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Thesis Summary

Rabies, the first zoonotic disease associated with bats, remains one of the most feared
viruses known to man and causes approximately 59,000 deaths a year. With no medical
intervention prior to symptom onset, rabies-induced encephalitis is invariably fatal.
Alongside rabies virus, numerous related lyssaviruses exist. Also capable of causing
fatal disease, these lyssaviruses pose a threat to human and animal health.

Since 2000, the genus has grown from eight fully characterised species to seventeen
fully characterised species and two tentative species. These viruses are genetically and
antigenically categorised into phylogroups according to the predicted level of vaccine
protection, with protection from current vaccines and therapeutics afforded against
phylogroup | but not Il or Ill. The continued discovery of novel lyssaviruses globally,
warrants an in-depth assessment of the cross-protection of current vaccines and the
protective titre required, to inform occupationally high-risk groups (e.g., scientists, bat
workers and speleologists).

Current evidence suggests that for a protective neutralising antibody response against
rabies virus, a neutralising antibody titre of 0.5 IU/ml is sufficient. However, studies
using cross protection assays have suggested that for protection against viruses in
phylogroup I, 10-fold greater titres are required. Indeed, this study suggests that a
minimum titre of 5 IU/ml is required for the neutralisation of all phylogroup |
lyssaviruses in vitro and a minimum titre of 1 IU/ml is required for the neutralisation of
novel phylogroup I viruses, Taiwan bat lyssavirus and Kotalahti bat lyssavirus, in vivo.

Additionally, experimental data in this study has shown that the antibody repertoire of
lyssavirus-specific sera exhibits a strong level of intra-phylogroup neutralisation and
very limited inter-phylogroup neutralisation. The data also suggests that a minimum of
five distinct lyssavirus glycoproteins, rabies virus, Lagos bat virus lineage D, lkoma
lyssavirus, Lleida bat lyssavirus, and West Caucasian bat virus, would have to be
included in any pan-lyssavirus vaccine. Promising cross-protective chimeric
glycoproteins were designed and cloned into a rabies vaccine strain full length
backbone. Reverse genetics techniques were used to enable virus rescue of these
constructs. Where successful, the degree of vaccine-induced protection was assessed in
Vivo.
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Chapter 1: Introduction

1.1 Lyssaviruses

Rabies is caused by viruses classified within the Lyssavirus genus, family
Rhabdoviridae, order Mononegavirales (1). These viruses are of importance to both
human and animal health given the invariably fatal outcome from developing
neurological disease (2). The genus Lyssavirus is divided into 17 species accepted by
the International Committee on the Taxonomy of Viruses (ICTV) (3). The ancestral
lyssavirus reservoir host species is universally accepted as being members of the Order
Chiroptera, with all but two lyssaviruses, Mokola and Ikoma lyssaviruses, having been

detected in different bat species (4-6).

Within the lyssavirus genus, the most broadly distributed and important for veterinary
and public health is rabies virus (RABV). Though this virus has largely been eliminated
throughout Western Europe, RABV is still the most commonly reported lyssavirus.
RABYV causes approximately 59,000 human deaths annually with the majority of these
fatalities associated with dog-mediated transmission (7). The onset of clinical disease
has been associated with the route of infection and hence the length of the incubation
period. Factors such as: the location of the wound with respect to the brain, the viral
dose transmitted, the genetics of infecting lyssavirus strain, and the immunocompetence
of the infected host may all contribute to the incubation period (8). Regardless, where
clinical disease develops, the outcome is invariably fatal (9). Consequently, rabies has

the highest case-fatality rate of any infectious disease (7).

Surveillance is a critical component in disease elimination and control but in areas
where rabies is endemic, countries often lack a good infrastructure to report cases and

track vaccination programmes (10). Rabies is often considered a disease of poverty and
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ignorance and of the total human fatalities that occur annually, 33,000 occur in Asia and
26,000 occur in Africa (11-13). In addition, these figures are believed to be a gross
underestimate. It is estimated that only 3-5% of rabies cases are reported and rabies is

often misdiagnosed as an alternative encephalitis such as malaria (10, 14, 15).

1.1.1 Classification

Lyssaviruses are classified within the family Rhabdoviridae within the order
Mononegavirales. As well as the Rhabdoviridae family, the order Mononegavirales
contains 10 other virus families including the Bornaviridae, Paramyxoviridae and
Filoviridae families. With few exceptions, viruses within this order contain linear, non-
segmented, negative-sense, single-stranded ribonucleic acid (RNA) genomes.
Exceptions in the Rhabdoviridae family are the viruses classified in the Dichorhavirus
genus and Varicosavirus genus which have bi-segmented, negative-sense genomes (3).
For all the families within Mononegavirales except bornaviruses, nyavirus and the
nucleorhabdoviruses, virus replication and transcription occur in the cytoplasm. The
bornavirus, nyavirus and the nucleorhabdovirus families carry out transcription and
replication of the viral genome in the host cell nucleus (16). Another shared property of
members within the order Mononegavirales is the highly conserved gene order, where
although the number of viral genes varies from 5 to 11, the core gene order (3’-N-P-M-
G-L-5’) is maintained throughout (17). Lyssaviruses, like other rhabdoviruses,
encapsidate the virus genome in their entirety with the nucleocapsid protein. As such,

genetic reassortment is thought to be a rare occurrence but has been reported (16).

The Rhabdoviridae family (Table 1.1) constitutes one of the most diverse virus families
from the perspective of breadth of host infection, where viruses classified within the

family can infect mammals, birds, reptiles, fish, plants and arthropods (18). However,
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only lyssaviruses, ephemeroviruses, and vesiculoviruses are capable of causing clinical
disease in both animals and humans, and rabies is the only significant human pathogen.
Additionally, in contrast to all other rhabdoviruses, lyssaviruses have adapted to direct

transmission and are not transmitted by arthropod vectors.

