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Introduction

2.Introduction

Rabies, caused by lyssaviruses, is a zoonotic disease responsible for an estimated 59000
human deaths per year and is classified as a neglected zoonotic disease by the World Health
Organization (WHO). Since rabies is almost always fatal once clinical signs develop,
preventive vaccination of risk groups or prompt application of post exposure prophylaxis is
of utmost importance. In most of Europe, rabies has been eliminated in terrestrial animals,
but is still present in bats. In order to understand bat rabies epidemiology, dynamics and
possible emergence, bat rabies surveillance is performed in parts of Europe including
Germany and five bat lyssaviruses have been detected so far. European bat lyssavirus 1
(EBLV-1) was identified as the main cause of bat rabies in Europe. For this lyssavirus, spill-

over infections in other mammals including humans have been recorded.

Rabies in terrestrial mammals is caused by rabies virus (RABV). Dogs are the main source for
human infection, with dog-mediated human rabies being endemic especially in Asia and
Africa. Unfortunately, rabies surveillance, as the basis for control and elimination, is
hampered for various reasons including challenges in rabies diagnosis. For this reason
alternative test methods for rabies diagnosis in the form of point of care tests, were

developed, e.g. lateral flow devices (LFDs).

This thesis focuses on aspects of lyssavirus surveillance and pathogenicity in order to clarify
further the potential impact of bat lyssaviruses on human health in Europe. As for the latter,
the pathogenicity of EBLV-1 isolates with certain genetic variations was assessed. Also,
previously established enhanced passive bat rabies surveillance in Germany was continued.
Furthermore, to facilitate and strengthen surveillance efforts particularly in the developing

world, commercially available LFDs for rabies diagnosis were evaluated.
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3.Literature review

3.1. History of rabies with focus on Europe

The over 4200 years old Eshnunna code contains the first known record of a disease
resembling rabies (Baer et al., 1996). In the next 1500 years there is hardly any mention of
rabies, followed by a period (ca. 5th BC to 5th AC) with many records, describing the
symptoms, transmission, preventive measures, as well as suggesting cures (Neville, 2004).
Progress concerning rabies was only made in the 19th century with first pathogenesis
studies (Jackson, 2013) and subsequent development of the first rabies vaccine by Louis
Pasteur. Pasteur discovered that through repeated inoculation of desiccated nerve tissue
from rabid animals, rabies infection could be prevented. The first person who successfully
received the vaccine was a boy named Joseph Meister, who had been severely bitten two
days earlier by a rabid dog (Suzor and Pasteur, 1887). This so called nerve tissue vaccine was
further enhanced to reduce unwanted side effects and used in many countries for several

decades (Jackson, 2013).

A vaccine for dogs was developed in the early 1920°s (Baer, 1975a). Previously, the only
control measures for elimination of dog rabies were veterinary control measures, e.g. dog
movement restriction, muzzling and elimination of stray dogs, leading to successful
elimination in some countries, i.e. Prussia, Denmark, Norway and Sweden (Tarantola, 2017).
Mass vaccination of dogs resulted in elimination of dog-mediated rabies in most of Europe
by the mid of the last century. Great progress was also made in the Americas, resulting in the
disappearance of dog-mediated rabies in many countries (Vigilato et al., 2013, Velasco-Villa

et al.,, 2017).

Parallel to the control of the disease in dogs, terrestrial rabies in wildlife, i.e. foxes, came
into focus as a source of rabies infections. In Europe, fox mediated rabies emerged in the
1940’s and spread across most of the continent within a few decades, representing new
challenges in rabies control (Miller and Freuling, 2011). These were met in the 1970’s with
the development of orally applicable vaccines and corresponding baits, and the
implementation of oral rabies vaccination, which led to the elimination of terrestrial rabies

in Western and Central Europe (Mdller et al., 2012).
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Although the association of rabies with dogs has been known for millennia, it was only much
later recognized that bats also transmit rabies. In 1930°s an outbreak of rabies occurred and

vampire bats were identified as the source of infection (Baer, 1975b, Pawan, 1936).

In Europe, the first bat rabies case was discovered in 1954 in Hamburg, Germany, when a
boy was bitten by a bat, which subsequently tested positive for rabies. The child received
post exposure treatment and survived (Mohr, 1957). Between 1954 and 1989 a total of 4705
bats were tested for rabies in Europe of which 379 were positive for rabies (Kappeler, 1989).
Serotyping of bat rabies isolates in Europe showed that they did not belong to the known
classical rabies virus (RABV), but were similar to Duvenhage virus (Fekadu et al., 1988a,
Schneider et al., 1985). In 1988, a distinction between Duvenhage virus and European
lyssaviruses was made (Dietzschold et al., 1988), followed by their separation into two
serotypes/biotypes, EBL1 and EBL2 (now called EBLV-1 and EBLV-2) (King et al., 1990, Hirose
et al., 1990, Bourhy et al., 1992). The discovery of other bat lyssaviruses in Europe followed,
i.e. West Caucasian bat lyssavirus in 2002, Bokeloh bat lyssavirus in 2010 and Lleida bat
lyssavirus in 2013 (Freuling et al., 2011, Arechiga Ceballos et al., 2013, Botvinkin et al., 2003).

3.2. Lyssaviruses

The word lyssa is of ancient Greek origin and translates as madness (Baer, 1975b). It is
suggested that its root is either lysis (loosing — loss of rational faculties), lykos (wolf) or lud
(violent) (Jackson, 2013, Neville, 2004). A lyssavirus infection results in rabies, a zoonotic

disease, which is almost always fatal once clinical signs develop (Taylor and Nel, 2015).

3.2.1. Virus Taxonomy

The term “lyssaviruses” comprises all viruses of the Genus Lyssavirus, which belongs to the
family Rhabdoviridae of the order Mononegavirales. Originally, lyssaviruses were separated
into serotypes or genotypes. Following taxonomic guidelines, lyssaviruses were then
classified into species according to species demarcation criteria that include homology of the
viral genomes (King et al., 2012). Currently, the genus Lyssavirus comprises 16 species, of

which 14 are officially recognized by the International Committee on Taxonomy of Viruses
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(ICTV) (King et al., 2012). Two lyssaviruses, i.e. Lleida bat lyssavirus (LLEBV) and Gannoruwa
bat lyssavirus (GBLV), although approved by the executive committee still await ratification
from the ICTV (Table 1) (International Committee on Taxonomy of Viruses 2017).
Furthermore, two isolations of a novel lyssavirus were made from Japanese house bats
(Pipistrellus abramus) in Taiwan in November 2016 and April 2017, although this virus does

not have an assigned name yet (Shu-min, 2016, Chatterjee, 2017).

Lyssaviruses can be further divided into two phylogroups, based on their phylogenetic,
immunologic and pathogenic properties (Badrane et al., 2001). Phylogroup 1 comprises most
lyssavirus species, i.e. RABV, EBLV-1, EBLV-2, BBLV, ABLV, GBLV, IRKV, ARAV, KHUV and
DUVV, whereas phylogroup 2 includes three African lyssavirus species, i.e. LBV, MOKV and
SHIBV (Table 1) (Kuzmin et al., 2005, Kuzmin et al., 2010, Badrane et al., 2001). IKOV, WCBV
and LLEBV do not belong to either phylogroup and it has not been determined yet if they
group together in a third phylogroup, or if a fourth phylogroup comprising IKOV and LLEBV
should be established (Table 1) (Arechiga Ceballos et al., 2013, Banyard et al., 2014a). This
separation into different phylogroups is very important, as there is no cross neutralization
between viruses of the different groups. Therefore, commercial rabies vaccines, which are
based on RABV, elicit protection against lyssaviruses of phylogroup 1, but do not reliably
protect against lyssaviruses of the other phylogroups (Fekadu et al., 1988b, Badrane et al.,
2001, Malerczyk et al., 2014, Brookes et al., 2005, Malerczyk et al., 2009).
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Tablel: Members of the genus lyssavirus (modified from Gunawardena et al., 2016, Banyard

et al.,, 2014a), including phylogroup, reservoir and distribution. GBLV and LLEBV have no

assigned species name, since they have not yet been approved by the ICTV. Asterisks

indicate that the reservoir has not been confirmed, due to the limited number of isolations

of the respective lyssaviruses.
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3.2.2. Virus structure and viral genome

As a member of the Rhabdoviridae, lyssavirus virions are rod- or bullet-shaped (rhabdos —
rod) and measure between 100-250nm in length with a diameter of roughly 80 nm

(Matsumoto, 1962, Davies et al., 1963).

The ribonucleoprotein (RNP) comprises the viral genomic ribonucleic acid (RNA)
encapsidated by the nucleoprotein, while the viral RNA-dependent RNA-polymerase and the
phosphoprotein are associated with the RNP, forming together the core structure of the
virion (Davis et al., 2015). The RNP is surrounded by a host derived membrane with the
matrix protein forming a bridge between the virus membrane and the core (Mebatsion et
al., 1999). The surface of the virus particle is covered by glycoprotein homotrimers, the only

surface protein of the virus (Gaudin et al., 1992).

Rabies virus

‘ Rabies virus —
envelope ultrathin longitudial section

ultrathin cross section

Friedrich-Loeffler-Institut Insel-Riems
Elektronenmikroskopie: Dr. H. Granzow
Grafikdesign: M. Jérn

Figure 1: Structure of the lyssavirus type species RABV depicted as schematic illustration and
electron microscopic pictures. G: glycoprotein; L: RNA-polymerase; M: matrix protein; N:
nucleoprotein; P: phosphoprotein. (© Friedrich-Loeffler-Institut Insel Riems, Dr. H. Granzow,

M. Jorn)
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3.2.2.1. Viral RNA

The lyssavirus genome consists of a ca. 12 kilobases (kb) long single stranded negative sense
RNA (Marston et al., 2007). It carries the genes for the five virus proteins in a strictly
conserved order (3" — nucleoprotein gene — phosphoprotein gene — matrix protein gene —
glycoprotein gene — RNA-polymerase gene — 5°) (Tordo et al., 1986a). The genes are
separated by intergenic regions. At the termini of the genomic RNA noncoding leader and
trailer sequences are present (Wunner and Conzelmann, 2013). The length of the intergenic
regions (IGR) are 2 nucleotides (nts) between the nucleoprotein gene and the
phosphoprotein gene, 5nts between the phosphoprotein gene and the matrix protein gene
as well as between the matrix protein gene and the glycoprotein gene and 19nts to 24nts
between the glycoprotein gene and the RNA-polymerase gene. Exceptions are the IGRs of
MOKYV and WBCV between the matrix protein gene and the glycoprotein gene, and between
the glycoprotein gene and the RNA-polymerase gene, which are significantly longer
(Marston et al., 2007). The lengths of the IGRs influence downstream transcription (Finke et
al., 2000). Each gene starts with a transcription initiation signal (TIS) (5"-AACAYYNCT-3’; A:
Adenine, C: Cytosine, T: Thymine, Y: C or T, N: any base) and ends with a transcription
termination polyadenylation signal (TTS) (5-WGAAAAAAA-3; W: A or T, G: Guanine)
respectively (Marston et al., 2007). The length of the untranslated regions (UTRs),
comprising the regions between the TIS and the start codon for translation and between the
stop codon and the TTS, vary. The 3'-UTRs of the virus genes are shorter (20-30nts)
compared to the 5°-UTRs (100-500nts) (Wunner and Conzelmann, 2013). The 5°-UTR of the
glycoprotein gene, also called pseudogene, is particularly long and believed to be the

remnant of a former 6™ gene (Tordo et al., 1986b).

