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Abstract

The lyssaviruses are an important group of viruses that cause a fatal encephalitis termed rabies. The prototypic lyssavirus,
rabies virus, is predicted to cause more than 60000 human fatalities annually. The burden of disease for the other
lyssaviruses is undefined. The original reports for the recently described highly divergent Lleida bat lyssavirus were based
on the detection of virus sequence alone. The successful isolation of live Lleida bat lyssavirus from the carcass of the
original bat and in vitro characterization of this novel lyssavirus are described here. In addition, the ability of a human rabies
vaccine to confer protective immunity following challenge with this divergent lyssavirus was assessed. Two different doses
of Lleida bat lyssavirus were used to challenge vaccinated or naive mice: a high dose of 100 focus-forming units (f.f.u.)
30 ul™" and a 100-fold dilution of this dose, 1 f.f.u. 30 pl=". Although all naive control mice succumbed to the 100 f.f.u. 30 pl™’
challenge, 42 % (n=5/12) of those infected intracerebrally with 1f.f.u. 30 ul™" survived the challenge. In the high-challenge-
dose group, 42 % of the vaccinated mice survived the challenge (n=5/12), whilst at the lower challenge dose, 33 % (n=4/12)
survived to the end of the experiment. Interestingly, a high proportion of mice demonstrated a measurable virus-neutralizing
antibody response, demonstrating that neutralizing antibody titres do not necessarily correlate with the outcome of infection
via the intracerebral route. Assessing the ability of existing rabies vaccines to protect against novel divergent lyssaviruses is
important for the development of future public health strategies.

INTRODUCTION

The lyssaviruses constitute a group of high-impact viral
pathogens that are of importance to both human and ani-
mal populations. The genus Lyssavirus currently includes
16 officially recognized species, all of which are assumed
to be capable of causing rabies in mammals [1]. Whilst
rabies virus, the prototype lyssavirus, causes more than
60000 human deaths annually, the threat to human pop-
ulations from other lyssaviruses is undefined, with only
13 human lyssavirus-related deaths having been reported
[2]. Interestingly, with the exception of Mokola lyssavirus
(MOKYV) and Ikoma lyssavirus (IKOV), all other lyssavi-
rus species, i.e. rabies lyssavirus (RABV), Lagos bat lyssa-
virus (LBV), Duvenhage lyssavirus (DUVV), European
bat-1 lyssavirus (EBLV-1), European bat-2 lyssavirus

