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FIG. 2
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FIG. 3
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1
PAN-LYSSAVIRUS VACCINES AGAINST
RABIES

CROSS REFERENCE TO RELATED
APPLICATIONS

This is the U.S. National Stage of International Application
No. PCT/US2011/041579, filed Jun. 23, 2011, published in
English under PCT Article 21(2), which claims the benefit of
U.S. Provisional Application No. 61/358,288, filed Jun. 24,
2010, which is herein incorporated by reference in its entirety.

FIELD

This disclosure concerns recombinant rabies viruses and
their use as pan-/yssavirus vaccines for protection against
lyssavirus infections.

BACKGROUND

The genus Lyssavirus is a member of the Rhabdoviridae
family within the order Mononegavirales (viruses with a
single-stranded, negative sense genome). Lyssaviruses are
the etiological agents of rabies encephalitis in warm-blooded
animals and humans (Tordo et al., “Lyssaviruses™ In Fauquet
et al. eds. Virus taxonomy: the classification and nomencla-
ture of viruses. The 8" Report of the International Committee
on Taxonomy of Viruses. San Diego: Oxford Academic, 2006,
pages 623-629; World Health Organization Expert Consulta-
tion on Rabies, 5-8 Oct. 2004, first report, World Health
Organization Technical report series 931, Geneva: World
Health Organization, 2005, pages 15-19). Lyssavirus species
include rabies virus (RABV; genotype 1), Lagos bat virus
(LBV; genotype 2), Mokola virus (MOKYV; genotype 3),
Duvenhage virus (DUVV; genotype 4), European bat lyssavi-
rus-1 (EBLV-1; genotype 5), European bat lyssavirus-2
(EBLV-2; genotype 6), Australian bat lyssavirus (ABLV;
genotype 7) and four additional species isolated from bats in
central Asia and Russia (Aravan virus—ARAV; Khujand
virus—KHUV; Irkut virus—IRKYV; and West Caucasian bat
virus—WCBYV) (Kuzmin et al., Emerg. Infect. Dis. 14(12):
1887-1889, 2008; Weyer et al., Epidemiol. Infect. 136:670-
678, 2007; Kuzmin and Rupprecht, “Bat rabies” In Rabies,
2"? Edition, New York, Academic Press, 2007, pages 259-
307, Jackson and Wunner, eds.).

Based on phylogeny, immunogenicity and virulence of
lyssavirus isolates, two [yssavirus phylogroups have been
proposed (Badrane et al., J. Virol. 75:3268-3276, 2001). The
division into phylogroups generally correlates with the pat-
tern of vaccine cross-protection observed for lyssaviruses
(Badrane et al., J. Virol. 75:3268-3276, 2001; Hanlon et al.,
Virus Res. 111:44-54, 2005; Nel et al., Expert Rev. Vaccines
4:553-540, 2005). Phylogroup 1 includes genotypes 1,4, 5, 6
and 7, as well as ARAV, KHUV and IRKV (Kuzmin et al.,
Virus Res. 97:65-79, 2003; Kuzmin et al., Virus Res. 111:28-
43, 2005; Hanlon et al., Virus Res. 111:44-54, 2005). Cur-
rently available commercial vaccines and biologicals are con-
sidered to be effective against infections of viruses from this
phylogroup (Nel et al., Expert Rev. Vaccines 4:553-540,
2005). However, these vaccines and biologics for rabies do
not offer full protection against infection with viruses outside
of lyssavirus phylogroup 1 (i.e., genotypes 2 and 3). In addi-
tion, WCBYV is recognized as the most divergent lyssavirus
and exhibits limited relatedness to genotype 2 and 3 viruses.
Previous studies have demonstrated little or no cross-neutral-
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2
ization of anti-RABV sera with WCBV (Botvinkin et al.,
Emerg. Infect. Dis. 9:1623-1625, 2003; Hanlon et al., Virus
Res. 111:44-54,2005).
Thus, a need exists to develop a rabies vaccine that can
protect against a broad spectrum of lyssaviruses, particularly
WCBYV and lyssaviruses of genotypes 2 and 3.

SUMMARY

Disclosed herein are recombinant rabies viruses having
glycoprotein genes from at least two different lyssaviruses.
The disclosed viruses can be used as pan-lyssavirus vaccines
to provide protection against infection by multiple genotypes
of lyssavirus.

Provided herein are recombinant rabies viruses. In some
embodiments, the genome of the recombinant rabies virus
includes rabies virus nucleoprotein (N), phosphoprotein (P),
matrix protein (M), RNA-dependent RNA polymerase (L)
and glycoprotein (G) genes and at least one, at least two or at
least three different heterologous lyssavirus glycoprotein
genes. In some embodiments, the lyssavirus is selected from
LBV, MOKYV, DUVV, EBLV-1, EBLV-2, ABLV, ARAYV,
KHUYV, IRKV and WCBV. In particular embodiments, the
lyssavirus is selected from LBV, MOKYV and WCBV.

