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FIG. 3A Serum from WT survivors rats
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FIG. 5
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FIG. 8

pRVS-GFPANSSs
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RECOMBINANT RIFT VALLEY FEVER
(RVF) VIRUSES AND METHODS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This is a divisional of U.S. application Ser. No. 12/809,
561, filed Jun. 18, 2010, issued as U.S. Pat. No. 8,673,629
on Mar. 18, 2014. which is the U.S. National Stage of
International Application No. PCT/US2008/087023, filed
Dec. 16, 2008, published in English under PCT Article
21(2), which claims the benefit of U.S. Provisional Appli-
cation No. 61/016,065, filed Dec. 21, 2007, and U.S. Pro-
visional Application No. 61/042,987, filed Apr. 7, 2008. All
of the above-listed applications are herein incorporated by
reference in their entirety.

FIELD

This disclosure concerns recombinant RVF viruses com-
prising deletions in viral virulence genes. These recombi-
nant viruses can be used as vaccines to prevent RVF virus
infection. This disclosure further relates to a reverse genetics
system 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
epizootics/epidemics of severe disease throughout its range
(Findlay et al., Lancet 11:1350-1351, 1931; Jouan et al., Res.
Virol. 140:175-186, 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 newborn animal
mortality approaching 100% among livestock, especially
sheep and cattle (Coetzer et al., J. Vet. Res. 49:11-17, 1982;
Easterday 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/aerosol 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 complications 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. Af#
Med. J. 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 subse-
quent initiation of an outbreak by transmission of virus to
livestock and humans via infected mosquito feeding (Lin-
thicum et al., Science 285:397-400, 1999; Swanepoel et al.,
Contributions to Epidemiology and Biostatistics 3:83-91,
1981). The association with abnormally heavy rains pro-
vides some ability to predict periods and regions of high
disease risk, which in turn provides a potential window of
opportunity for targeted vaccination programs if a safe,
inexpensive and highly efficacious single dose vaccine were
available.
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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 first time north of the Sahara desert where
an extremely large outbreak affecting more than 200,000
people occurred along the Nile River basin in Egypt (Mee-
gan et al., Contributions to Epidemiology and Biostatistics
3:100-113, 1981). 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. Virol. 140:175-186, 1989).
Later, the virus was isolated for the first 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. Wkiy. Rep. 49:982-5, 2000;
Centers for Disease Control and Prevention, Morb. Mortal.
Wikly. 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 Tanza-
nia (Anonymous, Morb. Mortal. Wkly. Rep. 56:73-76,
2007). The ability of RVF virus to cause explosive outbreaks
in previously unaffected regions accompanied by high mor-
bidity and mortality during RVF epizootics/epidemics high-
lights the importance of developing high throughput screen-
ing tools for potential antiviral therapeutic agents and the
development of safe and efficacious vaccines for this sig-
nificant 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 vacci-
nated 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 infection, comprising administering to the subject an
immunogenic composition disclosed herein. The immuno-
genic compositions 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 com-
prising 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 plas-
mids 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,
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such as a green fluorescent protein. Also provided are
isolated host cells comprising a collection of plasmids
provided herein.

Further provided is a method of preparing a recombinant
RVF wvirus for immunization of a subject, 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 super-
natant.

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 wvirus 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 recom-
binant 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 figures.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1A is a schematic depiction of the rRVF c¢cDNA
plasmid constructions used to generate the rRVF virus
stocks. FIG. 1B is a series of images showing direct live cell
UV 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
infection with rRVF-NSs-(Ala);GFP or rRVF-NSs(Ala)
10GFP viruses at an MOI of 1. Cells were fixed and stained
with monoclonal antibodies specific for eGFP, RVF NSs and
counterstained with DAPI to confirm intranuclear co-local-
ization of eGFP and NSs.

FIG. 2 is a graph showing the results of anti-RVF virus
total IgG adjusted SUM,,,, ELISA testing of all vaccinated
(40) and sham inoculated (5) control animals at day 26
post-immunization. A positive/negative cut-off value was
established as the mean+3 standard deviations of the sham
inoculated SUM,,, values (open circles-dashed line). §=Sig-
nificant differences between vaccinated and control groups
(p-value <0.05).

FIGS. 3A-3D are a series of images showing representa-
tive results of indirect fluorescent testing of serum collected
from (FIG. 3A) WF rats surviving challenge with RVF virus;
(FIG. 3B) vaccinated WF rats (day 26 post-vaccination);
(FIG. 3C) negative control sham inoculated rats (day 26
post-vaccination); and (FIG. 3D) naturally infected conva-
lescent livestock (goat) sera obtained during the RVF virus
outbreak in Saudi Arabia in 2000. The presence of anti-NP
antibodies (left panels) and anti-NSs antibodies (right pan-
els) is detected using Vero E6 cells expressing either NP or
NSs, respectively. To confirm intranuclear accumulation of
anti-NSs antibody, cells were counterstained with DAPIL.

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

FIG. 5 is a plasmid map of pRVS.

FIG. 6 is a plasmid map of pRVM.

FIG. 7 is a plasmid map of pRVL.
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FIG. 8 is a plasmid map of pRVS-GFPANSs.
FIG. 9 is a plasmid map of pPRVMANSm.