Within the lyssavirus genus, 17 different viral species are classified as separate entities
according to their genomic sequence. This includes: Australian bat lyssavirus (ABLV),
Aravan virus (ARAV), Bokeloh bat lyssavirus (BBLV), Duvenhage virus (DUVV),
European bat lyssavirus type 1 (EBLV-1), European bat lyssavirus type 2 (EBLV-2),
Gannoruwa bat lyssavirus (GBLV), Irkut virus (IRKV), Ikoma lyssavirus (IKOV),
Khujand virus (KHUV), Lagos bat virus (LBV Lineages A-D), Lleida bat lyssavirus
(LLEBYV), Mokola virus (MOKYV), Rabies virus (RABV), Shimoni bat virus (SHIBV),
Taiwan bat lyssavirus (TWBLV), and West Caucasian bat virus (WCBV) accepted by
the International Committee on Taxonomy of Viruses (3). Two further putative novel
lyssaviruses, Kotalahti bat lyssavirus (KBLV), which was detected in a Brandt’s bat
(Myotis brandtii), and Matlo bat lyssavirus (MBLV), which was detected in two Natal
long-fingered bats (Miniopterus natalensis), have been reported but remain as tentative
species until fully characterised (19, 20). The genome lengths of each of the lyssavirus
species vary, with the RABV species exhibiting the shortest genomes at 11,923-11,932

nucleotides and WCBYV exhibiting the longest genome of 12,178 nucleotides (21).
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Table 1.1: Rhabdovirus taxonomy, species, hosts and vector species as accepted by the ICTV

(as of 04/07/2021) (1). Adapted from (22).

Species Main hosts and

vectors
Almendravirus 6 Arboretum almendravirus Mosquito
Balsa almendravirus
Coot Bay almendravirus
Puerto Almendras almendravirus
Rio Chico almendravirus

Alphanemrhavirus 2 Xingshan alphanemrhavirus Nematode
Xinzhou alphanemrhavirus

Alphanucleorhabdovirus 11 Constricta yellow dwarf Plants
alphanucleorhabdovirus Planthoppers
Eggplant mottled dwarf Aphids
alphanucleorhabdovirus Leafhoppers

Maize Iranian mosaic
alphanucleorhabdovirus
Maize mosaic
alphanucleorhabdovirus
Morogoro maize-associated
alphanucleorhabdovirus
Peach alphanucleorhabdovirus
Physostegia chlorotic mottle
alphanucleorhabdovirus
Potato yellow dwarf
alphanucleorhabdovirus
Rice yellow stunt
alphanucleorhabdovirus
Taro vein chlorosis
alphanucleorhabdovirus
Wheat yellow striate
alphanucleorhabdovirus

Arurhavirus 4 Aruac arurhavirus Mosquito
Inhangapi arurhavirus Sandflies
Santabarbara arurhavirus Mice
Xiburema arurhavirus

Barhavirus 2 Bahia barhavirus Mosquito
Muir barhavirus

Betanucleorhabdovirus 9 Alfalfa betanucleorhabdovirus Plants
Apple betanucleorhabdovirus Aphids

Blackcurrant
betanucleorhabdovirus
Cardamom betanucleorhabdovirus
Datura yellow vein
betanucleorhabdovirus
Pepper betanucleorhabdovirus
Sonchus yellow net
betanucleorhabdovirus
Sowthistle yellow vein
betanucleorhabdovirus
Trefoil betanucleorhabdovirus
Caligrhavirus 3 Caligus caligrhavirus Arthropods
Lepeophtheirus caligrhavirus
Salmonlouse caligrhavirus
Curiovirus 4 Curionopolis curiovirus Midges
Iriri curiovirus Sandflies
Itacaiunas curiovirus Mosquitoes
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Rochambeau curiovirus

Alfalfa dwarf cytorhabdovirus Plants
Barley yellow striate mosaic Aphids
cytorhabdovirus Planthoppers
Broccoli necrotic yellows Leafhoppers

cytorhabdovirus

Cabbage cytorhabdovirus
Colocasia bobone disease-
associated cytorhabdovirus

Festuca leaf streak cytorhabdovirus
Lettuce necrotic yellows
cytorhabdovirus

Lettuce yellow mottle
cytorhabdovirus

Maize yellow striate
cytorhabdovirus

Maize-associated cytorhabdovirus
Northern cereal mosaic
cytorhabdovirus

Papaya cytorhabdovirus
Persimmon cytorhabdovirus
Raspberry vein chlorosis
cytorhabdovirus

Rice stripe mosaic cytorhabdovirus
Sonchus cytorhabdovirus 1
Strawberry crinkle cytorhabdovirus
Strawberry cytorhabdovirus 1
Tomato yellow mottle-associated
cytorhabdovirus

Trichosanthes cytorhabdovirus
Trifolium pratense cytorhabdovirus
A

Trifolium pratense cytorhabdovirus
B

Wheat American striate mosaic
cytorhabdovirus

Wuhan 4 insect cytorhabdovirus
Wuhan 5 insect cytorhabdovirus
Wuhan 6 insect cytorhabdovirus
Yerba mate chlorosis-associated
cytorhabdovirus

Yerba mate cytorhabdovirus

Citrus chlorotic spot dichorhavirus | Arthropods
Citrus leprosis N dichorhavirus Plants
Clerodendrum chlorotic spot
dichorhavirus

Coffee ringspot dichorhavirus
Orchid fleck dichorhavirus

Adelaide River ephemerovirus Cattle
Berrimah ephemerovirus Mosquitos
Bovine fever ephemerovirus Midges

Hayes ephemerovirus

Kent ephemerovirus
Kimberley ephemerovirus
Koolpinyah ephemerovirus
Kotonkan ephemerovirus
Obodhiang ephemerovirus
Puchong ephemerovirus
Yata ephemerovirus
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Gammanucleorhabdovirus | 1 Maize fine streak
gammanucleorhabdovirus

Hapavirus 16 Flanders hapavirus Birds
Gray Lodge hapavirus Mosquitos

Hart Park hapavirus
Holmes hapavirus
Joinjakaka hapavirus
Kamese hapavirus
La Joya hapavirus
Landjia hapavirus
Manitoba hapavirus
Marco hapavirus
Mosqueiro hapavirus
Mossuril hapavirus
Ngaingan hapavirus
Ord River hapavirus
Parry Creek hapavirus
Wongabel hapavirus
Ledantevirus 17 Barur ledantevirus Arthropods
Bughendera ledantevirus Bats
Fikirini ledantevirus
Fukuoka ledantevirus
Kanyawara ledantevirus
Kern Canyon ledantevirus
Keuraliba ledantevirus
Kolente ledantevirus
Kumasi ledantevirus
Le Dantec ledantevirus
Mount Elgon bat ledantevirus
Nishimuro ledantevirus
NKkolbisson ledantevirus
Oita ledantevirus
Vaprio ledantevirus
Wuhan ledantevirus
Yongjia ledantevirus

Lostrhavirus 1 Hyalomma lostrhavirus
Lonestar lostrhavirus

Lyssavirus 17 Aravan lyssavirus Dogs
Australian bat lyssavirus Humans
Bokeloh bat lyssavirus Bats

