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(57) ABSTRACT 

Described herein are recombinant RVF viruses comprising 
deletions in one or more viral virulence genes, such as NSs 

and NSm. The recombinant RVF viruses, generated using a 
plasmid-based reverse genetics system, can be used as vac 
cines to prevent infection of RVF virus in livestock and 
humans. As described herein, the recombinant RVF viruses 
groW to high titers, provide protective immunity folloWing a 
single injection and alloW for the differentiation between 
vaccinated animals and animals infected With Wild-type RVF 
virus. 
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RECOMBINANT RIFT VALLEY FEVER (RVF) 
VIRUSES AND METHODS OF USE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This is the US. National Stage of International Application 
No. PCT/US2008/087023, ?led Dec. 16, 2008, Which Was 
published in English under PCT Article 21(2), Which claims 
the bene?t of US. Provisional Application No. 61/016,065, 
?led Dec. 21, 2007, and US. Provisional Application No. 
61/042,987, ?led Apr. 7, 2008, each of Which is herein incor 
porated by reference in their entirety. 

FIELD 

This disclosure concerns recombinant RVF viruses com 
prising deletions in viral virulence genes. These recombinant 
viruses can be used as vaccines to prevent RVF virus infec 
tion. This disclosure further relates to a reverse genetics sys 
tem used to generate recombinant RVF viruses. 

BACKGROUND 

Rift Valley fever (RVF) virus (family Bunyaviridae, genus 
Phlebovirus) is a mosquito-borne pathogen of both livestock 
and humans found throughout Africa and more recently the 
Arabian peninsula. Historically, RVF virus has been the cause 
of either loW-level endemic activity or large explosive epi 
zootics/epidemics of severe disease throughout its range 
(Findlay et al., Lancet ii: 1350-1351, 1931; Jouan et al., Res. 
Vll’Ol. 1402175-186, 1989; Ringot et al., Emerg. Infect. Dis. 
10:945-947, 2004; Woods et al., Emerg. Infect. Dis. 8: 138 
144, 2002). RVF outbreaks are characterized by economi 
cally disastrous “abortion storms” With neWbom animal mor 
tality approaching 100% among livestock, especially sheep 
and cattle (Coetzer et al., J. Vet. Res. 49:11-17, 1982; Easter 
day et al., Am. J. Vet. Res. 23:470-479, 1962; Rippy et al., Vet. 
Pathol. 29:495-502, 1992). 
Human infections typically occur either from an infected 

mosquito bite, percutaneous/aero sol exposure during the 
slaughter of infected animals, or via contact With aborted fetal 
materials. Human RVF disease is primarily a self-limiting 
febrile illness that in a small percentage (about 1-2%) of cases 
can progress to more serious and potentially lethal complica 
tions including hepatitis, delayed onset encephalitis, retinitis, 
blindness, or a hemorrhagic syndrome With a hospitalized 
case fatality of 10-20% (Madani et al., Clin. Infect. Dis. 
37:1084-1092, 2003; McIntosh et al., S. Afr Med. .1. 58:03 
806, 1980). Excessively heavy rainfall in semi-arid regions 
often precedes large periodic outbreaks of RVF virus activity, 
alloWing for the abundant emergence of transovarially 
infected Aedes spp. mosquitoes and subsequent initiation of 
an outbreak by transmission of virus to livestock and humans 
via infected mosquito feeding (Linthicum et al., Science 285: 
397-400, 1999; SWanepoel et al., Contributions to Epidemi 
ology and Biostatistics 3:83-91, 1981). The association With 
abnormally heavy rains provides some ability to predict peri 
ods and regions of high disease risk, Which in turn provides a 
potential WindoW of opportunity for targeted vaccination pro 
grams if a safe, inexpensive and highly ef?cacious single dose 
vaccine Were available. 

The ability of RVF virus to cross international and geo 
graphic boundaries and strain veterinary and public health 
infrastructures is Well documented. In 1977, RVF virus Was 
reported for the ?rst time north of the Sahara desert Where an 
extremely large outbreak affecting more than 200,000 people 
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2 
occurred along the Nile River basin in Egypt (Meegan et al., 
Contributions to Epidemiology and Biostatistics 3:100-113, 
198 1 ). Approximately ten years later in 1987, a large outbreak 
occurred in Western Africa along the border of Mauritania and 
Senegal affecting an estimated 89,000 individuals (Jouan et 
al., Res. Vli’Ol. 140:175-186, 1989). Later, the virus Was iso 
lated for the ?rst time outside of Africa (across the Red sea) in 
Saudi Arabia and Yemen and Was found to be the cause of a 

large epizootic/epidemic in 2000 With an estimated 2000 
human cases and 245 deaths (Anonymous, Morb. Mortal. 
Wkly. Rep. 49:982-5, 2000; Centers for Disease Control and 
Prevention, Morb. Mortal. Wkly. Rep. 49:1065-1066, 2000; 
Shoemaker et al., Emerg. Infect. Dis. 8:1415-1420, 2002). 
Most recently, in late 2006 to early 2007, folloWing heavy 

rainfall in eastern Africa, RVF virus emerged as the cause of 
a Widespread outbreak that eventually resulted in 1062 
reported human cases and 315 reported deaths. Associated 
With the outbreak Were substantial economic losses among 
livestock in southern Somalia, Kenya, and northern Tanzania 
(Anonymous, Morb. Mortal. Wkly. Rep. 56:73-76, 2007). The 
ability of RVF virus to cause explosive outbreaks in previ 
ously unaffected regions accompanied by high morbidity and 
mortality during RVF epizootics/epidemics highlights the 
importance of developing high throughput screening tools for 
potential antiviral therapeutic agents and the development of 
safe and e?icacious vaccines for this signi?cant veterinary 
and public health threat. 

SUMMARY 

Disclosed are RVF viruses that are highly attenuated, 
immunogenic and contain precise molecular markers alloW 
ing for the differentiation of naturally infected and vaccinated 
animals (DIVA). Provided herein are recombinant RVF 
viruses, Wherein the genome of the recombinant RVF viruses 
comprise (i) a full-length L segment; (ii) a full-length M 
segment or an M segment comprising a complete deletion of 
the NSm open reading frame (ORF); and (iii) an S segment 
comprising a complete deletion of the NSs ORF. In one 
embodiment, the NSs ORF of the recombinant RVF virus is 
replaced by the ORF of a reporter gene. 

Also provided are immunogenic compositions comprising 
one or more of the recombinant RVF viruses described herein 

and a pharmaceutically acceptable carrier. Further provided is 
a method of immunizing a subject against RVF virus infec 
tion, comprising administering to the subject an immuno 
genic composition disclosed herein. The immunogenic com 
positions can be used for vaccination of livestock or humans. 

Further provided is a collection of plasmids comprising (i) 
a plasmid encoding a full-length anti-genomic copy of the L 
segment of RVF virus; (ii) a plasmid encoding a full-length 
anti-genomic copy of the M segment of RVF virus, or an 
anti-genomic copy of the M segment of RVF virus compris 
ing a complete deletion of the NSm ORF; and (iii) a plasmid 
encoding an anti-genomic copy of the S segment of RVF 
virus, Wherein the S segment comprises a complete deletion 
of the NSs ORF. In some embodiments, the plasmids further 
comprise a T7 promoter and a hepatitis delta virus ribozyme. 
In one example, the NSs ORF of the S segment plasmid is 
replaced by the ORF of a reporter gene, such as a green 
?uorescent protein. Also provided are isolated host cells com 
prising a collection of plasmids provided herein. 

Further provided is a method of preparing a recombinant 
RVF virus for immunization of a subject, comprising (i) 
transfecting cultured cells With the collection of plasmids 
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described herein; (ii) incubating the cells for 1 to 5 days; and 
(iii) collecting recombinant RVF virus from the cell superna 
tant. 

Also provided are recombinant RVF viruses, Wherein the 
genome of the recombinant RVF viruses comprise a full 
length L segment, a full-length M segment and a full-length S 
segment, Wherein the S segment further encodes the ORF of 
a reporter gene. 
A reverse genetics system for producing recombinant RVF 

virus is also provided. The reverse genetics system consists of 
three plasmids, a plasmid that encodes an anti-genomic copy 
of an S segment, a plasmid that encodes an M segment and a 
plasmid that encodes an L segment of RVF virus, Wherein 
each plasmid comprises a T7 promoter and a hepatitis delta 
virus riboZyme. Further provided are recombinant RVF 
viruses produced using the reverse genetics system described 
herein. 

