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General introduction

Tick-borne encephalitis (TBE)

TBE is a tick-transmitted viral neuroinfectious disease of humans and infectious to animals.
The etiology of TBE has been notified in 27 European and five north Asian countries, with
different epidemiological features (Gritsun et al., 2003; Petri et al., 2010; Siiss, 2011).

The etiologic agent is TBE virus (TBEV), which was first isolated in Russian Far Eastern
in 1937 (Smorodintsev, 1958; Zlobin et al., 2017). TBEV is currently classified into three
subtypes: the Western/European subtype, the Siberian subtype, and the Far-Eastern (TBEV-
FE) subtype (Suss, 2003; Gubler et al., 2007; Gritsun and Gould, 2008); however, several viral
isolates are suggested to be the fourth or fifth subtype (Morozova et al., 2014). TBEV subtypes
slightly differ by their antigenic and phylogenetic properties associated with their natural
transmission cycle and geographical distribution which correspond to the clinical pictures of
TBE (Heinz, 2007; Demina et al., 2010; Suss, 2011). Besides, antibodies against one TBEV
subtype can induce cross-reactivity to other two subtypes (Fritz et al., 2012). TBE caused by
the TBEV-FE subtype (which is more pathogenic for humans than other two subtypes) leads
to chronic TBE and long-lasting sequelae, with 20—-40% case fatality. The TBEV-FE subtype
is prevalent in Far Eastern Russia, China, Japan, and Mongolia (Gubler et al., 2007; Gritsun
and Gould, 2008; Lindquist and Vapalahti, 2008; Petri et al., 2010; Bogovic and Strle, 2015).

TBEYV transmission cycle in nature is maintained by the interactions between virus, vector
ticks and their vertebrate hosts (Nuttall, 1999; Siss, 2003; Havlikova et al., 2013; Pfeffer and
Leschnik, 2017), mainly forest animals distributed in the vegetation of Ixodid ticks.

Ixodid ticks (Ixodes spp.) are principal vectors of TBEV, although Dermacentor spp. and
Haemaphysalis spp. can be infected with the virus in endemic areas (Lindquist and Vapalahti,
2008; Donoso-Mantke et al., 2011). Ticks, once infected, carry the virus forever and the virus

prevalence increases during their life stage from larvae to adult (Suss, 2008). The virus



prevalence in vector ticks varies in endemic areas, perhaps depending on the seasonal activity
of locally distributed tick populations. For instance, the virus prevalence in host-seeking
nymphal ticks less than or equal to 0.5% is in the majority, but up to 20% in Siberian TBEV
foci (Suss, 2003).

Eco-epidemiologically, vertebrates acquire TBEV infection by the following natural
transmission routes: 1) biological transmission that is caused via infected tick-bites, 2) non-
viremic or co-feeding transmission between tick-to-tick using vertebrate hosts, 3) direct
transmission to humans via consuming TBEV contaminated milk and milk products from
infected livestock (Labuda et al., 1993; Suss, 2003; Gubler et al., 2007; Pfeffer and Leschnik,
2017). Laboratory cases associated with intranasal infection and needle-stick injuries with the
virus were previously reported when laboratory facilities and personal protection equipment
was poor (Gritsun et al., 2003; Dobler et al., 2012). TBE cases caused via an infected tick-bite
are in the majority. Humans and domestic animals are usually dead-end hosts for TBEV. There
has been no human-to-human transmission reported (Martina et al., 2017).

Approximately 10,000—-12,000 clinical cases of TBE are reported annually (Gritsun et al.,
2003; Mandl, 2005; Kunz, 2007; Petri et al., 2010; World Health Organization (WHO), 2011;
Valarcher et al., 2015), of which children and the elderly generally present a severe illness
(Bogovic and Strle, 2015; Kunze, 2016). The illness is typically biphasic, with an initial period
of flu-like symptoms, followed by the severe encephalitic syndromes. Approximately one-third
of meningitis cases develop meningoencephalitis or meningomyelitis (Kaiser, 2007; Petri et
al., 2010; Holbrook, 2017). Most encephalitic patients leave with long-term sequelae (in 35—
60% of survivors) because the primary targets of TBEV in the central nervous system are
neurons. No therapy for TBE is available to date (Kaiser, 2008; Rizek et al., 2010; Bogovic
and Strle, 2015).

About 70-90% of TBE cases remain underdiagnosed due to the diagnosis challenging
with asymptomatic TBEV infection and insufficiently facilitated diagnostic laboratories (Gritsun

etal., 2003; Mandl, 2005; Gubler et al., 2007). The most common laboratory diagnostic method



of detecting TBEV infection is serodiagnostic tests; mainly an enzyme-linked immunosorbent
assay (ELISA), immunofluorescence assay (IF), and neutralization test (NT), but the ELISA is
a preferable assay. When neurological symptoms were expressed in the second week of
illness after the viral infection, the virus and viral-specific nucleic acid are rarely detectable in
blood or cerebral spinal fluid of TBE patients using polymerase chain reaction (PCR) assays
and virus isolation methods (Dobler 1996 and 2017; Holzmann, 2003; Roelandt et al., 2010;
Rizek et al., 2010; Levanov et al., 2014; Borde and Zajkowska, 2017). Therefore, detection of
TBEV IgM and IgG antibodies in convalescence sera from patients by ELISA or IF followed by
confirmation via NT are required for a TBE case diagnosis. Other serological tests such as a
hemagglutination inhibition test and immunoblot analysis are also available (Glnther and
Lindquist, 2005; Donoso-Mantke, 2011; Siss, 2011; WHO, 2011). Moreover, co-infection with
other tick-borne bacterial pathogens such as B. burgdorferi, A. phagocytophilum, and
rickettsiae, is another challenge in the disease diagnosis (Gritsun et al., 2003; Kaiser, 2007,
Kunz, 2007; Bogovic and Strle, 2015).

TBE is a vaccine-preventable disease. Public awareness towards personal protection and
vaccination as prevention measures are highly recommended. WHO recommends vaccination
of all age groups in the endemic countries and also for travelers. There are five TBE vaccine
manufacturers in Austria, Germany, Russia, and China. All are cell-cultured and formalin-
inactivated whole-virus vaccines. The vaccines are approved to use for children older than 1
year and adults with 2 or 3 doses schedule, with a few cases of vaccination failure (Gritsun et
al., 2003; WHO, 2011; Kollaritsch et al., 2012; Amicizia et al., 2013; Morozova et al., 2014;
Bogovic and Strle, 2015; Pdllabauer and Kollaritsch, 2017). Intravenous |g therapy or passive
immunization against TBEV have been used as postexposure prophylaxis in Russia and the
former Soviet republic countries, but no longer recommended in the European countries
because of the weak effectiveness in children (Lindquist and Vapalahti, 2008; WHO, 2011,

Bogovic and Strle, 2015; Borde and Zajkowska, 2017; Poéllabauer and Kollaritsch, 2017).



TBEV

Taxonomically, TBEV belongs to the mammalian tick-borne virus group in the genus
Flavivirus within the family Flaviviridae. TBEV in the group is comprised of the closely related
agents causing encephalitis (Louping ill virus, Powasson virus, etc.) and hemorrhagic fever
(Omsk hemorrhagic fever virus, Kyasnur Forest disease virus, etc.) in humans and animals
(Gritsun et al., 2003; Mansfield et al., 2009; Donoso-Mantke et al., 2011; Heinz and Stiasny,
2017).

TBEV (mature virion) is a lipid-enveloped and positive-sense single-stranded RNA virus
with a diameter of approximately 50 nm. The mature TBEV particle is consisted of a core (30
nm) encircled by a lipid bilayer containing two membrane-associated proteins, the envelope
glycoprotein E (molecular mass, 52 kDa) and membrane protein M. The core consists of a
genomic RNA of approximately 11 kilobases in length and a capsid protein (C). The genomic
RNA encodes one large polyprotein which is cleaved by viral and cellular proteases into three
structural and seven non-structural (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) proteins
required for virus replication in the cell (Gritsun et al., 2003; Lorenz et al., 2003; Lindquist and
Vapalahti, 2008; Heinz and Stiasny, 2017).

TBEV particles are intracellularly assembled by budding into the endoplasmic reticulum
(ER) of the infected cell (Figure 1). The intracellular (immature) virion contains a precursor
membrane (prM; 7—8 kDa), which is the immature form of M protein. Transformation of prM to
M occurs during the budding of virions from the affected cells (Gritsun et al., 2003; Heinz and
Stiasny, 2017).

The structural proteins are essential for the survival, transmission, and replication of TBEV
in both vertebrate and invertebrate hosts (Mansfield et al., 2009; Donoso-Mantke et al., 2011).
For instance, the E protein is responsible for viral entry functions, including receptor binding
and membrane fusion steps that are resulting in the virus infectivity.

The E protein is the preeminent antigen that is responsible for hemagglutination and

neutralization, resulting in the protective immune response in the hosts (Heinz et al., 1995;



Ferlenghi et al., 2001; Gritsun et al., 2003; Stiasny and Heinz, 2006; Fluzik et al., 2018).
However, both prM/M protein aids the E protein to be matured (Allison et al., 1995; Heinz,

2007).
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Figure 1. Life cycle of flaviviruses: Virus enters by receptor-mediated endocytosis, and viral
membrane fusions are discomposed, resulting in the viral genome to get free in the ER that
leads to protein translation and RNA replication. A budding process forms immature virions
into the ER that leads to subviral particles (or slowly sedimenting hemagglutinin (SHA)) lacking
C protein. The viral particles are formed in mature through a combination of prM and E proteins
in the trans-Golgi network (TGN) by the cellular protease furin, which results in the generation
of protein M while transported towards the exocytosis pathway. The figure is adapted from

Heinz and Stiasny (2017).



During the virus replication, the particles with only the membrane proteins E and M or
lacking the core particle, which is known to be virus subviral particles (SPs; approximately 30
nm in a diameter) having similar properties and fusion activities to intact virions, are produced
while immature virions are fully maturing (Lorenz et al., 2003; Zeltins, 2013; Pulkkinen et al.,

2018).

TBEV-SPs

TBEV-SPs are capsidless virus-like icosahedral particles of 30 nm with co-expressed two
membrane proteins prM and E that have crucial roles in the assembly and secretion of the
virions. Although the SPs are non-infectious and lacking in C protein and genomic RNA, they
are similar to the intact virus reflecting its viral structures and antigenic properties (Ferlenghi
et al., 2001; Heinz, 2003; Mandl, 2005). The SPs, therefore, can be used as a diagnostic
antigen of immunoassays and an immunogen for producing monoclonal and polyclonal
antibodies (Heinz et al., 1995; Jaaskeldinen et al., 2003; Yoshii et al., 2009). The E protein in
TBEV-SPs is identical with its intact particle’s feature (Allison et al., 2003).

In the thesis study, recombinant TBEV-SPs are used as a diagnostic antigen that were
applied to an indirect ELISA for detecting immunoglobulin (Ig) IgG antibodies to TBEV in wild
animals and domestic ruminants. The details about the TBEV-SPs used in this study are

described in Chapter 1.

Natural foci of TBEV

The virus persists in nature, which is called natural foci, circulating among its vertebrate
hosts and vector ticks. Approximately 30,000 foci have been recorded at least in 32 Eurasian
countries, with individual spatial distribution from a few square meters (500 m?) to several
square kilometers (Zeman, 1997; Korenberg and Kovalevskii, 1999; Gritsun et al., 2003; Suss,
2003; Mandl, 2005; Lindquist and Vapalahti, 2008; Dobler et al., 2011 and 2012). This etiologic

area spans across almost the entire southern part of non-tropical Eurasian forest zone where


https://www.ncbi.nlm.nih.gov/pubmed/?term=J%26%23x000e4%3B%26%23x000e4%3Bskel%26%23x000e4%3Binen%20A%5BAuthor%5D&cauthor=true&cauthor_uid=12958266

relative humidity is high (about 85-92%), with dense and moist undergrowth, and rich in forest
ticks and small rodents (Heinz, 2007; Lindquist and Vapalahti, 2008; Petri et al., 2010; Donoso-
Mantke et al., 2011; Valarcher et al., 2015).

