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SUMMARY

Lyssaviruses cause acute, progressive encephalitis in mammals. Current rabies vaccines offer

protection against the lyssaviruses, with the notable exceptions of Mokola virus (MOKV), Lagos

bat virus (LBV) and West Caucasian bat virus (WCBV). Here we describe the cross-protective

and cross-reactive immune responses induced by experimental recombinant vaccinia viruses

encoding the glycoprotein genes of rabies virus (RABV), MOKV and WCBV, either singly or in

dual combinations. Constructs expressing a single glycoprotein gene protected mice against lethal

intracranial challenge with homologous virus. Similarly, recombinants expressing glycoprotein

genes from two different lyssaviruses offered mice protection against both homologous viruses.

VNAb induced by vaccines that included a MOKV glycoprotein gene cross-neutralized LBV, but

not WCBV. We concluded that a single recombinant poxvirus-vectored vaccine including MOKV

and RABV glycoprotein genes, should be a major addition to available rabies biologics and

should offer broad protection against all of the lyssaviruses, except WCBV.

INTRODUCTION

The Lyssaviruses belong to the family Rhabdoviridae

within the order Mononegavirales (i.e. mono- single;

nega- negative genome) and are the aetiological

agents of rabies encephalitis in supposedly all warm-

blooded animals and humans [1, 2]. These viruses

are classified into seven genotypes (species) based

on antigenic characteristics and molecular sequence

analysis of nucleo-, phospho- and glyco- (G) protein

genes of the virus [1, 2]. These are: genotype (gt) 1,

Rabies virus (RABV); gt 2, Lagos bat virus (LBV); gt

3, Mokola virus (MOKV); gt 4, Duvenhage virus

(DUVV); gt 5, European bat lyssavirus-1 (EBLV-1);

gt 6, European bat lyssavirus-2 (EBLV-2) and gt 7,

Australian bat lyssavirus (ABLV). In addition, four

novel lyssaviruses that were isolated from different

bat species from central Asia and Russia have been

described since 2003 [3–6]. It has been suggested that

these four viruses, namely Aravan (ARAV), Khujand

(KHUV), Irkut (IRKV) and West Caucasian bat

virus (WCBV) could be considered as separate geno-

types based on the current criteria for lyssavirus

taxonomy [1, 2]. Furthermore, considering phylogeny

(comparison of glycoprotein sequences), immuno-

genicity and virulence of isolates representing the

range of lyssaviruses, members of the genus were

proposed to be separable into two distinct phylo-

groups [7]. This division into phylogroups generally
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correlates with the pattern of vaccine cross-protection

observed for lyssaviruses described prior to 2003

[7–9]. The first phylogroup is represented by isolates

from genotypes 1, 4, 5, 6 and 7, and also include

ARAV, KHUV and IRKV [5, 6, 8]. Commercial

vaccines and biologicals, administered according to

the WHO prescribed regimens for pre- and post-

exposure, are considered to be effective against infec-

tions of viruses from this group (reviewed in [9]).

However, it should be noted that equivalent data are

not available for all the phylogroup 1 viruses, and for

example in the case of ARAV, KHUV and IRKV,

assumptions can only being made based on the

characteristics of single isolates [8]. In addition, vac-

cine studies with DUVV have been very limited in-

deed (reviewed in [9]), and further validation of

vaccine cross-protection against these viruses is be-

coming increasingly pressing, especially considering

the recent DUVV-induced human fatality from South

Africa in 2006 [10]. It is generally accepted that com-

mercial vaccines and biologics for rabies do not offer

full protection against infection with the viruses out-

side of the proposed lyssavirus phylogroup 1, i.e. the

African non-rabies lyssaviruses of genotypes 2 and 3

[7–9]. In addition, WCBV is recognized as the most

phylogenetically divergent lyssavirus compared to

classic rabies virus (and other phylogroup 1 viruses),

but also exhibits limited relatedness to genotypes 2

and 3 viruses. Laboratory evidence indicated little or

no cross-neutralization of anti-RABV sera with this

isolate [4, 8].

