnitude lower infectious titers of
VEEV/RES and VEEV/ImUutSG/IRES viruses, respectively (compared to the titers of VEEV
TC-83), detected in samples harvested at 12 h post transfection. Moreover, no difference
between the synthesis of viral proteins in BHK-21 cells containing the original
VEEV/mutSG/IRES genomes versus VEEV/mutSG/IRES/1 and VEEV/mUtSG/IRES/2 with

30 adaptive mutations in the nsP2 was detected in this and other experiments. The
distinguishing feature of the patterns of the labeled proteins in the cells infected with the
IRES-containing viruses was in the presence of two additional bands, which were
identified by mass spectrometry as heat-shock proteins Hsp90 and Hsp72. The biological
significance of their induction is not clear yet, but might result from some abnormalities in

35  viral structural protein(s) folding leading to stress development in the cells with the
structural proteins expressed from the IRES.

in additional experiments, the intracellular distribution of the viral
glycoproteins in cells infected with VEEV TC-83, VEEV/mutSG/IRES and
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Ab titer VEEV strain seroconverted SD challenge IRES version 1 0/10 <20 8/10 IRES. version 2 10/10
224 260 10/10 TC-83 5/5576 143 5/5

VEEV/mutSG/IRES/1 were assessed and the presence of these proteins on the cell
surface was analyzed by staining with VEEV-specific antibodies. No noticeable
difference in the distribution of the glycoproteins was identified. The possibility that the
adaptive mutations caused the formation of an additional packaging signal in the viral

5 genome was examined; the mutation-containing fragment (corresponding to nt 2533-2950
of the VEEV genome) was cloned into the 3' UTR of VEEV/ImutSG/IRES genome, and the
recombinant in vitro-synthesized RNA was tested in the infectious center assay. No
increase in plaque size or virus titers, compared to those of the original
VEEV/mutSG/IRES, was detected.

10 In another variant, a subgenomic promoter and a VEEV capsid-coding
sequence was cloned into the 3'UTR of VEEV/mutSG/IRES genome to test whether the
additional capsid expression from the subgenomic RNA would increase the efficiency of
virus replication. This modification also did not have any positive effect on virus titers.
Last, whether VEEV/mutSG/IRES produced genome-free subviral particles instead of

15 infectious virus was analyzed. It was observed that this was not the case: cells
transfected with VEEV/mWtSG/IRES RNA and metabolically labeled with [**SJmethionine
did not produce subviral particles that could be detected by ultracentrifugation in sucrose
gradients (data not shown). Thus, taken together, the above-described complex analysis
did not point to obvious mechanistic explanations for the very inefficient replication of the

20  original VEEV/mutSG/IRES or for the positive effect of the detected mutations in VEEV
nsP2 on the replication of the IRES-containing virus. However, the main aim of the
present invention was the development of the VEEV variants, whose replication depends
on the EMCV IRES function, and both VEEV/IRES and VEEV/mutSG/IRES/1 appeared to
meet this goal.

25

EXAMPLE 15

Replication of the IRES-dependent VEEV variants in the mosquito cells and mosquitoes
The accumulated data about alphavirus replication unambiguously
demonstrate their genetic instability and high rate of evolution, resulting in the deletion of
30 any heterologous genes (17, 40), particularly if they have a negative effect on virus
replication. Therefore, one of the critical questions of the present invention was whether
the designed EMCV IRES insertions would be stable and render the viruses incapable of
replication in mosquito cells. To test this, C;10 mosquito cells were infected with
VEEV/IRES and VEEV/mutSG/IRES viruses harvested at 24 h postelectroporation of the in
35 vitro-synthesized RNAs into BHK-21 cells. VEEV/ImutSG/IRES was used instead of the
above-described VEEV/mutSG/IRES/1, with an adaptive mutation Y 3,0—C in the nsP2, to
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Sham 015 <20 0/5 5 The following references were cited herein: 1. Aguilar, P. V. etal., 2007, J Vim!
81:3866-76. 2. Alevizatos, A. C. et al., 1967, Am J Trop Med Hyg 16:762-8. 3. Barton, D. J. et at,
1999, J Viral 73:10104-12. 104.Berge, T. 0. et al., 1961, Am. J Hyg. 73:209-218. 5. Blaney, J. E., Jr. et
al., 2006, Viral Immunol 19:10-32. 6. Blaney, J. E., Jr. etal., 2005, J Vim/79:5516-28. 7. Bredenbeek,
P. J.etal., 1993, J. Virol. 67:6439-6446. 8. Burke, D. S. et at, 1977, J Infea Dis 136:354-9. 159.Dal
Canto, M. Ctesrthiesertirerihsnceiites Yauants, reiersgdaitaciunRNA gansfeginnsfathe ability, teoos,
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On the first passage, at 48 h post infection of C;10 cells the titer of

