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von Lyssavirus Glycoprotein Ektodomänen
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The glycoprotein G of lyssaviruses is the major determinant of virus pathogenicity 
and serves as a target for immunological responses to virus infections. However, 
assessment of the exact contribution of lyssavirus G proteins to observed differ-
ences in the pathogenicity of lyssavirus species is challenging, since the direct 
comparison of natural lyssaviruses does not allow specific ascription to individual 
virus proteins or domains. Here we describe the generation and characterization 
of recombinant rabies viruses (RABV) that express chimeric G proteins compris-
ing of a RABV cytoplasma domain fused to transmembrane and ectodomain G 
sequences of a virulent RABV (challenge virus standard; CVS-11) or two European 
bat lyssaviruses (EBLV-1 and EBLV-2). These “envelope-switched” recombinant 
viruses were recovered from cDNAs. Similar growth kinetics and protein expres-
sion in neuroblastoma cell cultures and successful targeting of primary neurons 
showed that the chimeric G proteins were able to replace the authentic G protein 
in a RABV based virus vector. Inoculation of six week old CD-1 mice by the intra-
cranial (i. c.) route of infection further demonstrated that all recombinant viruses 
were able to spread in the brain and to induce disease. The “envelope-switched” 
RABV therefore represent an important tool to further investigate the influence of 
lyssavirus ectodomains on virus tropism, and pathogenicity. 
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Das Glykoprotein G von Lyssaviren ist die Hauptdeterminante der viralen 
Pathogenität und fungiert als Zielstruktur für immunologische Reaktionen auf 
Virusinfektionen. Die Einschätzung der Beteiligung von Lyssavirus G Proteinen 
an Unterschieden in der Pathogenität von Lyssavirus-Spezies ist schwierig, da 
der direkte Vergleich natürlicher Lyssaviren keine Zuordnung zu individuellen 
Virusproteinen oder Domänen erlaubt. In diesem Artikel beschreiben wir die 
Herstellung und Charakterisierung von rekombinanten Tollwutviren (Rabies 
Virus; RABV), die chimäre G Proteine exprimieren, in denen die RABV Zytoplas-
madomäne mit den Transmembran- und Ektodomänen aus einem virulenten 
RABV (challenge virus standard; CVS-11) und aus zwei Europäische Fledermaus 
Lyssaviren (EBLV-1 und EBLV-2) fusioniert wurde. Diese „envelope-switched“ Viren 
wurden von rekombinanten cDNAs generiert. Vergleichbare Wachstumskinetiken 
und Proteinexpression in Neuroblastoma Zellkulturen sowie die Infektion von 
primären Neuronen zeigten, dass die chimären G Proteine in der Lage sind, das 
authentische G Protein in einem RABV basierten Virusvektor zu ersetzen. Die intra-
kraniale Inokulation von sechswöchigen CD-1 Mäusen zeigte weiterhin, dass alle 
rekombinanten Viren in der Lage waren, sich im Gehirn auszubreiten und Tollwut 
auszulösen. Die “envelope-switched” RABV stellen damit wichtige Werkzeuge für 

Zusammenfassung
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Introduction

Rabies is a worldwide neglected zoonosis caused by a 
lyssavirus. Many host species can act as reservoirs for 
lyssaviruses and spill-over to new host species, including 
fatal human infections, is frequently observed (Johnson 
et al., 2010). Although fox rabies is currently under con-
trol in Western European countries as a result of wildlife 
vaccination, rabies is still a significant public health 
problem (Cliquet and Picard-Meyer, 2004). Among the 
lyssaviruses infecting humans, bat lyssaviruses play a 
particular role. For instance, European bat lyssaviruses 
types 1 and 2 (EBLV-1 and EBLV-2) have been isolated 
from various bat species and spill-over to other mam-
mals, including humans, occurs even in countries where 
fox- or canine-rabies is absent (Fooks et al., 2003; Lumio 
et al., 1986; Müller et al., 2004; Nathwani et al., 2003; 
Tjornehoj et al., 2006). The ability of bat lyssaviruses to 
infect a wide range of mammalian species and the lethal 
outcome of such spill-over infections are of public health 
concern.