3.2.2.2. Viral proteins

The nucleoprotein is the most conserved lyssavirus protein. The high conservation of the
amino acid (AA) sequence is most likely due to its function in encapsidation of the viral RNA,
for which interaction sites need to be conserved. Through the formation of the RNP, the
nucleoprotein protects the viral genome from host ribonucleases (RNases) (Albertini et al.,

2011). Serotyping of lyssavirus isolates and subsequent division in serotypes/biotypes was

12
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routinely performed with monoclonal anti-nucleoprotein antibodies (Schneider, 1982,
Dietzschold et al., 1988, King and Crick, 1988, Bourhy et al., 1992, Hirose et al., 1990). Since
demarcation of lyssaviruses switched to genotypes and species based on nucleotide
sequences, the corresponding nucleoprotein gene is now preferably used for sequence
comparisons (Nadin-Davis and Real, 2011). Furthermore, due to the conserved AA sequence
of nucleoprotein and its abundance in host cells as the first transcribed protein, anti-
nucleoprotein antibodies are commonly used in lyssavirus antigen detection assays (OIE,
2012). The phosphoprotein is, in contrast to the nucleoprotein, the least conserved of the
lyssavirus proteins (Marston 2007). The phosphoprotein is dimeric and has multiple
functions in RNA replication, virus assembly and as an interferon antagonist. As a non-
catalytic cofactor of the viral polymerase, the phosphoprotein stabilizes the former and
places the phosphoprotein — RNA-polymerase complex on the viral RNA (Wunner and
Conzelmann, 2013). Furthermore, the phosphoprotein prevents the aggregation and
nonspecific binding of newly synthesized nucleoprotein to cellular RNA, by acting as a
chaperone (Liu et al., 2004, Yang et al., 1998) . The phosphoprotein is also a major interferon
(IFN) antagonist, by interfering with gene expression of IFN, and STAT protein signalling
caused by IFN (Rieder and Conzelmann, 2011). The matrix protein plays an important role in
virus assembly and budding. It is responsible for the bullet shaped structure of the virion, by
condensing the RNP into its helical structure. Attachment of the core structure to
glycoprotein in the host membrane is also mediated by the matrix protein, therefore the
matrix protein is essential for budding of virus particles (Mebatsion et al., 1999).
Furthermore, the matrix protein inhibits transcription and promotes RNA replication,
regulating the balance between the two processes (Finke et al., 2003). On the host side, the
matrix protein can inhibit RNA translation and induces apoptosis (Gholami et al., 2008,

Komarova et al., 2007, Kassis et al., 2004).

The glycoprotein is probably the most extensively analysed protein since it is an important
pathogenicity determinant as well as an immunogen (Wunner and Conzelmann, 2013). It is a
transmembrane protein and consists of a carboxyl-terminal domain (endodomain), a
transmembrane domain and an ectodomain as well as an amino-terminal 19AA signal
peptide, which is cleaved of and acts as a membrane insertion signal during protein
maturation (Anilionis et al., 1981). As the only viral surface protein glycoprotein enables

attachment of virus particles to host cell membranes by binding to specific host cell

13
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receptors. After endocytosis of the virus particle, the glycoprotein mediates pH dependent
fusion of virus and endosomal membrane (Gaudin et al., 1993). Furthermore, it facilitates
retrograde axonal transport (Mazarakis et al., 2001). The glycoprotein is glycosylated at one
or more sites in the ectodomain, with one glycosylation site known to be conserved in at
least seven lyssavirus species (Badrane et al.,, 2001). Glycosylation is essential for the
intracellular transport of glycoprotein and important for its antigenicity (Shakineshleman et
al., 1992). Similar to matrix protein, glycoprotein can also induce apoptosis of the host cell

(Prehaud et al., 2003, Faber et al., 2002, Morimoto et al., 1999).

The RNA-dependent RNA-polymerase is by far the largest of the lyssavirus proteins. It forms
the enzymatic component of the polymerase complex and is essential for transcription and
replication (Wunner and Conzelmann, 2013). No efficient in vitro system exists for RABV
messenger RNA (mRNA) synthesis, but the RABV RNA-polymerase displays great sequence
similarity to the RNA-polymerase of another member of the Rhabdoviridae, Vesicular
stomatitis virus (VSV) (Villarreal and Holland, 1974, Kawai, 1977, Tordo et al., 1988).
Therefore, it is presumed that the functions of the two RNA-polymerases are similar and
most of the functions of RABV RNA-polymerase were determined by studying VSV RNA-
polymerase. The RNA-polymerase initiates transcription of the virus genome, is responsible
for nucleotide polymerization and has furthermore important enzymatic functions in mRNA
capping, methylation and 3’-polyadenylation. RNA-polymerase also displays protein kinase
activity and is responsible for phosphorylation of phosphoprotein in transcriptional
activation (Banerjee, 1987). Recently the catalytic activity of the RNA-polymerase in mRNA

capping was shown for rabies virus (Ogino et al., 2016).

3.2.3. Replication cycle

Lyssavirus infection starts with glycoprotein mediated attachment of the virus to the host
cell. Various host cell receptors are known to play a role in virus attachment. These include
the nicotinic acetylcholine receptor (nAchR), the neuronal cell adhesion molecule (NCAM)
and the low affinity nerve growth factor (p75NTR), although none of these receptors were
proven to be essential for virus infection (Lentz et al., 1982, Reagan and Wunner, 1985,

Thoulouze et al., 1998, Tuffereau et al., 1998, Jackson and Park, 1999). Following attachment
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the virus particle is engulfed into lysosomes and the core structure of the virus particle is
released by fusion of the virus envelope with the endosomal membrane. This fusion process
is triggered by a low pH within the endosome (Superti et al., 1984). Transcription and
replication probably takes place within inclusion bodies, in neuronal cells termed Negri
bodies, in the cytoplasm of the host cell (Lahaye et al., 2009). RNA transcription is initiated
by the polymerase at the 3’-end of the genome, starting at the TIS and terminated at the TTS
where the polymerase stutters to and fro for polyadenylation (Barr et al., 1997). Afterwards
it dissociates from the template RNA and re-associates at the next TIS. Re-association of the
polymerase does not always occur, its likelihood depending on the length of the IGR (Finke
et al., 2000). Therefore, the lyssavirus genes downstream of the viral genome are less
frequently transcribed, resulting in a negative transcription gradient (Banerjee, 1987). High
levels of matrix protein modulate the switch from RNA transcription to replication (Finke et
al., 2003). In the replication mode, full-length positive-sense RNA antigenomes are produced
by the polymerase, which then act as templates for new full-length negative-sense RNA
production (Banerjee, 1987). The RNP, associated with phosphoprotein and RNA-polymerase
form new core structures of the virions, which are then tightly condensed into their helical
structures by matrix protein (Mebatsion et al., 1999). Budding of the virus particles is
facilitated by the interaction of matrix protein with glycoprotein, which is inserted into the

host cell membrane following maturation in the endoplasmic reticulum (Schnell et al., 2010).

3.3. Rabies disease

The Latin word rabies is probably derived from the old Sanskrit word rabhas (“to do
violence”), whereas the German word “Tollwut” originated from Indo-Germanic Dhvar (to
damage) and middle German wuot (rage) (Baer, 1975b). Rabies is responsible for an
estimated 59000 human deaths per year and is classified by the WHO as a neglected
zoonotic disease (Hampson et al., 2015, WHO, 2013b). In 2015, the United Nations drafted
an agenda with the goal to end neglected tropical diseases by 2030 (United Nations, 2016).
Three month later a joint collaboration of the WHO, the OIE, the Food and Agriculture
Organization of the United Nations (FAO) and the Global Alliance for Rabies Control (GARC)
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developed a global framework for the elimination of dog-mediated human rabies by 2030

(WHO & OIE, 2016).

3.3.1. Pathogenesis

Lyssaviruses are transmitted through the inoculation of virus containing saliva via bites or
scratches of the infected animals (Fekadu et al.,, 1982). It is believed that prior to
neuroinvasion lyssaviruses replicate in the muscle at the site of inoculation. This is supported
by the ability of lyssaviruses to replicate in denerved muscle tissue in vivo and to bind to
nAchRs at the postsynaptic membranes (Lafon, 2005, Charlton et al., 1997, Charlton and
Casey, 1981, Murphy et al., 1973a). This replication step is not mandatory and immediate
infection of neurons following inoculation can occur (Shankar et al., 1991, Coulon et al.,,
1989). Neuroinvasion starts with the infection of primary motor neurons at the presynaptic
membranes via NCAM, p75NTR or other unknown receptors (Lafon, 2005). Once inside the
neuron, virus particles reach the neuronal cell body via retrograde axonal transport along
the microtubular motor network, where replication takes place (Ceccaldi et al., 1989,
Bijlenga and Heaney, 1978). Afterwards transportation and budding from another synapse
occur, resulting in the distribution of the virus in the central nervous system (CNS) (Ugolini,
2011). At the same time the virus undergoes a centrifugal spread along neurons to the
peripheral organs (Jackson et al., 1999, Murphy et al., 1973b). In the salivary glands, budding
of virus particles from mucogenic acinar cells occurs, followed by shedding of the virus with
the saliva (Dierks et al., 1969, Fekadu et al., 1982). Lyssavirus infection results in
encephalomyelitis, although only little histopathological changes are observed (Yan et al.,

2001, Murphy, 1977).

3.3.2. Clinical picture

For human rabies, disease progression can be divided into five stages according to
symptomes, i.e. the incubation period, the prodrome, the acute neurological phase, coma and
death (Hemachudha et al., 2002). The incubation periods following exposure are usually

between one and two months. Very long incubation periods of up to several years following
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a bite have also been observed, rendering the connection of bite history to subsequent
clinical symptoms difficult (Hemachudha et al., 2002, Smith et al., 1991, Rupprecht et al.,
2002). The incubation period ends with the prodromal phase, where first unspecific clinical
symptoms appear, e.g. fever or local symptoms like burning, numbness, tingling or itching
(Hemachudha, 1994). The acute neurological phase can manifest either as furious
(encephalitic) rabies or as paralytic rabies (Hemachudha et al., 2002). The three symptoms
characteristic for furious rabies are fluctuating consciousness, phobic spasms and signs of
autonomic dysfunctions including piloerection and hypersalivation (Hemachudha, 1994).
Roughly a third of the rabies patients develop paralytic rabies, which usually starts with
weakness in the bitten extremity, progressing to other parts of the body (Hemachudha,
1994). Here, phobic spasms are observed in roughly half of the patients. The patients then
lapse into a coma and subsequently die, in most cases due to circulatory insufficiency,
manifesting as arrhythmia or hypotension (Hemachudha, 1994). The average survival time,
after the onset of clinical symptoms, is two weeks and shorter for patients with furious
rabies than for patients with paralytic rabies (Hemachudha et al., 2002, Mitrabhakdi et al.,
2005).

