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MOSCLETOED AND USES THEREOF

Cross-Referanca o Related Application

This international appiication claims banafit of provisional application U5,
arial Mo, 81062 228 filed on January 24, 2008, now abandoned, the antirety of which is

incorporated by reference.

sdoral Funding Leaend

This invention was oroduced in part using funds oblained through a
award TUS4 AINE7158 from the National Insiifute of Health/Mationa! Institute of Allergy snd
Infectious Disease.  Consegquently, the federal government has carain rights in this

invention.

BACRGROUND OF THE INWENTION

Fdd of the Invention

The oresent invention relates to the fields of  molecular biology, virology
and rmunclogy of alphaviruses,  More spacifically, the present invention providas an

attenuated, recombinant alphaviruses having mosaulte infection incompetencs and
discloses method of generating such alphaviruses and use of these atfsnuated

alphaviruses in mmunogenic composilions,

Jasoriotion of ihe Related At

The Alphavirus genus in the Togaviridae farnily contains 2 number of
significant hurnan and animal pathogens. These viruses are widely distributed on af

3 significant public heslth thregt

o
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cordinents excest for the Antarctic region, and represent
(18, 38y, Under natural conditions, most of the alphaviruses are transmitted by
mostuitoss, in which they cause 2 persistent, We-long infection that has lifle effect on
ihe biviogical functions of the vactor. In verlebrales infectad by mosquitoss during their
blood meal, alphaviruses causs an acule infection, characterized by a high-titer viremia
that is & prerequisife of infection of new mosquitoes and its circulation in nature.
Venezuelan squing encephalitis virus (VEEV) Is one of the most pathogeanic

mermbars of the alphavirus genus. § continucusly circulates in Southy, Central and
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Morth Armerica and causes sporadic epidemics and epizootics that involve humans,
horses and other domestic animals. Dunng the most recant major outbreak in Venezusla
and Colombia {1985) invobdng sublype I VEEY, about 100,000 hurman cases ocourmad,
with over 300 fatal encephalitis cases estimaled (37). During VEEY epizootins, equine
mortatity due to encephalitis can reach 83%, and while the overall moriality rate is low in
humans (<1%), neurological disease, inciuding disorientation, ataxia, mental depression,

and convuisions, can ba detected in up 1o 14% of infectad individuals, especially children
(213, The human diseass caused by VEEV iz characterizad as 3 Tebrile fiiness with ohills,
savers haadache, myalgia, somnolence and pharyngitis, Young and old individuals
develop a reticuloendothelial infection with severe lymphoid depletion, followsd by
sncephalitia, The resull of the ONS infecion 15 an acute meningoencephalitis that leads o
the desth of neurnnal 5 {8). The neurciegic signs appear within 4-10 days of the
onset of #iness and include saizures, paresis, behavioral changes and coma.

In spite of the continuous threat of VEEV epidemics, no safe and efficient
vaceines have been designed for this virus, The attenuaded TC-83 strain of VEEYV was
developsed more than four decades ago by sariad passage of a highly virulent Trinkdad
donkey {TRD) strain of VEEY in guinea pig heart cells {4}, Presently, TC-83 is still the
arly avallable vaccine for laboratory workers and military personnsl. Over 8,000 people
have been vascinated (2, 8, 34), and the cumulative dala unambigususly demonsirate
that nearly 40% of all vacciness deavelop a disease with soms symploms typical of
natural VEE | including fever, syslemic iliness and other adverse effects (2}, This 783
stradn universally kKills newborn, but not adult, rifce after Lo, and s.o. inoculation {31), and
5 s g @amd starting material for further attenuation and study of the effects of the
rigtions on viral pathogenss

The VEEV genome is & nearly 12-kb-long, single-siranded RNA molecule of
aositive polarity that mimics the structure of cellular rmRMAs. The genome RMA contains
both & 5 methyiguanylate cap and a 3 polyadenviate tail (24), Teaiures which ailow
translation of vivai proteins by host cell machinery immediataly after relesse of the

ganams RMAs from the nucleocapsids. The 5 two-thirds of the genome s transiated into
ihe ponstructural proteins (nsPs) that comprise the virel components of the replicative
anzyme comuolex recuired for replication of the viral genome and transcription of the
subganomic RNA. The subgenomic RNA comesponds (o the 3 third of the genome. it is
synthesized fram the subgenomic promoter and transleled into the viral structural
proteing. The attenuated phenotype of the VEEY sirain TO-83 s the resull of two
rutations in the strain TRD genome: ong of them replaced an aming acid at position 120 in
B2 giveoprotein, and the second changed nt 3 in the SUTR (11, 23, 24, 43} Thus,
hacause of the aiphavirus' very high mulation raie, the reversion of TC-83 to a

pathogenic phenotype remains & great concam in the svent that the aporoptiate selective

2



16

15

20

25

30

35

conditions, such as virus passage in vivo, would occur. Moreover, VEEV TC-83 is
capable of replicating in mosquito cells, and infecting mosquitoes following vaccination
(32); therefore, its transmission by mosquitoes remain possible.

Ideally, live arbovirus vaccine strains should not be transmissible by
arthropod vectors, because circulation among reservoir hosts could lead to unforeseen
changes that might include increased virulence. This is especially true for attenuated
strains, produced from wild-type viruses that rely on small numbers of atienuating
mutations that may be subiect to reversion, or for genetically modified strains that might
evolve in unanticipated ways if they underwent vector-borne circulation. The former risk
was underscored by the detection of the VEEV TC-83 vaccine strain in mosqguitoes
coliected in Louisiana during 1971 (32), an area outside the epizootic/epidemic that was
restricted to Texas.

The development of infectious cDNA for alphaviruses opened an
opportunity to explore their attenuation by extensively modifying the viral genomes, an
approach that might minimize or exclude the reversion fo the wt, pathogenic phenotype.
Moreover, the genomes of such alphaviruses can be engineered to contain RNA
elements that would be functional only in cells of veriebrate, but not insect, origin. Thus,
such extensive mutations could prevent transmission of the genetically modified viruses
by mosquito vectors.

Despite its importance as an emerging human and animal pathogen, its
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.

SUMMARY

In one aspect, there is provided a method of generating attenuated,
recombinant alphavirus incapable of infecting mosquitoes, comprising: cloning an
encephalomyelocarditis virus (EMCV) internal ribosomal entry site (IRES) wherein the
IRES is capable of expression in mammalian cells but not insect cells; and a capsid gene
downstream of envelope glycoprotein genes with the capsid gene at the 3° end of the
subgenomic region just upstream of the 3' UTR, wherein the capsid is expressed in an
IRES-dependent manner and the envelope protein genes are expressed in a cap-dependent

manncr.
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In one aspect, there is provided a method of generating an attenuated,
recombinant alphavirus incapable of infecting mosquitoes, comprising: (i) inactivating the
subgenomic promoter of an alphavirus; and (i1) cloning an encephalomyelocarditis virus
(EMCYV) internal ribosomal entry site (IRES) between the end of nonstructural protein 4
(nsP4) coding sequence and initiating AUG of a subgenomic RNA coding sequence of the
alphavirus wherein the IRES is capable of expression in mammalian cells but not insect
cells; and generating the live, attenuated, recombinant alphavirus.

In one embodiment of the present disclosure, there is provided a method
of 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 initlating 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 disclosure, there is an
attenuated recombinant alphavirus generated by the method discussed supra.

In one aspect, there is provided an attenuated, recombinant alphavirus,
comprising: an alphavirus nucleic acid having (i) an inactivated subgenomic promoter,
and (ii) an insertion of an encephalomyelocarditis virus (EMCV) internal ribosomal entry
site (IRES) between the end of nonstructural protein 4 (nsP4) coding sequence and
initiating AUG of a subgenomic RNA coding sequence of the recombinant alphavirus,
wherein the IRES is capable of expression in mammalian cells but not insect cells; and
wherein the alphavirus is attenuated.