Further provided is a vector comprising a full-length rabies
virus antigenomic DNA. In some embodiments, the antige-
nomic DNA includes rabies virus N, P, M, L and G genes, and
the vector further includes at least one, at least two, or at least
three different heterologous /yssavirus G genes. Also pro-
vided are cells comprising a rabies virus vector described
herein.

Also provided are compositions comprising one or more
recombinant rabies viruses described herein and a pharma-
ceutically acceptable carrier. Methods of eliciting an immune
response in a subject against /yssavirus by administering to
the subject one or more of the recombinant rabies viruses
disclosed herein is further provided.

The foregoing and other objects, features, and advantages
of' the invention will become more apparent from the follow-
ing detailed description, which proceeds with reference to the
accompanying figures.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1A: Schematic illustration of the ERA transcription
plasmid. Positions of the hammerhead ribozymes and antige-
nomic ERA genome are indicated graphically. Relative posi-
tions of the N, P, M G and L proteins are shown ina 5'to 3'
direction.

FIG. 1B: Schematic diagram of the construction of the
full-length ERA rabies virus genomic cDNA plasmid pTMF.
RT-PCR products F1 and F2 fragments, and restriction
enzyme recognition sites (Nhel, Kpnl, Blp1, Pst1 and Not1)
are shown. RdRz-hammerhead and HDVRz-hepatitis delta
virus ribozymes are indicated. The diamond symbols indicate
that Kpn1 or Pstl sites were deleted, and the vertical arrows
indicate that Nhel or Notl sites were left intact.

FIG. 2: Schematic illustration of the proposed mechanism
of NLST7 RNA polymerase autogene action by pNLST7
plasmids. The DNA-transfection reagent complex is taken
into cells by endocytosis. The majority of the DNA released
from lysosomes and endosomes is retained in the cell cyto-
plasm. A limited amount of plasmid is transferred to the
nucleus: 1) through a CMV immediate early promoter, the
NLST7 gene is transcribed by cellular RNA polymerase I1; 2)
mature NLST7 mRNA is transported from the nucleus to the
cytoplasm for NLST7 RNA polymerase synthesis; 3) newly
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synthesized NLST7 RNA polymerase is translocated to the
nucleus, while a trace amount of NLLST7 remains in the cyto-
plasm; and 4) NLST7 RNA polymerase initiates transcription
through a pT7 promoter. By posttranscriptional modifica-
tions, additional NLST7 mRNA is produced for protein syn-
thesis, thus increasing virus recovery efficiency.

FIG. 3: Schematic diagram of ten derivative ERA virus
genomes. The size of each gene is not drawn to scale. Symbol
“* denotes mutations of G at amino acid residue 333 (re-
ferred to herein as G333) and “W” indicates the Psi-region.

FIG. 4: Schematic of the construction of ERA-3G. The
(G333 mutation is introduced into the ERA backbone and two
transcriptional (trans) units are added. The transcriptional
units are introduced between the P and M genes and between
the G and L. genes. The MOKV and WCBV G genes are
cloned into the transcriptional units to form a recombinant
ERA rabies virus with three glycoprotein genes (ERA-3G).

FIG. 5: Schematic of the construction of ERA-4G. The
G333 mutation is introduced into the ERA backbone and
three transcriptional (trans) units are added. The transcrip-
tional units are introduced between the N and P genes,
between the P and M genes, and between the G and L. genes.
The LBV, MOKYV and WCBYV G genes are cloned into the
transcriptional units to form a recombinant ERA rabies virus
with four glycoprotein genes (ERA-4G).

SEQUENCE LISTING

The nucleic and amino acid sequences listed in the accom-
panying 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 file, created on Dec. 20, 2012, 135 KB, which is
incorporated by reference herein. In the accompanying
sequence listing:

SEQ ID NO: 1 is the nucleotide sequence of recombinant
rabies virus ERA recovered by reverse genetics. Nucleotides
4370-4372 of the recombinant virus have been changed (rela-
tive to the wild-type virus) from aga to gag, which introduces
an Arg to Glu amino acid change in the G protein at residue
333.

SEQ ID NO: 2 is the amino acid sequence of the rabies
virus ERA N protein.

SEQ ID NO: 3 is the amino acid sequence of the rabies
virus ERA P protein.

SEQ ID NO: 4 is the amino acid sequence of the rabies
virus ERA M protein.

SEQ ID NO: 5 is the amino acid sequence of the rabies
virus ERA G protein mutated at amino acid position 333
(from Arg to Glu).

SEQ ID NO: 6 is the amino acid sequence of the rabies
virus ERA L protein.

SEQ ID NO: 7 is the amino acid sequence of the wild-type
rabies virus ERA G protein.