(EBLV-2), Australian bat lyssavirus (ABLV), Aravan lyssa-
virus (ARAV), Khujand lyssavirus (KHUV), Irkut lyssavi-
rus (IRKV), Shimoni bat lyssavirus (SHIBV), Bokeloh bat
lyssavirus (BBLV), Gannoruwa bat lyssavirus (GBLV),
West Caucasian bat lyssavirus (WCBV) and Lleida bat
lyssavirus (LLEBV), have been detected from bat species.
RABV is the most commonly reported lyssavirus, both
from a terrestrial infection perspective and as a chirop-
teran pathogen. Indeed, ARAV, KHUV, WCBV, SHBYV,
IKOV and LLEBV exist as single detections, and as such
there is still a complete lack of epidemiological under-
standing of their range or distribution. With the exception
of RABV, the remaining lyssaviruses remain poorly
understood in terms of both their epidemiology and their
ability to cross the species barrier.
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The association of bats with the majority of lyssaviruses
has led to the hypothesis that bats act as the origin of
all lyssaviruses [3, 4]. The human and animal health
profile of the lyssaviruses has galvanized the continued
detection of novel lyssaviruses in bats. Consequently, the
degree of vaccine protection conferred by rabies vaccines
to divergent members of the genus Lyssavirus is of
increasing interest. Lyssavirus species have been grouped
into phylogroups, which correlate with cross-neutraliza-
tion and the ability of vaccine-derived antibodies to neu-
tralize these viruses. In addition, a distinction between
viruses for which existing vaccines can confer protective
immunity (phylogroup I) and viruses that are not neu-
tralized (phylogroup II) is an essential parameter [5].
However, more divergent species have been proposed to
be antigenically distinct from both phylogroup I and II
viruses and may form a further phylogroup (III) or sev-
eral distinct phylogroups [6, 7]. Vaccination and chal-
lenge studies in animal models utilizing existing rabies
vaccines have demonstrated that the antibody response
induced by rabies vaccines provides protection against
DUVV [8], the EBLVs [9], BBLV and some of the
recently identified Asian lyssaviruses [10], depending on
the individual antibody titre achieved [11]. Additionally,
reports of LBV- and MOKV-derived clinical disease in
rabies-vaccinated companion animals has highlighted the
lack of protection against phylogroup II lyssaviruses fol-
lowing vaccination [12-14]. Rabies biologicals were dem-
onstrated to be ineffective against WCBV in both in
vitro and in vivo studies [10, 15, 16]. Assessment of vac-
cine efficacy has also demonstrated that existing rabies
vaccines are also unable to protect against IKOV [17].
In 2011, nucleic acid from a third, highly divergent lys-
savirus, termed Lleida bat lyssavirus (LLEBV), was dis-
covered in a common bent-winged bat (Miniopteris
schreibersii) in Catalonia, Spain [18]. The bat was col-
lected in the city of Lleida and initial evidence for a lys-
savirus as the cause of death from lyssavirus antigen
detection on brain was confirmed through a short
sequence of the viral genome that suggested a highly
divergent lyssavirus. However, attempts at the time to
isolate the virus were unsuccessful, likely because the bat
was stored for months and had been frozen and thawed
twice [18]. Since the initial detection of viral nucleic
acid a full genome sequence has been determined, and
here the isolation of live LLEBV and the in vitro charac-
terization of this virus is described. These data demon-
strate, as for each of the phylogroup II lyssaviruses, and
both IKOV and WCBYV, that rabies vaccines are not
consistently able to confer protective immunity against
LLEBV. Investigations into the development of vaccines
that are able to protect against multiple lyssavirus spe-
cies are of interest [19-22]. The public health impor-
tance of lyssaviruses that are present in Eurasia and
Africa and for which existing rabies vaccines do not
confer protective immunity suggests that consideration
should be given for the development of a pan-lyssavirus
rabies vaccine [23].
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RESULTS

Virus detection and isolation

Following receipt of the bat carcass at the Animal and Plant
Health Agency (APHA), a full necropsy was undertaken on
the remainder of the original bat carcass (without any brain
material). A rabies tissue culture isolation test (RTCIT) was
performed using homogenates of each specimen taken at
necropsy and molecular tests were conducted on RNA
extracted from each sample (Table 1). The bat was supplied
after the entire brain had been removed and so only a swab
of oral cavity, the cranium and the salivary glands could be
tested. All were negative. Concurrent to necropsy, material
from the top of the spinal cord was homogenized and inoc-
ulated into 3-4-week-old CD1 mice (1n=6). The attempted
isolation in tissue culture was unsuccessful, with only a
small area of antigen being detected in the lung homogenate
(Table 1). Nucleic acid was detected in a range of samples
taken at post-mortem by both conventional and real time
RT-PCR (Table 1). However, attempts to passage the super-
natant from the antigen-positive lung homogenate failed.
Inoculation of homogenized cervical spinal cord into mice,
caused clinical disease in one of the six animals inoculated
via the intracerebral (IC) route. Early signs of clinical dis-
ease were first suspected on day 12 post-inoculation, with
one animal showing signs of nervousness and hyper-excit-
ability. Clinical disease developed over a period of 4 days
and included signs of incoordination, intermittent paralysis,
hyperactivity and hyper-sexuality. During the clinical period
the mouse was monitored and the clinical score progressed
gradually from score 1 through to score 3, at which stage
the mouse was humanely terminated. The remaining mice
(n=5) were monitored until day 28, at which time they were
cardiac bled under terminal anaesthesia and humanely ter-
minated. Pathological examination of the brain from the
clinical mouse showed good tissue preservation with the
cortex, caudate putamen, hippocampus, thalamus, cerebel-
lum and medulla being present. No obvious histopatholog-
ical changes were observed and the brain was deemed
negative by pathological examination.

