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Modern approaches to production of safe
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SUMMARY

Rabies is a dangerous zoonotic disease that affects the central nervous system, causes encephalomyelitis and paralyses and is almost invariably fatal. The disease
causes significant economic losses associated with the death of animals, outbreak consequences, strict restrictions on domestic and international trade in livestock
products, preventive and quarantine measures, laboratory tests. The World Organization for Animal Health recommends vaccination to control rabies. Taking into
account that there is a lack of affordable high-quality vaccines to globally prevent and control the disease, stable, attenuated production strains of rabies virus
with broad cross-activity against various variants of the pathogen shall be considered as ideal candidates to produce high-quality, safe and effective vaccines.
Currently, some approaches are applied to reduce the virus virulence and improve safety of rabies vaccines. Reverse genetics is very popular now. It provides new
approaches to study functions of a specific gene by analyzing phenotypic effects after direct manipulations with nucleotide sequences. The methods of reverse
genetics have revolutionized molecular biology and have become a powerful tool to study genetics of RNA viruses. These methods are widely used to study rabies
virus. The use of reverse genetics has made it possible to modify rabies virus production strains for manufacture of modern genetically modified rabies vaccines that
induce a persistent and long-term immunity. The review briefly covers general approaches to development of viral vectors with the purpose to create genetically
modified rabies vaccines.
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COBpEMEHHbIE noaxoAbl K CO34aHUI0 6e30nacHbIX
7 3(I)(I)€KTI/IBHbIX r€HHO-UHXEHEPHbIX aHTI/Ipa6I/IlJECKI/IX BaKUWH
ANA XUBOTHbIX

M. W. floponun, A. Maznym, [I. B. Muxanuwmun, M. H. Mutpodanosa, A. 10. Cyxapbkos, B. B. Kucenesa, A. B. Cnpbiruu
OIBY «DefiepanbHblil LieHTp oXpaHbl 380poBbA XnBOTHLIX» (OTBY «BHUIU3X»), r. Bnagumup, Poccua

PE3IOME

beLeHCTBO ABNAETCS OZAHIM 113 ONACHbIX 300H030B, KOTOPbIA BbI3bIBAET NOPAKEHNE LEHTPANbHOI HEPBHOI CUCTEMbI, IPUBOANT K SHUEGANOMUENUTAM, Napani-
UYaM C HeN36EXHbIM NIETANbHBIM UCXOA0M. 3a601eBaHIE HAHOCUT 3HAUMTENbHDII SKOHOMUUECKMIA YLLiep6, KOTOPbIii CBA3aH C MGENbIO KUBOTHBIX, IMKBUAALME!
NoCNeaCTBUI BCNbILLEK 60M1e3HM, BBEAEHNEM CTPOTUX OTPAHUYEHINIH, HaNAraemblX Ha BHYTPEHHIOK 11 MEX AYHAPOAHYH TOPToBIIH MPOAYKLIMEN XKIBOTHOBOACTBA,
npoBeaeHneM NPOGUIAKTUYECKHUX U KAPAHTUHHbIX MEPONPUATHI, 0CyLLECTBEHeM NabopaTOPHbIX UccnegoBakuil. [ina 6opbbbl ¢ GelueHcTBOM BcemupHas
OpraHu3aLua 34paBooxpaHeHIna XIUBOTHBIX PEKOMEHAYET BaKLMHONPodUnaKkTUKy. na rnobanbHoii npodunakTukin 1 6opbobl ¢ 3TM 3a60neBaHNeM NPoU3Bo-
ZNMOTO KONIMUECTBa 0CTYMHbIX BbICOKOKAUeCTBEHHDIX BaKLMH HEA0CTaTOuHO. (TabunbHble aTTeHypOBaHHbIE MPOU3BOACTBEHHbIE LUTaMMbl BUPYCa belLeHCTBa
CLUMPOKOIA NEPEKPECTHOI aKTUBHOCTbIO NPOTUB PaNNyHbIX BAPUAHTOB BO3OYAUTENA ABNAIOTCA UAEANbHbIMMU KaHAMAATAMI NS CO3AAHNA HAZEXHDIX, e30nac-
HbIX 1 3 deKTUBHbIX NpenapaTtoB. Ha ceropHALIHMI eHb NPUMEHeH P NOAX0A0B ANA CHINKEHNS BUPYNIEHTHOCTU BUPYCA U MOBbILLEHNS 6e30NacHOCTI aHTU-
pabuueckux BaKLwH. bombLuyio NONyNAPHOCTL UMEIOT METOAbI 06PATHOI FeHETUKIA, KOTOpble MPeACTaBAAIT 060/ HOBbE MOAX0AbI K UCCNEA0BAHII0 GYHKLUN
KOHKPETHOrO reHa MyTem aHanu3a GeHoTunuyecknx 3GHeKToB 3a CYET HeNOCPeACTBEHHOT0 MaHUMYAMPOBAHWA NOCNEA0BATENLHOCTAMM HYKNIEOTUZOB. [laHHaA
Tpynna MeTo/0B NPoN3BeNa PeBOOLIMI0 B MOJEKYNAPHOIT G1oNorim, CTana MOLLHbIM MHCTPYMEHTOM ANA u3yueHna reHeTnkin PHK-copepxalumx Bupycos
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INTRODUCTION

