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INTRODUCTION

Tick-borne encephalitis (TBE) is one of Europe and Northern Asia’s
most common tick-borne zoonotic diseases [1]. The disease is caused by tick-
borne encephalitis virus (TBEV), a member of the Flaviviridae family [2].
The main transmission route is through the bite of an infected tick, although
alimentary transmission following consumption of unpasteurized infected
milk products is also possible [3]. EE is medically the most important tick-
borne infection which can cause severe neurologic symptoms, long-term
sequelae after infection, and death [4].

Although the disease is preventable by vaccination, the incidence of TBE
has been increasing during the last few decades [4]. The number of human
TBE cases in all endemic regions of Europe has increased by almost 400% in
the past 30 years [5]. Moreover, the risk areas have spread and new foci have
been discovered [5,6]. The EU/EEA notification rate of human TBE cases for
2016-2018 was 0.6 cases per 100,000 population, increased to 0.7 cases per
100,000 population in 2019, and reached 0.9 cases per 100,000 population in
2020 [5]. The incidence rate of TBE in Lithuania has been one of the greatest
in Europe for more than 10 years. According to the National Public Health
Centre under the Ministry of Health, the prevalence rate of reported human
TBE cases in Lithuania was 58% higher in 2023 compared to 2022 and has
increased from 13.3 to 20.8 cases per 100,000 population. The TBE poses a
growing health problem in almost all endemic European and Asian countries
[4].

Tick-borne encephalitis is a focal infection, therefore the distribution and
prevalence of the virus in nature are suggested to be influenced by the inte-
ractions between ticks and reservoir hosts of the virus, as well as particular
environmental and climatic factors [7-10]. A warming climate has been sug-
gested to be one of the key factors, affecting increasing human TBE incidence
[8, 11-14]. Moreover, a higher human TBE incidence rate might also be
related to an increased rate of outdoor activities in potentially tick-infested
areas and the spreading of those areas [10, 15], especially in urban locations
and suburbs [16, 17]. However, the prevalence of TBEV in ticks is primarily
low, especially in questing ticks [18], therefore various animals were investi-
gated as potential sentinels for TBEV detection and monitoring in suspected
foci [19-21].

Small wild rodents are known as sufficient reservoir hosts of TBEV,
suitable for virus amplification and maintenance, therefore they might be
perfect sentinels for TBEV monitoring studies [20]. Moreover, they do not
migrate long distances, tend to be populated in high numbers, and are conve-



nient to trap and collect [22]. Furthermore, rodents tend to be highly infested
with ticks and are known as the main hosts of subadult stages of ticks [23,
24]. In addition, studies in highly endemic Siberia regions suggest that
rodents might be persistently infected with TBEV, and most of them might
carry the virus in TBEV foci [25]. Moreover, a few studies reported that
TBEV-Eu might persist in wild rodents without detectable antibodies [26, 27].

Although many species of animals belonging to classes of reptiles,
mammals, and birds might be TBEV-infected, clinical symptoms are mainly
observed in humans and less frequently in dogs, horses, and occasionally in
other accidental hosts [28]. Based on studies made in the previous century,
TBE in dogs was reported rarely and it was thought that clinical disease has
a high risk of lethal outcome [29]. To date, TBEV is considered to be one of
the most important infectious agents causing central nervous system (CNS)
infections in dogs in endemic areas [30]. Although studies suggest that the
major part of TBE cases in dogs are asymptomatic, acute, peracute, subacute,
and chronic courses of the disease have been reported in dogs [29, 31, 32].
Moreover, TBE might be underdiagnosed in dogs because of unawareness of
possible disease even in endemic regions [32—34]. Currently, the diagnosis of
TBE mainly relies on TBE-related clinical symptoms and the detection of
TBEV-specific IgM antibodies in blood serum and/or cerebrospinal fluid
(CSF) [35, 36] however, cross-reactions with other flaviviruses are possible
[37]. Moreover, TBEV RNA detection by polymerase chain reaction (PCR)
might be a valuable tool for an early diagnosis [36].

The present study sought to investigate the prevalence of TBEV in wild
rodents, captured in TBE foci and dogs, residing in Lithuania’s second-
largest city and its vicinity. Based on the data on TBEV persistence in
rodents, it was hypothesized that cultivating rodent tissue samples in murine
neuroblastoma Neuro-2a cell line could increase the viral load to detectable
levels. Moreover, TBEV RNA and TBEV-specific antibodies as well as
clinical symptoms and risk factors for the severe course of the disease and
mortality in dogs in Lithuania were investigated for the first time.

Scientific novelty

The prevalence of tick-borne encephalitis (TBE) virus in small wild
rodents and dogs in Lithuania was thoroughly investigated for the first time.
The present study revealed an unprecedentedly high prevalence rate of TBEV
in wild rodents, captured in TBEV foci in Lithuania. However, the detected
viral load was low in the majority of samples. The results show that rodents
are perfect sentinel animals for TBEV monitoring, and various factors
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potentially leading to such a high prevalence are discussed here. Present work
reports TBEV RNA detection in fetuses of Apodemus flavicollis, Clethrio-
nomys glareolus, and Microtus arvalis for the first time. Moreover, it
includes the first report of natural TBEV infection in Mus musculus mice.

The prevalence rate of TBEV RNA and TBEV-specific antibodies in
dogs was investigated, and the possible risk factors for severe course of
disease and death were analyzed for the first time in Lithuania. Such studies
of the prevalence of TBE in dogs are very scarce worldwide and the data
reported here is of high scientific novelty, raising awareness of clinical TBE
in dogs. In addition, the results provide data on TBEV RNA detection in early
and acute disease.

For the first time, the cell culture method was successfully used to
investigate the prevalence rate of TBEV RNA in wild rodents. The results
demonstrate that the cell culture method is highly efficient for increasing
TBEV load to detectable quantities in the samples of wild rodents and ticks,
detached and collected from the dogs.

Aims and objectives of the study

The study aimed to investigate the prevalence of TBEV in wild rodents,

dogs, and detached ticks, collected from the dogs.

Four objectives were in turn devised to implement the aim of the thesis:

1. To investigate the prevalence of TBEV RNA and TBEV-specific
antibodies in the samples of dog blood and to analyze the main risk
factors for the severe course of the disease and death.

2. To investigate the prevalence of TBEV in suspensions and cell
culture isolates of samples of ticks, detached and collected from
dogs.

3. To investigate the prevalence of TBEV in the brain and internal
organ samples of wild Muridae and Cricetidae rodents, captured in
TBE foci.

4. To assess the detection sensitivity of TBEV RNA in wild rodent
organ samples and ticks using the cell culture method and the
standard molecular methods.
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1. LITERATURE REVIEW

1.1. TBEV taxonomy and structure

Tick-borne encephalitis virus (TBEV) belongs to the genus Orthoflavi-
virus (Flaviviridae family), which includes multiple tick- and mosquito-
transmitted human and animal viruses, such as West Nile fever virus, Dengue
virus, Zika virus, and Japanese encephalitis virus [38, 39]. Most orthoflavi-
viruses are transmitted by mosquitos and are extensively studied due to their
role in human health care. On the other hand, tick-borne flaviviruses, such as
TBEV, Omsk hemorrhagic fever virus, Langat virus, Powassan virus,
Kyasanur forest disease virus, and the emerging Alkhurma hemorrhagic fever
virus, have gained significantly less attention compared to their mosquito-
borne counterparts. Therefore, the main part of the data on the structure and
replication of TBEV are based on research on other orthoflaviviruses [40].

Flaviviruses undergo a maturation process during replication inside the
cells, and infected cells produce at least three types of particles: immature
non-infectious particles, partially mature, and mature infectious particles [40,
41]. The mature virions of TBEV are smooth, and spherical, with a diameter
of 50 nm, which is comparable with other flaviviruses [42]. TBEV is an enve-
loped virus with a positive-sense single-stranded RNA genome. The genome
is approximately 10.5 kb and includes a 5’ type I cap, 5’- and 3’- non-coding
regions, and one long open reading frame (ORF). The ORF encodes three
structural proteins (C, prM, and E) and seven non-structural proteins (NSi,
NS:A, NS2B, NS3, NS4A, NS4B, and NSs) [40, 43]. The virion consists of a
nucleocapsid, surrounded by an envelope, which is composed of host-derived
lipids, in which two viral membrane proteins, the major envelope glycopro-
tein E (molecular mass, 52 kDa) and the small membrane protein M (mole-
cular mass, 7-8 kDa) are embedded [44]. The lipid envelope is slightly
angular due to distortion by transmembrane domains of E and M proteins, as
is commonly observed among flaviviruses. In addition, the surface of the
TBEV virion is covered with small protrusions formed by glycans attached
to the subunits of the E protein [42]. The protein E mediates viral entry via
receptor-mediated endocytosis. Moreover, it contains the major antigenic
epitopes, which induce protective immune responses in the host [45].
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1.2. Genetic diversity and geographical distribution of TBEV

Three main TBEV subtypes were set apart by Ecker et al. [46] according
to their primary geographical distribution: European (TBEV-Eu), Siberian
(TBEV-Sib), and Far-Eastern (TBEV-FE). Interestingly, the amino acid
sequence variation in polyprotein is low: up to 2.2% within and up to 5.6%
between TBEV subtypes [46]. However, the taxonomy of the TBEV subspe-
cies was further complicated after the discovery of the divergent TBEV
strains 178-179 and 886-84 in Eastern Siberia near Baikal in 2001, which
could not be accurately assigned to already known subtypes [47]. Although
the strains mentioned above form a common clade with the Far-Eastern
subtype, some authors consider them two separate subtypes of TBEV [48—
50]. Recently, the name of the Baikalian subtype was given to “886-84-like”
viruses [50-52]. However, the taxonomic position of strain 178-79 remains
debated [53]. In 2017, a highly divergent strain TBEV2871 (prospectively
termed Obskaya) was reported to be found in Western Siberia in an adult
Ixodes pavlovskyi tick collected in the Ob’ riber vicinity [43]. In 2018,
another new subtype was described in marmots (rodents) in the Tibetan
Highlands and the Himalayan subtype name was proposed to name it [49]. At
least three separate lineages have been reported within the TBEV-Sib subtype
[43]. In addition, different genetic lineages have been identified within each
subtype. Several TBEV-Eu lineages have been described [54—57]. In addition,
anew lineage of the TBEV-Eu subtype was found in 2015 in the Netherlands,
a country previously considered free of TBEV [58]. Within the TBEV-FE
subtype, at least four separate lineages have been found and reported [47, 59—
61]. However, the status of these novel viruses in terms of subtype names
remains uncertain and therefore varies in different publications [62]. In
addition, a sister clade to the European TBEV subtype is a tick-borne Louping
ill virus (ovine flavivirus), endemic to many areas in Europe, from the British
Isles to the Mediterranean [63].

In recent decades, multiple studies have reported the isolation of TBEV
subtypes far from their nominal geographic region [64]. TBEV-Eu is carried
mainly by Ixodes ricinus ticks in central and north-eastern Europe, whereas
TBEV-Sib and TBEV-FE are mostly found in /. persulcatus ticks in areas
from north-eastern Europe to the Russian Far East, China and Japan [65, 66].
All three TBEV subtypes have been found in the Crimean Peninsula in
Ukraine [67], Latvia [68], and Estonia [69]. Unexpectedly, the TBEV-Eu
subtype has been found in South Korea, while in the neighboring countries
(Japan, China, and northeastern Russia) only the TBEV-FE subtype has been
isolated [66, 70]. In addition, TBEV-Eu subtype has been detected in Russia’s
Altai and Irkutsk regions [62]. The TBEV-Sib subtype is found in Mongolia
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[71], Kyrgyzstan [72], Sakhalin Island [73], parts of the Scandinavia region
[74], and Bosnia, where a novel lineage of the TBEV-Sib subtype has been
discovered in addition to already known lineages [75]. The TBEV-FE subty-
pe has been detected in the Urals, Southern Siberia [62], and Moldova [76].

An increasing body of data on TBEV expanding into new areas has been
reported in the past decade. TBEV expansion to higher altitudes has been
reported in Czechia [77] and Italy [78]. Moreover, Soleng et al. [79] were the
first to report TBEV prevalence in ticks, collected at locations up to 65.1
degrees North in Northern Norway. Furthermore, human TBEV has been
reported in countries previously considered TBE-free, such as the Nether-
lands [80,81], and the United Kingdom [82]. Additionally, TBE incidence is
increasing and new foci have emerged in France [83], Denmark [84], Nort-
hern and Southern Germany [85-87], and Sweden [88].

1.3. Vectors of TBEV and biology of Ixodes ricinus ticks

The main vector of TBEV-Eu is 1. ricinus ticks while Ixodes persulcatus
ticks are the main vector of TBEV-Sib and TBEV-FE [89]. Moreover, studies
show that Ixodes inopinatus, which may predominate in the western Mediter-
ranean and also was detected in Germany, Austria, and Romania [90] might
have been mistaken for 7. ricinus [91]. Topp et al. [85] reported TBEV
prevalence in ticks of Ixodes ricinus/inopinatus complex in Germany. The
distribution of 1. ricinus overlaps with 1. persulcatus in the east, where 1. per-
sulcatus is found in parts of Eastern Europe and throughout temperate Asia
[92]. In TBEV-endemic areas where the species mentioned above are absent
or prevalent in low numbers, other Ixodid ticks may act as vectors, including
Haemaphysalis concinna ticks, an important TBEV vector in Asia [93, 94].
From the north to the south of Eurasia the forest zones transit to forest-steppe
(a suitable habitat for Ixodes and Dermacentor ticks) and steppe (where
Dermacentor ticks are dominant) [93]. Recently, TBEV was detected in
Dermacentor reticulatus ticks in multiple studies in Poland [95-97] and
Germany [98]. Lickova et al. [99] suggested that D. reticulatus is potentially
a biologically effective vector of TBEV. In some endemic foci, it might be
an underrecognized TBEV vector that contributes to the expansion of TBEV
in endemic areas. An experimental study demonstrated TBEV persistence in
D. reticulatus ticks and tick cells [100]. Other possible vectors capable of
carrying and transmitting TBEV may be . paviovskyi, Ixodes ovatus, Haema-
physalis flava, Ixodes nipponensis, Dermacentor nutalli, and more [93].
However, as concluded by Labuda and Randolph [101], TBE virus survival
depends not on the specific virus susceptibilities of certain vector species (as
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for many other arboviruses), but rather on the intimate ecological association
of L. ricinus or I. persulcatus with transmission-competent vertebrate hosts.

1L ricinus ticks spend most of their life (> 99%) off the host, either unfed
(resting or questing), engorged (in a development diapause (physiologically-
mediated delay)), or engorged and developing into the next stage (moulting)
following a blood meal [102]. 1. ricinus is a three-host tick and under favorab-
le conditions, the life cycle usually requires 2—3 years in the south range and
4—6 years in the northern range [102, 103]. Each of the three active stages
(larva, nymph, and adult female) takes just one huge blood meal throughout
a few (usually 4-10) days. Freshly engorged and detached ticks search for a
place to avoid direct exposure to sunlight and impending desiccation. In areas
with low precipitation, permanent leaf litter is crucial for the survival of
1L ricinus ticks [102, 104]. The adult female tick lays eggs after the last blood
meal. The adult male tick usually does not feed, although it sometimes takes
a small blood meal. The adult male ticks search for a host mainly not to feed,
but to mate. Males are commonly found mating females when feeding
bloodmeal [105]. The larva or the nymph of /. ricinus tick develops into the
next stage within a few weeks or months after the engorgement and detach-
ment (depending on ambient temperature) or following a diapause over the
winter [103, 106]. As I. ricinus ticks actively quest for hosts and therefore
spend most of their lifecycle off their hosts, their survival and development
depend on the environmental conditions, including abiotic conditions, habitat
quality, and host availability [107-109].

Host-seeking activity (questing) of nymph and adult /. ricinus ticks has
been reported at 3 °C or slightly below. However, the approximate lower
threshold of daily temperature for the activity of significant numbers of
nymphs and adults is around 10 °C [108, 110]. Hvidsten et al. [111] reported
a northern extension of the range of 1. ricinus in Norway concluding that the
effect of temperature on tick activity is unlikely to be the main determinant
of tick population establishment. The daily temperatures in the newly
detected 1. ricinus northern range regularly exceed the tick activity tempe-
rature threshold of 7-10 °C only for a few months from June to September.
However, such a short period seems sufficient to maintain the I ricinus
population and the development to the next stage before the onset of unfavor-
able conditions. Moreover, the growing season length (GSL) was associated
with the presence of . ricinus and reached at least 170 days in the permanent
sites of /. ricinus [111].

Tick activity is also strongly dependent on the humidity of the environ-
ment and the body-water status of the ticks, especially at higher temperatures
[108, 112]. The activity may be temporarily depressed when habitats become
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too dry, even if maximum temperatures remain below the upper threshold of
35 °C. The questing activity may fluctuate considerably over only a few days,
especially after rainfall when the level of questing ticks may quickly increase
and reach the former high [102]. If the relative humidity is 80—85% or higher,
ticks can actively absorb water from the surrounding air. On the other hand,
ticks lose body water if the relative humidity falls below 80% [113] or the
saturation deficit is too high [108, 114]. However, Gray [105] reported that
questing of all I. ricinus stages can persist in hot weather, as long as the litter
layer remains sufficiently moist, and the ticks can retreat into the soil and leaf
layer to restore body water.

Typical I ricinus habitats are forests including margins and relatively
humid forest-like biotopes such as bushes and thickets, heaths, moorland,
heathland, scrub and rough pasture, and unmanaged grasslands [9, 115, 116].
Woodlands and broad-leaf forests with sufficiently dense undergrowth are
the most preferable, however, the ticks can also be found in appreciable
densities in coniferous forests if there is a sufficient amount of precipitation
[102, 115]. In the far northern /. ricinus range ticks are found in scrubs and
coniferous forests [111] and in the southern range, ticks prefer mountainous
habitats with scrub and sparse woodlands [117]. In addition, /. ricinus is also
found in sheep-grazing pastures and humid valley pastures in the British Isles,
which are not common biotopes in continental Europe [118]. Moreover, ticks
are present throughout Europe in urban green areas with high relative
humidity, such as parks and gardens, forest patches, and cemeteries [17, 116,
119].

Numerous studies have investigated the abundance and distribution of
1. ricinus in forests and woodlands with reported densities ranging from 75 to
488 nymphs per 100 m? [120-122]. The investigation of the prevalence of
1 ricinus ticks in cattle grazing pastures in France conducted by Boyard et al.
[123] reported a density of 27 to 388 nymphs per 100 m?. A lower abundance
of I ricinus nymphs in grassland compared to woodland was also reported in
Scotland [120]. The abundance of ticks in pastures of Ireland was associated
with the availability of tick hosts [ 124]. Various factors, such as humidity and
the presence of woodland or bushy vegetation on the perimeter of the grazing
pasture potentially influence the abundance of ticks by providing tick litter
mats and sufficient moisture [125]. A study in France revealed that moder
humus soil type, characterized by a thick layer of fragmented leaves was
strongly associated with nymph abundance (compared to mull and mull-
moder humus soil) [126]. Woodlands and hedgerows are natural shelters for
small vertebrates and rodents, such as C. glareolus and Apodemus spp. [127],
which are well-known hosts not only for larvae and nymphs of ticks [128,
129] but also for TBEV [130]. In addition, Apodemus sylvaticus can also be
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found in pastures [131]. Other mammals that seek shelter in bushes and
thickets are roe deer (Capreolus capreolus), which are important hosts of
L ricinus ticks [132, 133] and providers of mating places for adult ticks [ 105].
Interestingly, a study in France found that the apple and cherry trees on the
pasture’s perimeter benefit the abundance of I ricinus ticks. The authors
discussed that fruits attract birds and mammals, which might contribute to a
significant population of ticks near the fruit trees [123].