The objective of this study was to construct re-

combinant vaccinia viruses expressing single and dual

copies of the glycoprotein genes of RABV, MOKV

and WCBV and to investigate the protective and

cross-protective value of these candidate vaccines in

an attempt to demonstrate broader protection against

a range of lyssaviruses discovered to date. Although

these are experimental vaccines, they would represent

the first cross-protective lyssavirus vaccines to fall

within an already approved vaccine class.

MATERIAL AND METHODS

Viruses and cells

Parental Vaccinia Copenhagen (Vacc Cop) and re-

combinant vaccinia viruses were passaged on Vero

cell culture (CCL-81). All cell cultures used in this

study were grown in Minimal Essential Medium

(MEM) supplemented with 4 mM glutamine and 2r

MEM vitamin solution (all from Gibco, Invitrogen,

Carlsbad, CA, USA). The medium was supplemented

with 1r antibiotics (100 mg/ml penicillin, 100 mg/ml

streptomycin and 250 mg/ml amphotericin) (Gibco)

and 10% fetal bovine serum (FBS) (Hyclone, Logan,

UT, USA). Cultures were kept at 37 xC and at an

atmosphere of 0.5% or 5% CO2. RABV (Cynictis

penicillata isolate ARC-OVI M710/90), MOKV

(ARC-OVI RA361) and WCBV were amplified in

suckling mice and titred in 3- to 4-week-old ICR mice

according to previously described methods [11].

Animals used in the study

Outbred ICR mice (H2d-restricted, female, different

ages) were obtained from Harlan Sprague–Dawley

(Indianapolis, IN, USA). Animals were housed and

handled according to protocols approved by the

Institutional Animal Care and Use Committee of

the CDC.

Molecular cloning of full-length lyssavirus

glycoprotein genes

Molecular cloning of a RABV andMOKV glycoprotein

genes

The RABV glycoprotein gene was obtained from

previous clones and inserted into the BamHI site of

the vaccinia virus transfer vector pGVWR-gptNew to

generate pGVWR-RG [12]. The MOKV glycoprotein

gene was digested from pBUDCE4-MokG [11] with

PstI (New England Biolabs, Beverly, MA, USA) and

inserted into the PstI site of pGVWR-gptNew to

generate pGVWR-MG. The molecules were ligated

with T4 DNA ligase and rapid ligation buffer and

transformed in competent JM109 cells, following a

heat-shock protocol (Promega, Madison, WI, USA).

Clones were screened using a rapid nucleic acid iso-

lation method [13] and possible recombinants were

screened and the direction of gene insertions verified

by plasmid isolation using the QIAprep Spin mini-

prep kit (Qiagen, Hilden, Germany) and restriction

enzyme digestion.

Molecular cloning of the WCBV glycoprotein gene

Total RNA was extracted from an infected mouse

brain, using TRIzolTM reagent (Invitrogen) according

to the manufacturer’s recommendations. cDNA was

generated by reverse transcription with a sense primer

(ACTCAACAATCTGAAGAAGATG), for 90 min

at 42 xC with dNTPs (2.5 mM each) and 0.5 units
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of AMV reverse transcriptase (Roche, Mannheim,