Duvenhage lyssavirus
European bat 1 lyssavirus
European bat 2 lyssavirus
Gannoruwa bat lyssavirus
Ikoma lyssavirus
Irkut lyssavirus
Khujand lyssavirus
Taiwan bat lyssavirus
Lagos bat lyssavirus
Lleida bat lyssavirus
Mokola lyssavirus
Rabies lyssavirus
Shimoni bat lyssavirus
West Caucasian bat lyssavirus
Mousrhavirus 1 Moussa mousrhavirus Mosquito
Novirhabdovirus 4 Hirame novirhabdovirus Fish
Piscine novirhabdovirus
Salmonid novirhabdovirus
Snakehead novirhabdovirus
Ohlsrhavirus 8 Angeles ohlsrhavirus Mosquito



Perhabdovirus

Sawgrhavirus

Sigmavirus

Sprivivirus

Sripuvirus

Sunrhavirus

Tibrovirus

Tupavirus

Varicosavirus
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Culex ohlsrhavirus

Lobeira ohlsrhavirus
Northcreek ohlsrhavirus
Ohlsdorf ohlsrhavirus
Pseudovishnui ohlsrhavirus
Riverside ohlsrhavirus
Tongilchon ohlsrhavirus
Anguillid perhabdovirus
Perch perhabdovirus

Sea trout perhabdovirus
Connecticut sawgrhavirus
Island sawgrhavirus

Minto sawgrhavirus
Sawgrass sawgrhavirus
Capitata sigmavirus
Domestica sigmavirus
Drosophila affinis sigmavirus
Drosophila ananassae sigmavirus
Drosophila immigrans sigmavirus
Drosophila melanogaster
sigmavirus

Drosophila obscura sigmavirus
Drosophila tristis sigmavirus
Hippoboscid sigmavirus
Hubei sigmavirus

Lousefly sigmavirus
Muscina stabulans sigmavirus
Myga sigmavirus

Shayang sigmavirus
Sturtevanti sigmavirus
Wuhan sigmavirus

Ying sigmavirus

Carp sprivivirus

Pike fry sprivivirus
Almpiwar sripuvirus

Chaco sripuvirus

Charleville sripuvirus

Cuiaba sripuvirus

Hainan sripuvirus

Niakha sripuvirus

Sena Madureira sripuvirus
Sripur sripuvirus

Dillard sunrhavirus

Garba sunrhavirus

Harrison sunrhavirus

Kwatta sunrhavirus

Oakvale sunrhavirus

Sunguru sunrhavirus
Walkabout sunrhavirus
Bas-Congo tibrovirus
Beatrice Hill tibrovirus
Coastal Plains tibrovirus
Ekpoma 1 tibrovirus

Ekpoma 2 tibrovirus
Sweetwater Branch tibrovirus
Tibrogargan tibrovirus
Durham tupavirus

Klamath tupavirus

Tupaia tupavirus

Alopecurus varicosavirus

Fish

Ticks

Fruitflies

Fish

Reptiles
Sandflies

Mosquito
Midges
Birds

Ticks
Cattle

Birds

Plants



Vesiculovirus

Zarhavirus
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Lettuce big-vein associated
varicosavirus

Trifolium varicosavirus
Alagoas vesiculovirus
Carajas vesiculovirus
Chandipura vesiculovirus
Cocal vesiculovirus
Eptesicus vesiculovirus
Indiana vesiculovirus
Isfahan vesiculovirus
Jurona vesiculovirus
Malpais Spring vesiculovirus
Maraba vesiculovirus
Morreton vesiculovirus
New Jersey vesiculovirus
Perinet vesiculovirus

Piry vesiculovirus

Radi vesiculovirus
Rhinolophus vesiculovirus
Yug Bogdanovac vesiculovirus
Zahedan zarhavirus

Cattle
Arthropods
Fish

Ticks
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In addition to the genetic classification into species, the lyssaviruses have also been
classified according to antigenic data into phylogroups (23-25). The trimeric lyssavirus
glycoprotein, the surface antigen responsible for cell entry, is the sole target for
neutralising antibodies (26). Whilst the crystal structures for RABV G and MOKV G
were recently solved, meaningful assessment of these structures and the correlation to
antigenicity still remains to be determined (27-29). Despite this, the divergence in G
protein sequence data across the genus gives an indication of antigenic diversity (Table
1.2, Figure 1.1). The phylogroups generally dictate the degree of cross protection
afforded by rabies vaccines. Rabies vaccines for human use are based on whole

inactivated RABV particles.

Alongside administration of rabies immunoglobulin (RIG) and wound cleaning,
vaccination, resulting in the production of virus neutralising antibodies (VNAS), is the
only definitive way to prevent disease onset after contact with a rabid animal.
Individuals with an increased risk to exposure through high-risk occupations or
domestic animals destined to travel are vaccinated pre-exposure and periodic antibody
titre checks are used to evaluate the requirement for booster vaccinations. Because the
production of VNAs affords protection against RABV, the use of serological assays to
quantitate VNASs is recommended to assess immune response to vaccination in humans.
No specific titre of VNAS has been determined to ensure complete protection against all
RABY variants in all circumstances however statistical analysis of the survival rate
against the VNA titre of challenged animals has enabled the definition of a conservative
threshold for which protection against RABV is likely. In a previous report, the
probability of survival increased as the titre of VNAs increased where 0.5 International
Units (1U)/ml afforded a percentage survival rate of 99% (30). Further, specific working

groups involved in several international human rabies vaccine trials provided
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recommendations (31). Based on these reports of pre-exposure and post-exposure
vaccination series and VNA titres achieved, 0.5 1U/ml was accepted as proof of
seroconversion and the conservative threshold for which protection against RABV is

likely (31, 32).