In one aspect, there is provided an attenuated, recombinant alphavirus
comprising;

a) a capsid gene positioned at the 3° end of the subgenomic region, downstream
from envelope glycoprotein genes and upstream from the 3° UTR of the
subgenomic RNA of the alphavirus; and

b) an encephalomyelocarditis virus (EMCV) internal ribosomal entry site (JRES)
introduced between the end of the envelope glycoprotein genes and the positioned
capsid gene, wherein the IRES is capable of expression in mammalian cells but not
insect cells; and

wherein the capsid is expressed in an IRES-dependent manner and the envelope protein

genes are expressed in a cap-dependent manner; and wherein the alphavirus 1s attenuated.
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In one aspect, there is provided a vector comprising a nucleotide sequence
encoding the attenuated, recombinant alphavirus as defined herein. '

In one aspect, there is provided a host cell comprising and expressing the
vector as defined herein.

In yet another related embodiment of the present disclosure, there is
provided a vector comprising nucleotide sequence encoding the attenuated recombinant
alphavirus and a host cell comprising and expressing this vector.

In one aspect, there is provided a pharmaceutical composition comprising:
the attenuated, recombinant alphavirus as defined herein and a pharmaceutically
acceptable carrier,

In a yet another related
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embodiment of the present disclosure, there is provided a pharmaceutical composition.
This composition comprises the attenuated recombinant alphavirus discussed supra and
a pharmaceutically acceptable carrier. In one aspect, there is provided an immunogenic
composition comprising: the attenuated, recombinant alphavirus as defined herein. In a
related embodiment of the present disclosure, there is provided an immunogenic
composition. This immunogenic composition comprises the attenuated recombinant
alphavirus described herein.

In one aspect, there is provided the pharmaceutical composition as defined
herein for use in protecting a subject from infections resulting from exposure to an
alphavirus.

in another related embodiment of the present disclosure, there is provided
a method of protecting a subject from infections resulting from exposure to an alphavirus.
Such a method comprises administering an immunologically effective amount of the
immunogenic composition comprising the attenuated, recombinant alphavirus described
herein, thereby protecting the individual from the infections resulting from the exposure to
the alphavirus.

BRIEF DESCRIPTION OF THE DRAWINGS

Figures 1A-1D show replication of the recombinant, EMCV IRES-
encoding, VEEV TC-83-derived viruses in BHK-21 cells. Figure 1A is a schematic
representation of the designed viral genomes, infectivities of the in vitro-synthesized
RNAs in the infectious center assay, virus titers at 24 h post transfection of 1 mg of the in
vitro~synthesized RNAs into BHK-21 cells, and sizes of the plagues, formed by indicated
viruses in BHK-21 cells at 48 h post transfection. Arrows indicate functional subgencmic
promoters. Filled boxes indicate EMCV IRES. Figure 1B shows alignment of the
subgenomic promoter-containing fragment of the VEEV TC-83 genome and the
corresponding fragment of the VEEV/mutSG/IRES. The position of the promoter is
indicated by open box. The start of the subgenomic RNA in the VEEV TC-83 genome and
the beginning of the EMCV IRES are indicated by arrows. The mutations, introduced into
the VEEV/mutSG/IRES genome are shown in lower case letiers. Figure 1C shows
plaques, formed in BHK-21 cells by viruses, harvested at 24 h post fransfection. Figure
1D shows replication of the viruses after transfection of 1 mg of the in vitro-synthesized
RNAs into BHK-21 cells.



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).
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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of the designed viruses in BHK-21 celis after transfaction of 1 mg of the in viiro-
ﬁyn&‘:?;e&i:&ﬁd viral penomas.

Figures 3A-3B shows mulations identified in the nsPZ protein of
VEEVMutSGARES varants demonstrating 3 large-plague phenotype.  Figure 3A shows
a list of the muistions identified in the genomes of the plague-purified isolates from virus
stock, harvested at 24 h post transfection of the in vitro-synthesized RNA (Drig), and in
the genomes of isolales from the stock that was addiionally passaged three Hmes in
Vero cells (Pass.). Figure 3B shows localization of the defined mudations in the VERV
nzP. The positions of currently known functional domains In alphavirus nsP2 (38, 39)
ara indiceied.

?quw 5 &8-858 show an analysis of orofein and BNA synthesis in BHK-
21 calls transfected with the in vitro-synthasized recombinant viral RNAs. Cells were

elzctmporated with 4 g of the indicated BNAz and seeded into 38-mim dishes, B
Figurs 44 at 4.5 h post transtection, roedium in ihe wells was repltaced by 1 ml of =VEM
suppiermented with 10% FBS, ActD (1 mo/ml) and PHjuridine (20 mCiml). After 4 h of
incubation 2t 37°C, RMAs were isolated and analyzed by agarose gel electrophoresis.
The pesitions of viral genomic and subgenomic RNAs are indicated by ¢ and 56
respectively, The VEEVARES-spaciic subgenomic RNA forms a more diffuse band than
dos other, subgenomic RMNA-producing, viruses, becausa, in the gel, it co-migrates with
the vibosomal 285 RMNA. iIn Flgure 48 a1 12 b post ansfection, protein wera

melabolically lebeled with P°Simethionine and analyzed on a sodium dodecyl sulfate-10%
Yy

nolyaorylamids gal. The positions of molecular weight markers &Dg) are indicated &t the
wlt side of the gel, The positions of viral structural proteins: T, B1 and 082 (the precursor
of £E2) are shown at the right side of the gel. Asterisks indicate the positions of celivlar

Y

proteins (the heat-shook proteing), nduced b

Sy

oy reptication of the HRES-enooding viruses,
Figures BA-3C show passaging of the recombinant, EMOYV RES-
containing VEEY variants in G, 10 cefis, Flgure BA Iz a schematic representalion of viral
genomes. Arrow indicates he position of the functional subgenomic promoter, The filled
box indicales the position of ERMCY IRES. Figure 58 shows Hiers of the recombinant
viruses after passaging in 0710 cells. Calls in 35-mm dishes were infected with 400 mi of
virug samples harvested ﬁzéiher al 24 n post ransfection of BHK-Z1 celis with the in vilro-
syrthesized FRMA fiﬂ“i} oy n‘ir” h post infection of 10 celis. Dashed ing indicates the limi
of detection. Figura 50 shows the delslions of the IRES-conaining sequence identified

& ihe
n ihe plague-purified VEEWVIRES variants, demonstrating efficient repiication in 510

cells. The residual EMCV IRES-specific sequences are indicated by lower case ietlers.
Figurs 8 shows replication of VEEVIMUSGARES! and VEEY TC-83 in the
MIH 313 oells, Cells ware infected at an MO of 10 PFRUcell. Media were replacad @t tha

inddinated s rmm%& sl virag tlers were messured by h!i‘b(‘% ue @AY on B3 ool

5 s ticiony 9 e WY 30 s
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The same samples were used to measure IFN-a/b release in biclogical assay.
Concentrations of released IFN-a/b are presentad in International units (L) per mi.

Figure 7 shows survival of mice irfected with VEEY TC-83 and
VEEVMUISGIRESM viruses, Sik-day-ofd NiM Swiss mice were incculated Lo, with ca.
10° PFU of the indicsted viruses, Animals were monitored for two months. No deaths
geourrad after day 8 postinfection in any of these experimenis.