Similar to humans the initial clinical signs in animals are often unspecific and include
lethargy, diarrhoea and vomiting. This is followed by a rapid deterioration, where
behavioural changes in the form of tameness up to aggressiveness, parasthesiasis and
autonomic dysfunctions, e.g. hypersalivation, can occur. Other neurologic dysfunctions
include tremors, seizures, paresis and paralysis. Death is caused most likely by severe

autonomic dysfunctions (Hanlon, 2013).

3.3.3. Pathogenicity

Although rabies disease almost always results in death once clinical signs develop, not every
lyssavirus infection leads to the development of clinical signs (Taylor and Nel, 2015).
Especially bats seem to be able to clear the virus before it reaches the CNS and develop
neutralizing antibodies (Kuzmin and Rupprecht, 2015). The pathogenicity of lyssavirus
isolates depends on various factors, including the inoculation dose, inoculation route, as well

as the animal species, age and immune status (Banyard et al., 2014b, Coulon et al., 1994,
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Jackson and Fu, 2013). Furthermore, pathogenicity depends on the lyssavirus species and
the respective isolate (Kgaladi et al., 2013, Badrane et al., 2001, Cunha et al., 2010, Perrin et
al., 1996). Differences in the pathogenicity of isolates belonging to one lyssaviruses species
were found for LBV and RABV, and are most likely linked to genetic differences of the
respective isolates (Kgaladi et al., 2013, Cunha et al., 2010, Markotter et al., 2009a). Sites in
the genome or the respective protein that have an influence on the properties of a virus, so
called pathogenicity determining sites, have been identified for RABV with the help of
reverse genetics (Virojanapirom et al., 2016, Tuffereau et al., 1989, Rieder et al., 2011). They
include not only amino acid exchanges in the respective proteins but also nucleotide
exchanges in UTRs and IGRs (Finke et al., 2000, Conzelmann et al., 1990, Virojanapirom et
al., 2016). Unfortunately, not many reverse genetic systems exist for other lyssaviruses, and
knowledge about pathogenicity determinants in field virus isolates is poor (Orbanz and

Finke, 2010, Nolden et al., 2016).

3.3.4. Vaccination and post exposure prophylaxis

Vaccination against rabies is the foremost tool for preventing, controlling and eliminating
the disease in terrestrial mammals and humans. In human medicine parenteral vaccination
against rabies is recommended for certain risk groups, e.g. laboratory workers, veterinarians,
animal handlers and bat conservationists (WHO, 2013a). Post-exposure prophylaxis (PEP)
after contact with a rabid or rabies suspected animal includes local wound treatment,
vaccination and administration of rabies immunoglobulin. The extent of PEP, especially
concerning immunoglobulin administration, should be assessed for every case and depends
on several factors (WHO, 2013b), including the epidemiological situation, the clinical
features and vaccination status of the animal, the severity of the exposure, and the
vaccination history of the patient (WHO, 2013a). There is no treatment proven to prevent
death once clinical signs develop and reports of patients surviving rabies are very rare

(Rupprecht et al., 2017).

Two vaccination strategies for terrestrial mammals exist, which are parenteral vaccination
with inactivated or live recombinant vectored RABV vaccines and oral vaccination with live

attenuated RABV vaccines (WHO, 2013a). Parenteral vaccination is performed for domestic
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animals and is the main tool for the control and elimination of dog rabies (Fooks et al.,
2014). Oral vaccination, performed in terrestrial wildlife populations, can successfully control
and eliminate rabies, as exemplified by the elimination of fox rabies in most of Europe
(Freuling et al., 2013a). Due to the residual pathogenicity of oral vaccines, sporadic vaccine
induced rabies cases have occurred (Vuta et al., 2016, Robardet et al., 2016, Hostnik et al.,

2014, Miller et al., 2009, Fehiner-Gardiner et al., 2008).

3.4. Rabies epidemiology
3.4.1. Terrestrial rabies

Terrestrial rabies, i.e. RABV in non-bat reservoirs, is endemic on all continents, except
Australia and Antarctica and has been eliminated in Western and Central Europe (Miller et
al., 2015, Sparkes et al., 2016, Nel and Markotter, 2007). The last rabies case in terrestrial
wildlife in Germany was reported in 2006, and in 2008 Germany self-declared a “rabies free”
status according to the standards by the World Organization for Animal Health (OIE), which
is defined as freedom of rabies caused by RABV (OIE, 2013).

The causative agent of terrestrial rabies is RABV and although all mammals are potentially
susceptible to rabies, not all can serve as a reservoir for RABV. Next to the host species being
highly susceptible, virus evolutionary factors, e.g. efficient and balanced replication and
excretion and modification of host behaviour, as well as certain ecological factors, i.e. host
density, social structure and population size must be met for independent transmission

cycles to occur within a species (Mollentze et al., 2014).

Known terrestrial reservoirs of RABV belong to the order Carnivora and include dogs (Canis
lupus familiaris), red foxes (Vulpes vulpes), grey foxes (Urocyon cinereoargenteus), arctic
foxes (Vulpes lagopus), bat-eared foxes (Otocyon megalotis), raccoon dogs (Nyctereutes
procyonoides), raccoons (Procyon lotor), skunks (Mephitidae), Indian mongoose (Herpestes
auropunctatus), jackals (Canis aureus, C. adustus, C. mesomelas) and Chinese ferret badgers
(Melogale moschata) (WHO, 2013a). The most important reservoir for human infection is
the dog, as 99% of human rabies cases are transmitted by rabid dogs (WHO, 2013a).

Although elimination of dog rabies is feasible and was successful in Europe, Japan, parts of

19



Literature review

Asia, North and most of South America, it still poses a problem in many parts of Asia and
Africa (Coleman et al., 2004, WHO, 2013a). Asia has the highest rabies burden with India
alone accounting for over 35 % of human rabies deaths (Hampson et al., 2015, Banyard et
al., 2013). This is followed by Africa where ca. 36.4% of human rabies deaths occur. Asia and
Africa also account for 95% of the estimated 3.7 million disability-adjusted life years, a
measure for the years annually lost to rabies due to disease or premature death (Hampson

et al., 2015).

3.4.2. Bat rabies

With ~1300 known species (Racey, 2015), bats (Chiroptera) are the second largest
mammalian order after rodents (Burland and Wilmer, 2001). Bat speciation is performed
either using morphological features or through phylogenetic analyses of host genes, though
the first is challenging when dealing with cryptic species (Burland and Wilmer, 2001). With a
quarter of all bat species threatened, many are protected, including all 53 bat species
present in Europe (Racey, 2015, Lina, 2016, UNEP/EUROBATS, 1994). Although bats have
certain characteristics which are presumed to make them special reservoirs for viruses, i.e.
capability of flight, high roost densities, torpor and hibernation, long life spans and
echolocation (Calisher et al., 2006), there is no clear indication that bats harbour a greater

number of zoonotic viruses compared to other animal groups (Olival et al., 2015).

Interestingly, the first virus discovered in bats was RABV and most lyssaviruses were found in
bats or are known to have bats as their reservoir, which is why these animals are believed to
be the ancestral hosts of all lyssaviruses (Banyard et al., 2011, Rupprecht et al., 2017). Within
bats lyssaviruses display a restricted geographical distribution. This results in the conundrum
that RABV is the only lyssavirus present in bats in the new world, while in the old world
RABV has only been found in terrestrial mammals and other lyssavirus species are present in
bats (Banyard et al., 2014a, Rupprecht et al., 2017). RABV is also responsible for most spill-
over infections of rabies from bats into terrestrial mammals and humans, and is the only
lyssavirus where sustained spill-overs from bats into other mammals are known to have

occurred (Badrane and Tordo, 2001, Kuzmin et al., 2012, Velasco-Villa et al., 2005, Daoust et
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al., 1996, Leslie et al., 2006). Spill-over infections of other bat lyssaviruses are rare and have

only been described sporadically (Johnson et al., 2010).

3.4.2.1. Bat rabies in Europe

Rabies is a notifiable disease in almost all European countries and monitored in the scope of
surveillance programs, but less than half of these include bat rabies surveillance (Miller et
al.,, 2016). Two forms of rabies surveillance exist: (i) Passive surveillance comprises the
sampling of sick, rabies suspected or dead bats and bats which had contact to humans or
domestic animals via bites or scratches. (ii) Active surveillance on the other hand describes
the monitoring of lyssaviruses in free living bats, either through the detection of antibodies
against lyssaviruses in serum samples or the detection of lyssavirus RNA or antigen in saliva
samples (Med Vet Net Working Group, 2005). Despite great efforts, detection of virus RNA in
oral swabs from European bats was rare and interpretation as well as comparison of
serological results from different studies proves challenging due to cross neutralization of
phlyogroup 1 lyssaviruses as well as the non-standardized serological test procedures
(Freuling et al., 2009a, Schatz et al., 2014a). Thus, it was recommended to focus on passive

bat rabies surveillance (Schatz et al., 2013b, Schatz et al., 2014a).