VEEV/IRES approached 1.5x10'° PFU/mI, and a similar titer was detected in the stock,

5 harvested after the second passage (Figs. 5A and 5B). The titers of VEEVImutSG/IRES,

in contrast, were 150 PFU/mI after the first passage (this likely reflected residual virus

used for infection rather than nascent virus produced in the mosquito cells), and below

the detection limit after the following second passage (Figs. 5A and 5B). In additional

experiments, the plaque-purified variants of VEEV/mutSG/IRES that contained adaptive

10  mutations in nsP2 were passaged in C;10 cells. No infectious virus was ever recovered
after two blind passages.

In another experiment, Ae. aegypti mosquitoes were intrathoracically
inoculated with ca. 10° PFU of VEEV TC-83 and the VEEV/mutSG/IRES/1 variant. None of
the 17 mosquitoes inoculated with the IRES mutant replicated detectably in Ae. aegypti,

15 whereas 17/17 mosquitoes inoculated with the TC-83 parent strain replicated to
detectable levels in the CPE assay, with a mean titer of over 10° PFU/mosquito. Thus, the
IRES-containing VEEV variant VEEV/mutSG/IRES/1 was incapable of replicating in
mosquito cells both in vitro and in vivo.

To explain the high titers of VEEV/IRES (capable of producing the

20  subgenomic RNA variant) after passaging in mosquito cells, two individual plaques were
randomly selected and sequenced the IRES-containing fragment of the genome. In both
isolates, the IRES sequence was no longer present in the viral genomes, and only 13 and
15 residual nucleotides of the original IRES were found (Fig. 5C). Thus, passaging of
VEEV/IRES variant in mosquito cells led to an accumulation of the IRES-negative variants,

25 and VEEV/mutSG/IRES (that lacked the subgenomic promoter) did not develop mutants
capable of replicating efficiently in mosquito cells.

EXAMPLE 16
VEEV/mutSG/IRES/1 variant demonstrates an aftenuated phenotype

30 The present invention was aimed at development of VEEV variants
incapable of replicating in cells of mosquito origin (and, correspondingly, in mosquito
vectors) but demonstrating a more attenuated phenotype in vertebrates than the parental
VEEV TC-83. The slower replication rates of VEEV/mutSG/IRES/1 variant raised a
concern that this virus might be incapable of replicating in vertebrate cells with intact IFN-

35  a/b production and signaling. However, this was not the case. The results of the
experiments, presented in Fig. 6, demonstrate that VEEV/mutSG/IRES/1 replicated in the
NIH 3T3 cells, which have no defects in IFN-alpha/beta secretion and signaling, to the
titers above 10° PFU/mI. Its replication caused a more efficient IFN-a/b induction (Fig. 8),
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5 86% surv;ved the infection and did not develop signs of encephalxt:s in contrast, 92% of

mice were killed by the same dose of VEEV strain TC-83. Taken together, these data
indicate that genetically modified, IRES-dependent VEEV was more attenuated than the
parental VEEV TC-83.
Nevertheless, the VEEV/mutSG/IRES/1 variant remained immunogenic in
10 both neonatal and adult mice. Of the twelve 6-day-old mice that survived i.c. inoculation
with VEEV/mutSG/IRES/1, 10 survived s.c. challenge with 10° PFU of wild-type VEEV
strain 3908 administered 5 weeks later; in contrast, of 12 sham (PBS)-infected mice
chalienged in the same manner, none survived (Figure 7). The VEEVImutSG/IRES/1 was
also immunogenic in adult mice; one s.c. immunization with ca. 10° PFU protected 80% of
15  mice against s.c. challenge 3 weeks later with 10° PFU (~10° LDs,) of VEEV strain 3908
(Figure 8). Neutralizing antibody titers (PRNTg,) were undetectable <1:20 in all of these
mice immediately before challenge, suggesting that the incomplete protection after 1
vaccination was likely a result of lower leve!l of IRES-containing virus replication in vivo.
Thus, its high level of attenuation confers a high degree of safety, but repeated
20  vaccinations will be likely required.