Flgure B shows survival following vaccination and challenge of adult
mice. Five-to-G-week-uid farmale MM Swiss mics were immunized s.¢. with VEEY sirain

3-B3 or the recombinant virus at & dose of ca. 10° PFU. Three weeks after
inmunization, mics were chaflenged s.c. with ca, 10 PFU of VEEV straln 3808, and
racriality was resorded,

Figure % shows a schematic msthod of generaling attenusated,

recornbinsard alphavirus incavable of infecting mosouitoss.
SETARED DESURIPTION OF THE BWVENTION

The presemt invention s drawn o & rew strategy of developing
aitenuaied strains of giphaviruses, These asflenuated alphaviruses are capable of
replicaling only In vertebrate cells, This phenolyoe was achieved by rendering the
transtation of the viral structural proteins and uiimately, viral replication dependent on the

internal ribosome entry site of encephalomyslocarditis virus (EMCY IRES). Such a

F

o B im g g g Ao 3 i b R L LR AL T . Gy g H
recombinant virus s viable and demonstrated highly altenuated phenotype in newbom

[

intection.  Further, formalin-

mice, vel inducad protective Immunity agalr
inactivated vacsines ars expensive and ineficient. I sddition 1o this, these vaocines

ziso reglire mulliple, repeatad vacoinations.  Furthermore, fhe only available iva
attenuatad vaccing against VEEY infection Is very reactogenic and infacls moscuitoes
guring the biood meal on vaccinated horses, The sllenuated alphaviruses discussead

harein provide a significant sdvantage over the vaccines thatl are uur@*zfiy avaiabie

L3y

since the attenuated phenclype is irreversible. Further, ally engineesred

. 5L

alphavirusas are not able o replicats In mosquito cells, thus, sug B e apnrosch
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for generating new, live recombinant virusss, which sre not capabls replicating in

mosguitoes and thus, %r‘acz«z;‘;ab{ﬁ of ciroidating in nature.

The devslopment of the infectious cDNA clones of Sindbis and other
aichaviruses (12, 25, 36) opensd the opporiunily not only for the reverse genstics
experiments aimed at studying different aspects of the virus biology and pathogenesis,
bust also for the development of new recombinant vaccings. Attenuation of the viruses by
passaging either in lssue culture or in chicken embryos (28} generally resulls from
accumulation of small numbars of point mutations in the structural and nonstruciurg

T
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genes, and in the cls-acting elements of viral genomes. For examples, the VEEV TC-83
yvaccine strain relies on only 2 point mutations for s allenuation, and the high degree of
sactogeniclty {34) probably reflects the instability of this altenuslion mechanism.  This
alses a concern aboul the possible revarsion 1o the wi, pathogenic phenotype during
virus replication in vaccinated individuals., The number of mulations can be addiionally
increased by chemical mutagenesis (28], but this procedure aise does not make ths
introduced changes reversibia. The genetic manipuiations with infectious cOMNA clonss
of the RMA" viruses open greal possihiliies Tor stronger modification of viral genomes,
aned provide an opporunity to infroduce, exdensiva delefions that would make i impossibie
to rever] to the wi genome senuence {5, §, 10, 19), or addiionat genelic malerial that
gright enhanece the inrmunogenicity of the variants,

There is also 2 great concern that genelically altered arbovinses might be
infroduced into the netural ciroutation, medisted by m%quitm vactors, and demonsirate s

furthar svolution during Jong-lerm reglication, eithar in mosquiloes or during virgmia

development in veriebrale hosls. An exampie s he use of VEEV TC-B3, which is
capable of producing levels of viremia In equids sufficlent for infecting mosquitees, The
moiation of TC-83 from neturally infected mosquitoss collscied in Lowisiana {(32) during
the 1971 Texas epidemic underscored he risk of transmission of the attenualsd
giphaviruses. Thargfore, in dasigning a8 new g fion of lve vaccing strains, it is
prucent o make arboviruses not only highly i%’iiﬁﬁ?’%i.ii&i‘i%d, but also capable of replicating
only in cells of verlebrate orgin, This can bs achisved by cloning cell-specific FMA
slements info virgd genomes. In contrast to the oricket paralysis virus IRES (20}, he
EMOV-zpecific slement was axpectad to function vary inefiiciently in aritwopod cells.

in the prasent inventio SMOY IRES was  cloned into VEEV TC-83
gencme o make he ransiation of viral sbructurel genes IRES-dependant. One of the

£ e

genoimes contained 8 funcional subgenomic promotar, ang the IRES in the 5UTR of ths

subgenomic RNA. This vinus was viable, bul ity abllity to produce the subgenomic RMA
prnmoted Turther evelulion, which resulied in IRES delelion and raversion, most likely, 0 &

standard, cap-dependsnt iransiation of the structural protsine. The latter delelions made It

a;e}:ja-‘g‘::iaa of replicating in meosauito cells. The second variant with mulliple mutetions in the
supgenamic promoter was slable in terms of s inabiilty o reverd o 2 cap-dapendent

transiztion. Beeause such reversion would reguire not only the IRES delstion, but also the
resioration of the @img&mf}mém oromoter, which we inactivated by 13 mulations, direc
revarsion of these muitiple mutations probably represents g negligible sk, Mowsaver, this
variant afeueémpsad an irteresting way o evaive 10 & mors &?‘fﬁc%ﬁrs"{%y re,rjéiz:a‘é!r o phenotyos
by scourviiating addifional, adaplive mutalions in the nsP2 gene. These mulations did not
oficeably change the level of viral RNA replication, symthesls of the viral structural

g}m‘;’:@ma, or their compartmentaiization in the cells, The detecled mulations also did not
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creaie an additional signal that could increase the efficiency of the geneme packaging.
Thus, the mechanism of their functioning remains {o be determined. However, ths
accumulating published data suggest that the packaging of the genomas of the RMA
viruses is strongly determined by the replicative complexes, and the genomes need o b
presented by the functional nsPs to the structural proteins for particle formation (22, 30)-
The working hypothasis herain is that the helicase domain of the neP2 might he nvolved
in the viral genome’s presentation for s packaging into the nucleocapsids, and, thus, the
identifed mutations could have a positive effect on the efficiency of this process.

it should be noted that a goal of the present invantion was o devalop
VEEY varianis that are incapable of replicating in arthropod veciors and demonstrate a
stable, mors attenuated phanolyps. Slower growth of the designed VEEV/MESGARESN
variant in both [FN-alpha/beta-comestent and IFN signaling-deficient BHK-Z21 cells, its

ability to induce higher lavels of IFR-ainha/teta in ssue cullure, Bs greatly reduced abifity
to Kill newborn mice even afler Lo inoculalion, and its inability o replicate in mosquito
ceils suggest that this variant michit meet those 1 reduirements. s immunogenicily will be
further investigated in different animal models. Moreover, i is believed thal other
encephaloganic aliphaviruses can be attenuated by using & similar, EMCY IRES-based
sirategy, which can be applied in combination with other approzches that have been
deveioped within the recent years {1, 1315, 31)

In summarny, e ourpose of the present invention s the developrment of
attenusted aiphaviruses and thelr application as a new type of vaccine against he
sncenhalitogenic alphavirusss that include VEEY, EEEY and WEEY and other

alphaviruses such as Chikungunya virus that cause disesss in humans and livesiock
Raphcation of such alphaviruses would depend on EMOV IRES, that makes tham
incapabte of replicating in mosouito cells or mosguiio vectors, More importantly, ihis
phenolype is irreversible because of the extensive modifications introduced into viral
genome, Therefors, thaese new varands can be used for vascination without a conocem
atoul possibility of thelr ransmission by natural mosguito vectors,

The present invention is directed o genersiing allenuated, recombinand
alphavirus, comprising the step oft cloning the indemsd dbosomal entry siis of
encephalomyelocarditis virus (BMCOY IRES) between the end of nonstructural protein
{rab4) coding sequence and infiating ALIG of a subgenomic FMA coding sequence of an
aiphavirus instead of natural 8 UTR. This method may further comprise inactivating the
isu'ngsarmmm promoter of the alohavirus by clustered coint mulstions and delation of the

gtural 5 LUTR in the subgenomic RNA. Further, the inactivation of the subgenomic
promaeter may not modify the carboxy terminus of non-struciural protein 4, Additionadly,
the method may further comprise introducing adaptive mutations in non-structural protain