Host-seeking /. ricinus ticks primarily respond to non-specific stimuli.
Gradient carbon dioxide changes, increase in local temperature, presence of
a sudden shadow, and vibration attract /. ricinus ticks [110]. There is some
evidence that /. ricinus are attracted to the volatile substances from the back
of a dog’s ear [134], eructations of volatile rumen metabolites of ungulates
[135], and the odor of rodents (bank voles) [136]. Moreover, substances from
deer tarsal glands and dorsum of the dog ear induce a response of ticks (Ixodes
scapularis, Amblyomma americanum, Dermacentor variabilis) to aggregate
in places associated with host presence [137].

1.4. TBEV maintenance in nature

According to the World Health Organization, arboviruses are “viruses
that are maintained in nature principally, or to an important extent, through
biological transmission between susceptible vertebrate hosts by hematopha-
gous arthropods or through transovarial and possibly venereal transmission
in arthropods: the viruses multiply and produce viremia in the vertebrates,
multiply in the tissues of arthropods, and are passed on to new vertebrates by
the bites of arthropods after a period of extrinsic incubation” [138]. The
principal transmission route of tick-borne viruses is horizontal, from an
infected tick to an uninfected definitive host and from an infected host to an
uninfected tick [139]. According to Nuttall and Labuda [140], horizontal
TBEV transmission between ticks and their vertebrate hosts is necessary for
virus endemism. Generally, the hosts are divided into three groups: reservoir,
indicator, and accidental. Natural reservoir hosts of TBEV (animals important
for the transmission of TBEV to ticks since they are sensitive to the virus,
and show prolonged viremia without the presence of clinical illness) are
rodents (Apodemus, Clethrionomys, Microtus, Mus, Micromys, Pitymys, Glis,
Arvicola, Sciurus, and Citellus), insectivores (Erinaceus, Sorex, Talpa) [141]
and carnivores (Vulpes, Mustela) [27, 142].

Although horizontal transmission from vertebrate to tick has been
previously suggested to depend on the level of viremia, it is now known that
tick-borne encephalitis virus can be transmitted during the co-feeding of
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infected and uninfected ticks on non-viremic hosts [143, 144]. A recent expe-
rimental study demonstrated that TBEV viremia in bank voles (C. glareolus)
may last up to 28 days, although the possible virus infectivity for ticks was
not tested [145]. To date, transmission during co-feeding between infected
nymphs and uninfected larvae when they feed near each other on the same
host is thought to be the main transmission route of TBEV-Eu and the most
efficient mechanism to maintain TBEV-Eu in a given area [146, 147]. More-
over, non-viremic transmission between TBEV-infected and non-infected
ticks during co-feeding on the same host can be replicated empirically via
needle-and-syringe inoculation if tick saliva or salivary gland extracts are
included in the virus inoculum [148]. The pool of saliva produced by ticks
that feed near each other is thought to enhance the virus exchange between
the co-feeding ticks [146]. Enhancement of pathogen transmission by ticks’
saliva, called saliva-assisted/activated transmission has been documented for
several tick-pathogen relations [149]. Furthermore, a TBEV transmission
during co-feeding can also occur in previously TBEV-immuned hosts, although
the effectiveness is reduced compared to co-feeding on non-immuned hosts
[101].

Vertical transovarial transmission is another possible mode for ticks to
transmit TBEV. However, various studies report that only 0.23-0.75% of
larvae hatched from eggs laid by TBEV-infected adult females were trans-
ovarially infected and TBEV-positive [150, 151]. Other studies report that the
prevalence of transovarial TBEV transmission is generally < 5% [152]. The
rate and prevalence of transovarial TBEV transmission are probably insuffi-
cient to maintain TBEV in nature without the amplifying effect of horizontal
transmission [153]. However, it is considered as important since larvae show
a highly non-random distribution on their host, and usually, the ticks from an
egg batch quest together, therefore, the infection rate might be enhanced as a
result of non-viremic transmission among co-feeding larvae [154]. Moreover,
trans-stadial TBEV transmission occurs meaning that once infected, the tick
will usually remain infected throughout its life [140]. Furthermore, sexual
transmission when TBEV-infected tick males infect females by transferring
infectious saliva or seminal fluid during copulation is another mode of virus
transmission between ticks [155]. However, it is not clear if transovarial and
sexual transmission of TBEV are required for the long-term persistence of
TBEYV in the ecosystem [156]. In addition, male ticks (/. ricinus and I. persul-
catus) sometimes feed on hungry females off the host, therefore so-called
“omovampiric” transmission of TBE by males of 1. persulcatus is possible
according to Alekseev [155]. This theory was raised because there were
enough infective virions in the male tick saliva and a high incidence of
“omovampirism” (> 7% of field-collected females had male bite traces) [155].
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1.5. Hosts of TBEV

1.5.1. Wild animals

The larger hosts (e.g., cervids, foxes) tend to carry higher quantities of
ticks, although they are usually found in much lower densities than rodents.
Randolph et al. concluded that the abundance of rodents, even if the intensity
of tick infestation is smaller, certainly compensates and rodents might be
hosting the major part of the local tick population at any given time [103].
Moreover, rodents in temperate climates, such as Central Europe, show cyclic
population fluctuations with the lowest population numbers in early spring
and the highest in late summer/early autumn [157]. This peak of rodent abun-
dance in early autumn overlaps with the density peak of 1. ricinus, especially
nymphs. In addition, in early spring when rodents tend to be less abundant,
the densities of adult ticks are highest, which prefer a larger host [104].

Rodents of various species were reported as hosts for ticks in Central
Europe [158]. However, several studies have suggested that some species of
rodents might be more preferred hosts of larvae and nymphs of 1. ricinus ticks
than others. A study conducted in Germany reported A. flavicollis, Apodemus
agrarius, and C. glareolus [159] in France [160] and Romania [161]
M. arvalis, Apodemus uralensis, and A. sylvaticus rodents as main hosts for
subadult stages of /. ricinus ticks. Although rodents are highly competent
hosts for ticks, especially for subadult stages, post-larval bite-acquired
resistance to 1. ricinus ticks was reported in C. glareolus voles, which results
in reduced engorged weight and reduced survival of nymphs. However, the
same study did not observe resistance to /. ricinus in A. flavicollis mice [162].
Resistance to Ixodes trianguliceps ticks in A. sylvaticus was much lower
compared to laboratory mice [163]. In addition, individuals of C. glareolus
and A. sylvaticus with high testosterone levels showed reduced innate and
acquired resistance to feeding /. ricinus ticks [164]. Several studies reported
lower tick burdens in C. glareolus compared to Apodemus spp. [160, 165—
168]. A better roaming and a greater home range occupied by Apodemus spp.
are suggested as potentially influential for higher tick burdens on mice [165].
Although Kiffner et al. [169] have not found a significant difference in tick
burdens on C. glareolus and A. sylvaticus, Boyard et al. [170] reported that
C. glareolus had significantly lower quantities of ticks than Apodemus spp.
and even slightly lower than in M. arvalis, which are pasture-specific.
Moreover, tick burden was influenced by the rodents’ habitat: 4. sylvaticus
carried 4.8-fold more larvae in woodland and 2.6-fold more larvae in
hedgerows compared to grassland not connected to woodland [170].
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Deer, especially roe deer (Capreolus capreolus) and red reed (Cervus
elaphus), are native animals in northern and central Europe and are natural
hosts for /. ricinus [102]. Several studies have observed a clear association
between deer density and [ ricinus abundance [171-176]. However,
Hofmeester et al. [177] suggested that the presence of deer, rather than
density is sufficient to ensure high tick abundance. Nonetheless, Dobson and
Randolph [178] demonstrated the complexity of the deer density and tick
abundance relationship by mathematical models suggesting that the density
effects varied with the initial density of deer.

Cervids are known to be important hosts for adult tick feeding and
mating, although multiple studies suggest that deer might also be important
hosts for subadult stages of ticks. Cervids, especially roe deer might carry
significant numbers of subadult tick stages, which might not be noticed
because of the specifics of the methods of tick counting on carcasses of large
animals [179]. I ricinus nymphs (50.5%) were reported as the most frequent
tick stage found on red deer, followed by adult females (34.8%), males (11.4%),
and larvae (3.3%) [180]. Another study reported that nymphs (23.9+3.2) were
slightly more abundant compared to adult females (21.4+3.5), larvae (10.8+
4.2), and males (8.4%1.5) [181]. On the other hand, Kr6l and colleagues [182]
described that /. ricinus was the predominant tick species (99.76%) found on
the red deer and adult females were the dominant life stage (42%), followed
by nymphs (31.1%), males (13.7%) and larvae (13.2%). Moreover, an almost
five-fold higher mean number of ticks found on the red deer in the forest
ecotype (3.75+0.83) compared to the field ecotype (0.77+0.20) was revealed
and suggested that the habitat of deer might play a role in the density of tick
infestation [183]. Furthermore, an increase in roe deer abundance due to the
changes in land, vegetation, and wildlife management practices, that support
rodent populations, is likely to be among the most crucial factors affecting
the circulation potential of TBEV-Eu [184].

The role of cervids in the transmission cycle of TBEV is mostly limited
to incompetent transport hosts, which can distribute ticks across their for-
aging range with enclosure areas of 30 km? or larger [180, 185]. A spatial
analysis study by Knap and Avsi¢-Zupanc [186] found a positive correlation
between red deer and roe deer abundance and TBE incidence at the country
level in Slovenia. At the local level, a correlation between red deer abundance
and tick-borne encephalitis occurrence was confirmed, however, no such
relations were noticed between roe deer density and TBE incidence in Slove-
nia [186]. Kriz et al. [ 187] concluded that the regulated population size of roe
deer seems not to be implicated in recent geographical and temporal varia-
tions in TBE incidence in Czechia. Moreover, a “dilution effect hypothesis”
was raised by Cagnacci and colleagues [188] who observed that TBE infection
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in ticks and rodents was positively associated with the number of co-feeding
ticks and negatively correlated with deer density in Italy and Slovakia. The
authors hypothesized that the negative relationship between deer density and
TBE incidence on a local scale could be attributed to deer (incompetent hosts)
diverting questing ticks from rodents (competent hosts) [188]. Perkins et al.
[189] proposed that the localized absence of deer (loss of dilution host)
increases tick feeding on rodents, leading to the potential for tick-borne
infection hotspots.

The seroprevalence of TBEV-specific antibodies in cervids varies between
countries and surprisingly high seroprevalence was reported in countries of
low TBEV endemicity such as Belgium and Italy. The reported TBEV-sero-
prevalence in roe deer was 0.7% [190] and 19.5% (1.6% and 40.7% in diffe-
rent areas) in Norway [191], 2.4% (4.1% including borderline results) in
Austria [192], 2.5% in Serbia [193], 4% in England and Scotland [82], 6.9%
[194] and 8.7% in Denmark [195], 11.6% in Poland [196], 12.4% in Belgium
[197], 37.7% in Italy [198], 50-53% in Sweden [133, 199]. Interestingly, highly
variable results were reported by a few separate studies in different areas of
Germany, with reported seroprevalence of 2.7% [200], 7.8% in Northeastern
Germany [201], 22.4% in Southern Germany [132], and 22.9% (varied bet-
ween 17.6% and 50% in two forest districts located in the same county) in
separate studies [203]. Moreover, TBEV seroprevalence in other cervids was
reported to reach 42% in moose (4lces alces), 42% in red deer and 25% in
fallow deer (Dama dama) in Sweden [199], 22.6% in red deer and one out of
eight tested chamois (Rupicara rupicara) in Italy [198], 1.7% in red deer and
5.6% in fallow deer in Germany [200], 1.4% in red deer and 9.4% in moose
in Norway [190], 0.74% in moose and 0.74% in white-tailed deer (Odocoileus
virginianus) in Finland [204], 0.5-2.4% in sika deer (Cervus nippon) in Japan
[205]. TBEV seroprevalence of 63.5% in Poland was reported in European
bison (Bison bonasus) [206]. Furthermore, TBEV RNA was detected in 1.1%
of spleen samples of red deer, hunted and collected in Croatia [207]. In
addition, a clinical TBE case in roe deer was reported in Italy [208].

The role of wild boar (Sus scrofa) in TBEV maintenance is unclear. Kriz
et al. [187] suggested that the size of the wild boar population may have
contributed to the current high and rising trend in the incidence of TBE in
Czechia. The seroprevalence of 32% was reported in Sweden [199], 17.4%
in Italy [198], 16.8% in Poland [196], 2.9% (or 4.2% including borderline
results) [209], and 9.3% (7.7-33.4% in different areas) in Belgium [210],
varying from 0% to 23.3% in various locations in Germany [200, 202], 7%
in the Netherlands [211], 12.5% in Serbia [193] and 0.9% in France [212].

Red foxes (Vulpes vulpes) are important predators of young deer, and
more importantly — a key predator of small mammals, such as rodents. The
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red foxes might play a significant role in the reduction of tick quantities and
as a consequence, the risk of tick-borne infections [15]. Reported tick infesta-
tion of red foxes in Europe ranges from 7.4% in Italy [213], 51.1% [214] to
82.6% in Germany [215], and 86% in Hungary (45% of collected ticks were
L ricinus, although the intensity of infestation was low (5.2+0.9)) [216].
Takumi et al. [217] suggested that the abundance of foxes and leporids
negatively affected tick abundance in the Netherlands. Kiffner et al. [218]
found that the hunting bag density of red foxes in the previous year was
negatively correlated with human TBE incidence in Germany. Contrarily, a
positive correlation between the number of human TBE cases and the number
of red foxes was found in Sweden [219]. Higher quantities of red foxes were
associated with a higher incidence of human TBE cases in the following year.
However, the densities of European hares (Lepus europaeus) and grouse
(Tetraonini) negatively correlated with human TBE incidence in the same
study in Sweden [219]. Although the studies of TBEV in red foxes are scarce,
a few conducted in Germany showed that red foxes are promising sentinel
animals for TBEV monitoring. The investigation of TBEV-specific antibo-
dies in red foxes conducted in Germany by Haut et al. [220] revealed a sero-
prevalence of 30.5% in TBE risk areas and a significantly lower seropre-
valence of 13.1% in non-risk areas (overall 20.1%). In various locations in
Germany, TBEV-seroprevalence of 1.8-34.2% was found in red foxes
(results not confirmed by VNT) [221]. In non-endemic areas in Germany,
1 out of 759 red foxes was TBEV seropositive in a study conducted almost
three decades ago [222]. In an investigation in the Netherlands, a seropreva-
lence of 0.5% was detected in the blood of red foxes (results not confirmed
by VNT) [211].

1.5.2. Domestic animals

Sheep were originally introduced from the Middle East and are not
natural hosts for 1. ricinus ticks (despite the common English name of sheep
tick for . ricinus) [223]. Although sheep and domestic ungulates can main-
tain 1. ricinus populations when other hosts are absent [224], sheep can
develop strong resistance to 1. ricinus [225]. However, Dobson and Randolph
[178] suggested that adding large hosts (sheep) would effectively reduce the
number of questing ticks and therefore the risk to humans. Moreover, if the
sheep are treated with acaricide, the populations of ticks are predicted to
decrease rapidly. The extent depends on the relative abundance of untreated
wild hosts and treated domesticated hosts in a given area [178]. On the other
hand, studies in forest habitats grazed by sheep or cattle observed a decrease
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in tick densities which might be explained by the reduction of vegetation litter
after grazing [226, 227].

The prevalence of TBEV-specific antibodies in the blood serum of sheep
in Europe suggests that sheep are efficient hosts for ticks and TBEV. The
prevalence of TBEV-specific antibodies in sheep in Germany varied from 0%
to 12.8% in different regions [228]. The TBEV-seroprevalence reached 7.7%
in Sweden (25.6% in farms with high lamb morbidity and mortality) [229],
7% in Hungary [230], 4.2% in Lithuania [231], 2.6% in Slovakia [232], and
0.4% in Belgium [210].

The reported prevalence of TBEV-specific antibodies in the blood serum
of goats in Europe varied. The highest seroprevalence reaching 14.6% was
revealed in Switzerland [233]. In addition, a seroprevalence of 4.2% was
reported in goats older than 6 months in another study in Switzerland [234].
A TBEV-seroprevalence ranging from 0.4% to 13% was reported in Germany
[228, 235]. A seroprevalence of 4.7% was reported in Poland [236], 0.9% in
Austria [237], and 0.7% in Lithuania [231]. An alimentary outbreak in Croa-
tia was confirmed following the detection of TBEV-specific antibodies in the
blood serum of goats on the suspected farm [238]. Moreover, a new TBEV
focus was revealed in Italy by screening goat blood serum for TBEV-specific
antibodies [239].

The reported TBEV-seroprevalence in cattle varied in different countries
in Europe. The highest rate of TBEV-specific antibodies was reported in
Hungary, reaching 26% [230]. Paulsen et al. [240] reported a seroprevalence
of 13.4% in blood samples of cows. TBEV-specific antibodies were detected
in 4.1% of cattle blood serum samples in Poland [196], 2.6% in Belgium
[241], and 2.4% in Lithuania [231].

A few studies have investigated the prevalence of TBEV RNA and
TBEV-specific antibodies in the milk samples of goats, sheep, and cows.
A study conducted in Sweden revealed the prevalence of TBEV-specific
antibodies in 5.4% of unpasteurized cow milk samples [240]. Another study
conducted in Sweden reported the presence of TBEV-specific antibodies in
2.9% of cow milk samples [242]. A study conducted in Poland reported a
TBEV RNA prevalence in the unpasteurized milk of 22.2% of sheep, 20.7%
of goats, and 11.1% of milk samples of cows. Moreover, TBEV-specific
antibodies were found in the milk of 14.8% of sheep, 3.2% of cows, and 0%
of goat milk samples [243]. TBEV RNA prevalence of 4.5% in raw sheep
milk and 4.3% in raw goat milk was reported in Lithuania [244].

The highest reported prevalence rate of TBEV-specific antibodies in
horses was in Lithuania, reaching 37.5% [245]. A high seroprevalence of
26.1% in horses was reported in Austria [246]. Various prevalence rates of
TBE-specific antibodies in horses were reported in Germany in a few studies,
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fluctuating from 0.8% in non-endemic areas and 20-33% in TBEV-risk areas
[235, 247-250]. The reported prevalence rate of TBEV-specific antibodies in
horses was 3.4% in Slovakia [251] and 3.1% in Spain [252]. Moreover, clini-
cal cases with severe neurological symptoms were reported in three horses in
Austria [253, 254], and seven horses in Switzerland [255, 256].

To date, no reports of the presence of TBEV-specific antibodies in the
blood serum of cats are available. Blood serum samples of 399 cats (89% of
them had outdoor access) residing in Germany were analyzed for TBEV-
specific antibodies. No positive results were found among cats. However, one
sample showed a borderline result, which was negative in the serum neutral-
lization test (SNT) [200]. Two other studies have investigated blood serum
samples of 221 and 143 cats in Germany and did not detect TBEV-specific
antibodies [257, 258]. Whether cats mount an antibody response after contact
with TBEV remains unanswered [200].

The data on the prevalence of TBEV-specific antibodies in dogs are
reviewed in Section 3.1.1.

1.5.3. Birds

In Europe, passerine birds are hosts of immature /. ricinus ticks, the
vectors of a wide range of zoonotic pathogens, including TBEV. As a result,
birds can transport and disseminate infected ticks along their migration routes
[259]. Most migratory birds divide their trip into several so-called migration
legs, interspersed with time spent on stopover sites along their migration route
and providing opportunities for new ticks to attach and already-fed ticks to
detach from the birds [260]. Following birds along their migratory routes, the
TBEV-infected ticks may allow the emergence of new endemic foci, only if
biotic and abiotic conditions are favorable for the maintenance of the virus in
ticks and vertebrate hosts [259].