Eco-epidemiologically, the existence of TBEV foci can be inactivated for an extended
period (over a decade) and re-emerged (Stefanoff et al., 2013; Frimmel et al., 2014). TBEV
foci remain active in the area depending on the interactions of the virus survival in vector ticks
and vertebrate hosts on which the ticks can be infected or maintained themselves (Suss, 2003;

Pfeffer and Leschnik, 2017).

Vector ticks

TBE is a seasonal disease linking to a questing activity of vector ticks with two peaks in
spring and autumn which is associated with the distribution of annual cases in the TBEV-
endemic countries (Lindquist and Vapalahti, 2008; Bogovic and Strle, 2015). Ixodes spp. are
primary vectors of TBEV, of which Ixodes ricinus (l. ricinus) and |. persulcatus are the most
prominent species, which are also taxonomically closely related (Suss, 2003). The infection
rate in ticks rarely exceeds 1% in TBEV affected areas, regardless of whether testing with a
large number (Imhoff et al., 2015). Moreover, |. ovatus tick species is recently known to be a
vector of TBEV found in Japan and China (Suss, 2011; Yoshii et al., 2017a). In recent years,
new vector ticks have been revealed, for instance, Dermacentor reticulatus with the virus
prevalence of about 10% (Valarcher et al., 2015; Foéldvari et al., 2016; Kunze, 2018).

The virus is transmitted from saliva and salivary glands of an infected tick during the first
minutes of the tick-bite. Once infected, ticks maintain TBEV in nature for their lifespan of about
three years, so that the virus usually remains detectable (Siss, 2003; Heinz, 2007; Valarcher
et al., 2015). Ixoded ticks have three life stages: larvae, nymph, and adult, and each feeds on
different hosts from small-sized to large. Questing ticks transmit the virus to their competent
vertebrate hosts in their environments while feeding on them, and allow the virus to circulate

in nature involving infected feeding hosts. The co-feeding transmission of TBEV from infected



ticks to naive ticks on the hosts is crucial for the virus survival in nature. During the active
season, ticks are maintained in a large portion on large wild animals such as abundant cervid
species or others, and the following winter they move to small rodents as a blood-source for
the virus overwintering (Tonteri et al., 2011; Jaenson et al., 2012).

Consequently, ticks not only serve as vectors but also play a role as reservoirs (SUss,
2003; Lindquist and Vapalahti, 2008; Donoso-Mantke et al., 2011; Bogovic and Strle, 2015).
The virus prevalence detected in the field-collected questing ticks confirms the newly
established TBEYV foci (risk area) in previously unknown areas (Imhoff et al., 2015).

TBEYV infected ticks are often found to be co-infected by other tick-transmitted pathogens,
such as Borrelia burgdorferi (B. burgdorferi) sensu lato, Anaplasma phagocytophilum (A.

phagocytophilum), and Babesia spp. (Suss, 2003 and 2011).

Vertebrate hosts

The principal vertebrate hosts are small rodents, wild and domestic ruminants, and forest
animals such as wild boars and foxes. Vertebrate hosts are mainly infected with TBEV
subclinically and remain lifetime immunity against reinfection (Heinz, 2007). Natural infection
of TBEV in dogs, horses, sheep, and monkeys has been also reported (Siss et al., 2008;
Pfeffer and Dobler, 2011; Klaus et al., 2013; Béhm et al., 2017).

Small rodents develop a viremic transmission to vector ticks (usually larvae and nymphs)
as reservoirs and amplifying hosts. They also establish persistent infections, leading to the
way of tick survival during the cold season in TBEV foci for years (Siss, 2003; Dobler et al.,
2012).

Of large wild animals, cervid species and wild boars are well-established and sensitive
indicators of TBEV circulation in their habitats with the probable infection rate higher than small
rodents. Through being fed via infected ticks to maintain tick populations at sufficient level,
these animal species in forested area stimulate the transmission cycle of TBEV despite a brief

viremia with low virus growth level (Heinz, 2007; Dobler et al.,, 2012). The following



epidemiological aspects make large animals become indicator hosts or sentinels in the ecology
of TBEV: 1) due to their large-sized body, they are often infested with ticks in a high number,
2) they may support non-viremic transmission among co-feeding ticks during their blood
mealing, and 3) their migration and habitation cause the virus to distribute from endemic to
non-endemic areas (Donoso-Mantke et al., 2011; Jaenson et al., 2012; Mlera and Bloom,
2018).

Domestic ruminants, once infected, excrete the virus in their milk that direct humans
getting infected with TBEV through alimentary infection causing a biphasic milk fever (Vereta
et al., 1991; Gritsun et al., 2003; Holzmann et al., 2009; Donoso-Mantke et al., 2011). The
virus particles are stable in milk for several days (Imhoff et al., 2015). Outbreaks caused via
the consumption of the virus contaminated unpasteurized dairy products (raw milk, cheese,
yogurt, and butter) are often recorded in eastern Europe and Baltic states, with infection rate
up to 35% (Gritsun et al., 2003; Suss, 2003; Balogh, 2010; Ruzek et al., 2010; Bogovic and
Strle, 2015; Imhoff et al., 2015; Valarcher et al., 2015). Not only do these grazers, but also
unvaccinated mothers shed the virus in their breast milk so that their infants can be infected

with TBEV through breastfeeding (Dobler et al., 2012; Havlikova et al., 2013).

Veterinary surveillance

Although tick testing indicates a local TBEV circulation in the area as a standard method
to monitor TBE risk to humans (Suss, 2003; Donoso-Mantke et al., 2008), studies in the
endemic countries often failed to detect the virus in vector ticks sampled even in large numbers
(i.e., more than 65,000 ticks) using RT-PCR assays (Klaus et al., 2010a; Stefanoff et al., 2013).
The infection rate in nymph, which is an epidemiologically important stage due to its large
population, frequently ranges from 0% to 5% but rarely exceeding 1% in the endemic areas
(Lindquist and Vapalahti, 2008; Imhoff et al., 2015; Valarcher et al., 2015).

TBEV serological testing in wild animals is therefore a preferable way to monitor the

distribution of TBEV in the risk areas where the prevalence of infected ticks is low (Stefanoff



et al., 2013; Valancher et al., 2015). In the veterinary surveillance, the most determined
species as sentinel hosts are cervid species (with infection rate between 1.1-39.0%) and wild
boars (2.9-35.7%) (Borcic¢ et al., 1990; Cisak et al., 2012; Balling et al., 2014; Jemersi¢ et al.,
2014; Roelandt et al., 2016) because they tend to be largely infested with vector ticks of TBEV
in their habitats. As a result, seroepidemiological investigations of regions with TBEV risk are
widely performed using these animal species as sentinels indicating the presence and
transmission of the virus in their habitats.

Infection in dogs and livestock is the leading cause of TBE in humans in the endemic
countries. There are canine TBEV infection associated with subclinical infection or
neurological disease that is a frequent event, whereas the clinical TBE in horses is rare
(Leschnik and Thalhammer, 2002; Pfeffer and Dobler, 2011; Baneth, 2014; Pfeffer and
Leschnik, 2017). Domestic ruminants can be also sentinels to reveal the risk of TBE to
humans, with seroprevalence around 1% to 43% (Dantas-Torres et al., 2012; Imhoff et al.,
2015).

Consequently, in veterinary surveillance, most studies use an ELISA as a screening assay
to detect TBEV antibodies in testing a large number of samples in a short time, and the results
are usually confirmed by detecting neutralizing antibodies against TBEV as a test validation.
Coupling of ELISA and NT is unique to flaviviruses on surveillance, differentiating one flavivirus
from another which is circulating among a huge animal population. As for TBEV, the assay
combination is as a likely method to differentiate exposed vertebrate hosts from non-exposed
in order to seek the presence of the virus circulation in their environment (Yoshii et al., 2003,
Donoso-Mantke et al., 2008; Klaus et al., 2014; Litzba et al., 2014; Imhoff et al., 2015). Also,
determining the end-point titer of TBEV-neutralizing antibodies in defined antibody-positive
sera can interpret the level of viremic capacity against the virus in hosts, which is linked to the
disease development in the animal species (Heinz, 2003).

The presence of neutralizing antibody to TBEV E protein provides the evidence that

protective immunity was developed in infected hosts; therefore, the NT is the most specific
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assay available. Although a plaque-reduction neutralization test (PRNT) and virus infectivity
assay are both available assays to determine the neutralizing antibody titers in testing host
serum against TBEV (Stiasny and Heinz, 2006; Maeda and Maeda, 2013). The PRNT is not a
standardized test, however (Litza et al., 2014). Laboratories which can afford the assay use
their in-house procedures with different level of plaque reduction for assessing the neutralizing
activity against TBEV in test serum. For instance, a 50% PRNT (PRNT50) can detect TBEV-
neutralizing antibodies with low titers than ELISA (Holzmann et al., 1996), and TBEV-
neutralizing antibody titers (PRNTso titer) higher than or equals to 1:10 confirms the diagnosis
according to the European Centre for Disease Prevention and Control (Pfeffer and Leschnik,
2017).

Several indirect ELISA detecting TBEV antibodies (IgM and IgG) in some animal species
(horses, cattle, sheep, goats, pigs, dogs, rabbits, mice, and monkeys) are commercially
available today in veterinary medicine (Klaus et al., 2011 and 2014). Different types of ELISA
with an indirect or competitive format have been established to increase the assay

performance.

Current knowledge of TBE in Japan

TBE is a nationally notifiable disease. The first clinical case was reported in 1993 in the
southern part of Hokkaido, the northernmost prefecture of Japan. TBEV is a biosafety level
(BSL) 3 pathogen in Japan, which requires BSL3 facility for working with TBEV strains
(Takashima et al., 1997; Yoshii et al., 2017a).

The geographic distribution of TBEV seems to be expanding throughout Hokkaido. In
2016-2018, four human cases of TBE including two deaths were reported not only in the
southern part of Hokkaido but also in the central and northern parts (Yoshii et al., 2017a;
http//www.city.asahikawa.hokkaido.jp/kurashi/135/136/150/d064126.html; in Japanese).

Until recent reporting the second case of TBE in 2016, few studies to investigate TBEV

infection in certain animal species in Hokkaido were performed. The evidence in the southern
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part was as follows: the TBEV-FE strains from I. ovatus ticks (0.3%), Apodemus speciosus (A.
speciosus) and Clethrionomys rufocanus (C. rufacanus) rodents (1.3-9.1%), and dogs
(30.0%), as well as serological evidence of TBEV infection among rodents (3.7-15.9%; also
mainly A. speciosus and C. rufacanus), dogs (76.2%), and horses (4.0%) (Takeda et al., 1999;
Yoshii et al., 2011) were demonstrated.

In other parts of Hokkaido, seropositive dogs (12.5%) and horses (2.0%) were identified in
the central part (Yoshii et al., 2011). Recently in 2018, five Hokkaido sika deer were tested
positive for TBEV antibodies in the northern part of Hokkaido (Uchida et al., 2018).
Furthermore, retrospective seroepidemiological studies in 2017 and 2018 revealed subclinical
cases of TBE among the members of the Japan Self-Defense Force in Hokkaido (0.6%) and
the patients with Lyme disease (1.2%), with a history of tick-bites in Hokkaido within the
previous 10 years (Yoshii et al., 2017b; 2018).

Outside Hokkaido, Shimane Prefecture in Honshu island (the main island of Japan) was
reported to be the only area with TBEV foci with prevalence rate of 3.4% among A. speciosus
rodents (Yoshii et al., 2011).

In summary, a dearth of information regarding the eco-epidemiological aspects of TBEV
in this country necessitates updating the current knowledge of TBEV infection through

veterinary control covering different faunas.
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Chapter |
Optimization of Strep-SP ELISA for TBEV antibody

detection in sera from large wild animals

1.1. Introduction

The ecology of TBEV in Japan is generally unknown. Information on infection in large wild
animals is very limited. Few investigations on exposure to TBEV in large wild animals have
not been conducted, excluding a small survey detecting TBEV-seropositive Hokkaido sika
deer in (Uchida et al., 2018).