Rabies is an acute viral disease affecting almost all
mammalian species, including humans [1]. Once clinical
symptoms appear, rabies is virtually 100% fatal. The World
Health Organization estimates that the rabies virus trans-
mitted via bites from infected animals causes more than
59,000 deaths worldwide.

To eradicate the disease successfully, it is necessary
to vaccinate wild carnivorous animals (oral vaccination
program); to vaccinate domestic animals; to ensure post-
exposure and preventive immunization of people who
seek medical help and to ensure preventive vaccination
of people at risk, primarily, professional risk; to monitor on-
going anti-rabies measures, comprising a number of tasks
and techniques. Taking into account that there is a lack
of affordable, high-quality vaccines to globally prevent
and control the disease; stable, attenuated production
strains of rabies virus with broad cross-activity against va-
rious variants of the pathogen shall be considered as ideal
candidates to make affordable, high quality, safe and effec-
tive vaccines [2], however, significant efforts shall be made.

Since the first rabies vaccine was developed at the end
of the XIX century by Pasteur, the product has signifi-
cantly improved, and vaccination is now used for both
domestic and farm animals, as well as for reservoir spe-
cies [3]. Brain tissues affected by the virus were used for
a long time to make vaccines. Severe adverse reactions
were observed when using rabies vaccines produced from
nerve tissues or from tissues of developing avian embryos.
The modern technologies of industrial cell cultivation and
fermentation have significantly expanded the possibilities
to produce high-quality vaccines with a specified amount
of immunogenic components [2].

Inactivated and attenuated vaccines are widely used
to control rabies, however, they have some disadvantages,
most importantly, and some of them are related to safety
and strict requirements for biosafety level in the labora-

tory. Modern rabies vaccines, which are chemically inac-
tivated whole viral products combined with an adjuvant,
or live vaccines (most often used in enzootic areas), have
been very successful in reducing the number of outbreaks
worldwide [4, 5]. However, when using live rabies vaccines,
there is a risk that the used strain may easily revert to a vi-
rulent phenotype, which is extremely hazardous. In addi-
tion, there is an important problem related to commercial
production. For this purpose the followings things are re-
quired: expensive production lines installed in BSL-3 facili-
ties and a great amount of infectious agent for the vaccine
production. An opportunity to bypass these restrictions
has appeared, thanks to genetically modified vaccines, be-
cause their production is safe. The modified constructions
are non-infectious and can be used to produce vaccinesin
BSL-2 laboratories. However, at the same time, it is neces-
sary to prove that the virus obtained by reverse genetics
isavirulent or it belongs to Pathogenicity Groups 3-4 [6-8].

In 1994, M. J. Schnell et al. cloned cDNA of each rabies
virus gene and obtained a modified virus. Recently, due
to a large amount of data on gene sequences, methods
of reverse genetics have been used to determine their
functions. The essence of this approach is to move “from
genotype to phenotype’, i.e. with the help of various ge-
netic manipulations to change or to knock out a particu-
lar gene, and then analyze what these changes will result
in [9]. At the same time, in contrast to classical approaches,
reverse genetics allows to use nucleotide sequences
to analyze a specific role of a gene in the phenotype.