Almost no information exists about on the molecular 
mechanisms that are involved in the different outcomes 
of lyssavirus infections. From the observation that regu-
larly occurring spill-over infections of bat lyssaviruses in 
non-host mammalian species are commonly dead-end 
infections without any further spread in the species 
population, it is concluded that the use of new host spe-
cies as carriers requires adaptation of the virus to the 
new host. Indeed, experimental infection of sheep with 
EBLVs indicated a low replication potential of the viruses 
in the heterologous system (Brookes et al., 2007).

One major pathogenicity determinant of RABV is the 
glycoprotein G (Finke and Conzelmann, 2005; Ito et al., 
2001; Morimoto et al., 1999, 2000). G is a homotrimeric 
type I transmembrane protein (Gaudin et al., 1992) that 
serves as a viral envelope protein. The ectodomain of 
G is exposed on the virion’s surface and is essential for 
receptor binding and subsequent pH-dependent mem-
brane fusion. In addition, as the sole surface antigen of 
lyssaviruses, G is the prime target for neutralizing anti-
bodies (Cox et al., 1977). In addition to receptor binding 
and membrane fusion, G is also involved in host cell 
manipulation. Induction of apoptotic pathways inversely 
correlates with RABV related pathogenesis (Morimoto et 
al., 1999). Both particular G protein sequences (Prehaud 
et al., 2003) and the level of G expression (Faber et al., 
2002) have been described to be decisive for G-depend-
ent induction of apoptosis. However, a correlation of G 
expression levels and virus pathogenicity has 
also been controversially discussed (Wirblich 
and Schnell, 2011).

Some lyssavirus G proteins are not only 
able to induce cell death but also to exhibit 
a neuro-protective function. The identifica-
tion of a “neuron-survival” signal within the 
cytoplasmic domain of certain lyssavirus G 
proteins led to the assumption, that the cyto-
plasmic domain of G regulates both, survival 

of the neurons or death, depending on the cellular pro-
teins binding to sites within this domain (Prehaud et al., 
2010). Thus both, the ecto- and the cytoplasmic domains 
of G appear to contribute to viral pathogenicity.

The other structural envelope protein that may repre-
sent a key factor in host dependent virus replication and 
pathogenicity is the matrix protein M (Faber et al., 2004; 
Pulmanausahakul et al., 2008). Matrix protein is located 
at the inner side of the virion membrane and is thought 
to serve as a bridge between the inner ribonucleoprotein 
(RNP) core and the cytoplasmic domain of the glycopro-
tein.  In addition to virus assembly M is involved in the 
regulation of RNA synthesis (Finke and Conzelmann, 
2003; Finke et al., 2003), apoptosis induction and mito-
chondrial dysfunction (Gholami et al., 2008; Kassis et al., 
2004). Thus, it may influence virus replication and the 
fate of infected cells by multiple pathways. 

In addition, several examples for envelope-inde-
pendent mechanisms of virus-cell interaction exist that 
may affect virus replication and disease development  
(Brzozka et al., 2005, 2006; Chelbi-Alix et al., 2006; 
Mebatsion, 2001; Tan et al., 2007; Vidy et al., 2005, 2007) 
some of which have been shown to be involved in 
innate immune response escape mechanisms (reviewed 
in Rieder et al., 2012).

For all examples of identified or postulated patho-
genicity determinants, a lyssavirus-wide comparison of 
the isolated gene functions is lacking, although this is 
urgently required for the assessment of virulence of lys-
savirus species and of the risk of adaptation to new host 
populations. Though direct comparison of available lys-
savirus isolates in different hosts may indicate variable 
replication potentials, mechanistic understanding of the 
individual pathogenicity factors requires the comparison 
of isolated gene functions in a constant genetic back-
ground. The generation of chimeric viruses comprising 
heterotypic M (Finke and Conzelmann, 2003; Finke et 
al., 2010) and G proteins (Finke and Conzelmann, 2005; 
Ito et al., 2001; Morimoto et al., 2000) or both (Pulma-
nausahakul et al., 2008) allowed comparative studies on 
an identical genetic background. However, such com-
parative studies on the influence of G proteins on in vivo 
replication and pathogenesis were so far limited to the 
RABV species and did not include G proteins of other 
lyssavirus species.

Similar to a recent approach, in which we compared 
the M proteins of different lyssavirus species on an 
identical RABV genetic background (Finke et al., 2010), 
we here established a system for in vitro and in vivo 

die weitergehende Erforschung des Einflusses von Lyssavirus Ektodomänen auf 
Virustropismus und Pathogenität dar.