Germany). The PCR primers, WCBV G forward

(CTCATCTCAGAGAAATGGC) and WCBV G re-

verse (CCCTTGAAGAATTCAATACC) were de-

signed and used for the PCR amplification of the

full-length WCBV G protein gene. The PCR product

was cloned into pGEM1-TEasy vector (Promega) as

before. WCBV glycoprotein gene of recombinant

clones was sequenced using M13 universal primers

(Promega). The sequencing reactions were prepared

with the BigDye1 terminator kit version 1.0 as pre-

scribed by the manufacturer and sequences were re-

solved on an ABI Prism 377 gel automatic sequencer

(Applied Biosystems, Foster City, CA, USA). Se-

quences were examined for PCR-incorporated

errors and blasted against sequences on the NCBI

Genbank. An intact WCBV glycoprotein gene was

digested from a recombinant pGEM clone and in-

serted into the EcoRI site of the mammalian ex-

pression vector, pCINeo (Promega) for purposes not

relevant to this study. The gene was retrieved by di-

gestion of the pCINeo clone with XhoI and SalI (New

England Biolabs) and inserted into the SalI site of

pGVWR-gptNew to generate pGVWR-WG. The di-

rection of the insertion was determined by digestion

with EcoRV restriction enzyme (New England Bio-

labs).

Generation and isolation of recombinant vaccinia

viruses expressing lyssavirus glycoprotein genes

The methods for the generation, isolation and purifi-

cation of recombinant vaccinia viruses were adapted

from previously described protocols [14, 15]. The ac-

tivated-dendrimer transfection reagent, Superfect1

(Qiagen) was used to prepare transfection reactions,

according to the manufacturer’s suggestions. To gen-

erate recombinant vaccinia viruses expressing a single

copy of the RABV, MOKV or WCBV glycoprotein

gene, Vacc Cop-infected cell culture was transfected

with the recombinant transfer vectors. Similarly, the

recombinants expressing dual copies of a RABV gly-

coprotein gene, or a RABV and MOKV or a RABV

and WCBV glycoprotein gene were generated after

transfection of cell culture infected with another ex-

perimental vaccinia recombinant with a RABV gene

inserted into the haemagglutinin site of the Vacc Cop

genome (construct available from Rabies Unit, CDC,

Atlanta, GA, USA). All the genes are expressed under

regulation of the p7.5 vaccinia virus promoter.

Recombinant viruses were plaque purified in the

presence of cell culture medium containing 25 mg/ml

mycophenolic acid, 250 mg/ml xanthine and 15 mg/ml

hypoxanthine (all from Sigma Aldrich, Munich,

Germany). The homogeneity of the recombinant

isolates was analysed with PCR [16] targeting the

thymidine kinase region of the Vacc Cop genome.

Genomic DNA was extracted from virus isolates

from subsequent passages as described elsewhere [17].

Expression of the different glycoprotein genes from

the homogenous recombinants was confirmed with an

indirect immunofluoresence assay (IFA). Mouse anti-

WCBV hyperimmune serum or RABV or MOKV

specific monoclonal antibodies was used to test for the

expression of protein. Recombinant vaccinia viruses

expressing MOKV and WCBV glycoproteins were

identified and designated VV-MG and VV-WG.

Recombinant vaccinia viruses expressing two G pro-

tein genes, two RABV, RABV and MOKV or RABV

and WCBV were identified and named VV-RGRG;

VV-RGMG and VV-RGWG. These viruses, together

with parental strains were propagated, semi-purified

through ultracentrifugation at 19 000 g through a

36% sucrose cushion, resuspended in MEM with 1r
antibiotics and stored in aliquots at x80 xC.

Immunization and challenge study

Six-week-old ICR mice received 107 plaque-forming

units (p.f.u.) of the vaccine viruses or their parent

viruses in 50 ml MEM with 1r antibiotic. The ad-

ministrations were given intramuscularly in the right

quadriceps muscle with a 0.5 cc tuberculin syringe

and an 8 mm 31-gauge needle. All animals received a

booster of 105 p.f.u. of the same vaccine virus 14 days

after the primary immunization. Mock controls were

included by immunizing mice with only MEM or

Vacc Cop preparations. Blood was collected via the

retro-orbital route on days 0, 7 and 21, using hep-

arinized microhaematocrit capillary tubes (Becton

Dickinson and Company, Franklin Lakes, NJ, USA)

