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RABIES VIRUS VECTOR SYSTEMS AND
COMPOSITIONS AND METHODS THEREOF

CROSS REFERENCE TO RELATED
APPLICATIONS

This is a divisional of U.S. application Ser. No. 12/090,083,
filed Apr. 11, 2008, issued as U.S. Pat. No. 7,863,041 on Jan.
4, 2011, which is the U.S. National Stage of International
Application No. PCT/US2006/040134, filed Oct. 13, 2006,
which was published in English under PCT Article 21(2), and
which claims the benefit of U.S. Provisional Application No.
60/727,038, filed Oct. 14, 2005. All of the above-referenced
applications are incorporated herein by reference in their
entirety.

STATEMENT OF GOVERNMENT SUPPORT

This invention was made by the Centers for Disease Con-
trol and Prevention, an agency of the United States Govern-
ment. Therefore, the United States Government has certain
rights in this invention.

FIELD

This disclosure relates to the field of virology. More spe-
cifically, this disclosure relates to compositions and methods
that are useful for the production of immunogenic composi-
tions for protecting mammals from infection by rabies virus.

BACKGROUND OF THE DISCLOSURE

Rabies remains one of the most dreadful infectious dis-
eases affecting human and animals, despite significant scien-
tific advances in its prevention and control. Rabies presents as
a distinct problem in different parts of the world. In the
Americas, reservoirs of rabies exist in many wild animal
species, including raccoons, skunks, foxes, and bats (Ruppre-
chtetal., Emerg. Infect. Dis. 1(4):107-114, 1995). Outbreaks
of rabies infections in these terrestrial mammals are found in
broad geographic areas across the United States. For
example, raccoon rabies affects an area of more than 1 million
square kilometers from Florida to Maine. Although wildlife
rabies still exists in developed countries, progress has been
made in control and elimination of wildlife rabies using oral
immunization of wild animals.

Nonetheless, rabies remains a major threat to public health
and persists to cause between 50,000 and 60,000 human
deaths each year (World Health Organization, April 2003).
Humans get infected with the rabies virus mostly through
bites from rabid domestic and wildlife animals. In developing
countries, dogs are responsible for about 94% of human
rabies deaths. Dog rabies is still epizootic in most countries of
Africa, Asia and South America and in these countries dogs
are responsible for most human deaths from the disease.
Controlling rabies virus infection in domestic and wildlife
animals, therefore, not only reduces the mortality in these
animals but also reduces the risks of human exposure.

The rabies virus is transmitted through broken skin by the
bite or scratch of an infected animal. Exposure to rabies virus
results in its penetration of peripheral, unmyelineated nerve
endings, followed by spreading through retrograde axonal
transport, replication occurring exclusively in the neurons,
and finally arrival in the central nervous system (CNS). Infec-
tion of the CNS causes cellular dysfunction and death (Rup-
precht & Dietzschold, Lab Invest. 57:603, 1987). Since rabies
virus spreads directly from cell to cell, it largely evades
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2

immune recognition (Clark & Prabhakar, Rabies, In: Olson et
al., eds., Comparative Pathology of Viral Disease, 2:165,
Boca Raton, Fla., CRC Press, 1985).

The rabies virus (RV) is a rhabdovirus—a nonsegmented
RNA virus with negative sense polarity. Within the Rhab-
doviridae family, rabies virus is the prototype of the Lyssavi-
rus genus. RV is composed of two major structural compo-
nents: a nucleocapsid or ribonucleoprotein (RNP), and an
envelope in the form of a bilayer membrane surrounding the
RNP core. The infectious component of all rhabdoviruses is
the RNP core, which consists of the negative strand RNA
genome encapsidated by nucleoprotein (N) in combination
with RNA-dependent RNA-polymerase (L) and phosphopro-
tein (P). The membrane surrounding the RNP contains two
proteins: the trans-membrane glycoprotein (G) and the matrix
(M) protein, located at the inner site of the membrane. Thus,
the viral genome codes for these five proteins: the three pro-
teins in the RNP (N, L and P), the matrix protein (M), and the
glycoprotein (G).