In vitro assessment of virus growth and
neutralization

A full necropsy was undertaken on the clinical mouse and
the FAT on the brain material revealed areas of positivity
where virus antigen was clearly present (Fig. 1a). RT-PCR
and RTCIT were also conducted on a range of tissues taken
from the clinical mouse (Table 2). Virus from the original
brain homogenate was subjected to eight passes on N2a cells
before 100 % infectivity and a titre of 3.3x 10” focus-forming
units (ffu.)ml™' was reached. Growth was assessed on
BHK cells in a multistep growth curve using a multiplicity
of infection of 0.01 (Fig. 1b). The growth curve mirrored
that of IKOV, albeit reaching approximately 1 log lower in
the final titre [17]. A full genome sequence was generated
and the content of both the coding and the non-coding
regions of the genome (Fig. S1, available in the online ver-
sion of this article) and the sequence identity with other
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Table 1. Post-mortem molecular testing of samples from the original bat carcass

Y, yes; N, no; NT, not tested; (++), strong positive; (+), weak positive; SB, secondary amplification product; %, one well in four.

Sample no. Sample RNA ng pl™* PanLyssavirus hnRT-PCR block assay SYBR real-time assay Ct values RTCIT (Y/N)
1st Round (Y/N) 2nd Round (Y/N) SYBR B-actin*

1 Cervical spinal cord 149.8 Y (++) Y (++) 34.95 No Ct N
2 Tongue 243.8 Y (+) Y (++) 36.63 No Ct N
3 Pectorial muscle 146.2 Y (++) Y (++) 34.58 No Ct N
4 Oral swab 221.9 Y (+) Y (++) 38.54 37.72 N
5 Lumbar spinal cord 249 Y (+4) Y (+4) 31.73 No Ct N
6 Kidney 276.2 N Y (+) No Ct No Ct N
7 Skull cavity 155 N N No Ct No Ct N
8 Intestine S 422.4 Y (+4) Y (+4) 33.56 38.69 N
9 Intestine L 240.9 Y (+) Y (++) 34.06 No Ct N
10 Salivary gland 271.6 N N 36.13 No Ct N
11 Lung 131.7 Y (++) SB Y (++) 37.14 No Ct 1/4t+
12 Thor spinal cord 223.3 Y (++) Y (++) 32.29 No Ct N
13 Liver 430.4 Y (++) Y (++) 30.9 No Ct N
14 Skin 320.9 N N No Ct No Ct N
15 Heart 236.7 N SB N 35.15 37.59 N
16 Penis 211.7 N N No Ct No Ct NT
17 Testes 298.2 Y (++) Y (++) No Ct No Ct NT

*The absence of Cts for B-actin is likely a result of severe sample degradation.

tlsolation in tissue culture was unsuccessful, with only a small area of antigen being detected in the first passage, but not in subsequent passages.

lyssaviruses (Fig. S2) were compared [3, 24]. Phylogenetic
alignment demonstrated the divergence of LLEBV when
compared to other lyssaviruses, with LLEBV being most
closely related to IKOV when using neighbour-joining and
maximum likelihood reconstructions with the Kimura-2
parameter and GTR+G+I models, respectively. Regardless
of the model or reconstruction used, the resulting tree
topologies did not alter (Fig. S3).

Virus stocks were then utilized to develop a modified ver-
sion of the fluorescent antibody neutralization (FAVN) test
(mFAVN), in which LLEBV replaced the standard challenge
virus (CVS) in the test [25, 26]. A panel of sera from vacci-
nated humans (n=2;0) and domestic dogs (n=10; ®) was
then assessed using LLEBV as the challenge virus to deter-
mine the ability of each serum sample to neutralize the
more divergent virus (Fig. 2). The ability of each serum
sample to neutralize CVS was demonstrated, with one sam-
ple being negative for RABV neutralizing antibodies. A
broad range of titres were included to assess whether even
high-titre RABV-neutralizing sera were able to neutralize
LLEBV. None of the serum samples tested neutralized
LLEBV, with reciprocal titres of 5.66 being achieved for all
samples when tested against LLEBV (Fig. 2).

Antigenic typing with a panel of eight N-specific monoclo-
nal antibodies (mAbs) clearly differentiated the isolated
virus from all other tested lyssavirus species (Table 3). Nota-
bly, only mAb MW187.6.1 reacted positively, albeit with
faint staining. A similar picture was observed with the
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commercial conjugate from SIFIN (Berlin, Germany), a
mixture of MW187.6.1; W239.17 and DUV6.15.19, whilst
the Fujirebo conjugate yielded clear staining similar to that
seen in the original direct fluorescent antibody test (DFAT).