Although large-sized animals are not responsible for a direct transmission of TBEV to
humans, their roles are essential for the maintenance and dispersal of TBEV foci, as a feeder
of adult ticks growing in a high number on their bodies, leading to transovarial transmission of
TBEV, supporters of the virus circulating pathway between ticks co-feeding, and distributors
of TBEV infected ticks to new areas (Labuda et al., 1993; Mansfield et al., 2009; Donoso-
Mantke et al., 2011; Dobler et al, 2012; Jaenson et al., 2012; Mlera and Bloom, 2018). Thus,
infected large wild animals can be sentinels indicating the virus circulation in their habitats and
the risk of TBEV to humans (Heinz, 2007; Dobler et al., 2012).

The majority of tick-borne zoonoses are usually identified by serological screening. In case
of TBE, ELISA is a preferable test, not only for epidemiological purposes but also for the
diagnosis; therefore, it has been broadly applied to vertebrate species with a variety of formats
(Roelandt et al., 2010; Donoso-Mantke, 2011; Klaus et al., 2011 and 2014).

The use of ELISA in veterinary surveillance is cost-effective, because most vertebrates
around forested areas in Eurasian continents are likely to become TBEV-seropositive (Heinz,
2007) for an extended period so that adequate sample numbers being tested is preferred.
However, most ELISAs to detect anti-TBEV IgG antibodies in animal species are based on
whole-virus antigens (Dobler et al., 1996; Yohsii et al., 2003), causing cross-reactivity in
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related-flavivirus serology, such as dengue viruses, Japanese encephalitis virus (JEV) and
West Nile virus (WNV) (Klaus et al., 2014; Litzba et al., 2014).

Recently, the indirect ELISA using recombinant TBEV-SPs with Strep-tag as a diagnostic
antigen (Strep-SPs) that called Strep-SP ELISA was developed (Inagaki et al., 2016). The
assay is intended to screen multiple animal species for anti-TBEV 1gG antibodies using Strep-
SPs through its affinity toward Strep-tactin as a coating parameter, with the binding ability of
horseradish peroxidase (HRP) conjugated Protein A/G. Strep-SP ELISA was evaluated using
sera from TBE patients and TBEV infected rodents with the assay validation via PRNT50, and
showed high sensitivity and no cross-reactivity with antibodies to JEV. Another advantage of
Strep-SP ELISA in use is its accessibility of performance under the BSL1 facilitated laboratory,
eliminating the extreme caution as working with BSL3 pathogen. However, this ELISA system
has not yet been applied to animal species, except rodents.

Japanis rich in wild animals. In recent years, the population and distribution of wild species
such as wild boars, sika deer, and raccoons have rapidly raised nation-wide. Raccoons are
recently more inhabited throughout the country. To my knowledge, interestingly, there is no
documented serological evidence of TBEV infection in raccoons.

Therefore, the thesis study primarily aimed to define the presence of TBEV infection in
raccoons, sika deer, and wild boars in certain parts of Hokkaido and Honshu islands. To
conduct seroepidemiological surveillance for TBEV in these animal species, the study
described in this chapter is associated with setting up the optimum conditions of Strep-SP

ELISA to detect the exposed raccoons and sika deer.

1.2. Materials and methods
1.2.1. Virus
A TBEV Oshima 5-10 strain (Takashima et al., 1997) was used for PRNT50 as previously

described (Inagaki et al., 2016).
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1.2.2. Cells

293T-OSF cells which were kindly provided by Dr. K. Yoshii, Hokkaido University are
human embryonic kidney 293T (HEK293T) cells transfected with the pCAG-TBE-M-StrepE
plasmid (Inagaki et al., 2016), which is the pCAGGS plasmid encoding the TBEV-Oshima prM
and E gene signal sequences with Strep-tag peptide sequence (WSHPQFEK) as shown in
Figures 1-1 and 1-2. 293T-OSF cells were grown at 37°C in Dulbecco’s Modified Eagle’s
Medium (DMEM; Nissui Pharmaceutical Co., Ltd., Tokyo, Japan) supplemented with 4.5 g/L
D-glucose, 10% fetal bovine serum (FBS), L-glutamine (2 mM), amphotericin B (2.5 pg/ml),
and kanamycin (100 pg/ml), and used for the preparation of a positive antigen in Strep-SP
ELISA as described below.

Normal HEK293T cells were cultured using the same growth medium as described above
and used for preparation of a negative antigen in Strep-SP ELISA as described below.

Baby hamster kidney (BHK-21) cells were grown at 37°C in Eagle’s Minimum Essential
Medium (EMEM; FUJIFILM Wako Pure Chemical Corp., Osaka, Japan.) containing 8% FBS

and used for PRNT50 as described below.

1.2.3. Serum samples

A rabbit anti-TBEV E antiserum as a positive control serum which was kindly provided by
Dr. K. Yoshii, Hokkaido University and a normal rabbit serum as a negative control were used
for optimizing Strep-SP ELISA.

A total of 411 sera, including 368 raccoons and 43 Hokkaido sika deer were tested for
TBEV antibodies using the optimized Strep-SP ELISA. The results were confirmed using

PRNTS50. All of the sera were inactivated at 56°C for 30 min before testing.

1.2.4. Preparation of ELISA antigens
293T-OSF cells were cultured for 2 days at 37°C using DMEM as described above. The

supernatants of 293T-OSF cells were collected in 500 ml centrifuge tubes. The cell debris in
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the supernatants was removed by centrifuging at 8,000 x g for 10 min at 4°C, and then the
supernatants were treated with 10% polyethylene glycol (PEG) 8,000 (MP Biomedicals, Santa
Ana, USA) and 1.9% NaCl for 2 h at 4°C with constant agitation. The PEG-treated supernatant
was centrifuged at 10,000 x g for 30 min at 4°C using an R10A3 rotor in Himac CR20G
centrifuge (Koki Holdings Co., Ltd., Tokyo, Japan). The pellets were resuspended in
phosphate-buffered saline (PBS; pH 7.4) to make a 100X concentrated volume of the PEG-
treated supernatant and stored at —80°C as Strep-SPs stock solution. The stock Strep-SPs
were further diluted in 1:5 which equals 20X concentrated Strep-SPs from the PEG-treated
supernatant in use for Strep-SP ELISA.

The supernatant of normal HEK293T cells were treated with PEG 8,000 and 1.9% NacCl,

and negative antigens were prepared using the PEG-treated supernatant as described above.

1.2.5. Strep-SP ELISA

The optimum conditions for Strep-SP ELISA were examined as follows:

Selection of a blocking buffer: Four percent of bovine serum albumin (BSA; FUJIFILM
Wako Pure Chemical Corp.) and 5% skimmed milk (FUJIFILM Wako Pure Chemical Corp.) in
PBS containing 0.05% Tween 20 (PBST), and 1% alkaline-soluble casein (Novagen,
Darmstadt, Germany) or 1% BlockAce (DS Pharma Biomedical, Osaka, Japan) in ultrapure
water were evaluated using the rabbit antiserum and normal serum. For examination, the 96-
well plates were coated with Strep-tactin labeled with alkaline phosphate (Strep-tactin AP;
1:1,000) in carbonate-bicarbonate buffer (CBB) to capture 20X concentrated Strep-SPs on the
well surface of the ELISA plate and incubated for overnight. On next day, the wells were
incubated with blocking buffers (200 pl/well) for 2 h at 37°C. After incubation, Strep-SPs and
negative antigens were added in duplicate wells and incubated for 1 h at 37°C. A pair of wells
with 20X concentrated Strep-SPs and negative antigens were incubated with the rabbit
antiserum for another 1 h at 37°C, followed by HRP-conjugated Protein A/G (Thermo Fisher

Scientific, Waltham, USA) for 30 min at 37°C. After 15 min of incubation with TMB solution,
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the reaction was stopped and measured at 450 nm. Blocking buffers showing a big difference
in optical densities (OD) between the wells with Strep-SPs as a positive reaction and negative
antigens as a negative reaction was selected as a blocking buffer in the optimized Strep-SP
ELISA.

Selection of diluents: One and 3% BSA/PBST for a test serum diluent, and 1% BSA/PBST
and BlockAce for a conjugate diluent were tested using the rabbit antiserum as described
above. To detect antibodies to TBEV in sera from raccoons, HRP-conjugated Protein A/G at
dilutions from 1:1,000 to 1:4,000 were evaluated.

Evaluation of Strep-SP ELISA: To detect antibodies to TBEV in test sera, a 1:100 diluted
raccoons and sika deer sera were incubated with the 20X concentrated Strep-SPs and
negative antigens in a pair of wells each, and then with HRP-conjugated Protein A/G with a
1:2,000 dilution and rabbit anti-deer IgG (KPL, Gaithersburg, USA) at a dilution of 1:500
(according to the company recommendation). The ELISA results were recorded as the positive
to negative (P/N) ratio (i.e., the ratio of the OD values with Strep-SPs to that the negative

antigens).

1.2.6. PRNTS50

A PRNT50 (Inagaki et al., 2016) was used to detect neutralizing antibodies against TBEV-
Oshima in raccoon and sika deer sera tested by the optimized Strep-SP ELISA. Briefly, a
serum diluted 1:25 and 1:50 in 2% EMEM was mixed with an equal volume of TBEV
(approximately 50 plaque-forming units (PFU) per 0.1 ml) and incubated at 37°C for 1 h. The
serum-virus mixture (100 pl/well) was inoculated onto BHK-21 cells seeded in 12-well plates
followed by an incubation of 1 h. The maintenance medium instead of the virus was used in
virus controls. Then the overlay medium containing 2% FBS and 1.5% carboxymethyl cellulose
solution was added and incubated for 4 days. Then, the plates were incubated with 10%
formalin with 0.1% crystal violet for 30 min at room temperature. After removing the fixation

and staining solution, the plates were washed with tap water and dried up. Plagues were
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counted and the test serum showing a 50% plaque reduction of the virus control plaque count
was judged as neutralizing antibody positive. Furthermore, PRNT50-positive sera were

retested for determining the end-point titers of the test sera.

1.3. Results
1.3.1. Strep-SP ELISA optimization

One percent of BlockAce in ultrapure water as a blocking buffer had the best signal/noise
(S/N) ratio than 5% skimmed milk, 4% BSA, and 1% Casein (Figure 1-3a).

As a serum diluent, 1% BSA/PBST was chosen, because the difference between the
positive and negative reactions (Strep-SPs and negative antigens against antiserum) was
larger than 3% BSA/PBST. In 3% BSA/PBST, the antiserum against Strep-SPs had a lower
reaction, but a higher against negative antigens than in 1% BSA/PBST (Figure 1-3b).

As an HRP-conjugate diluent, the blocking buffer (1% BlockAce) lowered the non-specific
binding of antiserum to negative antigens compared with 1% BSA/PBST (Figure 1-3c).

Raccoon sera diluted 1:100 in 1% BSA/PBST with a 1:2,000 dilution of HRP-conjugated
Protein A/G gave the best response (Figure 1-3d). The incubation with a 45 min for both
antigens and test sera was chosen, because an extended time about 1 h often showed edge
effects (data not shown).

To evaluate the optimized Strep-SP ELISA for raccoon sera, 19 out of 368 that showed
the P/N ratios of equals to or higher than 0.5 were analyzed for TBEV-neutralizing antibodies
using the PRNT50. For sika deer testing, seven out of 43 sera that showed the P/N ratios of

approximately from 0.4 to 1.3 were selected for confirming by the PRNTS50.

1.3.2. PRNT50
The PRNTS50 tested 26 sera including 19 raccoons and seven Hokkaido sika deer. All
nineteen raccoon sera showed TBEV PRNTsp titers ranging from 1:25 to 1:800 (Table 1.1.),

but all sika deer sera were PRNT50-negative.
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The end-point titers of PRNT50-positive raccoon sera were as follows; PRNTso titer of 1:25
(eight sera), 1:50 (seven), 1:200 (three), and 1:800 (one) (Table 1.1.). The eight sera with the
lowest PRNTsxg titer (1:25) showed a lower P/N ratio (£1.5) than other TBEV PRNT50-positive
sera. Also, PRNTs titer of 1:25 often presents non-specific background or cross-reactivity with
other antigenically-related flaviviruses (Dr. K. Yoshii’'s personal communication). As a result,
the PRNTso titer of 21:50 was considered as TBEV-neutralizing antibody positive. By the
PRNT50 result, 11 raccoons were determined to be TBEV-seropositive. According to this
interpretation, the cut-off value of Strep-SP ELISA for raccoon testing was determined to be

the P/N ratio of 21.5 (Table 1.1.).