Alongside RABYV, the current vaccines are understood to protect against all phylogroup
I lyssaviruses; ARAV, ABLV, BBLV, DUVV, EBLV-1, EBLV-2, IRKV, KHUV,
GBLV, and TWBLYV although the level of neutralising antibody required to protect is
undefined. Evidence has shown, however, that a titre higher than 0.5 1U/ml is required
for protection for some phylogroup I lyssaviruses indicating an increased antigenic
distance of the vaccine strains to the circulating lyssaviruses (33-35). For more
divergent lyssaviruses such as those in phylogroup Il and 111, in vivo vaccination-
challenge experiments have shown that the antibody response generated from the
RABY vaccine is not sufficient for protection (36-38). Phylogroup Il lyssaviruses
include LBV (all lineages, A-D), MOKYV and SHIBV. Three further lyssaviruses,
WCBYV, IKOV and LLEBYV represent the most genetically and antigenically divergent
lyssaviruses that have been tentatively assigned to a third phylogroup for the purposes

of this study (37, 39).
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Figure 1.1: Phylogenetic relationships of the lyssaviruses with Phylogroup I lyssaviruses labelled in
green, Phylogroup Il in orange and Phylogroup I11 in red. The phylogenetic tree is based on an alignment
of the complete lyssavirus glycoprotein gene. The analysis involved 20 lyssavirus glycoprotein nucleotide
sequences. The evolutionary history was inferred using the Neighbour-Joining method and the
evolutionary distances were computed using the Maximum Composite Likelihood method. A bootstrap
analysis of 1000 replications was undertaken and are indicated at key nodes. Scale bar indicates the

number of substitutions per site. Trees were generated in MEGAG6 and edited in FigTree.

The following sequences were used for generation of the phylogenetic tree: ABLV, Australian bat
lyssavirus, Genbank accession code: AF081020; ARAV, Aravan virus, Genbank accession code:
EF614259; BBLV, Bokeloh bat lyssavirus, Genbank accession code: JF311903; DUVV, Duvenhage
virus, Genbank accession code: GU936870 ; EBLV-1, European bat lyssavirus type 1, Genbank accession
code: KF155003; EBLV-2, European bat lyssavirus type 2, Genbank accession code: KY688136; GBLV,
Gannoruwa bat lyssavirus, Genbank accession code: KU244267; IRKV, Irkut virus, Genbank accession
code: EF614260; KHUV, Khujand virus, Genbank accession code: EF614261; RABV, rabies virus,
Genbank accession code: KF154997; TWBLYV, Taiwan bat lyssavirus, Genbank accession code:
MG763889 LBV-A, Lagos bat virus lineage A, Genbank accession code: EF547432; LBV-B, Lagos bat
virus lineage B, Genbank accession code: EF547431; LBV-C, Lagos bat virus lineage C, Genbank
accession code: EF547425; LBV-D, Lagos bat virus lineage D, Genbank accession code: GU170202;
MOKYV, Mokola virus, Genbank accession code: KF155005; SHIBV, Shimoni bat virus, Genbank
accession code: GU170201; IKOV, Ikoma lyssavirus, Genbank accession code: JX193798; LLEBV,
Lleida bat lyssavirus, Genbank accession code: NC031955; WCBYV, West Caucasian bat virus, Genbank
accession code: EF614258.
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1.1.2 Virion and genome organisation

Lyssavirus species share many of the biological and physicochemical features that are
associated with other viruses of the Rhabdoviridae family. This includes, a bullet-like
virion morphology with an envelope derived from the plasma membrane of the infected
host cell. One end of the bullet shape is conical (hemispherical), the other flat (planar)
with approximate dimensions of ~75 nm and a length of ~180 nm, depending on the
virus (40). Cryogenic Electron Microscopy (Cryo-EM) of RABYV specifically indicates
an average length of 198 nm and an average diameter of 75 nm (41).The lyssavirus
genome consists of a single negative stranded RNA molecule consisting of about 12,000
nucleotides. Transcription of the viral genome gives rise to a short leader RNA and five
monocistronic, capped, and polyadenylated messenger RNAs (MRNA) which encode
five viral proteins; Nucleoprotein (N), Phosophoprotein (P), Matrix Protein (M),
Glycoprotein (G) and Large polymerase (L). The N, M and L proteins are conserved in
structure and length across each of the lyssaviruses, whilst the P and G proteins vary in
length (42, 43). Lyssaviruses exhibit a conserved order of genes, with the N gene at the
3’ end, followed by P, M, G, and finally L at the 5’ end (Figure 1.2). This conserved
order has been speculated to have a role in the control of protein expression (44). In
terms of viral composition, the viral RNA genome forms the backbone of the
ribonucleoprotein (RNP) core (tightly coiled RNA associated with proteins) and extends
along the longitudinal axis of the bullet-shaped virus particle. The N, P, and L protein
components are associated with the viral RNA and surrounded by the viral proteins, M
and G, and lipoprotein components derived from the cell membrane that constitute the
outer envelope of the virion. The most abundant protein in the RNP core is N (~1325

copies), followed by P (~691 copies), and L (~25 copies) (45).
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Figure 1.2: (A) Genome organisation of a selection of virus species within the family
Rhabdoviridae. The total genome length and gene ORF sizes (N, P, M, G, L) are not shown to
scale. Number of nucleotides and the accession number of an example virus are also stated next
to genome schematics; extra genes are coloured blue. Adapted from (16). (B) A pictorial

representation of a mature RABV virion. Adapted from (7).
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Cryo-EM has also revealed the directionality of the virus RNA in the virion where the
3’ end resides at the conical tip of the bullet and the 5° end resides at the planar end
(41). However, it has been previously reported that low level incorporation (2% of all
mature virions) of positive single stranded (ss) RNPs into mature virions does occur
(46). Alongside standard bullet-shaped virions, truncated defective virions can also be
produced in vitro. These defective virions are often cone-shaped and contain shorter
RNA genomes as a result of internal sequence deletions or genome truncations (47-49).
Some defective virions can interfere with the production of standard virions and become
the dominant particle type in cell culture (50, 51). These are known as defective

interfering (D) virions (50, 52).

1.1.2.1 The Nucleoprotein
The amino acid sequence of the lyssavirus N protein is the most conserved of the of the

lyssaviruses proteins (42, 53). Despite a high degree of genetic diversity of short
segments of the N gene, a high level of amino acid sequence conservation of the N
protein is required to retain key functions such as the specific protein-RNA genome
interactions (54, 55). With an amino acid identity of 78-93% across the lyssavirus
genus, N is an important diagnostic target for the laboratory diagnosis of rabies. In
addition, the diversity of the N gene is the minimum criteria for lyssavirus species
definition using polymerase chain reaction (PCR) and nucleotide sequencing techniques
(55-58). Additionally, the quantity of N mRNA exceeds the quantity of the mRNA

encoding other viral genes and consequently is more likely to be detected by PCR.

The lyssavirus N gene consists of 1421 nucleotides which encodes an open reading
frame (ORF) of 450 amino acids (1350 nucleotides). These amino acids fold to form the
N protein with a molecular weight of 50.5 kDa (59). In the cytoplasm, the P protein

associates with the N-terminal domain of the N protein and acts as a chaperone to
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maintain the soluble form of N (60). Whilst N is associated with P, the cleft between the
N- and C-terminal domains of the N protein encapsidates the RNA genome into an
RNAse-resistant RNP core. Five basic residues of the RNA binding cavity associates

with 9 nts of the viral RNA to coordinate the N-RNA interaction.