or heparinized Natalson blood collecting capillaries

(Fisher Scientific, Houston, TX, USA). Sera were

separated in Microtainer1 serum separation tubes

with SSTTM (Becton Dickinson and Company) as

suggested by the manufacturer, and stored at x20 xC

until analysis. On day 28 each animal received 100

MICLD50 of RABV, MOKV or WCBV intra-

cranially. The inoculations were in volumes of 30 ml

each, and performed with a 0.5 cc tuberculin syringe

(8 mm, 31-gauge needle) or 1 cc syringe (27-gauge

needle) (Becton Dickinson and Company). The
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animals were monitored for up to 30 days post-

challenge and post-mortem diagnosis of rabies virus

infection was confirmed using the direct fluorescent

antibody test with FITC anti-rabies monoclonal

globulin (Fujirebio Diagnostics, Malvern, PA, USA)

[18].

Analysis of humoral responses : rapid fluorescent

focus inhibition test (RFFIT)

Preparation and interpretation of the RFFIT was

carried out as described previously [19]. In modifi-

cation of this protocol, challenge virus included not

only the challenge virus standard (CVS-11), but tests

were also prepared with MOKV, LBV and WCBV as

challenge viruses. Cell-culture-adapted isolates of

these viruses were diluted to 50 fluorescent foci doses

per 100 ml before use.

Statistical analysis of data

Survival data was analysed with conservative confi-

dence intervals with 90% confidence to compare

the different groups pair-wise. VNAb titre data was

analysed by the Kruskal–Wallis non-parametric

method at a=0.05. The statistical treatments were

prepared by Statomet (University of Pretoria, South

Africa).

RESULTS

Molecular cloning of full-length lyssavirus

glycoprotein genes and generation of recombinant

vaccinia viruses

The integrity of all constructs and cloned genes de-

scribed was confirmed by comprehensive sequencing

analysis. Recombinant vaccinia viruses that carry

MOKV (VV-MG) or WCBV G (VV-WG) protein

gene were generated using Vacc Cop as the parent

virus. The homogenous recombinants were sub-

sequently isolated after six rounds under MPA re-

sistance selection. The purity of these recombinants

was monitored by PCR of the TK region of the parent

genome (results not shown). In addition, recombinant

viruses that carried two RABV (VV-RGRG) or a

RABV and MOKV (VV-RGMG) or a RABV and

WCBV (VV-RGWG) glycoprotein genes were also

constructed. An experimental recombinant vaccinia

virus encoding a rabies virus glycoprotein gene (VV-

RG) was used as a parent virus for the construction of

these double antigen-encoding recombinants and the

recombinants were generated upon transfection of

cell culture infected with VV-RG. The recombinants

were also isolated similarly to the single gene re-

combinants. Expression of the different glycoprotein

genes was confirmed for all the vaccine constructs, by

probing infected cells with antibodies that bind

specifically to the RABV, MOKV or WCBV glyco-

proteins in IFA assays (results not shown).

Survival and VNAb responses in mice

The single antigen expressing recombinant vaccines

(i.e. VV-RG, VV-MG and VV-WG) significantly

protected mice against lethal intracerebral challenge

with homologous virus, compared to control groups

that succumbed to the challenge (Tables 1–3). These

constructs elicited measurable virus-neutralizing

responses by day 7 after primary immunization

(Tables 1–3). In addition, up to a fivefold increase in

VNAb titre was measured on day 21 (7 days after a

booster immunization), for animals immunized with

VV-RG and VV-WG. Up to a sixfold increase in titre

was measured for the animals that received the VV-

MG vaccine. Similarly, the double antigen expressing

vaccines (i.e. VV-RGRG, VV-RGMG, VV-RGWG)

also protected mice against lethal intracerebral chal-

lenge with homologous viruses (Tables 1–3). The

RABV VNAb responses increased three-, five- and

sevenfold, respectively, after the second dose of VV-

RGRG, VV-RGWG and VV-RGMG was adminis-

tered (Tables 1–3). The average levels of RABV

VNAb elicited after vaccination with any of the vac-

cines expressing RABV G alone or in combination

with another G, did not differ significantly (a=
0.05). The same was true for MOKV VNAb titres

after vaccination with VV-MG and VV-RGMG, and

WCBV VNAb titres in mice that received VV-WG or

VV-RGWG (a=0.05).