The foregoing and other features and advantages Will 
become more apparent from the following detailed descrip 
tion of several embodiments, Which proceeds With reference 
to the accompanying ?gures. 

BRIEF DESCRIPTION OF THE FIGURES 

FIG. 1A is a schematic depiction of the rRVF cDNA plas 
mid constructions used to generate the rRVF virus stocks. 
FIG. 1B is a series of images shoWing direct live cell LTV 
imaging of Vero E6 cells 24 hours after infection With each 
recombinant rRVF virus (expressing eGFP). FIG. 1C is a 
series of images shoWing Vero E6 cells 24 hours after infec 
tion With rRVF-NSs-(Ala)3GFP or rRVF-NSs(Ala) 1OGFP 
viruses at an MOI of 1. Cells Were ?xed and stained With 
monoclonal antibodies speci?c for eGFP, RVF NSs and coun 
terstained With DAPI to con?rm intranuclear co-localiZation 
of eGFP and NSs. 

FIG. 2 is a graph shoWing the results of anti-RVF virus total 
IgG adjusted SUMOD ELISA testing of all vaccinated (40) 
and sham inoculated (5) control animals at day 26 post 
immuniZation. A positive/negative cut-off value Was estab 
lished as the mean+3 standard deviations of the sham inocu 
lated SUMOD values (open circles-dashed line). 
§:Signi?cant differences betWeen vaccinated and control 
groups (p-value <0.05). 

FIGS. 3A-3D are a series of images shoWing representative 
results of indirect ?uorescent testing of serum collected from 
(A) WF rats surviving challenge With RVF virus; (B) vacci 
nated WF rats (day 26 post-vaccination); (C) negative control 
sham inoculated rats (day 26 post-vaccination); and (D) natu 
rally infected convalescent livestock (goat) sera obtained dur 
ing the RVF virus outbreak in Saudi Arabia in 2000. The 
presence of anti-NP antibodies (left panels) and anti-NSs 
antibodies (right panels) is detected using Vero E6 cells 
expressing either NP or NSs, respectively. To con?rm intra 
nuclear accumulation of anti-NSs antibody, cells Were coun 
terstained With DAPI. 

FIGS. 4A and 4B are tables shoWing data obtained from a 
vaccination pilot study (A) and challenge study (B). 

FIG. 5 is a plasmid map of pRVS. 
FIG. 6 is a plasmid map of pRVM. 
FIG. 7 is a plasmid map of pRVL. 
FIG. 8 is a plasmid map of pRVS-GFPANSs. 
FIG. 9 is a plasmid map of pRVMANSm. 

SEQUENCE LISTING 

The nucleic and amino acid sequences listed in the accom 
panying sequence listing are shoWn using standard letter 
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4 
abbreviations for nucleotide bases, and three letter code for 
amino acids, as de?ned in 37 C.F.R. 1.822. Only one strand of 
each nucleic acid sequence is shoWn, but the complementary 
strand is understood as included by any reference to the 
displayed strand. The Sequence Listing is submitted as an 
ASCII text ?le, created on Jun. 18, 2010, 60.26 kB, Which is 
incorporated by reference herein. In the accompanying 
sequence listing: 
SEQ ID NO: 1 is the nucleotide sequence of the S segment 

of Wild-type RVF virus strain ZH501, deposited under Gen 
bank Accession No. DQ380149 on Jan. 31, 2007. 
SEQ ID NO: 2 is the nucleotide sequence of the M segment 

of Wild-type RVF virus strain ZH501, deposited under Gen 
bank Accession No. DQ380200 on Jan. 31, 2007. 
SEQ ID NO: 3 is the nucleotide sequence of the L segment 

of Wild-type RVF virus strain ZH501, deposited under Gen 
bank Accession No. DQ375406 on Jan. 31, 2007. 
SEQ ID NO: 4 is the nucleotide sequence of primer RVS 

35/ KpnI. 
SEQ ID NO: 5 is the nucleotide sequence of primer RVS+ 

827/BglII. 
SEQ ID NO: 6 is the nucleotide sequence of primer eGFP+ 

l/KpnI. 
SEQ ID NO: 7 is the nucleotide sequence of primer eGFP 

720/BglII. 
SEQ ID NO: 8 is the nucleotide sequence of primer RVS 

829rev/KpnI. 
SEQ ID NO: 9 is the nucleotide sequence of primer NSs 

GFP+ 1 0Ala/ Fwd. 

SEQ ID NO: 10 is the nucleotide sequence of primer NSs 
GFP+ 1 0Ala/ Rev. 

SEQ ID NO: 11 is the nucleotide sequence of plasmid 
pRVS. 
SEQ ID NO: 12 is the nucleotide sequence of plasmid 

pRVM. 
SEQ ID NO: 13 is the nucleotide sequence of plasmid 

pRVL. 
SEQ ID NO: 14 is the nucleotide sequence of plasmid 

pRVS-GFPANSs. 
SEQ ID NO: 15 is the nucleotide sequence of the plasmid 

pRVMANSm. 

DETAILED DESCRIPTION 

I. Abbreviations 

BSL Bio-safety level 
CPE Cytopathic effect 
DIVA Differentiation of naturally infected and vaccinated animals 
eGFP Enhanced green fluorescent protein 
HRP Horseradish peroxidase 
IFA Irnrnuno?uorescence assay 
LD Lethal dose 
MOI Multiplicity of infection 
NP Nucleoprotein 
NS Non-structural 
OIE Oi?ce International des Epizooties 
ORF Open reading frame 
PFU Plaque-forming unit 
PRNT Plaque reduction neutralization titers 
RNA Ribonucleic acid 
RT-PCR Reverse transcriptase polymerase chain reaction 
RVF Rift Valley fever 
SQ Subcutaneously 
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USDA United States Department of Agriculture 
WF Wistar-furth 
WOAH World Organization for Animal Health 

II. Terms 

Unless otherwise noted, technical terms are used according 
to conventional usage. De?nitions of common terms in 

molecular biology may be found in Benjamin Lewin, Genes 
V, published by Oxford University Press, 1994 (ISBN 0-19 
854287-9); Kendrew et al. (eds.), The Encyclopedia of 
Molecular Biology, published by Blackwell Science Ltd., 
1994 (ISBN 0-632-02182-9); and Robert A. Meyers (ed.), 
Molecular Biology and Biotechnology: a Comprehensive 
Desk Reference, published by VCH Publishers, Inc., 1995 
(ISBN 1-56081-569-8). 

In order to facilitate review of the various embodiments of 
the disclosure, the following explanations of speci?c terms 
are provided: 

Adjuvant: A substance or vehicle that non-speci?cally 
enhances the immune response to an antigen. Adjuvants can 
include a suspension of minerals (alum, aluminum hydrox 
ide, or phosphate) on which antigen is adsorbed; or water-in 
oil emulsion in which antigen solution is emulsi?ed in min 
eral oil (for example, Freund’s incomplete adjuvant), 
sometimes with the inclusion of killed mycobacteria (Fre 
und’s complete adjuvant) to further enhance antigenicity 
Immunostimulatory oligonucleotides (such as those includ 
ing a CpG motif) can also be used as adjuvants (for example, 
see US. Pat. Nos. 6,194,388; 6,207,646; 6,214,806; 6,218, 
371; 6,239,116; 6,339,068; 6,406,705; and 6,429,199). Adju 
vants also include biological molecules, such as costimula 
tory molecules. Exemplary biological adj uvants include IL-2, 
RANTES, GM-CSF, TNF-ot, INF-y, G-CSF, LFA-3, CD72, 
B7-1, B7-2, OX-40L and 41 BBL. 

Administer: As used herein, administering a composition 
to a subject means to give, apply or bring the composition into 
contact with the subject. Administration can be accomplished 
by any of a number of routes, such as, for example, topical, 
oral, subcutaneous, intramuscular, intraperitoneal, intrave 
nous, intrathecal and intramuscular. 