The molecular determinants of pathogenicity of various
rabies virus strains have not been fully elucidated. RV patho-
genicity was attributed to multigenic events (Yamada et al.,
Microbiol. Immunol. 50:25-32, 2006). For example, some
positions in the RV genome if mutated, affect viral transcrip-
tion or replication, reducing virulence. Mutations at serine
residue 389 of the phosphorylation site in the N gene (Wu et
al., J. Virol. 76:4153-4161, 2002) or GDN core sequence of
the highly conserved C motif in the L. gene (Schnell and
Conzelmann, Virol. 214:522-530, 1995) dramatically
reduced RV transcription and replication.

The G protein, also referred to as spike protein, is involved
in cell attachment and membrane fusion of RV. The amino
acid region at position 330 to 340 (referred to as antigenic site
IIT) of the G protein has been identified as important for
virulence of certain strains of RV. Several studies support the
concept that the pathogenicity of fixed RV strains is deter-
mined by the presence of arginine or lysine at amino acid
residue 333 of the glycoprotein (Dietzschold et al., Proc.
Natl. Acad. Sci. US4 80: 70-74, 1983; Tuffereau et al., Virol.
172: 206-212, 1989).

This phenomenon seems to apply at least to fixed rabies
viruses such as CVS, ERA, PV, SAD-B19 and HEP-Flury
strains (Anilionis et al., Nature 294:275-278, 1981;
Morimoto et al., Virol. 173:465-477, 1989). For example,
rabies vaccine viruses possessing an amino acid differing
from Arg at position 333 of the glycoprotein are described, for
instance, in WO 00/32755 (describing RV mutants in which
all three nucleotides in the G protein Arg,,; codon are altered
compared to the parent virus, such that the Arg at position 333
is substituted with another amino acid); European Patent
350398 (describing an avirulent RV mutant SAG1 derived
from the Bern SAD strain of RV, in which the Arg at position
333 of the glycoprotein has been substituted to Ser); and
European patent application 583998 (describing an attenu-
ated RV mutant, SAG2, in which the Arg at position 333 inthe
G protein has been substituted by Glu).

Other strains, such as the RC-HL strain, possess an argin-
ine residue at position 333 ofthe G, but does not cause lethal
infection in adult mice (Ito et al., Microbiol. Immunol.
38:479-482,1994; Tto etal., J. Virol. 75:9121-9128,2001). As
such, the entire G may contribute to the virulence of RV,
although the determinants or regions have not previously
been identified. The G gene encodes the only protein that
induces viral neutralizing antibody. At least three states of RV
glycoprotein are known: the native state (N) being respon-
sible for receptor binding; an active hydrophobic state (A)
necessary in the initial step in membrane fusion process
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(Gaudin, J. Cell Biol. 150:601-612, 2000), and a fusion inac-
tive conformation (I). Correct folding and maturation ofthe G
play important roles for immune recognition. The three
potential glycosylated positions in ERA G extracellular
domain occur at Asn®’, Asn**” and Asn>**°residues (Wojczyk
et al., Glycobiology. 8: 121-130, 1998), respectively. Nong-
lycosylation of G not only affects conformation, but also
inhibits presentation of the protein at the cell surface. Thus,
elucidating the molecular determinants underlying pathoge-
nicity of rabies virus presents a complex problem.

SUMMARY OF THE DISCLOSURE

The complete sequence of the virus strain corresponding to
the fixed vaccine of Evelyn-Rokitnicki-Abelseth (ERA) for
rabies virus is disclosed herein, along with methods for
sequencing this and other strains of lyssavirus.