Phosphorylation of N at Ser389 by a cellular kinase promotes stabilisation of the
interaction between N and P during the RABV replication cycle (61). Inside the virion,
the L protein is also associated with RNP via binding to the P protein, to form the
minimal essential replicative unit where the L protein acts as the viral RNA-dependent

RNA polymerase (62).

The abundance of N in the infected cell plays a role in the regulation of transcription
and replication by interacting with the leader RNA sequence of the lyssavirus. The
leader RNA sequence is encapsidated when there is an abundance of N protein available
in the cell, resulting in a switch from the transcription of monocistronic mMRNA to the
transcription of the full-length RNA antigenome (cCRNA). Consequently, mRNA
production is thought to halt and replication would begin using the full length positive

sense antigenome strand as a template (7, 62, 63).

1.1.2.2 The Phosphoprotein
Conserved in all lyssaviruses, the P gene, located downstream of N, has at least five in-

frame start codons, resulting in the translation of the full length P protein (P1) and four
less-abundant isoforms (P2-5). The P protein is multifunctional and multifaceted. P
consists of 297-303 amino acids, is the least conserved protein of the five viral proteins,
and forms the non-catalytic subunit of the viral transcriptase complex (64, 65). The P2-5
isoforms do not interact with the L protein but instead are involved in immune evasion
(66). Structural analysis shows that the P protein exists as either a dimer or tetramer in

order to bind N and L (67, 68). The primary function of the P protein is as part of the
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RNA polymerase complex, whereby P plays a pivotal role in stabilising the L protein to
facilitate the interaction with the N-RNA template (69, 70). Additionally, the P protein
interacts with N protein and acts a chaperone to ensure N binds only genomic RNA,
preventing N polymerisation and non-specific binding to cellular RNA (42, 71, 72).
Like other negative sense RNA viruses, P exists in two forms depending on the degree
of phosphorylation (73). The hypo-phosporylated form has a molecular weight of 37
kDa whilst the hyper-phosphorylated form has a molecular weight of 40 kDa (61). The
N-terminal domain of P is phosphorylated by two types of protein kinases: a unique
protein kinase designated RABV protein kinase and protein kinase C (61, 73). Both
RABV-protein kinase and the delta isoform of protein kinase C were found to be

selectively packaged in mature rabies virions.

There is evidence to suggest that the P protein also interacts with host cell proteins to
modulate cellular pathways. Previously, intracellular microtubule-dependent virus
transport was suggested to occur through an interaction with the host dynein light chain
LC8 and the P protein however more recently, deletion of the LC8 binding domain did
not change RABYV entry into the central nervous system (CNS) (74-76). Other host
proteins that P associates with are the L9 component of the 60S ribsosome, the
mitochondrial complex I, and focal adhesion kinase; primarily to modulate or aid viral

replication (77-79).

Finally, it is well established that the P protein also plays a critical role in counteracting
the host-innate immune response, specifically the type I/111 interferon system. The
sensing of pathogen- or danger-associated molecular patterns (PAMPs and DAMPS)
activates interferon (IFN) signalling cascades to stimulate the transcription of either
antiviral and/or immune stimulatory genes. RABV P acts as an IFN antagonist by

binding and retaining phosphorylated Signal transducer and activator of transcription 1
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(STAT1) in the cytoplasm or preventing DNA binding STATL1 in the nucleus in order to
prevent IFN induction and response (64, 80, 81). Additionally, P interferes with the
phosphorylation of serine 386 of the IFN regulatory factor IRF-3, effectively

counteracting IRF-3 activation (82).

1.1.2.3 The Matrix protein
The M protein is the smallest of the 5 proteins, with a molecular weight of 23-24 kDa.

Across the genus, the M gene is relatively conserved with an amino acid percentage
identity of 92.3% (59). The multifunctional M protein is able to interact with the N
protein and the cell plasma membrane to form a layer between the RNP core and the G
protein (83). This RNP-M protein complex not only holds the virion in its distinct bullet
shaped form but it also mediates virus assembly and budding through interactions with
the G protein tail at the cell membrane to produce progeny virions (84, 85). The first
motif to be associated with virus budding was a proline-rich motif (PPEY) located at
amino acids 35-38 near the N-terminus (86, 87). Other proline-rich motifs termed late-
budding domains (L domains) are also found in the M protein of related rhabdovirus,
vesicular stomatitis virus (VSV) (88). These domains interact with components
contributing to the endosomal sorting complex required for transport (ESCRT) pathway
to promote RNP recruitment and virus budding (89). Whilst the M protein is the only
viral protein required for virus budding, the interaction of RNP-M with the G protein
enhances virus budding efficiency and subsequently increases virion production (85,
90). Notably, heterologous G proteins of other lyssaviruses can replace the homologous
G protein to produce mature virions, indicating that the interaction between M protein

and G protein does not need to be optimal (23, 91-93).

It has also been suggested that the M protein, in addition to the N protein, may play a

role in the switch from transcription to replication (94, 95). Whilst the molecular
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mechanisms behind this phenomenon are still unresolved, the association of M with
RNP would inhibit transcription of viral RNA and likely prompt contribute to the shift
to replication (94). In addition, upon infection, the dissociation of M from the RNP,
promoted by the host cellular protein V-type proton ATPase catalytic subunit, allows

transcription to occur (96).

Like vesiculovirus, lyssavirus M is also speculated to play a role in inhibiting type 1
IFN signalling and may also be involved in the early induction of TRAIL-mediated

apoptosis of infected neurons (97, 98).

1.1.2.4 The Glycoprotein
The fourth gene of the lyssavirus genome encodes the transmembrane envelope G

protein. The G protein is comprised of 512-524 amino acids, including an N-terminal
19-amino acid signal peptide (SP) domain, and has a molecular weight of 65 kDa (42,
65). It has been estimated that there are approximately 1205 G molecules associated
with 1148 M molecules per virion (45). The G protein is the sole protein present on the
virion surface and predominantly exists as a trimer where it mediates viral assembly,

cell attachment, and cell entry (99, 100).