In vitro cross-reactivity and in vivo cross-protection

studies

Animals that were immunized with VV-RG were not

protected against challenge with MOKV or WCBV

(Tables 2 and 3). These results were mirrored in the

lack of neutralization of MOKV or WCBV with sera

collected from these animals. Similar observations

were made for mice that received VV-MG. This vac-

cine did not elicit protection against RABV or WCBV

challenge and the results were corroborated by the

lack of anti-RABV or WCBV VNAb in the respective

sera (Tables 1 and 3).
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One animal vaccinated with VV-RGRG survived

challenge with WCBV, but this result was not found

to be statistically significant compared with the other

groups (a=0.05). Although this single survival was

not statistically significant, it does hold clinical sig-

nificance. Although the sera of the surviving animal

Table 2. Pre-challenge MOKV VNAb titres and survival of mice vaccinated with recombinant vaccinia viruses

and challenged with MOKV

Group Day 0 Day 7 Day 21
% Surviving
(no. of animals)

VV-RGa <1.00 <1.00 <1.00 0 (0/10)
VV-RGRGa <1.00 <1.00 <1.00 0 (0/10)
VV-MGb <1.00 2.18 (1.94–2.52) 2.86 (2.71–3.01) 100 (10/10)

VV-RGMGb <1.00 1.98 (1.15–2.43) 2.84 (2.18–3.08) 100 (9/9)
VV-WGa <1.00 <1.00 1.08 (1.0–1.28) 29 (2/7)
VV-RGWGa <1.00 <1.00 <1.00 0 (0/10)
Vacc Copa <1.00 <1.00 <1.00 0 (0/5)

MEMa <1.00 <1.00 <1.00 0 (0/5)

The VNAb titres (day 21 titres used for calculations) of groups indicated with (a) or (b) differ statistically at a=0.05.

Table 3. Pre-challenge WCBV VNAb titres and survival of mice vaccinated with recombinant vaccinia viruses

and challenged with WCBV

Group Day 0 Day 7 Day 21
% Surviving
(no. of animals)

VV-RGa <1.00 <1.00 <1.00 0 (0/10)

VV-RGRGa <1.00 <1.00 1.13 (1.0–1.4) 33 (1/3)
VV-MGa <1.00 <1.00 <1.00 0 (0/8)
VV-RGMGa <1.00 <1.00 <1.00 0 (0/7)
VV-WGb <1.00 1.7 (1.7) 2.48 (2.05–2.83) 100 (7/7)

VV-RGWGb <1.00 1.7 (1.39–2.01) 2.10 (1.4–2.7) 88 (7/8)
Vacc Copa <1.00 <1.00 <1.00 0 (0/5)
MEMa <1.00 <1.00 <1.00 0 (0/5)

The VNAb titres (day 21 titres used for calculations) of groups indicated with (a) or (b) differ statistically at a=0.05.

Table 1. Pre-challenge RABV VNAb titres and survival of mice vaccinated with recombinant vaccinia viruses

and challenged with street RABV

Group Day 0 Day 7 Day 21

% Surviving

(no. of animals)

VV-RGa <1.00 1.7 (1.39–2.01) 2.45 (1.58–2.81) 90 (9/10)
VV-RGRGa <1.00 1.7 (1.08–2.01) 2.01 (1.38–2.70) 100 (10/10)
VV-MGb <1.00 <1.00 <1.00 0 (0/10)

VV-RGMGa <1.00 1.63 (1.0–1.9) 2.48 (1.90–2.86) 100 (10/10)
VV-WGb <1.00 <1.00 <1.00 0 (0/10)
VV-RGWGa <1.00 1.7 (1.0–1.9) 2.10 (1.4–2.7) 80 (8/10)