Ambisense: Refers to a genome or genomic segments hav 
ing both positive sense and negative sense portions. For 
example, the S segment of a Phlebovirus, such as Rift Valley 
fever virus, is ambisense, encoding nucleoprotein (NP) in the 
negative sense and the non-structural protein (NSs) in the 
positive sense. 

Animal: Living multi-cellular vertebrate organisms, a cat 
egory that includes, for example, mammals and bird. Mam 
mals include, but are not limited to, humans, non-human 
primates, dogs, cats, horses, sheep and cows. The term mam 
mal includes both human and non-human mammals. 

Antibody: An immunoglobulin molecule produced by B 
lymphoid cells with a speci?c amino acid sequence. Antibod 
ies are evoked in humans or other animals by a speci?c 
antigen (immunogen). Antibodies are characterized by react 
ing speci?cally with the antigen in some demonstrable way, 
antibody and antigen each being de?ned in terms of the other. 
“Eliciting an antibody response” refers to the ability of an 
antigen or other molecule to induce the production of anti 
bodies. 

Antigen: A compound, composition, or substance that can 
stimulate the production of antibodies or a T-cell response in 
an animal, including compositions that are injected or 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

6 
absorbed into an animal. An antigen reacts with the products 
of speci?c humoral or cellular immunity, including those 
induced by heterologous immunogens. In one embodiment, 
an antigen is a RVF virus antigen. 

Anti-genomic: As used herein, “anti-genomic” refers to a 
genomic segment of a virus that encodes a protein in the 
orientation opposite to the viral genome. For example, Rift 
valley fever virus is a negative-sense RNA virus. However, 
the S segment is ambisense, encoding proteins in both the 
positive-sense and negative-sense orientations. “Anti-ge 
nomic” refers to the positive-sense orientation, while 
“genomic” refers to the negative-sense orientation. 

Attenuated: In the context of a live virus, the virus is 
attenuated if its ability to infect a cell or subject and/or its 
ability to produce disease is reduced (for example, elimi 
nated) compared to a wild-type virus. Typically, an attenuated 
virus retains at least some capacity to elicit an immune 
response following administration to an immunocompetent 
subject. In some cases, an attenuated virus is capable of 
eliciting a protective immune response without causing any 
signs or symptoms of infection. In some embodiments, the 
ability of an attenuated virus to cause disease in a subject is 
reduced at least about 10%, at least about 25%, at least about 
50%, at least about 75% or at least about 90% relative to 
wild-type virus. 

Fusion protein: A protein generated by expression of a 
nucleic acid sequence engineered from nucleic acid 
sequences encoding at least a portion of two different (heter 
ologous) proteins. To create a fusion protein, the nucleic acid 
sequences must be in the same reading frame and contain to 
internal stop codons. 

Hepatitis delta virus ribozyme: A non-coding, catalytic 
RNA from the hepatitis delta virus. RiboZymes catalyZe the 
hydrolysis of their own phosphodiester bonds or those of 
other RNA molecules. 

Host cell: In the context of the present disclosure, a “host 
cell” is a cell of use with the RVF virus reverse genetics 
systems described herein. A suitable host cell is one that is 
capable of transfection with and expression of the plasmids of 
the RVF virus reverse genetics system. In one embodiment, 
the host cell is a cell expressing the T7 polymerase, such as, 
but not limited to BSR-T7/ 5 cells (BuchholZ et al., J. Vli’Ol. 
73(1):251-259, 1999). 
Immune response: A response of a cell of the immune 

system, such as a B-cell, T-cell, macrophage or polymorpho 
nucleocyte, to a stimulus such as an antigen. An immune 
response can include any cell of the body involved in a host 
defense response, including for example, an epithelial cell 
that secretes an interferon or a cytokine. An immune response 
includes, but is not limited to, an innate immune response or 
in?ammation. As used herein, a protective immune response 
refers to an immune response that protects a subject from 
infection (prevents infection or prevents the development of 
disease associated with infection). 
Immunogen: A compound, composition, or substance 

which is capable, under appropriate conditions, of stimulat 
ing an immune response, such as the production of antibodies 
or a T-cell response in an animal, including compositions that 
are injected or absorbed into an animal. As used herein, as 
“immunogenic composition” is a composition comprising an 
immunogen. 

ImmuniZe: To render a subject protected from an infectious 
disease, such as by vaccination. 

Isolated: An “isolated” biological component (such as a 
nucleic acid, protein or virus) has been substantially sepa 
rated or puri?ed away from other biological components 
(such as cell debris, or other proteins or nucleic acids). Bio 
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logical components that have been “isolated” include those 
components puri?ed by standard puri?cation methods. The 
term also embraces recombinant nucleic acids, proteins or 
viruses, as Well as chemically synthesized nucleic acids or 
peptides. 

Linker: One or more amino acids that serve as a spacer 

betWeen tWo polypeptides of a fusion protein. 
Livestock: Domesticated animals reared in an agricultural 

setting as a source of food or to provide labor. The term 
“livestock” includes, but is not limited to, cattle, deer, don 
keys, goats, horses, mules, rabbits and sheep. 
ORF (open reading frame): A series of nucleotide triplets 

(codons) coding for amino acids Without any termination 
codons. These sequences are usually translatable into a pep 
tide. 

Operably linked: A ?rst nucleic acid sequence is operably 
linked With a second nucleic acid sequence When the ?rst 
nucleic acid sequence is placed in a functional relationship 
With the second nucleic acid sequence. For instance, a pro 
moter is operably linked to a coding sequence if the promoter 
affects the transcription or expression of the coding sequence. 
Generally, operably linked DNA sequences are contiguous 
and, Where necessary to join tWo protein-coding regions, in 
the same reading frame. 

Pharmaceutically acceptable vehicles: The pharmaceuti 
cally acceptable carriers (vehicles) useful in this disclosure 
are conventional. Remington ’s Pharmaceutical Sciences, by 
E. W. Martin, Mack Publishing Co., Easton, Pa., 15th Edition 
(1975), describes compositions and formulations suitable for 
pharmaceutical delivery of one or more therapeutic com 
pounds or molecules, such as one or more recombinant RVF 

viruses, and additional pharmaceutical agents. 
In general, the nature of the carrier Will depend on the 

particular mode of administration being employed. For 
instance, parenteral formulations usually comprise injectable 
?uids that include pharmaceutically and physiologically 
acceptable ?uids such as Water, physiological saline, bal 
anced salt solutions, aqueous dextrose, glycerol or the like as 
a vehicle. For solid compositions (for example, poWder, pill, 
tablet, or capsule forms), conventional non-toxic solid cani 
ers can include, for example, pharmaceutical grades of man 
nitol, lactose, starch, or magnesium stearate. In addition to 
biologically-neutral carriers, pharmaceutical compositions to 
be administered can contain minor amounts of non-toxic 
auxiliary substances, such as Wetting or emulsifying agents, 
preservatives, and pH buffering agents and the like, for 
example sodium acetate or sorbitan monolaurate. 

Plasmid: A circular nucleic acid molecule capable of 
autonomous replication in a host cell. 

Polypeptide: A polymer in Which the monomers are amino 
acid residues Which are joined together through amide bonds. 
When the amino acids are alpha-amino acids, either the L-op 
tical isomer or the D-optical isomer can be used. The terms 
“polypeptide” or “protein” as used herein are intended to 
encompass any amino acid sequence and include modi?ed 
sequences such as glycoproteins. The term “polypeptide” is 
speci?cally intended to cover naturally occurring proteins, as 
Well as those Which are recombinantly or synthetically pro 
duced. The term “residue” or “amino acid residue” includes 
reference to an amino acid that is incorporated into a protein, 
polypeptide, or peptide. 