&:

2 (nsP2) effective (o increase virks replication, release and virus liters, Examplss of the
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adaptive mutations in non-structural protein 2 may include but are not limited o o
Yarg= O, Kayi—+ 0, Page=T, Dyy8— A, Koa—T or combinations thereof.  Furthermore,
axamples of the alphavirus may include but is not limited to Venezuelan Equine
Encephaliis virus (VEEY), Eastern Equine Encephalitis Virus (EEEV), Western Equine
Encaphaliis virus (WEEY) or Chikungunya virus,

The presant invention is also directed to an attenuated recombinant
alphavirus genersted by method discussed supra. Such an alphavirus may be incapehle
= of

of repiicating in mosquitoes, incapable of transmission by mosauito veciors, capab
inducing Mgh levels of IFN siphafeta, sow growth in IFM siphafeta cells, siow growth
in iFN signaling-deficient BHIC21 pells or a combination theresf.

The present invention s sl Turther directed 10 a veclor comprising &
nuctectide secuance encoding the atlenuated recombinant aiphavirus discussed supra
and a host cell comprising and expressing the vecltor.  Constructing vectors and
axpressing them in cafls is well-known and standardized technigue in the art. Henoe, one
of skill in the art may construct such veclors based on routing sxperimentation and
knowledge that is avaliable in the art.

The prasent invention s further direcied o » pharmaceutical composition,
comprising the attenuated recombinant alphavitus discussed supra and a
pharmaceulically acceplable carrigr. The present inveniion s also directed to an
mirnuncgenic composition, comprising the sllenuatad recombinant alphavirus hermsin

The present invention is still further directed 10 2 mathod of prolecting a
subject from infections resulling from exposure to an siphavins, comprising he step of;
administering immunologically effective amount of the immunogenic somposition
discussed supra, thersby profecting the sublect from infactions resulting from exoosura
to the aiphavirus, The subject bensfiting from such a method may be human or livestook,

The present invention is still further direcied to 2 method of generating
attenuated, recombinant alphavirus incapable of infecling mosquitces, comprising the
step of cloning the internal ribosomal entry site of enceshalomyelocarditis virus and
capsid ganes downstream of the enwveiwoe glyocoprotein genes with sald capsid gene at

B -~
e 7

and of the subgenomic reglon just upstream of the ¥ UTR, wherain the capsid is

exprassed n g cap-independent manner and the envelope profein genes s ransiated in

¥

a cap-tdapendent mannar but the capsid protein ransiated in an IRES-dependent manner,
As usad hersin, the term, "a” or "an” may mean ong of more, As usad
herein in the olaimds), when used in conjunciion with the word “comprising”, the words

“ator tan” may mean ong or move than one, As usad herein "another" or "other” may

mean at least a second or more of the same sri claim element or componants

therent,
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The composition described herein can be administered independently,
elther systemically or locally, by any method standard in the art, for example,
subcutansously, intravenously, parenterally, intraperitoneally, intradermally,
intramusculady, topically, or nasally. Dosage formuiations of the composition described
narein may comprise conventional non-toxic, physictogically or pharmaceutically
accaptable carriers of vehicles suitable for the method of administration and are well
known to an irdividual bieving ordinary sigl in this am.

The cornposition described hersin may be administered ndependently one
of rore timas to ackieve, maintain or improve upor & therapsutic effect. tis well within
the skill of an artizan (o determine dosags or whether a suitable dosage of the
composiion comprises & single administered dose or g %mfe sdminstered doses. An

appropriate desage depends on the subject's health, the induction of immune responss
andior prevendion of infection caused by the alphavirus, the roule of administration and
the formulsiion usead.

The following examples are given for the purpose of lustrating various
gmbodiments of the invention and are nol meant to limit the present invention in any
fasnion, One skiled in the art will appreciate readily that the present invention is wall
i}z:“ia;}i:ed W cary out the objects and obiain the ends and advantages mentionsd, as wall

% those objects, ends and advantages inherent berein, Changes therein and other uses
which are encompaszsed within the spint of the vention as defined by the soope of the

claims will ocour o thoss skiled in the art,

EXAMPLE 1

Lell cultre

The BHK-21 cells were provided by Paul Olive [(Washington University, St
Louls, Moy, and the Vero calls by Charles Rice (Rockefeller University, NY, NY).  Ths bH
3713 cells ware obtained from the American Type Tissue Culture Collection (Manassas,
o

.

supplamented with 10% fetal boving serum FES) and vitaming, Mosaullo 510 calls wers
I

VA)Y These cell lines were maintained at 37 C in alnha minimum sssential medium (i
Fd

E
o B
I

ainad from Heney Huang (Washington Univ., St Lowls, MOY and propagated in DMEM

suppismented with 10% heat-inactivated FBS and 10% trypiose phosphate broth (TPE),

Flasmid constructs

sterdard recombinant DMA fechnicuss were used for all plasmid constructions
Maps and ssuuences are available from the authors upon request, The original plasmid

10
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with VEEY TC-83 genome under the control of SPS RMA polymerase promoter, pVEEY
TC-873, way deseribed elsewhare [33). pVEEVARES contained EMOV IRES with the first
4 cotdons of the EMOV polyprotein. This sequense was cloned into the VEEVY subganomic
rMNA-coding sequence between the end of the S'UTR and the initiating AUG
DVEEV/MUWSGRES encoded the VEEY TC-83 genome, in which the subgenomic
promoter was inactivated by clustered point mutations, which did not modify the aming
acid sequensa of the carboxy terminus of nsP4 Figs. 1A and 1B). This viral genoma had
the S'UTR of the subpenomic RNA deleled. Thus, VEEYV TC-83 nonstructural and
structural proteing were expected o be synthesized from the sams genomic RMA. The
adapiive mutations were introduced into pVEEV/MUWSGARES-encedad nsP2 by FIR
aﬁ“’e;{}ié"‘ﬁca‘ii@ﬁ of the ‘Fr@gm@ﬁ%z@ of interast of the selected varlants, Tollowed by

el
fechricue was used for synthesis cloning of different fragments indo the Sphi site in the

placemant of the corresponding fragment in the ongine! genome. The same PCR-base
%‘ bec) fe

FUTR of the VEEVIMUISGARES genome. All of the cloned fragments were sequenced

pefore further expermeants with the rescued viruses.

EXAMELE 3

HMA franscriptions

Flagmids were purified by centrifugation in CsCl aradients and linsarized
by Miul digestion. RMAs were synthesized by SRE RMA mﬁymamsa {Ambion) in the
prasence of cap analog (Mew England Biolabs). Tha yisld and integrity of transoripts
WS .ﬁam&%ymm by gel slectrophoresis undar ﬁon»dﬁmmrmn conditions,  HMA
soncantration was measured on & FluorChem imager (Alpha Innotech), and ranscriction

regciions were usad for elechroporation withou! addilional purification.

ERAMPLE 4

FHRA transfections

Cleciroparation of BHK-Z1 cells was performed under preaviously
described condifions (27). To rescue the viruses, 1 mg of in vitro-synthasizad virgl
genome HNA was eleclroporated into the cells (27), and then they were seedad inio

0R0-rm dishes snd incubated unlll oyiopathic effacts were observed. Virus Hiers were
determined using & stendard plague assay on BHE-21 celis (26).