Currently, there are four main methods: gene replace-
ment/knockout based on homologous recombination;
RNA interference/gene silencing; T-DNA insertion muta-
genesis (T-DNA tagging); TILLING (Targeting Induced Local
Lesions in Genomes). It should be noted that the reverse
genetics greatly facilitates molecular and biological ana-
lysis of RNA-containing viruses due to a possibility to do
tests directly with ribonucleic acid molecules [10].
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Due to in vitro reversion, the viral RNA is converted
into its corresponding cDNA. Further manipulations
with the sequence of the resulting nucleic acid, such as
site-specific mutation, deletion, insertion, replacement
of a gene site, or the entire gene, can be performed at
the cDNA level to study the structure and function of a par-
ticular gene [11]. Thus, M. J. Schnell et al. in 1994 used re-
verse genetics to study attenuated SAD-B19 strain of fixed
rabies virus [9]. Later, many researchers began to use this
powerful tool to study the molecular biology of rabies vi-
ruses belonging to genetic group RABV. Reverse genetics
offer great opportunities for development of modern ge-
netically engineered rabies vaccines, which are much safer
than the conventional ones [10, 12, 13].

The review briefly covers general approaches to deve-
lopment of viral vectors with the purpose to create gene-
tically engineered rabies vaccines. We have analyzed many
publications on reverse genetics of negative-strand RNA
viruses, as well as the history and development of rabies
vaccines [2, 3, 5, 7, 14-16]. Methods of reverse genetics
currently used to reduce virulence and improve safety
of rabies vaccines are summarized in the paper. The pa-
per also covers general points related to the use of these
methods for negative-sense RNA viruses.

BRIEF DESCRIPTION
OF RABIES VIRUS STRUCTURE

Rabies virus (RABV) is a neurotropic virus, a member of
the Lyssavirus genus belonging to the Rhabdoviridae fa-
mily. The virus of genetic group RABV causes most rabies
cases [8].

The virion is a bullet-shaped particle, approximate-
ly 250 nm long and 70 nm in diameter. The rabies virus
genome is a single-tranded RNA of negative polarity
(11,000-12,000 bp in size), encoding the following five
structural proteins in a conservative order of 3’5"
nucleoprotein (N-protein), phosphoprotein (P-protein),
matrix protein (M-protein), glycoprotein (G-protein) and
RNA-dependent RNA polymerase (L-protein) [4].

Transcription starts from short-leader RNA synthesis, at
the 3’ end of the genomic RNA. Viral nucleic acid serves
as a matrix for transcription with an RNA-dependent RNA
polymerase consisting of L- and P-proteins, which results
in synthesis of mRNA for expression of N-, P-, M-, G- and
L-proteins. Replication of negative-chain genomes leads
to formation of antigenomes that serve as templates
for synthesis of negative-strand genomes. Genomic and its
complementary antigenomic RNA are tightly encapsula-
ted by a nucleoprotein to form a helical ribonucleoprotein.
Only ribonucleoprotein, but not a free RNA, is suitable as
a template for replication and transcription. The viral cap-
sid is surrounded by a membrane derived from the host
cell, which interacts with the matrix protein and rabies
virus glycoprotein [17-19].

Each link between the genes in the rabies virus genome
contains a sequence that determines the end of the up-
stream gene, the intergenic region and the beginning
for the downstream gene. These sequences function as
a signal for polyadenylation, as well as for initiation, cap-
ping, and methylation of the downstream RNA. Intergenic
regions of the rabies virus N-P, P-M, M-G and G-L (untrans-
lated pseudogenic y-region) include 2, 5, 5 and 24 nucleo-
tides, respectively [14, 20].
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ANALYSIS OF RABIES VIRUS GENES
FOR DEVELOPMENT OF GENETICALLY
MODIFIED RABIES VACCINES

G-gene of rabies virus and its expression. Glycoprotein
is a protein of rabies virus, located on the surface of
the bullet-shaped virion. It is the main structural protein
and the rabies virus antigen, which triggers a strong im-
mune response. The G-protein has two major functions:
it determines pathogenicity of the viral particle and in-
duces humoral and cellular immunity against this patho-
gen [19, 21]. In addition, the glycoprotein ensures interac-
tion between the virion and corresponding receptors on
the cell surface resulting in its penetration, and determines
the neurotropic nature of the infection [22]. It is impor-
tant to note that, unlike field isolates, attenuated vaccine
strains of rabies virus can synthesize higher levels of glyco-
protein in infected neurons [23]. Rupprecht C. E. et al. focus
on the fact that the attenuated strains of rabies virus cause
mass apoptosis in neurons; however, in case of infection
with pathogenic street isolates, these phenomena are
much less frequent [8]. Artificially induced mutations of
the G-gene make it possible to obtain materials for crea-
tion of a new-generation rabies vaccine based on geneti-
cally modified structures.

