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RABIES VIRUS VECTOR SYSTEMS AND
COMPOSITIONS AND METHODS THEREOF

REFERENCE TO RELATED APPLICATION(S)

This application 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. Both applications are incor-
porated 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
immune recognition (Clark & Prabhakar, Rabies, In: Olson et
al., eds., Comparative Pathology of Viral Disease, 2:165,
Boca Raton, Fla., CRC Press, 1985).
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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
etal., Virol. 173:465-477,1989). For example, rabies vaccine
viruses possessing an amino acid differing from Arg at posi-
tion 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 com-
pared 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., Microl. Immunol. 38:479-
482, 1994; Tto et al., 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 identi-
fied. 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 responsible for receptor
binding; an active hydrophobic state (A) necessary in the
initial step in membrane fusion process (Gaudin, J. Cell Biol.
150:601-612, 2000), and a fusion inactive conformation (I).
Correct folding and maturation of the G play important roles
for immune recognition. The three potential glycosylated
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positions in ERA G extracellular domain occur at Asn®’,
Asn**” and Asn®'® residues (Wojczyk et al., Glycobiology. 8:
121-130, 1998), respectively. Nonglycosylation of G not only
affects conformation, but also inhibits presentation of the
protein at the cell surface. Thus, elucidating the molecular
determinants underyling pathogenicity of rabies virus pre-
sents 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), ERAgreen! (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 Pstl sites were deleted, and || vertical arrow indi-
cates 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 plasmids are transferred to the
nucleus: 1) through a CMV immediate early promoter, the
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4

NLST7 gene is transcribed by cellular RNA polymerasell; 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 1 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 ERA-—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] is the transcriptional unit incorpo-
rated at the Psi and L intergenic regions. Trans2 is the tran-
scriptional 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 derivtives. 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
inoculated intracerebrally with ERA and ERAg3 virus
strains, respectively. All mice succumbed 15 days postinocu-
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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 That 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.

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.

SEQID NO: 3. ERACDC: 1514 10 2404: 297 aa, P protein.

SEQ ID NO: 4. ERACDC: 2496 to 3101: 202 aa, M pro-
tein.

SEQIDNO: 5. ERACDC: 3317 t0 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 (Ay) tract between G gene and psi-region in wild type
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.
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SEQ ID NO: 8. ERAg3 strain (11,930 nucleotides), amino
acid in the G protein (333 Aa) has been altered; the corre-
sponding nucleic acids are at positions 4370 to 4372.

SEQID 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-B19 for vaccine studies. The first RV strain
recovered by reverse genetics was SAD-B19. Although SAD-
B19 and ERA RV derived from the same source, different
outcomes have been observed in various animal oral vaccine
studies. For example, ERA did not induce obvious neutraliz-
ing antibodies in either skunks or raccoons per os, while