EXAMPLE 17
Expression sirategy to reduce attenuation but maintain lack of mosquito infectivity

In a separate embodiment of the present invention, a novel expression

25  strategy was designed to reduce attenuation but maintain lack of mosquito infectivity. This

strategy involved placing the IRES downstream of the envelope glycoprotein genes, with

the capsid gene at the 3’ end of the subgenomic region just upstream of the 3' UTR. (Figure

9). Thus, a subgenomic message was made, with the envelope protein genes translated in

a cap-dependent manner but the capsid protein translated in an IRES-dependent manner.

30 Replication of this new IRES mutant in BHK and Vero cells was again efficient, but could

not be detected in C7/10 mosquito cells. Intrathoracic inoculation of 20 Aedes aegypti adult

female mosquitoes yielded no evidence of replication. When this IRES version 2 was used

to vaccinate mice, all 10 seroconverted with mean titers about 2-fold lower than induced

by normal TC-83, and all 10 mice were protected by IRES version 2 from lethal,

35 subcutaneous challenge. Therefore, the new IRES expression strategy appears to result
in less attenuation while retaining the mosquito-incompetent phenotype.
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25Any patents or publications mentioned in this specification are indicative of the levels of those skilled
in the art to which the invention pertains. Further, these patents and publications are incorporated by
reference herein to the same extent as if each individual publication was specifically and individually
indicated to be incorporated by reference. WHAT IS CLAIMED IS: 1. A method of generating
attenuated, recombinant alphavirus, comprising the step of: 5cloning internal ribosomal entry site of

encephalomyélocaffitreyiiVEaiiay 1888 SYimageBrotHE¥hd of nonstructural protein 4 (nsP4) coding
sequence arebinitictioigh ARG, ef & subgrnovire RNBampding sequence of an alphavirus, instead of
natural 5° UTg of the.sitbgpnomig RiWde 102, bheinpiseaf claim 1, further comprising:

inactivating the subgenomic promoter of the ir clustered point mutations and deletion of
the natural S%TR irﬁﬁﬁ% 'STh eﬁ&ﬁ%icﬁ%%\?A‘./' 9;'}8;1%%4"{%%%1#(3 method of claim 2, wherein the
inactivaon dtthe MeGEndhictSpriffdideaeas $id8Hodify the carboxy terminus of non-structural
protein 4. 4.ZBhe midtinsidy (8 ¢hajana RUthenhaasp ey Immunization tegirsingradfigsbsesnptations in

non-structural protejgsagsi2p aifertipe IAErRAIRNBITAEH) Iﬁ@mnvrr%tsgg,q:eu&wé&ﬁ&ﬁer&
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34, Pittman, P. R. et al., 1996, Vaccine 14:337-43.
35. Pugachev, K. V. et al., 2000, J Viro/ 74:10811-5.
15 36 Rice, C. M. et al., 1987, J. Virol. 61:3809-3819.
37. Rivas, F. et al., 1997, J Infect Dis 175:828-32.
38. Russo, A. T. et al., 2006, Structure 14:1449-58.
39. Strauss, J. H., and E. G. Strauss, 1994., Microbiol. Rev. 58:491-562.
40. Thomas, J. M. et al., 2003, J Virol 77:5598-606.
20 41.  Trgovcich, J. et al., 1996. Virology 224:73-83.
42. Weaver, S. C. 1997. Vector Biology in Viral Pathogenesis, p. 329-352. In N.
Nathanson (ed.), Viral Pathogenesis. Lippincoft-Raven, New York.
43.  White, L. J. et al., 2001, J Virol 75:3706-18.