SEQ ID NOs: 8-11 are the nucleotide sequences of RT-
PCR primers for amplification of full-length rabies virus
genomic cDNA.

SEQID NOs: 12-15 are oligonucleotide sequences used to
synthesize hammerhead and hepatitis delta virus ribozymes.

SEQ ID NOs: 16-40 are the nucleotide sequences of PCR
primers.

SEQ ID NOs: 41 and 42 are the nucleotide sequences of
transcription units for incorporating heterologous ORFs.
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4

SEQ ID NOs: 43 and 44 are the nucleotide sequences of
RT-PCR primers for amplification of the MOKV G gene.

SEQ ID NOs: 45 and 46 are the nucleotide sequences of
RT-PCR primers for amplification of the WCBV G gene.

SEQ ID NOs: 47 and 48 are the nucleotide and amino acid
sequences, respectively, of MOKV G.

SEQ ID NOs: 49 and 50 are the nucleotide and amino acid
sequences, respectively, of WCBV G.

SEQ ID NOs: 51 and 52 are the nucleotide sequences of
RT-PCR primers for amplification of the LBV G gene.

SEQ ID NOs: 53 and 54 are the nucleotide and amino acid
sequences, respectively, of LBV G.

DETAILED DESCRIPTION
1. Abbreviations

ABLV Australian bat lyssavirus
ARAV Aravan virus

CMYV cytomegalovirus

DFA direct fluorescent antibody
DUVYV Duvenhage virus

EBLV-1 European bat /yssavirus-1
EBLV-2 European bat lyssavirus-2
ERA Evelyn-Rokitnicki-Abelseth
FFU focus-forming unit

G glycoprotein

i.m. intramuscular

IRES internal ribosome entry site
IRKYV Irkut virus

KHUYV Khujand virus

L RNA-dependent RNA polymerase
LBV Lagos bat virus

M matrix protein

MOKY Mokola virus

N nucleoprotein

NLS nuclear localization signal
ORF open reading frame

P phosphoprotein

PAGE polyacrylamide gel electrophoresis
RABYV rabies virus

RNP ribonucleoprotein

RABYV rabies virus

WCBYV West Caucasian bat virus

I1. Terms and Methods

Unless otherwise noted, technical terms are used according
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 min-
eral oil (for example, Freund’s incomplete adjuvant),
sometimes with the inclusion of killed mycobacteria (Fre-
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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). Adju-
vants also include biological molecules, such as co-stimula-
tory molecules. Exemplary biological adjuvants include IL.-2,
RANTES, GM-CSF, TNF-a, IFN-y, G-CSF, LFA-3, CD72,
B7-1, B7-2, OX-40L and 41 BBL.

Administer: As used herein, administering a composition,
such as a vaccine, to a subject means to give, apply or bring
the composition into contact with the subject. Administration
can be accomplished by any of anumber of routes, such as, for
example, topical, oral, subcutaneous, intramuscular, intrap-
eritoneal, intravenous, intrathecal and intramuscular.

Animal: Living multi-cellular vertebrate organisms, a cat-
egory that includes, for example, mammals and birds. The
term mammal includes both human and non-human mam-
mals. The term “animal” includes both human and veterinary
subjects, for example, humans, non-human primates, dogs,
cats, horses, raccoons, bats, rats, mice, foxes, squirrels, opos-
sum, coyotes, wolves and cows.

Antibody: A protein (or protein complex) that includes one
or more polypeptides substantially encoded by immunoglo-
bulin genes or fragments of immunoglobulin genes. The rec-
ognized immunoglobulin genes include the kappa, lambda,
alpha, gamma, delta, epsilon, and mu constant region genes,
as well as the myriad immunoglobulin variable region genes.
Light chains are classified as either kappa or lambda. Heavy
chains are classified as gamma, mu, alpha, delta, or epsilon,
which in turn define the immunoglobulin classes, I1gG, IgM,
IgA, IgD and IgE, respectively.

The basic immunoglobulin (antibody) structural unit is
generally a tetramer. Each tetramer is composed of two iden-
tical pairs of polypeptide chains, each pair having one “light”
(about 25 kDa) and one “heavy” (about 50-70 kDa) chain.
The N-terminus of each chain defines a variable region of
about 100 to 110 or more amino acids primarily responsible
for antigen recognition. The terms “variable light chain” (V)
and “variable heavy chain” (V) refer, respectively, to these
light and heavy chains.