Migratory birds have been found to harbor TBEV-infected ticks in va-
rious European countries. TBEV RNA prevalence of 14% in Ixodes ticks,
collected from birds of different species in Latvia [261]. In Estonia, TBEV-
Eu RNA was found in one /. ricinus nymph removed from Marsh Warbler
(Acrocephalus palustris) [262]. TBEV was found in two single nymphs
(0.7%) collected from two different Common Blackbirds (Turdus merula) in
Kaliningrad Oblast, a Baltic region of Russia [263]. Six TBEV-positive ticks
were found attached to birds (one larva on a juvenile Tree Pipit (Anthus
trivialis), one nymph on a juvenile Common Redstart (Phoenicurus phoeni-
curus), two nymphs and one larva on a juvenile European Robin (Erithacus
rubecula), and one nymph on Song Thrush (Turdus philomelos) during autumn
migration in Sweden [264]. In Switzerland, birds have been suspected to play
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a role in the emergence of new TBE foci [56, 265], and TBEV was spora-
dically found in ticks collected from birds in Switzerland [259].

A study conducted in the region of Western Siberia tested samples of
birds and ticks, collected from birds for the markers of TBEV using mono-
clonal modified enzyme immunoassay (EIA) and RT-PCR. TBEV RNA was
detected in 9.7% and TBEV antigen in 22.8% of wild bird samples. More-
over, TBEV markers were also found in 14.1% 1. persulcatus, 5.2% I. pav-
lovskyi, and 4.2% I. plumbeus ticks, collected from the wild birds [21]. Koro-
bicyn et al. [266] concluded that the emergence of TBEV-FE in I. paviovskyi
ticks in the Western Siberia region was directly caused by birds. Moreover,
TBE viral RNA and viral antigen were detected in the internal organs of 7.3%
of migratory birds (such as Brambling (Fringilla montifringilla), Common
Redstart (Phoenicurus phoenicurus), Fieldfare (Turdus pilaris), Chiffchaff
(Phylloscopus collybita), Great Tit (Paurus major), European Pied Flycat-
cher (Ficedula hypoleuca), Lesser Whitethroat (Curruca curruca), Redwing
(Turdus iliacus), Common Magpie (Pica pica), Hooded Crow (Corvus cornix),
Common Starling (Sturnus vulgaris), Rock Pigeon (Columba livia), etc.)
Furthermore, the authors reported that the prevalence of TBEV markers in
birds frequently infected by ticks did not differ from that in birds with rare
contact with ticks. In addition, the number of detected pathogens in individual
birds did not correlate with the number of ticks, parasitizing them [266].

The reported data suggests that birds can potentially spread TBEV in new
areas. The reported TBEV presence in wild birds and ticks, parasitizing them
indicates that birds may also play a role in the virus maintenance in nature.
Although more detailed research is needed, the existing data show that viral
RNA detection in the hosts and vectors of TBEV is inefficient in evaluating
the true prevalence of TBEV.

1.6. Transmission routes and clinical symptoms of TBE

1.6.1. TBE in humans

The main transmission route for TBEV is via the bite of an infected tick
[1]. The most common non-vectorial TBEV transmission route is following
the consumption of unpasteurized milk and milk products from infected goats,
sheep, and cows [267, 268]. Other transmission routes, such as materno-fetal
[269] and transmission through breastfeeding [238] were recently reported.
TBEV transmission through organ transplant was reported in Poland not long
ago, where three patients who received solid organ transplants from a single
donor developed encephalitis 1749 days after transplantation and subse-
quently died [270]. In addition, TBEV transmission through blood transfu-
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sion was reported in two patients in Finland more than 30 years ago [271].
Transmission through handling TBEV-infected materials in the laboratory
was reported in three patients in the abovementioned study in Finland [271]
two patients in Germany more than 40 years ago [272] and 1 patient in
Slovenia potentially infected through aerosol during isolation of the virus
from infected blood [273].

Clinical TBE can be a severe disease that often results in lifelong neuro-
logical sequelae and also can lead to death. The morbidity and mortality of
TBE vary depending on the viral subtype, the age of patients, and host genetic
factors. The estimated mortality rate of patients infected with TBEV-Eu is
0.5-2% [4, 274]. Up to 10% of TBEV-Eu patients show neurological seque-
lae and up to 50% of patients after acute TBE [275]. TBEV-Sib-infected
patients are prone to develop prolonged infections with a mortality rate of 2—
3%. TBEV-FE is associated with high rates of neurological sequelae and up
to 20-40% case fatality rate [4, 274, 276].

Various studies suggest that about two-thirds of human TBE infections
are asymptomatic [4, 277, 278]. Moreover, about one-third of TBE human
patients do not notice or recall the tick bite. The incubation period of TBE
ranges from 2 to 28 days and on average is 7 to 14 days after the bite of an
infected tick (shorter after alimentary infection). The length of the incubation
period and the severity of the subsequent illness do not correlate [275, 277].
Men are affected twice as frequently as women, and some studies suggest that
man (especially older) has an increased risk of severe disease [279]. A
biphasic course of the disease with the prodromal period is characteristic of
the TBEV-Eu subtype and occurs in about 75% of patients. The initial viremic
phase lasts 2 to 7 days and manifests with fever (37.5-39.0 °C), headache,
muscle pain, and fatigue. An afebrile period, that lasts 2 to 10 days usually
follows the first phase of TBE. Thrombocytopenia, leukopenia, and elevated
liver enzymes are common hematological findings in the first phase of the
disease. The fever returns (1-2 °C higher than the peak temperature in the
first phase) accompanied by the symptoms of inflammation of the CNS in the
second phase of TBE [4, 274, 275, 277, 278, 280].

Meningeal symptoms are present in the majority (about 50%) of sympto-
matic TBE cases in human beings, typically manifesting as high fever,
headache, nausea, vomiting, and nuchal rigidity, accompanied by photopho-
bia and vertigo in many patients [275]. The most typical clinical sign of TBE
is ataxia of the limbs. Meningoencephalitis (seen in about 40% of TBE pa-
tients) can be displayed by numerous neurological symptoms and signs. The
symptoms of meningoencephalitis caused by TBE include restlessness,
hyperkinesia of face and limb muscles, lingual tremors and speech disorders,
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tremors of extremities, movement disorders, pareses, convulsions, vertigo,
and seizures. Mental disorder symptoms, such as impaired cognitive function
and concentration, impaired consciousness (from sleepiness, amnesia to
stupor, or even coma in rare cases), personality and behavioral changes
(denying food, increased aggressiveness, skittishness, or apathy) delirium or
psychosis may also rapidly develop in occasional cases [4, 274, 275].

Meningoencephalomyelitis (occurs in 5-15% of patients) is the most
severe form of the TBE, usually associated with meningoencephalitis. It ma-
nifests as flaccid paralysis when motoneurons, radices, or peripheral nerves
are involved (poliomyelitic or polyradiculoneuritic forms that affect the upper
extremities more frequently than the lower ones and proximal segments more
often than the distal ones) or with spastic pareses in rare cases. Severe pain
in the arms, legs, and back is occasionally reported as the preceding symptom
in the progress of paresis [275]. Myelitis is usually accompanied by encepha-
litis. In rare cases, myelitis is the only manifestation of TBE [281]. However,
peripheral and autonomic nervous system dysfunction was rarely reported in
TBEV and other flaviviral infections [277, 282-284]. A retrospective study
of TBE patients conducted by Kleiter and colleagues [284] in Germany re-
ported TBE associations with autonomic dysfunction including reduced heart
rate variability and tachycardia, symptoms of upper and lower gastrointesti-
nal tract dysfunction, orthostatic hypotension, and urinary retention. More-
over, infection of anterior horn neurons is a well-recognized feature of TBE,
and the reduction in amplitudes of motor and sensory nerve conduction
velocity (NCV) suggests involvement distally to the sensory ganglia, that is,
a peripheral nervous system [282, 285]. Similarly, radiculitis occurs and
sensory nerves are occasionally affected in other flaviviral infections [286,
287].

In addition, some rare clinical manifestations of TBE outside CNS have
been reported. Abnormal liver function tests were reported in 22.2% of TBE
patients in the initial phase of the disease in Slovenia [288] and 22% in
Croatia [289]. Moreover, transient pancreatitis and myocarditis have also
been occasionally reported as clinical manifestations, usually in the initial
stage of the disease, but also as an individually separate clinical symptom
[289]. Furthermore, TBE may be complicated by polio-like syndrome [290,
291]. A chronic form of TBEV that may manifest as epilepsia partialis
continua has been described in patients infected with TBEV-Sib and TBEV-
FE. However, a chronic (progressive) course of the disease was reported in
two patients in Lithuania [280], where to date only the TBEV-Eu subtype has
been detected [292].

Post-encephalitic syndrome (PES) has been reported after an acute TBE
caused by TBEV-Eu in 35-58% of patients. Neuropsychiatric complaints,
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including hearing and vision disturbances, cognitive deficits and depression,
headaches, imbalance, and flaccid paresis or paralysis [4, 278]. The long-term
neurological sequelae of TBE include tiredness, anxiety, reduced stress
tolerance, nausea, dizziness, headache, insomnia, disturbances of memory or
concentration, disturbances of hearing, tremors, pain in the extremities, and
anomalies in electroencephalography, cranial nerve paresis, hemiparesis, pa-
raparesis, impaired balance, and coordination [274, 293]. However, findings
are difficult to interpret because of unclear distinctions between PES, other
sequelae of TBE, and symptoms present in general populations, as most
studies did not comprise a control group [4].

Risk factors for the unfavorable outcome of the TBE disease have been
identified and reported in several studies. Older age has been associated with
severe clinical course [278, 280, 294, 295]. A clear tendency for a more
severe course of TBE above the age of 7 has been reported [275, 296],
although severe cases have been reported even in young children and infants
under 1 year of age [279]. Two studies suggest that older age and male gender
are associated with a more severe course of TBE infection [297, 298].
However, in the retrospective study conducted in Lithuania by RadziSauskie-
né et al. [299] older age and monophasic disease were associated with a more
severe disease course, but not the male gender. However, there are no
available data on the possible reasons for the higher risk of severe TBE in
males compared to females. A higher risk of a more severe course of infection
with other viruses (including flaviviruses) in males could be associated with
the androgen-induced pathogenesis of viral disease [300] and the protective
effects of estrogens in females [301]. In addition, higher seroprevalence in
males in multiple studies [302—-305] was associated with a higher risk of
exposure to ticks. The specific risk factors of TBEV include living in an ende-
mic area or near forests, spending time in forests (working, hunting, fishing,
hiking, and picking mushrooms or berries), and consuming raw milk [1, 18,
306].

An encephalitic form of acute TBE [280], focal forms of acute TBE [307],
and the presence of PES have been associated with an increased risk of death
[308]. Multiple risk factors, such as ataxia, pareses, need for assisted venti-
lation, impaired consciousness (Glasgow coma scale (GCS) < 7), abnormal
magnetic resonance imaging (MRI) findings, pleocytosis > 300 x 105 L,
CSF protein concentration > 600 mg/dL were identified in the acute phase of
TBE [277]. Moreover, double infection (TBE and Lyme neuroborreliosis)
was reported as a risk factor for severe TBE [309, 310]. However, Logina et
al. [311] did not observe any evidence that co-infection of TBEV and
Borrelia burgdorferi sensu lato complex produces unusual clinical manifesta-
tions, unpredicted interactions between the two pathogens, or the risk of an
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unfavorable outcome of the diseases. The main reported causes of TBE
mortality are diffuse brain edema and involvement of the medulla oblongata
and the central portions of the brain [312].

1.6.2. TBE in domestic animals

The main route of TBEV infection in dogs is through the bite of an
infected tick [313]. Alimentary transmission of TBEV following the con-
sumption of raw TBEV-infected milk is also possible and can lead to severe
disease in dogs, although less frequently [267, 314]. Severe clinical TBE and
long-term sequelae of ataxia were reported in a Rottweiler of 8 years of age
whose diet included raw goat’s milk [314]. Recently, intrauterine vertical
transmission of TBEV from the dam to the offspring was reported. All three
Dalmatian puppies were 2-3 weeks of age when severe neurological symp-
toms developed (one had epileptic focal seizures around the eyes and ears and
the other two showed generalized seizures) which led to the euthanasia of all
three offspring [315].

Based on a more than 10-year-old review of a few reported TBE cases in
dogs, the clinical manifestation of TBE was thought to be rare and mostly
fatal [29]. The incubation period may be similar to that in humans (1-2
weeks), although no data is available in dogs. An experimental TBEV infec-
tion of three-month-old Beagle puppies caused no clinical signs or changes
in body temperature. In addition, only two of four infected puppies developed
low titer viremia 1-3 days post-infection (d.p.i.) [313]. According to Leschnik
et al. [31], the TBEV-specific antibodies after natural infection are detectable
in the blood serum of dogs for at least nine months. Four different courses of
TBEYV infection in dogs have been reported: peracute, acute, subacute, and
chronic [29, 31, 32]. The peracute course of TBE leads to death within three
to seven days and in some cases, even TBEV-specific antibodies are not
detectable. The prognosis of the disease becomes remarkably better when the
clinically affected dog survives the first week. The clinical signs of acute TBE
tend to improve in one to three weeks after onset, often without any sequelae.
A chronic course may lead to neurological signs lasting within one to six
months [31].

The most commonly reported symptoms of the first phase of TBE are
hyperthermia, apathy, and anorexia [30]. The most common neurological
symptoms in dogs with TBE reported by Kleeb et al. [30] were ataxia/vesti-
bular signs (51.8%), cervical pain (38.8%), seizures (31%), plegia/paresis of
one or more limbs (27.7%), cranial nerve deficits (29.6%), proprioceptive
ataxia (29%), cervical weakness (20%). Different most common neurological
symptoms in dogs were reported in a study by Kirtz et al. [316] where 54%

29



of dogs showed altered consciousness and behavior, 42% had a propriocep-
tive deficit, 37% had motor neuron deficit, 21% showed hyperalgesia of the
neck, 20% showed head tilt, facial paresis, nystagmus, hypoesthesia of the
head area, vestibular strabismus and dysphagia and 12% had seizures. Other
reported symptoms in dogs with clinical TBE include tremors, recumbency,
opisthotonus, anisocoria, miosis, cramp of front legs, strabismus, aggressi-
veness, head shaking, polypnea, diffuse pain, weakness, loss of eyelid closing
reflex and optic neuritis [29, 34, 317, 318].

Clinical TBE in horses has been recently reported in a few European
studies. Most clinical cases reported lethargy and ataxia of sudden or acute
onset [253, 255, 256]. Behavioral changes, such as anxiety, aggressiveness,
severe agitation, obtundation, episodes of impulsive walking, and head
pressing were reported in horses with clinical TBE [253-255]. Other reported
symptoms include proprioceptive deficits, head tilt, skin hyperesthesia,
reduced pupillary reflexes, reduced tone of the tongue, facial nerve paralysis,
and paralysis of neck and shoulder muscles [255]. In addition, reduced
consciousness, loss of balance, inability to induce motion, recumbency [253],
presumed blindness, and focal and generalized seizures were reported in
horses with TBE [254].

Clinical symptoms of TBE in other animals were reported only sporadi-
cally [28].
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2. MATERIALS AND METHODS

2.1. Sample collection

2.1.1. Dog samples and clinical data

Clinical samples of dogs were collected from two veterinary clinics in
Kaunas (central part of Lithuania) that agreed to participate in the present
study. Blood and CSF samples of dogs were taken in the clinics for diagnostic
purposes, no additional blood was drawn for the virus analysis. Before
conducting the investigation, explicit consent was obtained from the owners
of the dogs, granting authorization for the utilization of clinical samples.

Blood (n =473) and CSF (n = 3) samples from dogs who were presented
to clinics with various diseases or for prophylactic testing were randomly
collected from veterinary clinics between May 2020 and December 2021. In
addition, three samples of cerebrospinal fluid (CSF) from dogs with
neurological symptoms were collected. The collected samples were stored at
—80 °C for further analysis.

Concurrent other tick-borne diseases were diagnosed at veterinary clinics.
Infection with Babesia spp. was confirmed after the detection of specific
protozoa in erythrocytes using a blood smear. Infection with Anaplasma
phagocytophilum was confirmed by detecting specific morulae in neutrophils
using a blood smear. In addition, Anti-A. phagocytophilum antibodies were
detected by chromatographic immunoassay test (Anigen Rapid CaniV-4 Test
Kit (BioNote, INC. Hwaseong, Republic of Korea).

Data on anamnesis vitae and anamnesis morbi of the dogs, including the
outcome of disease followed up for six months and was collected retrospec-
tively (Supplementary Material Table S3). Moreover, risk factors, that poten-
tially were associated with the severity of clinical neurological symptoms and
worse outcomes of the TBE disease of viremic dogs were analyzed.

2.1.2. Tick samples

A total number of 117 attached ticks were collected when they were
found on the bodies of dogs at the same visit at the veterinary clinic when
blood serum samples were collected. The species of ticks were recognized
under a light microscope (Leica Microsystems, Heerbrugg, Switzerland)
using a previously reported taxonomic key [319]. Collected ticks were
determined as 112 I. ricinus and 5 D. reticulatus. Collected ticks were stored
at —80 °C for further analysis.
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2.1.3. Small wild rodent samples and sampling sites

Wild rodents were trapped in Lithuania in 19 TBEV foci (in 5 districts)
(Supplementary Material Table S2). Specific sites for rodent trapping were
selected based on the previously collected data on TBEV prevalence in
Lithuania from two different sources. The exact sites of rodent collection
were chosen according to a complete map of confirmed human TBE cases
with probable TBEV-infected tick bite locations or known TBEV foci from
2016 to 2018 provided by the National Public Health Center under the
Ministry of Health (https://nvsc.lrv.lt/lt/uzkreciamuju-ligu-valdymas/
uzkreciamosios-ligos/erkiu-pernesamos-ligos/lietuvos-vietoviu-kuriose-
uzsikreciama-erkiu-platinamomis-ligomis-zemelapis/ (accessed on 27 Februa-
ry 2024)). Moreover, TBEV was previously detected in questing ticks in the
major part of rodent trapping sites [320].

Overall, 139 wild rodents were trapped from March 2019 until May 2020.
Wild rodents were captured in live traps using bread soaked in sunflower oil as
a bite. The traps were set near the edges of deciduous forests or in open moist
areas (in spots where TBEV-infected ticks were previously detected). The
summer months were excluded when the trapping of rodents was not productive.
Trapped animals were presented to the laboratory on the same day. The species
and sex of the rodents were determined according to the species-specific features
of the rodents [321, 322]. Six species of rodents were identified: Apodemus
flavicollis, Apodemus sylvaticus, Apodemus agrarius, Mus musculus (family
Muridae), Clethrionomys glareolus and Microtus arvalis (family Cricetidae).
The decapitation and necropsy of rodents were performed according to standard
protocols. Brain and internal organs, such as the spleen, liver, heart, and kidneys
were collected from each rodent. In addition, 5 fetal samples were collected. The
extracted samples were stored at —80 °C until further analysis.

The data on average monthly air temperature was acquired from the
archives of annual reports provided by the Lithuanian Hydrometeorological
Service under the Ministry of Environment (https://www.meteo.lt/category/
menesio-hidrometeorologiniu-salygu-apzvalga/page/5/ (accessed on 27 Feb-
ruary 2024)).

2.2. Detection of viral RNA

Pieces (size of 10-100 mg) of the brain (n = 137) and internal organs of
each rodent (n=139) were homogenized individually using a mortar and
pestle. Homogenized tissues were mixed with 1000 pL of Modified Eagle’s
Medium (MEM, Gibco, Waltham, MA, USA) and stored at —80 °C for further

32



analysis. The brain samples were analyzed separately from the internal organ
mix samples collected from the same rodent.

Blood (n =473) and CSF (n = 3) samples were used after thawing. Each
tick was individually treated with liquid nitrogen and homogenized using
mortar and pestle. Homogenized tick suspensions were mixed with 1000 pL
of MEM and stored at —80 °C for further analysis.

Total RNA was extracted from 300 uL homogenate of wild rodent tissue
suspensions and isolates in cell culture, tick suspensions and isolates in cell
culture, and blood and CSF samples of dogs. GeneJET RNA Purification Kit
(Thermo Scientific, Waltham, MA, USA) was used for RNA extraction
according to the manufacturer’s instructions.