A reverse genetics system for rabies virus is also described,
in particular using the rabies virus strain ERA as an exemplar.
Use ofa T7 RNA polymerase, containing an eight amino acid
nuclear localization signal (NLS) at the N terminal end facili-
tated virus recovery. Besides the parental ERA virus strain,
several other derivative viruses are described, including
ERA- (deletion of the psi-region), ERAgreenl (green fluo-
rescent protein gene inserted in psi region), ERAgreen2
(green fluorescent protein gene inserted at the phosphopro-
tein and matrix protein intergenic region), ERA2g (contain-
ing an extra copy of the glycoprotein in the psi-region),
ERAg3 (with a mutation at amino acid 333 in glycoprotein),
ERA2g3 (with an extra copy of altered glycoprotein at amino
acid 333 in psi-region), ERA-G (from which the glycoprotein
has been deleted) ERAgm (M and G genes switched in the
genome), and ERAgmg (two copies of G in the rearranged
ERAgm construct). The extra transcription unit was incorpo-
rated into ERA virus genome for efficient expression of Open
Reading Frames (ORFs). By optimizing propagation condi-
tions, which are described herein, rescued viruses reach titers
in excess of 10° ffu/ml in either bioreactors or stationary
tissue flasks.

Also disclosed is a modified cell line that constitutively
expresses the ERA glycoprotein. The cell line, designated
BSR-G, is useful for the production of recombinant, includ-
ing attenuated and/or replication deficient, rabies virus.

The foregoing and other objects, features, and advantages
of the invention will become more apparent from the follow-
ing detailed description.

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 in a 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, F2 fragments, and restriction enzyme
recognition sites (Nhel, Kpnl, Blpl, Pstl and Notl) (not
drawn to scale). The bar on the left indicates a RdRz-ham-
merhead ribozyme and the right bar indicates the HDVRz-
hepatitis delta virus ribozyme. The symbol 4 indicates that
Kpnl or Pst1 sites were deleted, and | vertical arrow indicates
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
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from lysosomes and endosomes is retained in the cell cyto-
plasm. A limited amount of plasmids are 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
synthesized NLST7 RNA polymerase is trans-located to the
nucleus, while a trace amount of NLLST7 remains in the cyto-
plasm; 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'the ten derivative ERA virus
genomes. The size of each gene is not drawn to scale. Symbol
“*” denotes mutations of G at the Aa333 residue and W is the
Psi-region.

FIG.4A. Analysis of recovered ERA-G virus in transfected
cells, spread and growth in a BHK-G cell line. In A, the
ERA-G viral foci were restrained even after seven-day post
transfection with plasmids for virus recovery. In B, rescued
ERA-G virus did not spread after passage in normal BSR
cells. Only individual cells were stained by DFA. In C, the
ERA-G virus grew well in the constitutive BHK-G cell line.

FIG. 4B. Analysis of G expression in a BHK-G cell line. By
indirect fluorescent staining, the ERA rabies virus G was
expressed in the cytoplasm in a stable cell line BHK-G.

FIG. 4C. Analysis of G mRNA in ERA-G virus-infected
cells by Northern blot with a G probe. Lane 2 shows that the
G gene mRNA was detected in ERA-G virus infected BHK-G
cells, while virus genomic RNA was not. Lane 1 was the
control of total RNA from ER A-rabies virus-infected BHK-G
cells, in which both G mRNA and viral genomic RNA were
detected.

FIG. 5. Single-step virus growth curve. All recovered
rabies virus ERA strains grew to 10° or 10*° ffu/ml, but the
ERA-G only reached 107 ffu/ml.

FIG. 6. Green foci in ER Agreen1/ER Agreen? rabies virus-
infected BSR cells. Trans 1 is the transcriptional unit incor-
porated at the Psi and L intergenic regions. Trans2 is the
transcriptional unit at the P and M intergenic region. Both
ERAgreen2 and ERAgreenl expressed the GFP protein sta-
bly in virus-infected BSR cells, while the occurrence of the
green foci of ERAgreen2 was 48 hours earlier after virus
infection than in ERAgreen].

FIG. 7. Analysis of G mRNA expression in double G, and
G, M rearranged ERA rabies viruses. In the Northern blot
with a G probe, the measurement by density photometry of G
mRNA in ERA2g (lane 1), ERAgm (lane 3) and ERA2¢g3
(lane 4) represented enhanced mRNA levels, compared with
ERA-virus-infected cells (lane 2). The ratios were calculated
by the use of ERA-virus as 100%.