Conservative amino acid substitutions are those substitu 
tions that, When made, least interfere With the properties of 
the original protein, that is, the structure and especially the 
function of the protein is conserved and not signi?cantly 
changed by such substitutions. Examples of conservative 
substitutions are shoWn beloW. 
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Original Conservative 
Residue Substitutions 

Ala Ser 
Arg Lys 
Asn Gln, His 
Asp Glu 
Cys Ser 
Gln Asn 
Glu Asp 
His Asn; Gln 
Ile Leu, Val 
Leu Ile; Val 
Lys Arg; Gln; Glu 
Met Leu; Ile 
Phe Met; Leu; Tyr 
Ser Thr 
Thr Ser 
Trp Tyr 
Tyr Trp; Phe 
Val Ile; Leu 

Conservative substitutions generally maintain (a) the struc 
ture of the polypeptide backbone in the area of the substitu 
tion, for example, as a sheet or helical conformation, (b) the 
charge or hydrophobicity of the molecule at the target site, or 
(c) the bulk of the side chain. 
The substitutions Which in general are expected to produce 

the greatest changes in protein properties Will be non-conser 
vative, for instance changes in Which (a) a hydrophilic resi 
due, for example, seryl or threonyl, is substituted for (or by) a 
hydrophobic residue, for example, leucyl, isoleucyl, pheny 
lalanyl, valyl or alanyl; (b) a cysteine or proline is substituted 
for (or by) any other residue; (c) a residue having an electrop 
ositive side chain, for example, lysyl, arginyl, or histadyl, is 
substituted for (or by) an electronegative residue, for 
example, glutamyl or aspartyl; or (d) a residue having a bulky 
side chain, for example, phenylalanine, is substituted for (or 
by) one not having a side chain, for example, glycine. 

Preventing, treating or ameliorating a disease: “Prevent 
ing” a disease refers to inhibiting the full development of a 
disease. “Treating” refers to a therapeutic intervention that 
ameliorates a sign or symptom of a disease or pathological 
condition after it has begun to develop. “Ameliorating” refers 
to the reduction in the number or severity of signs or symp 
toms of a disease. 

Promoter: A promoter is an array of nucleic acid control 
sequences Which direct transcription of a nucleic acid. A 
promoter includes necessary nucleic acid sequences near the 
start site of transcription. A promoter also optionally includes 
distal enhancer or repressor elements. A “constitutive pro 
moter” is a promoter that is continuously active and is not 
subject to regulation by external signals or molecules. In 
contrast, the activity of an “inducible promoter” is regulated 
by an external signal or molecule (for example, a transcrip 
tion factor). In one embodiment, the promoter is a T7 pro 
moter (from bacteriophage T7). 

Puri?ed: The term “puri?ed” does not require absolute 
purity; rather, it is intended as a relative term. Thus, for 
example, a puri?ed peptide, protein, virus, or other active 
compound is one that is isolated in Whole or in part from 
naturally associated proteins and other contaminants. In cer 
tain embodiments, the term “substantially puri?ed” refers to 
a peptide, protein, virus or other active compound that has 
been isolated from a cell, cell culture medium, or other crude 
preparation and subjected to fractionation to remove various 
components of the initial preparation, such as proteins, cel 
lular debris, and other components. 
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Recombinant: A recombinant nucleic acid, protein or virus 
is one that has a sequence that is not naturally occurring or has 
a sequence that is made by an arti?cial combination of tWo 
otherWise separated segments of sequence. This arti?cial 
combination is often accomplished by chemical synthesis or, 
more commonly, by the arti?cial manipulation of isolated 
segments of nucleic acids, for example, by genetic engineer 
ing techniques. In one embodiment, recombinant RVF virus 
is generated using the reverse genetics system described 
herein. In some examples, the recombinant RVF viruses com 
prise one or more deletions in a viral virulence factor, such as 
NSs and/or NSm. In other examples, the recombinant RVF 
viruses comprise a heterologous gene, such as a reporter 
gene. 

Reporter gene: A reporter gene is a gene operably linked to 
another gene or nucleic acid sequence of interest (such as a 
promoter sequence). Reporter genes are used to determine 
Whether the gene or nucleic acid of interest is expressed in a 
cell or has been activated in a cell. Reporter genes typically 
have easily identi?able characteristics, such as ?uorescence, 
or easily assayed products, such as an enZyme. Reporter 
genes can also confer antibiotic resistance to a host cell or 

tissue. Reporter genes include, for example, GFP (or eGFP) 
or other ?uorescence genes, luciferase, [3-galactosidase and 
alkaline phosphatase. 

Reverse genetics: Refers to the process of introducing 
mutations (such as deletions, insertions or point mutations) 
into the genome of an organism or virus in order to determine 
the phenotypic effect of the mutation. For example, introduc 
tion of a mutation in a speci?c viral gene enables one to 
determine the function of the gene. 

Rift Valley fever (RVF) virus: A virus belonging to the 
family Bunyaviridae and genus Phlebovirus. RVF virus has a 
single-stranded, negative-sense genome composed of three 
genome segments, S, M and L. The S segment is an ambisense 
genome segment, meaning it encodes proteins in both the 
positive-sense and negative-sense orientations. The RVF 
virus genome encodes both structural and non-structural pro 
teins. A “structural” protein is a protein found in the virus 
particle, Whereas a “non-structural” protein is only expressed 
in a virus-infected cell. RVF virus structural proteins include 
nucleoprotein (NP or N, used interchangeably), tWo glyco 
proteins (Gn and Ge) and the viral RNA-dependent RNA 
polymerase (L protein). Non-structural RVF virus proteins 
include NSs, NSm and the NSm+Gn fusion protein. As used 
herein, a “full-length” RVF virus genome segment is one 
containing no deletions. Full-length genome segments can 
contain mutations or substitutions, but retain the same length 
as the Wild-type virus. A “complete deletion” of an ORF of a 
RVF virus genome segment means either every nucleotide 
encoding the ORF is deleted from genome segment, or nearly 
every nucleotide encoding the ORF is deleted such that no 
proteins are translated from the ORF. Thus, a “complete dele 
tion” includes genome segments retaining up to ten nucle 
otides encoding the ORF, such as one, tWo, three, four, ?ve, 
six, seven, eight, nine or ten nucleotides. In otherA number of 
RVF virus strains have been identi?ed. In one embodiment 
described herein, the RVF virus strain is ZH501. 
As used herein, plasmids encoding full-length RVF virus 

S, M and L genome segments are referred to as pRVS, pRVM, 
and pRVL, respectively. The S segment plasmid containing 
the eGFP ORF in place of the complete NSs ORF is referred 
to as pRVS-GFPANSs. The M segment plasmid containing a 
complete deletion of the NSm ORF is referred to as pRVM 
ANSm. The recombinant RVF viruses based upon the ZH501 
genome that are generated using reverse genetics are referred 
to as either rRVF or rZH501. For example, recombinant RVF 
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virus generated using the pRVS-GFPANSs plasmid (and 
Wild-type M and L plasmids), is referred to as rRVF-ANSs: 
GFP or rZH501-ANSs:GFP. Similarly, recombinant RVF 
virus generated using the pRVS-GFPANSs plasmid and 
pRVM-ANSm plasmid (and Wild-type L plasmid), referred to 
as rRVF-ANSs:GFP-ANSm or rZH501-ANSs:GFP-ANSm. 

Recombinant RVF virus comprising Wild-type M and L seg 
ments, and an S segment encoding an NSs-eGFP fusion pro 
tein With a three alanine residue linker, is referred to as rRVF 

NSs(Ala)3GFP or rZH501-NSs(Ala)3GFP). If the fusion 
protein comprises a ten alanine residue linker, the recombi 
nant virus is referred to as rRVF-NSs(Ala)1OGFP or rZH501 

NSs(Ala) 1OGFP. 
Sequence identity: The similarity betWeen amino acid or 

nucleic acid sequences is expressed in terms of the similarity 
betWeen the sequences, otherWise referred to as sequence 
identity. Sequence identity is frequently measured in terms of 
percentage identity (or similarity or homology); the higher 
the percentage, the more similar the tWo sequences are. 
Homologs or variants of a given gene or protein Will possess 
a relatively high degree of sequence identity When aligned 
using standard methods. 