Schlüsselwörter: Tollwutvirus, Glykoprotein, Lyssavirus Pathogenität 

TABLE 1: Primers for PCR amplification of viral G-sequences
Virus Orientation Primer sequence
CVS-11 forward 5’-taatcagctagcggaaagatggttcctcaggttcttttg-3’

reverse 5’-aggttctgatcgattgactcttctgcaccatgtcattagggaaaatatc-3’
EBLV-1 forward 5’-taatcagctagcggaaagatgttactctctaccgccata-3’

reverse 5’-aggttctgatcgattgactcttctgcaacatgctgcagtaattattg-3’
EBLV-2 forward 5’-taatcagctagcggaaagatgccatttcaagctgttttgtctgcacttctttc-3’

reverse 5’-aggttctgatcgattgactcttctacagcaggcggcaatgaatatc-3’
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comparison of virus surface glycoproteins of different 
lyssavirus species. This was achieved by the generation 
of recombinant RABV that expressed chimeric G pro-
teins with an internal cytoplasmic domain derived from 
the parental virus and transmembrane and ectodomains 
derived from a pathogenic RABV (challenge virus stand-
ard; CVS) and two other lyssavirus species (EBLV-1 and 
EBLV-2). We asked whether it is possible to generate 
envelope-switched recombinant RABV that express such 
chimeric G proteins and whether the efficiency of virus 
replication in cell culture was influenced by the heter-
ologous G sequences. Moreover we tested, whether the 
chimeric G proteins still led to replication in the central 
nervous system (CNS) and to the induction of rabies. 

Material and Methods

Cells and virus propagation
BSR T7/5 cells (Buchholz et al., 1999) were maintained 
as described previously. For virus stock preparation and 
in vitro infection experiments murine neuroblastoma 
(NA) cells were cultivated in DMEM supplemented 
with 10% fetal calf serum. Cultures of primary neuronal 
cells were performed as described (Maresch et al., 2010). 
Briefly, neuronal cells were isolated from E15.5 embryos 
of pregnant Sprague-Dawley rats (Charles River) and 
were cultivated in poly-dl-ornithine and mouse laminin 
coated cell culture dishes (µ-slide, Ibidi).

Recombinant virus rescue and cDNA construction
Recombinant RABVs were rescued by co-transfection 
of full length genome cDNAs and expression plasmids 
into BSR T7/5 cells as described previously (Finke and 
Conzelmann, 1999; Finke et al., 2010). Briefly, full length 
genomic RNAs were expressed from cDNA clones 
derived from the full length cDNA plasmid pCMV-
SADL16. For the construction of recombinant full length 
cDNAs comprising the chimeric glycoprotein sequences, 
the authentic G open reading frame (ORF) of pSAD L16 
(Schnell et al., 1994) (genome nt pos. 3317–5337; acces-
sion M31046) was replaced by the G ORF flanked by 
nonviral NheI and NotI restriction sites (nt sequences 
upstream and downstream of the replaced region 
ORF: ….AACATCCCTCAAAAGACTCAAGGAAAG-
gctagcGGAAAGATG…. and 

...TAAgcggccgcCACCGCGGACCTAGCTTTTCAGTC-
GAGAAAAAAA…; lowercase: restriction sites, bold: 
transcription start and stop motifs and G start and stop 
codons) to yield the full length cDNA plasmid pSAD 
L16G.  In order to improve the rescue efficiency for the 
recombinant viruses, the CMV immediate early pro-
moter followed by a synthetic hammerhead sequence 
was introduced in pSAD L16G by ligation of a 12.4 kb 
MluI/NheI DNA fragment from a pCMV SADL16 
(Finke et al., 2010) derivative with a 4.5 kb MluI/NheI 
DNA fragment comprising the G ORF followed by a 
N-terminal L gene sequence. The resulting pCMV L16G 
was used to introduce the G ecto- and transmem-
brane domains from CVS-11, EBLV-1 and EBLV-2 G 
by PCR amplification of the G sequences with primer 
pairs as shown in table 1 and insertion of the NheI/ClaI 
digested pCMV L16G to yield pCMV EctoCVSG, pCMV 
EctoEBLV1G and pCMV EctoEBLV-2G. The CVS-11 
and EBLV-2 derived G sequence were identical to 
those in known genbank sequences (Accession num-