To assess the BRNA infectivity, 10-fold dilutions of electroporated BHE-21
celis were seeded in 8-well Costar plates containing subconfluent, naive cells. After a 1
hincubation at 37°C in a 8% GO, incubator, cells were overaid with 2 mi of MER-
coftaining 0.5% Ultra-Pure agaross supplemented with 3% FBS. Plagues were stained

!-’—s&
Y
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th crystal vioket after 2 days incubation at 37°C, and nfeciivity was detennined n
;::?amm—?awrzimg wnits (PR oer mg of ransfecied RMNA,

T

EXANPLE B

Senyencing of virgl cenomes

Large plagues were randoemly selected during litering of virsl stocks
{without staining with neutral red), Viruses were extracied from the agarose plugs into

r

W, and atiouots of the aller media wers used o infect BHE.ZT cells in 35-mm dishes,

2

After devslopment of profoung OPE virus stocks were harvesied for further

characterization, snd BMAs were isciated from the infected oalls by TRizs! raasent
bl

according o the msiructions of the manufacturer (Invitrogen). ~1000 nt-long, overtapoing

fracreants wars synthesired using standard RT-POR icm%wém ues, purifisd by agamse gel

1

slactrophoresis and sequenced. Sequencing of the S'UTR was performed by using a

FirstChoice RLM-RACE I {Ambion) as dascribed elsewhers (18),

Viral reolication analvsis

Cne-iHih of the slectroporated cells were seeded info 35-mm dis At
e times indineted in the figures, media were replsced and virus s were determined
by plague assay on BrRK-21 cells (26), Allernatively, BHK-ZT, NIHETE or 310 calis wars
saadad into 35-mm dishes and infeclad 2l the MGz indicatad in the ‘?E{.;;eu;fsﬁfs. Media wers
replacad by fresh madia, and virus tlers in the harvested samples were delerminad by

placiie assay on BHE-21 colis

Analysis of protein synthesis

21 calls were sleciroporaied with 4 mg of the Indicated RMNAs, and one-fifth

N

of the slestroporated cells wers sesded into shewell Costar plates. AL 12 h post
’m"‘.rssfftac::f:%*:m, proteins were metabolically lebeled by ncubating for 30 min n 0.8 o of

SMEM medium facking methionine, wr:,o%*ﬂrns‘rﬂ‘f&:fé with 0.1% FES and 20 mCYmi of
Simethionine, After this incabation, ‘i:hcﬁy wers seraped nto the media, pellated by

cantrifugation and dissolved in 100wl of stendard prolein loading bufier. Equal amounts

o

of proteins ware loaded omto sodium dodecy! sulfate (SDS)-10% polyacrylamide gel

wh

After electrophoresis, gels were dried and autoradiographed.
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ERAMPLE B

To anzlyze the synihesis of virus-specific RNAs, ceils were
slzciroporated with 4 mo of the in vitro-syrithesized virsl RNAs, and one-fifth of the ceils
weare sgeded into 38-rarm dishes a5, AL 4.8 h post ransfection, meadium in the wells was
replaced by 1 mid of aMEM supplemented with 10% FBS, ActD (1 pg/miy and PHuridine
(20 mCirdy, ARter 4 1 of incubation at 37°C, total celiufar RNAs were isolatad by Trizol
irvitrogen) according the Manufacturer's protocel, then denatured with glvoxal in
dirnetnyl sulfoxide and analyzed by agarose gel slectiophoresis using the previously

desoribed condiions (7). Gels ware impregnaled with 2 8-diphenvioxazols (PPRO), drisd

and atoradiographed.

FN-slohafhats aasay

The concentrations of IFN-albhabata in the media were measured by a
praviously desoribed Diologics! assay (41). Briefly, L3289 cells weare seeded in 100 miof
complate madia st concentration of Sx10° cellsfwell In B6-well plates and incubated at
I7°C for 6 h. Samples of media harvested from infected MF 372 cails wers trested with
LW Bight for 1 h, and senally dilutsd in taro-Told steps dirsctly in the wells with L8289 cells,
00 mi of media with 2¢10° PRUY of

yesicular stomaiitis virus (VY)Y was added o the wells and incubstion continusd for

]

After incubation for 24 h a1 37°C,) an addiiona!

4 b, Then cells were slained with corystal viclel, and the and point was determined as
the concentration of IFNa/M reguired o protect B0% of the calls from the VEV-induced
CPE. The IFM-a/h standardfor normalization of the resulls was purchasead from the

ATCC, and tilers of the released viruses were delermined Dy plague assay on BHK-Z1

LAMELE 10

.
&

Evalaation of virug 1"’“?}“(’“ ton_in mosqulioss

Fo assess replication competence iy mosguitoss invivo, inrathoracie inocuiations

ot Aedes asgypll {2 colony originating n Galvaston, Texas) mosquiioes using ca. 107 Fru
in a1 pl volume were used. Infrathoracic meuistion was selacied over oral exposura

because nearly any culicine mosauito is highly mmc‘c»pi;.ix to intrathoracic infection by
any alphavirus, whilte oral suscaptibility is highly variable and much lass sansitive (42).
Faffowing inoculstion using a glass pipetie, mosguitoes were incubated 10 days at 27°C
argd then diratad individually in 1 Ll of MEM supplementad with 20% FES and Fungizone.
A100 pl volume of each dtrated mosaguito was then added 1© 8 Vero cell monolayer on &

13



24 wall plate and cbserved for 5 days for cytopathic effects to detect infection.  Assay
controls inciuded soth the TC-83 parard virus and the IRES mutant.

S lmmunizaton and challenas with virdlent VEEY

Six-day-old NIH Swiss mice were inoculated intracerebrally (o)) with
YEEN TG-82 sirain or the designed mutants at a dose of ca. 10° PFU n a total volume of
20 ol of PBS. After infection, sach cohort of 8-10 animals was maintained for 2 months
without any maninulation. For 21 days, mice ware observed deily for signs of iiness
10 (noffed fur, depression, anorexia and/or paralysis) and/or desth,

Fightweslk-old fomale MM Bwiss mice wers vacoinated 5.0, ot g degs of

b

ca. 10° PRUWmouse using VEEV TO-83 or the recombinant vir then challenged
subcutanecusly 4 waaks later with ca. 107 PR of highly virslent v&lc\f strain 3808, For

21 days, mice were observed twice daily for signs of iliness (ruffled fur, depression,

15 anorexia andfor paralysis) and/or death.
EHAMPLE 12
Hecormbinant VEEY TC-83- based vinuses
A rationale of s study was 1o develop alphaviruses capable of efficient
20 replication in the cells of vertebrate, but not of mosguito orgin,  Therefore, renfication of

such viruses had to depend on proteins or RNA sequences fhat function only in
vertebrate, but not in insact cells. To achieve fhis, the present invention designed a
methad o make expression of alphavirus structurst proteins depandent on the EWMCY
IRES. The designed IRES did not cantain the poly(C) sequence bul relained the first 4

25 codons of EMCY polvorotein o achisve the most sfficient franslation of VEEV TC-83
structural genes. In ialer experments, waes confirmed thal these additional amino acids
had no negative effect on virus replication, but nad detectable positive effect on the
ransiation of viral structural oroleing (data not shown).

e,

inone of the constructs, VEEVIRES, the RES sequence was cloned into

30 the subgenomic RMA downstream of the intact BUTR (Fig. 14). Therefors, this genome
-:r::.acpf&ea‘.:te;%a‘i e capable of subgenomic RNA synthesis,  In another recombinant,
WSGARES, the subgermmic promoter was inactivated by 13 synonymous point
mutetions (Figs. 1A and 18), which were @xp:‘acﬁs}d o prevent reversion o an aclive 86
RNA promoter. To promuote synthesis of the VEEV structural proteins, the IRES sequences
35 was clonad to replace the 258 8'UTR.