As used herein, the term “antibody” includes intact immu-
noglobulins as well as a number of well-characterized frag-
ments. For instance, Fabs, Fvs, and single-chain Fvs (SCFvs)
that bind to target protein (or epitope within a protein or
fusion protein) would also be specific binding agents for that
protein (or epitope). These antibody fragments are as follows:
(1) Fab, the fragment which contains a monovalent antigen-
binding fragment of an antibody molecule produced by diges-
tion of whole antibody with the enzyme papain to yield an
intact light chain and a portion of one heavy chain; (2) Fab',
the fragment of an antibody molecule obtained by treating
whole antibody with pepsin, followed by reduction, to yield
an intact light chain and a portion of the heavy chain; two Fab'
fragments are obtained per antibody molecule; (3) (Fab'),, the
fragment of the antibody obtained by treating whole antibody
with the enzyme pepsin without subsequent reduction; (4)
F(ab"),, a dimer of two Fab' fragments held together by two
disulfide bonds; (5) Fv, a genetically engineered fragment
containing the variable region of the light chain and the vari-
able region of the heavy chain expressed as two chains; and
(6) single chain antibody, a genetically engineered molecule
containing the variable region of the light chain, the variable
region of the heavy chain, linked by a suitable polypeptide
linker as a genetically fused single chain molecule. Methods
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6

of making these fragments are routine (see, for example,
Harlow and Lane, Using Antibodies: A Laboratory Manual,
CSHL, New York, 1999).

Antibody binding affinity: The strength of binding between
a single antibody binding site and a ligand (e.g., an antigen or
epitope). The affinity of an antibody binding site X for a
ligand Y is represented by the dissociation constant (K),
which is the concentration of Y that is required to occupy half
of the binding sites of X present in a solution. A smaller K,
indicates a stronger or higher-affinity interaction between X
andY and a lower concentration of ligand is needed to occupy
the sites. In general, antibody binding affinity can be affected
by the alteration, modification and/or substitution of one or
more amino acids in the epitope recognized by the antibody
paratope. Binding affinity can be measured using any tech-
nique known in the art, such as end-point titration in an
Ag-ELISA assay.

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.

Antigenomic: In the context of a virus with a negative-
strand RNA genome (such as the genome of a lyssavirus),
“antigenomic” refers to the complement (positive strand) of
the negative strand genome.

Attenuated: In the context of a live virus, such as a rabies
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, eliminated). 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.

Epitope: An antigenic determinant. These are particular
chemical groups, such as contiguous or non-contiguous pep-
tide sequences, on a molecule that are antigenic, that is, that
elicit a specific immune response. An antibody binds a par-
ticular antigenic epitope based on the three dimensional
structure of the antibody and the matching (or cognate) three
dimensional structure of the epitope.

Evelyn-Rokitnicki-Abelseth (ERA): The ERA strain of
rabies virus was derived from the Street-Alabama-Dufferin
(SAD) strain, first isolated from a rabid dog in Alabama
(USA) in 1935. The ERA strain was derived after multiple
passages of SAD rabies virus in mouse brains, baby hamster
kidney (BHK) cells, and chicken embryos.

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 no
internal stop codons in that frame.

Heterologous: As used herein, a “heterologous nucleic acid
sequence” is a nucleic acid sequence that is derived from a
different source, species or strain. In some embodiments
described herein, the heterologous nucleic acid sequence is a
nucleic acid sequence encoding a glycoprotein from a lys-
savirus other than rabies virus ERA. In the context of a
recombinant ERA rabies virus, a heterologous nucleic acid
sequence is any nucleic acid sequence that is not derived from
the ERA rabies virus.

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
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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).

Immunize: To render a subject protected from a disease
(for example, an infectious disease), such as by vaccination.

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, an
“immunogenic composition” is a composition comprising an
immunogen.

Immunogenic composition: A composition useful for
stimulating or eliciting a specific immune response (or immu-
nogenic response) in a vertebrate. In some embodiments, the
immunogenic composition includes a recombinant rabies
virus, such as a recombinant rabies virus expressing one or
more heterologous glycoproteins (such as the glycoproteins
from MOKYV, LBV or WCBYV). In some embodiments, the
immunogenic response is protective or provides protective
immunity, in that it enables the animal to better resist infec-
tion with or disease progression from the pathogen against
which the immunogenic composition is directed (e.g., rabies
virus and other lyssaviruses). One specific example of a type
of immunogenic composition is a vaccine.

In some embodiments, an “effective amount” or “immune-
stimulatory amount” of an immunogenic composition is an
amount which, when administered to a subject, is sufficient to
engender a detectable immune response. Such a response
may comprise, for instance, generation of antibodies specific
to one or more of the epitopes provided in the immunogenic
composition. Alternatively, the response may comprise a
T-helper or CTL-based response to one or more of the
epitopes provided in the immunogenic composition. In other
embodiments, a “protective effective amount” of an immu-
nogenic composition is an amount which, when administered
to an animal, is sufficient to confer protective immunity upon
the animal.