1.3.3. Optimized Strep-SP ELISA protocol

The ELISA plates were coated with a 1:1,000 dilution of Strep-tactin AP (50 pl/well) in 0.1
M CBB (pH 9.6), and incubated overnight at 4°C. The washing steps were performed with
0.05% PBST (350 pl/well) five times each. The plates were blocked with 1% BlockAce (200
pl/well) in ultrapure water for 2 h at 37°C. Then, 20X concentrated Strep-SPs and negative
antigens (50 pl/well) were added in duplicate and incubated for 45 min at 37°C. Test sera (50
pl/well) in 1% BSA/PBST were added and incubated for a further 45 min at 37°C. HRP-
conjugated Protein A/G with a 1:2,000 dilution and anti-deer IgG (200 pl/well) at a 1:500
dilution in 1% BlockAce were added, and incubated for 30 min at 37°C. Then TMB substrate
(100 pl/well) was added and incubated for 15 min at 37°C. The reaction was stopped using 2N
H2S04 (50 pl/well). The OD values were measured at 450 nm. The P/N ratio of each test serum

was calculated, and the P/N ratio of about 21.5 was determined as Strep-SP ELISA positive.

1.4. Discussion

This study aimed to obtain the optimum condition of Strep-SP ELISA in order to detect

TBEV antibodies in wild animals. The optimized ELISA was evaluated by testing sera from
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raccoons and sika deer, and the result was confirmed with PRNT50, which can detect the
antibodies with low titers (Holzmann et al., 1996).

The optimized Strep-SP ELISA without TBEV antisera raised in raccoons and deer were
challenging. Once the Strep-SP ELISA optimized, raccoons and sika deer sera were tested
against 20X concentrated Strep-SPs using Protein A/G or anti-deer IgG conjugates. Of the all
tested, the sera showing the P/N ratios of equals to or higher than 0.4 were confirmed with
PRNT50 for TBEV-neutralizing antibodies.

Although the PRNTsxo titer of 1:25 is used as the cut-off titer to demonstrate TBEV-
neutralizing antibodies in sera from sentinel animals in TBE-endemic European countries
(Litzba et al., 2014; Frimmel et al., 2016), the PRNTso titer 21:50 was adopted in this study,
because cross-reactivity with other flaviviruses could not be necessarily denied when the
PRNT50 showed the PRNTsg titer of 1:25 (Dr. K. Yoshii's personal communication).

However, | did not examine the presence of any other flaviviruses in the sera from both
raccoons and sika deer by the PRNT50. Inagaki et al. (2016) reported that Strep-SP ELISA
could detect TBEV IgG antibodies in humans and rodent species without cross-reactivity with
antigenically related-flavivirus JEV. Hokkaido has been known to be JEV-free, which was
proved by the previous studies. For instance, Uchida et al. (2018) showed the negative results
in TBEV-seropositive Hokkaido sika deer sera tested by JEV ELISA and PRNT50. Ohno et al.
(2009) also did not detect JEV-neutralizing antibodies in sera collected from raccoons in
Hokkaido. Therefore, it is unknown whether flaviviruses other than JEV with cross-reactivity to
TBEYV are contained in the tested sera.

By the PRNT50, the cut-off value of Strep-SP ELISA for raccoon sera was determined as
the P/N ratio of 21.5 (Table 1.1.). In contrast, a sika deer serum that had the highest P/N ratio
of 1.3 was TBEV PRNT50-negative.

In Japan, TBEV infection in large wild animals is unknown. In TBEV-endemic European
countries, cervid species and wild boars are used as well-established sentinels to monitor the

distribution of TBEV in their environment, using mostly commercially available species-specific
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ELISA tools. However, the raccoon is a new host species in this field, with a dearth of TBEV
seroprevalence study and diagnostic tools. Introducing Strep-SP ELISA in TBEV veterinary
surveillance can be a useful tool to monitor as many species populations as possible with low

cost and safety procedures.

1.5. Conclusion
The optimized Strep-SP ELISA with the P/N ratio of 21.5 as a screening assay was
established to detect antibodies against TBEV in sera from raccoons.
In this study the cut-off value of Strep-SP ELISA was not determined for sera from sika

deer.
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Construction of the pCAGGs plasmid encoding the TBEV-Oshima signal sequences of prM

and E genes. The figure is adapted from Yoshii et al. (2003).
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Figure 1-3.

Strep-SP ELISA optimization

a). Selection of a blocking buffer: 4% BSA and 5% skimmed milk in 0.05% PBST, and 1%
casein and 1% BlockAce in ultrapure water were tested using a serial dilution of rabbit
antiserum and normal serum. 1% BlockAce in ultrapure water showed the best

signal/noise (S/N) ratio than other factors tested.
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Figure 1-3.

Strep-SP ELISA optimization

b). Selection of a test serum diluent: 1% and 3% BSA/PBST were considered to be tested. At
a BSA concentration of 1%, the OD value distances between Strep-SPs (positive reaction)
and negative antigens (negative reaction) against antiserum diluted at 1:100, 1:200, and
1:400 were larger than 3% BSA/PBST. At 3% BSA, associated with the increase in the
concentration of BSA, the antiserum against Strep-SPs had a lower reaction, but higher

against the negative antigens than 1% BSA/PBST.
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Figure 1-3.

Strep-SP ELISA optimization

c). Selection of a HRP-conjugate diluent: HRP-conjugated Protein A/G was diluted in 1%
BSA/PBST and BlockAce in ultrapure water. The blocking buffer (1% BlockAce) lowered

the non-specific binding of the negative antigen against serially diluted antiserum than 1%

BSA/PBST.
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Figure 1-3.

Strep-SP ELISA optimization

d). The optimal concentration of HRP-conjugated Protein A/G: Serially diluted conjugate in
1% BlockAce were tested. Combination of raccoon sera at a 1:100 dilution and HRP-

conjugated Protein A/G diluted in 1:2,000 were selected.

27



Table 1.1.
PRNT50 confirmation of the optimized Strep-SP ELISA tested raccoon sera

Serum ID P/N ratio of 20.52  PRNTz” illaﬁil:lpj_ri?ation
1 0.5 1:25 Negative
2 0.6 1:25 Negative
3 0.9 1:25 Negative
4 1.0 1:25 Negative
5 1.0 1.25 Negative
6 1.1 1:25 Negative
7 1.2 1:25 Negative
8 15 1:25 Negative
9 1.7 1:50 Positive
10 2.3 1:50 Positive
11 2.7 1:50 Positive
12 3.2 1:50 Positive
13 4.7 1:50 Positive
14 5.0 1:50 Positive
15 6.9 1:50 Positive
16 2.7 1:200 Positive
17 29 1:200 Positive
18 4.2 1:200 Positive
19 25 1:800 Positive

o

P/N ratio: Positive to negative ratio of test serum using OD values against
the Strep-SPs and negative antigens. Nineteen sera that showed P/N ratios
about =0.5 were tested by PRNT50 for TBEV.

PRNTs0: TBEV-neutralizing antibody titers of test serum with a 50% plaque
reduction. The PRNTsg titer of 21:50 was described as TBEV PRNT50
positive with a P/N ratio of 21.5, whereas a PRNTso titer of 1:25 was decided

to be negative with a P/N ratio of <1.5.
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Chapter Il
Epidemiological survey for TBEV infection in large wild animals

on Hokkaido and Honshu island, 2003-2018, Japan

2.1. Introduction

The unknown distribution of TBEV might have widely spread throughout Hokkaido;
therefore, vigilant monitoring including identifying the burden of TBEV in the country is
essential (Yoshii et al., 2017a). The role of large wild animals in the circulation of TBEV in
Japan has not been investigated yet. However, it is well-known that infectious diseases of wild
animal present risk to domestic animals and humans. On TBEV transmission, wild animals
with their abundant populations can directly affect the spread of the virus in their habitats
(Baneth, 2014; Imhoff et al., 2015; Pfeffer and Leschnik, 2017). Japan is rich in wild animal
species, and overabundance of sika deer (Cervus nippon), wild boars (Sus scrofa), and
raccoons (Procyon lotor) are controlled under the national eradication programs to minimize
their impacts on forestry and agriculture damages associating with the country’s economic
losses and ecological deviations (Ministry of the Environment, Japan, 2015).

In the TBEV-endemic countries, cervid species are the most identified sentinel animals of
TBEYV infection, followed by wild boars, with infection rates up to 40% (Borci¢ et al., 1990;
Gerth et al., 1995; Roelandt et al., 2010; Ytrehus et al., 2013; Balling et al., 2014; Imhoff et al.,
2015; Frimmel et al., 2016; Roelandt et al., 2017). The correlation between seroprevalence in
the sentinels and TBE incidence is often observed; additionally, a significant relationship
between deer density and vector tick abundance in endemic areas is observed (Carpi et al.,
2008; Rizzoli et al., 2009; Jaenson et al., 2012; Imhoff et al., 2015). For example, large forest
animals such as deer species can carry a vast number of ticks on their big framed body that
is likely to be equal to the activation of the virus transmission between ticks, which also equals
the probability of TBEV risk in their habituated areas.
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In contrast, TBEV infection in raccoons remains unknown even in TBE-endemic European
countries where the population is an overabundance. It has been known that raccoons can
carry the TBEV related flaviviruses, with relatively high prevalence, however (Artsob et al.,
1986; Blitvich et al., 2009; Ohno et al., 2009). In Japan, the raccoon is one of the alien species
with a high population density, being widespread throughout the country.

Although serological evidence of TBEV infections in rodents and domestic animals such
as dogs and horses were demonstrated throughout Japan (Takashima, 1998; Takeda et al.,
1999; Yoshii et al., 2011), no large wild populations have been tested for TBEV antibodies,
excluding a Hokkaido sika deer (C. n. yesoensis) survey with prevalence rate of 5 % (5/100
head) in the northern part of Hokkaido in 2018 (Uchida et al., 2018). Thus, large wild population
testing would be helpful and necessary to map or estimate the risk of TBEV infection in this
country by determining the host ranges and their exposures, particularly in Hokkaido where
TBE cases have been reported.

Several seroepidemiological surveillances for TBEV among rodents and domestic animals
were conducted during 1997-2011 in Japan, and a 2018 survey testing Hokkaido sika deer is
the only survey testing large wild animals. The southern part of Hokkaido was the most tested
areas, TBEV antibodies were detected in 76.2% of the dogs and 7.6% of the rodents tested.
In a survey in all 14 districts of Hokkaido in 2011, TBEV seropositive horses (3.0%) and dogs
(12.5%) were detected in the central part of Hokkaido only. Outside Hokkaido, a 2011 large-
scale survey in rodents sampled from other three islands of Japan (Honshu, Shikoku, and
Tsushima), TBEV-seropositive rodents with infection rate of 3.4% were detected in Shimane
Prefecture on Honshu only. Altogether, it is indicated that a patch of TBEV foci might have
occurred throughout the country.

In this study, raccoons, Hokkaido sika deer, and ticks were serologically and virologically
examined to define TBEV-endemic regions in Hokkaido Prefecture. Serological survey testing
raccoons, Honshu sika deer, and wild boars was conducted in Fukushima and Tochigi

Prefectures in Honshu to detect other the virus endemic areas.
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2.2. Materials and methods

2.2.1. Sampling location

Serum samples from raccoons and Hokkaido sika deer were collected in both the central
(Iburi, Ishikari, Sorachi, and Hidaka Districts) and the eastern (Kushiro and Tokachi Districts)
parts of Hokkaido in 2003—-2018. On Honshu island, three animal species (raccoons, Honshu
sika deer, and wild boars) were sampled in Fukushima Prefecture (Aizu, Hamadori, and
Nakadori Districts) in 2016 and 2017, and Honshu sika deer and wild boars were sampled in
Tochigi Prefecture (Kenhoku and Kennan Districts) during 2016—2018 (Table 2.1., Figures 2-
1. and 2-2.).

Ticks were dragged only in the eastern part of Hokkaido (Tokachi District) in 2018 as

described below.