In vivo vaccination challenge study

To assess vaccine protection, mice were vaccinated as
described and serological responses were then determined
using standard FAVN [26]. All mice seroconverted to a level
above 0.51U ml ™', the internationally assigned cut-off for
neutralization of RABV, and were grouped into two groups
based on antibody titre, such that a broad range of titres
were present in each group. The mouse serology ranged
from ~5IUml™" to over 451U ml~" (Fig. 3). Mice were
challenged on day 28 post-vaccination with either a low or a
high dose of LLEBV. Survivorship was monitored and com-
pared to that for groups of unvaccinated mice challenged
with the same dose of virus. All unvaccinated mice chal-
lenged with 100 ffu. 30 pl_l of LLEBV (n=12) succumbed
to infection between days 8 and 10 (Fig. 4). The mice were
assessed according to a clinical score sheet to ensure
humane termination of mice exhibiting clinical disease [27].
Clinical disease included piloerection, and a hunched stance
leading to intermittent incoordination, hind limb paralysis,
hyperactivity and body spasms. At the 100-fold lower dose
of inoculation, the time to development of disease was pro-
longed, with mice succumbing between 10 and 17 days
post-inoculation. Forty-two per cent (n=5/12) of the mice
infected with the lower dose survived infection. From the
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Fig. 1. (a) Detection of LLEBV by the direct fluorescent antibody test and (b) In vitro assessment of LLEBV in comparison with lkoma
lyssavirus. BHK cells were infected with virus at a multiplicity of infection of 0.01. An aliquot of cell supernatant was taken at each
required time point and titrated in triplicate. Titres were calculated and expressed in focus-forming units (f.f.u) ml™". The standard
deviations are shown for each virus at each time point with error bars.

vaccinated mice, in the high-challenge-dose group, 42 % of
the mice survived challenge (n=5/12) (Fig. 4a), whilst at the
lower LLEBV challenge dose, the survival of the vaccinated
mice was similar to that of the unvaccinated mice, with
33% (n=4/12) surviving to the end of the experiment
(Fig. 4b).

Serological assessment of mice

All animals that succumbed to infection and were humanely
terminated, and those that survived to the end of the experi-
ment, were cardiac bled and sera were assessed using both
FAVN and mFAVN with LLEBV. From the groups of
unvaccinated ‘challenge control’, animals the majority of
the animals that developed clinical disease did not generate
an antibody response that could neutralize either CVS or
LLEBV (Fig. 5a). The exception was one mouse from the
group infected with the low challenge dose of LLEBV IC
that was terminated on day 17 post-infection that had an

Table 2. Post-mortem molecular testing on the LLEBV clinical mouse

Sample no. Sample type SYBR real-time assay Ct values
SYBR B-actin
1 Spinal cord 21 26
2 Tongue 34/38 26
3 Salivary gland 25 20
4 Lung 30 21
5 Heart 28 24
6 Kidney 33 20
7 Liver 37 25
8 Ovaries 37 20
9 Uterus 38 26
10 Bladder 29 18
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antibody response that was able to neutralize LLEBV. This
individual developed disease a few days later than others
from the same group that succumbed. In contrast, 42 %
(n=5/12) of the unvaccinated mice challenged with the low
dose of LLEBV survived and all seroconverted with sera that
were able to neutralize LLEBV but were unable to neutralize
CVS (Fig. 5a). From the vaccinated groups the challenge
with LLEBV did not have a statistically significant effect on
the serological titre developed when assessed for the ability
to neutralize CVS. In fact, no significant increase in individ-
ual titres was seen while assessing the neutralization of CVS
with tail-bleed sera from day 21 and terminal-bleed sera
from either clinical mice or those that survived to the end of
the experiment (Fig. 5b). Interestingly, when sera from sur-
vivors were assessed using the mFAVN with LLEBV, four
mice had developed significant LLEBV neutralizing titres,
with the remaining unvaccinated but challenged with a high
dose of LLEBV mice also demonstrating exposure to LLEBV
from their serological status (Fig. 5b). When we assessed
sera from the low-challenge-dose groups, the serological sta-
tus again remained virtually unchanged between the tail-
bleed sera data from day 21 and those taken either following
the development of clinical disease or following the termi-
nation of survivors. An exception to this was one surviving
mouse whose reciprocal titre at day 21 was 270, but had
increased markedly to over 10000 upon termination at the
end of the experiment as a survivor. Interestingly, this
mouse also developed a high neutralizing titre against
LLEBV, whilst none of the other mice within this group
developed a demonstrable titre. Finally, the observation that
the level of a RABV protective neutralizing titre at day 21
titre did not necessarily correlate with survival was of inter-
est (Fig. S4). Here, some mice that had low levels of CVS
neutralizing antibodies at day 21 survived, whilst mice with
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Fig. 2. Assessment of in vitro neutralization of LLEBV using a panel of sera from RABV vaccinees. The same panel of sera were tested
against the challenge virus strain of RABV and LLEBV. Titres in [U ml~" for neutralizing antibodies against CVS are labelled next to the
equivalent reciprocal titre. The cut-off for RABV neutralization, as defined by the WHO, of 0.51U ml™" is shown as a dotted line. Human
samples are shown as open circles and dog samples are closed circles.