FIGURE 1: Organisation of lyssavirus genomes, 
chimeric G proteins and growth kinetics of recombinant 
viruses. (A) Lyssavirus genomes encode the five virus 
proteins N (nucleoprotein), P (phosphoprotein), M 
(matrix protein), G (glycoprotein) and L (large poly-
merase). (B) The G protein ecto- and transmembrane 
domain spanning region of the SAD L16 G protein was 
replaced by the corresponding sequences of CVS-11, 
EBLV-1 and EBLV-2 G proteins, resulting in the viruses 
SAD L16G, SAD EctoCVSG, SAD EctoEBLV1G and 
SAD EctoEBLV2G. (C) Multiple step growth curves 
showed, that the replication kinetics in infected neu-
roblastoma cell cultures was comparable to the control 
virus SAD L16G.

bers EU126641.1 and YP_001285396, respectively). The 
EBLV-1 derived G sequence was identical to Accession 
number AAX62842.1 with two aa replacements (L7I and 
T265P) as described previously (Orbanz and Finke, 2010). 

Immunofluorescence microscopy
For indirect immunofluorescence, monolayer cultures 
were fixed with 3% paraformaldehyde, and permeabi-
lized with 0.5% Triton-X100 in PBS. Nucleoprotein was 
detected with a monospecific polyclonal rabbit anti-N 
serum N161/5 (Orbanz and Finke, 2010). Glycoproteins 
were detected with mouse monoclonal antibody E559 
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FIGURE 3: Morbidity of six week old CD-1 mice after intracranial (i. c.) 
infection. After i. c. inoculation with 5 x 103 infectious units per mouse 
(groups of five animals per virus), the morbidity (strong clinical signs of 
rabies) was monitored over a period of twelve days.

(Schneider et al., 1985). Anti-mouse Alexa Fluor 488 
and anti-rabbit Alexa Fluor 568 conjugated secondary 
antibodies were used. Images were acquired with a Leica 
SP5 laser scan microscope and were processed with 
ImageJ software (version 1.45a).

Animal experiments
The animal experiments were evaluated by the respon-
sible animal care, use and ethics committee the State 
Office for Agriculture, Food Safety and 
Fishery in Mecklenburg-Western Pomera-
nia (LALFF M-V) and gained governmental 
approval (registration number LALLF M-V/
TSD/7221.3-1.1-033/09). General care was 
provided as required. 

Six week old CD-1 mice were inoculated 
by the intracranial (i.  c.) route of infection 
with 30 µl virus suspension at a dose of 
5 x 103 focus forming units per mouse
(five mice per group). The animals were 
checked daily for clinical signs. After devel-
opment of severe rabies mice were eutha-
nized and organs were prepared for further 
analysis. 

Histopathology and immunohistochemistry
The brain of the experimentally infected mice 
was sampled immediately after euthanasia 
or death, fixed in 10% buffered formalin, 
routinely embedded in paraffin wax, cut and 
stained with hematoxylin and eosin. For 
immunohistochemistry, sections cut at 4 µm 
were dewaxed, hydrated and antigen was 
demasked by microwave irradiation in 10 mM 
citric acid, 600 W. After incubation in hydro-
gen peroxide and normal goat serum the 

slides were incubated with a rabbit polyclonal antibody 
against the lyssaviral nucleoprotein antigen (Orbanz 
and Finke, 2010) at a dilution of 1:2000 in Tris-buffered-
saline (TBS, 0.1 M Tris-base, 0.9% NaCl, pH 7.6). After 
incubation with a biotinylated goat anti-mouse second-
ary antibody, avidin-biotin-peroxidase conjugate (Vector 
Laboratories, UK) was used and with 3-amino-9-ethyl-
carbazole (DAKO AEC substrate-chromogen system; 
Dako, Carpinteria, USA) as substrates, a bright red signal 
was obtained. Sections were finally counterstained with 
Mayer’s hematoxylin (Surgipath, UK) and mounted.

Results

Generation of recombinant RABV with chimeric 
glycoproteins
Recombinant RABV cDNAs were constructed in which 
the ecto- and transmembrane domain spanning regions 
of the authentic G were replaced with corresponding 
sequences of RABV CVS-11 (challenge virus standard) 
or from EBLV-1 and EBLV-2 (Fig. 1A and B). In addition, 
the authentic SAD L16 G sequences were re-introduced 
to yield recombinant viruses that exclusively differed 
in the ecto- and transmembrane regions. The viruses 
SAD EctoCVS-11G, SAD EctoEBVL1G, SAD EctoE-
BLV2G and the control virus SAD L16G were rescued 
from cDNA plasmids by standard methods (Finke and 
Conzelmann, 1999; Finke et al., 2010). The identity of 
the recombinant viruses was controlled by RT-PCR and 
subsequent sequencing of the replaced G sequences 
(not shown). The successful rescue of viruses expressing 
the chimeric glycoproteins showed that heterologous G 
sequences were able to replace the original SAD L16 G 
protein and allow virus replication.