2.2.2. Serum samples
A total of 1,649 sera from 1,072 raccoons, 519 sika deer, and 58 wild boars collected
during 2003—-2018 were tested for antibodies to TBEV (Table 2.1.). All sera were inactivated

at 56°C for 30 min, and stored at -20°C.

2.2.3. Tick dragging and processing

A total of 507 questing adult ticks (420 |. ovatus and 87 I. persulcatus) from the forested
area in Tokachi District in the eastern part of Hokkaido were picked up by dragging (a drag
cloth) in early May in 2018 (Table 2.1.). Ticks were grouped by species and sex into 52 pools
with 7-10 ticks each. Tick homogenizing was done by crashing the pooled ticks using a
sterilized mortar and pestle with sea sands in 1 ml of virus transfer medium (VTM), DMEM
supplemented with 10% BSA, penicillin (1,000 units/ml), streptomycin (1 mg/ml), gentamycin
(100 pg/ml), and amphotericin B (20 pg/ml). The homogenates were centrifuged, and the
supernatants were collected and used for virus and gene detection, as described below. The

samples were stored at —80°C until testing.
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2.2.4. Blood samples and processing

Twenty-two plasma heparinized blood samples (approximately 0.6—9.0 ml/each) from
raccoons captured in Tokachi District in 2018 were tested for TBEV isolation and viral RNA
detection. White blood cells (WBCs) were separated by lysing red blood cells using a cell lysis
buffer containing ammonium chloride (154.4 mM), potassium bicarbonate (10 mM), and
tetrasodium ethylenediaminetetraacetic acid (97.3 uM) in ultrapure water. After washing three
times with PBS, WBCs were resuspended in VTM containing 1% BSA and stored at 4°C until

testing as described below.

2.2.5. Strep-SP ELISA

The 96-well ELISA plates were coated with Strep-tactin AP in CBB (1:1,000) and incubated
overnight. Before blocking the plate with 1% BlockAce (200 pl/well) for 2 h at 37°C, washing
was done with 350 pl/well of 0.05% PBST 5 times. Both positive and negative antigens (50
pl/well) were applied in duplicate and incubated for 45 min at 37°C, followed by an incubation
of serum samples with a 1:100 dilution in 1% BSA/PBST (50 ul/well) for 45 min at 37°C. After
washing, 50 pl/well of HRP-conjugates that Protein A/G (1:2,000 in 1% BlockAce) for sera from
raccoons and wild boars, and rabbit anti-deer IgG (1:500) for sika deer sera were added and
incubated for 30 min at 37°C. By adding 100 ul/well of TMB substrate, the conjugated reactions
were developed after 15 min at room temperature, and the reactions stopping were with 50
pl/well of 2N H2SO4 solution. The OD was measured at 450 nm, and the P/N ratios were
calculated. Sera with the P/N ratios of 21.5 were chosen for the assay confirmation by

PRNTS50.

2.2.6. PRNT50
The PRNT50 was performed as previously described in Chapter 1. Briefly, BHK-21 cells
in 12-well plates were incubated with the mixtures of serially 2-fold diluted sera with an equal

volume of 50 PFU/ 0.1 ml of the TBEV-Oshima strain at 37°C for 1 h. An overlay medium
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containing 1.5% carboxymethyl cellulose was then added to the cells, and the plates were
incubated for 4 days at 37°C. At the end of incubation, the cells were fixed with 10% formalin
containing 0.1% crystal violet. The PRNTso titer of 21:50 was determined to be seropositive

against TBEV.

2.2.7. Virus isolation

BHK-21 cells grown in 24-well plates were inoculated with 0.1 ml of the tick homogenates
or WBC suspensions/ well, and incubated for 3—4 days at 37°C. During the incubation period,
the inoculated cells were checked for cytopathogenic effect (CPE). The culture supernatant
was passaged two times when CPE was not observed and tested for TBEV RNA detection

using a real-time RT-PCR assay as described below.

2.2.8. Real-time RT-PCR

Real-time RT-PCR was settled as a previously described TagMan-based real-time RT-
PCR by Schwaiger and Cassinotti (2003). Total RNA from the tick homogenates and their
culture supernatants of the BHK-21 cells, and WBCs suspension was extracted using ISOGEN
LS (Nippon Gene, Tokyo, Japan). A cDNA synthesis from the RNA samples was performed
using Moloney Murine Leukemia Virus Reverse Transcriptase (Invitrogen, Carlsbad, USA).
The assay was carried out with 25 pl RT-PCR mixture, including 12.5 pl of EagleTaq Universal
Master Mix (Roche Diagnostics, Mannheim, Germany), 0.6 ul of TBEV specific forward primer
F-TBE 1 (5-GGG CGG TTC TTG TTC TCC-3') and reverse primer R-TBE 1 (5-ACA CAT CAC
CTC CTT GTC AGA CT-3"), 0.3 pl of TagMan probe TBE-Probe-WT (5'-TGA GCC ACC ATC
ACC CAG ACA CA-3'), 6 ul of RNase-free water, and 5 pl of the cDNA sample. Reverse
transcription at 50°C for 2 min and 95°C for 10 min, followed by amplification at 95°C for 15 s
and 60°C for 1 min during 45 cycles were performed using a LightCycler® Nano (Roche
Diagnostics). Viral RNA extracted from TBEV infected BHK-21 cells using ISOGEN-II RNA

extraction reagent (Nippon Gene) was used as a positive control and RNase-free water as a
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negative control. The cycle threshold value lower than 35 cycles was estimated to be a positive

for TBEV RNA.

2.2.9. Statistical analysis
The significant differences in the prevalence rates of districts were calculated using a
Fisher's exact test with a p-value of <0.05 and a confidence interval (Cl) with 95% at

WWW.0penepi.com.

2.3. Results
2.3.1. Serological study

Hundred-seven sera, including 81 (7.6%) out of 1,072 raccoons, 18 (3.8%) out of 474
Hokkaido sika deer, and 8 (17.8) out of 45 Honshu sika deer tested were Strep-SP ELISA
positive with P/N ratios of 21.5 (Tables 2.2. and 2.3.), but none of the wild boars tested positive
(data not shown).

Out of 107 Strep-SP ELISA positive sera, 45 were found to be positive for TBEV PRNT50
with PRNTsg titers ranging from 1:50 to 21:800, including 42 (3.9%) raccoons (Table 2.2.), 2
(0.4%) Hokkaido sika deer, and 1 (2.2%) Honshu sika deer (Table 2.3.).

Raccoons were the most seropositive species with 3.9% (42/1,072) positivity; the overall
prevalence rate was 5.9% (39/662) in the central part of Hokkaido, but it was 0.8% (3/368) in
the eastern part (Table 2.3.). The seroprevalence in raccoons in Sorachi District (9.5%) in the
central part of Hokkaido was significantly higher than that in other districts; Iburi (2.1%; p <
0.05), Ishikari (2.1%; p < 0.01), and Tokachi District in (0.8%; p < 0.01; Table 2.2.). None of
the raccoons in Honshu island was positive for TBEV (Table 2.2.). Raccoons in the central
part of Hokkaido had relatively high TBEV-neutralizing antibody titers with PRNTso titers of
1:200 to 21:800 (64.1%, 25/39). Of these, eight (32%) raccoons showed the highest PRNTso

titer of 21:800 antibodies, and six out of these eight were sampled in Sorachi District. In
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contrast, all three raccoons in Tokachi District had TBEV-neutralizing antibody titer of 1:50
(Table 2.4.).

Sika deer species were found to have lower TBEV-seropositivity than raccoons. Honshu
sika deer had rather high TBEV-seropositivity with a seroprevalence rate of 2.4% (1/42) in
Kenhoku District in Tochigi Prefecture, whereas Hokkaido sika deer was 0.5% (2/401) in
Tokachi District in the eastern part of Hokkaido (Table 2.3.). The TBEV-seropositive serum
from Honshu sika deer in Tochigi Prefecture were confirmed to be negative for JEV by
PRNTS50 (Dr. K. Yoshii’s personal communication). In sika deer species, the Honshu sika deer
in Kenhoku District in Tochigi Prefecture had TBEV-neutralizing antibodies with a PRNTso titer
of 1:50 which was the same as the one of two Hokkaido sika deer in Tokachi District in the
eastern part of Hokkaido, but another sika deer in Tokachi District had a PRNTso titer of 1:200
(Table 2.5.).

By the study results, TBEV foci were newly discovered in Tokachi District in the eastern
part of Hokkaido with TBEV seroprevalence in raccoons (0.8%; 3/368) and Hokkaido sika deer
(0.5%; 2/401), and in Tochigi Prefecture with TBEV seroprevalence in Honshu sika deer (2.4%;
1/42) (Tables 2.6. and 2.7.).

Although none of the sera from wild boar showed a P/N ratio of 21.5, one with the highest

P/N ratio of 1.0 was negative by PRNT50 (data not shown).

2.3.2. Virus isolation and TBEV RNA detection
Neither TBEV nor its viral RNA was detected in all 52 tick pools and 22 raccoon blood
samples collected in Tokachi District in the eastern part of Hokkaido where TBEV seropositive

sika deer and raccoons were sampled.

2.4. Discussion
TBE seems to be reemerging on Hokkaido. Although only four TBE cases have been

reported in Hokkaido during 2016—2018 since the first case in 1993, the retrospective studies
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concluded that an actual number of TBE cases would have been underestimated, because of
misdiagnosis with other tick-borne diseases, such as Lyme disease (Yoshii et al., 2017a;
2017b; and 2018). According to the reported TBE cases, it has been strongly suggested that
TBEV foci is probably widely distributed throughout Hokkaido, not only in southern part of the
island.

Wild animals are indicators for the risk of TBEV in their habitats (Donoso-Mantke et al.,
2011; Imhoff et al., 2015; Pfeffer and Leschnik, 2017). Deer species and wild boars are well-
known sentinel animals in TBEV-endemic countries. However, there has been no reported
evidence of TBEV infection in raccoons. In this study, seropositive raccoons were detected in
the samples obtained in 2003-2005 in the central part of Hokkaido, and also in the eastern
part that sampled in 2017. These findings could indicate that raccoons can be a sensitive
sentinel to disclose the possible risk of TBE to humans, contributing to better understanding
the distribution of TBEV in nature.

In the central part of Hokkaido, the risk of TBEV infection has been defined. Actually, two
TBE cases, and subclinical cases among residents were reported in 2016 and 2017 (Yoshii et
al.,, 2017b and 2018). A previous study found seropositive horses sampled in 1992 in
Shiribeshi District and dogs in 1994-1997 in Iburi District (Takeda et al., 1999). In the present
study, | found the serological evidence of TBEV infection in raccoons in lburi (2.1%), Ishikari
(2.1%), and Sorachi (9.5%) Districts, with relatively high PRNTso titers (Tables 2.2. and 2.4.).
In these surveys, Iburi District was re-identified to be the TBEV risk area after about ten years
of the previous sampling, albeit Ishikari and Sorachi Districts were determined as non-risk TBE
area in a 1999 survey with seronegative horses. Therefore, | may speculate that the
transmission cycle of TBEV may have been distributed throughout the central part of Hokkaido.
In addition, the present study findings in Sorachi District may provide the epidemiological link
to a 2018 TBE case reported in Asahikawa District adjoining Sorachi District, where there is

no evidence regarding TBEV infection.
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In contrast, the prevalence of TBEV in the eastern part of Hokkaido has been unidentified,
although a small number of dogs and horses were tested and found to be seronegative in a
1999 survey (Takeda et al., 1999). However, this study suggested that the eastern part of
Hokkaido may be the TBEV risk area, because natural exposure to TBEV of two different
animal species (raccoons and sika deer) were found in Tokachi District. Although tested sera
from both raccoons and sika deer were collected in 2010-2018, seropositive sera were found
only in 2017 and 2016, respectively (Tables 2.4. and 2.5.), with a low risk of TBEV infection
(Table 2.6.). This data may also indicate the current distribution of TBEV in the area around
Tokachi District.