comparatively high titres succumbed to LLEBV challenge
(Fig. S4).

DISCUSSION

Novel lyssaviruses continue to be detected and potentially
pose a threat to human and animal health globally. The
increase in awareness of rabies virus, with the global elimi-
nation of dog-mediated human rabies targeted by the World
Organisation for Animal Health (OIE), the World Health
Organization (WHO) and the Food and Agriculture Orga-
nization (FAO) for 2030 [28], means that within the next
20 years dog-mediated rabies may be controlled [1]. With
this in mind, the discovery of novel lyssaviruses is of
increased interest, as where these viruses are detected, the
potential for spillover infection of humans or animals exists
[23, 29-32]. LLEBV was initially discovered in 2011, with
only nucleic acid detection and sequence data being avail-
able. In the present study, live virus has been successfully
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isolated from the cervical spinal cord of the original bat car-
cass and stocks of the virus have been generated for virus
characterization studies. The assessment of viral RNA in the
original bat carcass demonstrated that the oral swab and sal-
ivary glands were negative, suggesting that the virus was
likely not being excreted at the time of death. As the carcass
was submitted without brain material, sections of the spinal
cord were sampled. Viral RNA was detected in the available
neuronal tissues, as well as in other organs, likely through
sampling of innervated regions of each organ. Attempts to
isolate virus in tissue culture failed, with only a lung sample
being positive for virus antigen following RTCIT, although
no live virus could be isolated following attempted passage
of this sample. The inoculation of a small region of cervical
spinal cord enabled the isolation of live virus following the
development of clinical disease in a mouse. Once isolated,
in vitro characterization demonstrated that LLEBV grows
similarly to other lyssaviruses - to low titres when compared
to other genera within the Rhabdoviridae, such as
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Table 3. Reaction pattern of a panel of 10 anti-nucleocapsid monoclonal antibodies and commercial conjugates with LLEBV and selected

lyssaviruses

anti-NC mAb RABV DUVV EBLV-1 EBLV-2 ABLV BBLV LBV MOKV LLEBV
W239.17 +++ +++ +++ +++ +++ +++ +++ +++ -
W187.5 +++ - - - +++ — — — _
W187.11.2 +++ — — — +++ +++ — — —
MW187.6.1 +++ +++ - - +++ +++ +++ +++ +
MSA6.3 - - +++ +++ - +++ - +++ NA
LBV7.36 — — — — — - +++ — —
DUVe6.15.19 - +++ +++ — — — - — —
S$62.1.2 — — +++ +++ — — — _ _
P41 - - - - — — — — _
7144.88 - - — - — — - — _
SIFIN +++ +++ +++ +++ +++ +++ +++ +++ +
Fujirebio +++ +++ + + +++ + +++ +++ +++
BIO-RAD NA NA NA NA NA NA NA NA ++

vesiculoviruses, where the type viruses, such as vesicular sto-
matitis virus, can reach considerably higher titres (10°~10'?)
in vitro and in vivo [33]. The reason for this difference is
unknown, but may be a factor in the evolutionary direction
of lyssaviruses, with their strong neurotropism.