Methods of alignment of sequences for comparison are 
Well knoWn in the art. Various programs and alignment algo 
rithms are described in: Smith and Waterman, Adv. Appl. 
Math. 2:482, 1981; Needleman and Wunsch, J. Mol. Biol. 
48:443, 1970; Pearson and Lipman, Proc. Natl. Acad. Sci. 
USA. 85:2444, 1988; Higgins and Sharp, Gene 73:237-244, 
1988; Higgins and Sharp, CABIOS 5:151-153, 1989; Comet 
et al., Nucleic Acids Research 16:10881-10890, 1988; and 
Pearson and Lipman, Proc. Natl. Acad. Sci. USA. 85:2444, 
1988. Altschul et al., Nature Genet. 6:119-129, 1994. 
The NCBI Basic Local Alignment Search Tool (BLASTM) 

(Altschul et al., J. Mol. Biol. 215:403-410, 1990) is available 
from several sources, including the National Center for Bio 
technology Information (NCBI, Bethesda, Md.) and on the 
Internet, for use in connection With the sequence analysis 
programs blastp, blastn, blastx, tblastn and tblastx. 

Subject: Living multi-cellular vertebrate organisms, a cat 
egory that includes both human and non-human mammals. 
Subjects include veterinary subjects, including livestock such 
as coWs and sheep, and non-human primates. 

Therapeutically effective amount: A quantity of a speci?ed 
agent su?icient to achieve a desired effect in a subject being 
treated With that agent. For example, this may be the amount 
of a recombinant RVF virus useful for eliciting an immune 
response in a subject and/ or for preventing infection by RVF 
virus. Ideally, in the context of the present disclosure, a thera 
peutically effective amount of a recombinant RVF virus is an 
amount suf?cient to increase resistance to, prevent, amelio 
rate, and/or treat infection caused by RVF virus in a subject 
Without causing a substantial cytotoxic effect in the subject. 
The effective amount of a recombinant RVF virus useful for 
increasing resistance to, preventing, ameliorating, and/or 
treating infection in a subject Will be dependent on, for 
example, the subject being treated, the manner of admini stra 
tion of the therapeutic composition and other factors. 

Transformed: A transformed cell is a cell into Which has 
been introduced a nucleic acid molecule by molecular biol 
ogy techniques. As used herein, the term transformation 
encompasses all techniques by Which a nucleic acid molecule 
might be introduced into such a cell, including transfection 
With viral vectors, transformation With plasmid vectors, and 
introduction of naked DNA by electroporation, lipofection, 
and particle gun acceleration. 

Vaccine: A preparation of immunogenic material capable 
of stimulating an immune response, administered for the 
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prevention, amelioration, or treatment of infectious or other 
types of disease. The immunogenic material may include 
attenuated or killed microorganisms (such as attenuated 
viruses), or antigenic proteins, peptides or DNA derived from 
them. Vaccines may elicit both prophylactic (preventative) 
and therapeutic responses. Methods of administration vary 
according to the vaccine, but may include inoculation, inges 
tion, inhalation or other forms of administration. Inoculations 
can be delivered by any of a number of routes, including 
parenteral, such as intravenous, subcutaneous or intramuscu 
lar. Vaccines may be administered With an adjuvant to boost 
the immune response. 

Unless otherWise explained, all technical and scienti?c 
terms used herein have the same meaning as commonly 
understood by one of ordinary skill in the art to Which this 
disclosure belongs. The singular terms “a,” “an,” and “the” 
include plural referents unless context clearly indicates oth 
erWise. Similarly, the Word “or” is intended to include “and” 
unless the context clearly indicates otherWise. Hence “com 
prising A or B” means including A, or B, or A and B. It is 
further to be understood that all base siZes or amino acid siZes, 
and all molecular Weight or molecular mass values, given for 
nucleic acids or polypeptides are approximate, and are pro 
vided for description. Although methods and materials simi 
lar or equivalent to those described herein can be used in the 
practice or testing of the present disclosure, suitable methods 
and materials are described beloW. All publications, patent 
applications, patents, and other references mentioned herein 
are incorporated by reference in their entirety. In case of 
con?ict, the present speci?cation, including explanations of 
terms, Will control. In addition, the materials, methods, and 
examples are illustrative only and not intended to be limiting. 

III. OvervieW of Several Embodiments 

Disclosed herein are RVF virus vaccine candidates that are 
highly attenuated, immunogenic and contain precise molecu 
lar markers alloWing for the differentiation of naturally 
infected and vaccinated animals (DIVA). The recombinant 
RVF viruses described herein, Which in some embodiments 
contain complete deletions of one or both of the major virus 
virulence factors, NSs and NSm, are highly attenuated in 
vivo, induce robust anti-RVF antibody responses, provide 
protection from virulent virus challenge and alloW for the 
assessment of vaccination status in animals on the basis of 
NSs/NP serology. Further provided are recombinant RVF 
viruses comprising a reporter moiety, such as eGFP, Which 
have a variety of applications, including as live virus research 
tools that can be useful for the rapid screening of antiviral 
therapeutic compounds. 

Provided herein are recombinant RVF viruses, Wherein the 
genome of the recombinant RVF viruses comprise (i) a full 
length L segment; (ii) a full-length M segment or an M seg 
ment comprising a complete deletion of the NSm open read 
ing frame (ORF); and (iii) an S segment comprising a 
complete deletion of the N Ss ORF. In one embodiment, the 
NSs ORF of the recombinant RVF virus is replaced by the 
ORF of a reporter gene. Reporter genes include, but are not 
limited to genes encoding ?uorescent proteins, enZymes or 
antibiotic resistance. Any gene that produces a protein With a 
functional readout can be used as the reporter gene. In one 
example, the reporter gene is a green ?uorescent protein 
(GFP), such as enhanced GFP (eGFP). 
The genome of the recombinant RVF viruses provided 

herein can be derived from any strain or variant of RVF virus. 
In some embodiments, the genome is derived from ZH501, 
ZH548, SA75 or SPB 9800523. In a preferred embodiment, 
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12 
the genome is derived from RVF virus strain ZH501. The 
sequences of the S, M and L segments of the ZH501 strain are 
deposited under GenBank Accession Nos. DQ380149 (SEQ 
ID NO: 1), DQ380200 (SEQ ID NO: 2) and DQ375406 (SEQ 
ID NO: 3), respectively. The nucleotide sequences of the S, M 
and L segments need not be 100% identical to the sequences 
provided herein. In some examples, the S, M and L segments 
are at least 80%, at least 85%, at least 90%, at least 95%, or at 
least 99% identical to a knoWn or disclosed RVF virus S, M or 

L segment, such as the S, M and L segments set forth as SEQ 
ID NO: 1, SEQ ID NO: 2 and SEQ ID NO: 3, respectively. 

Also provided are immunogenic compositions comprising 
the recombinant RVF viruses described herein and a pharma 
ceutically acceptable carrier. Suitable pharmaceutical cani 
ers are described herein and are Well knoWn in the art. The 

pharmaceutical carrier used depends on a variety of factors, 
including the route of administration. In one embodiment, the 
immunogenic composition further comprises an adjuvant. 
The adj uvant can be any sub stance that improves the immune 
response to the recombinant RVF virus. 

Further provided is a method of immunizing a subject 
against RVF virus infection, comprising administering to the 
subject an immunogenic composition disclosed herein. In 
one embodiment, the subject is livestock. Livestock includes, 
but is not limited to sheep and cattle. In another embodiment, 
the subject is a human. In one example, the immunogenic 
composition is administered in a single dose. In another 
embodiment, the immunogenic composition is administered 
in multiple doses, such as tWo, three or four doses. When 
administered in multiple doses, the time period betWeen 
doses can vary. In some cases, the time period is days, Weeks 
or months. The immunogenic composition can be adminis 
tered using any suitable route of administration. Generally, 
the recombinant RVF viruses are administered parenterally, 
such as intramuscularly, intravenously or subcutaneously. 

Further provided is a collection of plasmids comprising (i) 
a plasmid encoding a full-length anti-genomic copy of the L 
segment of RVF virus; (ii) a plasmid encoding a full-length 
anti-genomic copy of the M segment of RVF virus, or an 
anti-genomic copy of the M segment of RVF virus compris 
ing a complete deletion of the NSm ORF; and (iii) a plasmid 
encoding an anti-genomic copy of the S segment of RVF 
virus, Wherein the S segment comprises a complete deletion 
of the NSs ORF. In some embodiments, the plasmids further 
comprise a T7 promoter and a hepatitis delta virus riboZyme. 
In one example, the NSs ORF of the S segment plasmid is 
replaced by the ORF of a reporter gene. In one example, the 
reporter gene is green ?uorescent protein. In some embodi 
ments, the RVF virus is ZH501. 