Extracted RNA from rodent samples was analyzed by real-time reverse
transcription polymerase chain reaction (RT-PCR) to detect the TBEV RNA.
A reaction mix containing SuperScript™ III One-Step RT-PCR System with
Platinum™ Taq DNA Polymerase (Thermo Scientific, Waltham, MA, USA)
and primers as described previously were used [323]. TBEV-specific RNA
was amplified in 25 pL of a total reaction mixture containing 5 pL. sample
RNA, 12.5 pL of 2x Reaction Mix, 0.5 pL of SuperScript III Platinum One-
Step Taq Mix (Thermo Scientific, USA), 1 uL (300 nM) of forward and 1 puL
(900 nM) of reverse primer and 1.5 uL. (250 nM) TBE-WT probe. The
cycling steps and conditions are described in Table 2.2.1. and primers and
probe are presented in Table 2.2.2. All reactions were performed in
triplicates.

The whole blood samples of dogs, tick suspensions, and isolates in cell
cultures were analyzed by reverse transcription nested polymerase chain reac-
tion assay (RT-nPCR) using DreamTaq Green PCR Master Mix and primers
as described previously [324]. The first-step amplification was carried out in
25 pL of a total reaction mixture containing 12.5 pL. DreamTaq Green PCR
Master Mix (2x), 0.3 uL. of RevertAid Reverse Transcriptase (200 U/uL),
0.13 pL of RiboLock RNase Inhibitor (40 U/uL), 0.5 pL of each forward and
reverse primers (310 nM), 6.07 uL of nuclease-free water and 5 pL of first-
step product (cDNA). The second step of nested PCR was carried out in a
total volume of 50 pL of reaction mixture containing 25 uL. of DreamTaq
Green PCR Master Mix (2x), 1 uL of each forward and reverse primer (260 nM),
18 uL of nuclease-free water and 5 pL of target RNA. The cycling steps and
conditions are described in Table 2.2.1. and primers are presented in Table
2.2.2. The selected RT-PCR-positive samples of rodents were prepared for
NCR region sequencing as described above. All reactions were performed in
triplicates.

For the visualization of the amplified RNA fragment, each PCR product
was loaded into a 1.5% TopVision agarose (Thermo Scientific) gel containing
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Ix TAE buffer and ethidium bromide (5 mg/mL) for 70 min lasting electro-
phoresis. The GeneRuler 100 bp and 50 bp DNA ladders were used as the
molecular size marker. For the sequencing, the obtained products were
purified with a GeneJET PCR Purification Kit (Thermo Scientific, USA)
according to the manufacturer’s instructions.

Table 2.2.1. Primers and probes used in real-time RT-PCR and nested

RT-PCR
Primers/probe Primer sequence (5’ to 3°) Reference
F-TBE 1 GGGCGGTTCTTCTCC [317]
R-TBE 1 ACACATCACCACCTCCTTGTCAGACT
TBE-WT FAM-TGAGCCACCATCACCCAGACACA-TAMRA
TBE NS5F GAGGCTGAACAACTGCACG [319]
TBE NS5R GAACACGTCCATTCCTGATCT
TBE NS5Fn ACGGAACGTGACAAGGCTAG
TBE NS5Rn GCTTGTTACCATCTTTGGAG
TBE NCRSF GCGTTTGCTTCGGA [318]
TBE NCR5R CTCTTTCGACACTCGTCGAGG
TBE NCRS5Fn CGGATAGCATTAGCAGCG
TBE NCR5Rn CCTTTCAGGATGGCCTT

Table 2.2.2. Cycling conditions of real-time RT-PCR and nested RT-PCR

Target Real-time RT-PCR Nested RT-PCR
TBE1 NSS NSS NCRS NCRS
One-step | First amplifi- | Second | First amplifi- | Second
Step amplifi- | cation (¢cDNA | amplifi- | cation (cDNA | amplifi-
cation synthesis) cation synthesis) cation
Reverse temperature | 37 °C 42 °C - 42 °C -
transcription time 30 min 30 min - 30 min -
Initial temperature | 95 °C 96 °C 96 °C 96 °C 96 °C
denaturation time 10 min 5 min 5 min 5 min 5 min
Amplifi- | Cycle count 42 40 40 40 40
cation | pepapy- temperature | 95 °C 96 °C 96 °C 92 °C 94 °C
ration time 15 sec 30 sec 30 sec 1 min 1 min
Annealing | temperature | 60 °C 40 °C 40 °C 37°C 55°C
time 1 min 30 sec 30 sec 1 min 1 min
Extension | temperature - 68 °C 68 °C 72 °C 72 °C
time - 30 sec 30 sec 1 min 1 min
Final temperature - 68 °C 60 °C 72 °C 72 °C
extension time - 10 min 10 min 10 min 10 min
Reference [317] | [319] [318]
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2.3. Detection of TBEV-specific antibodies

2.3.1. Enzyme-linked immunosorbent assay (ELISA)

The serum samples of dogs were thawed and reached room temperature
before analysis. Commercially available quantitative enzyme-linked immu-
nosorbent assay (ELISA) (VetLine TBE/FSME ELISA, NovaTec Immun-
diagnostica GmbH, Dietzenbach, Germany) kit was used according to the
manufacturer’s instructions. The kit used is based on the indirect sandwich
test principle. Microtiter plates are coated with specific antigens to bind
corresponding antibodies in the sample. Conjugated mouse antibodies are
used and specifically binded antibodies from the sample are detected by a
peroxidase-catalyzed color reaction. The intensity of color was measured by
a microplate photometer (Multiskan FC, Thermo Fisher Scientific, Waltham,
MA, USA). The intensity of the sample color is proportionate to the quantity
of bound antibodies. Samples were considered positive when optical density
was above the upper limit of the cutoff value determined by cutoff controls.
The levels of antibodies were calculated using a concentration curve obtained
from measuring control samples of known concentration.

2.3.2. Virus neutralization test (VNT)

To confirm positive and borderline ELISA results, samples were subse-
quently tested by the virus neutralization test (VNT) according to the instruc-
tions described before [323]. Gold standard in-house neutralization assay was
used to neutralize and confirm the presence of TBEV-specific antibodies.
Serum samples of dogs were heat-inactivated in a water bath at 56 °C for
30 minutes to degrade the complement proteins. Heat-inactivated samples
were diluted in Modified Eagle’s Medium (MEM) (Gibco, USA) supplemen-
ted with 10% heat-inactivated fetal bovine serum (FBS) (Gibco, USA),
100 U/mL penicillin, and 100 pg/mL streptomycin from 1:5 to 1:320. The
diluted serum samples were then incubated with 100 TCIDso of the TBEV
Neudorfl strain (which was cultivated in Vero (ATCCe CCL-81) cell cultu-
re for 6 serial passages) in a 96-well plate (TPP, Switzerland) for 90 min at
37°C. The cells were evaluated for the presence of cytopathic effect
(shrinkage and detachment of the infected cells) at 3, 5, and 7 d.p.i. using an
inverted microscope (Olympus). The highest serum dilution that inhibited the
cytopathic effect of the TBE virus was regarded as the end-point titer. Serum
samples with a titer of 1:20 and higher were considered to be positive for the
presence of anti-TBEV neutralizing antibodies.
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2.4. Virus isolation in cell cultures

Suspension samples of rodent tissues were thawed and a total volume of
500 pL of each sample was centrifuged at 12.000x g for 10 min and filtered
with a 0.22 pm pore size microfilter (Techno Plastic Products AG, Trasa-
dingen, Switzerland). Murine neuroblastoma cells (Neuro-2a ATCC No.
CCL-131) were seeded in 96-well plates and incubated in a cell culture
medium containing 1/2 Dulbecco’s Modified Eagle’s Medium (DMEM)
(Gibco, USA) and 1/2 (MEM) supplemented with 10% heat-inactivated FBS,
100 U/mL penicillin, and 100 pg/mL streptomycin at 37 °C in 5% CO»
overnight. Half of the DMEM was replaced with MEM for better adhesion to
the surface of the well plates since Neuro-2a cells tend to wash off during the
inoculation process. The following day, cells were inoculated with 100 pL of
microfiltered supernatant of rodent brain and internal organ mix samples for
90 minutes at 37 °C. Neuro-2a cells were then washed with 1x phosphate-
buffered saline (1x PBS) (Gibco, USA) and incubated at 37 °C in 5% COz in
200 puL of DMEM supplemented with 10% heat-inactivated FBS and 100 U/mL
penicillin and 100 pg/mL streptomycin.

The suspensions of ticks and blood serum and CSF samples of dogs were
centrifuged at 12.000x g for 5-10 min and filtered with a 0.22 pm pore size
microfilter. Cell cultures of Vero (ATCC No. CCL-81) and MARC-145
(ATCC No. CRL-12231) were seeded in MEM supplemented with 10% heat-
inactivated FBS, 100 U/mL penicillin, and 100 pg/mL streptomycin and
incubated at 37 °C in 5% CO; overnight. For Neuro-2a cells, 1/2 of MEM
was replaced with DMEM. The following day, cells were inoculated with
100 pL of prepared supernatants of the tick suspensions and blood and CSF
samples of the dogs for 90 minutes at 37 °C in 5% CO.. Cells were then
washed with 1x PBS and incubated at 37 °C in 5% CO2 in 200 pL of MEM
supplemented with 10% heat-inactivated FBS, 100 U/mL penicillin, and 100
ug/mL streptomycin. For Neuro-2a cells, DMEM was used instead of MEM.

Vero and MARC-145 cells were incubated for 7 days and Neuro-2a cells
were incubated for 4 days. The cells were monitored for cytopathic effects
using an inverted microscope (Olympus). The cells were inoculated in a
triplicate setting for each sample including triplicates of positive and negative
controls for each round of analysis. Following incubation, the cells were
frozen at —80 °C and thawed two times. After 3 serial passages, the cells were
frozen at —80 °C and thawed two times, then the cell suspensions were
harvested for RNA extraction. Successful virus isolation in cell cultures was
confirmed by detecting fragments of TBEV RNA using real-time RT-PCR
and nested RT-PCR.

36



2.5. Viral load quantification

Quantification of the TBEV RNA yield in suspensions and respective
cell culture isolates of selected rodents was performed according to the
modified method described in a previous study [323]. A synthetic fragment
corresponding to the amplified TBEV NS5 region was cloned into the
pJET1.2 vector using the CloneJET PCR Cloning Kit (Thermo Scientific,
Waltham, MA, USA). A cDNA product of partial NS5 sequence was obtained
as described in a previous study [325] and the product band was cut from
agarose gel. Used primers are available in Table 2.2.2. and cycling steps and
conditions are described in Table 2.2.1. The viral cDNA was extracted from
agarose gel using GeneJET Gel Extraction Kit (Thermo Fisher Scientific,
Waltham, MA, USA) according to the manufacturer’s instructions.

The blunting reaction mix was prepared on ice using 10 pL of the 2x
reaction buffer, 1 pL of cDNA product, 1 pL of DNA blunting enzyme, and
nuclease-free water to reach a total volume of 18 puL. The mixture was incu-
bated for 5 minutes at 70 °C and then cooled on ice. The ligation mixture was
prepared by mixing 1 pL of pJET1.2/blunt cloning vector and 1 pL of T4
DNA ligase. Following the cooling of the blunting reaction mix, 2 uL of
ligation mixture was added, vortexed for 2—3 seconds, and incubated at room
temperature (22 °C) for 5 minutes.

The cloned fragment was then transformed into pretreated Escherichia
coli cells using the Transform-Aid Bacterial Transformation Kit (Thermo
Scientific, Waltham, MA, USA) according to the manufacturer’s protocol.
The E. coli was cultivated on Mueller-Hinton agar the day before the trans-
formation. C-medium solution was incubated at 37 °C for 20 minutes. E. coli
in the Petri plates were incubated for at least 20 minutes. T-solution was
prepared by mixing T-solution (A) and (B) and the mixture was kept on ice.
A single colony (4 x 4 mm) of E. coli was placed in 1.5 mL of preheated
C-medium solution and incubated at 37 °C for 180 minutes. Following
incubation, the C-medium with E. coli was centrifuged for 1 minute and the
supernatant was removed. Cold T-solution was added to pretreated E. coli
and incubated on ice for 5 minutes. After incubation, 50 pL. of prepared
E. coli suspension was mixed and kept on ice for 2 minutes and then mixed
with the previously prepared cloning mixture kept on ice for 2 minutes. The
obtained mixture of transformed cell solution was immediately used and
transferred on Mueller-Hinton and MacConkey agar and incubated overnight
at 37 °C. All of the cloning and transformation procedures were performed
on an ice bath unless it was specified otherwise.
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Plasmid DNA was extracted and purified using the GeneJET Plasmid
Miniprep Kit (Thermo Scientific, Waltham, MA, USA). The concentration of
obtained DNA was quantified using the Qubit dSDNA BR Assay Kit (Invitro-
gen, Waltham, MA, USA) according to the manufacturer’s instructions.
Standard curves for viral load calculations were generated after 10-fold
dilutions of stock DNA, which served as templates for quantitative PCR
reactions, ranging from 102 to 10%. Quantification was based on real-time RT-
PCR using SYBR Green I Dye (Thermo Scientific, Waltham, MA, USA),
nested NS5 primers, and cycling conditions as described previously [325] and
present in Tables 2.2.1 and 2.2.2 respectively. Sample concentration was
calculated using a calibrated standard curve, and viral load was estimated
using the following equation:

x 60221 107
TN 660)-1-10°

where n — is viral copy equivalent count, x — is the amount of amplicon, and
N —is the length of dsSDNA amplicon.

Ct value of each 10-fold dilution acquired by real-time RT-PCR was
assigned a specific viral copy equivalent value distributed along the standard
curve. All samples were tested in triplicates, and mean values were calcu-
lated.

2.6. Sequencing and phylogenetic analysis

Samples of rodent brain and internal organ mix suspensions positive for
TBEV NCRS5 were selected for partial gene sequencing. The primer sets that
were used for sequencing are presented in Table 2.2.1. A cDNA product of
partial NCRS sequence was established by nested RT-PCR as described in
Table 2.2.2. The obtained cDNA product band was cut from agarose gel and
then extracted using GeneJET Gel Extraction Kit (Thermo Fisher Scientific,
Waltham, MA, USA) according to the manufacturer’s instructions. The
yields of viral cDNA were quantified using the Qubit dsSDNA BR Assay Kit
(Invitrogen, Waltham, MA, USA) according to the manufacturer’s instruc-
tions. Partial gene sequencing targeting the 126 bp NCR region of TBEV was
performed using BigDye Terminator Cycle Sequencing Kit v3.1 (Applied
Biosystems, Waltham, MA, USA) and 3130 Genetic Analyzer (Applied Bio-
systems, Waltham, MA, USA). Partial NCR sequences of wild rodent-
derived TBEV isolated in Lithuania were acquired, although not submitted to
the Genbank because the sequencing was used for internal confirmation of
the specificity of detected TBEV RNA. The obtained NCR fragments were
too short for systematic phylogenetic analysis.
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Phylogenetic analysis was carried out by comparing partial NCR
fragment sequences from isolates of rodents’ brain and internal organ mix
samples and previously locally isolated NCR fragments from goat milk and
1. ricinus ticks, to the reference strains of different TBEV subtypes, including
Neudorfl (U27495), Sofjin (AB062064) and Vasilchenko (AF069066). The
Omsk hemorrhagic fever virus was used as an outgroup. Sequences of
different TBEV strains and closely related flaviviruses chosen from the
National Center for Biotechnology Information (NCBI) GenBank database
were used for phylogenetic comparisons. The alignments of all sequences
used for phylogenetic tree construction were created manually using
ClustalW software (Clustal, Dublin, Ireland) in the MEGA X package. The
neighbor-joining method was used for phylogenetic tree construction with
1000 bootstrapping replicates.

2.7. Statistical analysis

Binary logistic regression analysis, Chi-square test, and Fisher’s exact
test were utilized to test the significance of the risk factors. Standardized
residuals were employed as post-hoc analysis after statistically significant
chi-square tests. The confidence intervals were calculated using the exact
binomial method. Linear associations were assessed using the Pearson corre-
lation test. The statistical analysis and visualizations were performed utilizing
the programming language R 4.3.2.
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3. RESULTS AND DISCUSSION

3.1. TBEV in dogs

3.1.1. The prevalence of TBEV RNA and TBEV-specific antibodies
in blood samples of dogs

In the present study, blood samples of 473 dogs were analyzed by RT-
nPCR and ELISA. TBEV RNA was found in 18.6% (88/473; 95% CI 15.2—
22.4) of dog blood/serum samples and 2 out of 3 CSF samples (data of
anamnesis and outcome of TBE of PCR-positive dogs can be found in Supple-
mentary Material Table S3). The presence of antibodies in 21.6% (102/473;
95% CI 17.9-25.6) of blood serum samples of dogs was revealed. The speci-
ficity of detected antibodies for TBEV was confirmed by VNT (Fig. 3.1.1.1 A).
The blood samples were collected from dogs presented to the veterinary clinics
between May 2020 and December 2021. Although there was a slight tendency
to the higher prevalence rate of TBEV-specific antibodies in samples collected
in autumn months, no statistically significant associations were found between
the prevalence of TBEV and TBEV-specific antibodies in different months
(Fig. 3.1.1.1 B). However, since the collection of dog blood samples was
organized randomly, the number of analyzed samples was uneven every
month, as the number of dogs with possibly TBE-related symptoms, and the
presence of recent tick-bite or concurrent other tick-borne diseases.
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The supposition of TBE diagnosis is mainly based on TBE-related clini-
cal symptoms, history of recent tick-bite, and visiting/residing in endemic
locations. The diagnosis of TBE in human patients is currently confirmed by
the detection of TBEV-specific antibodies in CSF or by seroconversion in
paired blood serum samples. However, studies in human TBE patients show
that TBEV-specific antibodies may still not be present and therefore not
detected by serological tests in the early stages of TBEV infection [36].
Moreover, cross-reactions with IgG antibodies of other flaviviruses are pre-
valent, particularly in locations endemic to several flaviviruses. In human
TBE diagnosis, serological testing is notoriously hindered by the cross-
reactivity of other flaviviral infections and vaccinations [37]. However, the
only possible cross-reactivity in dogs that could interfere with the serological
confirmation of TBE is infection with West Nile fever virus [29, 326]. The
present investigation showed that only 26.1% (23/88; 95% CI 17.3-36.6) of
PCR-positive dogs were TBEV-seropositive. Saksida et al. [327] suggested
that PCR is an efficient method for early diagnosis of TBEV infection when
TBEV-specific antibodies in the blood serum or CSF are not present and
detectable yet. However, TBEV RNA detection by PCR is rarely utilized to
confirm TBE infection in humans or dogs because of the rapid virus clearance
from the organism in the main part of clinical cases when TBE-specific
symptoms develop. Although Schultze et al. [328] concluded that to make
diagnostics more specific and to improve patient management, the detection
of viremia in the first phase of the biphasic course of TBE (which can be
suspected after a tick bite followed by feverish illness accompanied by throm-
bocytopenia and leukocytopenia) would enable early diagnosis and predic-
tion of the second phase of TBE, developing in major part of patients.

The TBEV RNA prevalence of 18.6% and seroprevalence of 21.6% in
randomly collected dog blood serum samples revealed in the present study
correspond to the results reported in other European studies. A similar study
in a TBEV endemic region in Czechia reported a TBEV RNA prevalence rate
0f 12.6% (20/159) and seroprevalence of 11.3% (18/159) in randomly collec-
ted blood samples of dogs [329]. The results of the present study and the study
mentioned above suggest that TBEV RNA detection by PCR might be
beneficial in diagnosing infection in the initial or acute phases, particularly in
endemic countries.