A total of ca. 1123 bat rabies cases in Europe have been reported to the WHO Rabies Bulletin
Europe in the scope of passive bat rabies surveillance between 1977 and 2015 (Anonymous,
2017). In most cases EBLV-1 was identified as the causative agent (Schatz et al., 2013a). Two
bat species serve as reservoir for this lyssavirus, i.e. the Serotine bat (Eptesicus serotinus)
and the Isabelline serotine bat (Eptesicus isabellinus) (Vazquez-Moron et al., 2008, Montano-
Hirose et al.,, 1990). Furthermore, EBLV-1 can be divided into two genetic distinct
sublineages. While EBLV-1a is present in an area between France, the Netherlands and
Russia, EBLV-1b is present rather in western parts of Europe between Spain and Poland
(Amengual et al., 1997, Davis et al., 2005). A third genetic sublineage comprising isolates
from the Isabelline serotine bat from the Iberian Peninsula has been proposed (Vazquez-
Moron et al., 2011). Furthermore, additional variation in the genome, in the form of
insertions and deletions (indels) in the UTRs of EBLV-1 isolates were found (Freuling et al.,

2012, Johnson et al., 2007). Single EBLV-1 infections of other bat species were recorded for
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the common pipistrelle bat (Pipistrellus pipistrellus), the common noctule bat (Nyctalus
noctula), the Nathusius' pipistrelle bat (Pipistrellus nathusii), the brown long-eared bat
(Plecotus auritus) and the Barbastelle bat (Barbastella barbastellus) (Miller et al., 2007,
Schatz et al., 2014a) as well as for a Natterer's bat (Myotis nattereri), a common bent-winged
bat (Miniopterus schreibersii), a mouse-eared bat (Myotis myotis) and a greater horseshoed
bat (Rhinolophus ferrumequinum) (Serra-Cobo et al., 2002). Additionally, EBLV-1 infections of
Egyptian fruit bats (Rousettus agypticatus) in a colony from a Danish zoo have been reported
(Rpnsholt et al., 1998). Spill-over infections in terrestrial mammals, including two human
rabies cases caused by EBLV-1, also occurred. These comprised EBLV-1 infections in sheep in
Denmark, cats in France and a stone marten in Germany (Miller et al., 2004, Dacheux et al.,
2009, Tjornehoj et al., 2006). The first presumed spill-over of EBLV-1 to a human occurred in
1977 in the Ukraine, where a small girl was bitten by a bat of unknown species (Fooks et al.,
2003a). The second human rabies case caused by EBLV-1 occurred in Russia in 1985, when a
girl was bitten by a bat and died approximately one month later after developing rabies like

symptoms (Selimov et al., 1989).

The second lyssavirus present in Europe is EBLV-2 with 21 confirmed cases in bats until 2012
(Schatz et al., 2013a). The majority of EBLV-2 cases were isolated from Daubenton's bats
(Myotis daubentonii). In the Netherlands, EBLV-2 was isolated from five Pond bats (Myotis
dasycneme), the only bat species from which EBLV-2 was isolated there (Schatz et al., 20133,
van der Poel et al.,, 2005). Two genetic lineages, EBLV-2a and EBLV-2b, exist for EBLV-2,
although the phylogenetic support is weaker compared to EBLV-1. Due to limited data no
correlation of the lineages with certain bat species can be established (Amengual et al.,
1997, McElhinney et al.,, 2013). Two human rabies cases caused by EBLV-2 have been
recorded 1985 in Finland (Lumio et al., 1986) and 2002 in Scotland (Fooks et al., 2003b).

Since the discovery of BBLV in 2010 in Germany, two additional cases were detected in 2012
in Hemilly, France and Bavaria, Germany (Picard-Meyer et al., 2013, Freuling et al., 2013b,
Freuling et al., 2011). All cases were found in Natterer's bats (Myotis nattereri), which is

presumed to be the reservoir for BBLV (Banyard et al., 2014a).

Single isolations of two additional lyssavirus species were detected in Common bent-winged
bats (Miniopterus schreibersii) in Europe. WCBV was isolated in 2002 in the European

Caucasus and LLEBV in 2012 in Spain (Botvinkin et al., 2003, Arechiga Ceballos et al., 2013,
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Kuzmin et al., 2005). These lyssaviruses do not belong to phylogroup 1 (Banyard et al.,
2014a).

3.4.2.2. Passive bat rabies surveillance in Germany

In Germany passive bat rabies surveillance can be divided further into routine surveillance
and enhanced passive bat rabies surveillance. Routine surveillance is performed by the
regional veterinary laboratories of the sixteen federal states and was initiated in 1982 as
beforehand bats were tested only sporadically for rabies (Mdller et al., 2007). A presumed
bat mediated human rabies case in Denmark further sparked surveillance efforts, as before
bat rabies surveillance was only thought to be of interest for scientific reasons (Seidler et al.,
1987). In the scope of routine surveillance only bats with symptoms suggestive of rabies or
where human contact in form of bites and scratches has occurred are examined (Miiller et
al., 2007). Approximately 2076 bats were tested for bat rabies during routine surveillance
until 2015 (Anonymous) with 272 detected rabies cases (Anonymous, 2017). The majority of
cases were caused by EBLV-1, but one case of EBLV-2 as well as the first case of BBLV in 2010

were also detected during routine surveillance (Schatz et al., 2014a).

In 1998, an additional enhanced passive bat rabies surveillance study was initiated, where
dead found bats from bat collections, not suspected of rabies, were included (Schatz et al.,
2014a). Until June 2013 a total of 5478 bats were investigated, with the most frequently
submitted bat species being the common pipistrelle bat and the common noctule bat. Fifty-
six bat rabies cases were found during enhanced passive bat rabies surveillance, and in 52
cases EBLV-1 and in three cases EBLV-2 were identified as the causative agents (Schatz et al,
2014). The resulting prevalence of bat rabies during enhanced passive bat rabies surveillance
was much lower compared to routine surveillance and more likely represents the true

prevalence of bat rabies in Germany (Schatz et al, 2014).
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Figure 2: Surveillance efforts and geographical distribution of reported bat rabies cases in
Germany until 2014. A) Bats sampled during routine surveillance which tested negative (blue
dots) and positive (red dots) for bat rabies. B) Bats sampled during enhanced passive
surveillance which tested negative (blue dots) and positive (red dots) for bat rabies. A) + B)
Red and green circles mark cases of EBLV-2 and BBLV respectively. C) Bat rabies cases caused
by EBLV-1a (red dots) and EBLV-1b (blue dots). D) Bat rabies cases caused by EBLV-2 (red

dots) and BBLV (stars). (© Friedrich-Loeffler-Institut Insel Riems)
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3.5. Rabies diagnosis

Rabies diagnosis in animals is preferably made post mortem from brain material and ideally
different brain regions, i.e. brain stem, Ammon’s horn, cortex, cerebellum and thalamus, are
tested (Miiller, 2017, OIE, 2012). Ante mortem diagnosis should only be performed in human
suspect rabies cases, and comprises the testing of preferentially saliva and head skin
biopsies at different time points (Crepin et al., 1998, WHO, 2013a). Since virus shedding in
saliva is intermittent and skin biopsies not always positive, these tests can only confirm but
not exclude rabies (WHO, 2013a). Due to late seroconversion, serology is rarely used for
ante-mortem diagnosis but mostly for epidemiological studies and the assessment of

seroconversion following vaccination (OIE, 2012).

3.5.1. Standard diagnostic tests

The gold standard for rabies diagnosis is the fluorescence antibody test (FAT), due to
accuracy and speed, which is recommended by the WHO and OIE (OIE, 2012). Virus antigen
is detected in brain smears fixed on slides, by staining them with fluorophore-conjugated
(FITC) anti-rabies antibodies. The slides are evaluated under a fluorescence microscope,
which emits ultraviolet light, causing the fluorophore to emit a light signal. This can be seen
as green fluorescence (Dean et al., 1996, Goldwasser and Kissling, 1958). If the FAT result is
inconclusive or in cases of human exposure further tests are recommended (OIE, 2012). The
rabies tissue culture infection test (RTCIT) has replaced the mouse inoculation test (MIT),
which is no longer recommended due to ethical reasons (Miller et al., 2016). In the RTCIT
virus is isolated in mouse neuroblastoma cell culture from brain suspensions, thus only
viable virus can be detected (Webster and Casey, 1996, Rudd and Trimarchi, 1989). Although
not yet recommended by the WHO as a diagnostic test, reverse transcription polymerase
chain reaction (RT-PCR) is increasingly used in rabies diagnosis, e.g. for the verification of
FAT results (Mdller, 2017, WHO, 2013a, Dacheux et al., 2010, Fooks et al., 2009). Next to a
high sensitivity, RT-PCR has the additional advantage that identification of the lyssavirus
species in the scope of multiplex RT-PCR or sequencing of PCR products is possible

(Woldehiwet, 2005).
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3.5.2. Challenges in rabies diagnosis

Sample acquisition and transport to the laboratory are the first steps for diagnosing rabies
and already pose difficulties. To obtain brain samples, the skull needs to be opened, which
should be performed by well-trained technicians, with precautionary measures taken to
avoid accidental exposure or cross contamination. To circumvent these challenges,
alternative sampling methods were developed where brain material is obtained by insertion
of a straw or syringe either via the occipital foramen or following trepanation of the eye
socket (Montano-Hirose et al., 1991, Barrat and Halek, 1986). Immediately after removal,
sample material should ideally be frozen and in this condition transported to a laboratory
(OIE, 2012). In order to preserve sample material for testing without freezing, storage in
Formalin or 50% Glycerol is possible, although these preservation techniques present some
disadvantages. Since Formalin inactivates the virus, virus isolation is no longer possible and
FAT as well as PCR display decreased sensitivity. Although Glycerol does not inactivate the
virus, it only protects the sample from putrefaction and virus inactivation due to high
temperatures still occurs and it is recommended by the OIE to store Glycerol samples in a
refrigerator (OIE, 2012, Barrat, 1996). The implementation of standard diagnostic tests for
rabies is also challenging for developing countries. The FAT for example needs expensive
FITC anti-rabies antibodies and a fluorescence microscope for evaluation. Furthermore,
evaluation should only be performed by trained staff (Duong et al., 2016, Woldehiwet, 2005,
Banyard et al., 2013). Similar to FAT, RTCIT also requires a fluorescence microscope and
trained staff, as well as an established cell culture system and adequate biosafety (Duong et
al., 2016, Webster and Casey, 1996). Expensive equipment is also needed for RT-PCR and
without appropriate standardization and quality control false positive as well as false

negative results can occur (Duong et al., 2016, OIE, 2012, Notomi et al., 2000).

These problems are especially apparent in developing countries in Asia and Africa, where
dog rabies still poses a major human health threat (Fooks et al., 2009, Banyard et al., 2013).
Coupled with lack of awareness of the general public, weak capacity for field investigation of
rabies cases, poor infrastructure, poor veterinary and health capacity as well as their
insufficient cooperation, and inadequate reporting systems, the result is inadequate rabies
surveillance (Townsend et al., 2013, Banyard et al., 2013). In fact, insufficient surveillance

leads to an underestimation of the situation, therefore attracting little attention from policy

26



Literature review

makers, resulting in a cycle of neglect (Cleaveland et al., 2014). Furthermore, surveillance is
crucial for canine rabies elimination programs, since it provides data on the progress and

cost effectiveness, enabling sustainable implementation (Townsend et al., 2013).

3.5.3. Alternative diagnostic tests

To overcome some of the challenges in rabies diagnosis, alternative test methods have been
developed. The direct rapid immunohistochemical test (dRIT) was developed by the Centers
for Disease Control and Prevention (CDC) as an alternative to FAT (Lembo et al., 2006). In
dRIT rabies antigen is detected with biotinylated anti-N antibodies. Biotin catalyses the
formation of a red precipitate which can be observed using a conventional light microscope
(Coetzer et al., 2014a). The evaluation of the test with a light microscope is the biggest
advantage of dRIT compared to FAT. Other advantages are easier interpretation of test
results and reduced costs compared to FAT (Fooks et al., 2009, Coetzer et al., 2014a). The
dRIT was evaluated in several studies and showed sensitivities between 83% and 100%
depending on the antibodies used and was able to detect other lyssaviruses apart from
RABV, i.e. MOKV, LBV and DUVV (Coetzer et al., 2014a, Coetzer et al., 2014b, Lembo et al.,
2006, Madhusudana et al., 2012).