The impact of LLEBV among the genus Lyssavirus lies in its
genetic and antigenic divergence from other members of the
genus, as demonstrated by antigenic typing and phylogeny.
The observation that some commercially available anti-N
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Fig. 3. Post-vaccination serology on day 21 for mice vaccinated with
Rabipur on days 0 and 7. All day 21 post-vaccination the titres were
assessed by FAVN. Mice were grouped for challenge as demonstrated,
with a range of titres being placed in each group to assess protection
against a high and a low dose of LLEBV.
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rabies conjugates were only weakly able to detect LLEBV is
of importance for diagnostic activities. Of further note, the
HAM 5DF123B0 monoclonal antibody (a gift from the
Swiss Rabies Centre, Switzerland) used to detect lyssavirus
antigen in histopathological specimens was unable to detect
LLEBV. Regardless, generic pan-lyssavirus PCR methodolo-
gies were able to detect the LLEBV viral RNA and, as such,
should molecular tests be adopted by the OIE, they would
serve as a useful broadly sensitive diagnostic tool. The ability
of diagnostic tools that are used globally to detect this and
other highly divergent lyssaviruses should be investigated.
From the latter perspective, LLEBV is most closely related
to both IKOV and WCBV. As such, it was predicted that
the existing rabies vaccines would be unable to afford pro-
tection against the virus. Only limited studies have defined
any type of pathogenicity or virulence for these viruses. Pre-
vious studies with WCBV have demonstrated that inocula-
tion of the big brown bat (Eptesicus fuscus) via the oral
route was non-viable, with both clinical and serological
response being absent following instillation of inocula into
the oral cavity. In contrast, peripheral inoculation into the
masseter caused seroconversion, demonstrating that the
immune system had reacted to the inoculated virus and gen-
erated a neutralizing antibody response. The only produc-
tive infection observed was following intramuscular
inoculation of WCBV to the neck, with 37 % (n=3/8) of
infected animals developing clinical disease, and those that
did not succumb becoming seropositive from infection [15].
For IKOV, both peripheral and IC inoculation of wild-type
IKOV caused clinical disease in a mouse model. Intracere-
bral inoculation and peripheral inoculation with a high dose
of IKOV (10**TCIDs, ml™') caused 100 % mortality, with a
detectable dose effect being observed following intramuscu-
lar infection, with only 40% (n=2/5) of mice infected
peripherally succumbing to infection with a lower dose [17].

Should rabies be eliminated from dogs across the globe, the
vaccine protection offered by existing rabies vaccines for the
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Fig. 4. In vivo survivorship following intracranial infection with (a) 100f.f.u. 30 ul™" and (b) 1 f.f.u. 30 ul™". Mice were vaccinated
28 days before challenge. Challenge day is day 0 on the graphs presented.

other lyssaviruses requires investigation in a world free of
canine-transmitted rabies virus. As such, the genetic diver-
gence between LLEBV, IKOV and WCBYV, and their poten-
tial ability to host-switch is of global interest. Despite none
of the serum samples from vaccinated humans and domes-
tic animals tested neutralizing LLEBV, the vaccination chal-
lenge studies demonstrated that when a standardized dose
of vaccine was used, some protection was afforded by vacci-
nation when the challenge was with a dose of 100ffu.
30 ul~' LLEBV administered intracerebrally. Previous stud-
ies have demonstrated a complete lack of vaccine-derived
protection when assessing IKOV pathogenicity, although in
those studies the challenge dose was substantially higher. In
the present study, a dose that was sufficient to cause clinical

disease but lower than previous doses was utilized in an
attempt to mimic a more realistic challenge dose. Certainly,
other studies have demonstrated that the virus dose utilized
in pathogenesis studies, or in vaccination challenge studies
as described here, needs to be standardized according to the
model being used [34]. As was perhaps expected, the sera
from surviving mice in the unvaccinated low-dose-challenge
group (42 %; n=5/12) showed detectable neutralizing anti-
body responses against LLEBV. As almost all of the remain-
ing unvaccinated mice that succumbed from either group
failed to develop detectable neutralizing antibody responses
(Fig. 5a), the principle that neutralizing antibodies are
required to clear infection was upheld [35]. However, one
mouse that succumbed on day 17 developed a neutralizing
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antibody response, but still succumbed to infection. How-
ever, it is possible that this mouse may have survived with
neurological sequelae if it had not been necessary to termi-
nate it at clinical score 2 according to defined humane
endpoints.