Rabies virus gene containing two and three copies of
the G-gene. According to some researchers, modification
of the rabies virus containing two copies of G-gene al-
lowed to increase the expression of glycoprotein, which
significantly improved the vaccine effectiveness due to an
increase in theirimmunogenicity. At the same time, patho-
genicity of the strains decreased sharply. The researchers
also showed that the level of G-protein expression is in-
versely related to the rabies virus pathogenicity [21, 24,
25]. Increased glycoprotein synthesis is associated with
enhanced apoptosis, which contributes to regulation of
genes associated with host immune responses observed
in neurons infected with attenuated virus strains [21].

Hosokawa-Muto J. et al. created R (NPMGGL) strain
of recombinant rabies virus carrying double glycopro-
tein (G) genes. This structure was obtained with the help
of reverse genetics using cloned cDNA of RC-HL strain.
The biological properties of the created virus were com-
pared with those of the recombinant RC-HL (rRC-HL) strain.
The reproduction intensity of strain RINPMGGL) in cell lines
and virulence for adult mice were almost the same as those
of strain rRC-HL. At the same time, the G-protein contentin
the purified virion of strain RINPMGGL) and the level of gly-
coprotein expression in infected cells were 1.5 times higher
than those in strain rRC-HL. Following serial passages of
strain RINPMGGL) in cell culture, G-protein expression level
was the same and the virus infectious titer increased in the
process of its adaptation to the cells. It was also demon-
strated that strain RINPMGGL) has higherimmunogenicity
than strain rRC-HL [6]. Thus, the modified rabies virus strain
carrying a double G-gene will make it possible to deve-
lop new genetically modified rabies vaccines in future.
It should also be noted that in this case we are talking
about an inactivated vaccine, since the only modification
is the duplication of G-gene, which significantly increases
the concentration of immunogenic components and, as
a consequence, the vaccine immunogenicity.

Tan Y. et al. conducted a research, where they used
self-cleaving sequence of FMDV 2A gene to express
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double or triple copies of rabies virus G gene from a one
open reading frame obtained from human adenovirus
type 5 (AdHu-5). Recombinant adenoviruses produce
the virus in similar titers, which suggests that the inser-
tion of double or triple copies of G-gene (rabies virus)
associated with the 2A gene sequence (FMDV) does not
affect the virus replication. The glycoprotein was effective-
ly expressed by constructs containing 2A gene sequence
and retained its antigenic properties. The 2A self-cleaving
peptide mediated effective generation of individual ra-
bies virus glycoprotein in the assessment of transient ex-
pression. Flow cytometry proved that G-gene expression
levels were higher in recombinant adenovirus constructs
carrying multiple copies of the rabies virus glycoprotein
gene [26].

Thus, the increase in the G-gene expression level has
a number of advantages for creation of genetically modi-
fied vaccines: 1) it significantly improves production ca-
pacity and biosafety; 2) reduces economic losses. These
factors are crucial for modern production of safe, effective
and affordable rabies vaccines. Therefore, the recombinant
rabies virus expressing two or three copies of a glycopro-
tein is a candidate to develop new-generation genetically
modified rabies vaccines.

Significant nucleotide substitutions in the rabies virus
G-gene. According to M. Faber et al., the substitution of
one amino acid at position 333 on the glycoprotein from
a positively charged arginine (Arg) or lysine (Lys) residue
for glutamine (GIn) or isoleucine (lle) makes a virulent
strain of rabies virus apathogenic for adult mice when ad-
ministered intracerebrally [21]. At the same time, there is
evidence that the glycoprotein amino acids at position 333
are not fully responsible for the virus pathogenicity, there-
fore, some rabies virus strains that have a substitution for
GlIn_ retain neuroinvasive abilities and pathogenicity [17].