Novel approaches for the rapid amplification and detection of lyssavirus RNA are reverse
transcription loop mediated isothermal amplification (RT-LAMP) and nucleic acid sequence
based amplification (NASBA), where amplification occurs at a constant temperature,
eliminating the need for a high precision thermal cycler (Notomi et al., 2000, Compton,
1991). NASBA allows direct isothermal amplification of RNA (Compton, 1991). Gene
amplification occurs at a relatively low temperature of 40°C, which is advantageous for the
in situ detection of viral RNA, due to less cell damage compared to RT-PCR (Sugiyama et al.,
2003). RNA amplification requires three enzymes, which are the T7 RNA polymerase, the
avian myeloblastosis virus reverse transcriptase and RNase H (Guatelli et al., 1990). Two
studies assessed NASBA techniques for the detection of RABV RNA, with mixed results
(Wacharapluesadee et al., 2011, Wacharapluesadee and Hemachudha, 2001). In rabies
diagnosis, NASBA was used for the ante mortem diagnosis of rabies in humans

(Wacharapluesadee and Hemachudha, 2010). Isothermal amplification of deoxyribonucleic
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acid (DNA) during RT-LAMP requires a higher temperature of 65°C compared to NASBA. As,
similar to RT-PCR, direct amplification of virus RNA with LAMP is not possible, a reverse
transcription step has to be included. RT-LAMP displays very high specificities, which can
have a negative effect on the sensitivities of the assays (lto et al., 2014). Indeed two RT-
LAMP assays developed for rabies diagnosis displayed reduced sensitivity due to sequence
variation of the RABV isolates (Saitou et al.,, 2010, Boldbaatar et al.,, 2009). For the
development of a RT-LAMP assay to detect RABV isolates of two African lineages, two primer
sets, 12 primers in total, were needed (Hayman et al., 2011). Therefore, the development of

a RT-LAMP able to detect a broad spectrum of RABV isolates is challenging.

Another test, developed as a point of care test for the detection of antigen is the lateral flow
device (LFD), also called lateral flow assay, rapid immunodiagnostic test or rapid
immunochromatographic strip test (O’Farrell, 2013, Kang et al., 2007, Mak et al., 2016) . The
test principle is based on fluid migration along a membrane. A sample is added to the
sample area of a test strip from where it migrates along the strip, the antigen in the sample
reacting with conjugated and fixed antibodies, resulting in the development of lines visible
to the naked eye (O’Farrell, 2013). Since the test allows a one-step analysis, it is easy to
perform. Furthermore, the test can be stored at room temperature and does not need any
additional equipment and chemicals. Therefore, it has potential for field use. Coupled with
being rapid and cost effective it is applied in many areas, e.g. environmental science, human
and animal health (Ngom et al., 2010, Posthuma-Trumpie et al., 2009). LFDs require small
sample volumes. These result subsequently in small quantities of analyte, which can lower
the sensitivity of the test. On the other hand, small sample volumes can be advantageous,
when not much material is available, as long as sensitivities are adequate. Due to test
components and manufacturing processes the tests can display variable sensitivity and test
reproducibility (O’Farrell, 2013). For rabies diagnosis one commercially available LFD,
produced by Bionote, has been evaluated in several studies reporting sensitivities between

88% and 100% (Table 3).
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4.0bjectives

Assessment of EBLV-1 pathogenicity:

Five lyssavirus species circulate in Europe, with EBLV-1 being responsible for most bat rabies
cases, including spill-over infections in other mammals including humans. The pathogenicity
of EBLV-1 has so far only been assessed in studies using single isolates as representatives.
Since these studies were all designed differently no comparison can be made between the
different isolates used. As there are genetic differences between EBLV-1 isolates and it is
known for other lyssaviruses that genetic variation can influence the pathogenicity, one aim
of this thesis was to assess the pathogenic properties of EBLV-1 isolates with genetic

differences using the same experimental design.

Enhanced passive bat rabies surveillance in Germany:

In Germany three bat lyssavirus species have been detected, which present a human health
threat. To better understand the epidemiology and dynamics of bat rabies in Germany,
enhanced passive bat rabies surveillance was performed until 2014. This surveillance was
continued to keep up to date with the situation also with respect of the discovery of novel

lyssaviruses in Germany in 2010 and Spain in 2013.

LFDs as a tool for rabies surveillance in developing countries:

Terrestrial rabies caused by RABV, especially dog-mediated rabies, is responsible for most
human rabies cases. Dog-mediated human rabies is still prevalent in many regions but
foremost in developing countries in Asia and Africa. To establish efficient rabies control
measures, adequate rabies surveillance is required, which is difficult due to the nature of
standard diagnostic tests for rabies. To circumvent this problem other test methods were
developed, including LFDs. So far only one commercially available LFD has been evaluated,
although several products are on the market, without anything known regarding their
performance. Therefore, the performance of several commercially available LFDs was

assessed.
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section. References and abbreviations from the manuscript are not included in the relevant
sections at the beginning and the end of this document. The corresponding supplement

material has been added directly following the reference section of this publication.
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Abstract

European bat lyssavirus 1 is responsible for most bat rabies cases in Europe. Although
EBLV-1 isolates display a high degree of sequence identity, different sublineages exist. In
individual isolates various insertions and deletions have been identified, with unknown
impact on viral replication and pathogenicity. In order to assess whether different genetic
features of EBLV-1 isolates correlate with phenotypic changes, different EBLV-1 variants
were compared for pathogenicity in the mouse model. Groups of three mice were infected
intracranially (i.c.) with 10% TCID50/ml and groups of six mice were infected intramuscularly
(i.m.) with 10° TCID50/ml and 102 TCID50/ml as well as intranasally (i.n.) with 102 TCID50/
ml. Significant differences in survival following i.m. inoculation with low doses as well asi.n.
inoculation were observed. Also, striking variations in incubation periods following i.c. inocu-
lation and i.m. inoculation with high doses were seen. Hereby, the clinical picture differed
between general symptoms, spasms and aggressiveness depending on the inoculation
route. Immunohistochemistry of mouse brains showed that the virus distribution in the brain
depended on the inoculation route. In conclusion, different EBLV-1 isolates differ in patho-
genicity indicating variation which is not reflected in studies of single isolates.

Author summary

European bat lyssavirus 1 (EBLV-1) is one of fourteen officially recognized lyssavirus spe-
cies causing rabies, a zoonosis resulting inevitably in death once clinical signs appear.
EBLV-1 is responsible for most bat rabies cases detected in Europe, and spill-over infec-
tions in humans highlight its zoonotic potential. In our study, we compared eight geneti-
cally diverse EBLV-1 isolates in the mouse model using various routes of inoculation.
Although EBLV-1 isolates displayed very high sequence conservation, significant differ-
ences in pathogenicity, i.e. in incubation periods and mouse survival, were observed. Fur-
thermore, depending on the inoculation route the clinical picture as well as the virus
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antigen distribution within the brain varied. Thus, transfer of results obtained with single
isolates to the whole lyssavirus species can be misleading, and results indicating reduced
pathogenicity obtained with single EBLV-1 isolates in previous studies have to be carefully
interpreted.

Introduction

Rabies is an acute, progressive and incurable viral encephalitis, caused by negative strand RNA
viruses of the Lyssavirus genus belonging to the order Mononegavirales, family Rhabdoviridae,
which is transmitted by bites of infected mammals. Taxonomically, the etiological agents are
classified into 14 officially recognized and two yet unassigned lyssavirus species [1-3]. Intrigu-
ingly, for the great majority of lyssaviruses bats (Chiroptera) are the reservoir leading to the
assumption that bats are the true ancestral host of all lyssaviruses [4]. Hence, rabies is the most
significant viral zoonosis associated with bats as almost all bat lyssaviruses have caused fatal
spillovers into humans and terrestrial mammals [5-7].

Bat rabies in Europe was initially discovered in 1954 [8]. Subsequent virus characterization
using monoclonal antibodies showed that the viruses isolated from bats at the time were dis-
tinct from classical rabies virus (RABV) and were assigned as European bat lyssaviruses types 1
and 2 (EBLV-1 and -2) [9, 10]. In recent years, novel lyssavirus species have been detected in
European bats, namely West Caucasian bat lyssavirus (WCBV) [11], Bokeloh bat lyssavirus
(BBLV) [12] and Lleida bat lyssavirus (LLBV, [3]).

European bat lyssavirus 1 (EBLV-1) is the most common of the five lyssavirus species circu-
lating in European bats and responsible for the majority of all recorded bat rabies cases in
Europe [13]. The reservoir hosts of EBLV-1 are the serotine bat (Eptesicus serotinus) and the
Isabelline serotine bat (Eptesicus isabellinus) [14], but occasional cases were also found in other
bat species, e.g. the brown long-eared bat (Plecotus auritus), the common pipistrelle (Pipistrel-
lus pipistrellus), and the Nathusius’ pipistrelle (Pipistrellus nathusii), [15] as well as in sheep
[16], cats [17] and a stone marten [18]. The zoonotic potential of EBLV-1 is demonstrated by
the fact that at least two confirmed human cases occurred in Russia and the Ukraine [19, 20].

The nucleoprotein (N)-gene is the most conserved gene across all lyssaviruses [21] and fre-
quently used for phylogenic analyses since its diversity allows a good separation between lyssa-
virus species [22]. Based on partial N-gene sequences, EBLV-1 can be divided into two distinct
sublineages EBLV-1a and EBLV-1b, the first predominantly found in Central and Eastern
Europe, the second in southwest Europe [23, 24]. Recently, a third sublineage of EBLV-1 com-
prising isolates from the Isabelline bat on the Iberian peninsula has been proposed [14]. Genet-
ically, EBLV-1 isolates show a very high nucleotide identity above 99% in EBLV-1a and 98% in
EBLV-1b, respectively. The overall heterogeneity at nucleotide level is less than 3.3% [23].

Thus far, full genome sequences have never been assessed for genomic differences although
evidence for those was found in the form of insertions and deletions (indels) in areas usually
not sequenced for phylogenetic analysis. For example, a six nucleotide insertion was identified
in the 3'untranslated region (UTR) of EBLV-1b isolates [25, 26] and a single nucleotide inser-
tion in EBLV-1a isolates in the same area. Furthermore, a 35 nucleotide deletion was found in
the G-L intergenic region of one EBLV-1a isolate [26]. The potential impact of these genomic
differences as well as the influence of the overall genetic diversity within EBLV-1 sublineages
on the pathogenicity remains elusive, since so far only single representative EBLV-1 isolates
were used in pathogenicity studies. Those were usually comparative studies of different lyssa-
virus species or studies aimed at efficacy testing of antibodies and vaccines [27-33]. However,
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differences in pathogenicity within other lyssavirus species had been observed, i.e. for Lagos
bat virus (LBV) and Rabies virus (RABV) [34-36]. Against this background and the conun-
drum of reduced pathogenicity in experimental animal studies on one side and human casual-
ties on the other, this study aimed at analyzing different EBLV-1 isolates representing all three
sublineages to assess variability in pathogenicity.