The genoms RMAs of VEEVARES, VEEVMUWSGARES and unmodified, wi
VEEY TC-83 were syrihesized in vitro and transfectsd into BHE-21 celis. in the

ok
3
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infectious center assay, the VEEVIRES RNA demonstratad the same infectivity as the
RNA of TC-83, and developad plagues of a uniform size similar to those of the TC-83
{Figs. 14 and 1C). This was a strong indication that no additional, adaptive mutations
were required for productive replication of the designed virus, VEEVARES replicated o
tters exceeding 107 PF Uil but thess final titers and virus replication rales wers

significantly slowsr (Fig. 1D) than those of VEEY TC-82, BHK-21 cells iransfected with
another recombinant viral ganome, VEEVIMUSG/RES, which lacked the subgenomic

promoter, produced Infectious virus very inefliciently (Fig. 10). In the infectious center
assay, this constuct devalopad mainly pinpoint placues, and thelr mumber was difficul] o
gaiimate, Surprisingly, His virus demonstrated further evoiution upon serial passags and
rapidly davaloped variants that produced largsr olsgues (Fig. 10 and dada not shown),
The growih curve presentad in Fig, 10 represents the release of both small and lsrge
slague-fonming vinises.

Thus, the results of these expariments indicatad thal, at least in the
¥

B

context of the VEEVARES genome, EMOV IRES could preduce structural proteing at levels
suffivient for VEEY replication. The construct with 2 mulated subgenamic promoter,
VEEWVMUSGARES, produced a defective-in-replicetion virus that could avelve for more

sfficient reptication.

Angivsie of odeolive mutations in VEEVIMUSGAR

The savohsion of VEEMmUBGARED b a large plague phenolype suggastad
an accwmiation of addiional mutations in the viral genome. The revarsion o the wi
Qenoms ERGUENce wWias arimpossible avert due o the large number of infroduced poing
mtaiions, so the localion of adaptive mudations was diffloull to predict. To identify the
mutations, 5 plagues of VEEVIMuBGARES sa s narvesied at 24 b post

eleciroporation were randormly selectad, and the antire genomas (including the 3 and
EUTREs) of two plague-purified varianis weare segquenced. The Hst of the mutations

D T T ST T O

wentifiad s presentad in Fig. 2ZA, Yhe majordty of them ware synonymous and were not
. ; ¥

:r«u;

presant in the known cis-aoting BNA slements, Thus, their affect on virus mpiicaiéﬁr‘l WHn
vary uniikely,  However, the genomss of both siagus isolptes sontzined the same
mutation in the nsP2 protein, Ya,—C, and one of the genomes had the next encoded aa
changed as wail (Kyy,—»Q).

Tu test the effect of the mutations on virus replication, Yee—0C and both
Y gy anitd Ky 0 were clonad into the origina!l VEEVIMUSGARES construct (Fig 283
and compared the RNA infectivity, virus replication rates and plague sizes with those of

the originel VEEVIMUBSGARES and other constructs, The same mutations were ziso
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cloned info the VEEY TC-B3 genome to test their effect on the replication of this parentat
virus, The IRES- mmdmg genome RMAs with either ong or both mutations in the genome,
VEEVImASGARES and VEEVIMUSGARESZ, demonstrated the sams infectivity in tha
infectious canter assay as did VEEY TC-83 RNA and rescued viruses formed uniform
plague sizes similar 1o those of the VEEY TC-83 (data not shiown). They also
demonsirated a strong increase In the growth rates (Figs. 2C and 1), but the effect of
the second mutation was barely detectable. Thus, teken together, the data indicated fhat
the Y g0 rutation in ihe nsP2 had 2 strong positive effect on virus replication, and the

aoond mdation did not noticesbly morove 1. When introduced into the VEEY T0-83
genome, the same mutalions did not have any deteciable efact on the rotes of virus
replication or on final titers (Fig. 20), suggesting that the replication enhancement was
spacific t0 the VEEVmuSGARES variant.

The identified aa changes (YO and Ky Q) could represent only a
fraction of possible mutations leading to the efficient replication of the subgenomic
mrometer-defician, 5E3%E$«~comtm'xmg virus. Thersfora, in paraliel experiments, it 2161-
2888 in the other three planue clones isolated from tha samples were seguenced,
harvested at 24 h post RNA transfaction of the in vilro-synthesized RMNAs, and of §
riague-purified vardants isolaied from the virnus stock after an additonal 3 passages in
Vare celis. it was anticipated that such passaging would lead o the selection of the
maost efficlently replicating viruses. The list of the dentifisd mutations is presented in
Figure 3A.  Sequencing was performed directly from the RT-PCR-derjved DMNA

&5

fragroents, tharefore, the presented mutations represent the consensus sagquencas in
the plaque-derived virus population and are not PCR-derived (Figurs 28),

Al of the isclates contained mutations in the sequenced fragment,
a:ﬁ??ﬁ&ﬁpﬂﬁd%f‘??ﬁ; to tha carboxy terminal fragment of the RNA helicase domain of nsP2, and
all of the altered armine acids were located between amine acids 348-424. Moreover, the
most common mutation, both in the original viral stock, generated after eleciroporation,
and in the passaged pool, was Yyue—=C. This was an indication that it likely has oneg of

ihe most prominent effecis on replication; therefore, the above-described variant wilh

this particular mutation, VEEWmUISGARES/, was used In the sxperiments oullined in the

fellowing sactions.

Sifact ol the naP2 Ya,— 0 mutation on virus reglication

identification of the adaptive mutation in the carboxy terminal fragment of
the nsPd-associatad RNA helicase was surprising and did not sugosst any obvious

explanation tor the increass in VEEVIMUlSGARES replication. This mutation could possibly

16
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have g stimulatory effect either on RNA replication, or the viral structural profeins
transistion, or viral nardcle formation, or replicative complexes companmentalization, elc.
However, the most sxpacted effect was an increase in viral RNA synthesis. Therefore,
BHIK-21 cells were transfestad with in vitro-synthesized genomes of different VEEV
variants, metabolically iabeled the newly synihesized viral RiMAs with PHiuridine in the
prasence of Aot for 4 h bwmrirﬂg 4.5 hopost electroooration, and the RMNA was
anatyzed by electrophoresis in agarose gals {(Fig. 4A)

As expsrtied, VEEVIRES was capable of subgenomic HMA synthesls,
which indicatad that the IRES introduced a2t the 3 end of the subgenomic RNA SUTR oid
not interfers with the subgenomic gromoter activity, VEEVIMUWBGARESD and s varians
with adastive mutations i neP2 produced no deteciable 5G FMNAs, Thus, 13 muiations
introduced into the promaoier ssguence of thesse genomes completely abolished the
frensoription of the subgenomic BNA. Surprisingly, the adaptive mutations in the nsP? did
not nave a nolicesble efect on RNA genome replication, and VEEVIMUBGARES/ and
WVEEVmstSOARE
WVERVImuBGARES genome. Morenver, the genome RNA replication of all of the varianis

312 gerome RNAS replicated as efficiently as did the Grig%ﬁaiiy designad

s

was very simitar o that of VEEY TC-83. Mo effact of these mulalions was delectad in

the contaxt of 4 inad VEEY TC-82 RNA as well {5@@ lanes corresponding o VEvh
and "v‘iE;EV/Z). This '?Eﬂdmg strongly suggested that adaptation did not result it an morease

r FHRA replication,
Synthesis of viral structural proteins was  evaiuated at 12h post
By that e, VEEVARES- and VEEV/MUSGEIRES-speciic

B).
cansid and likely other structursl proteins waere synihesized ~2-fold less efficiently than

Y

stectroporation (Figure 4

Fi

i the oells ransfechted with VERY TC-83 RNA. This reasonably small difference does
not explain the moere than 4 and 7 orders of magnitude lower infectious tilers of
WEEVARES and VEEM/mulBGARES viruses, respeciively (compared o the tlters of VEEY
TC-B3), detected in somples harvested st 12 b post transfection. Morsover, no difference
netwean the synthesis of virgl profeins in BMHK-Z1 cells containing the orngina