Vacc Copb <1.00 <1.00 <1.00 20 (1/5)
MEMb <1.00 <1.00 <1.00 0 (0/5)

The VNAb titres of groups indicated with (a) or (b) differ statistically at a=0.05. The titres are noted for day 0 (naive sera),
day 7 (7 days after primary vaccination) and day 21 (7 days after booster vaccinations) and are expressed as log base 10 of the

geometric mean titres (with the range of the values provided in parentheses). The number of surviving animals per group is
also indicated in parentheses.
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collected on day 7 after primary vaccination did not

cross-neutralize WCBV, the sera collected on day 21,

did. Indeed, a low level of WCBV neutralizing anti-

bodies was demonstrated (Table 3) and the sera of the

surviving animal (collected on day 21) were shown to

cross-neutralize WCBV in vitro. The same VV-RGRG

vector did not induce any measurable VNAb re-

sponses against MOKV and all the animals that re-

ceived this vaccine and were challenged with MOKV,

succumbed. In addition, the VV-RGMG vaccine did

not afford any protective responses in mice challenged

with WCBV.

Unexpectedly, two of the seven animals that re-

ceived the VV-WG vaccine survived challenge with

MOKV. Once again statistical treatment of these re-

sults failed to confirm its significance, but both sur-

viving animals had low levels of MOKV VNAb on

day 21, providing supporting evidence for the clinical

importance of this finding (Table 3).

To establish cross-reactivity with the final member

of the lyssavirus phylogroup 2, sera were also tested

against LBV for cross-reactivity (Table 4). The sera

collected from mice vaccinated with VV-MG and VV-

RGMG indeed significantly cross-neutralized LBV in

the RFFIT (a=0.05). Although the geometric mean

titres elicited by VV-RGMG were lower than those

elicited by VV-MG on both days 7 and 21, these dif-

ferences were not statistically significant (a=0.05).

DISCUSSION

The veterinary and public health threat of the non-

rabies lyssaviruses may appear to be of inconsequen-

tial status compared to RABV, and this is reflected in

the lack of surveillance of, in particular, the African

non-rabies lyssaviruses. Generally, the lack of epi-

demiological data on these viruses is attributable to

poor or complete lack of surveillance in countries

where these viruses have been isolated before [4, 20].

As such, LBV has not yet been isolated from humans

and MOKV from humans is considered extremely

rare [20–26]. Even so, several pressures continue to

lead to the emergence of lyssaviruses (and other RNA

viruses) and therefore the burden of these viruses may

become more significant in time (reviewed in [27]). In

addition, considering the distribution of the postu-

lated reservoirs of these viruses, the epizootiology of

these viruses may well be of future importance for

animal and human health [5, 6, 9]. The isolation of

MOKV from a diversity of hosts, including shrews

(Crocidura spp.), a dog, domestic cats and a rodent

(Lophuromys sikapusi) demonstrates this virus’s

ability to cross the species barrier and its potential for

establishing in a new host range, similar to the spill-

over that probably established the global distribution

of terrestrial RABV [21, 28]. The same argument ap-

plies to LBV, another lyssavirus that is continually

encountered in bats in southern Africa and have now

also been isolated from a mongoose – representing the

first ever such recognized case in terrestrial wildlife

[20, 29]. In 2006 a second human fatality of DUVV,

another southern African lyssavirus, was reported –

presumably from an insectivorous bat [10]. This par-

ticular event marks the first reported case of DUVV

since 1982. From these perspectives, investigation

into the development of animal and human RABV

vaccines and other biologicals that offer protection

against the broad spectrum of lyssaviruses is a worth-

while objective. In this study different recombinant

vaccinia-based lyssavirus vaccines were generated and

the cross-protective capacity of these vaccines evalu-

ated. The vaccinia virus system was chosen for this

proof-of-concept study since it is particularly well

studied for the expression of RABV proteins and has

been applied to and evaluated in a large variety of

animal models. Moreover, recombinant vaccinia

viruses are effective carriers of RABV glycopro-

teins – and one such recombinant vector, V-RG, oc-

cupies a significant niche in oral vaccination of

wildlife [30, 31].