Ito Y. et al. analyzed rabies virus strain RC-HL using re-
verse genetics and concluded that amino acids located
between positions 164-303 in G-protein, especially amino
acids at positions 242, 255 and 268, also play an important
role in making the strain apathogenic [27]. M. Faber et al.
found that only the amino acid substitution at position
194 of glycoprotein from asparagine (Asn) to lysine (Lys)
is responsible for restoring pathogenicity in an apatho-
genic, attenuated rabies virus strain SPBNGA [21].

Taking into account the experience of many researchers,
it can be concluded that when using recombinant strains
of rabies virus that carry two or more G-genes encoding
glycoprotein with mutations in positions 149, 194 and 333,
the risk of returning to the pathogenic phenotype is sig-
nificantly reduced.

Significant mutations in the M-protein of the rabies virus.
The matrix protein of rabies virus is multifunctional, has
a small molecular weight of about 20-25 kDa and a length
of 202 amino acid residues. This phosphoprotein is rep-
resented by two isoforms M, and M,, which differ from
each other in phosphorylation degree. The matrix protein
is structurally a bridge between the N- and G-protein.
M-gene is much more conservative compared to P-pro-
tein. The matrix protein is believed to form a layer between
the glycoprotein in the virion shell and the helical-shaped
nucleocapsid nucleus consisting of RNA and N-, L-, P-pro-
teins. M-protein is the main factor contributing to virion
morphogenesis [28].

Finke S. et al. demonstrated that the M-protein estab-
lishes a balance between the virus transcription and repli-
cation [15, 16]. It interacts with the viral ribonucleoprotein,
which condenses into a dense bullet-shaped form, and
plays a key role in the assembly and budding of mature
virions [29].

Wirblich C. et al. found that the matrix protein struc-
ture has an L-domain with four motifs, one of which
is PPxY (PPEY) close to the amino terminus of M-protein.
The authors created constructs with point mutations and
revealed that PPEY is necessary for effective release of vi-
rion from the cell membrane. Amino acid deletions and
substitutions in PPEY motif reduce the infection spread.
Recombinant viruses constructed on this basis demon-
strated reduced virulence for mice, while causing strong
immune responses [30]. Thus, significant substitutions in
the matrix protein of the rabies virus can create gene con-
structs for production of modern rabies vaccines.

Significant mutations in the P-gene of the rabies virus.
Phosphoprotein is the most important structural protein
of the rabies virus and it has molecular weight of 260 kDa
and a length of about 330 amino acid residues. The ex-
panded N-terminal region of the P-protein interacts with
RNA polymerase. The P-gene encodes at least four pro-
teins synthesized in an infected cell. The phosphoprotein
has a chaperone function and binds to N that is not yet
bound to viral RNA. The C-terminal domain of the P-pro-
tein binds to the “nucleoprotein—-RNA” complex and atta-
ches the polymerase complex [29].

Schnell M. J. et al. detected immunodominant P-pro-
tein site, which is located in the range of 191-206 amino
acid residues and is an interferon antagonist [9, 31, 32].
Jacob Y. et al. determined that the light chain of cytoplas-
mic dynein involved in the intracellular transport of organ-
elles interacts with the rabies virus phosphoprotein [33].
Deletion of LC8 binding domain in the P-protein signifi-
cantly inhibited replication and transcription of the virus
in neurons. It shall be noted that such a recombinant virus
was characterized by a decreased level of gene expres-
sion in neuronal cell cultures, while the growth pattern
on non-neuronal cells remained unchanged [17, 26]. Thus,
amino acid mutations in the dynein-binding domain of
the P-protein make it possible to reduce the rabies virus
virulence, and the created recombinant viruses make it
possible to develop genetically modified rabies vaccines.

SYNTHESIS OF INFECTIOUS RECOMBINANT

VIRAL PARTICLES USING MODIFIED ¢cDNA

In 1994 for the first time, M. J. Schnell et al. constructed
rabies virus using cloned cDNA [9]. The schematic diagram
of this process included at least simultaneous transfec-
tion into the cell of four plasmids encoding N-, P-, L-pro-
teins and full-size cDNA of the virus. Rabies virus (-)RNA
was reverse transcribed into positive-sense antigenomic
cDNA (Fig.). Using amplification of a specific gene from
full-length cDNA, three plasmids p-N, p-P, p-L expressing
N-, P- and L-proteins of the rabies virus were constructed.
In order to avoid mutations, the L-gene was assembled
from gradually cloned fragments. Similarly, a plasmid car-
rying information about the entire genome of the rabies
virus (p-genome) was constructed.