Inhibiting or treating a disease: Inhibiting the full develop-
ment of a disease or condition, for example, in a subject who
is at risk for a disease. One specific example of a disease is
rabies. “Treatment” refers to a therapeutic intervention that
ameliorates a sign or symptom of a disease or pathological
condition after it has begun to develop. As used herein, the
term “ameliorating,” with reference to a disease, pathological
condition or symptom, refers to any observable beneficial
effect of the treatment. The beneficial effect can be evidenced,
for example, by a delayed onset of clinical symptoms of the
disease in a susceptible subject, a reduction in severity of
some or all clinical symptoms of the disease, a slower pro-
gression of the disease, a reduction in the number of relapses
of the disease, an improvement in the overall health or well-
being of' the subject, or by other parameters well known in the
art that are specific to the particular disease.

Isolated: An “isolated” or “purified” biological component
(such as a nucleic acid, peptide, protein, protein complex, or
particle) has been substantially separated, produced apart
from, or purified away from other biological components in
the cell of the organism in which the component naturally
occurs, that is, other chromosomal and extra-chromosomal
DNA and RNA, and proteins. Nucleic acids, peptides and
proteins that have been “isolated” or “purified” thus include
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nucleic acids and proteins purified by standard purification
methods. The term also embraces nucleic acids, peptides and
proteins prepared by recombinant expression in a host cell, as
well as chemically synthesized nucleic acids or proteins. The
term “isolated” or “purified” does not require absolute purity;
rather, it is intended as a relative term. Thus, for example, an
isolated biological component is one in which the biological
component is more enriched than the biological component is
in its natural environment within a cell, or other production
vessel. Preferably, a preparation is purified such that the bio-
logical component represents at least 50%, such as at least
70%, at least 90%, at least 95%, or greater, of the total bio-
logical component content of the preparation.

Label: A detectable compound or composition that is con-
jugated directly or indirectly to another molecule to facilitate
detection of that molecule. Specific, non-limiting examples
of labels include fluorescent tags, enzymatic linkages, and
radioactive isotopes.

Lyssavirus: A genus of viruses that is part of the Rhab-
doviridae family within the order Mononegavirales (viruses
with a single-stranded, negative sense genome). Lyssaviruses
are the etiological agents of rabies encephalitis in warm-
blooded animals and humans. Lyssavirus species include
rabies virus (RABV; genotype 1), Lagos bat virus (LBV;
genotype 2), Mokola virus (MOKYV; genotype 3), Duvenhage
virus (DUVV; genotype 4), European bat lyssavirus-1
(EBLV-1; genotype 5), European bat lyssavirus-2 (EBLV-2;
genotype 6) Australian bat [yssavirus (ABLV; genotype 7)
and four additional species isolated from bats in central Asia
and Russia (Aravan virus—ARAV; Khujand virus—KHUV;
Irkut virus—IRKYV; and West Caucasian bat virus—WCBYV)
(Kuzmin et al., Emerg. Infect. Dis. 14(12):1887-1889, 2008;
Weyer et al., Epidemiol. Infect. 136:670-678, 2007; Kuzmin
and Rupprecht, “Bat rabies” In Rabies, 2" Edition, New
York, Academic Press, 2007, pages 259-307, Jackson and
Wunner, eds.).

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 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 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. If introns are present, the operably
linked DNA sequences may not be contiguous.

Pharmaceutically acceptable carriers: The pharmaceuti-
cally acceptable carriers useful in this disclosure are conven-
tional. Remington’s Pharmaceutical Sciences, by E. W. Mar-
tin, Mack Publishing Co., Easton, Pa., 15th Edition (1975),
describes compositions and formulations suitable for phar-
maceutical delivery of one or more therapeutic compounds or
molecules, proteins or antibodies that bind these proteins,
viruses or vectors, 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
fluids that include pharmaceutically and physiologically
acceptable fluids 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 carri-
ers can include, for example, pharmaceutical grades of man-



US 9,248,179 B2

9

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 joined together through amide bonds. When the
amino acids are alpha-amino acids, either the L-optical iso-
mer or the D-optical isomer can be used, the L-isomers being
preferred for many biological uses. The terms “polypeptide”
or “protein” as used herein are intended to encompass any
amino acid molecule and include modified amino acid mol-
ecules. The term “polypeptide” is specifically intended to
cover naturally occurring proteins, as well as those which are
recombinantly or synthetically produced.

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; Lew; 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.

Amino acids are typically classified in one or more catego-
ries, including polar, hydrophobic, acidic, basic and aromatic,
according to their side chains. Examples of polar amino acids
include those having side chain functional groups such as
hydroxyl, sulthydryl, and amide, as well as the acidic and
basic amino acids. Polar amino acids include, without limi-
tation, asparagine, cysteine, glutamine, histidine, selenocys-
teine, serine, threonine, tryptophan and tyrosine. Examples of
hydrophobic or non-polar amino acids include those residues
having nonpolar aliphatic side chains, such as, without limi-
tation, leucine, isoleucine, valine, glycine, alanine, proline,
methionine and phenylalanine. Examples of basic amino acid
residues include those having a basic side chain, such as an
amino or guanidino group. Basic amino acid residues include,
without limitation, arginine, homolysine and lysine.
Examples of acidic amino acid residues include those having
an acidic side chain functional group, such as a carboxy
group. Acidic amino acid residues include, without limitation
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aspartic acid and glutamic acid. Aromatic amino acids
include those having an aromatic side chain group. Examples
of aromatic amino acids include, without limitation, biphe-
nylalanine, histidine, 2-napthylalananine, pentatluoropheny-
lalanine, phenylalanine, tryptophan and tyrosine. It is noted
that some amino acids are classified in more than one group,
for example, histidine, tryptophan, and tyrosine are classified
as both polar and aromatic amino acids. Additional amino
acids that are classified in each of the above groups are known
to those of ordinary skill in the art.