FIG. 8A. Morbidity induced by in vivo inoculation with
recombinant ERA and derivatives. Three-week old mice were
inoculated intramuscularly with the eight recovered viruses.
At 10 days post inoculation, in ERA, ERA- and ERAgreenl
groups, 50%, 50% and 20% of mice showed compatible
clinical signs of rabies, but no mortality, respectively. No
adverse signs were observed in the other groups.

FIG. 8B. Post challenge survival in mice inoculated with
recombinant ERA and derivatives. Mice surviving from the
tests shown in F1G. 8 A were challenged intramuscularly with
a Texas dog/coyote rabies virus. At 5 days post challenge, in
the ERA and ERA-groups, 40 and 62% of mice showed signs
of rabies and were euthanized, respectively. In all other
groups, no signs of rabies were observed.

FIG. 8C. Survival following i.c. inoculation with recombi-
nant ERA and ERAg3 viruses. Three-week old mice were
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inoculated intracerebrally with ERA and ERAg3 virus
strains, respectively. All mice succumbed 15 days postinocu-
lation in the ERA group, while in the ERAg3 group, all mice
survived with no clinical signs.

FIG. 8D. Survival following i.c. inoculation of suckling
mice. Two-day old suckling mice were inoculated intracere-
brally with ERAg3 and ERA-G virus constructs, respectively.
All mice succumbed in the ER Ag3 group, while no mice died
in the ERA-G group.

FIG. 8E. Neutralizing antibody titer in mice inoculated
with recombinant ERA and derivative viruses. Mouse neu-
tralization antibody titers were determined by the RFFIT,
ranging from 1.36 to 5.61 IU per ml among the virus-inocu-
lated groups.

FIG. 9A. Survival following infection with Alabama Bat
Rabies virus. Hamsters were inoculated with live Alabama
Bat Rabies Virus, then treated post-exposure with either
ERAg3 virus or with rabies immune globulin and commer-
cially available inactivated RV vaccine. Survival was
assessed over a more than three month period.

FIG. 9B. Survival following infection with Thai Street Dog
Rabies virus. Hamsters were inoculated with live Alabama
Bat Rabies Virus, then treated post-exposure with either
ERAg3 virus or with rabies immune globulin and commer-
cially available inactivated RV vaccine. Survival was
assessed over a more than three month period.

FIG. 9C. Survival following infection with Texas Coyote
Dog Rabies virus. Hamsters were inoculated with live Ala-
bama Bat Rabies Virus, then treated post-exposure with either
ERAg3 virus or with rabies immune globulin and commer-
cially available inactivated RV vaccine. Survival was
assessed over a more than three month period.

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 unless the context makes it clear that only
one strand is intended. As appropriate, it will be understood
that a sequence presented as DNA can be converted to RNA
by replacing thiamine residues with uracils. The Sequence
Listing is submitted as an ASCII text file, created on Nov. 19,
2010, 285 KB, which is incorporated by reference herein. In
the accompanying sequence listing:

SEQ ID NO: 1. ERA CDC wild type virus, 11,931 nucle-
otides

1-58 nucleotides, Leader region

71-1420 nucleotides, N gene

1514-2404 nucleotides, P gene

2496-3101 nucleotides, M gene

3317-4888 nucleotides, G gene

4964-5362 nucleotides, Psi-region

5417-11797 nucleotides, L. gene

11862-11931 nucleotides, Trailer region

SEQ ID NO: 2. ERACDC: 71 to 1420:450 aa, N protein.

SEQ ID NO: 3. ERACDC: 1514 to 2404:297 aa, P protein.

SEQIDNO: 4. ERACDC: 2496103101:202 aa, M protein.

SEQID NO: 5. ERACDC: 3317 to 4888:524 aa, G protein.

SEQ ID NO: 6. ERACDC: 5417 to 11797:2127 aa, L
protein.

SEQ ID NO: 7. Recombinant ERA (rERA) recovered by
reverse genetics system is 11,930 nucleotides. The specific
poly (Ag) tract between G gene and psi-region in wild type

20

25

30

35

40

45

50

55

60

65

6

ERA strain was mutated to a poly (A,) tract in recombinant
ERA reverse genetics system as a sequence marker. In light of
this, rERA is one nucleotide shorter than wild type ERA. All
the other sequence information is exactly the same.