After translation, the SP domain, a membrane insertion signal, facilitates the transport
of the nascent G protein into the endoplasmic reticulum (ER) where the G protein
trimerises and the SP domain is cleaved in the Golgi apparatus (101, 102). The trimeric
conformation is then further stabilised by lateral interactions on the virion surface (103,
104). Additionally, the G protein is the only glycosylated protein and is glycosylated
with branched-chain oligosaccharides, which account for 10-20% of the total mass of
the protein. The resulting conformation of G on the virion surface is that of a type |
membrane G protein, with an N-terminus ectodomain, a 22 amino acid transmembrane

domain (TM), and a 44 amino acid cytoplasmic C-terminal domain (CD) (105).
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The primary role of the G protein is to mediate virus-cell interaction (106). Initially, the
G protein exists in a pre-fusion conformation, as either a monomer or a trimer, allowing
it to readily attach to host cell receptors (107). In close proximity to the the plasma
membrane, the G protein adopts the activated hydrophobic conformation in response to
a lower pH in the endosome, whereby G can directly fuse with the membrane to
eventually form the post-fusion conformation (108, 109). The G protein, through its
interactions with M, is studded throughout the virion envelope during the virus budding

process (85).

Because the G protein sits on the surface of the virion, the pre-fusion conformation of G
Is the primary target for VNASs (26, 110). Unlike the other proteins which aid to evade
the immune system, the G protein is the main immunogenic component of the virion as
it is @ major activator of the immune system resulting in the production of VNAs (111,
112). The G protein is of the most extensively studied lyssavirus protein in terms of its
structure, immunogenicity, and antigenicity for VNASs because it is a potent immunogen

capable of inducing the host immune response against virus infection.

Of the five proteins, the G protein is the one of the least conserved proteins and this is
thought to cause the varying pathogenicity and neuroinvasiveness between specific

RABY strains and across the lyssavirus genus (92, 113, 114).

1.1.2.4.1 Antigenic sites on the glycoprotein
The G protein is the sole inducer and the primary target of host neutralising antibodies.

The exact regions of the G protein responsible for the differences in antigenicity across
the phylogroups is poorly defined. Not only is the G protein ORF relatively conserved
across the genus but each lyssavirus G protein contains 14 conserved cysteine residues
that contribute to its structure and 5 antigenic sites (Figure 1.3). Moreover, the G protein

induces VNASs that recognise both conformational and linear epitope antigenic sites.
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Figure 1.3: Schematic representation of the lyssavirus G protein. Defined antigenic sites and

conserved cysteine residues are shown. Cysteine residues are coloured according to proposed

disulphide linkages within the mature protein. TM: transmembrane; N-terminus: amino

terminus (NHy); C-terminus: Carboxyl-terminus (COOH). Adapted from (115).
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Historically, monoclonal antibodies (mADb) have been used to map these antigenic sites
(26, 116). This technique has identified four major antigenic sites, site I, I1, 11 and IV

and one minor antigenic site, site ‘a’ in the ectodomain of the G protein (Table 1.3).

Antigenic site | contains conformational epitopes as well as a linear epitopes. The mADb,
CR57, recognises the linear epitope (26), whilst the mAb 509-6 can successfully
delineate the conformational epitope found at amino acid position 226-231 (26). The
potent neutralising antibody, 62-713, proposed as a potential candidate for use as a
human rabies immunoglobulin (HRIG) alternative in post-exposure prophylaxis (PEP)
when used as a cocktail with other potent neutralising antibodies, also specifically

targets antigenic site I (117).

Antigenic site 1 is the discontinuous conformational epitope of the two major
conformational antigenic sites. It extends from amino acids 34-42 (domain lla) and
from amino acids 198-200 (domain IIb) and is recognised by the neutralising antibody

E559 (26, 117, 118).

The second major conformational epitope is antigenic site I11. Antigenic site 111 is
continuous and extends from amino acids 333-338, forming a loop on the surface of the
protein (119). Whilst no mAbs that bind the unfolded antigenic site have been
characterised, neutralising antibodies and neuronal receptors can bind the tertiary

structure of the fully folded protein (26).
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Table 1.3: Amino acid sequence of the lyssavirus antigenic sites. The amino acid
sequences are given. The residues coloured in red are those that differ from the RABV

sequence, given in the top row.

Virus Phylogroup Site llb Site lla Site | Site IV Site lll Site 'a’
RABV | GCTNLSGFS KRA KLCGVL FR KSVRTWNEI KG
GBLV | GCTSLSGFS KKA KLCGIS FH KSVRAWNEI KG
ABLV | GCTSLSGFS KKA KLCGIS FN KSVRTWDEI KG
KHUV | GCTTLSGFT KRA KLCGVS FH KSIREWKEI KG
ARAV I GCTTLTAFS KKA KLCGVM FH KSVREWTEV KG
BBLV I GCTTLTVFS KKA KLCGVS FH KSIRQWTEI KG
EBLV1 I GCTTLTPFS KKA RLCGVP FH KSVREWKEV KG
DUVV I GCTTLTPFS KKA RLCGIS FH KSVREWKEI KG
IRKV | GCTTLTAFN KKA KLCGMA FH KSIREWSEI KG
TWBLV | GCNTLSSFS KMA KLCGIS FR RSIRNWTEV KG
EBLV2 | GCTTLTVFS KKA KLCGIS FH KSIREWTDV KG
SHIBV ] GCSSSSTFS KKS TLCGKP NR KRVDRWEEI KG
MOKV Il GCNAESSFT = KKA TLCGRP DR KRVDKWADI KG
LBV B I GCGTSSVFS | KKS TLCGKP NR LRVDSWNDI KG
LBV A Il GCSETSSFT RKA TLCGKP NR KRVDNWVDI KG
LBV C I GCSDTATFS = KKS TLCGKP NR LRVDSWNDI KG
LBV D Il GCSTSTSFS RKA TLCGKP NR RRVDNWTDI KG
IKOV 1 GCNEGSKVS | ILL IICGKS VK KSVDNWTDI Pl
WCBV 1l YCTTEQSIT KLV SICGRQ IK IKVENWSEV KG

LLEBV ] NCTDHGEIN | RLF TICGKS TK KSVSNWSEI Pl
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Antigenic site 1V is poorly defined. Though it is widely defined as residues 263-264 and
a continuous epitope; it has also been suggested that it contains overlapping linear
epitopes at residues 251 and 264 (120, 121). Another study suggests that antigenic site
IV comprises of solely amino acid 251 (122). This suggests that more conclusive

evidence may be required to reveal the exact location of antigenic site IV.

Minor site ‘a’ includes amino acids 342-343 and is bound by several mAbs including
mAb 40E1. Minor site ‘a’ is in close proximity (3 amino acids) to site 11 but does not

have any overlapping epitopes (26).