The present study reported neurological symptoms in 32.1% of TBEV-
seropositive dogs. Only a few studies analyzed the prevalence of TBEV-
specific antibodies in dogs with neurological symptoms. A high seropreva-
lence was reported in Germany, reaching 53.6% in blood serum and 43.6%
in CSF samples [330]. Similar to the present study, a TBEV-seroprevalence
0f 20.2% in dogs with neurological symptoms was detected in Austria [316].
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A high TBEV-seroprevalence was reported in healthy dogs in Europe.
Several studies reported similarly high seroprevalence of TBEV-specific
antibodies, reaching 40% in the Aland Islands of Finland [331], 30.4% in
endemic regions of Germany [330], and 30.4% in Denmark [332]. However,
the ELISA results were confirmed by VNT only in the study conducted on
the Danish Island. The confirmed seroprevalence was substantially reduced
to 4.8%, and TBEV-specific antibodies were detected only in the Danish
Island Bornholm in the Baltic Sea [332]. The discrepancy in ELISA and VNT
results implies that the actual seroprevalence could also be reduced if VNT
confirmation were applied in the other two studies mentioned above. A sero-
prevalence of TBEV-specific antibodies in 6.7% was reported in healthy dogs
in Finland [331], 3.3% in Czechia [314], 2.1% in Germany [333], 1.7% in
Spain [334], and 0.1% in Belgium [335]. The high seroprevalence of TBEV-
specific antibodies detected in the present study indicates that TBE in dogs in
Lithuania is a common tick-borne pathogen, similar to other TBEV-endemic
areas.

The present study revealed the rate of death/euthanasia in 18.2% (16/88;
95% CI 10.8-27.8) of PCR-positive dogs. The presence of severe neurologi-
cal symptoms or poor prognosis of disease outcome were the reasons for
death/euthanasia in 12.5% (11/88; 95% CI 6.4-21.3) of PCR-positive dogs.
The remaining 5.7% (5/88; 95% CI 1.9-12.8) of PCR-positive dogs died
regardless of applied symptomatic treatment and intensive care. A death/
euthanasia rate of 18.2% observed in the present study is substantially lower
than the rate of 33.3% found by Kleeb et al. [30] in Switzerland. However,
the present study analyzed randomly collected dog blood serum samples.
Meanwhile, Kleeb and colleagues [30] retrospectively analyzed the data of
serologically confirmed TBE cases in dogs with clinical neurological symp-
toms. The rate of mortality in humans is estimated at 1-4% in Europe and
15-20% in areas where TBEV-FE is prevalent [275, 336]. In addition,
between 30—50 % of clinical TBE cases may develop into severe neurological
disease and long-term sequelae in human patients [337].

The present study revealed the seroprevalence of TBEV-specific
antibodies in 26.1% (23/88; 95% CI 17.3—36.6) of PCR-positive dogs (mean
level 189 NTU/mL; range 29.7-525 NTU/mL). The median age of PCR-
positive dogs carrying TBEV-specific antibodies was 8 years (1 to 14 years).
Dogs older than 1 year of age were found to be TBEV-seropositive and at the
same time PCR-positive for TBEV RNA significantly more often (p < 0.01)
compared to dogs under the age of 1 year (37.5% (95% CI 26.3—49.7) and
0% respectively). However, a low (n=7) number of PCR-positive dogs
under 1 year of age needs to be considered. The most presumable argument
to explain this finding is the first-time TBEV infection in these juvenile dogs.
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Therefore, TBEV-specific antibodies were not present or detectable because
of the initial phase of the TBE infection at the time of testing. A statistically
significant correlation between the age of dogs and the seroprevalence of
TBEV was revealed in a study in Czechia [313]. However, the reported data
on TBEV seroprevalence in dogs under 1 year of age is limited. Older dogs
are primarily included in the TBEV seroprevalence studies, because of the
higher probability of former contact with ticks and as a result, with tick-borne
pathogens, including TBEV [313, 332]. In addition, dogs of small breeds (less
than 15 kg weight) were excluded from some TBEV-specific antibody sero-
prevalence investigations for the same purpose as juveniles [332]. None-
theless, the results of the present study demonstrate that the infantile age or
small-scale size of the dog should not be the reason to reject TBE as a diffe-
rential diagnosis, particularly in TBEV endemic areas. However, suspected
TBE cases in six dogs were reported in the United Kingdom [338], where
TBEV presence in ticks (and potentially humans) has been detected only
recently [82, 339].

In 29.6% (26/88) of PCR-positive dogs recent tick bites (in the past two
weeks) were reported by owners. Coinfection with other tick-borne patho-
gens was diagnosed in 19.3% (17/88; 95% CI 11.7-29.1) of PCR-positive
dogs. Protozoa of Babesia spp. were found in the erythrocytes of 82.4%
(14/17) of PCR-positive dogs. Morulae of Anaplasma spp. were found in the
neutrophils of three (17.6% (3/17)) PCR-positive dogs. In addition, Borrelia
burgdorferi-specific antibodies were simultaneously detected in one dog with
anaplasmosis and TBE. As far as we know, this is the first report of TBE and
active Anaplasma phagocytophilum coinfections simultaneously diagnosed
and reported in dogs. However, clinical TBE cases in dogs with high antibody
levels against A. phagocytophilum and Ehrlichia canis in blood serum were
reported previously in Austria [317] and Greece [340]. Concurrent TBE and
Babesia spp. infections were previously reported by Bajer et al. in a sled dog
from Poland after a visit to Estonia [34]. The results of the present study
highly suggest that coinfection of tick-borne pathogens in dogs might be
underdiagnosed, primarily in locations where several tick-borne pathogens
cocirculate.

The present study detected TBEV RNA in dogs of 36 different breeds.
The most commonly infected were mixed breed dogs (23.9% (21/88)), followed
by German shepherds (11.4% (10/88)), Yorkshire terriers (9.1% (8/88)) and
Akita’s 9.1% (6/88)).

The present study found TBEV-specific antibodies in 16.7% (79/473) of
dogs without TBEV RNA in blood samples.
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3.1.2. Risk factors of severe course of TBE and lethal outcome
in dogs

Out of 88 PCR-positive dogs, TBEV RNA was found in the blood samp-
les of 48 male and 40 female dogs. The median age of PCR-positive dogs was
7 years (from 2 months to 15 years). The present study significantly more
often (p < 0.01) observed neurological symptoms in male dogs (43.7% (95%
CI 29.5-58.8) compared to females (17.5% (95% CI 7.3—33.0). Moreover,
the older age of the dog was associated with a higher risk of the lethal
outcome/euthanasia of PCR-positive dogs showing neurological symptoms.
The mean age of recovered dogs was 5.6 years and the mean age of dead/
euthanized dogs was 11.8 years (p < 0.01). Other causes for death/euthanasia
were not associated with the age of PCR-positive dogs. Furthermore, dogs
who showed neurological symptoms were more likely to face a worse
outcome of the TBE disease (3> = 11.57, df = 2, p < 0.01). The number of
recovered dogs who showed neurological symptoms was significantly lower
(27.8% (95% CI 19.3—36.6)) compared to the number of recovered dogs who
did not show any neurological symptoms (72.2% (95% CI 63.7-80.7)). A
retrospective study by Kleeb and colleagues [30] analyzed the risk factors of
dogs with confirmed TBE and reported that older dogs and dogs who
experienced seizures had an increased risk of a lethal outcome, similar to
what was observed in the present study. An older age and male gender are
associated with a more severe course of TBE infection in human patients
[297, 298].

A statistically significant (p < 0.05) association between the seropreva-
lence of TBEV-specific antibodies in the blood serum of PCR-positive dogs
and the outcome of the TBE (y~ = 5.05, df = 1). Subsequent post-hoc analysis
showed that compared to the predicted model findings, the rates of recovery
from TBE of PCR-positive dogs were lower by 14.2% in the TBEV-sero-
positive group and higher by 8.6% in the TBEV-seronegative group. On the
other hand, rates of death/euthanasia were 65.5% higher in the TBEV-sero-
positive group and 39.7% lower in the TBEV-seronegative group of PCR-
positive dogs. Higher rates of death/euthanasia in viremic seropositive dogs
indicate that the delayed or insufficient production of TBEV-specific antibo-
dies might be related to a higher risk of lethal outcomes in dogs with acute
TBE. Based on data in human patients, viremia is generally short-lived and
TBEV is no longer detectable at the onset of neurological symptoms and
humoral response [327]. Studies in human patients conclude that the delayed
immune response and production of TBEV-Ig antibodies is the predictor
factor of the severe course of TBE infection [341, 342]. The monophasic
course of the TBE [277, 308] and comorbidities [308] were also associated

44



with a more severe course of TBE. In addition, some studies suggest that
previous immunization not protecting an individual may negatively affect the
outcome [342, 343]. The phenomenon named antibody-mediated enhance-
ment of viral infection is well-described and has been reported in many viral
infections, including flaviviral and TBE [344]. In vitro studies suggest that
the enhancement may be TBEV complex-specific, rather than flavivirus-
specific [345].

3.1.3. TBEV seroprevalence and relations with clinical symptoms
and the prevalence of concurrent tick-borne diseases

Overall, 13.7% (14/102) of blood serum samples of dogs showed border-
line results (20—30 NTU/mL) by ELISA test, and 86.3% (88/102) were found
to be positive (> 30 NTU/mL) (Fig. 3.1.3.1 A—C). The VNT confirmed the
specificity of detected antibodies to TBEV. Significantly higher TBEV-spe-
cific antibody levels were detected in blood serum samples of dogs with TBE-
related symptoms in comparison to dogs who showed non-specific (p < 0.01)
and dogs who had non-TBE-related symptoms (p <0.01) (Fig. 3.1.3.1 D).
Most likely these dogs could have had a recent asymptomatic TBEV infec-
tion. On the other hand, misdiagnosis with other neurological diseases is also
possible. Few reports of TBE in dogs suggested that TBE might be underdiag-
nosed in dogs considering mild or nonspecific clinical symptoms or unawa-
reness of the probable infection in severe clinical cases when TBE-related
neurological symptoms are present [29, 32]. As summarized by Weissenbdck
et al. [318] TBE must be included in the list of nonsuppurative encephalitis
in dogs, especially in TBEV-endemic locations. The TBE should be distin-
guished and differentiated from encephalitis of other defined etiologies (e.g.,
rabies, Aujeszky’s disease, canine distemper) and many still etiologically
undefined cases of nonsuppurative encephalitis of dogs [318].

Concurrent tick-borne infections were diagnosed in 14.7% (15/102) of
dogs with TBEV-specific antibodies (13 dogs had Babesia spp. and 2 had
antibodies specific to Anaplasma spp.). Moreover, significantly (p < 0.05)
higher levels of TBEV-specific antibodies were found in dogs diagnosed with
concurrent tick-borne infections (Fig. 3.1.3.1 E). These results imply that dogs
with a history of previous tick-borne infections are most likely residing in or
visiting localities where ticks are prevalent and therefore have a higher risk of
tick-bite and tick-borne infections. Furthermore, a 50—100 times higher risk of
TBEV-infected tick bite in dogs set side by side with humans has been
estimated [29]. In addition, the ownership of the dog and walks more often than
four times in a week were reported as risk factors for human TBE (odds ratio
(OR) =2.45 and 2.11, respectively) in a study conducted in Germany [346].
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in levels of TBEV-specific antibodies in dogs with potentially TBE-specific
symptoms, non-specific symptoms, and dogs with non-TBE-related
symptoms (D). Differences in levels of TBEV-specific antibodies in dogs
with concurrent tick-borne infections and dogs without concurrently
diagnosed other tick-borne diseases (E). Figures C—E: Black dots represent
seropositive dogs. Confidence intervals are visualized by the figures of
different colors and the black horizontal lines in the figures show the
average antibody levels in each group of dogs
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Clinical TBE-related neurological symptoms were found in 13.7%
(14/102) of TBEV-seropositive dogs. In 32.4% (33/102) of dogs with TBEV-
specific antibodies in blood serum, non-specific symptoms like fever, apathy,
and symptoms of gastrointestinal system complaints (vomiting and diarrhea)
were observed. Other infections and illnesses were diagnosed in 39.2%
(40/102) of TBEV-seropositive dogs with various symptoms considered not
related to TBE (diseases and infections of skin, uterus, kidney or liver failure,
trauma, oncologic processes, etc.).

3.1.4. Virus isolation from PCR-positive dogs’ serum and
CSF samples

Isolation of the TBE virus in cell cultures from blood or CSF samples is
rarely utilized principally because of a short-lived TBE viremia [313]. TBEV
was successfully isolated from blood serum (n = 7) and CSF (n = 2) samples
of PCR-positive dogs in the present study. Neuro-2a, Vero, and MARC-145
cell lines were utilized to isolate the virus. A successful isolation of TBEV
after the third serial passage in cell culture was confirmed by PCR.

3.1.5. Clinical symptoms of TBEV RNA-positive dogs

Neurological symptoms were observed in 31.8% (28/88) of PCR-positi-
ve dogs. Moreover, TBEV-specific antibodies were detected in the blood
serum of 32.1% (9/28) of PCR-positive dogs with neurological symptoms.
The absence of TBEV-specific antibodies in the blood serum of the remaining
dogs may suggest two possible reasons: early phase of TBE infection or acute
course of the disease. In line with the results of the present study, the analysis
of dogs in the TBEV-endemic region of Czechia observed neurological
symptoms in 35% (7/20) of PCR-positive dogs [329]. Bogovi€ et al. [347]
analyzed the clinical symptoms of viremic patients who had TBEV RNA in
their blood but did not show symptoms of CNS involvement. The study
mentioned above reported that 98% of patients showed malaise or fatigue,
85% had headaches, and 54% had myalgias [347]. Mild neurological symp-
toms observed in PCR-positive but TBEV-seronegative dogs in the present
study could be associated with the symptoms of the initial phase of TBE.
Similarly, studies in human patients show that the production of TBEV-spec-
ific antibodies may be deliberate or depressed in cases of severe TBE course
[348].

The mean age of the dogs with neurological symptoms was 7.84 years,
ranging from 4 months to 15 years. Reports in human TBE cases show that
the youngest patient with clinical TBE was 17 days old and unfortunately,
with severe clinical symptoms and sequelae [349]. However, the major part
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of clinical TBE cases in infants and children are milder and the risk of
sequelae is lower compared to adult patients [350]. Moreover, Salat et al.
[351] suggested that it is likely that the age and breed of the dog, health and
immune system status, specific TBEV strain, and infectious dose of the virus
play an important role in predisposing the clinical symptoms and severe
course of TBE.

Severe or moderate neurological symptoms were observed in 12.5%
(11/88) of PCR-positive dogs. Six viremic dogs showed episodes of seizures.
Three viremic dogs concurrently showed symptoms of meningoencephalo-
myelitis — episodes of vision impairments, deficits of fascial reflexes, and
tetraparesis. Two viremic dogs showed isolated seizures and one dog
concurrently had altered mental status among the episodes of seizures.
Moreover, out of six dogs with seizures five dogs had lethal outcomes and
four of those dogs did not show hyperthermia. Although the number of dogs
with seizures is insufficient to conclude accurately, this observation implies
that the absence of hyperthermia in the presence of seizures might be related
to a poor outcome of TBE. In line with the present study, a retrospective
analysis of clinical TBE in dogs concluded that hyperthermia was linked to
better outcomes of TBE [30]. The owners of four PCR-positive dogs reported
changes in the dog behavior. Two dogs were anxious and hyper-excited/
hypersensitive at night, one dog was redundantly vocalizing without an
obvious reason and one dog showed cognitive function impairment. Additio-
nally, one PCR-positive dog was nonresponsive to external stimuli and
showed altered mental status.

In the retrospective TBE study in dogs by Kleeb and colleagues [30],
31% (n=17) of dogs developed seizures (cluster seizures in six, focal
seizures in four, status epilepticus in four, and isolated epileptic seizures in
three dogs), which indicates that seizures are a common clinical symptom in
dogs with severe or moderate clinical course of TBE. On the other hand, focal
or generalized seizures are an infrequent symptom of tick-borne encephalitis
in humans, who most often have meningitis or encephalitis [4]. However,
meningoencephalitis with seizure activity and fever were reported in a few
reports of clinical TBE in infants [349, 352—-354]. However, TBE is usually
manifested as meningitis and therefore has a milder course of the disease and
lower risk of sequelae in children and adolescents compared to TBE in adults
[275].

In a retrospective study of clinical TBE in dogs, clinical neurological
syndrome at presentation was consistent with meningoencephalitis in 42%,
meningomyelitis in 33%, meningoencephalomyelitis in 19%, and meningitis
in 5% of dogs [30]. A substantially different picture of neurological symp-
toms is seen in human patients. The TBE manifests as meningitis in 50% of
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patients, meningoencephalitis in 40%, and meningoencephalomyelitis in 10%
of clinical TBE cases in Europe [275].

Mild neurological symptoms were observed in 19.3% (17/88) of PCR-
positive dogs. Symptoms of walking impairment, reluctance to walk, stiff
walking, difficulty standing up, hyperesthesia in the back area (without
organic defects in the musculoskeletal system), and coordination impairment
were present in PCR-positive dogs.

No neurological symptoms that could potentially be related to TBE were
observed for the rest of the 68.2% (60/88) of PCR-positive dogs. A quarter
(25% (22/88) of PCR-positive dogs were diagnosed with various concurrent
diseases. Symptoms of gastrointestinal system impairment (vomiting/diarrhea)
were observed in 37.5% (33/88) of viremic dogs (of them, 17% (15/88) of
dogs simultaneously had neurological symptoms). Concurrent tick-borne
diseases were diagnosed in 13.6% (12/88) of dogs (excluding five dogs with
neurological symptoms). Non-specific symptoms like apathy and food aver-
sion were present in 11.3% (10/88) of viremic dogs.

Hyperthermia was present in 37.5% (33/88) of viremic dogs: 15.9%
(14/88) were diagnosed with concurrent tick-borne disease, 13.6% (12/88) of
hyperthermic dogs had TBE-related symptoms, and the rest 10.2% (9/88) of
viremic dogs had other likely causes for hyperthermia (trauma, neoplastic
processes, etc.).

The present study revealed similar clinical TBE symptoms of PCR-
positive dogs to those reported in several European studies [30, 34, 316—318].
However, vision impairment caused by optic neuritis or other ocular reasons
is a rare clinical symptom of TBE in dogs or humans, although two cases
have been previously described in dogs [34, 317]. In the present study, four
dogs had transient vision impairment/loss. Three viremic dogs and one PCR-
negative but TBEV-seropositive (with high levels of the TBE-specific anti-
bodies and neurological symptoms) showed transient vision impairment which
improved after treatment with corticosteroids. This observation suggests that in
endemic areas TBEV should be considered one of the probable causes of
immediate and transient vision impairment in dogs, and therefore included in
the differential diagnostic list. Although many tick-borne pathogens can be
related to vision impairment, no cases of optic neuritis caused by TBEV in
humans were reported [355]. However, a case of TBE-related uveitis, that
caused transient (resolved after treatment) unilateral vision loss was reported
[356]. Moreover, few studies suggested that intermediate uveitis might be
triggered by vaccination against TBEV [357-359].

In the present study, 37.5% (95% CI 27.4-48.5) of PCR-positive dogs
had symptoms of gastrointestinal system impairment, such as vomiting and
diarrhea. Gastrointestinal symptoms were prevalent in 44.1% of dogs with
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clinical TBE [30]. In a few studies of TBE in human patients, similar
prevalence rates of gastrointestinal symptoms were reported. A survey of
human TBE clinical cases with neurological complications conducted by
Zambito Marsala et al. [360] reported vomiting in 30% and nausea in 24.7%
of patients. A study by Mickiené¢ et al. in Lithuania reported gastrointestinal
complaints in 21.3% of TBE human patients [280].