SEQ ID NO: 8. ERAg3 strain (11,930 nucleotides), amino
acid in the G protein (333Aa) has been altered; the corre-
sponding nucleic acids are at positions 4370 to 4372.

SEQ ID NO: 9. ERA- (11,577 nucleotides), without the psi
(pseudo-gene) region; an extra transcription unit has been
introduced at nucleotide positions 4950 to 5008.

SEQ ID NO: 10. ERA-2G (13,150 nucleotides), this strain
has two copies of the G gene; the second copy is inserted at
positions 4988 to 6559.

SEQ ID NO: 11. ERAgreen (12,266 nucleotides), this
strain contains the coding sequence for GFP at positions 4993
to 5673; it appears green under UV light after infection of
cells or tissue.

SEQ ID NO: 12. ERA-G (10,288 nucleotides), this strain
has no G gene.

SEQID NO: 13. ERA-2g3 (13,150 nucleotides); this strain
has two copies of the G gene (the second of which is at
positions 4988 to 6559), both of which are substituted at
amino acid 333 (corresponding to nucleotide positions 4370-
4372 and 6041-6043 in the shown sequence).

SEQIDNO: 14. ERA-pt (11,976 nucleotides, with an extra
transcription unit after the P gene, at positions 2469 to 2521).

SEQ ID NO: 15. ERA-pt-GFP (12,662 nucleotides, with
GFP gene inserted after P gene at 2505 to 3185).

SEQ ID NO: 16. ERAgm (11,914 nucleotides) positions of
G and M genes are switched with G at positions 2505-4076
and M at positions 4122-4727, respectively.

SEQ ID NO: 17. ERAg3m (11,914 nucleotides) positions
of G and M genes are switched with G at positions 2505-4076
and M at positions 4122-4727, respectively. The G gene is
mutated at amino acid position 333.

SEQID NO: 18. ERAgmg (13,556 nucleotides), this strain
has two copies of the G gene at positions 2505-4076 and
4943-6514, flanking the M gene at positions 4122-4727.

SEQ ID NO: 19. First ten nucleotides of hammerhead
ribozyme corresponding to 5' end of rabies virus ERA
genome.

SEQ ID NO: 20. Nucleotide sequence encoding the SV40
T antigen nuclear localization signal (NLS).

SEQ ID NOs: 21-23. Artificial Kozak sequences.

SEQ ID NOs: 24-57. Synthetic oligonucleotides.

SEQ ID NO: 58. Amino acid sequence of G protein
mutated at amino acid position 333 (from Arg to Glu).

SEQ ID NOs: 59-65. Synthetic oligonucleotides.

DETAILED DESCRIPTION
1. Introduction

Viral zoonoses are difficult to prevent. One major paradigm
is the control of wildlife rabies by oral vaccination. All current
licensed oral rabies vaccines are based on one common
source. The fixed rabies virus (RV) of Evelyn-Rokitnicki-
Abelseth (ERA) was derived from the Street-Alabama-Duf-
ferin (SAD) strain, first isolated from a rabid dog in Alabama
(USA) in 1935. The ERA strain was derived after multiple
passages of SAD RV in mouse brains, baby hamster kidney
(BHK) cells, and chicken embryos. Repeated cloning of ERA
in BHK cells resulted eventually in a B-19 clone, which was
named SAD-B 19 for vaccine studies. The first RV strain
recovered by reverse genetics was SAD-B 19. Although
SAD-B 19 and ERA RV derived from the same source, dif-
ferent outcomes have been observed in various animal oral
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vaccine studies. For example, ERA did not induce obvious
neutralizing antibodies in either skunks or raccoons per os,
while SAD-B 19 did. To elucidate potential differences
between these two RV strains, a reverse genetics system for
the ERA RV strain is required.

Reverse genetics presents a feasible way to modify RNA
viruses in defined ways. A system for reverse genetics of an
initial strain of rabies virus was successfully established in
1994 (Schnell et al., The EMBO J. 13, 4195-4203, 1994). In
the intervening decade, improvements to the system have
been made, resulting in increased efficiency of virus recovery.
This increased efficiency has facilitated the elucidation of
virus pathogenicity, protein-protein, and protein-RNA inter-
actions.