In contrast, the fate of the vaccinated animals is somewhat
contradictory. Despite the general dogma that increasing
neutralizing antibody titre correlates with increased protec-
tion, the data here indicate otherwise. The initial in vitro
assessment of a panel of human and dog sera demonstrated
clearly that even sera containing high levels of high neutral-
izing antibodies were unable to neutralize LLEBV (Fig. 2).
In vivo, however, of the mice that were vaccinated but devel-
oped clinical disease, individual mice had varying post-
vaccination anti-CVS neutralizing antibodies (Fig. S4) with
higher CVS neutralizing titres not necessarily corresponding
with increased likelihood of survival. This reiterates the fact
that cell-mediated mechanisms may influence the outcome
of survival in vaccinated individuals following challenge
with a highly divergent virus that is thought to evade rabies
vaccine-induced  antibodies.  Certainly  cell-mediated
responses have been associated with clearance in the periph-
ery of fixed rabies strains, although street strains of rabies
are thought to use certain mechanisms, such as reduced
protein expression, to evade the host responses in the
periphery [36]. Overall, there is a general lack of knowledge
detailing the host mechanisms for lyssavirus clearance and
further studies are warranted. From a dose/response per-
spective, previous studies that titrated out lyssaviruses to
assess the outcomes of initial and multiple exposures of bats
and mice to low doses of virus support the observations
noted here [37, 38].

The association of LLEBV with a bat species found across
Europe is of increased interest, as bat populations and the
lyssaviruses they harbour across the European Union (EU)
have been the target of surveillance schemes for many
years [39-42]. Historically, the discovery of novel lyssavi-
ruses has often been limited to a single isolate. Only
having a single isolation for LLEBV limits any epidemio-
logical assessment of risk, although the bat species
involved has a wide distribution across North Africa and
much of the EU. Interestingly, WCBV is the only other
lyssavirus to be detected in Miniopteris schreibersii, sug-
gesting that both WCBV and LLEBV have evolved into
distinct sub-lineages, and that Miniopteris schreibersii
should be considered to be a reservoir of these lyssavirus
species. However, with repeated detections of other
recently described lyssaviruses in the EU [43], it is possible
that any future detection of these divergent lyssaviruses
could raise the public health importance of these highly
fatal viral pathogens, especially if another case of LLEBV
or WCBV were to be reported from a bat in Eurasia.
Importantly, the lack of consistent vaccine-induced protec-
tive immunity conferred by the existing rabies vaccines
against more divergent lyssaviruses, including LLEBV, sug-
gests that novel pan-lyssavirus vaccine formulations
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should be further investigated to ensure that appropriate
post-exposure biologicals for human use are available,
should they be required in the future.

METHODS

In vitro assessment of the bat carcass

The bat carcass was stored at —80°C at the Instituto de
Salud Carlos III, Madrid, Spain before virus isolation and
characterization was undertaken. No brain material
remained in the carcass submitted. The original carcass was
thawed and an extensive necropsy was conducted, taking
sections of the cervical/thoracic and lumbar spinal cord, the
tongue, the pectoral muscle, the kidney, the small and the
large intestine, the lung and the heart. Once taken, the sam-
ples were rapidly homogenized using aliquots of frozen PBS
and vigorous shaking. Homogenized samples were assessed
for both live virus and viral RNA. The cervical spinal cord
section taken was utilized in virus isolation in both cell cul-
ture and in mice.

Rabies tissue culture isolation test

Samples taken at post-mortem (Table 1) were assessed for
the presence or absence of live virus as described previously
[44]. Briefly, murine neuroblastoma cells were split and
mixed with sample homogenate, enabling infection where
live virus was present. After incubation, cells were fixed and
stained with a rabies anti-nucleocapsid FITC-conjugated
antibody (Fujirebio Diagnostics, USA). RTCIT-positive
material was then further passaged to generate virus stocks
and once 100 % infectivity was reached, viral titres were cal-
culated using the Spearman-Karber method [45]. Viral
antigens were visualized in acetone-fixed cells by the DFAT
using standard techniques [46] with FITC-conjugated anti-
body (FITC Anti-Rabies Monoclonal Globulin, Fujirebio
Diagnostics, Malvern, USA).