Materials and methods
Ethics statement

Allin vivo work was performed according to European guidelines on animal welfare and care
according to the Federation of European Laboratory Animal Science Associations (FELASA).
The characterization of lyssaviruses in the mouse model was reviewed and approved by the
review board of the Landesamt fiir Landwirtschaft, Lebensmittelsicherheit und Fischerei M-V
(LALLF, Document-ID: AZ LALLF.M-V/TSD/7221.3-2.1-002/11).

Viruses

Ten lyssavirus isolates originating from the archive of the Friedrich-Loeffler-Institute (FLI)
Riems were included in the study. Two viruses belonged to RABV and eight isolates to EBLV-
1, consisting of five EBLV-1a isolates, two EBLV-1b isolates and a single EBLV-1 isolate of the
proposed third sublineage, here termed EBLV-1c. Five isolates have already been described
previously including EBLV-1 isolates with insertions and deletions [25, 26], a distant EBLV-1a
isolate and an EBLV-1a isolate responsible for a human rabies case in Russia [19]. Properties
of selected isolates are detailed in Table 1. Cell lines used in this study for viral propagation,
titration, replication kinetics and serology were obtained from the Collection of Cell Lines in
Veterinary Medicine (CCLV) established at FLI, Riems, Germany.

Table 1. Isolates and viruses used in the study including details of their respective characteristics, year of isolation, host and origin.

Lab Name Viral Characteristics Year Host Origin Accession
1D species numbers
13454 | 13454_EBLV-1a_ref EBLV-1a Isolate used for the infection of foxes and ferrets | 2000 Eptesicus Germany LT839615
[27, 33] available as a recombinant virus [37], serotinus
5782 5782_EBLV-1a_del EBLV-1a 35nt deletion in G-L region [26] 2001 unknown Germany LT839611
5776 5776_EBLV-1a_ins EBLV-1a 1nt (A) insertion in N-P region [26] 2001 unknown Germany LT839614
976 976_EBLV-1a_dist EBLV-1a 1992 Pipistrellus Germany LT839610
nathusii
13027 | 13027_EBLV-1a_Yuli | EBLV-1a human rabies case (Yuli)[19] 1982 human Russia LT839613
20174 20174_EBLV-1b EBLV-1b - 2008 Eptesicus Germany LT839609
serotinus
5006 5006_EBLV-1b_ins EBLV-1b | 6nt (AAAAGA) insertion in N-P region, as described | 2000 Eptesicus Germany LT839612
before [25] serotinus
13424 13424_EBLV-1c EBLV-1c - 1989 unknown Spain LT839608
35009 35009_RABY_CVS RABV fixed RABV strain, challenge virus standard (CVS), | 1996 - - LT839616
batch 1, ANSES Nancy, France
5989 | 5989_RABV_dog_azerb RABV RABV field strain, used in experimental studies [38, | 2002 dog Azerbaijan LN879480
39]

A, Adening;
@G, Guanine;

Brain samples of mice inoculated with isolates highlighted in grey were subjected to IHC.

https://doi.org/10.1371/journal.pntd.0005668.t001
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Viral propagation and replication kinetics

Prior to mouse inoculation virus stocks were produced for all lyssaviruses. Viral propagation,
titration and replication kinetics of the lyssavirus isolates were conducted on mouse neuroblas-
toma cells (Na 42/13, CCLV-RIE 0229). For virus propagation cells were infected at a multi-
plicity of infection (MOI) of 0.001, incubated at 37°C and 5% CO, for at least for 72 hours.
When 100% of the monolayer was infected supernatant virus was harvested. Depending on
the isolates an additional passaging was required. After harvesting infectious virus titres were
determined by endpoint titration, calculated using the Spearman-Karber method [40] and
expressed as tissue culture infective dose 50 (TCID50).

Replication kinetics were determined by one step and two step growth curves. For each iso-
late Na 42/13 cells were infected at MOIs of 0.01 and 3, and subsequently incubated at 37°C
and 5% CO2 for 96 hours. Supernatant virus titres were determined at 0, 16, 24, 48, 72 and 96
hours post infection by endpoint titration. For each isolate two biological as well as two techni-
cal replicates were done.

Mouse inoculation and sampling

Three to four week old female Balb/c mice (Charles River, Germany) were inoculated with the
selected isolates (Table 1) using three different inoculation routes and two different viral doses.
While groups for intramuscular (i.m.) and intranasal (i.n.) inoculation consisted of six ani-
mals, three animals were used in positive (intracranial, i.c.) as well as in negative (mock
infected) control groups. Groups were housed in individual cages and mice had access to
water and food ad libitum.

For each isolate two groups of mice were inoculated i.m. into the right or left gluteal muscle
using high (10° TCID50/30p1) and low (10* TCID50/30y) viral doses. Because viral propaga-
tions of isolates 5989_RABV_dog_azerb and 20174_EBLV-1b did not yield viral titres of 10°
TCID50/30pl, undiluted supernatant with titres of 10* TCID50/30ul for both isolates were
used as a high dose for i.m. inoculation. Additionally, one group of mice was i.n. inoculated
with 5 l of viral suspensions (10> TCID50/10pl) in each nostril using a pipette. Positive and
negative controls were inoculated i.c. either using 10 TCID50/30pl of viral suspension or 30yl
of cell culture medium.

All mice were marked with earclips for identification and monitored daily for 45 days post
infection (dpi). Weight and clinical scores, ranging from zero up to four, were recorded daily
(see S1 Table). With onset of clinical signs mice were examined twice daily. At a clinical score
of three or when the weight loss exceeded 20% mice were anaesthetized using Isoflurane and
euthanized through cervical dislocation. All remaining animals were euthanized 45 days after
inoculation.

Upon euthanasia, brain samples were taken from all mice. From animals inoculated with
six representative isolates (Table 1) that died during the observation period half of the brain
was fixed in 4% paraformaldehyde (PFA) for additional immune-histochemical analysis. Fur-
thermore, blood was collected by heart puncture in 600pl tubes (BD Microtainer, SST Tubes),
allowed to settle for at least 30 min and centrifuged for 3 min at 10,000xg. Afterwards, the
serum was transferred to 1.5 ml tubes and stored at -70°C until serological testing.

Detection of viral antigen

Brain samples were tested for the presence of lyssaviral antigen using the fluorescence antibody
test (FAT) as described elsewhere [41]. In brief, brain smears were heat-fixed on slides fol-
lowed by staining with a FITC-conjugated polyclonal antibody (SIFIN, Berlin, Germany) for
30 minutes. Slides were examined under a fluorescence microscope and considered positive if
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green fluorescence was present. Defined positive and negative controls were included in every
test run.

Furthermore, paraffin embedded brain samples of selected animals (see above, Table 1)
were subject to histochemical analysis as described before [42, 43]. Briefly, after fixation in 4%
PFA and embedding in paraffin wax (FFPE), samples were cut in 3pm thick paramedian sec-
tions and dewaxed, followed by immunohistochemistry (IHC) using an anti-nucleoprotein
(N) polyclonal rabbit serum N161-5 [37]. The amount of viral antigen in the complete parame-
dian cross sections as well as in different brain regions i.e. the medulla, the cerebellum, the cor-
tex and the olfactory bulb was semi-quantitatively analyzed using a four plus scoring system.

Serological assays

Sera were tested for the presence of virus neutralizing antibodies (VNAs) in a modified rapid
fluorescence focus inhibition test (RFFIT) [44, 45] using a homologous RABV and EBLV-1
isolate as test virus and BHK21-BSR/5 (CCLV-RIE 0194/260) and BHK21-C13 (CCLV-RIE
017971113) cells, respectively. The WHO international standard immunoglobulin (2nd
human rabies immunoglobulin preparation, National Institute for Standards and Control,
Potters Bar, UK) adjusted to 0.5 and 1.5 international units (IU) for RABV and EBLV-1,
respectively, was used as positive control [45]. A naive bovine serum was used as negative con-
trol. The potential immune response to infection was assessed qualitatively and sera were con-
sidered positive if neutralizing activity was equal or above the respective positive controls.

Statistical analysis

Statistical analyses were performed using GraphPad Prism version 7.00 (GraphPad Software,
La Jolla California USA) with p-values < 0.05 considered significant. Replication kinetics were
analyzed by calculating the area under the curve (AUC) followed by statistical analysis using
an ordinary one-way ANOVA combined with Tukey’s multiple comparison test. To infer sta-
tistical differences in survival rates the Mantel-Cox test (log-rank test) was used, while incuba-
tion periods were evaluated using the same statistical analysis as for the replication kinetics.
For statistical analyses of results obtained in IHC data were stratified in respect to (i) inocula-
tion route and (ii) the different isolates following i.m. inoculation. To this end, the Kruskal-
Wallis test was applied and adjusted p-values for direct comparison of two groups were
obtained using Dunn’s multiple comparison test.

Full genome sequencing

Total RNA was extracted from 2 ml cell culture supernatant using TriFast (VWR Peglab,
Erlangen, Germany) together with the RNeasy Mini Kit (Qiagen, Hilden, Germany) and
DNase (Qiagen) treatment as recommended by the supplier. The RNA was further concen-
trated using Agencourt RNAclean XP beads (Beckman Coulter) and used as input for the
preparation of cDNA sequencing libraries as described elsewhere [46]. Sequencing was carried
out on an Illumina MiSeq instrument using the MiSeq reagent kit, version 3 (Illumina, San
Diego, USA) in 2x300 bp paired end mode. A combination of reference based mapping along
appropriate references and de-novo assembly as implemented in the 454 software suite (ver-
sion 3.0, Roche) was used to generate EBLV-1 and CVS full-genomes. These sequences were
annotated in Geneious [47], version 10, http://www.geneious.com] and submitted to the Euro-
pean Nucleotide Archive under study number PRJEB20390 (Table 1). For sequence compari-
son and phylogenetic analysis, 7 full-length EBLV-1 reference sequences were aligned with
sequences obtained in this study for a total number of 15 sequences, using the MAFFT plugin
in Geneious. A maximum-likelihood tree was calculated from this alignment using the optimal
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substitution model GTR+G and 1000 bootstrap replicates as incorporated in MEGA7 [48].
The protein coding regions were translated in amino acid sequences and screened for amino
acid exchanges in known pathogenicity determining sites.