To compare the replication kinetics of the recombinant 
viruses in NA cell cultures, multiple step growth curves 
were performed by infection of NA cells at a MOI of 3 
and titration of infectious virus in the cell culture super-

FIGURE 2: Western blot detection of virus N and G proteins. 
NA cells were infected with the indicated viruses (MOI = 3) and 
accumulation of the virus proteins N and G was monitored after 
24 and 48 h by western blotting. G protein was detected with a 
cross-reactive serum raised against recombinant EBLV-2 G pro-
tein. N protein was detected with N161/5 serum raised against 
recombinant N from SAD L16.
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natants after 2, 16, 24, 48 and 72 h. All recombinant 
viruses replicated to comparable virus titers (Fig. 1C),
indicating that the chimeric glycoproteins 
indeed were able to support efficient virus 
replication and that the combination of G 
protein domains from different lyssavirus 
species did not result in loss of function or 
efficiency.

Expression of N and G proteins in infected 
cells
To control G expression from the recom-
binant viruses and to check whether virus 
protein accumulation in infected cells was 
comparable for the chimeric viruses, NA cells 
were infected at an MOI of 3 for western 
blot analysis. After 24 and 48 h cell extracts 
were prepared and proteins were separated 
by SDS-PAGE. By using a polyclonal serum 
raised against recombinant EBLV-2 G protein 
that was cross-reactive also for G proteins 
from EBLV-1 and RABV, for SAD L16G and 
for all chimeric viruses G protein expres-
sion was detected with strongest signals for 
EctoEBLV2G (Fig. 2). Note that because of 
expected differences in the antigenicity of the 
glycoprotein sequences, the diverse signal 
intensities did not necessarily reflect differ-
ences in G protein levels.

In contrast, no differences were detected 
after western blot detection of the viral 
nucleoprotein N (Fig. 2). Since N was identi-
cal in all tested viruses these data allowed 
comparison of protein levels and indicated 
that the chimeric glycoprotein did not affect 
virus replication and gene expression.

FIGURE 4: Primary neuron cultures are 
targeted by all recombinant viruses. Primary 
rat neuron cultures were infected with SAD 
L16G, SAD EctoCVSG, SAD EcotEBLV1G 
and SAD EcotEBLV2G. After 48 h viral N 
and G proteins were visualized by indirect 
immunofluorescence and confocal laser scan 
analysis. All viruses led to infection of the 
primary neurons with accumulation of inclu-
sion bodies (red) and G protein (green) in the 
cell soma as well as in dendrites or axons. 
Nuclei were stained with Hoechst 33342 
(blue).

FIGURE 5: Immunohistological detection of lyssa-
virus antigens in hippocampus of CD1-mice infected 
with chimeric rabies viruses. Brains from euthanized 
mice were formalin-fixed and paraffin-wax embedded 
(FFPE). Immunostaining of the FFPE sections with 
N protein specific rabbit serum (red signal) showed 
numerous neurons with axons and dendrites containing 
characteristic Negri bodies in infected brains. Hemato-
xylin counterstain (blue).
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Targeting of primary neurons by the chimeric viruses
As the G protein ectodomain is the primary determi-
nant of lyssavirus neurotropism, infection of primary 
rat neuron cultures was tested and the intracellular dis-
tribution of G and N proteins was analyzed by indirect 
immunofluorescence and confocal laser scan microscopy 
(Fig.  4). All viruses were able to infect neuron cultures 
and the distribution of the N and G proteins in cell bod-
ies and in dendrites or axons appeared similar. These 
data demonstrated that all recombinant viruses were 
able to target primary neurons, which is a prerequisite 
for neuroinvasion and virus pathogenicity in vivo.