Monoclonal typing

Antigenic typing of LLEBV propagated in cell culture was
undertaken using an indirect fluorescent antibody test
(iFAT) with a panel of 10 anti-nucleocapsid monoclonal
antibodies (N-MAbs) as described previously [47]. Repre-
sentatives of other lyssavirus species, i.e. RABV, LBV,
MOKYV, DUVV, EBLV-1, EBLV-2 and ABLV, were used as
reference viruses for comparison. Additionally, polyclonal
rabbit sera against N (N161-5; [48] and P were tested, as
well as commercially available anti-rabies nucleocapsid con-
jugates (Bio-Rad, Marne, France; Fujirebio Diagnostics,
USA; SIFIN, Berlin, Germany).

In vivo studies

All in vivo work was undertaken according to UK Home
Office regulations under licence 70/7394. All studies were
assessed internally by the APHA ethics and statistical com-
mittee. For attempted virus isolation, six 3-4-week-old
female CD-1 mice were inoculated with homogenized, clari-
fied sample (30 ul) intracerebrally. Mice had access to food
and water ad libitum and were monitored twice daily for
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35 days using an established lyssavirus clinical scoring sys-
tem [27] to evaluate any behavioural changes consistent
with lyssavirus infection. From the first suspicion of clinical
disease, they were monitored closely and were terminated
humanely either before or upon reaching clinical score 3
[27]. The brains of suspected mice were tested using the
direct fluorescent antibody test (DFAT) and positive mate-
rial was passaged by the RTCIT.

Groups of mice were vaccinated via the intraperitoneal
route with 500 ul of a 1:20 dilution of the human rabies
vaccine (Rabipur) on days 0 and 7 in order to assess the
ability of Rabipur to protect against LLEBV. All mice were
monitored twice daily for 28 days post-vaccination, and
were tail bled on day 21 to assess the serological response to
vaccination as described previously [26]. A group of mock-
vaccinated mice (PBS) were included to assess the challenge
doses administered. On day 28 post-vaccination, 2 groups
of 12 female CD1 mice were challenged with either a high-
dose tissue culture supernatant (TCSN high dose; 10 f.f.u.
30l ") or a 100-fold dilution (low dose; 1f.fu. 30ul™") by
intracranial inoculation, followed by observation twice daily
and euthanasia according to an established clinical score
system [27]. The mice were humanely terminated and car-
diac bled under terminal anaesthesia, either following the
development of clinical disease or at the end of the experi-
ment. A full pathological assessment of mice was carried
out. Immunohistochemical demonstration of RABV anti-
gens in post-mortem samples from brains of mice was
attempted as described previously [49].

Serology

For the assessment of vaccine-derived antibodies, a standard
FAVN was undertaken with the CVS strain of rabies as the
challenge virus as described previously [26]. A mFAVN was
developed and optimized for LLEBV using virus harvested
within TCSN [25, 26]. Live virus was titrated to enable an
accurate dilution to reach 100 TCIDs, 50 ul~'. This virus
dose was added to serial twofold dilutions of serum in dupli-
cate, with the quantity of virus being checked by back-titra-
tion on each test. The sera and virus were incubated with
BHK-21 cells for 48 h before fixing in 80 % acetone and
staining with FITC-conjugated antibody (Fujirebio Diag-
nostics). The 50 % endpoint serum dilution was calculated
using the Spearman-Karber method [45]. Serum from
uninfected mice was used as a negative control. A panel of
serum samples from both human and animal vaccinees
were tested for their ability to neutralize LLEBV.

Molecular analyses

Nucleic acids were extracted using Trizol (Invitrogen)
according to the manufacturer’s instructions. Two different
pan-lyssavirus PCR assays were utilized to determine the
presence or absence of lyssavirus RNA in both bat and
mouse organs at post-mortem. First, a conventional hemi-
nested RT-PCR (hnRT-PCR [50], modified by using
JW10uni reverse primer, was used [51]. In parallel, a real-
time SYBR based PCR assay (Bio-Rad) was also applied to
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test for the presence of lyssavirus RNA [52]. Amplification
using Beta actin specific primers was used as a control for
RNA extraction.
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