TEEVAMUSGARES genomes versus VEEVImASGIRESN and VEEVMUWSGARESZ with

daptive muiations In the nsP2 was detectad in ihis and other exparimanis. The

it

distingiianing feature of the patlems of the labeled proteing in the cells infected with the

gy 3

IRES-containing vinusss was in the presencs of two addiional bands, which ware
aniified by mass spectrometty as heat-shook proteins Hep®l and Hap¥2, The biclogical
significance of thelr induction s not clear vet, but might resull from soms abnommalities in
viral structural protein{s) folding leading io stress development in the cells with the
strictural proteins expressed Tom the IRES.

in pdditional experiments, the intracellular distribution of ihe  virgl

glyeogroteins  in cells infected with VEEY TC-83, VEREVMUBGARES and

17
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WES S GARES/] were assessed and the presence of these proisins on the osll

surface was ansivzed by staining with VEEV-specific antibodizs. No noliceabls
diffarence 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
genome was examined, the mutation-coniaining fragment (corresponding o nt 2533-2850
of the VEEV genome) was cloned into the 3 UTR of VEEVIMUSGARES genoms, and the

recornbinant in vitro-synthesized RNA was lested in the infectious center assay. Mo
inorease in plague size or virus llers, mmpamd to those of the original
VER mUBGARES, was detectad.

I another varant, a subgenomic promoter and a VEEY capsid-coding

saguance was cloned nto the 3UTR of VEEVIMUBG/IRES genome in le
atdeiitinnal capsid expression from the subgenomic RNA would increass the afiiciency of

virus replication. This modification also did not heve any positive effect on virus ters.

Last, wheiner VEEVmSGARES producaed genome-free subviral particles instsad of

inferctious virus was analyzed. I was cobserved thal this was not lhe case: cels
transfectad with VEREV/muSGARES RNA and metabolically labeted with
died net produce subviral particles that could be detected by ultracentdfugation n susrose
gradients (data not shawn). Thus, taken together, the above-described complex analysis

i

dicd not point to obvious machanistic explanations for the very ineflicient replication of the

origingl VEEVmUutSGARES or for the ?}f.bi-‘siivt* sfact of the detected mulslions In VERY

nsi? on the replication of the IRES-containing virus.  Howsver, the main aim of he

present invention was the development of the VEEV varlanis, whose replication depends
1&“‘ I LT

o the EMOY IRES funclion, and both VEEVARES and VEEVImuSGARES appaared {0

et S goal.

Heanlication of the S-denendent VEEV variants bthe mosouile oells and mosouiioss

The geoumiiated datn sbout slphavirus replication %.g.ﬂfz:f‘@‘i%}%g;;amm%y

demonsirate thair genetic instability and high rate of svohiion, resuling in the deletion of

any heterologous oenes { “37; A pariloutarly i they have g negative affect on virus
i i \ £1 i

CRtin, Jﬁ"‘“""ﬂ{“ﬁ“:?, one ot d

ine designed EMOCY IRES insertions would be siabls ‘riiif%.iﬁ rendar the viruses m‘:w@dw%r' of

replication in mosquite celiy, To test this, G110 mosqguito cells were Infected wilh
VESWARES and VEEWIMUESCARES viruses harvestad gt 24 b postelectroparation of the in

et
vitro-gynihesized RNAg into BHIG21 celis, \J*Eﬁ\jfrnuiﬁf;:ﬂ?“i& WES

ahove-describad VERmUIBGARESH, with an adaptive mulalion Y., —0 b the nsP2, o

used instead of the
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test the entirs library of the variants, released alter the RNA transtection, for the ability to
astablish replication in mosquito cells

U the first passage, at 48 h post infection of 5,10 cells the ther of
VEEVARES aporoached 1.5x¢10" PFUML and & similar fiter was detecied in the siook,
harvested after the secordd passage (Filgs. 5A and 5. The Hlers of VEEVAMWRSGARES,
i contrast, were 150 PFLU/mE alter the first passage (this likely reflected residust virus
ysed for infection rather than nascent virus orodueced in the mosauite cells), and below
the delection limit after the following second zzasz:%:aggje {Figis, BA and 58). I addiionsd
gxparimants, the plagus-purified varlants of VEEV/MUSGARES that conlained adaptive
mutations nneP? werg passaged i 0710 calls. No infectious virug was evar recoversd
after two blind passages

In anwther axperimend, Ag. segypll mosquiioss weare  intrathoracically

inpoulatsd with ca, 10° PRU of VEEY TC-83 and the VEEV/mMUuSARESN variant. None of

the 17 mosquiloes inoculated with the IHES mutant rephoaied detectably in Ae. ¢

&

Lypl,

whereas 1717 mosguiices inoouiated with the TC-83 parent strain replicated o

3

detectabla levelz in the CPE assay, with & mean fiter of over 10° PFWmosauite. Thus, the
IRES-pontaining VEEY varlant VEEV/muiSGARER/T was incapable of replicating in
racsauito cells both i vitro and in vivo,

To explain the high ters of VEEVIRES (capable of producing ihe
subpenords FRNA variard) after passaging in mosquite cells, two individusl plagues were
randomily selected and sequenced the IRES-containng fragment of the genomea. In ool
isolates, the IRES sequence was no longer present in the virel genomas, and only 132 and

15 rasidual nucisctides of the origingl IRES were found (Fig. 5C). Thus, passaging of
WEEWARES varant in mosguiio calls led 1o an accurmnuiation of the IRES-negative variants,
and VEEVmutBGARES (hal lacked the subgenomic promoter} did not develop mutants

r

capable of replicating efficiently in mosquito celis

YERV TS OARESH varant demonsitstes an sllenusted ohanobvos

The present inveniion was aimed at development of VEEY varianis
noapable of replicating in cells of mesoulto origin (and, correspondingly, N Mosquio
vectors) bul demonstraiing a more attenuated phenotype in vertebrates than the parental
VEERY TO-83. The siower replication rates of VERY/MUSGARES/ varian! railsed g
concern that this virus might be incapable of raplicating in verlebrate cells with intact FN-
al/b production and signaling.  However, this was not the case. The resulls of the
superiments, presemted In Fig. 6, demonstrale that VEEV/mulSGARES replicatad in the
MNIH 373 cells, which have no defects In FN-ainha/bela seorefion and signaling, 1o the

AT T EF = Netacll i weam e § p - o fie tarerdy gl i3 o
diers above 107 PFLYmML Bis replication caused a more efficient N/ induction (Fig. 8)
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but apparently the PN release did not abrogate the already established virus replication.
As shown in BHE-21 oells (Fig. 20), replication of VEEVImMutSGARES/T was less efficient
than that of the VEEY TC-83, suggesting that the IRES-dependent mutant might be
attenusted in vive. Indeed, after the Lo, inoculation of 6-day-old mice with ca. 10° PRU
BAY% survived the infection and did not develop signs of encephalilis; in contrast, 92% of
mice were killed by the same dose of VEEY strailn TC-83. Taken togsther, these dale
indicate that genetically modified, IRES-depsndent VEEY was more attsnuated than the
parentat VizEY TO-53,

Mavartheless, the VEEVImABGARES varant remained mmunogenic i
both neonatal and adultmice, OF the welve S-dav-0ld mice that survived Lo, incoulstion
with VEEVImoiBGARES, 10 survived s.¢. challenge with 10 PFU of wild-type VEEV
airgin 3808 administersd § weeks lgter; in contrast, of 12 sham {(PES)-infected mice

B was

challenged in the same manner, none survived Figure 7). The VEEMIMUSGAR
also Immunogenic I adull mice; one s.o. Immunization with ca, 10° PFU pims‘o ad 80% of
rice against 5.0, challange 3 weeks later with 107 PRU (~10° LD of VEEV strain 3808
(Figure 8}, Neumralizing antibody fiters (PRNT,,) wers undatactabls <1:20 in all of these
mica immediately before challenge, suggesting thet the incomplate protection after 1
vaocinaiion was kely a resull of lowsr level of IRES-containirg virus replication in vivo.
Thus, its high level of attenualion confers a high {:%;a{;;r»:&e of safely, bul repsated

vaceinations will be likely recuired.