1.1.2.5 The Large Polymerase
The largest gene within the lyssavirus genome encodes 2142 amino acid long protein

known as the L protein (123). Alongside transcription as an RNA dependent RNA
polymerase (RdRp), the large polymerase also functions as a mMRNA methyltransferase
and mRNA guanylyltransferase to cap and methylate the 5’ end of the mRNA and a
poly(A) synthetase to polyadenylate the 3’ end (124-126). This process ensures that the
viral MRNA is ‘disguised’ as host mRNA and subsequently recognised by host
machinery. Despite the fact that 54% of the viral genome is solely responsible for
encoding the L protein, the rhabdoviral L protein, is structurally homologous to other
members of the mononegavirales, (123, 127). Based on similar identity to VSV and the
Sendai virus, it is suggested that the L protein undergoes a vital conformational change
when bound to the P protein for activation, thus reflecting an optimal shift in

positioning of the L domains for efficient RNA synthesis (128).
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1.1.2.6 Genomic Diversity
Whilst lyssaviruses are generally highly conserved, due to the error prone nature of the

RNA dependent RNA polymerase, RNA virus populations can harbour a heterogeneous
RNA populations within a single species (129). Historically, this phenomenon was
referred to as ‘viral quasispecies’ but a more accurate term would be ‘viral
heterogeneity’ (130-132). Viral heterogeneity, a nucleotide sequence variation of the
viral genome, was initially suggested to confer some means of adaptation to a new host,
particularly significant in host spillover events (133-135). Previous studies have
suggested that due to viral heterogeneity, different variants of the same virus species
have a more defined function in the pathogenesis of the species as a whole and
determine cellular/host tropism. In this context, a study where mice were persistently
infected with lymphocytic choriomeningitis virus (LMCV) showed that different
variants of the same LMCYV strain were responsible for the infection of different cells
(136, 137). However, there is a lack of evidence that this is the case for lyssaviruses.
Studies have shown that transmission between species, such as a dog and a fox, do not
rely on host-specific residues in the RABV genome and therefore contributes to the lack

of evidence for positive selection (135).

The differences in the non-coding regions of the lyssavirus species is a more plausible
rationale for the adaption to particular host species. The untranslated regions represent
8.6-11.4% of the lyssavirus genome and although the lyssaviruses have highly
conserved initiation and termination signals, the vast majority of the genome length
variation between species is found in these non-coding regions (21, 42). Rich in adenine
and uracil, the main function of these untranslated regions is to regulate transcription
and replication. Leader RNA interacts with the N protein to activate the switch from
transcription to replication as well as the complementary termini which also promote

replication (138).
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1.1.3 Life Cycle

Once the virus has been transmitted to a new host, the virus replicates at the wound site
in muscle cells before entering motor and sensory neurons, predominantly by receptor-
mediated endocytosis (139). Alongside neuromuscular junctions (NMJs), RABV has
also been detected in sensory nerves and, in vitro, both retrograde and anterograde
axonal transport have been observed (140, 141). Further, in vivo anterograde trans-
synaptic transfer, in sensory neuronal circuits, has been shown (142). Following entry
into neurons, the virus travels in a retrograde manner at a rate of approximately 50-
100mm per day along axons via microtubules (74, 143, 144). Host factors including the
dynein light chain, LC8, within the microtubule network are proposed to facilitate this
transport (75). From replication sites, nascent viral RNP (the viral RNA associated with
several essential viral proteins) is transported to post-synaptic membranes for virion
assembly and trans-synaptic transmission to other neurons in a viral G protein
dependent manner (145, 146). This process includes budding in the synaptic cleft and
subsequent receptor mediated entry at pre-synaptic membranes. Once the virus reaches
the brain, RNPs are released into the neuronal soma allowing primary transcription and
replication to occur. Here, cytoplasmic inclusion bodies (IB) are formed and the virus
spreads via cell-cell transmission or trans-synaptically throughout the brain (147). After
CNS infection, the virus spreads centrifugally to other areas of the body such as the
salivary glands for onward transmission (148). The sequence of events in the lyssavirus
life cycle can be categorised into three phases. The first phase includes virus attachment
and entry into host cells, the second phase includes transcription and replication of
genomic RNA, and the third phase includes virus assembly and egress from the infected

cell (Figure 1.4).
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1.1.3.1 Cell Entry
The bite of rabid animal usually delivers the virus directly into striated muscles and

connective tissue, though infection can still occur from a single abrasion of the skin.
Following virus transmission into the host, the lyssavirus may enter a neuron directly or
initially replicate in muscle cells before entering the neurons in larger quantities (149).
This is speculated to be one of the factors that affects the duration of the incubation
period. The lyssavirus G protein is exposed on the surface of the virus as a trimer and
denotes neurotropism by playing a critical role in virion attachment and entry into host
cells (150). Since the pathogenesis of lyssaviruses depends upon neuronal cell entry, the
G protein is considered a major virulence factor (151). In vitro, there is evidence that
the virus can enter peripheral motor neurons through NMJs and has also been reported

in sensory spindles, stretch receptors and proprioreceptors (152).

For entry into neurons four molecules have been proposed as receptors to the G protein:
the Neural cell adhesion molecule (NCAM), present at NMJs; the Nicotinic
acetylcholine receptor (nAChR), involved in peripheral nervous system (PNS) and CNS
signalling; Metabotropic glutamate receptor 2 (mGIluR2), an autoreceptor for glutamate
in the brain; and the p75 Neurotrophin receptor (p75NTR), although, evidence for the
latter is controversial and other undefined receptors are likely to be involved (149, 153-
158). These receptors, with the exception of mGIluR2, are not exclusive to neurons and
can be expressed on cells in the skin dermis, suggesting a close proximity to infection
sites, however the extent to which these receptors are used by lyssaviruses remains to be

defined (159-161).