3.1.6. Clinical symptoms of TBEV-seropositive dogs

Neurological symptoms were present in 12.7% (10/79) of TBEV-seropo-
sitive, but not viremic dogs. Two seropositive dogs expressed significant
changes in behavior. One dog was found by its owners in a hypersensitive
state; the dog was hyperactive, disorientated, and had injured himself. The
episodes of hypersensitivity lasted for a few days. Moreover, a transient
vision impairment was observed. Another dog showed hyperactivity and
anxiety and had unusual episodes of extremely increased appetite for grass
eating and carpet licking. High TBEV-specific antibody levels (473 NTU/mL
and 494 NTU/mL respectively) were detected in the blood serum of both dogs
and both dogs completely recovered. Most likely these dogs had a clinical
TBE disease because of very high levels of TBEV-specific antibodies in
blood serum and TBE-related clinical symptoms which had no other obvious
reasons and the presence of changed behavior was sudden. Mild neurological
symptoms (difficulty standing up, reluctant, stiff or impaired walking,
hyperesthesia in the back area) were present in 8.9% (7/79) of TBEV-seropo-
sitive and not viremic dogs and one dog showed uncoordinated movements
and episodes of falling.

No potentially TBE-related symptoms were observed in 48.1% (38/79)
of TBEV-seropositive nonviremic dogs who were presented because of
various health issues or for prophylactic tests. Nonspecific symptoms (apathy
and loss of appetite) were present in 29.1% (23/79) of dogs who had no final
diagnosis and symptoms of gastrointestinal system function impairment was
observed in 26.6% (21/79 dogs) of TBEV-seropositive nonviremic dogs.

3.2. TBEV in ticks, collected from dogs

Attached ticks (n = 117) were detached and collected from the dogs who
were analyzed for the prevalence of TBEV and TBEV-specific antibodies in
the present study. Suspensions of each tick were prepared separately and
analyzed by RT-nPCR and concurrently inoculated on Neuro-2a, Vero, and
MARC-145 cells. The TBEV RNA was found in 34.2% (40/117) of tick
suspension samples. The number of TBEV-positive tick samples increased
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significantly (p = 0.01) to 56.4% (66/117) in MARC-145, 58.1% (68/117) in
Vero, and 60.6% (71/117) in Neuro-2a cells following three serial passages
(Fig. 3.2.1 A, B).
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Fig. 3.2.1. Comparison of the prevalence rate (%) of TBEV RNA in tick
suspensions and third passage isolates in Neuro-2a, Vero, and MARC-145
cell cultures (A). TBEV RNA prevalence rate (%) changes at each passage

in different cell cultures (B)

The present study shows that TBEV loads in ticks might be too low to be
detected by PCR. The prevalence of TBEV RNA in questing ticks is mostly
analyzed in pooled tick samples, therefore minimal infection rates (MIRs) are
usually reported [85]. In previous European studies, the minimal infection
rate in questing ticks was commonly less than 1%, reaching 0.45% in nymphs
and 1.05% in adult ticks [8, 156, 361, 362]. However, in a few studies in
TBEV endemic regions in Europe, it has reached 2.6—9% in 1. ricinus [79,
363] and 10.8% in D. reticulatus ticks [364].

An experimental study by Belova et al. [365] suggests that TBEV load
increases when ticks are fed blood. However, contradicting results were
reported in questing and fed ticks in Latvian and Russian studies. A study
conducted in neighboring Latvia reported a prevalence of TBEV in questing
1. ricinus ticks between 1.7% and 26.6% in 2001 and 1995, respectively. The
prevalence of TBEV RNA in ticks detached from humans was even higher,
between 13.2% and 40.9% in 1997 and 1999, respectively [366]. In contrast,
a study in Russia [367] reported a higher TBEV prevalence in questing ticks
(10.9-38.7%) compared to ticks detached from humans (5.5-11.0%). How-
ever, it is important to note that different methods of TBEV detection were
used in the studies mentioned above. The prevalence of TBEV was revealed
following the isolation in porcine kidney (PK) cells and confirmed by direct
immunofluorescence test (and additional tests) in questing ticks. On the other
hand, TBEV was detected by indirect immunofluorescence assay in ticks
removed from humans [367]. The results of the present study and the study
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mentioned above show that TBEV isolation in cell culture is more competent
to increase TBEV viral load in tick samples to detectable levels compared to
replication in the cells of ticks’ salivary glands during a blood meal.

No statistically significant relations between TBEV presence in dogs and
ticks, detached from respective dogs were detected in the present study.
A few possible reasons might have influenced these findings. One possible
explanation is that the dogs could have been infected with TBEV by ticks not
included in the present study. Moreover, the duration of the tick’s blood meal
or the TBEV load in the attached ticks could be insufficient to infect some of
the dogs [368]. A human study reports that the reactivation (required for some
microorganisms before the infectivity is attained) might not have enough time
to progress since most people remove ticks quickly (in around 90% of cases)
[367]. Other factors, such as the response of the host’s immune system might
influence the success of virus replication. A study conducted in Sweden
investigated the clinical symptoms and antibody responses of tick-bitten
humans and the prevalence of TBEV in the ticks detached from respective
participants. TBEV-specific antibodies were detected in two participants, one
of them reported clinical symptoms. Interestingly, TBEV was not detected in
detached ticks. Contrarily, no clinical symptoms and seroconversion were
detected in one participant, despite the detached tick containing TBEV (1800
copies) [368].

3.3. TBEYV in wild rodents

3.3.1. The prevalence of TBEV RNA in wild rodents

The present study analyzed 139 small wild rodents, captured in 19 diffe-
rent TBEV foci in Lithuania. Suspension samples of the brain (n = 137) and
a mix of internal organs (heart, spleen, kidney, and liver) (n = 139) were
analyzed by real-time and nested RT-PCR. The results revealed a very high
TBEV RNA prevalence in wild rodents, captured in known TBEV foci.
TBEV RNA was detected in at least one sample of 104 (74.8%; 95% CI 66.7—
81.1) wild rodents. Viral RNA was detected in 51.1% (95% CI 42.4-59.7)
brain suspensions and 53.2% (95% CI 44.6—61.7) internal organ mix suspen-
sions of wild rodents. The specificity of obtained RNA fragments in PCR-
positive samples was confirmed by partial genome sequencing targeting the
126 bp NCR region (Supplementary Material Fig. S1).

After sample cultivation in murine neuroblastoma Neuro-2a cell culture,
the viral RNA detection rate increased significantly (p < 0.01) (Fig. 3.3.1.1).
A total number of 134 (96.4%; 95% CI 91.8-98) positive rodents was
revealed after virus isolation in neuroblastoma cells. TBEV RNA was found
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in Neuro-2a cell culture of 85.4% (95% CI 78.4-90.9) of brain sample
isolates and 81.3% (95% CI 73.8-87.4) of internal organ mix sample isolates.
Moreover, TBEV RNA was detected in rodent samples (n = 30), considered
negative before sample cultivation in Neuro-2a cells.
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Fig. 3.3.1.1. The prevalence rate of TBEV RNA in wild rodent brain and
internal organ mix samples before (suspensions) and after (isolates)
cultivation in murine neuroblastoma (Neuro-2a) cell culture

The prevalence of TBEV RNA in rodents after sample cultivation in mu-
rine neuroblastoma cells suggests that the main part of wild rodents captured
in confirmed TBEV foci in Lithuania were carrying the TBEV. In line with
the results of the present study, Bakhvalova et al. [25, 369] have previously
conducted two separate studies in Siberia’s TBEV-Sib endemic regions and
suggested that most wild rodents and insectivores might be carrying the
TBEV-Sib. The prevalence of TBEV-Sib RNA was detected in 61.4% (£5.3%)
by PCR in one of the studies. Moreover, TBE viral antigen in 60.3% (£6.2%)
of rodent brain and spleen samples was found by ELISA [25]. In a more
recent study, TBEV-Sib RNA was detected by PCR in 62.1% (£3.2%) of
rodent brain and spleen samples and increased to 70.9% (£3.0%) after TBEV
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protein E was revealed in an additional 8.8% PCR negative samples using
ELISA for TBEV antigen detection [369]. However, in the present study,
TBEV-Eu subtype RNA prevalence in small wild rodents was investigated
and such studies in Europe are scarce. In high-risk areas in Hungary, TBEV-
Eu RNA was found in 4.2% (17/405) of liver samples of rodents collected
over 7 years [370]. In Germany, TBEV RNA was detected in 15% (21/137)
of brain and spleen samples of rodents, collected in TBEV-risk areas and 8%
(24/304) of rodents captured in non-risk locations [371]. A study conducted
in Finland investigated the prevalence of TBEV RNA in the brain, spleen,
and other internal organs of wild rodents collected in late winter two years in
arow in two separate TBEV-Sib and TBEV-Eu endemic areas [372]. A preva-
lence rate of 16.8% (16/95) in TBEV-Eu endemic and 6.3% (5/80) in TBEV-Sib
endemic zone-collected wild rodents was revealed. Moreover, TBEV-Eu RNA
was detected in 54.2% (13/24) of brain samples of Microtus agrestis voles
collected in 2009, and TBEV-specific antibodies were detected only in 8.3%
(2/24) of PCR-positive rodents. The abovementioned study’s results also
support the suggestion of virus persistence in rodents in a latent infection even
without detectable TBEV-specific antibodies [372]. In addition, TBEV-Eu
was detected in samples of lungs and spleens of 20.8% (5/24) A. agrarius
rodents captured in Korea [70].

However, most TBEV monitoring studies in small wild rodents captured
in TBEV endemic areas in Europe analyzed the prevalence of TBEV-specific
antibodies. The overall highest antibody prevalence was reported in 61.4% of
rodents in Siberia where TBEV-Sib and TBEV-Fe are prevalent [25]. The
highest antibody prevalence in Europe reaching 16.9% in rodents was repor-
ted recently in a study conducted in Germany [373]. The prevalence of
TBEV-specific antibodies reaching 14.8% was revealed in Poland [374],
14.6%, and 7.0% in two separate studies in Slovakia [141, 375], 14.0%, and
10.2% in Germany [371, 376], 5.9% in Slovenia [22], 5.1% in Hungary [377],
4.2% in France [378], 4.0% in Finland [372] and 3.6% in Switzerland [379].
However, the investigations mentioned above utilized different methods, and
not all included VNT to avoid false-positive results caused by cross-reactivity
with antibodies of other flaviviruses.

In the present study, TBEV RNA was detected in all 19 TBEV foci col-
lected samples of rodents (Fig. 3.3.1.2). Based on PCR results in suspension
samples of rodent brain and internal organ mix TBEV RNA prevalence rates
ranged from 25 to 100% (Fig. 3.3.1.2 A). The detection rate of TBEV
increased significantly (p <0.01) following sample cultivation in murine
neuroblastoma Neuro-2a cells. The prevalence rate of 100% was revealed in
16 TBEV foci, and 71.42-90% in the remaining 3 foci (Fig. 3.3.1.2 B).
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Fig. 3.3.1.2. Spatial distribution of sample collection sites and average
TBEV RNA prevalence rate before (A) and after (B) isolation in murine
neuroblastoma Neuro-2a cells in different trapping locations in Lithuania.
Viral RNA prevalence rate (%) in wild rodents is indicated by different
colors shown in legends
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A limited number of studies have investigated the prevalence of TBEV
RNA in wild rodents, therefore the probable key influencing factors are hard
to predict. The variety of TBEV RNA prevalence rates in internal organs and
brains of rodents collected in TBEV endemic and even nonendemic areas is
high. Such differences indicate that many factors might play a role in
affecting the detection of TBEV RNA. Several factors might have contributed
to the high TBEV RNA prevalence rate in small wild rodents captured in TBE
foci in Lithuania which was revealed in the present study.

First of all, the specific sites of rodent trapping were selected carefully
based on data from 2016 to 2018 of known TBEV foci related to human TBE
cases and probable locations of infected tick-bite, and most importantly —
based on the detection of viral RNA in ticks in the majority of sampling sites
[320]. Borde and colleagues [380] suggested that the TBEV transmission
might circulate in small areas (average size of about 0.5—1 ha) of so-called
microfoci, which are stable and usually do not expand or shift for decades.
Other authors suggest that the micro-foci might be embedded in a larger
defined natural focus [381—-383]. Moreover, Danielova et al. [384] reported
the expansion of TBEV foci to higher altitudes. Bournez et al. [385] reported
a disappearance of TBEV foci in France, indicating that the dynamics of virus
circulation in nature are still unclear. However, the present study suggests
that capturing rodents in microfoci might increase the chances of viral RNA
detection.

Secondly, the TBE infection rate in the human population in Lithuania
has been the highest in Europe for more than the past ten years. The infection
rate has been considerably higher compared to other European countries
where the prevalence of TBEV RNA was investigated in wild rodents [5].
Moreover, Lithuania is the only European country reporting a substantially
growing human TBE incidence rate (from 12.5 cases per 100,000 population
in 2012 to 24.3 in 2020). The incidence of TBE in other European countries
has been stable for a decade or even declined. The incidence rate of TBE has
declined in neighboring Latvia and Estonia (from 11.2 and 13.4 cases per
100,000 population in 2012 to 9.4 and 5.2 cases in 2020, respectively) [6].
Furthermore, suspensions and isolates in cell cultures of the brain and internal
organ mix of each rodent were analyzed separately by PCR. In addition, a
greater diversity of internal organ tissues was taken for RNA extraction,
compared to some other studies.

The Lithuanian landscape rich in agricultural fields with hedgerows,
woodlands, and forests, accompanied by humid climatic conditions is highly
convenient for rodents — the main reservoir hosts of TBEV, and also ticks,
the vector of the virus [386, 387]. Rodents and other small vertebrates are
natural inhabitants of hedgerows, notably C. glareolus and Apodemus spp.
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[127], which are common hosts of 1. ricinus larvae and nymphs [158, 388]
and were the most abundant captured rodent species in the present study.
A study by Labuda et al. [389] suggested that A. flavicollis mice might be the
most adapted species to TBEV and I. ricinus ticks and are highly suitable for
virus transmission during co-feeding. Moreover, A. flavicollis mice show a
significantly higher transmission rate than the bank vole (C. glareolus), the
second most common rodent species in European forests. The agricultural
landscape is an important factor for the abundance and species richness of
M. arvalis, A. agrarius, and A. sylvaticus rodents [390], which were also
collected in the present study, however, rodents of these species were
captured in lower numbers.

Furthermore, the relative abundance of competent hosts (small mammals)
to incompetent but tick-amplifying hosts (deer — the main host for nymph and
adult feeding and adult tick mating) is an important driver of the number of
nymphs feeding on rodents and hence suggested to be a key element in the
persistence of TBEV [188, 391]. In addition, studies indicate that an abundan-
ce of deer might be related to a higher risk of TBE in humans [203, 392].
According to a recent investigation by Bal¢iauskas and Kawata [393], the
population of deer in Lithuania has been exponentially increasing in the past
two decades.

Forest fragmentation is also suggested to be related to higher TBEV
prevalence [218]. A study conducted more than ten years ago concluded that
forest fragmentation in Lithuania is so prevalent that it could potentially
influence ecological processes in most forest landscapes [394]. However, the
forest area in Lithuania increased by 6.2% from 2004 to 2019 following
reforestation [386]. Moreover, TBEV was detected in Lithuania's green zones
and city parks [395]. Furthermore, a retrospective epidemiological study con-
ducted by RadziSauskien¢ and colleagues [341] found that 42% of TBE
patients were infected in the living area and 60% were residents of cities. The
results indicate a high TBE risk in Lithuania even in urban areas.

3.3.2. Comparison of TBE viral load in rodent tissue suspensions
and isolates in Neuro-2a cells

A low TBE viral load was found in the major part of the brain and internal
organ mix suspension samples of wild rodents. Overall, the amplification was
observed only at threshold cycle (Ct) values of 3540 in 70.1% of PCR-
positive brain and internal organ mix suspension samples of rodents. To
compare viral load before and after isolation in Neuro-2a cell culture, brain
and internal organ mix suspension samples (n = 30) with the lowest Ct value
and respective samples of isolates in neuroblastoma cells (n = 30) were taken
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and TBEV viral load was measured. The average viral load in Neuro-2a cell
culture isolates was found to be significantly higher (p < 0.05) compared to
respective tissue suspension samples of the same rodents (6.35 logio copies/mL
and 5.71 logio copies/mL, respectively) (Fig. 3.3.2.1). Moreover, successful
virus isolation in murine neuroblastoma Neuro-2a cell culture confirmed
viable TBEV presence in brain and internal organ mix samples of rodents.
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Fig. 3.3.2.1. TBEV load in selected rodent brain and internal organ mix
samples (n = 30) before (suspensions) and after (isolates) isolation in
murine neuroblastoma Neuro-2a cells. The confidence intervals of the

average viral load of all samples (vertical black line) and separate samples
(width of the figures) are represented

Although the cell culture method is time-consuming and requires consi-
derable laboratory equipment and technical expertise, it has been regarded as
the “gold standard” method for diagnosing viral disease for decades and
remains a useful approach nowadays [396, 397]. As far as we know, the
present study is the first successful attempt to isolate wild rodent-derived
TBEV in murine neuroblastoma Neuro-2a cells to investigate the virus preva-
lence rate. A similar study was conducted by Kozuch et al. [141] with an
unsuccessful attempt to isolate TBEV in chicken embryo cell culture from
A. flavicollis blood samples. Experimental studies show that serial passaging
in cell culture is necessary for virus adaptation to a specific cell line. Meanwhile,
the structural rearrangements that favor viral load increase to detectable levels
have time to develop [398]. Riizek et al. [399] have demonstrated that cell
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lines of neural origin are highly susceptible to TBEV infection providing 100-
to 10000-fold higher virus titer than cells of non-neural origin. Furthermore,
successful virus detection in cell culture isolates from the brain and internal
organ mix samples of rodents that were PCR-negative in suspension samples
has demonstrated that murine neuroblastoma Neuro-2a cells are highly
susceptible to rodent-derived TBEV infection. As a result, compatible viral
host and cell line origin may have contributed to a high virus isolation success
from naturally infected rodents revealed in the present study.

In line with the results of the present study, previous European studies
have also reported low TBEV copy numbers in brain and spleen samples of
small wild rodents collected in Germany [20, 371]. A viable TBEV from the
brain and internal organ samples of experimentally infected bank vole that
showed low Ct values (< 36.00) was successfully isolated in human lung
carcinoma A549 cells by Michelitsch et al. [400]. The success of virus
isolation was suggested to be related to different TBEV strains. The more
recently isolated TBEV strains were more effectively reisolated in cell cultu-
res as the reference Neudorfl strain, which indicates that virus strain plays a
role in the success of virus isolation in cell culture [400]. In a more recent
study, Michelitsch et al. [145] reported the successful isolation of TBEV in
human lung carcinoma A549 cell culture from the whole blood samples of
experimentally infected C. glareolus voles and concluded, that the recently
isolated TBEV strains more frequently persisted as a long-term viremia and
showed a higher detection rate of viral RNA in various organs, compared to
the reference strain Neudorfl. Moreover, an experimental study on human
blood infection with TBEV showed that the activation and suppression of the
expression of adhesion and activation receptors were TBEV-induced and
associated with the virus strain and thus, the different virulence and pathoge-
nicity of the strains [401]. Interestingly, Bakker et al. [402] have successfully
isolated TBEV from 7 out of 29 experimentally infected wild mice (mainly
A. flavicollis), but only from male rodent brains with roughly>5 x 103
copies/pug. The susceptibility and virus persistence in experimental infection
differs from natural infection, as was demonstrated in experimentally and
naturally infected Clethrionomys rutilus and A. agrarius [144].

These data suggest that due to low viral load in the main part of rodent
samples, the TBEV RNA detection by PCR might be complicated and insuffi-
cient in reservoir hosts. Although PCR is considered a highly specific and
sensitive method for viral genome detection, significant limitations in reliably
detecting the TBE virus were revealed in a TBEV detection quality control
study [403]. Human blood serum samples containing different strains and
amounts of the TBEV and two other related flaviviruses were provided to
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23 European laboratories. Surprisingly, only two laboratories correctly iden-
tified all samples in the qualitative study [403].