¥

Ewmrension strateoy o reduce atlenuaiion but maintain laok of mosauito indectivity

In a separate smbodimant of the present inveniion, a novel exprassion

strategy was designed to reduce attenustion but maintain lack of mosguite infectivity,  This

strategy iwolved placing ths IRES downstremm of the envelope glycoprolain genes, with
the capsid gene at the 3 end of the subgenomic ragion ust upsiveam of the 3 UTRL (Figure

o
. Thus, a subgenomic messags was made, with the envelope prolein genes transiatad in

a cap-dependent manner but the capsid protein ranstiatad in an RES- das*@s‘%deﬁ% NS

Feplication of (his new IRES mutant in BHIC and Vero calls was again efficlent, but could

Tt

not be detactad in 7110 mosquito cells. Intrathoracie incoulation of 20 Aedes aegypti adult

farnate mosguitoes vislded no evidence of replication. When this IRES varsion 2 was used
i waccinate mice, all 10 seracorverted with mesan titers about Z-fold lower than induced
by normal TC-B3, and all 10 mice were protected by IRES version 2 from lethal,

subcutaneous challenge. Therefore, the new IRED expression stralegy appears {o resull

in less altenuation while retaining the mosquito-incompatent phenolyps.
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Imimriog emcry and efficacy of T0-83 IRES mutants |
Fraction :
tAean proteciod
naytraiizingiagainst lethal
Vaccing  [Fraction Al titer £ VRV
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IRES Or10 <20 a0
wersion i :
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WHAT IS CLAIMED IS:

I. An attenuated, recombinant alphavirus, comprising: an alphavirus nucleic acid having (i)
an inactivated subgenomic promoter, and (ii) an insertion of an encephalomyelocarditis virus
(EMCV) internal ribosomal entry site (TRES) between the end of nonstructural protein 4 (nsP4)
coding sequence and initiating AUG of a subgenomic RNA coding sequence of the recombinant
alphavirus, wherein the IRES is capable of expression in mammalian cells but not insect cells;

and wherein the alphavirus is attenuated.

2. The attenuated alphavirus of claim 1, wherein the alphavirus’ natural 3 UTR in the
subgenomic RNA between the end of nonstructural protein 4 (nsP4) coding sequence and

initiating AUG of the subgenomic RNA coding sequence is deleted.

3 The attenuated alphavirus of claim 1, wherein the subgenomic promoter is inactivated by

clustered point mutations introduced to the nucieic acid sequence of the subgenomic promoter.

4. The attenuated alphavirus of claim 2, wherein the clustered point mutations include two
or more mutations at positions 5, 8, 11, 12, 14, 17,20, 22, 24, 25, 26, 27, 28 of SEQ ID NO:1, 5’

ccocuauaacucucuacggeuaaccugaanggacuacg 37,

5. The attenuated alphavirus of any of the preceding claims, wherein the mutation of the
subgenomic promoter does not modify the amino acid sequence of the carboxy terminus of non-

structural protein 4.

6. The attenuated alphavirus of claim 2, further comprising: adaptive mutations in the
nucleic acid sequence encoding the non-structural protein 2 (nsP2) effective to increase virus

replication, release and virus titers.

7. The attenuated alphavirus of claim 6. wherein the adaptive mutations are nucleic acid
mutations that result in one or more amino acid changes corresponding to Yi—C , K37 —Q,

Pysg=T, Da1g—A, Kazs—T in the TC-83 virss nsP2 protein or combinations thereof.

8. An altenunated, recombinant alphavirus comprising;;
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a) a capsid gene positioned at the 3° end of the subgenomic region, downstream from
envelope glvcoprotein genes and upstream from the 3° UTR of the subgenomic RNA of
the alphavirus; and

b) an encephalomyelocarditis virus (EMCV) internal ribosomal entry site (IRES)
introduced between the end of the envelope glycoprotein genes and the positioned
capsid gene, wherein the IRES is capable of expression in manumalian cells but not
insect cells; and

wherein the capsid is expressed in an IRES-dependent manner and the envelope protein genes

are expressed in a cap-dependent manner; and wherein the alphavirus is attenuated.

5. The attenuated recombinant alphavirus of claim 8, wherein the subgenomic promoter of

the alphavirus is inactivated.

10.  The attenuated alphavirus of any of claims 1 to 8, wherein the alphavirus is Chikungunya
virus.
11. The attenuated alphavirus of any of claims 1 to 8, wherein the alphavirus is Eastern

Equine Encéphalitis Virus.

12. The attenuated alphavirus of any of claims ! to §, wherein the alphavirus 1s Venezuelan

Equine Encephalitis virus.

13. The attenuated alphavirus of any of claims 1 to 8, wherein the alphavirus is Western

Eguine Encephalitis virus.

14.  The attenuated alphavirus of any of claims ! to 8, wherein the alphavirus is incapable of

replicating in mosquitoes and mosquito cells.

15. A vector comprising a nucleotide sequence encoding the attenuated, recombinant

alphavirus of any of claims 1 to 8.
16. A host cell comprising and expressing the vector of claim 15.

17 A pharmaceutical composition comprising: the attenuated, recombinant alphavirus of any
of claims 1 to 8 and a pharmaceutically acceptable carrier.
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18.  An immunogenic composition comprising: the attenuated, recombinant alphavirus of any

of claims 1 to 8.

19. The pharmaceutical composition of claim 17 for use in protecting a subject from

infections resulting from exposure to an alphaviruas,

20. The pharmaceutical composition of claim 17 or 19, wherein the subject is a human, a

horse or other domestic animal.

21. A method of generating attenuated, recombinant alphavirus incapable of infecting
mosquitoes, comprising: cloning an encephalomyelocarditis virus (EMCV) internal ribosomal
entry site (IRES) wherein the IRES is capable of expression in mammalian cells but not insect
cells; and a capsid gene downstream of envelope glycoprotein genes with the capsid gene at the
3’ end of the subgenomic region just upstream of the 3" UTR, wherein the capsid is expressed in
an IRES-dependent manner and the envelope protein genes are expressed in a cap-dependent

manner.

22. A method of generating an attenuated, recombinant alphavirus incapable of infecting
mosquitoes, comprising: (i) inactivating the subgenomic promoter of an alphavirus; and (i)
cloning an encephalomyelocarditis virus (EMCV) internal ribosomal entry site (IRES) between
the end of nonstructural protein 4 (nsP4) coding sequence and initiating AUG of a subgenomic
RNA coding sequence of the aiphavirus wherein the IRES is capable of expression in

mammalian cells but not insect cells; and generating the live, attenuated, recombinant alphavirus.

23, The method of claim 22, wherein inactivating the subgenomic promoter comprises

introducing clustered point mutations o the nucleic acid sequence of the subgenomic promoter.

24. The method of claim 23, wherein the clustered point mutations include two or more
mutations at positions 5, 8, 11, 12, 14, 17, 20, 22, 24, 25, 26, 27, 28 of SEQ ID NO:1, 5°

cecccuauaacucucuacggeuaaccugaauggacuacg 37,

25, The method of claim 23 or 24, wherein the clustered point mutations do not modify the

amino acid sequence of the carboxy terminus of non-structural protein 4.
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