Viral cDNA was gradually assembled with the help
of restrictases (as part of a plasmid), to create a full matrix
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for the rabies virus genetic material. For transcription of CONCLUSION
the constructed plasmids, T7-RNA polymerase or endoge- Vaccination of animals is recommended in the Manual
nous cellular RNA polymerases of type | or Il were used. In of the World Organization for Animal Health to control ra-
order to obtain the exact 5'and 3’ends of the viral RNA, the  bies. Currently, live, as well as cultural inactivated adsorbed
cloned viral cDNA was flanked with autocatalytic ribozyme  and emulsion rabies vaccines are used for these purposes.
sequences. The N-, P- and L-proteins of the rabies virus ex- At the same time, there is a number of disadvantages re-
pressed by three plasmids encapsulate the transcribed  lated to the vaccines, i.e. strict biosafety requirements for
full-size antigenomic sense RNA to form a ribonucleopro-  production laboratories and a fact that the attenuated
tein, which functions as a matrix for further expression of  strains may revert to virulence [3, 11, 14].
structural viral proteins and amplification of rabies virus In order to reduce the virulence and increase the safety
(-)RNA. The use of transcripts with antigenomic meaning  of rabies vaccines, methods of reverse genetics are current-
is fundamental in this case, since only they can ensure  lyused[38]. Some researchers demonstrate [9, 12, 31] that
the process of gene expression and avoid hybridization =~ many properties of the rabies virus with non-segmented
between genomic (-)RNA and plasmid (+)RNAs. The ribo-  negative RNA are perfect to construct gene delivery vec-
nucleoprotein shapes into a bullet using a matrix protein  tors required for development of genetically modified ra-
and separates from the cytoplasmic membrane, where  bies vaccines. The simple and conservative composition
glycosylated trimeric transmembrane compounds have  of the rabies virus genome makes it easy to use genetic
accumulated. At the end of the process, infectious virions  engineering and to express modified genes.
are formed, and the next cycle of infection begins [34-36]. The encapsidation of the rabies virus nucleic acid into
Some researchers describe procedures that facilitate  a ribonucleoprotein has an advantage to significantly re-
and increase effectiveness of creation of a viable rabies vi-  duce the probability of recombination and thereby main-
rus.Thus, to deliver T7 RNA polymerase, instead of infecting ~ tain genome stability [19, 38-41]. High frequency of re-
cells with recombinant smallpox vaccine virus, BSR-T7/5  version shall be taken into account during reproduction
cell line was created that expresses RNA polymerase [37].  of the virus in an infected cell. It is associated with low
Inoue K. et al. developed a segmented version of the virus  accuracy of transcription with RNA polymerase, which in-
and showed that additional nucleotides at the terminal  dicates the need for simultaneous introduction of several
end of the genome can affect the expression efficiency.  modifications.
Coding sequences of two ribozymes (HamRz and HdvRz) Based on the extensive research into modification
were “sewn” onto the 5 and 3’ ends of the rabies virus  of rabies virus genome using reverse genetics, it be-
genome to obtain full-sized virus transcripts with exact ~ came possible to construct attenuated live strains which
ends [35]. Such modifications significantly expand the  will help to develop modern genetically modified rabies
possibilities of reverse genetics of the rabies virus nucleic  vaccines, safe and effective. Currently, researchers fo-
acid for various cell lines and make it possible to quickly  cus on significant mutations introduced into the G-, M-,
and efficiently generate a recombinant virus. P-genes of rabies virus, leading to a loss of pathogenicity.
It should be noted that scientists also analyzed the  Special attention is paid to gene constructs that include
y-region of the rabies pathogen genome.They found that  two or even three copies of the G-gene, which makes
the virus with a knocked out pseudogen was characterized it possible to get suspensions with a high concentration
by normal reproduction rates in biological test systems  of glycoprotein and induce a strong immune response
and did not differ from isolates or strains that have this ~ when administered to animals. The application of reverse
region [9, 34]. Thus, the pseudogen ¢ is an ideal target  genetics for synthesis of infectious recombinant viral par-
for insertions and makes it possible to carry out various ticles using modified rabies virus cDNA is also of great
genetic manipulations with the rabies virus genome. interest.
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