Several studies have demonstrated the latency of TBE infection, which
might be related to low viral load detected in the main part of small wild
rodents. TBEV was detected persisting in the brains of small wild rodents and
insectivores of various species in several of Europe’s and Asia’s investiga-
tions [144, 371, 372, 400, 404]. A natural TBE infection was demonstrated
to persist for up to 10 months in C. rutilus voles [405]. It was suggested that
in endemic regions TBEV persists in the major part of susceptible wild
rodents and insectivores. However, a weak virus-specific immune response
might enhance virus penetration in host monocytes and possibly result in
difficulty in recovering pathogenic TBEV from its natural hosts [404, 406].
Moreover, it is hypothesized that certain genetic features and transcriptome
profiles of the candidate rodent reservoir host predispose to asymptomatic
carriage of TBEV and consequent transmission to /. ricinus ticks [380].

3.3.3. The influence of air temperature on TBEV prevalence
in samples of rodent brain and internal organs

A successful TBE virus isolation in murine neuroblastoma cell culture
from rodent samples (n = 30) that were PCR-negative before cultivation was
demonstrated in the present study. The prevalence rate of TBEV RNA in
samples of rodent brain and internal organ mix isolates in murine neuroblas-
toma Neuro-2a cell culture from all collection sites was analyzed when
grouped according to the month of trapping and therefore, according to the
average monthly air temperature (Supplementary Material Table S1). A strong
correlation (r = 0.88; p <0.001) was found between the average monthly air
temperature of rodent collection and TBEV RNA prevalence rate in murine
neuroblastoma cell culture isolates of rodent brain and internal organ mix
samples which were PCR-negative before cultivation in Neuro-2a cells
(Fig. 3.3.3.1).
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Fig. 3.3.3.1. Longitudinal distribution of rodent brain and internal organ
mix suspension samples considered negative prior isolation in Neuro-2a
cell line and an average air temperature of the rodent trapping month.
The outlined shades of different colors visualize confidence intervals

The results show that TBEV RNA was more often detected in rodents
captured at a lower average air temperature than those collected at a higher
average temperature. The results of the present study suggest that when the
average air temperature of rodent trapping increased, it led to a lower RNA
detection rate in suspensions and an increased detection rate in cell culture
isolates of the same rodent samples.

As far as we know, the present study is the first to suggest such a
tendency in wild rodents. However, a higher TBEV-Eu RNA prevalence rate
in a colder winter (54.2%) compared to a warmer one (5.6%) was reported in
Finland. In the abovementioned study, the prevalence of TBEV RNA was
analyzed two years in a row and the trapping area, month, and species of
rodents were the same in both years [372]. Moreover, the influence of air
temperature on TBEV replication in mammals was demonstrated in Northern
white-breasted hedgehogs (Erinaceus roumanicus). Based on the results of
an experimental study conducted by Nosek and Grulich [407] the duration of
viremia in hedgehogs is indirectly related to air temperature, lasting 3—6 days
in warm summer and 8—14 days in cooler spring and autumn. Furthermore,
the persistence of intense and long-lasting viremia throughout the hibernation
period in infected Northern white-breasted hedgehogs and dormice (Glis glis)
was observed in the abovementioned study [407].
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In contrast, the opposite trend was suggested in ticks, and a higher air
temperature was associated with increased human TBE incidence rate and
potentially higher TBEV load in ticks [11, 14]. Similarly, Korenberg and
Kovalevskii [408] have also suggested that the incidence of clinical human
TBE cases most closely corresponds to the real probability of being bitten by
a highly TBEV-infected tick. Moreover, Hudackova and colleagues [409]
reported that the majority of human TBE cases in Czechia during 2012-2016
were recorded when the air temperature was 10-20 °C. Furthermore, Elving
et al. [410] proposed a thermosensitive RNA switch as significant for TBEV
virus propagation in ticks.

Nonetheless, many other factors, such as relative humidity, duration of
day length [11, 380], reproductive state and immune status [411], and tick
burden on rodents [412] might be influential since these factors are at least
partially related to the average air temperature. Moreover, the age and sex of
rodents might also play a role [373]. A higher seroprevalence of TBEV-
specific antibodies detected in male bank voles (40.4%) compared to females
(15.6%) was associated with an increased risk of possible contact with ticks
due to larger territories and higher activity in search of females [373, 377,
411]. Moreover, sexually active males might exhibit reduced innate and
acquired immunity due to high testosterone levels [164, 413].

Various factors, such as stress, reproduction status, food availability, and
climatic conditions might impact a host’s immune system response and there-
fore, the virus replication in the rodent organism. Early spring could be a
favorable time for TBEV activation from a latent state in rodent organisms
due to a weakened immune response during winter [414]. Inhibition of male
rodent humoral immunity is associated with increased testosterone levels in
early spring when mating season begins. Activation of latent TBEV infection
was demonstrated in an experimental study after injection of testosterone into
male Northern red-backed voles (C. rutilus) [404]. Furthermore, TBEV acti-
vation was shown in experimentally infected Syrian hamsters (Mesocricetus
auratus) given immunosuppressive drugs, such as vincristine, prednisolone,
and adrenaline [415].

In addition, several studies have demonstrated that TBEV is heteroge-
neous, and both — adapted to tick and mammal cell variants are present at
different quantities in the same host. The TBEV quasispecies existence was
demonstrated in tick-derived TBEV samples [416—419]. Although the exact
mechanism of quasispecies replication during natural infection remains
unclear, virus replication in the organism of rodents might be influenced by
host immune response, tick infestation, and other yet unknown factors that
might induce the emergence of different virus variants [414, 416].
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3.3.4. The prevalence of TBEV in different species of rodents

Many epidemiological and experimental studies conducted in Europe
and Asia reported rodents of the Apodemus and Clethrionomys as one of the
most important in the TBEV transmission cycle [420]. Mice of the genus
Apodemus are the most widespread small rodents in natural habitats such as
broadleaf forests and fields, in the Temperate Zone of the Palearctic region,
and more than twenty species are now recognized [421]. The genus
Clethrionomys comprises several species that have a global distribution and
C. glareolus is a common rodent in Europe and North Asia. The distribution
of C. glareolus overlaps with regions in which TBEV is endemic [22, 422].
Although the prevalence of different rodent species depends on numerous
factors in various areas, the most abundant species in TBEV in European
studies in rodents are 4. flavicollis and C. glareolus (reviewed below).

Rodents of 6 species were trapped and investigated in the present study
(Fig. 3.3.4.1) The most abundant of all collected rodents were 4. flavicollis
(n = 76), followed by C. glareolus (n = 29), M. arvalis (n = 22), and less
numerous M. musculus (n = 9) A. sylvaticus (n = 2) and A. agrarius (n=1).
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Fig. 3.3.4.1. Number of TBEV-positive rodents of different species
based on PCR results in suspensions and cell culture isolates.
*p <0.05; **p = 0.46 (Fisher’s exact test)
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TBEV RNA was found in the brain and/or internal organ mix suspensions
of all (100%) M. arvalis rodents investigated in the present study. However,
common voles were not abundant in the TBEV prevalence studies in rodents.
The prevalence rate of 11% in M. arvalis rodents collected in a non-risk area
in Germany [371] and 6.2% in a high-risk area in Hungary were previously
reported [370]. Moreover, persistent TBEV infection for up to 100 d.p.i. was
demonstrated in experimentally infected M. arvalis rodents [371]. TBEV-
specific antibodies were detected in 3.3% of M. arvalis captured in Slovakia
(although only 5.5% of all collected rodents were M. arvalis) [375]. In addition,
a study conducted in Czechia revealed that the abundance of M. arvalis voles
was a significant factor in explaining the annual human morbidity of TBE
and two other zoonoses [423].

The prevalence rate of TBEV RNA in brain and internal organ mix
suspension samples was significantly higher (p < 0.05) in M. arvalis rodents,
compared to other species included in the present study. In addition, the
majority (77.3%) of M. arvalis rodents were collected in January and March
of 2020 when the average air temperature was only 2.8-3.3 °C and ticks were
not yet at the peak of their activity. It is important to note that the warmest
January from 1961, was registered in 2020 and might have influenced the
results of TBEV prevalence in the rodents collected that month. However, it
remains unclear if the season and average air temperature at the time of rodent
collection or the rodent species were the influential factors for the higher
prevalence in suspension samples of M. arvalis before cultivation in murine
neuroblastoma cell culture.

The TBEV RNA was detected in 77.6% (59/76) of A. flavicollis brain
and/or internal organ mix suspension samples investigated in the present
study. 4. flavicollis mice are considered one of the most abundant species in
Europe, however, only a few studies have evaluated TBE viral RNA preva-
lence in these rodents. In Germany, TBEV RNA was detected in 13% of
A. flavicollis captured in the TBEV risk area and 2% of rodents in the non-
risk area [371]. In TBEV-risk areas in Hungary, TBEV RNA was found in
4% of yellow-necked mice samples [370]. The reported seroprevalence of
TBEV-specific antibodies in A. flavicollis was the highest and reached 18.1%
in Slovakia [375], followed by 10.5% in Germany [373], 3.9% in Slovenia
[22], and 3.7% in Hungary [377].

The prevalence of TBEV RNA in brain and internal organ mix suspen-
sion samples of 4. flavicollis mice was significantly lower (Fisher’s exact test
p = 0.46) compared to other species of rodents investigated in the present
study. However, after cultivation in murine neuroblastoma Neuro-2a cell
culture, no significant differences between rodent species and the prevalence
rate of TBEV RNA were found. The overall TBEV RNA prevalence rate
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increased significantly to 96.4% (95% CI 91.8-98) following each rodent
sample cultivation in murine neuroblastoma cell culture. TBEV RNA was
absent in only 5 of 139 rodents and all of them were rodents of A. flavicollis
species (Supplementary Material Table S2). The results of the present study
suggest that TBEV is not more prone to be found in specific rodent species.
This finding is in line with the results of Achazi and colleagues [371] who
also did not find significant TBEV RNA prevalence rate differences between
the species of rodents. Moreover, Bakker et al. [402] found no significant
difference in infection rates between A. sylvaticus and A. flavicollis mice in
an experimental study. Furthermore, an experiment by Heigl showed that
A. flavicollis, C. glareolus, A. sylvaticus, and M. musculus were susceptible
to TBEV infection [424].

TBEV RNA was detected in 72.4% (21/29) of C. glareolus brain and/or
internal organ mix suspension samples in the present study. Studies reporting
the prevalence of TBEV in C. glareolus are more abundant than those re-
porting TBEV presence in A. flavicollis. TBEV-Sib RNA was detected in
11.4% of C. glareolus trapped in high-risk areas in Finland [372]. TBEV-Eu
RNA was found in 11% of bank voles trapped in non-risk locations, 18%
trapped in high-risk locations in Germany [371], and 4% in high-risk areas in
Hungary [370]. An experimental study by Tonteri et al. [425] demonstrated
that C. glareolus rodents are susceptible to three main subtypes of TBEV —
TBEV-Eu, TBEV-Sib, and TBEV-FE. In addition, the same study showed
that viral RNA can be detected at 109 d.p.i. in the brain of experimentally
infected C. glareolus, however, the authors did not attempt to isolate the virus
[425]. In a study conducted by Stoltz et al. [426] primary cells obtained from
C. glareolus fetuses were successfully infected with TBEV derived from
human blood serum and the presence of the virus was demonstrated by immu-
nofluorescent staining of viral proteins. TBEV was isolated in cell culture and
propagated in mouse brains from the brain sample of C. glareolus captured
in Slovakia [427]. In addition, TBEV was isolated from the lungs, kidneys,
and spleen of C. glareolus trapped in Czechia [428]. In a study conducted in
Slovenia by Knap et al. [22] a very high average TBE viral load (2.5 x
10° RNA copies/mL) was reported per organ in C. glareolus, however, the
levels varied in different tissues. In the abovementioned study, TBEV RNA
was detectable in various tissue samples of C. glareolus such as the spleen,
kidney, lung, liver, heart, blood clots, and brain [22]. The prevalence rate of
TBEV-specific antibodies in C. glareolus reaching 20.5% was reported in
Hungary [377], 19.4% in Germany [373], 15.1% in Slovakia [375], 12.5% in
Slovenia [22], and 5.3% in Switzerland [379]. Other species of the genus
Clethrionomys were also reported to be highly susceptible to TBEV infection.
A study conducted by Bakhvalova et al. in Siberia reported that TBEV RNA
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prevalence was 46.2% in Clethrionomys rufocanus and 78.1% in C. rutilus
[369].

In the present study, TBEV RNA was detected in 66.7% (6/9) of brain
and/or internal organ mix samples of M. musculus house mice. The data on
the prevalence of TBEV in M. musculus rodents is scarce, possibly because
of the low numbers of these species collected in TBEV epidemiological studies.
M. musculus mice were mentioned only in one study where no TBEV RNA
was detected mainly because of the low number of samples (n =2) [371].
However, experimental studies show that M. musculus rodents are susceptib-
le to TBEV infection [424, 429]. As far as we know, the present study is the
first to report TBEV RNA detection in naturally infected house mice
M. musculus.

TBEV RNA was prevalent in brain and/or internal organ mix suspension
samples of 100% of A. sylvaticus and A. agrarius in the present study.
However, only two rodents of A. sylvaticus and one of A. agrarius species
were collected, therefore the results of TBEV prevalence in these species are
not accurate due to a low number of samples. Although both species men-
tioned above were found to be sufficient TBEV hosts in other studies.

A prevalence of TBEV RNA was detected in 11% of A. agrarius
collected in a non-risk area in Germany [371] and 7.3% in a high-risk area in
Hungary [370]. Moreover, TBEV was isolated in cell culture from the lungs
and spleen tissue of A. agrarius rodents collected in the Republic of Korea
[70, 430]. In addition, TBEV-FE was isolated from 4. agrarius in Estonia
[69]. The prevalence rate of TBEV-specific antibodies in 4.6% of 4. agrarius
collected in Hungary [377] and 2.4% trapped in Slovenia were reported [22].
Moreover, Egyed et al. [431] demonstrated that experimentally infected A.
agrarius may develop subclinical TBE encephalitis depending on virus load
in the inoculum and that the rodents of the genus Apodemus might be resistant
to lower infectious dose.

An experimental study evaluated the immune response to TBEV infec-
tion in A. sylvaticus rodents [432]. Bakker et al. [402] suggested that in the
Netherlands A. sylvaticus and A. flavicollis may equally contribute to the
TBEV transmission cycle. TBEV-specific antibodies were detected in 9.6%
of A. sylvaticus captured in Slovenia [22], 8.5% in Slovakia [375], and 2.9%
in Switzerland [379].

A large-scale epizootiological study conducted in Japan reported a preva-
lence rate of TBEV-specific antibodies in 5.51% of the voles of genus Clethrio-
nomys and 1.81% of Apodemus mice [433]. Moreover, infestation with ticks
was reported to be higher in A. flavicollis compared with C. glareolus in
several studies [169, 377], possibly because of the development of resistance
to ticks observed in C. glareolus rodents [23, 162]. Furthermore, several
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studies have demonstrated that C. glareolus rodents might be more susceptible
to TBEV infection compared to 4. flavicollis, however, it has been implied
that the rate of infection in a specific species may also depend on the year of
investigation [22, 375, 428]. In several experimental studies, C. glareolus
was demonstrated to produce higher viremia and higher antibody titers in
comparison to the rodents of the Apodemus species [375, 389, 424, 429].
Moreover, a study by Knap et al. [22] suggested that the virus tropism of
TBEV in Apodemus mice is different from that in Clethrionomys species
since the virus was predominantly detected in the spleen and less often in the
brain, lungs, and blood clots. In addition, viral loads in Apodemus rodents were
generally lower compared to Clethrionomys species. Furthermore, although the
Apodemus mice seroconvert following exposure to TBEV, the antibody titers
were lower than in Clethrionomys voles [22]. The presence of viral RNA in
multiple tissues indicates that TBEV infection in the Clethrionomys species
is not confined to a single organ, and high viremia levels suggest that
Clethrionomys voles may transmit the virus to naive ticks that feed on them
[420].

The data of multiple studies indicate that C. glareolus rodents might be
more suitable hosts for systemic transmission of TBEV to ticks, however, it
is important to note that the viremia in rodents might be short-term in many
cases [22, 140, 143, 371, 424]. On the other hand, experimental studies have
suggested A. flavicollis as a more competent rodent species compared to
C. glareolus for the TBEV transmission to naive ticks during tick co-feeding
on the non-viremic host [101, 130]. An experimental study conducted by
Labuda et al. [130] demonstrated that field mice (4. flavicollis and A. agrarius)
maintained virus transmission to a higher proportion of ticks (to 46% of
exposed ticks) when carried comparatively low or even undetectable viral
load compared to C. glareolus voles (to 28% of exposed ticks) which showed
higher viremia. In conclusion, the reported data suggests that rodents of both
genera are important in the maintenance cycle of TBEV.

3.3.5. The prevalence of TBEYV in fetuses of small wild rodents

Five fetal samples were investigated in the present study (which were not
included in the overall rodent count). TBEV RNA was detected in 2 out of 5
fetus suspension samples. After cultivation in murine neuroblastoma Neuro-
2a cell culture, all 5 fetal samples were TBEV-positive. In M. arvalis voles,
TBEV RNA was detected in maternal and fetal samples before and after
cultivation in murine neuroblastoma cell culture. In C. glareolus voles,
TBEV RNA was detected only in maternal suspension samples before culti-
vation in neuroblastoma cells. In one of three A. flavicollis mice, TBEV RNA
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was found in the fetal suspension sample but not in the maternal suspension
samples before sample cultivation in cell culture. In the remaining two
A. flavicollis, TBEV RNA in maternal and fetal samples were detected only
after cultivation in murine neuroblastoma Neuro-2a cell culture.

As far as we know, no previous studies have found TBEV RNA in the
fetuses of A. flavicollis, M. glareolus, and M. arvalis rodents. However, in
two experimental studies vertical TBEV-Sib transmission was demonstrated
in infected laboratory mice and C. rutilus females [434, 435]. In the
investigation by Bakhvalova et al. [434] vertical virus transmission was
reported in up to 90% of experimentally infected Northern red-backed vole
(C. rutilus) progeny. Moreover, transplacental TBEV transfer to embryos was
observed in naturally infected C. rutilus in the abovementioned study [434].
The first case of possible intrauterine vertical TBEV transmission in Dalma-
tian puppies was recently reported. All three infected puppies developed
severe neurological symptoms and died [315]. Vertical TBEV transmission in
humans was revealed in a few studies [238, 269, 436]. To date, no cases of
harmful effects of TBEV vertically transmitted to human newborns have been
reported. Although other flaviviruses might cause harm to embryos in case of
transplacental transfer: the Zika virus is teratogenic, and the Dengue virus
and Japanese encephalitis virus are associated with an increased risk of fetal
loss [437]. Furthermore, sexual TBEV transmission was reported between
infected males and uninfected females in laboratory mice, which are not
adapted TBEV hosts [438].
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CONCLUSIONS

TBEV RNA was detected in 18.6% (95% CI 15.2-22.4) and TBEV-spe-
cific antibodies were found in 21.6% (95% CI 17.9-25.6) of blood serum
samples of dogs.

The risk factors of the lethal outcome of the disease for TBEV RNA-
positive dogs were: the older age of the dog (on average 11.8 years;
p <0.01), the presence of neurological symptoms (p <0.01), and the
presence of TBEV-specific antibodies in blood serum (p < 0.05) in PCR-
positive dogs with severe neurological symptoms.

The detection rate of TBEV RNA in ticks, collected from dogs increased
significantly (p = 0.01) after sample cultivation in MARC-145, Vero,
and Neuro-2a cell cultures from 34.2% (95% CI 25.7-43.5) in suspen-
sions of ticks to 56.4—-60.7% (95% CI 46.9-69.6) in cell culture isolates.

TBEV RNA was detected in 51.1% (95% CI 42.4-59.7) of the rodents’
brains and 53.2% (95% CI 44.6—61.7) of the internal organ mix suspen-
sions. TBEV RNA was significantly more often found in suspensions of
M. arvalis rodents and less often in A. flavicollis rodents than other
species.