Results
Replication kinetics

All viruses grew to maximum titres ranging between 10°* and 10° TCID50/ml with the
highest titres at different time points observed for 35009_RABV_CVS for MOI 0.01 while
5006_EBLV-1b_ins had the lowest titres for MOI 3 (S1 Fig). However, the differences observed
were below the level of significance.

Incubation periods

After i.c. inoculation first clinical signs within the groups appeared between five and eight dpi,
while the mean incubation periods varied between five and ten days. Significant differences
were observed between isolate 5776_EBLV-1a_ins with a mean incubation period 10 dpi and
isolates 5782_EBLV-1la_del and 20174_EBLV-1b with mean incubation periods of 5 and 6
days respectively (p-values: 0.0067 & 0.0439) (Fig 1a).

Groups of mice inoculated i.m. with high doses of the lyssavirus isolates started to show
clinical sings between 5 and 10 dpi. Mean incubation periods varied between the groups
from 6 to 13 dpi with significant differences between EBLV-1 isolates (p-value: 0.0003).
5006_EBLV-1b_ins had significant longer incubation periods compared to all other EBLV-1
isolates (p-values: 0.0004-0.0433) with the exception of 5776_EBLV-1a_(ins) (p-value:
0.4443). For the latter isolate, a significant difference in the mean incubation period could
be observed compared to 13027_EBLV-1a_Yuli (p-value: 0.0483, Fig 1b). Following i.m.
inoculation with low doses only mice inoculated with isolates 5989_RABV_dog_azerb and
5782_EBLV-1a_del developed clinical signs after an average of 17 and 9 dpi, respectively (Fig
1c). Mean incubation periods after i.n. inoculation ranged between 8 and 10 dpi (p-value
>0.05, Fig 1d).

Clinical sings

The clinical picture of mice inoculated i.c. usually included general signs like weight loss, ruf-
fled fur, a hunched back and slowed movements. In rare occasions spasms, aggressiveness or
increased activity was observed.

Following i.m. inoculation the clinical signs usually started in the inoculated limb with
either spasms in mice inoculated with EBLV-1 resulting in hypermetria or a wobbly gait, or
paralysis in mice inoculated with RABV and eventually included the second hind limb. At
this point, ruffled fur, a hunched back or trembling were commonly observed in RABV
infected animals, but only sporadically in mice inoculated with EBLV-1. Aggressive behavior
was rarely observed and restricted to 5006_EBLV-1b_ins and 976_EBLV-1a_dist infected
mice.

Intranasal inoculation of EBLV-1 isolates resulted in clinical signs like tameness, aggres-
siveness, circular movement and occasionally automutilation. Notably, of the two mice which
developed clinical signs following i.n. inoculation with 5989_RABV_dog-azerb one developed
tremor whereas the other did not show any clinical signs, except for progressive weight loss,
eventually leading to euthanasia.
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Fig 1. Incubation periods following i.c., i.m., and i.n. inoculation. Individual incubation periods of mice following a) i.c.
inoculation, b) i.m. inoculation with high doses, ¢) i.m. inoculation with low doses and d) i.n. inoculation of the isolates (grey triangles)

with n = 3 for i.c. and n = 6 for i.m. and i.n. inoculated mice. Mean and standard deviation {SD) of the isolates are indicated by the

horizontal bars and whiskers, respectively. P-values, obtained using an ordinary one-way ANOVA combined with Tukey’s multiple

comparison test, are indicated by asterisks, with * indicating p-values < 0.05, ** < 0.01 and *** < 0.001.

https://doi.org/10.1371/journal.pntd.0005668.g001
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Pathogenicity and survival

All mice inoculated i.c. with the isolates developed clinical signs and died, except for one

mouse inoculated with 13454_EBLV-1a_ref (S2 Fig).

Survival among i.m. high dose infected EBLV-1 groups varied between 50% for 13424_EBLV-
1c and 17% for all other EBLV-1 isolates except 5006_EBLV-1b_ins (33%) (p-values > 0.05).
After RABV infection 83% (35009_RABV_CVS) and 0% (5989_RABV_dog azerb) of mice sur-
vived, respectively (p-value: 0.004). Only isolates 5989_RABV_dog_azerb and 5782_EBLV-
la_del were pathogenic following i.m. inoculation with a low dose, resulting in a significant dif-
ference in survival between the RABV isolates (p-value: 0.02) as well as between 5782_EBLV-
1a_del and the other EBLV-1 isolates (p-value < 0.0001, Fig 2a—-2c¢).

In. inoculation resulted in significant differences in survival within the EBLV-1a isolates
and within the EBLV-1b + lc isolates (p-value < 0.03). Compared to isolates 13454_EBLV-
la_ref and 976_EBLV-1a_dist, isolate 13027_EBLV-1a_Yuli displayed a significant lower sur-
vival (p-value: 0.0191). No mice survived following inoculation with isolate 20174_EBLV-1b
which resulted in a significant difference in survival compared to isolates 5006_EBLV-1b_ins
and 13424_EBLV-Ic (p-value: 0.0055 & 0.0061) as well as compared to isolate 13454_EBLV-
la_ref, 976_EBLV-1a_dist (p-values: 0.0008) and isolates 5776_EBLV-1a_ins and 5782_EBLV-
1a_del (p-values: 0.0024 & 0.028). Survival following inoculation with the RABV isolates was
similar in both groups (p-value>0.05) (Fig 2d)

All mock infected mice did not show clinical sings and survived until the end of the obser-

vation period.

Antigen detection

All mice which were euthanized or died during the experimental stage were positive while all
animals that were killed at the end of the observation period were negative using FAT. With
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Fig 2. Kaplan-Meyer survival plots following i.m. infection with high doses (a, b), low doses (c) and i.n. infection (d). Six

Balb/c mice were inoculated per group.

https:/fdoi.org/10.1371/journal.pntd.0005668.9002
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IHC, the amount of antigen in the brain varied depending on the inoculation route, with a
lower antigen content in the paramedian cross sections and the olfactory bulb following i.m.
inoculation compared to i.c. (p-values: 0.0379 & <0.0001) and i.n. inoculation (p-values:
0.0003 & <0.0001; Fig 3a and 3b). No significant difference could be observed upon compari-
son of the isolates following intramuscular inoculation (p-values: >0.58).

Serology

VNASs were detected both in survivors as well as in animals that succumbed to infection after
i.c and i.m inoculation. Following i.m. high dose inoculation seroconversion of the mice
varied between 17% and 100%. In groups inoculated with isolates 5006_EBLV-1b_ins and
35009_RABV_CVS all mice which succumbed to disease did not seroconvert whereas all survi-
vors did. Overall seroconversion was higher following i.m. inoculation with high doses (58%
for EBLV-1 and 92% for RABV) compared to low doses (19% for EBLV-1 and 33% for RABV)
(53 Fig). Following 5989_RABV_dog_azerb i.m. low dose infection only mice which suc-
cumbed to disease seroconverted whereas the opposite was true for isolate 5782_EBLV-1a_del,
where only survivors seroconverted. None of the animals inoculated i.n. as well as the mock
infected control group developed VNAs.

Comparison of nucleotide and amino acid sequences

Sequence analysis of the EBLV-1 full genome sequences revealed nucleotide identities within
the lineages above 98.8% for EBLV-1a and above 97.4% for both EBLV-1b and EBLV-1c. Also,
the heterogeneity between the groups was below 5%, as visualized in the branching pattern of
the phylogenetic tree (Fig 4). For isolate 5006_EBLV-1b_ins an additional single nucleotide
insertion (nt) in the G-gene UTR (position 3308) was discovered. In total the number of single
nucleotide polymorphisms was 567. At amino acid (aa) level a total of 71 aa exchanges were
found among the EBLV-1 isolates. Of those, 28 resulted in a change of the respective aa prop-
erty (S2 Table). Differences in the aa sequences of the EBLV-1 isolates could be observed in
two known pathogenicity determining sites (S3 Table). One aa exchange was in the phospo-
protein of isolate 5006_EBLV-1b_ins at position 176 where Serine was exchanged with Proline
(5176P). Furthermore in the glycoprotein at position 503 of the EBLV-1a isolates a Glycine
was present, whereas the EBLV-1b and 1c isolate had a Serine at this position. All isolates had
a glycosylation site in the glycoprotein at position 319, while both RABV isolates had addi-
tional sites at position 37 and isolate 35009_RABV_CVS at position 204.

Discussion

Pathogenicity studies are essential e.g. to characterize individual viruses and to understand
virus-host interactions. The latter studies are preferentially performed in the respective reser-
voir host. Unfortunately, most lyssaviruses including EBLV-1 have their reservoir in bats, with
evident challenges in performing studies in those bat species. Although initial studies were per-
formed with EBLV-2 in Daubenton’s bats [49] and with EBLV-1 in the Serotine bat [50], the
protected status of these animals, as well as their challenging husbandry and handling pre-
cludes using these species for comparative analyses. As an alternative, infection of mice was
established as a model to study lyssavirus pathogenesis.

Most pathogenicity studies were performed using RABV [51], demonstrating differences in
virus characteristics depending on the isolates used [35, 36, 51]. Comparative analyses of
different lyssavirus isolates within one species were also published for LBV, where distinct dif-
ferences in pathogenicity between isolates were also recorded [34]. Although some studies
included EBLV-1, only single isolates were used as representatives. In those studies, various

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0005668 June 19, 2017 9/18

43



Results

@PLOS NEGLECTED
2] TROPICAL DISEASES Comparative EBLV-1 pathogenicity in mice

Viral loads in brain areas

*  kk%k
I ic.
i.m.
M i.n,
N
x0

Fig 3. IHC score for the amount of lyssavirus antigen and antigen distribution in the different brain regions. a) IHC
pictures of the cerebellum depicting a lyssavirus antigen positive Purkinje cell (upper right) and the score ranging from
negative (-) up to four plus (++++). b) Distribution of viral antigen in the paramedian cross sections, the medulla, the cortex,
the cerebellum and the olfactory bulb with respect to the inoculation route. Whiskers indicate the range of the data sets. P-
values below 0.5 are indicated by asterisk, * indicating p-values < 0.05, ** < 0.01 and *** < 0.001.

https://doi.org/10.1371/journal.pntd.0005668.9003
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Fig 4. Phylogenetic relationship of EBLV-1 isolates inferred from all currently available full-length genome
sequences. The observed phylogenetic grouping is in accordance with the classification into the distinct
sublineages EBLV-1a and EBLV-1b. For EBLV-1¢ currently only one full-length genome sequence is available.
Sequences obtained in this study are highlighted in bold type and bootstrap support values are indicated in italics.

https://doi.org/10.1371/journal.pntd.0005668.9004

mouse breeds, application routes, cells for virus propagation and viral doses were used. Fur-
thermore, titres were usually expressed as MICLD50/MLD50 (54 Table), thus preventing direct
comparison. Therefore, in this study the pathogenicity of eight EBLV-1 isolates was compared
under identical conditions. All known sublineages were included as well as isolates containing
insertions and deletions attempting to represent the diversity of this lyssavirus species.