In one embodiment, the nucleotide sequence of the S seg 
ment plasmid is at least 95% identical to the nucleotide 
sequence of SEQ ID NO: 14. In particular examples, the 
nucleotide sequence of the S segment plasmid comprises the 
nucleotide sequence of SEQ ID NO: 14. In another embodi 
ment, the nucleotide sequence of the M segment plasmid is at 
least 95% identical to the nucleotide sequence of SEQ ID NO: 
12. In particular examples, the nucleotide sequence of the M 
segment plasmid comprises the nucleotide sequence of SEQ 
ID NO: 12. In another embodiment, the nucleotide sequence 
of the M segment plasmid is at least 95% identical to the 
nucleotide sequence of SEQ ID NO: 15. In particular 
examples, the nucleotide sequence of the M segment plasmid 
comprises the nucleotide sequence of SEQ ID NO: 15. In 
another embodiment, the nucleotide sequence of the L seg 
ment plasmid is at least 95% identical to the nucleotide 
sequence of SEQ ID NO: 13. In particular examples, the 
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nucleotide sequence of the L segment plasmid comprises the 
nucleotide sequence of SEQ ID NO: 13. 

Also provided are isolated host cells comprising the col 
lection of plasmids provided herein. In one embodiment, the 
cells express T7 polymerase. 

Further provided is a method of preparing a recombinant 
RVF virus for immunization of a subj ect, comprising (i) 
transfecting cultured cells With the collection of plasmids 
described herein; (ii) incubating the cells for 1 to 5 days; and 
(iii) collecting recombinant RVF virus from the cell superna 
tant. In one embodiment, the cells express T7 polymerase. 

Further provided are recombinant RVF viruses, Wherein 
the genome of the recombinant RVF viruses comprise a full 
length L segment, a full-length M segment and a full-length S 
segment, Wherein the S segment further encodes the ORF of 
a reporter gene. In one embodiment, the S segment encodes a 
NSs-reporter gene fusion protein. In one aspect, the reporter 
gene is fused to the C-terminus of NSs. In some examples, the 
fusion protein further comprises a linker. The linker can be 
any suitable combination of one or more amino acids. In one 

embodiment, the linker comprises 3 to 10 alanine residues. In 
another embodiment, the reporter gene is GFP. 

Also provided herein is a reverse genetics system for pro 
ducing recombinant RVF virus. The reverse genetics system 
consists of three plasmids, Wherein a ?rst plasmid encodes an 
anti-genomic copy of a S segment, a second plasmid encodes 
an anti-genomic copy of a M segment and a third plasmid 
encodes an anti-genomic copy of a L segment of RVF virus, 
and Wherein each plasmid comprises a T7 promoter and a 
hepatitis delta virus riboZyme. In some embodiments, the 
RVF virus is ZH501. In some embodiments, the S, M and L 
segments are Wild-type S, M and L segments. In another 
embodiment, the S segment comprises a deletion of the NSs 
ORF. In another embodiment, the M segment comprises a 
deletion of the NSm ORF. In another embodiment, the S 
segment comprises a deletion of the NSs ORF and the M 
segment comprises a deletion of the NSm ORF. 

In one embodiment, the nucleotide sequence of the S seg 
ment plasmid is at least 95% identical to the nucleotide 
sequence of SEQ ID NO: 11. In particular examples, the 
nucleotide sequence of the S segment plasmid comprises the 
nucleotide sequence of SEQ ID NO: 11. In another embodi 
ment, the nucleotide sequence of the S segment plasmid is at 
least 95% identical to the nucleotide sequence of SEQ ID NO: 
14. In particular examples, the nucleotide sequence of the S 
segment plasmid comprises the nucleotide sequence of SEQ 
ID NO: 14. In another embodiment, the nucleotide sequence 
of the M segment plasmid is at least 95% identical to the 
nucleotide sequence of SEQ ID NO: 12. In particular 
examples, the nucleotide sequence of the M segment plasmid 
comprises the nucleotide sequence of SEQ ID NO: 12. In 
another embodiment, the nucleotide sequence of the M seg 
ment plasmid is at least 95% identical to the nucleotide 
sequence of SEQ ID NO: 15. In particular examples, the 
nucleotide sequence of the M segment plasmid comprises the 
nucleotide sequence of SEQ ID NO: 15. In another embodi 
ment, the nucleotide sequence of the L segment plasmid is at 
least 95% identical to the nucleotide sequence of SEQ ID NO: 
13. In particular examples, the nucleotide sequence of the L 
segment plasmid comprises the nucleotide sequence of SEQ 
ID NO: 13. 

Typically, the three plasmids are transfected simulta 
neously into cells expressing T7 polymerase. After a su?i 
cient period of time to alloW for production of recombinant 
virus, such as about 1 to about 5 days, recombinant RVF virus 
is collected from the cell supernatant. 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

14 
Further provided are recombinant RVF viruses produced 

using the reverse genetics system described herein. In some 
examples, the recombinant RVF viruses comprise a deletion 
in one or more viral virulence factors. In one embodiment, the 
recombinant viruses comprise a complete deletion of the NSs 
ORF. In another embodiment, the recombinant viruses com 
prise a complete deletion of the NSm ORF. In yet another 
embodiment, the recombinant viruses comprise a deletion in 
both the NSs and NSm ORFs. The recombinant RVF viruses 
can be used for both research and therapeutic purposes. For 
example, the recombinant RVF viruses described herein are 
suitable for use as vaccines to prevent, treat or ameliorate 
RVF virus infection in livestock and humans. 

IV. Rift Valley Fever Virus Genome and Encoded 
Proteins 

Like other members of the genus Phlebovirus, RVF virus 
has a negative-sense, single-stranded tripartite RNA genome 
composed of the S, M and L segments (Schmaljohn, and 
Hooper, Bunyaviridae: The Viruses and their Replication In 
Fields’ Virology, Lippincott Williams & Wilkins, Philadel 
phia, Pa., 2001). The small (S) segment (about 1.6 kB) 
encodes, in an ambisense fashion, the virus nucleoprotein 
(NP) in the genomic (—) orientation, and the non-structural 
(N Ss) protein in the anti-genomic (+) orientation (Albarino et 
al., J. Wrol. 81:5246-5256, 2007). The medium (M) segment 
(about 3 .8 kB) encodes a least four nested proteins in a single 
ORF, including tWo structural glycoproteins, Gn and Ge, and 
tWo nonstructural proteins, the 14 kD NSm and a 78 kD 
NSm+Gn fusion (Gerrard et al., Virology 359:459-465, 2007; 
Gerrard and Nichol, Virology 357:124-133, 2007). The M 
segment contains ?ve conserved in-frame AUG-methionine 
start codons Within the NSm protein coding region at anti 
genomic sense positions 21, 135, 174, 411 and 426. Alternate 
utiliZation of the AUGs at positions 21 or 135 results in 
expression of the 14 kDa NSm protein and the 78 kD NSm+ 
Gn fusion protein (SuZich et al., J. l/zrol. 64: 1 549-1 555, 1990, 
Gerrard and Nichol, Wrology 357:124-133, 2007). The large 
(L) segment (about 6.4 kB) encodes the viral RNA-dependent 
RNA polymerase (L protein). 
RVF virus NP and L proteins are required for viral RNA 

synthesis (Ikegami et al., J. l/zrol. 79:5606-5615, 2005; LopeZ 
et al., J l/zrol. 69:3972-3979, 1995). Gn and Gc are believed 
to mediate binding to an as yet unidenti?ed receptor. The 
78kD NSm+Gn fusion protein has been reported to be dis 
pensable for viral replication in cell culture (Won et al., J. 
I/zrol. 80:8274-8278, 2006). 
Both nonstructural genes (N Ss and NSm) have been 

reported to function as virus virulence factors and deterrni 
nants of mammalian host pathogenesis (Bird et al., Wrology 
362:10-15, 2007; Vialat et al., J. I/zrol. 74:1538-1543, 2000; 
Won et al., J. Wrol. 24: 13335-13345, 2007). NSs mediates the 
pan-doWnregulation of mRNA production by inhibition of 
RNA polymerase II activity (Billecocq et al., J. l/zrol. 
78:9798-9806, 2004; Le May etal., Cell 116:541-550, 2004). 
Via this mechanism, the NSs protein performs a critical role 
in mammalian host pathogenesis by indirectly disrupting the 
host cell antiviral response (Bouloy et al., J. Wrol, 75: 1371 
1377,2001; Muller et al., Am. J. Trop. Med. Hyg. 53:405-411, 
1995; Vialat et al., J I/zrol. 74:1538-1543, 2000). 