25 Any patents or publications mentioned in this specification are indicative of
the levels of those skilled in the art to which the invention pertains. Further, these
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3510. An attenuated recombinant alphavirus generated by method of claim 1. 11. The
attenuated recombinant alphavirus of claim 10, wherein said alphavirus is incapable of replicating in
mosquitoes, incapable of transmission by 23 mosquito vectors, capable of inducing high levels of IFN
alpha/beta, slow growth in FN alpha/beta cells, slow growth in IFN signaling-deficient BHK-21 cells or
a combination thereof, 512. A vector comprising a nucleotide sequence encoding the attenuated
recombinantWNES GS-8MREBIS10. 13. A host cell comprising and expressing the vector of claim 12.
1014. A pharmaceutical composition, comprising: the attenuated recombinant alphavirus of

laim 10 and a ph ti t ' ' s ' 1position,
claim 10 and & pharmaceylschy AGCR GONE G Shonuot, ecortindi IRAARGCCIE RRIRPSTIon

comprising: 15the attenuated recombin virus of claim 10. rotecting
a subject fro %ﬁf&&i’gns resulting from exposure to an alphavirus, comprising the step of:
adminisfering immunologiel@njnsffintevrabiasont!tisativn it of aricczdeteryesitanddisc vims15,
thereby prot¢EMMIRES)hjenidepnthintaetionsoresuitieal e RO ShER 4P 4B haayisnse and

17. The metioghghoIa 465 WisleiBiie S4RIESHAJ WHAKSS & VeGSR eGP pRgenerating

attenuated g RPN o

10 2. The method of claim 1, further comprising:
inactivating the subgenomic promoter of the alphavirus by clustered point
mutations and deletion of the natural 5’'UTR in the subgenomic RNA.

3. The method of claim 2, wherein the inactivation of the subgenomic
15  promoter does not modify the carboxy terminus of non-structural protein 4.

- 4. The method of claim 2, further comprising:
introducing adaptive mutations in non-structural protein 2 (nsP2) effective
to increase virus replication, release and virus titers.

20
5. The method of claim 4, wherein the adaptive mutations are Y ;;,—C,
Ka74—Q, Pase—T, D418—A, Kia3—T or combinations thereof.
6. The method of claim 1, wherein the alphavirus is Chikungunya virus.
25

7. The method of claim 1, wherein the alphavirus is Eastern Equine
Encephalitis Virus.

8. The method of c_laim 1, wherein the alphavirus is Venezuelan Equine
30  Encephalitis virus.

9. The method of claim 1, wherein the alphavirus is Western Equine
Encephalitis virus.

35 10. An attenuated recombinant alphavirus generated by method of claim 1.

11. The attenuated recombinant alphavirus of claim 10, wherein said
alphavirus is incapable of replicating in mosquitoes, incapable of transmission by
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incapable of infecting mosquitoes, comprising the step of: cloning internal ribosomal entry site
of encephalomyelocarditis virus and capsid genes downstream of the envelope glycoprotein genes

with said capsid gene at the 3' end of the subgenomic region just upstream of the 3° UTR, wherein the
capsid is 30 expressed in a cap-independent manner and the envelope protein genes is translated in a

cap-dependent manner but the capsid protein translated in an IRES-dependent manner.
mosquito vectors, capable of inducing high levels of IFN alpha/beta, slow growth in N

alpha/beta cells, slow growth in IFN signaling-deficient BHK-21 celis or a combination
thereof.

5 12. A vector comprising a nucleotide sequence encoding the attenuated
recombinant alphavirus of claim 10.

13. A host cell comprising and expressing the vector of claim 12,

10 14. A pharmaceutical composition, comprising:
the attenuated recombinant alphavirus of claim 10 and a pharmaceutically
acceptable carrier.

15. An immunogenic composition, comprising:
15 the attenuated recombinant alphavirus of claim 10.

16. A method of protecting a subject from infections resulting from
exposure to an alphavirus, comprising the step of:
administering immunologically effective amount of the immunogenic
20  composition of claim 15, thereby protecting the subject from infections resulting from
exposure to the alphavirus.

17. The method of claim 16, wherein the subject is a human or a livestock.

25 18. A method of generating attenuated, recombinant alphavirus
incapable of infecting mosquitoes, comprising the step of:
cloning internal ribosomal entry site of encephalomyelocarditis virus and
capsid genes downstream of the envelope glycoprotein genes with said capsid gene at
the 3' end of the subgenomic region just upstream of the 3' UTR, wherein the capsid is
30 expressed in a cap-independent manner and the envelope protein genes is translated in
a cap-dependent manner but the capsid protein translated in an IRES-dependent manner.
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