After binding receptors, the virus is internalised by receptor-mediated endocytosis
(162). However, like VSV, multiple lyssavirus virions may enter through a single

coated pit (viropexis) or uncoated vesicle (pinocytosis) (163). Fusion is activated in the
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acidic environment (pH 6.3-6.5) of the endosomal compartment by a reversible change
in G protein conformation (162). The G protein has been shown to adopt three different
conformational states that each play a role in virus entry (108). The pre-fusion “native”
state, due to a neutral environment (pH 7), allows the G protein to engage with the host
cell receptor (164). Following initial acidification in the endosome, the G protein is
“activated” to a hydrophobic state and adopts a structural conformation that exposes
necessary hydrophobic residues (108). As part of the initial steps of fusion, this allows
the virion to interact with the hydrophobic target endosomal membrane and expose the
fusion domain. A fusion pore develops as a direct result of further rearrangements of the
G protein and the close proximity of the viral and cell membrane (164). The transition
from virus interaction to the generation of the fusion pore requires the correct folding of
the G trimers and is a high-cost energy step. Additionally, more than one trimer is
required to form a functioning fusion site (108). The G protein adopts the final, post-
fusion (fusion-inactive) conformation once it’s been exposed to a low pH for a longer
time period and appears longer than the other conformational sates (108). Unlike other
viruses, this conformational change is reversible when the pH is returned to a pH of 7
and above (165). Fusion initiates the release of the RNP into the cytoplasm which

allows initiation of transcription (166, 167).

1.1.3.2 Transcription and Replication
The lyssavirus genome is a linear, negative-sense, single-stranded RNA which cannot

be directly replicated using host machinery. As the tightly coiled RNP molecules are
released into the cytoplasm, the M protein dissociates and they form a loosely coiled
helix structure, conceivably to facilitate transcription and replication of the viral genome
(168). With approximately 50 RNP-associated RNA polymerases (L protein), the L
protein initiates the transcription of leader RNA and the 5 viral genes where 5’-capped

and polyadenylated monocistronic viral mMRNA transcripts are sequentially produced



61

(162). This process in the replication cycle is known as primary transcription. As the
transcriptase recognises the start and stop codons, the protein transcripts are generated
consecutively (169). The polymerase shutters back and forth on the poly-A signal (stop
signal) which consists of a run of U’s to form a 50-150nt poly-A tail (170). As shown
for VSV, the polymerase then travels down to the next restart signal where it initiates
transcription of the next protein by adding a 5'-m7G cap whilst releasing the previously
transcribed mRNA (171). This results in the intergenic sequences being left un-
transcribed. The dissociation and re-association of the polymerase with the RNP can
reflect a gradient effect of transcriptional efficiency (162). Consequently, this leads to
the typical transcript gradient in which the 3’ proximal genes are transcribed more
abundantly those of distal genes at the 5’end, resulting in different protein abundances.
It is suggested that the conserved gene order reflects the relative protein amounts
required in the replication process, with the intergenic sequences being a major factor in
determining polymerase effectiveness. Lyssaviruses mostly have intergenic sequences
of 2nt at the N/P border, 5nt at the P/M and M/G border and 19-28nt at the G/L border.
As a consequence of this phenomenon, the L protein is the least expressed as the larger

intergenic sequence (at the G/L border) promotes dissociation of the polymerase (94).

Following primary transcription, the viral mRNA is translated using the host cell
machinery. The N, P, L and M proteins are translated on free ribosomes in the
cytoplasm, whereas the G protein is translated on membrane bound ribosomes
associated with the ER (65). The G protein is co-translationally imported into the ER
lumen where chaperones mediate G monomer folding and modification at specific
asparagine residues by core glycosylation and asparagine-glycan processing (172).
Finally, the G protein has N-linked carbohydrate chains processed in the Rough ER and

the Golgi before being transported to the cell membrane. The nascent G protein assumes
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the fusion-inactive conformation, protecting the G post-translationally from fusing with
the Golgi vesicles whilst it’s being transported to the cell surface where it then assumes
the “native” conformation and structure (173, 174). The G protein forms a trimer and

exposes its glycosylated ectodomain on the exterior of the cell membrane (175).

A study also suggests that the M protein may interact with the eukaryotic translation
initiation factor, elF3h, to inhibit the translation of host cell MRNAs that have a Kozak-
like 5°-UTR (98). This would make the host cell machinery more readily available for
the translation of viral mMRNAS, increasing the abundance of viral proteins. The
accumulation of viral proteins forms inclusion bodies or Negri inclusion bodies (NB) in
neurons, which grow larger over time and represent active viral factories (147, 176).
The IBs contain all components for replication (N, P, L, M proteins, viral RNA,
complementary RNA, mRNA, and some cellular proteins) (79). IBs have been shown,
by live-cell imaging processes, to eject viral nucleocapsids where they are later

transported along microtubules to form either new virions or secondary I1Bs (177).

In later phases, there is a switch from transcription to replication. The exact mechanism
responsible for this shift is unknown, though there are different hypotheses. Some
studies suggest that the M protein is responsible for the shift of the L protein to a
replicase (94). The association of M causes the L protein to become a RNP dependent
RNP polymerase as it becomes associated with P-N heteromers, rather than a RNP
dependent RNA polymerase which is associated with just P (69, 162, 178). The
abundance and continued synthesis of N is also a factor affecting the switch to
replication. Following the primer independent synthesis of the antigenome, the positive
sense antigenome and the negative sense genome are encapsidated by N to form new
RNPs. The P protein chaperones N in this process (162). Before, the accumulation of

large quantities of N, this process is not possible.
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The positive sense RNP is then used for templates for further synthesis of either, the
genome, or more viral protein transcripts (secondary transcription). The negative sense

RNP is encapsidated into progeny virions (7).

1.1.3.3 Virus Egress and Migration
The M protein is mainly responsible for virus assembly and budding and is found in the

cytoplasm, nucleus and IBs (7). Virus assembly starts with the formation of RNP, which
is closely followed by the association of M to the RNP. First, the association of M
initiates promotes a shift from transcription to replication (162). It is possible that the
differential conformational folding of the monomer M, Ma and M may provide the
rationale for the multiple regulatory functions of M (179). RNP-M is localised to the
cellular membrane where it accumulates. The RNP is then tightly coiled by M, halting
the activity of L. For this particular function, M may exist as a dimer where it also

bridges the RNP and the cytoplasmic tails of glycosylated trimeric G (85).

Once the mature virions bud through the cell membrane to acquire the lipid bilayer
envelope, the M, G, and helical RNP interaction is thought to influence membrane
curvature and the bullet morphology of the virus (7). As well as budding through the
plasma membrane, virions can also egress through the normal secretory pathway by
budding through ER or Golgi membranes into the lumen of the vesicles produced to
produce mature virus particles (162). It is also possible that the M localises the RNP to a
region of the cell membrane where the G protein trimers are not expressed, resulting in

a spikeless, non-infectious particle (90).

Following CNS infection, RABV can spread in a G-dependent anterograde manner to
peripheral organs or to the mandibular glands where RABV can spread to the salivary

glands and be excreted into the oral cavity (140, 141, 180).
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