Studies of the non-structural gene located on the RVF virus 
M segment (N Sm) indicate it is dispensable for ef?cient RVF 
virus groWth in both IFN-competent and IFN-de?cient cell 
culture (Gerrard et al., Wrology 359:459-465, 2007; Won et 
al., J. Wrol. 80:8274-8278, 2006). HoWever, further Work 
utiliZing a highly sensitive animal model revealed that recom 
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binant RVF virus lacking the entire NSm coding region 
(rRVF -ANSm) Was attenuated yet retained the ability to cause 
either acute-onset lethal hepatic necrosis or delayed-onset 
lethal neurologic disease in a minority (44%) of animals (Bird 
et al., Wralogy 362110-15, 2007). Other studies have shoWn 
that NSm functions as a virus virulence factor by suppressing 
the host cell apoptotic pathWay folloWing infection (Won et 
al., J. Vil’Ol. 24113335-13345, 2007). 

V. Reverse Genetics System for RVF Virus 

The ability to generate recombinant viruses containing 
selected mutations and/ or deletions is a poWerful tool for the 
development of virus vaccines. Reverse genetics systems 
have been described for a feW viruses of the Bunyaviridae 
family, including Bunyamvera virus (Bridgen and Elliott, 
Prac. Natl. Acad. Sci. USA 93115400-15404, 1996) and La 
Crosse virus (Blakqori and Weber, J. Vii’Ol. 79110420-10428, 
2005). Recently, a reverse genetics system for a vaccine strain 
(MP-12) of RVF virus Was reported (U.S. Pre-Grant Publica 
tion No. 2007/0122431, herein incorporated by reference). 

The recombinant RVF viruses described herein are gener 
ated using an optimiZed reverse genetics system capable of 
rapidly generating Wild-type and mutant viruses (Bird et al., 
Wrology 362110-15, 2007; Gerrard et al., Wralogy 3591459 
465, 2007, each of Which is herein incorporated by reference). 
The RVF virus reverse genetics system is a T7 RNA poly 
merase-driven plasmid-based genetic system based on the 
genome of the virulent RVF virus Egyptian isolate ZH501. 
This system, described in detail in Bird et al. (Wrology 362: 
10-15, 12007) and in the Examples beloW, includes three 
plasmids expressing anti-genomic copies of the S, M and L 
segments of ZH501 . As used herein, the plasmids are referred 
to as the pRVS, pRVM and pRVL plasmids, respectively. 

Rescue of recombinant viruses is accomplished by simul 
taneous transfection of the three anti-genomic sense plasmids 
into cells stably expressing T7 polymerase (for example, 
BSR-T7/5 cells). The genome segments of each plasmid are 
?anked by a T7 promoter, Which enables generation of the 
primary RNA transcript, and the hepatitis delta virus 
riboZyme, Which removes extraneous nucleotides from the 3' 
end of the primary transcriptional products. The T7 RNA 
polymerase generated transcripts are identical copies of the 
RVF virus genome segments, With the exception of an extra G 
nucleotide on the 5' end derived from the T7 promoter. When 
expressed in transfected host cells, the pRVS, pRVM and 
pRVL plasmids generate anti-genomic sense copies of the S, 
M and L segments, respectively. 

In one embodiment, the recombinant RVF viruses are gen 
erated using an S-segment plasmid that comprises a deletion 
in the NSs gene. In one example, the deletion is a deletion of 
the entire NSs ORF. In one aspect, the NSs ORF is replaced by 
the eGFP ORF. In another embodiment, the recombinant RVF 
viruses are generated using an S-segment plasmid comprising 
a deletion in the NSs gene and an M-segment plasmid com 
prising a deletion in the NSm ORF. In one example, the 
deletion is a deletion of the entire NSm ORF. In another 
embodiment, the recombinant RVF viruses are generated 
using full-length S, M and L plasmids, Wherein one of the 
plasmids further encodes eGFP. In one example, the eGFP 
ORF is encoded by the S plasmid as a NSs-eGFP fusion 
protein. 

VI. Use of Recombinant RVF Viruses 

Recombinant RVF viruses generated using the reverse 
genetics system described herein can be used for both 
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research and therapeutic purposes. Using this system, recom 
binant RVF viruses can be generated that contain precisely 
de?ned deletions of major virus virulence factors on one or 
more genome segments. For example, viruses can be produce 
that contain deletions of NSs and/or NSm. Accordingly, such 
recombinant RVF viruses can be used as vaccines to prevent 
infection of livestock and humans With Wild-type RVF virus. 
The recombinant RVF viruses described herein can also be 
used as live-virus research tools, particularly those viruses 
that incorporate reporter genes, for instance a ?uorescent 
protein such as GFP. For example, these viruses can be used 
for high-throughput screening of antiviral compounds in 
vitro. 

Efforts to prevent RVF virus infection via vaccination 
began shortly after the ?rst isolation of the virus in 1931 
(Findlay and Daubney, Lancet ii11350-1351, 1931). These 
earliest vaccines (MacKenZie, J Pathol. Baclerol. 40:65-73, 
1 935) and several that folloWed, including the currently avail 
able TSI-GSD-200 preparation, relied on formalin inactiva 
tion of live Wild-type virus (Pittman et al., Vaccine 181181 
189, 1999; Randall et al., J. Immunol. 891660-671, 1962). 
While capable of eliciting protective immune responses 
among livestock and humans, these inactivated vaccines typi 
cally require a series of 2 or 3 initial inoculations, folloWed by 
regular booster vaccinations to achieve and maintain protec 
tion (Pittman et al., Vaccine 181181-189, 1999; SWanepoel et 
al., “RiftValley fever” in Infectious Diseases of livestock With 
special reference to South Africa, pages 688-717, Oxford 
university Press, Cape ToWn). HoWever, multiple dosing and 
annual vaccination regimens are logistically dif?cult to 
implement and expensive to maintain, and thus are of limited 
practical value in resource-poor settings, especially in regard 
to control of RVF virus infection in livestock in enZootic 
settings. In addition, there have been problems in the past 
With quality control and “inactivated” vaccines causing dis 
ease. 

In an effort to eliminate the necessity of booster inocula 
tions, several live-attenuated vaccine candidates Were devel 
oped for RVF virus With some, such as the Smithburn neuro 
tropic strain, being employed in Africa. These vaccine 
candidates have relied upon the random introduction of 
attenuating mutations via serial passage in suckling mouse 
brain or tissue culture, in vitro passage in the presence of 
chemical mutagens, such as 5-?uorouracil, or as naturally 
occurring virus isolates (such as the Smithburn neurotropic 
strain, the Kenyan-IB8 strains, MP-12, or the Clone 13 iso 
late) (Caplen et al., J. Gen. Wrol. 6612271 -2277, 1985; Coack 
ley, J Pathol. Bacterial. 891123-131, 1965; Moussa et al.,Am. 
J. Trap. Med. Hyg. 351660-662, 1986; Muller et al., Am J. 
Trop. Med. Hyg. 531405-411, 1995; Rossi and Turell,J. Gen. 
Vil’Ol. 691817-823, 1988; Smithburn, Br. J. Exp. Pathol. 3011 
1 6, 1 949). 
Due to the technical limitations of these procedures, and 

the lack of complete genome sequence for many of the his 
torically derived RVF virus vaccines, the exact underlying 
molecular mechanisms of attenuation for many of these live 
attenuated RVF virus vaccines is either unknoWn (Smithbum 
neurotropic strain or Kenyan-IB8) or reliant on the combina 
torial effects of multiple nucleotide or amino acid substitu 
tions (MP-12) (SaluZZo and Smith, Vaccine 81369-375, 1990; 
Takehara et al., Wralogy 1691452-457, 1989). Experimental 
and ?eld experience With existing live-attenuated RVF virus 
vaccines demonstrated that in certain instances these vaccines 
retain the ability to cause teratogenic effects, abortion, and 
neural pathology in livestock or animal models. Thus, Wide 
spread use of these live-attenuated vaccines is problematic, 
especially in non-endemic areas, or during inter-epiZootic/ 
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epidemic periods (Hunter et al., Onderstepaart J Vet. Res. 
69:95-98, 2002; Morrill et al., Am. J. Vet. Res. 58: 1 104-1 109, 
1997; Morrill et al., Am. J. Vet. Res. 58:1110-1114, 1997; 
Morrill and Peters, Vaccine 21:2994-3002, 2003). 