In response to the serological findings in the eastern part of Hokkaido, the survey was
expanded in 2018 by testing ticks and raccoon blood samples in order to find the TBEV
infected area in Tokachi District. The negative results of TBEV detection obtained might be
due to the limited testing number of ticks and raccoons or the area was not the place to seek
ticks infected with TBEV. It has been reported that questing ticks were found to be negative
for TBEV for over decade or with a low virus prevalence (0—1%) even in the affected areas
with a high TBE incidence (Klaus et al., 2010a; Frimmel et al., 2014; Jemersi¢ et al., 2014,
Imhoff et al., 2015; Valarcher et al., 2015). For instance, Stefanoff et al. (2013) tested a large
number of field-questing ticks (n=7,436) by real-time RT-PCR, and all ticks were negative for
TBEV RNA, suggesting that serological monitoring of wild animals can be an alternative
method to tick hunting for TBEV in veterinary surveillance. On the other hand, tick testing using
PCR assays, which often show a dearth of the sensitivity, cannot directly apply to disclosure
of the risk of TBEV to local residents without awareness of the seroprevalence in animals in a
defined area (Suss, 2003; Gaumann et al., 2010; Stefanoff et al., 2013). Hence, the
seroprevalence in wild animals can reflect further dynamics of TBEV distribution in the area
where the virus prevalence in ticks is low (Klaus et al., 2010b; Siiss, 2011).

On Honshu island, there is TBEV serological evidence only among rodents (3.4%) in

Shimane Prefecture (Yoshii et al.,, 2011), showing the possibility that the geographical
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distribution of TBEV foci may have widely occurred on Honshu and/or other islands. The
number of sera collected in Fukushima and Tochigi Prefectures on Honshu was smaller than
that on Hokkaido, but Honshu sika deer sampled in 2018 in Kenhoku District in Tochigi
Prefecture was determined as TBEV-seropositive (Table 2.5.). The evidence of TBEV infection
in Honshu sika deer in Kenhoku District of Tochigi Prefecture was shown for the first time.
Regarding the infection rate of 2.4% (1/42) in Kenhoku District, the ratio of TBEV infection in
the area was higher than the infection rate (0.4%; 2/451) of Hokkaido sika deer in Tokachi
District in the eastern part of Hokkaido (Tables 2.3. and 2.5.). Although wild boar sera sampled
in 2016—2017 in both prefectures were all negative for TBEV serological assays, the results
might be due to a few number of samples tested that were not enough to present the presence
of the virus circulation in the areas (Table 2.1.).

The majority (3.9%; 42/1,072) of the infected species was raccoons, and the number of
tested samples (65.0%; 1,072/1,649) was likely to influence the results (Tables 2.1. and 2.2.),
although a high expectation of TBEV infection was in sika deer as a well-established sentinel
for TBEV transmission in TBEV-endemic countries. It was surprising that the majority (59.5%;
25/42) of infected raccoons had the relatively high TBEV-neutralizing antibody titers, which
may be associated with the development of high viremic level of TBEV so that naturally
infected raccoons could be one of the reservoirs in the virus transmission cycle. Similarly,
Blitvich et al. (2009) concluded that further research was required to clarify that raccoons
could be a reservoir of WNV, which has a close-antigenic relationship with TBEV, as a high
viremic level of the virus was shown.

Raccoons may have an important role in the ecology of TBEV similar to dogs from which
TBEV was often isolated (Takashima et al., 1997; Leschnik et al., 2002; Pfeffer and Dobler,
2011; Béhm et al., 2017; Pfeffer and Leschnik, 2017). However, as dogs are dead-end hosts
they are unlikely to distribute the virus or infected ticks to new areas (Gritsun et al., 2003;

RuUzek et al., 2010; Bogovic and Strle, 2015; Imhoff et al., 2015).
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In Japan, the knowledge about raccoons as an invasive alien species have been well-
established; for instance, their home range was estimated about 290 ha throughout the country
but in reduced size in Hokkaido because of the climate (lkeda et al., 2004) and the mean
number of infested ticks on a single raccoon was about 140 and up to ten times (Doi et al.,
2018). Valarcher et al. (2015) stated that the maintenance of TBEV circulation in the area
demanded suitable hosts that have a large population and high and prolonged viremia. Thus,
it is worth noting that raccoon can be a reservoir of TBEV in their environment with an
overabundant population in Japan, particularly in Hokkaido.

Hokkaido sika deer in Tokachi District was the majority (77.3%, 401/519) in the tested
deer, but with low seroprevalence (0.5%, 2/401), which was significantly lower (p <0.01; Table
2.2) than in Toyotomi town (5%) in the far northern part of Hokkaido (Uchida et al., 2018).
Results negative for TBEV in the sika deer testing in Hidaka District in the central part of
Hokkaido matched with the data of Uchida et al. (2018) who found that 100 sika deer tested
were all negative for TBEV antibodies, indicating that Hidaka District could be the TBEV low-
or non-risk area. Seropositivity in deer species as sentinels was highly expected than in
raccoons at first, but this study suggested that raccoons may have more close host-pathogen
interactions in TBEV circulation.

Similarity to raccoon testing, Strep-SP ELISA in sika deer was sufficiently imitated, with a
P/N ratio of 21.5 as the cut-off value. However, no correlation between the PRNTso and P/N

ratios of Strep-SP ELISA was observed.

2.5. Conclusion
Anti-TBEV antibodies were detected in raccoons in the central and eastern parts of
Hokkaido, Hokkaido sika deer in the eastern part of Hokkaido, and Honshu sika deer in Tochigi
Prefecture on Honshu island. The present study provided new information on the presence of
TBEYV foci on both eastern part of Hokkaido and eastern Honshu. The serological evidence of

TBEYV infection in Honshu sika deer was reported for the first time.

39



This study also reported that raccoons infected with TBEV had high PRNTsg titers of
=1:800, predicting that the species can serve as both a reservoir and indicator hosts of the
circulation of TBEV in nature. However, the further study should be needed to clarify this
assumption.

Seroprevalence in the central part of Hokkaido (5.7%) was markedly higher than all other
investigated areas, the eastern part of Hokkaido (0.6%) and Tochigi Prefecture (2.0%) on
Honshu (Table 2.7.).

Further investigations regarding the risk of TBEV infection to humans, a comprehensive
eco-epidemiological survey to find out the exact location of TBEV foci in these defined areas,
and experimental or field study targeting raccoons’ suitability as a reservoir of TBEV are

required.
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Table 2.1.

Sampling locations, years, and numbers of wild animal sera and ticks tested in this study

Species Island Prefecture  District Zgl?erite q :r?i.rr?z;s tested
Raccoon Hokkaido Hokkaido
Central Iburi 2003-2005 94
(Procyon lotor) Ishikari 2003-2005 242
Sorachi 2003-2005 304
Unknown? 2003-2005 22
Eastern Tokachi 2010-2018 368
Honshu  Fukushima Hamadori 2016-2017 35
Nakadori 2016-2017 7
Subtotal 1,072
Hokkaido sika Hokkaido Hokkaido
deer Central Hidaka 2010-2017 23
(Cervus nippon Eastern Kushiro 2010-2016 13
yesoensis) Tokachi 2010-2017 401
Unknown? 2010-2017 37
Subtotal 474
Honshu sika Honshu Fukushima  Aizu 2017 1
deer Hamadori 2016 2
(C. n. centralis) Tochigi Kenhoku 2016-2018 42
Subtotal 45
Wild boar Honshu Fukushima  Hamadori 2016 48
(Sus scrofa Nakadori 2016
leucomystax) Tochigi Kennan 2016-2017 8
Subtotal 58
Total 1,649
Ticks Hokkaido Hokkaido
I. ovatus Eastern Tokachi 2018 420
I. persulcatus 2018 87
Total 507

a Information was unavailable.
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Table 2.2.
Seroprevalence of TBEV-neutralizing antibodies in raccoons captured on Hokkaido

and Honshu islands, Japan

No. of sera with?

Island Prefecture  District sNeOr;slotfeste q P/N ratio of PRNTS50
21.5 (%) positivity (%)°
Hokkaido Hokkaido  Iburi 94 4 (4.3) 2(2.1)
Central Ishikari 242 10 (4.1) 5(2.1)
Sorachi 304 41 (13.5) 29 (9.5)
Unknown® 22 3(13.6) 3(13.6)
Subtotal 662 58 (8.7) 39 (5.9)
Eastern Tokachi 368 20 (5.4) 3(0.8)
Total 1,030 78 (7.6) 42 (4.1)
Honshu Fukushima Hamadori 35 3(8.6) 0(0.0)
Nakadori 7 0 (0.0) 0 (0.0)
Total 42 3(7.1) 0 (0.0)
Grand total 1,072 81 (7.6) 42 (3.9)

a A total of 81 sera with positive/negative (P/N) ratios of approximately =1.5 out of 1,072
were tested using PRNT50.

b Data were significant different between central Hokkaido (5.9%) and eastern
Hokkiaod (0.8%) (p < 0.01); Sorachi District (9.5%) and Iburi District (2.1%) (p < 0.05);
and Sorachi District and Ishikari (2.1%) and Tockachi (0.8%) Districts (p < 0.01).

¢ Information was unavailable.
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Table 2.3.
Seroprevalence of TBEV-neutralizing antibodies in sika deer captured on Hokkaido and

Honshu islands,Japan

1 a
No. of No. of sera with

Species Island Prefecture  District P/N ratio of PRNT50

seratested  .15(%)  positvity (%)
Hokkaido Hokkaido Hokkaido
sika deer Central Hidaka 23 0 (0.0) 0 (0.0)
Eastern Kushiro 13 0 (0.0) 0 (0.0)
Tokachi 401 18 (4.5) 2 (0.5)
Unknown® 37 0 (0.0 0 (0.0
Subtotal 451 18 (3.8) 2 (0.4)
Total 474 18 (3.8) 2 (0.4)
Honshu Honshu  Fukushima Aizu 1 0(0.0) 0 (0.0)
sika deer Hamadori 2 0 (0.0) 0 (0.0)
Tochigi Kenhoku 42 8 (19.0) 1(2.4)
Subtotal 45 8 (17.8) 1(2.2)
Total 519 26 (5.0) 3(0.6)

a A total of 26 sera with positive/negative (P/N) ratios of approximately =1.5 out of 519 sera
were tested using PRNT50.

b Information was unavailable.
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Table 2.4.

TBEV-neutralizing antibody titers (PRNTso) in the raccoon sera in Hokkaido

Prefecture District PRN.T.SO vears PRNTs0
positivity (%)  collected 1:50 1:200 =21:800

Hokkaido Iburi 2(2.1) 2004-2005 1 1 0
Central Ishikari 5(2.1) 2003-2005 1 1
Sorachi 29 (9.5) 2003-2005 14 6
Unknown 2 3(13.6) 2005 1 1
Subtotal 39 (5.9) - 14 17 8
Eastern Tokachi 3(0.8) 2017 3 0 0
Total 42 (4.1) - 17 17 8

a Information was unavailable.
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Table 2.5.
TBEV-neutralizing antibody titers (PRNTso) in the sera from Hokkaido and Honshu sika deer

Species Prefecture District PRN.T . vears PRNTso
positivity (%)  collected 1:50 1:200
Hokkaido Hokkaido
sika deer Eastern Tokachi 2 (0.5) 2016 1 1
Honshu Tochigi
sika deer Kenhoku 1(2.4) 2018 1 0
Total 3(0.7) - 2
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Table 2.6.
Maximum likelihood estimation of TBEV seroprevalence in the defined districts on Hokkaido
and Honshu islands

Island Prefecture  District sNeOr.aOtfeste d (So/i)roprevalence Lo?vi(;m cl ((L)fp))i)er
Hokkaido Hokkaido Iburi 94 2.12 0.59 7.43
Central Ishikari 242 2.06 0.89 4.74

Sorachi 304 9.53 6.72 13.36

Eastern Tokachi 769 0.65 0.28 151

Honshu Tochigi Kenhoku 42 2.38 0.42 12.32

a Confidence interval = 95%.
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Table 2.7.