Substitutions which in general are expected to produce the
greatest changes in protein properties will be non-conserva-
tive, for instance changes in which (a) a hydrophilic residue,
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; (¢) 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.

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).

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 cer-
tain embodiments, the term “substantially purified” 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.

Rabies: A viral disease that causes acute encephalitis (in-
flammation of the brain) in warm-blooded animals. Rabies is
zoonotic (transmitted by animals), most commonly by a bite
from an infected animal but occasionally by other forms of
contact. Rabies is almost frequently fatal if post-exposure
prophylaxis is not administered prior to the onset of severe
symptoms. Rabies is caused by viruses of the Lyssavirus
genus.

Rabies virus (RABV or RABV): A member of the Rhab-
doviridae family having a non-segmented RNA genome with
negative sense polarity. Rabies virus is the prototype of the
Lyssavirus genus. The rabies virus Evelyn-Rokitnicki-
Abelseth (ERA) strain is a strain derived from the Street-
Alabama-Dufferin (SAD) strain, first isolated from a rabid
dog in Alabama (USA) in 1935. The ERA strain was derived
after multiple passages of SAD RABYV in mouse brains, baby
hamster kidney (BHK) cells, and chicken embryos. The com-
plete genomic sequence of the ERA strain is disclosed in PCT
Publication No. WO 2007/047459, and the sequence of the
ERA strain recovered by reverse genetics is set forth herein as
SEQID NO: 1.

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 artificial combination of two
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otherwise separated segments of sequence. This artificial
combination is often accomplished by chemical synthesis or,
more commonly, by the artificial manipulation of isolated
segments of nucleic acids, for example, by genetic engineer-
ing techniques. In some embodiments, recombinant rabies
virus is generated using reverse genetics, such as the reverse
genetics system described in PCT Publication No. WO 2007/
047459. In some examples, the recombinant rabies viruses
comprise one or more mutations in a viral virulence factors,
such as glycoprotein. In other examples, the recombinant
rabies viruses comprise a heterologous gene, such as a
sequence encoding a glycoprotein from another /yssavirus
(such as Mokola virus, West Caucasian bat virus or Lagos bat
virus).

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 specific viral gene enables one to
determine the function of the gene.

Sequence identity: The similarity between two nucleic acid
sequences, or two amino acid sequences, is expressed in
terms of the similarity between the sequences, otherwise
referred to as sequence identity. Sequence identity is fre-
quently measured in terms of percentage identity (or similar-
ity or homology); the higher the percentage, the more similar
the two sequences are.

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 (4dv. Appl.
Math., 2:482, 1981); Needleman and Wunsch (/. Mol. Biol.,
48:443, 1970); Pearson and Lipman (Proc. Natl. Acad. Sci.,
85:2444,1988); Higgins and Sharp (Gene, 73:237-44, 1988);
Higgins and Sharp (CABIOS, 5:151-53, 1989); Corpet et al.
(Nuc. Acids Res., 16:10881-90, 1988); Huang et al. (Comp.
Appls. Biosci., 8:155-65, 1992); and Pearson et al. (Meth.
Mol. Biol., 24:307-31, 1994). Altschul et al. (Nature Genet.,
6:119-29, 1994) presents a detailed consideration of
sequence alignment methods and homology calculations.

The alignment tools ALIGN (Myers and Miller, CABIOS
4:11-17,1989) or LFASTA (Pearson and Lipman, 1988) may
be used to perform sequence comparisons (Internet Pro-
gram© 1996, W. R. Pearson and the University of Virginia,
“fasta20u63” version 2.0u63, release date December 1996).
ALIGN compares entire sequences against one another,
while LFASTA compares regions of local similarity. These
alignment tools and their respective tutorials are available on
the Internet at the NCSA website. Alternatively, for compari-
sons of amino acid sequences of greater than about 30 amino
acids, the “Blast 2 sequences” function can be employed
using the default BLOSUMO62 matrix set to default param-
eters, (gap existence cost of 11, and a per residue gap cost of
1). When aligning short peptides (fewer than around 30 amino
acids), the alignment should be performed using the “Blast 2
sequences” function, employing the PAM30 matrix set to
default parameters (open gap 9, extension gap 1 penalties).
The BLAST sequence comparison system is available, for
instance, from the NCBI web site; see also Altschul et al., J.
Mol. Biol., 215:403-10, 1990, Gish and States, Nature Genet.,
3:266-72, 1993; Madden et al., Meth. Enzymol., 266:131-41,
1996; Altschul et al., Nucleic Acids Res., 25:3389-402, 1997,
and Zhang and Madden, Genome Res., 7:649-56, 1997.