Within the rabies virus genome, it has been proposed that
some regions contain important signals, such as viral distal
promoters region, nucleoprotein encapsidation, RNA depen-
dent RNA polymerase L transcription initiation site, polyade-
nylation and termination sites. These signals are important for
ensuring efficient recovery of virus and for designing an extra
transcription unit for accepting an exogenous Open Reading
Frame (ORF) into the rabies virus genome.

This disclosure provides an efficient reverse genetics sys-
tem, and describes its use to produce variants of the ERA
strain virus. Modifications described herein have resulted in
strains that are suitable candidates for accepting ORF expres-
sion and vaccine development.

The reverse genetics system is composed of a set of plas-
mids. A first plasmid includes an ERA viral cRNA. In orderto
create authentic viral anti-genomic ends in transcribed viral
cDNA, ERA genomic ¢cDNA is flanked by a hammerhead
ribozyme at the 3' end and a hepatitis delta virus ribozyme at
the 5' end. The antigenomic cassette is fused to the bacteria
phage T7 transcription initiation signal, which is optionally
alsounder the control of cytomegalovirus (CMV) immediate-
early promoter.

The system also includes a plurality of helper plasmids that
encode proteins involved in viral encapsidation. For example,
the system typically includes helper plasmids that encode the
viral nucleoprotein (N), phosphoprotein (P), RNA dependent
polymerase (L), and optionally the viral glycoprotein (G).
The system also includes a plasmid that encodes the phage T7
RNA polymerase (T7), which can be modified by the addition
of a nuclear localization signal (NLS) to increase expression
of'the T7 polymerase in the nucleus of transfected cells. The
T7 RNA polymerase expression plasmid is constructed as an
“autogene,” which transcribes the whole length of viral anti-
genomic cRNA for nucleoprotein encapsidation after trans-
fection into cells.

The reverse genetics system is useful in the design and
production of immunogenic compositions for the treatment
(pre and/or post exposure) of rabies virus, and for producing
rabies virus ERA vectors for expressing exogenous Open
Reading Frames (ORFs). For example, an extra transcription
unit can be designed, tested and incorporated into the ERA
genome at either the Psi-region and/or at phosphoprotein
(P)-matrix (M) protein intergenic region. Essentially any
OREF of interest can be expressed in the context to the ERA
vector, including ORFs encoding antigens of viruses and
other pathogens, such as antigens of other lyssaviruses, as
well as for expressing other proteins of therapeutic interest.

Thus, the methods and compositions disclosed herein are
useful for the design and production of rabies virus immuno-
genic compositions, including compositions suitable as vac-
cines for the pre and/or post exposure treatment of rabies
virus.
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II. Abbreviations

ADE antibody-dependant enhancement
Ag-ELISA antigen-capture ELISA

DNA deoxyribonucleic acid

ERA Rabies virus strain Evelyn-Rokitnicki-Abelseth
ELISA enzyme-linked immunosorbent assay
G glycoprotein

i.c. intracerebral

IFA indirect immunofluorescence assay

i.m. intramuscular

L RNA-dependent RNA-polymerase

M matrix protein

mAb monoclonal antibody

N nucleoprotein

ORF open reading frame

P phosphoprotein

PCR polymerase chain reaction

RACE 5' rapid amplification of cDNA ends
RNA ribonucleic acid

RNP ribonucleoprotein

RT-PCR reverse transcription-polymerase chain reaction
RV rabies virus

trans 1 extra transcription unit 1

trans 2 extra transcription unit 2

III. Terms

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
invention belongs. Similarly, unless otherwise noted, techni-
cal terms are used according to conventional usage. Defini-
tions 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 Black-
well Science Ltd., 1994 (ISBN 0-632-02182-9); and Robert
A. Meyers (ed.), Molecular Biology and Biotechnology: a
Comprehensive Desk Reference, published by VCH Publish-
ers, Inc., 1995 (ISBN 1-56081-569-8).
The singular terms “a,” “an,” and “the” include plural ref-
erents unless context clearly indicates otherwise. Similarly,
the word “or” is intended to include “and” unless the context
clearly indicates otherwise. Hence “comprising 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 provided for
description.