Morbidity of six week old CD-1 mice after intracranial 
injection
The ability of the chimeric viruses to spread in the cen-
tral nervous system and to cause lethal rabies was tested 
by intracranial injection of 5 x 103 infectious units into 
six week old CD-1 mice. After development of severe 
clinical signs, moribund animals were euthanized. Infec-
tions were verified by RT-PCR detection of viral RNA 
isolated from brains (not shown) and by histopathology 
and immunochemistry on formalin-fixed,  paraffin-wax 
embedded brain sections.

Non-recombinant pathogenic challenge virus stan-
dard (CVS-11) was used as a positive control and led 
to 100% rabies development after six days of infection 
(Fig.  3). The chimeric viruses SAD EctoEBLV-1G and 
SAD EctoCVSG as well as the control virus SAD L16G 
also resulted in 100% morbidity after eight days. In 
contrast, for SAD EctoEBLV-2G 100% morbidity was 
observed not until day 11, indicating that in contrast to 
the EBLV-1 G ecto- and transmembrane domains the 
EBLV-2 sequence in SAD EctoEBLV-2G led to delayed 
rabies development. Overall, these data show, that all 
recombinant viruses are able to efficiently replicate in the 
CNS and to induce rabies disease.

Immunohistological detection of lyssavirus antigens in 
hippocampus and cerebral cortex
For all viruses, immunostaining was mainly present 
in the gray matter, predominantly in neurons of the 
hippocampus (Fig. 5) and cortex. Variably sized immu-
nostained Negri bodies characteristic for rabies were 
detected in numerous neuronal perikarya as well as in 
large numbers of neuronal processes. The staining of 
axons and dendrites gave the neuropil a granular pattern 
indicating that all viruses led to efficient virus replication 
in the CNS of the infected mice.

Discussion

We have successfully generated recombinant RABV that 
expressed chimeric glycoproteins in which the ecto- 
and transmembrane domains have been replaced by 
G sequences from another RABV (CVS-11) or from 
members of two different lyssavirus species, EBLV-1 and 
EBLV-2. Comparable replication of viruses expressing the 
authentic RABV (SAD L16G) or the chimeric G proteins 
(SAD EctoCVSG, SAD EctoEBLV1G, SAD EctoEBLV2G) 
in neuroblastoma cell cultures (Fig. 1B, Fig. 2), targeting 
of primary rat neuron cultures (Fig. 4) and rabies devel-
opment in mice after infection by the intracranial route 
(Fig. 3) suggest that these viruses indeed are fully repli-
cation competent in vitro and in vivo. This now allows 

the comparative investigation of ectodomain dependent 
virulence not only within the RABV species but also 
within the more divergent group of eleven recognized 
(Dietzgen et al., 2011) and two proposed lyssavirus 
species (Freuling et al., 2011; Kuzmin et al., 2010).

Incorporation of the chimeric G proteins to yield infec-
tious virions was not surprising, since it is known that 
the RABV cytoplasmic domain targets even heterolo-
gous surface glycoproteins into G-deleted virions. For 
instance recombinant RABV expressing the VSV trans-
membrane  and ectodomains fused to the cytoplasma 
domain of RABV G replicated autonomously in cell 
cultures (Foley et al., 2000). Moreover, G-deleted RABV 
was retargeted to CD4-positive cells after complementa-
tion with a chimeric protein in which HIV-1 gp160 was 
fused to the RABV cytoplasmic domain (Mebatsion and 
Conzelmann, 1996) and a chimeric protein comprising 
the ectodomain of ASLV Env (EnvA) targeted RABV to 
cells expressing the avian receptor TVA (Wickersham et 
al., 2007). Incorporation of heterologous proteins into 
virions was not limited to viral glycoproteins but also 
involved cellular transmembrane proteins (Mebatsion 
and Conzelmann, 1996). 

Accordingly, a fusion protein consisting of an RABV 
cytoplasma domain and Mokola lyssavirus ectodomain 
sequences was incorporated into RABV virus like parti-
cles (Mebatsion et al., 1995). Since the chimeric protein 
was not only incorporated but also supported infection 
of target cells, Mebatsion et al. (1995) concluded that the 
entire structural domains of lyssavirus G proteins may 
be exchanged without affecting the structure required 
to mediate infection of cells. This was also supported by 
the finding, that the correct conformation of the RABV 
G ectodomain only depends on a membrane anchor and 
is independent of the transmembrane- and cytoplasma 
domain sequences (Maillard and Gaudin, 2002). The 
structural autonomy of the RABV G ectodomain was 
also underscored by a recent approach in which a lenti-
virus vector was targeted to neurons after pseudotyping 
with a chimeric G protein consisting of an RABV ecto-
domain fused to a vesicular stomatitis virus G protein 
derived membrane anchor (Kato et al., 2011). 