Orthologs (equivalent to proteins of other species) of pro-
teins are in some instances characterized by possession of
greater than 75% sequence identity counted over the full-
length alignment with the amino acid sequence of specific
protein using ALIGN set to default parameters. Proteins with
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even greater similarity to a reference sequence will show
increasing percentage identities when assessed by this
method, such as at least 80%, at least 85%, at least 90%, at
least 92%, at least 95%, or at least 98% sequence identity. In
addition, sequence identity can be compared over the full
length of one or both binding domains of the disclosed fusion
proteins.

When significantly less than the entire sequence is being
compared for sequence identity, homologous sequences will
typically possess at least 80% sequence identity over short
windows of 10-20, and may possess sequence identities of at
least 85%, at least 90%, at least 95%, or at least 99% depend-
ing on their similarity to the reference sequence. Sequence
identity over such short windows can be determined using
LFASTA; methods are described at the NCSA website. One
of'skill in the art will appreciate that these sequence identity
ranges are provided for guidance only; it is entirely possible
that strongly significant homologs could be obtained that fall
outside of the ranges provided. Similar homology concepts
apply for nucleic acids as are described for protein. An alter-
native indication that two nucleic acid molecules are closely
related is that the two molecules hybridize to each other under
stringent conditions.

Nucleic acid sequences that do not show a high degree of
identity may nevertheless encode similar amino acid
sequences, due to the degeneracy of the genetic code. It is
understood that changes in nucleic acid sequence can be
made using this degeneracy to produce multiple nucleic acid
sequences that each encode substantially the same protein.

Subject: Living multi-cellular vertebrate organisms, a cat-
egory that includes both human and non-human mammals.

Therapeutically effective amount: A quantity of a specified
agent sufficient to achieve a desired effect in a subject being
treated with that agent. For example, this may be the amount
of'a recombinant rabies virus useful for eliciting an immune
response in a subject and/or for preventing infection by rabies
virus and other lyssaviruses. Ideally, in the context of the
present disclosure, a therapeutically effective amount of a
recombinant rabies virus is an amount sufficient to increase
resistance to, prevent, ameliorate, and/or treat infection
caused by one or more lyssaviruses in a subject without
causing a substantial cytotoxic effect in the subject. The
effective amount of a recombinant rabies 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 administra-
tion of the therapeutic composition and other factors. In some
embodiments, the recombinant rabies viruses described
herein comprise a nucleic acid sequence encoding one or
more glycoproteins from a lyssavirus other than rabies virus
ERA.

Vaccine: A preparation of immunogenic material capable
of stimulating an immune response, administered for the
prevention, amelioration, or treatment of infectious or other
type of disease (such as cancer). 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 admin-
istration vary according to the vaccine, but may include
inoculation, ingestion, inhalation or other forms of adminis-
tration. Inoculations can be delivered by any of a number of
routes, including parenteral, such as intravenous, subcutane-
ous or intramuscular. Vaccines may be administered with an
adjuvant to boost the immune response.

Vector: A nucleic acid molecule that can be introduced into
a host cell, thereby producing a transformed host cell. A
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vector may include nucleic acid sequences that permit it to
replicate in a host cell, such as an origin of replication (DNA
sequences that participate in initiating DNA synthesis). A
vector may also include one or more selectable marker genes
and other genetic elements known in the art.

Virus: Microscopic infectious organism that reproduces
inside living cells. A virus typically consists essentially of a
core of nucleic acid (single- or double-stranded RNA or
DNA) surrounded by a protein coat, and in some cases lipid
envelope, and has the ability to replicate only inside a living
cell. “Viral replication” is the production of additional virus
by the occurrence of at least one viral life cycle.

Unless otherwise explained, all technical and scientific
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. In case of conflict, the
present specification, 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 recombinant rabies viruses having
glycoprotein (G) genes from at least two different lyssavi-
ruses. The disclosed viruses can be used as pan-lyssavirus
vaccines to provide protection against infection by multiple
genotypes of lyssavirus. Prior to the present disclosure, no
vaccines had been described that protect against West Cau-
casian bat virus and/or /yssaviruses of genotypes 2 (Lagos bat
virus) and 3 (Mokola virus). Thus, the recombinant rabies
viruses described herein represent a significant advance in the
development of vaccines for the prevention of rabies.