In order to facilitate review of the various embodiments of
the invention, the following explanations of specific terms are
provided:

Adjuvant: A substance that non-specifically enhances the
immune response to an antigen. Development of vaccine
adjuvants for use in humans is reviewed in Singh et al. (Natz.
Biotechnol. 17:1075-1081, 1999), which discloses that, at the
time of its publication, aluminum salts and the MF59 micro-
emulsion are the only vaccine adjuvants approved for human
use.

Amplification: Amplification of a nucleic acid molecule
(e.g., a DNA or RNA molecule) refers to use of a laboratory
technique that increases the number of copies of a nucleic
acid molecule in a sample. An example of amplification is the
polymerase chain reaction (PCR), in which a sample is con-
tacted with a pair of oligonucleotide primers under conditions
that allow for the hybridization of the primers to a nucleic acid
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template in the sample. The primers are extended under suit-
able conditions, dissociated from the template, re-annealed,
extended, and dissociated to amplify the number of copies of
the nucleic acid. The product of amplification can be charac-
terized by such techniques as electrophoresis, restriction
endonuclease cleavage patterns, oligonucleotide hybridiza-
tion or ligation, and/or nucleic acid sequencing.

Other examples of amplification methods include strand
displacement amplification, as disclosed in U.S. Pat. No.
5,744,311, transcription-free isothermal amplification, as
disclosed in U.S. Pat. No. 6,033,881; repair chain reaction
amplification, as disclosed in WO 90/01069; ligase chain
reaction amplification, as disclosed in EP-A-320,308; gap
filling ligase chain reaction amplification, as disclosed in U.S.
Pat. No. 5,427,930; and NASBA™ RNA transcription-free
amplification, as disclosed in U.S. Pat. No. 6,025,134. An
amplification method can be modified, including for example
by additional steps or coupling the amplification with another
protocol.

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. Similarly, the term “subject” includes both human and
veterinary subjects, for example, humans, non-human pri-
mates, dogs, cats, horses, 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
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linker as a genetically fused single chain molecule. Methods
of making these fragments are routine (see, for example,
Harlow and Lane, Using Antibodies: A Laboratory Manual,
CSHL, New York, 1999).

Antibodies for use in the methods and compositions of this
disclosure can be monoclonal or polyclonal. Merely by way
of example, monoclonal antibodies can be prepared from
murine hybridomas according to the classical method of
Kohler and Milstein (Nature 256:495-97, 1975) or derivative
methods thereof. Detailed procedures for monoclonal anti-
body production are described in 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.

In one example, antibody binding affinity is measured by
end-point titration in an Ag-ELISA assay. Antibody binding
affinity is substantially lowered (or measurably reduced) by
the modification and/or substitution of one or more amino
acids in the epitope recognized by the antibody paratope if the
end-point titer of a specific antibody for the modified/substi-
tuted epitope differs by at least 4-fold, such as at least 10-fold,
at least 100-fold or greater, as compared to the unaltered
epitope.

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 virus antigen.

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.

Binding or Stable Binding: An oligonucleotide binds or
stably binds to a target nucleic acid if a sufficient amount of
the oligonucleotide forms base pairs or is hybridized to its
target nucleic acid, to permit detection of that binding. Bind-
ing can be detected by either physical or functional properties
of the target:oligonucleotide complex. Binding between a
target and an oligonucleotide can be detected by any proce-
dure known to one skilled in the art, including functional or
physical binding assays. Binding can be detected functionally
by determining whether binding has an observable effect
upon a biosynthetic process such as expression of a gene,
DNA replication, transcription, translation, and the like.

Physical methods of detecting the binding of complemen-
tary strands of DNA or RNA are well known in the art, and
include such methods as DNase I or chemical footprinting,
gel shift and affinity cleavage assays, Northern blotting,
Southern blotting, dot blotting, and light absorption detection
procedures. For example, a method which is widely used,