We observed significant differences in the pathogenicity between the EBLV-1 isolates, with
isolate 5782_EBLV-1_del displaying a higher pathogenicity following i.m. inoculation with a
low dose compared to all other EBLV-1 isolates. This is remarkable, considering that the nucle-
otide sequence is 99.6% identical with isolate 5776_EBLV-1a_ins which was not pathogenic
after i.m. low dose application. Overall, there is a high nucleotide identity among the EBLV-1
isolates and the only distinctive feature of 5782_EBLV-1a_del on nucleotide level is the 35nt
deletion in the pseudogene region as described before [26]. On protein level no aa exchange in
isolate 5782_EBLV-1a_del could be observed which would explain this increase in pathogenic-
ity compared to the other EBLV-1 isolates (S3 and S4 Tables).

While deletions or insertions in the pseudogene region of fixed RABV strains did not
change their pathogenicity after intracranial inoculation [52, 53], experimental studies using
chimeric viruses revealed that the pseudogene contributes to neuroinvasiveness after periph-
eral infection [54]. Another possible reason for this difference could be an aa exchange in a so
far unknown pathogenicity determining site of this EBLV-1 isolate. In order to identify and
verify responsible differences further studies using reverse-genetics are warranted.

Following i.n. inoculation, interestingly, the majority of EBLV-1 isolates displayed a higher
pathogenicity compared to i.m. low-dose inoculation, although the same viral dose was used.
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45



Results

@ PLos NEGLECTED
Nz ' TROPICAL DISEASES Comparative EBLV-1 pathogenicity in mice

Within i.n. inoculated mice significant differences were observed, with survival rates of the iso-
lates varying between 0% and 100% (Fig 2d). However, there was no correlation with the path-
ogenicity following i.m. inoculation, as here most EBLV-1 isolates were similar pathogenic.
Isolate 5782_EBLV-1a_del which was highly pathogenic following i.m. inoculation with a low
dose, was less pathogenic following i.n. inoculation compared to isolate 20174_EBLV-1b. Even
isolates 20174_EBLV-1b and 5006_EBLV-1b_ins with a high identity on nucleotide level of
97.8% had a difference in mortality of 50%. It is unclear why certain viruses are pathogenic via
i.n. inoculation while others seem to be apathogenic.

Previous studies investigating intranasal or aerosol infection used the fixed RABV strain
CVS and EBLV-2 with different results regarding pathogenicity [55-58]. But although these
results seemed to sometimes contradict each other, it has to be noted that the studies were all
designed differently. In fact, one study showed that the pathogenicity following i.n. infection
depends on a variety of factors, for example the amount and exact administration of the inocu-
lum [59]. In our study the pathogenicity of different isolates of the same lyssavirus species
were investigated under the same conditions and differences in pathogenicity were still
observed. Intranasal inoculation is an artificial infection route, even though it has been pro-
posed for transmission of lyssaviruses in bats [60], but was never proven to happen under nat-
ural conditions [61].

Aside from differences in pathogenicity, significantly longer incubation periods were
observed following i.m. inoculation with two particular isolates when high doses were used
(Fig 1b). Interestingly, both isolates have particular genetic characteristics, i.e. insertion in the
NP-region. The longer incubation period of isolate 5006_EBLV-1b_ins also correlated with
slow replication and low titres in one step replication kinetics. Whether this is due to the AA
exchange S176P in the phospoprotein (53 and 54 Tables) which might have an influence on
interferon antagonism [62] or the observed six nucleotide insertion (AAAAGA) in the N-gene
UTR is debatable (25). It needs to be clarified whether the insertion in front of the transcrip-
tion termination signal (TTS) has an influence on termination and downstream transcription.
In any case, this insertion seems to have no disadvantage for virus transmission and host
maintenance under natural conditions as this insertion has been found in several subsequent
EBLV-1b isolates from France, Germany [25, 26] and the Netherlands (B.Kooi, pers. Commu-
nication). Generally, 7As in the TTS are considered optimal for termination of transcription
[63]. The single A insertion in Isolate 5776_EBLV-1a-ins leading to an 8A TTS affects tran-
scription termination at the N and P gene border.

The incubation periods between the different inoculation routes and doses varied for the
same isolates. In several cases the incubation periods following i.m. inoculation with high
doses were even shorter than following i.c. inoculation. This is interesting since after i.m. inoc-
ulation the virus needs to travel from hind limb to the central nervous system in order to reach
its main replication site. An explanation may be the dose of infection, whereby a thousand-
fold higher dose was used for i.m. compared to i.c. inoculation. This is corroborated by the fact
that incubation periods for 5989_RABV_dog_azerb and 5782_EBLV-1a_del following i.m.
inoculation with low doses were significantly longer compared to i.c. inoculation (p-values:
0.0021 and 0.0023, resp., Fig 2a, 2b and 2c).

Clinical signs depended on the inoculation route as well as on the virus species. As for the
latter, mice inoculated i.m. with the RABV isolates showed signs like ruffled fur, hunched
back, slowed movements, tremor and paralysis whereas EBLV-1 infected mice displayed agita-
tion and spasms. A difference between RABV and EBLV-1 had been described before [28],
although here some RABV infected mice also exhibited sings of furious rabies.

Mice inoculated i.c. usually developed general clinical signs, whereas mice inoculated i.m.
showed spasms and mice inoculated i.n. displayed aggressive behavior and circular movement.
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This is likely a result of the specific virus distribution in peripheral neurons and brain follow-
ing the different routes of infection. Indeed, IHC analyses revealed that after i.n. inoculation
antigen was more prevalent in the olfactory bulb and the overall brain, compared to i.m. inoc-
ulated mice. As for the olfactory bulb, it is comprehensible that there is more antigen present
following i.n. compared to i.m. inoculation as virus has to travel through this brain section in
order to infect the other parts of the brain. However, this does not explain the similar amount
of antigen present in the medulla for both inoculation routes. Perhaps, clinical signs appear at
a later stage of infection after i.n. infection when the virus is already present in most parts of
the brain compared to i.m. infection. This would also explain the overall higher antigen con-
tent following i.n. infection compared to i.m. infection.

Following i.n. infection the fact that none of the mice seroconverted is not surprising since
it was shown for RABV that sensory neurons in the olfactory mucosa are infected and the
virus travels directly to the olfactory bulb [64], obviously without measurable interaction with
the immune system. In contrast, a larger percentage of mice seroconverted following i.m. inoc-
ulation with high doses compared to low dose inoculation. Generally, there was no correlation
between the serological response and the outcome of infection. In survivors that did not sero-
convert, it is likely that the innate immune response was able to clear the virus without trigger-
ing an adaptive immune response (S3 Fig).

Full genome sequences were generated for all viruses used in this study and thus the num-
ber of available sequences more than doubled. Sequence analyses confirmed previously discov-
ered unique indels in the selected EBLV-1 isolates. Additionally, NGS provided evidence for
the presence of another single nt insertion in the G-UTR of isolate 5006_EBLV-1b_ins. The
reported high sequence identity within EBLV-1 of >>96.7% based on partial N-gene sequences
[23, 24] was confirmed on full genome sequence level with the isolates from this study having
an identity of 95.2% or higher.

On protein level, only two aa exchanges were found in known pathogenicity determining
sites (S3 and S4 Tables). Their potential effect and the effect of the other 69 observed aa
exchanges particularly those that resulted in a change of the respective aa property on the
results of this study is difficult to assess. Against the background that most pathogenicity
markers were determined using attenuated RABV strains, this needs further investigation.

The glycosylation site at position 319 in the glycoprotein was found in all isolates used in
this study and is known to be conserved in at least seven lyssavirus species [30]. One addi-
tional glycosylation site was found at position 37 in the RABV isolates and a third glycosyla-
tion site is present in the isolate 35009_RABV_CVS at position 204. Wildtype RABV strains
have usually two glycosylation sites but can acquire more during cell culture passage result-
ing in up to four glycosylation sites in certain fixed RABV strains [65]. Fixed RABV strains
have certain advantages compared to wildtype viruses, e.g. fixed clinical picture, incubation
periods and mortality rates [66]. Unfortunately, fixed virus strains are often attenuated fol-
lowing peripheral inoculation compared to wildtype viruses likely due to cell culture or host
adaptation [67, 68]. This may explain why the fixed RABV strain 35009_RABV_CVS was
highly attenuated compared to a wildtype isolate 5989_RABV_dog_azerb in this study (Fig
2b and 2c¢).

In order to generate virus for inoculation, all viruses used in our study had to be passaged
in cell culture offering the possibility for adaption. However, none of the sequences derived
from passaged material indicated nucleotide exchanges compared to previously generated par-
tial sequences of the primary isolate. Furthermore, indels have not been described as result of
cell-culture adaptation of lyssaviruses. Functionally, isolate 13027_EBLV-1_Yuli, which had
the longest passage history of 11 passages on MNA cells, was still highly pathogenic following
peripheral inoculation (Fig 2a).
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Conclusion

Although EBLV-1 isolates display very high sequence conservation, significant differences in
pathogenicity as well as in incubation periods were found. Thus, transfer of results obtained
with single isolates to the whole lyssavirus species can be misleading. The cause of these differ-
ences can only be speculated, as data concerning pathogenicity determinants, especially for
EBLV-1, are insufficient. Here further studies using reverse genetics are warranted to confirm
the role of indels as well as SNPs. To this end, isolate 13454_EBLV-1a_ref already available as
recombinant virus [37], was included in the study. Retrospectively, results indicating reduced
pathogenicity obtained with EBLV-1 isolates in previous studies have to be carefully inter-
preted. Thus, the results emphasize the need for proper post-exposure prophylaxis in case of
any severe exposure to the reservoir hosts of lyssaviruses.
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Supplementary Table 1: Clinical score sheet of the mice, ranging from zero up to four.

Score Symptoms

0 healthy

ruffled fur

hunched back

hypermetria in inoculated limb
wobbly gait in inoculated limb
calm

ruffled fur

hunched back

slow movements

wobbly gait both hind limbs
jumpy

tame

paralysis or spasms in hind limbs
agressiveness

biting of objects and other mice
automutilation

circular movements

4 e death

w
e o o o o
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Results

Supplementary Figure 1: a) two step and b) one step replication kinetics of the isolates

used in the study.
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Results

Supplementary Figure 2: Survival curves of the mice following i.c. inoculation.
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Results

Supplementary Figure 3: Percentage seroconversion for the different inoculation routes
following inoculation a) with EBLV-1 isolates and b) with RABV isolates. Percentage of
seroconverted mice for the individual isolates can be seen following i.m. inoculation with

c) high doses and d) low doses.
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Supplementary Table 3

protein sequences found in the RABV as well as in the EBLV-1 isolates used in this study.
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