Summary of TBEV seroprevalence on Hokkaido and Honshu islands

Island Prefecture '[Ser;?é:clies District sNeOr.aOtfeste q E&Rﬁg (%)
Hokkaido  Central Raccoons Iburi 94 2(2.1)
Ishikari 242 5(2.1)
Sorachi 304 29 (9.5)
Unknown? 22 3 (13.6)
Sika deer Hidaka 23 0 (0.0)
Subtotal 685 39 (5.7)
Eastern Raccoons Tokachi 368 3(0.8)
Sika deer Kushiro 13 0 (0.0)
Tokachi 401 2(0.5)
Unknown? 37 0 (0.0)
Subtotal 819 5 (0.6)
Total 1,504 44 (3.0)
Honshu Fukushima  Raccoons Hamadori 35 0 (0.0)
Nakadori 7 0 (0.0)
Wild boars Hamadori 48 0 (0.0)
Nakadori 2 0 (0.0)
Sika deer Aizu 0 (0.0)
Hamadori 2 0 (0.0)
Subtotal 95 0 (0.0)
Tochigi Sika deer Kenhoku 42 1(2.4)
Wild boars Kennan 8 0 (0.0)
Subtotal 50 1(2.0)
Total 145 1(0.7)
Grand total 1,649 45 (2.7)

a Information was unavailable.
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Figure 2-1.

in parentheses.

48



Northern Hokkaido

(Raccoons)
Central Hokkaido

Ishikari District

(Raccoons)
Iburi Dlstrux\
(Raccoons)

Hidaka District
(Deer)

Kushiro district
o~ (Deer)

ol
e Eastern Hokkaido

Tokachi District
(Raccoons, Deer, Ixodid ticks)

Q

)
Southern Hokkaido

Figure 2-2.
Sampling locations on Hokkaido. The sites were underlined. Tested wild animal and tick

species were indicated in parentheses.
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Chapter Il
Serological survey for TBEV in domestic ruminants,

Japan, 1998-1999

3.1. Introduction

TBEV circulates between wild animals and its vector ticks and affects humans and
domestic animals, both of which are a dead-end and accidental hosts since they are not
probably a source of the infection for vector ticks (Suss, 2011). The geographical prevalence
of TBEV has been increased, with newly notified endemic foci, vector ticks, and sentinels
(Dobler et al., 2012; Pfeffer and Leschnik, 2017; Kunze, 2018). TBEV infection in livestock
may cause chronic illness and lead to diminished producing milk which associates with the
economic losses in the country.

Alimentary TBEV infection is one of two direct transmission routes of the virus affecting
humans through unpasteurized milk consuming, causing the illness named biphasic milk fever
of TBE (Lindquist and Vapalahti, 2008; Kriz et al., 2009; Dobler et al., 2012). The milk fever
starts suddenly, with high biphasic fever up to 40°C during about ten days’ interval in each
phase, but with high level recovering and without neurological sequelae (Gritsun et al., 2012).
In eastern Europe and Baltic states, the alimentary infection of TBEV in humans has been
growing as a public health issue. Associated with people’s lifestyle or food culture in these
countries, they routinely consume unpasteurized milk and dairy products (cheese, yogurt, and
butter) made from raw milk, which is often linked with the alimentary transmission of TBEV
from viremic cattle, goats, and sheep (Vereta et al., 1991; Gritsun et al., 2003; Siss, 2003).
Some countries are highly endemic with TBEV alimentary infection, for instance, more than
150 cases caused by 22 outbreaks have been reported in Slovakia in the past 5 years (Kerlic

et al., 2018; Kunze, 2018), and TBE lethal cases caused via the virus-contaminated cow milk
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and milk product were reported in Russian Siberia and Far Eastern parts (Vereta et al., 1991;
Gritsun et al., 2003).

Domestic ruminants can serve as the reservoirs of TBEV but produce a low-level viremia
only for a few days, and rarely show clinical signs. They are infected with TBEV via tick bites,
and once infected, the virus is shielded from the blood of the infected cows or sheep into their
mammary glands during the viremic phase (Estrada-Pefa and de la Fuente, 2014; B6hm et
al., 2017; Rieille et al., 2017). TBEV is relatively resistant in environmental conditions; at pH
of less than 7, and heating for 10 min at 60°C. This stability may allow TBEV to survive in milk,
and the virus can be detectable in cows’ milk up to 25 days (Gritsun et al., 2003; Valancher et
al., 2015), but the survival only between 2 and 8 days in goat and sheep’ milk (Cisak et al.,
2010; Suss, 2011). A study in Poland carried out by Cisak et al. (2010) found the viral RNA in
cow’s milk with infection rate at 11.1% by RT-PCR and TBEV antibodies with infection rate at
3.2% using a commercial anti-TBEV ELISA IgG. However, in humans, the infection caused via
virus-contaminated milk is more acute than the infection via tick-bites (Dobler et al., 2012).

Through sharing the grassing land with wild animals and vector ticks, these domestic
ruminants can bring infected ticks to the human environment from their fields. Therefore, they
also can be sentinels for TBEV in the area (Imhoff et al., 2015). The infection rate of TBEV in
cows is reported less, but about 0—26% in the endemic areas, and 0-58% in goats and sheep
(Holzmann et al., 2009; Klaus et al., 2010b; Imhoff et al., 2015; Béhm et al., 2017; Rieille et
al., 2017; Salat et al., 2017).

Before diagnosing the TBE case in 1993, Takashima et al. (1997) had suspected the
presence of scattered TBEV foci in Hokkaido through the seroepidemiological surveys in cattle
in 1978. In 1994, they reported TBEV-seronegative cattle sera and cows’ milk collected from
both the farm of the TBE patient and an adjacent farm. Since then, there has been no published
study of cattle for TBEV infection. In Japan, there is a quite low possibility that TBE cases are
caused via taking unpasteurized TBEV contaminated cow milk or dairy products. In TBEV-

endemic European countries, grazing animals such as sheep, goats, and cattle have been
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shown to be suitable sentinels for detecting the virus endemic areas (Gresikova et al., 1975;
Leutloff et al., 2006; Klaus et al., 2012 and 2014). In Japan, many cattle are kept. Therefore,
it would be worth examining cattle serologically whether they serve as specific sentinels for
uncovering TBEV related risk areas. In contrast to endemic foreign countries, there is no study
on TBEYV infection in sheep in this country.

This study sought to reveal the presence or absence of antibodies to TBEV infection in

sera from cattle and sheep using Strep-SP ELISA.

3.2. Material and methods
3.2.1. Serum samples
A total of 728 cattle sera collected in 1998-1999 from 13 prefectures in different islands
(Table 3.1.) and 177 sheep sera collected from the central part of Hokkaido were tested.
Serum samples used in this study were kindly provided by National Institute of Animal Health,

Japan.

3.2.2. Serological methods

Strep-SP ELISA was performed as previously described. Briefly, the ELISA plates were
coated with 50/well pl of Strep-tactin AP (1:1,000 in CBB) and incubated overnight at 4°C.
After washing of the plates with 350/well pl of 0.05% PBST, the plates were blocked with 1%
BlockAce (200 pl/well) for 2h at 37°C, followed by incubations with antigens (50 ul/well) and
sera (50 pl/well) for 45 min at 37°C, respectively. Then, the plates were incubated with 50
pl/well of HRP-conjugated Protein A/G (1:2,000) for 30 min at 37°C, and then OD was read at
450 nm by adding 100 pl/well of TMB. Sera showing P/N ratios of =1.5 were selected for
confirmation of PRNT50.

PRNT50 was conducted as described in Chapter 1. Briefly, BHK-21 cells seeded in 12-
well plates were inoculated with a mixture of 0.1 ml of two-fold diluted serum in 2% EMEM with

TBEV-Oshima (50 PFU/0.1 ml) suspension and incubated for 4 days at 37°C. Then, the plates
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were fixed with 10% formalin containing 0.1% crystal violet, and after removing the formalin

solution, PRNTsp was determined by counting 50% or more reduction in plague counts.

3.3. Results

Of the 728 cattle sera, 70 (9.6%) showed P/N ratios of 21.5 (up to <6.0) in Strep-SP ELISA
(Table 3.1.). The ELISA-positive sera were detectable in all prefectures examined, ranging
from 4.1% to 25.0%. The positive rate higher than 20% was found in Nagano, Okayama,
Ehime, and Saga Prefectures. However, none of the cattle sera had TBEV-neutralizing
antibody titers higher than 1:50 (Table 3.1.). Only one serum sampled in Ishikari District in the
central part of Hokkaido showed a PRNTs titer of 1:20 (data not shown).

Three out of 177 sheep sera had P/N ratios of 3.2—4.9 by Strep-SP ELISA but did not yet

confirm the results by PRNTsq.

3.4. Discussion

Of the 728 cattle sera, 70 (9.6%) were estimated the P/N ratios of 1.5, and most of the
ELISA-positive sera showed the P/N ratios ranging from 2.5 to 3.0. Surprisingly, however, such
a big proportion of cattle sera testing was negative for TBEV PRNT50. In this study, it was
revealed that Strep-SP ELISA could not be applied to detecting TBEV antibodies in cattle sera,
albeit the assay was successfully applied to raccoons and sika deer.

One cattle serum with the P/N ratio of 3.0 had TBEV-neutralizing antibody titer of 1:20.
Klaus et al. (2014) pointed out that cross-reactivity with other flaviviruses must be considered,
especially for TBEV serology in the areas with a seroprevalence of Louping ill virus. However,
the prevalence of other flaviviruses such as JEV and Louping ill virus has not been known in
Hokkaido. The PRNTsp of <1:20 was often observed due to non-specific reaction or cross-
reactivity with related flaviviruses (Dr. K. Yoshii's personal communication). Therefore, this

serum was judged to be TBEV-seronegative.

53



It was reported that Strep-SP ELISA could be successfully used for serological
examination of TBEV infection in humans and rodents since this ELISA system showed over
95% sensitivity and specificity compared to PRNT results (Inagaki et al., 2016). In this study,
the ELISA system was first applied to the examination of cattle sera. The reason for the
nonspecific reaction of Strep-SP ELISA in cattle sera is unknown and indeterminate. As
possible explanations for this unexpected results might be because of the non-specific IgG
antibodies in cattle sera might have associated with the reaction of Strep-tag of TBEV-SPs or
Strep-tactin (Skerra and Schmidt, 2000), or Strep-SPs might have bound to the non-specific
antibodies against antigenically-related viruses which may spread across the country.

In contrast, only three out of 177 sheep sera showed P/N ratios of =21.5. However, the
results of Strep-SP ELISA could not be confirmed using PRNT50.

The risk of the alimentary transmission of TBEV to humans in Japan would be quite low
owing to the highly standardized cattle farming system, and milk or its products and
consumption throughout the country. However, as the possibility that TBEV may affect
domestic animals through sharing their environment with overabundance wild animals
including raccoons and sika deer rather than vector ticks, continuous investigation of TBEV

infection in domestic animals should be considered.

3.5. Conclusion
Although a large number of cattle sera were tested across Japan, hone was seropositive
for TBEV. This study indicated that Strep-SP ELISA could not test cattle sera for screening
and uncovering TBEV foci. However, further studies are needed to reveal cross-reactivity with

other flaviviruses and the cause of non-specific reaction in cattle.
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Table 3.1.

Strep-SP ELISA examination in cattle sera

Island Prefecture No. of No. of sera with PRNT50
seratested P/N ratios of 21.52  result
Hokkaido Hokkaido 133 9 (6.8%) Negative
Honshu Aomori 49 2 (4.1%) Negative
Yamagata 47 2 (4.3%) Negative
Nagano 44 11 (25.0%) Negative
Gifu 73 3 (4.1%) Negative
Wakayama 44 4 (11.0%) Negative
Okayama 10 2 (20.0%) Negative
Hiroshima 61 4 (6.6%) Negative
Subtotal 328 28 (8.5%)
Shikoku Ehime 77 17 (22.1%) Negative
Kyushu Saga 24 5 (21.0%) Negative
Oita 50 5 (10.0%) Negative
Miyazaki 26 1 (3.8%) Negative
Subtotal 100 11 (11.0%)
Ryukyu Okinawa 90 5 (5.6%) Negative
Total 728 70 (9.6%)

a Of the 728 sera, 70 with positive/negative (P/N) ratios of 21.5 were selected

for PRNT50.
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General discussion

Tick-borne encephalitis (TBE) is a tick-transmitted viral infection that causes severe human
central nervous system diseases, but asymptomatic TBEV infection is in the majority (Gritsun
et al., 2003; Mandl, 2005; Kunz, 2007). TBEV strains differs based on the viral antigenic
variants, which resulting into the classification of three subtypes (the Western, Siberian, and
Far-Eastern) that further associates with the differences in the geographical distribution, the
natural transmission cycle, the disease ecology, and pathogenic potentials in humans and
animals (Suss, 2003; Gubler et al., 2007; Dobler et al., 2012). TBEV natural cycle is maintained
through the interactions between vector ticks and vertebrate hosts in the specific geographic
biotypes that creates TBEV foci in a defined area, which represents the disease ecology of
TBEV in local humans and animals (Zeman, 1997; Korenberg and Kovalevskii, 1999; Siss,
2003; Dobler et al., 2011; Pfeffer and Leschnik, 2017). The most identified vector ticks are
Ixodid ticks, and vertebrate hosts of TBEV can vary depending on ticks’ host-finding activity
and animal species in the area. Rodents are the primary hosts, but large animals such as deer,
wild boars, and livestock were often found to have TBEV antibodies indicating the presence of
TBEV foci in their habitats.