SEQUENCE LISTING

The nucleic and amino acid sequences listed in the
accompanying sequence listing are shown using standard
letter abbreviations for nucleotide bases, and three letter
code for amino acids, as defined 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 filed, created on Jan. 24, 2014,
58.9 KB. 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 GenBank 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 GenBank 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 GenBank Accession No. DQ375406 on Jan. 31, 2007.

SEQ ID NO: 4 is the nucleotide sequence of primer
RVS-35/Kpnl.

SEQ ID NO: 5
RVS+827/Bglll.

SEQ ID NO: 6
eGFP+1/Kpnl.

SEQ ID NO: 7
eGFP-720/BglIl.

SEQ ID NO: 8
RVS-829rev/Kpnl.

SEQ ID NO: 9 is the
NSsGFP+10Ala/Fwd.

SEQ ID NO: 10 is the nucleotide sequence of primer
NSsGFP+10Ala/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.

is the nucleotide sequence of primer

is the nucleotide sequence of primer

is the nucleotide sequence of primer

is the nucleotide sequence of primer

nucleotide sequence of primer

DETAILED DESCRIPTION
1. 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 Immunofluorescence assay

LD Lethal dose

MOI Multiplicity of infection

NP Nucleoprotein

NS Non-structural

OIE Office International des Epizooties

ORF Open reading frame

PFU Plaque-forming unit

PRNT Plaque reduction neutralization titers
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RNA Ribonucleic acid
RT-PCR Reverse transcriptase polymerase chain reaction
RVF Rift Valley fever
SQ Subcutaneously
USDA United States Department of Agriculture
WEF Wistar-furth
WOAH World Organization for Animal Health

II. Terms

Unless otherwise noted, technical terms are used accord-
ing to conventional usage. Definitions 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 specific terms
are provided:

Adjuvant: A substance or vehicle that non-specifically
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 emulsified in
mineral 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 U.S. 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).
Adjuvants also include biological molecules, such as
costimulatory molecules. Exemplary biological adjuvants
include 1L-2, RANTES, GM-CSF, TNF-q, IFN-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 accom-
plished by any of a number of routes, such as, for example,
topical, oral, subcutaneous, intramuscular, intraperitoneal,
intravenous, intrathecal and intramuscular.

Ambisense: Refers to a genome or genomic segments
having 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
category that includes, for example, mammals and bird.
Mammals include, but are not limited to, humans, non-
human primates, dogs, cats, horses, sheep and cows. The
term mammal includes both human and non-human mam-
mals.

Antibody: An immunoglobulin molecule produced by B
lymphoid cells with a specific amino acid sequence. Anti-
bodies are evoked in humans or other animals by a specific
antigen (immunogen). Antibodies are characterized by react-
ing specifically with the antigen in some demonstrable way,
antibody and antigen each being defined in terms of the
other. “Eliciting an antibody response” refers to the ability
of an antigen or other molecule to induce the production of
antibodies.
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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
absorbed into an animal. An antigen reacts with the products
of specific 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 attenu-
ated 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
(heterologous) 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 embodi-
ment, the host cell is a cell expressing the T7 polymerase,
such as, but not limited to BSR-T7/5 cells (Buchholz et al.,
J. Virol. 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 polymor-
phonucleocyte, 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 inflammation. 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 antibod-
ies 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 infec-
tious disease, such as by vaccination.
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Isolated: An “isolated” biological component (such as a
nucleic acid, protein or virus) has been substantially sepa-
rated or purified away from other biological components
(such as cell debris, or other proteins or nucleic acids).
Biological components that have been “isolated” include
those components purified by standard purification 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,
donkeys, 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
peptide.

Operably linked: A first nucleic acid sequence is operably
linked with a second nucleic acid sequence when the first
nucleic acid sequence is placed in a functional relationship
with the second nucleic acid sequence. For instance, a
promoter is operably linked to a coding sequence if the
promoter affects the transcription or expression of the cod-
ing 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 thera-
peutic compounds or molecules, such as one or more recom-
binant 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 inject-
able fluids that include pharmaceutically and physiologi-
cally acceptable fluids such as water, physiological saline,
balanced 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 carriers can include, for example, pharmaceutical
grades of mannitol, 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 emul-
sifying agents, preservatives, and pH buffering agents and
the like, for example sodium acetate or sorbitan monolau-
rate.

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-optical 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
modified sequences such as glycoproteins. The term “poly-
peptide” is specifically intended to cover naturally occurring
proteins, as well as those which are recombinantly or
synthetically produced. The term “residue” or “amino acid
residue” includes reference to an amino acid that is incor-
porated into a protein, polypeptide, or peptide.

20

25

30

35

40

45

50

55

60

65

8

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 significantly
changed by such substitutions. Examples of conservative
substitutions are shown below.

Original Residue Conservative 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
structure of the polypeptide backbone in the area of the
substitution, 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 pro-
duce the greatest changes in protein properties will be
non-conservative, for instance changes in which (a) a hydro-
philic residue, for example, seryl or threonyl, is substituted
for (or by) a hydrophobic residue, for example, leucyl,
isoleucyl, phenylalanyl, valyl or alanyl; (b) a cysteine or
proline is substituted for (or by) any other residue; (c) a
residue having an electropositive 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
symptoms 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 “constitu-
tive promoter” 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 regu-
lated by an external signal or molecule (for example, a
transcription factor). In one embodiment, the promoter is a
T7 promoter (from bacteriophage T7).

Purified: The term “purified” does not require absolute
purity; rather, it is intended as a relative term. Thus, for
example, a purified 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