Previous studies investigating cross-protective lyssa-

virus vaccines explored the utility of recombinant

subunit vaccines expressing MOKV (previously re-

cognized as the most divergent lyssavirus) glyco-

protein [11, 32]. Such vaccines offered protection

Table 4. LBV VNAb titres of mice vaccinated with

recombinant vaccinia viruses

Group Day 0 Day 7 Day 21

VV-RGa <1.00 <1.00 <1.0

VV-RGRGa <1.00 <1.00 <1.0
VV-MGb <1.00 1.49

(1.08–1.70)
2.36
(1.70–3.51)

VV-RGMGb <1.00 1.15
(<1.0–1.41)

2.07
(1.95–2.15)

VV-WGa <1.00 <1.00 <1.0

VV-RGWGa <1.00 <1.00 <1.0
Vacc Copa <1.00 <1.00 <1.0
MEMa <1.00 <1.00 <1.0

The VNAb titres (day 21 titres used for calculations) of

groups indicated with (a) or (b) differ statistically at
a=0.05.
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against lethal MOKV challenge, but not against

RABV challenge. The construction of chimeric lyssa-

virus glycoproteins consisting of half of a RABV and

half of a MOKV glycoprotein gene provided protec-

tion against challenge with both viruses [33, 34]. Sera

collected from animals immunized with these chimeric

constructs were tested for cross-reactivity against

other lyssaviruses. Sera significantly cross-neutralized

LBV and EBLV-2, but only slightly cross-neutralized

DUVV and EBLV-1 [34]. The role of the lyssavirus

nucleoprotein in enhancing cross-protective immunity

has also been explored. The lyssavirus nucleoprotein

gene is highly conserved, even amongst the different

genotypes and carries various epitopes, including

T helper cell epitopes [35, 36]. The conclusion from

a number of studies employing nucleoprotein re-

combinant subunit vaccines [11, 37–39], is that the

nucleoprotein may play some role in protecting

against peripheral virus challenge, but there is little

evidence for an enhancement of responses, particu-

larly of a cross-protective nature. The lyssavirus gly-

coprotein remains the single most important

component of any lyssavirus vaccine. Presence of the

glycoprotein (subunit vaccine) or the glycoprotein

gene (genetic or live vector-based vaccine) affords a

fully protective immune response against homologous

challenge in various different models evaluated (re-

viewed in [9]).

Our recombinant vaccinia viruses expressing

RABV, MOKV or WCBV glycoproteins were effi-

cacious in mice via the intramuscular route. Not only

were specific VNAb measured only a week after

primary immunization, but all these experimental

vaccines elicited strong anamnestic responses after

booster administrations. As expected, these vaccines

protected mice against lethal intracranial challenge

with homologous lyssavirus. However, no protection

against heterologous challenge was observed for any

of these single lyssavirus glycoprotein-encoding re-

combinant vaccines. The presence or lack of VNAb

responses, recognized as the single most important

immune response to confer immunological protection

[40, 41], and the corresponding survival data confirms

the consistency of the immune responses examined in

this set of experiments. The finding that our RABV G

protein vaccine failed to elicit cross-reactive serologi-

cal responses and failed to cross-protect against

MOKV or against WCBV in vivo, substantiate the

findings of related studies which utilized somewhat

different experimental approaches [8, 11]. By the same

token, sera from animals that received the RABV

glycoprotein vaccine did not cross-react with LBV in

RFFITs, again in support of related experimental

findings on the failure of experimental or commercial

rabies vaccines to protect against this member of the

phylogroup 2 lyssaviruses. The failure of the MOKV

vaccine to protect against RABV, and vice versa, was

expected and in agreement with previous findings [11,

32]. Sera from animals that received the MOKV vac-

cine significantly neutralized LBV in RFFITs, and

underline the relationship between these two African

viruses. However, the MOKV vaccine did not provide

any protection or exhibit any cross-neutralizing ac-

tivities against WCBV challenge. This finding under-

scores the divergence of WCBV from not only

classical RABV but also the viruses belonging to the

putative phylogroup 2.