Geographical distribution of TBEV foci spans throughout the Eurasian forest belt involving
at least 32 countries including Japan, particularly in Hokkaido, with TBEV-Far Eastern strain
circulation (Mandl, 2005; Lindquist and Vapalahti, 2008). TBE became familiar in this country
by the first TBE case reported in the southern part of Hokkaido in 1993 (Takashima et al.,
1997). Since then, the ecology of TBEV in this country seemed to be present with a low
epizootic activity. However, in recent years TBEV foci seem to have been activated, because
four TBE cases with two fatal cases were reported in Hokkaido between 2016 and 2018 (Y oshii
et al., 2017a; http//www.city.asahikawa.hokkaido.jp/kurashi/135/136/150/ d064126. html; in
Japanese). To monitor the distribution and transmission of TBEV, veterinary surveillance is a

crucial to discover natural hosts of TBEV in the area to identify the exact location of TBEV foci
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in order to prevent the risk to humans (Gritsun et al., 2003; Dobler et al., 2012; Imhoff et al.,
2015). However, TBEV infection in large wild animals and livestock in Japan is generally
unknown. In this thesis study, the infection of TBEV in selected wild animals and livestock
sampled across the country was ascertained, and the prevalence of TBEV was calculated
based on the serological findings.

This epidemiological surveillance was initiated to seek the evidence of TBEV infection in
wild overabundance species such as raccoons, Hokkaido, and Honshu sika deer, and wild
boars and livestock (cattle and sheep) using serological assays. In response to the serological
findings in the eastern part of Hokkaido, the study was then expanded by testing ticks and
raccoon blood for TBEV using virological and genetical examinations to investigate the area,
where TBEV circulation is likely to be present. However, none of Ixodid ticks (I. persulcatus
and |. ovatus) and raccoon blood samples collected around Tokachi District was positive for
TBEV. Although it is difficult to conclude that the area is at the low-level activity, the negative
results might be due to a small number of samples collected in a short time.

To detect TBEV antibodies in wild animals, Strep-SP ELISA (Inagaki et al., 2016) was first
set up with optimized conditions using TBEV-possitive rabbit sera, and the test sera from
raccoons and sika deer. A PRNTsx titer of 21:50 in PRNT50 was considered to be TBEV-
seropositive in this study, which was used to confirm the presence of TBEV antibodies in
animal sera with a positive/negative (P/N) ratio of 21.5 in Strep-SP ELISA. Although Strep-SP
ELISA was successfully applied to screening TBEV antibodies in the sera from raccoons, sika
deer, wild boars and sheep, but it could not work with cattle sera. This unexpected results of
Strep-SP ELISA in cattle demonstrated that the ELISA system could not detect TBEV
antibodies in all vertebrate hosts of TBEV which have a binding affinity of IgG to Protein A/G
conjugates.

Accordingly, the detection capability of the ELISA is required to be enhanced in its

specificity and sensitivity.
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To my knowledge, there were no documented studies reporting the evidence of TBEV
infection in raccoons and Honshu sika deer, but this study found that both animal species are
involved in the ecology of TBE in Japan. The central hypothesis of TBEV infection in wild
animals was mainly for deer species as a well-known sentinel of TBEV risk in the endemic
countries, but raccoons were found to be more seropositive for TBEV with PRNTso titer of up
to 21:800 in this study. It may indicate that raccoons have a more prominent role than cervid
species in the TBEV transmission cycle in their habitats. Therefore, further studies are needed
to identify the host-specificity of TBEV to raccoons how they participate in the ecology of TBEV
as reservoirs or excellent sentinels.

In the present study, TBEV foci were newly discovered in the eastern part of Hokkaido with
TBEYV seroprevalence in raccoons (0.8% (3/368)) and Hokkaido sika deer (0.4% (2/451)), and
in Tochigi Prefecture on Honshu island with 2.4% (1/42) seropositivity in Honshu sika deer as
shown in Table 2.7. From the sampling data of these TBEV seropositive sera collected during
2016-2018 (Tables 2.4. and 2.5.), both areas may have been recently exposed to TBEV,
indicating the distribution of TBEV in a wide range not only in Hokkaido but also other islands,
including Honshu.

Taken together, the study findings of TBEV in wild animals in addition to the previous
evidences of TBEV infections signify that TBEV is endemic in Japan. This study provides a
risk of TBEV infection associated with overabundance raccoons and sika deer on Hokkaido
and Honshu islands, and a need for additional studies to ensure the focal distribution of TBEV

in the defined areas to localize the TBEV foci.
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General summary

TBEV is mainly maintained between Ixodid ticks and their vertebrate hosts. Feeding hosts
of ticks are mainly forested and domestic animals that play an important role in TBEV
transmission. Among the vertebrate hosts, rodents with persistent and high-level viremia act
as both maintenance and amplifying hosts. Other large animals cannot transmit the virus to
ticks, because of a short and low-level viremia. However, in masses they provide the place
that ticks can feed and multiply on their bodies, resulting in support for virus circulation. In the
TBEV-endemic countries, both large wild and domestic animals such as deer, wild boar,
sheep, goat, and cattle are known to be available as valuable indicator hosts (sentinels) to
monitor the distribution of vector ticks, because they long maintain antibodies to TBEV.

However, very little is known regarding TBEV infection in these sentinel species in Japan.

The first human case of TBE was recorded in the southern part of Hokkaido in 1993, and
it was revealed that this region was a TBEV endemic area based on the isolation of TBEV from
ticks, rodents, and dogs, as well as serological evidence in rodents, dogs, and horses.
Recently four confirmed cases were reported in the southern, central and northern parts of
Hokkaido during 2016-2018, suggesting the re-emergence of TBE and the geographical
distribution of TBEV in Hokkaido. Seropositive Hokkaido sika deer were detected in the far
northern part of Hokkaido before the occurrence of TBE in 2018. However, TBEV foci are
unknown in other parts of Hokkaido. Outside Hokkaido, Shimane Prefecture was the only area
where seropositive rodents were found in 2001.

Thus, it is an urgent issue to examine and clarify the distribution of TBEV foci in Japan to
avoid the further occurrence of TBE. Therefore, the thesis aimed to uncover and identify the
previously unknown TBEV risk areas by testing wild animal raccoons, sika deer and wild boars,
and livestock (cattle and sheep) using ELISA and a 50% plaque reduction neutralization test
(PRNT50).

The first chapter describes the optimization of Strep-SP ELISA in order to detect TBEV

antibodies in sera from large wild animals. Several parameters such as the concentration of
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Strep-SPs and Protein A/G conjugates, and selection of blocking buffers and diluents were
evaluated using a rabbit anti-TBEV antiserum and normal rabbit serum. As the ELISA positive
antigens, TBEV subviral particles (SPs) with Strep-tag (WSHPQFEK) that were secreted into
the supernatants of HEK293T cells transfected with the plasmid expressing Strep-SPs were
used (Strep-SP ELISA). Negative antigens were similarly prepared from the supernatants of
normal HEK293T cells. As a blocking buffer, 1% BlockAce highly reduced background reaction
compared with 4% bovine serum albumin (BSA), 5% skim milk or 1% casein. As serum and
conjugate diluents,1% BSA was superior to 3% BSA, because of lower background. In the
optimized ELISA, the results were recorded as the positive/negative (P/N) ratio (i.e., the ratio
of the optimal density values at 450 nm of Strep-SPs to that of the negative antigens). A total
of 411 sera including 368 raccoons and 43 sika deer were first tested to examine whether
Strep-SP ELISA can be used to detect antibodies to TBEV in wild animals, and then the ELISA
results were confirmed by PRNT50. By the PRNT50 results, nineteen raccoon sera showed
TBEV PRNTso titers ranging from 1:25 to 1:800, but seven sika deer sera were PRNT50-
negative. In this study, the PRNT50 with neutralizing antibody titers (PRNTso) of 21:50
indicated Strep-SP ELISA positive when raccoon serum samples showed a P/N ratio of 21.5.
However, the cut-off value of Strep-SP ELISA was not determined for sera from sika deer.
Chapter Il describes an expanded, serological survey of TBEV on Hokkaido and Honshu
islands by testing a total of 1,649 animal sera sampled in 2003-2018, including 1,072
raccoons, 519 sika deer, and 58 wild boars using Strep-SP ELISA and PRNT50. In addition,
507 Ixodid ticks and 22 raccoon bloods were examined by real-time RT-PCR and virus
isolation. As a result of the serological survey, the most identified TBEV seropositive species
was raccoons (3.9%; 42/1,072), followed by sika deer (0.6%; 3/519). The central part of
Hokkaido had the highest seroprevalence at 5.7% (39/685), followed by the Kenhoku District
of Tochigi Prefecture in Honshu at 2.4% (1/42), and the eastern part of Hokkaido at 0.6%
(5/819). Significant differences in TBEV seroprevalence among raccoons were observed

between Sorachi District (9.5%) in the central part of Hokkaido and Iburi (2.1%; p < 0.05),
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Ishikari (2.1%; p < 0.01), and Tokachi District in (0.8%; p < 0.01). Neither raccoons nor wild
boars in Fukushima and Tochigi Prefectures had TBEV antibodies. All Ixodid ticks and raccoon
blood tested negative for TBEV.

In the study, TBEV foci were newly discovered in Tokachi District in the eastern part of
Hokkaido with TBEV seroprevalence in raccoons (0.8%; 3/368) and Hokkaido sika deer (0.5%;
2/401), and in Tochigi Prefecture with TBEV seroprevalence in Honshu sika deer (2.4%; 1/42).
From the data of these seropositive sera collected in 2016—-2018, the areas may have been
recently exposed to TBEV, which may suggest a possibility that TBEV is distributed in a wide
range not only in Hokkaido but also other islands.

Chapter Il includes a serological survey on cattle and sheep sera collected across the
country using Strep-SP ELISA. A total of 728 cattle sampled in 1998—-1999 from 13 prefectures
on all islands of Japan, and 177 sheep sera in the central part of Hokkaido were tested. Of
these, 70 cattle and three sheep sera showed P/N ratios of 21.5. Unexpectedly, however,
TBEV-neutralizing antibodies were not detected in cattle sera. Only one cattle serum showed
a low-level titer (1:20) against TBEV in PRNT50. In this study, Strep-SP ELISA was first applied
to the examination of cattle sera. Although the reason of high nonspecific reaction in cattle
sera is unknown, as a possible explanation for this unexpected result, non-specific IgG in cattle
sera might have associated with the reaction of Strep-tag of TBEV-SPs or Strep-tactin AP.
However, it may not deny the possibility that TBEV Strep-SPs might have reacted to antibodies
against unknown flaviviruses that are antigenically related to TBEV.

In conclusion, this thesis study revealed the presence of new TBEV foci in the eastern part
of Hokkaido and Tochigi Prefectures (Honshu island) through serological surveys in large wild
animals. The present study may suggest that TBEV is widely distributed in Japan more than
expected, especially in Hokkaido. For continuous large-scale monitoring of TBEV foci using
large wild animals such as raccoons, sika deer or wild boars as known sentinels, a combination

of Strep-SP ELISA with PRNT50 seems to be useful. To avoid emerging TBE, it is required to
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find out the exact locations of TBEV foci in the areas where the serological evidence of TBEV

infection is given.
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