The recombinant rabies viruses exemplified herein are
generating using a previously described reverse genetics sys-
tem based on the ERA strain of rabies virus (PCT Publication
No. WO 2007/047459). However, other reverse genetics sys-
tems for rabies virus (see, for example, Ito et al., J. Virol
75(19):9121-9128) could be used to generate recombinant
viruses having multiple lyssavirus G genes.

Provided herein is a recombinant rabies virus, wherein the
genome of the recombinant rabies virus comprises rabies
virus nucleoprotein (N), phosphoprotein (P), matrix protein
(M), RNA-dependent RNA polymerase (L) and glycoprotein
(G) genes and at least one, at least two or at least three
different heterologous Iyssavirus glycoprotein genes,
wherein the lyssavirus is selected from Lagos bat virus
(LBV), Mokola virus (MOKYV), Duvenhage virus (DUVV),
European bat /yssavirus-1 (EBLV-1), European bat lyssavi-
rus-2 (EBLV-2), Australian bat /yssavirus (ABLV), Aravan
virus (ARAV), Khujand virus (KHUV), Irkut virus IRKV)
and West Caucasian bat virus (WCBV). In particular embodi-
ments, the lyssavirus is selected from LBV, MOKV and
WCBV.

In some embodiments, the recombinant rabies virus com-
prises two heterologous G genes. In particular examples, the
two heterologous G genes are from MOKV and WCBV. In
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other examples, the two heterologous G genes are from LBV
and MOKV. In yet other examples, the two heterologous G
genes are from LBV and WCBV.

In some embodiments, the recombinant rabies virus com-
prises three heterologous G genes. In particular examples, the
three heterologous G genes are from LBV, MOKV and
WCBV.

In some embodiments in which the recombinant rabies
virus comprises a MOKV G gene, the nucleotide sequence of
the MOKYV G gene is at least 80%, is at least 85%, at least
90%, at least 95%, at least 98% or at least 99% identical to the
nucleotide sequence of SEQ ID NO: 47. In some embodi-
ments in which the recombinant rabies virus comprises a
WCBYV G gene, the nucleotide sequence of the WCBV G
gene at least 80%, at least 85%, at least 90%, at least 95%, at
least 98% or at least 99% identical to the nucleotide sequence
of SEQ ID NO: 49. In some embodiments in which the
recombinant rabies virus comprises the LBV G gene, the
nucleotide sequence of the LBV G gene is at least 80%, at
least 85%, at least 90%, at least 95%, at least 98% or at least
99% identical to the nucleotide sequence of SEQ ID NO: 53.

In some examples, the MOKYV G gene comprises the nucle-
otide sequence of SEQ ID NO: 47, the WCBV G gene com-
prises the nucleotide sequence of SEQ ID NO: 49 and/or the
LBV G gene comprises the nucleotide sequence of SEQ ID
NO: 53. In particular examples, the MOKV G gene consists
of'the nucleotide sequence of SEQ ID NO: 47, the WCBV G
gene consists of the nucleotide sequence of SEQ ID NO: 49
and/or the LBV G gene consists of the nucleotide sequence of
SEQ ID NO: 53.

The heterologous G genes can be cloned into the rabies
virus genome in any suitable location, and in any order, to
allow for expression of the heterologous proteins without
altering expression of the endogenous rabies virus genes. In
some embodiments, heterologous G genes are inserted
between the rabies virus P and M genes, between the rabies
virus G and L. genes and/or between the rabies virus N and P
genes. In particular examples, the recombinant rabies virus
comprises two heterologous G genes and the heterologous G
genes are located between the rabies virus P and M genes and
between the G and L genes. In other examples, the recombi-
nant rabies virus comprises three heterologous G genes and
the three heterologous G genes are located between the rabies
virus N and P genes, between the rabies virus P and M genes
and between the rabies virus G and L. genes.

Insertion of heterologous genes into the rabies virus
genome can be facilitated by synthesizing a transcriptional
unit. The transcriptional unit is inserted at the desired gene
junction and the heterologous G gene is cloned into the tran-
scriptional unit. In some embodiments, the nucleotide
sequence of the transcriptional unit is at least 80%, at least
85%, at least 90%, at least 95%, at least 98% or at least 99%
identical to SEQ ID NO: 42. In some examples, the transcrip-
tional unit comprises the nucleotide sequence of SEQ ID NO:
42.

In some embodiments, the genome of the recombinant
rabies virus is derived from the rabies virus ERA strain. In
some embodiments, the nucleotide sequence of the ERA
strain genome comprises a sequence that is at least 90%, at
least 95%, at least 98% or at least 99% identical to SEQ ID
NO: 1. In particular examples, the nucleotide sequence of the
ERA strain genome comprises SEQ ID NO: 1.

In some embodiments, the recombinant rabies virus
includes one or more attenuating mutations. In exemplary
embodiments, the rabies virus glycoprotein comprises a Glu
at amino acid position 333 (SEQ ID NO: 5).