The vaccines expressing two different heterologous

lyssavirus glycoprotein genes, i.e. MOKV plus RABV

and WCBV plus RABV G protein genes, elicited

specific VNAb responses that were comparable to

those elicited by the single antigen expressing vaccines

and each of the vaccines offered dual protection

against challenges with either viruses. Previously,

a recombinant RABV which express the RABV

glycoprotein gene in duplicate, were found to

concomitantly produce more glycoprotein and con-

sequentially elevated neutralizing responses in a

back-titration study, as opposed to a RABV express-

ing only one RABV glycoprotein gene [42]. This ob-

servation was supported by survival studies in a

mouse model. Where conventional rabies vaccines

yielded very high total VNAb titres, some neutraliz-

ation of MOKV, LBV, and particularly WCBV has

been reported [8]. By inference, a double RABV G

protein expressing vaccinia virus may have been ex-

pected to induce not only more neutralizing re-

sponses, but possibly confer enhanced neutralization

of non-rabies lyssaviruses. However, our double ex-

pression vaccinia recombinant elicited titres of RABV

neutralizing responses that were comparable with the

single glycoprotein-expressing vaccine and did not

enhance neutralization of MOKV, LBV or WCBV at

the dosage of vaccine tested.

Apart from not observing elevated VNAb levels,

enhanced cross-reactivity of sera induced by the

double RABV glycoprotein vaccine with MOKV,

LBV and WCBV was not observed. Only a single

animal that received the double RABV glycoprotein

vaccine, survived a heterologous challenge, namely

with WCBV and this animal indeed presented a low

anti-WCBV antibody titre 21 days after vaccination.
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While the taxonomic position of WCBV is under dis-

cussion, our data provide evidence in support of

the idea that WCBV does not belong to either

phylogroups 1 or 2, based on the generally accepted

criteria for such a grouping [7]. Indeed, apart from

phylogenetic and serological distance, we found

WCBV to be separable from MOKV and LBV (the

sole members of phylogroup 2) based on the re-

sponses to the new set of vaccines studied here.

Specifically, sera from animals vaccinated with a

MOKV-specific vaccine strongly and consistently

cross-neutralized a LBV isolate. These same sera

completely failed to cross-neutralize WCBV, effec-

tively distancing WCBV from the other two viruses.

Unexpectedly, two of the seven animals that received

the VV-WG vaccine survived challenge with MOKV.

Once again statistical treatment of these results failed

to confirm its significance, but both surviving animals

had low levels of MOKV VNAb on day 21, providing

supporting evidence for the clinical importance of this

finding (Table 3). Due to this divergent nature of

WCBV, the dual WCBV plus RABV vaccine did not

offer the protection desired for a broader spectrum of

lyssaviruses in Africa.

Instead, the dual MOKV plus RABV, or a hypo-

thetical LBV plus RABV should offer more complete

protection against all the known lyssaviruses, with the

exception of WCBV. Such a vaccine would, based on

our findings, be as effective against RABV, the major

agent for which these vaccines will be intended, as

those vaccines that are directed at RABV only.

Studies to determine the immunogically important

epitopes on the WCBV glycoprotein, or common

epitopes on all the lyssaviruses could contribute to the

development of poly-epitope vaccines [33, 34]. The

move towards newer vaccines for lyssaviruses may

well be precipitated in our modern era through the

increased detection of the activities of non-rabies

lyssaviruses in animal reservoirs/targets and through

non-rabies human fatalities, as reported in recent

times. In addition to an alternative approach to vac-

cine development, future research may also focus

more on the development of antivirals that could be

used post-exposure and should be active against the

spectrum of lyssaviruses.
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