While useful in many situations, several distinct disadvan 
tages exist among live attenuated RNA virus vaccines pre 
pared by the traditional techniques discussed above. Live 
attenuated vaccines reliant on single or multiple nucleotide 
substitutions are at increased risk for reversion to virulent 
phenotypes due to the inherently high rate of viral RNA 
polymerase errors. The loss of attenuation via this mechanism 
among livestock and human live vaccines has been docu 
mented (Berkhout et al., J Wral. 73:1138-1145, 1999; Catelli 
et al., Vaccine 24:6476-6482, 2006; Halstead et al., Am. J. 
Trap. Med. Hyg. 33:672-678, 1984; Hopkins andYoder, Avian 
Dis. 30:221-223, 1986; Rahimi et al., J. Clin. Wral. 39:304 
307, 2007). 

The potential for a similar reversion event among live RVF 
virus vaccines dependent on attenuating nucleotide mutation 
Was illustrated by recent gcnomic analyses of RVF virus that 
revealed an overall molecular evolution rate (~2.5><10_4 
nucleotide substitutions/site/year) similar to other single 
stranded RNA viruses (Bird et al., J Vii’Ol. 81:2805-2816, 
2007). Due to error-prone polymerases, live-attenuated RNA 
virus vaccines prepared by multiple serial passage techniques 
involved in virus attenuation inherently consist of a complex 
mixture of genomic micro-variants. In contrast, the origin of 
reverse genetics derived virus vaccine candidates is advanta 
geous in that vaccine stocks can be generated directly or 
folloWing limited ampli?cation steps from precisely de?ned 
DNA plasmids. This approach alloWs for the simple produc 
tion of virus vaccines following good manufacturing pro 
cesses (GMP) With higher levels of genetic homogeneity. 

Another signi?cant draWback of all previously generated 
live-attenuated RVF virus vaccines is that they do not alloW 
for differentiation of naturally infected from vaccinated ani 
mals (DIVA). This ability is important to augment efforts to 
contain an accidental or intentional release of Wild-type RVF 
virus in previously unaffected areas (Henderson, Bialagicals 
33:203-209, 2005). As a high consequence pathogen, RVF 
virus has been classi?ed as a category A Select Agent as 
de?ned by the United States Department of Health and 
Human Services and the United States Department of Agri 
culture (USDA), and is listed as a high consequence agent 
With potential for international spread (List A) by the O?ice 
International des EpiZooties (OIE) (Le May et al., Cell 116: 
541-550, 2004) of the World Organization for Animal Health 
(WOAH), thus greatly increasing the consequences for inter 
national livestock trade folloWing the introduction of RVF 
virus into previously unaffected countries or epiZootics in 
enZootic areas (USDA, 7 CFR Part 331 and 9 CFR Part 121, 
Federal Register RIN 0579-AB47: 13241 -13292, 2005). Cur 
rently, OIE regulations require surveillance and absence of 
RVF virus activity for 2 years folloWing an outbreak before 
resumption of disease free status and the subsequent easing of 
import/export trade restrictions (International Of?ce of Epi 
Zootics, Terrestrial Animal Health Code, XI:2.2. 14.1, 2007). 
The use of any current commercially available livestock vac 
cines does not permit the differentiation of vaccinated from 
naturally infected livestock, thus contraindicating the use of 
prophylactic vaccination in countries Wishing to retain dis 
ease free status, or in those With ongoing/endemic RVF virus 
activity. 

Thus, disclosed herein are infectious recombinant RVF 
viruses, generated using reverse genetics, containing either 
complete deletions of major virus virulence factors, NSs 
(rZH501-ANSs:GFP) or NSs and NSm (rZH501-ANSs:GFP 
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ANSm), Which confer attenuated phenotypes in vivo, and 
Which alloW for the serologic differentiation of naturally 
infected and vaccinated animals by presence/absence of anti 
RVF NP/anti-RVF NSs antibodies. As described herein, in 
vivo testing of these recombinant RVF (rRVF) viruses dem 
onstrated that they Were highly immunogenic and ef?cacious 
in the prevention of severe RVF virus disease and lethality 
(FIG. 2 and FIG. 4). In an initial pilot study, animals devel 
oped high end-point titers (21:400) of total anti-RVF virus 
IgG by day 21 post-vaccination that Were signi?cantly higher 
than sham inoculated controls (p-value <0.05, Table 1). At no 
observed time point post-vaccination did any animal develop 
disease symptoms or vaccine virus induced viremia (FIG. 4). 

Additional testing in a larger folloW-up study con?rmed 
these results With the majority of animals generating robust 
total anti-RVF IgG responses With typical titers 21:6400 by 
day 26 post-vaccination. As With the pilot study, no vaccine 
virus induced viremia Was detected. The immunologic 
response generated in the ANSs/ANSm virus vaccinated ani 
mals Was signi?cantly higher than controls (p-value <0.05) 
and Was su?icient to confer complete protection from both 
clinical illness and lethality in 100% of vaccinated animals 
given a knoWn lethal challenge dose of Wild-type RVF virus 
(FIG. 4). 

Direct comparisons of the level of protective immunity 
(PRNT5O or total IgG) titers With previous studies utiliZing 
other RVF virus vaccines are dif?cult due to vaccine used and 
species level differences in immunity. HoWever, earlier stud 
ies utiliZing the 3 dose regimen (day 0, 7 and 28) of inacti 
vated TSI-GSD-200 vaccine in the WP rat model demon 
strated protective ef?cacy against virulent virus challenge at 
PRNT8O titers >1:40 (Anderson et al., Vaccine 9:710-714, 
1991). Later, a large retrospective analysis of human volun 
teers (n:598), receiving the same recommended 3-dose regi 
men of this inactivated vaccine Were found to develop mean 

PRNT8O titers of 1:237 (Pittman et al., Vaccine 18:181-189, 
1999). Additionally, a large study of the pathogenesis and 
neurovirulence of the live-attenuated MP-12 vaccine in 
rhesus macaques demonstrated PRNT8O titers among vacci 
nated animals of 21:640 (Morrill and Peters, Vaccine 
21 :2994-3002, 2003). As described herein, inoculation With a 
single dose of the recombinant RVF viruses resulted in mean 
PRNT5O titers ranging from 1:640 to 1:7040, indicating that 
the level of neutraliZing antibody is similar to or greater than 
that demonstrated in earlier RVF vaccine studies using mul 
tiple doses in animal model systems or among human volun 
teers. 

Thus, the enhanced safety, attenuation, and reduced possi 
bility of reversion to full virulence (via either RVF virus 
polymerase nucleotide substitution or gene segment reassort 
ment With ?eld-strains) afforded by the double genetic dele 
tions of the entire RVF virus NSs and NSm genes, does not 
diminish overall vaccine e?icacy. A high level of protective 
immunity Was induced by a single dose of the rRVF viruses 
disclosed herein, With 37 of 40 total vaccinated animals 
developing a potentially sterilizing immunity as determined 
by the lack of any detectable post-challenge viremia (FIG. 4). 
As described herein, animals immuniZed With either 

recombinant RVF virus do not have detectable anti-NSs anti 
bodies. Thus, given the high-level anti-NSs antibody in sur 
vivor control animals, DIVA Will be possible among animals 
immuniZed With these candidate vaccines based on the pres 
ence/absence of anti-NSs antibody (FIGS. 3A-C). Anti-NSs 
antibodies have also been detected in the serum of naturally 
infected convalescent livestock obtained during the outbreak 
in Saudi Arabia in 2000 (FIG. 3D), and in humans. Therefore, 
the use of these recombinant RVF viruses, combined With the 




























