Although the inner and outer domains of RABV G 
proteins appear to represent independent structural 
domains, it has not been tested whether G chimeras 
with ectodomain replacements beyond the lyssavirus 
species borders indeed lead to fully competent G pro-
teins. The comparable replication of SAD EctoCVS11, 
SAD EctoEBLV1G, SAD EctoEBLV2G and SAD L16G in 
neuroblastoma cell cultures showed, that the chimeric 
character of the G proteins did not negatively affect 
replication of the RABV background. Most importantly, 
all chimeric viruses led to the onset of rabies after intrac-
ranial infection of mice, indicating that the modifications 
in the G proteins did not lead to limitations in virus 
replication and disease development once the viruses 
reached the CNS. 

The observed delay in disease development as observed 
for SAD EctoEBLV2G (Fig. 3) may indicate some influ-
ence of the heterologous sequences on virus replication 
in the CNS, whereas the replication kinetics (Fig. 1C) 
and protein expression patterns (Fig. 2) in infected neu-
roblastoma cell cultures did not indicate a distinct repli-
cation defect of SAD EctoEBLV2G compared to the other 
viruses. So far we cannot say whether the lag in SAD 
EctoEBLV2G infected mice was due to EBLV-2 specific 
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functions within the introduced ectodomain or whether 
the chimeric structure of this EctoEBLV2G protein some-
how affected CNS replication of SAD EctoEBLV2G in 
a unspecific manner. However, the lethal outcome of 
the infections indicate, that also SAD EctoEBLV2G may 
represent a suitable tool to investigate the effects of 
the different lyssavirus ectodomains on virus tropism, 
immunological responses and host cell manipulation.

In the present approach, the cytoplasma domain of G 
was kept constant in all recombinant viruses in order to 
dissect the lyssavirus species specific effects of the outer 
ectodomains structures on virus tropism and patho-
genicity. One way the diversity of lyssavirus cytoplama 
domains could affect virus replication in an unpredict-
able manner could be partial or complete incompati-
bilities of the heterologous domains with the other 
components of the RABV virions. Such incompatibilities 
to RABV M or to the ribonucleoprotein core could lead 
to less efficient virus release or to the lack of G incorpo-
ration into virions, which would lead to the release of 
non-infectious virus particles. Indeed, although G is not 
essential for RABV budding, the presence of G increases 
RABV budding efficiencies (Mebatsion et al., 1996). 
In contrast to the closely related rhabdovirus VSV, for 
which a correct length of the cytoplasma domain is more 
important than the amino acid sequence itself (Schnell 
et al., 1998; Schnell et al., 1996), the requirement of the 
RABV cytoplasma domain sequence for incorporation of 
transmembrane proteins into virions suggests a specific 
interaction of the cytoplasma domain, either with the M 
protein layer beneath the membranes (Mebatsion and 
Conzelmann, 1996) or with other viral structures during 
the process of virus assembly. We therefore hypothesize 
that the G cytoplasma domains from divergent lyssavi-
rus species may not perfectly fit to other components of 
RABV virions and that this may affect virus replication 
in an unpredictable manner. However, since a direct 
comparison of the recombinant viruses described here 
with RABV expressing the complete EBLV-1 and EBLV-2 
G gene sequences is lacking, this remains speculative. 

Because of expected incompatibilities as outlined 
above and in view of the remarkable role of the cyto-
plasm domain in regulating neuron survival or death 
(Prehaud et al., 2010), we believe that the introduction 
of divergent lyssavirus G cytoplasmic domains into a 
RABV genetic background is likely to result in an overlap 
of ectodomain and cytoplasma domain related patho-
genicity determinants. Therefore the isolated expres-
sion of different lyssavirus ectodomains in “envelope-
switched” viruses represent a rational approach for the 
direct comparison of lyssavirus G ectodomain func-
tions and their contribution to lyssavirus pathogenicity. 
In further experiments peripheral application of the 
envelope-switched viruses may allow assessment of the 
impact of the different ectodomain sequences on the 
retrograde transport to the brain. Moreover, inclusion of 
G sequences of various lyssavirus species may allow to 
answer the question whether the pathogenicity of lys-
saviruses is influenced by the G surface structures in a 
virus species dependent manner. 
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