The detection rate of TBEV RNA in rodents increased significantly
(p <0.01) after sample cultivation in Neuro-2a cell cultures from 74.8%
(95% C1 66.7-81.1) in brain and internal organ mix suspensions to 96.4%
(95% CI 91.8-98) in Neuro-2a cell culture isolates.

A strong correlation ( = 0.88; p < 0.05) was found between the average
monthly air temperature of rodent trapping and TBEV RNA prevalence
rate in cell culture isolates of rodent brain and internal organ mix samples
which were PCR-negative before cultivation in murine neuroblastoma
cells.
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SUMMARY IN LITHUANIAN

1. PROBLEMOS AKTUALUMAS IR SVARBA

Erkinis encefalitas (EE) yra viena svarbiausiy erkiy platinamy zoonoziy
Europoje ir Siaurés Azijoje [1]. Liga sukelia erkinio encefalito virusas, kuris
priklauso Flaviviridae Seimai [2]. Dazniausiai uzsikreciama jsisiurbus virusu
uzkréstai erkei, taciau galimas ir alimentinis uzsikrétimas per nepasterizuotus
virusu uzkréstus pieno produktus [3]. Medicinoje tai viena svarbiausiy erkiy
platinamy infekcijy, galin¢iy sukelti sunkiy neurologiniy simptomy, liekamy-
Jju reiSkiniy persirgus arba baigtis mirtimi [4].

Nors ligos galima iSvengti pasiskiepijus, Zzmoniy sergamumas pastarai-
siais deSimtmeciais auga, todé¢l tai yra didéjanti sveikatos apsaugos sistemos
problema beveik visose EE endeminése Salyse tiek Europoje, tiek ir Azijoje
[4]. Per pastaruosius 30 mety zmoniy sergamumas EE endeminiuose Europos
regionuose padidéjo beveik 400 proc. [5]. Taip pat fiksuojamas endeminiy
EE rizikos vietoviy plétimasis bei naujy Zidiniy atsiradimas Salyse, kurios
anksciau buvo laikomos laisvos nuo EE. Europos Sajungoje ir Europos eko-
nomingje erdvéje (ES/EEE) EE atvejy pranesimy skaicius pastaraisiais metais
toliau didé¢ja [5, 6]. Europos ligy prevencijos ir kontrolés centras (ECDC)
pranesa, kad 2016-2018 metais sergamumas EE sieké 0,6 atvejo 100 tikst.
gyventojy, 2019 metais — 0,7 atvejo 100 tiikst. gyventojy ir 2020 metais padi-
déjo iki 0,9 atvejo 100 tukst. gyventojy [S]. Sergamumas EE Lietuvoje yra
vienas didziausiy Europoje jau daugiau nei deSimtmetj. Nacionalinio visuo-
menés sveikatos centro duomenimis, 2023 metais Lietuvoje EE atvejy uzfik-
suota 58 proc. daugiau nei 2022 metais ir sergamumo rodiklis padidéjo nuo
13,3 iki 20,8 atvejo 100 tikst. gyventojy.

Erkinis encefalitas yra gamtin¢ zidinin¢ infekcija, o viruso paplitimas
gamtoje, kaip manoma, priklauso nuo erkiy ir jy Seimininky tarpusavio sgvei-
kos bei aplinkos ir klimato saglygy [7-10]. Klimato $ilté¢jimas yra laikomas
vienu i§ pagrindiniy veiksniy, lemianc¢iy didéjantj Zmoniy sergamuma EE [8,
11-14]. Didéjantis sergamumas taip pat siejamas ir su dazné¢jancia Zmoniy
veikla potencialiai erkémis uzkréstose vietovése bei ty vietoviy plétimasis
[10, 15], ypac urbanizuotose teritorijose bei priemiesciuose [16, 17]. Kadangi
tarp erkiy erkinio encefalito viruso (EEV) paplitimo daznis yra nedidelis,
ypa¢ krauju nepasimaitinusiy erkiy [18], buvo tyrin¢jami jvairiy rusiy
gyvinai, kaip potencialiis indikatoriniai gyvinai, EEV Zidiniams aptikti ir
stebeti [19-21].

Smulkieji laukiniai grauzikai yra pagrindinis gamtinis viruso $altinis ir
yra laikomi svarbiausiais rezervuariniais EEV Seimininkais, dél to jie poten-
cialiai itin tinkami EEV Zidiniy steb¢jimo tyrimams [20]. Smulkieji laukiniai
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grauzikai nemigruoja tolimy atstumy, jy populiacijos dazniausiai gana
didelés, o grauziky gaudymas nesudétingas [22]. Jie linke gausiai uzsikrésti
erkémis ir yra labai svarbiis Ixodes erkiy lervy ir nimfy Seimininkai [23, 24].
Didelio endemiskumo vietovése Sibire atlikti tyrimai suponuoja, kad EEV
zidiniuose didzioji dalis smulkiyjy laukiniy grauziky yra latentiniai EEV
nesiotojai [25]. Nustatyta, jog EEV-Eu potipio virusas gali iSlikti (persistuoti)
grauziky organizme nesukeldamas imuninio atsako ir antikiny gamybos [26,
27].

Erkinio encefalito virusu gali uzsikrésti jvairiy klasiy gyviinai — reptili-
jos, zinduoliai, pauksciai, ta¢iau EE simptomai dazniausiai pasireiskia Zmo-
néms, rec¢iau Sunims ir arkliams ir retkarCiais kitiems atsitiktiniams viruso
Seimininkams [28]. Remiantis pavienémis publikacijomis ir klinikiniy atvejy
praneSimais, paskelbtais dar pra¢jusiame Simtmetyje, erkinio encefalito
atvejy Suny populiacijoje buvo diagnozuojama itin retai. Manyta, kad pasi-
reiSkus klinikiniams poZymiams ligos eiga btina sunki, o gaiStamumas didelis
[29]. Taciau endeminése vietovése EEV dabar yra laikomas vienu svarbiau-
siy CNS infekcijy sukéléjy Sunims [30]. Nors atlikty studijy duomenys rodo,
kad uZzsikrétimas EEV Sunims dazniausiai yra asimptominis, taciau taip pat
uzfiksuota ir zaibinés, iminés bei létinés ligos eigos atvejy [21, 29, 32].
Manoma, kad net ir endeminiuose regionuose EE gali biiti nediagnozuojamas
Sunims dé¢l nepakankamos informacijos apie §ig liga Sunims [32-34]. Liga
jtariama atsizvelgiant | budingus klinikinius pozymius, o diagnozé patvirti-
nama kraujo serume ir (arba) cerebrospinaliniame skystyje (CSS) aptikus
EEV specifiniy IgM klasés antikiiny [35, 36], taciau galimas ir kryZminis
kitiems flavivirusams specifiniy antikiiny reaktyvumas [37]. EEV RNR
aptikimas PGR metodu gali biiti naudingas jrankis ankstyvajai EE diagnozei
[36].

Sio darbo tikslas buvo istirti EEV paplitimg viruso Zidiniuose sugauty
grauziky ir Suny, gyvenanciy antrajame pagal dydj Lietuvos mieste, organiz-
muose. Remiantis anksc¢iau atlikty studijy duomenimis apie viruso iSlikimag
(persistavimg) grauziky organizme, buvo iSkelta hipotez¢, jog méginiy pa-
gausinimas peliy neuroblastomos ,,Neuro-2a* lasteliy kultiroje galéty padi-
dinti viruso kiekj ir taip leisty ji aptikti. Be to, pirmg karta Lietuvoje buvo
atlikti EEV RNR ir EEV specifiniy antikiiny tyrimai Suny klinikiniuose
meéginiuose ir nustatyti galimi sunkesnés ligos eigos ir letalios baigties rizikos
veiksniai.

2. MOKSLINIS NAUJUMAS

EEV paplitimas tarp smulkiyjy laukiniy grauziky ir Suny Lietuvoje
anksciau nebuvo iSsamiai tyrinétas. Pirmg kartag Europoje viruso Zidiniuose
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sugauty grauziky organizmuose buvo nustatytas didelis EEV paplitimas. Pirma
karta Europoje EEV aptiktas smulkiyjy grauziky vaisiaus meéginiuose, anksciau
publikacijose nepaminétose grauziky rusyse (4. flavicollis, C. glareolus ir
M. arvalis). Pirmg karta natiirali EEV infekcija nustatyta naminiy peliy
(M. musculus) organizmuose.

Pirma karta Lietuvoje istirtas EEV ir jam specifiniy antikiiny paplitimas
Suny klinikiniuose méginiuose. Nustatyti rizikos veiksniai, galbiit lemiantys
sunkesne ligos eiga ar gaiSimg. Surinkti duomenys aktualiis ir nauji pasau-
liniu mastu, taip pat svarbiis ir Zmoniy medicinai, nes suteikia daugiau infor-
macijos apie viruso diagnostika ankstyvosiose arba timinése ligos stadijose,
kai EEV specifiniai antikinai dar neaptinkami. EEV diagnostikos jautrumui
jvertinti pirma kartg sékmingai panaudotas viruso pagausinimo lgsteliy kultt-
roje metodas ir jo efektyvumas palygintas su standartiniais molekuliniais
PGR tyrimy metodais.

3. DARBO TIKSLAS IR UZDAVINIAI

Darbo tikslas: nustatyti erkinio encefalito viruso paplitimo dazn;j tarp
smulkiyjy laukiniy grauziky ir Suny, taip pat nuo Suny nurinkty jsisiurbusiy
erkiy.

UZdaviniai:

1. Nustatyti EEV ir EEV specifiniy antikiiny paplitimo daznj Suny
kraujo méginiuose ir jvertinti pagrindinius rizikos veiksnius, lemian-
¢ius sunkesne Suny EE ligos eigg ir letalig baigti.

2. Ivertinti EEV paplitimo daznj nuo Suny nurinkty erkiy suspensijose
ir po pagausinimo perséjamosiose lasteliy kulttrose.

3. Nustatyti EEV paplitimo daznj viruso Zidiniuose sugauty smulkiyjy
laukiniy Muridae ir Cricetidae Seimos grauziky smegeny ir vidaus
organy misinio méginiuose.

4. Ivertinti EEV diagnostikos jautruma atliekant smulkiyjy laukiniy
grauziky méginiy pirminj pagausinimg pers¢jamosiose lasteliy
kulttrose ir taikant standartinius molekulinius tyrimy metodus.

4. TYRIMU METODAI IR TIRIAMOJI MEDZIAGA

4.1. Méginiy rinkimas

4.1.1. Suny klinikiniai meéginiai

Suny kraujo méginiai buvo renkami atsitiktine tvarka i§ dviejy Kauno

bei ligos anamnez¢é buvo surinkti gavus raSytinj gyviino savininko ar glob¢jo
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sutikima. Suny kraujo ir CSS méginiai buvo imami gydymo ir diagnostikos
tikslais, virusologiniams tyrimams papildomai méginiai nebuvo imami.
Visos procediiros ir tyrimai buvo atlieckami laikantis gyviiny gerovés reikala-
vimy bei Lietuvos Respublikos jstatymy.

Per laikotarpj; nuo 2020 mety geguzés iki 2021 mety gruodzio buvo
surinkti 473 Suny, atvykusiy i veterinarijos klinikas dél jvairiy ligy ar profi-
laktiniy sveikatos tyrimy, kraujo bei trys cerebrospinalinio skys¢io méginiai.
Surinkti méginiai buvo laikomi —80 °C temperatiiroje, kol bus atlikti tolesni
tyrimai.

Taip pat veterinarijos klinikose buvo diagnozuotos gretutinés kitos erkiy
platinamos infekcijos (Babesia spp. ir Anaplasma phagocytophilum), kurios
buvo patvirtintos aptikus minétus sukeéléjus rutininiu greituoju bidu
dazytame kraujo tepinélyje. Antiktinai prie$ 4. phagocytophilum buvo aptikti
naudojant imunochromatografijos principu paremta greitajj testa (Anigen Rapid
CaniV-4 Test Kit (BioNote, INC. Hwaseong, Kor¢jos Respublika).

Suny anamnesis vitae ir anamnesis morbi duomenys bei ligos baigtis
buvo surinkti retrospektyviai ir yra pateikti papildomoje lenteléje (Supple-
mentary material Table S3).

4.1.2. Erkiy méginiai

Nuo Suny buvo nurinkta 117 prisisiurbusiy erkiy, i$ jy 112 I. ricinus ir 5
D. reticulatus. Erkés buvo renkamos vizito veterinarijos klinikose metu.
Surinkti méginiai buvo laikomi —80 °C temperatiiroje, kol bus atlikta tolesné
analiz¢.

4.1.3. Smulkiyjy laukiniy grauziky méginiai

Smulkieji laukiniai grauzikai (Rodentia) buvo sugauti 19-oje skirtingy
EEV 7zidiniy, esanciy penkiose Lietuvos apskrityse. Specifinés grauziky
gaudymo vietos buvo pasirinktos atsizvelgiant i Lietuvoje atliktos EEV
paplitimo tarp erkiy studijos duomenis didziojoje dalyje pasirinkty zidiniy
[320] bei j Nacionalinio visuomeneés sveikatos centro pateikta erkiy plati-
namy ligy paplitimo Lietuvoje zemélapi (https.://nvsc.lrv.lt/lt/uzkreciamuju-
ligu-valdymas/uzkreciamosios-ligos/erkiu-pernesamos-ligos/lietuvos-vietoviu-
kuriose-uzsikreciama-erkiu-platinamomis-ligomis-zemelapis/). Gaudymui buvo
naudojami gyvagaudziai spastai su saulégrazy aliejuje iSmirkytos duonos
masalu, o sugauti grauzikai pristatyti j laboratorijg ta pacia diena, kur vado-
vaujantis standartiniais protokolais buvo atliktas jy skrodimas ir paimtos
smegenys bei vidaus organai (bluznis, kepenys, Sirdis ir inkstai) ir vaisiaus /
embriono méginiai i§ penkiy pateliy. Paimti méginiai buvo laikomi —80 °C
temperatiiroje, kol bus atlieckami tolesni tyrimai. IS viso nuo 2019 mety kovo
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iki 2020 mety geguzés buvo sugauti 139 grauzikai. Identifikuotos SeSios
grauziky rasys: geltonkakle peleé (Adpodemus flavicollis (n = 76)), rudasis
pelénas (Clethrionomys glareolus (n = 29)), paprastasis pelénas (Microtus
arvalis (n = 22)), naminé pelé (Mus musculus (n = 9)), miskiné¢ pelé
(Apodemus sylvaticus (n = 2)) ir dirviné pelé (Apodemus agrarius (n = 1)).

Vidutinés ménesio oro temperatiiros duomenys buvo paimti i§ Lietuvos
hidrometeorologijos tarnybos prie Aplinkos ministerijos pateikty metiniy ata-
skaity (https://www.meteo.lt/category/menesio-hidrometeorologiniu-salygu-
apzvalga/page/5/).

4.2. EEV RNR nustatymas ir sekoskaita

Smulkiyjy laukiniy grauziky smegeny ir vidaus organy gabaléliai (10—
100 mg) buvo homogenizuoti griistuveje su piestele i§ kiekvieno grauziko
organy sudarant du méginius (smegeny ir vidaus organy misinio), o erkiy
meéginiai prie§ homogenizavimg buvo apdoroti skystuoju azotu. Paruosti
meéginiai buvo sumaisyti su 1000 pl lasteliy kulttiry mitybines terpés (MEM,
Gibco, Waltham, MA, JAV) ir gautos suspensijos buvo laikomos —80 °C
temperatiiroje, kol bus atlikti tolesni tyrimai. Suny kraujo ir CSS méginiai
RNR isgryninti buvo naudojami be papildomo paruo§imo.

Siekiant i§ méginiy iSgryninti RNR, paimta 300 ul paruosty grauziky
smegeny ir vidaus organy miSinio suspensijy, erkiy suspensijy bei Suny
kraujo ir CSS, o RNR iSgryninta pagal gamintojo instrukcijas naudojant ko-
mercinj RNR iS§gryninimo rinkinj ,,GeneJET RNA Purification Kit* (Thermo
Scientific, Waltham, MA, JAV).

Siekiant nustatyti EEV RNR, i§ smulkiyjy laukiniy grauziky smegeny ir
vidaus organy miSinio suspensijy iSgryninti RNR meéginiai buvo istirti
tikralaikeés atvirkstinés transkripcijos polimerazinés grandininés reakcijos
(AT-PGR) bei lizdinés AT-PGR metodais. Tikralaikés AT-PGR tyrimui
naudoti ,,SuperScript™ III One-Step RT-PCR System* reakcijos miSinys,
,,Platinum™ Taq DNA Polymerase* polimerazé (Thermo Scientific, Waltham,
MA, JAV) ir pradmenys, kaip nurodyta ankstesnéje studijoje [317]. Suny
kraujo ir CSS, erkiy suspensijy bei izoliaty lasteliy kultirose méginiai buvo
iStirti lizdinés AT-PGR metodu naudojant ,,DreamTaq Green PCR Master
Mix“ reakcijos miSinj ir pradmenis, kaip nurodyta ankstesnéje studijoje
[318]. Aptikto EEV fragmento specifiSkumas buvo patvirtintas atlikus viruso
genomo NCR fragmento sekoskaitg.
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4.3. EEV specifiniy antikiiny aptikimas

Specifiniams antiktinams prie§ erkinio encefalito virusg nustatyti buvo
naudojami komerciniai kiekybinés imunofermentinés analizés rinkiniai
(ELISA) (VetLine TBE/FSME ELISA, NovaTec Immundiagnostica GmbH,
Dietzenbach, Vokietija) pagal gamintojo nurodymus.

Siekiant patvirtinti aptikty antikingy specifiSkuma EEV Suny kraujo
serumo meéginiuose, kurie buvo teigiami arba abejotini, remiantis ELISA
tyrimu, atliktas virusy neutralizacijos testas (VNT). Prie§ atliekant tyrima,
Suny kraujo serumo meéginiuose inaktyvuoti komplemento baltymai 30 min.
Sildant méginius vandens voneléje 56 °C temperatiiroje. Paruosti méginiai
buvo atskiesti lasteliy kultiiry mitybingje terpéje (MEM) koncentracijomis
nuo 1:5 iki 1:320. Atskiesti serumai buvo 90 min. inkubuojami su 100 TCIDso
EEV ,,Neudorfl” padermés (kuri buvo gauta po 6 serijiniy pers¢jimy ,, Vero*
(ATCC® CCL-81™) Igsteliy kultiroje) 37 °C temperatiiroje. Viruso citopa-
tinis poveikis lasteléms buvo vertinamas praéjus 3, 5 ir 7 dienoms po uzkré-
timo. Didziausias serumo atskiedimas, kuris slopino EE viruso citopatinj
poveikj, buvo nustatytas galutinio tasko titru. Serumai, kuriy titras 1:20 ir
didesnis, buvo laikomi teigiamais EEV specifiniy antikiiny atzvilgiu.

4.4. Virusy iSskyrimas lgsteliy kultiirose

Paruosti smulkiyjy laukiniy grauziky smegeny ir vidaus organy suspen-
sijy, erkiy suspensijy bei Suny kraujo ir CSS méginiai buvo 10 min. centrifu-
guojami 12 000 x g greiciu ir nufiltruoti naudojant 0,22 um pory dydZzio
mikrofiltrg (Techno Plastic Products AG, Trasadingen, Sveicarija). Peliy
neuroblastomos lastelés (,,Neuro-2a“ ATCC Nr. CCL-131) buvo 90 min.
inkubuojamos su paruo$tu méginiu plastikinese lasteliy kultivavimo ploks-
telése (TPP Techno Plastic Products AG, Sveicarija) 37 °C temperatiiroje, po
to nuplautos su 1x fosfatiniu buferiniu tirpalu. Lastelés kultivuotos 200 pl
lasteliy kulttiry mitybinés terpés (Dulbecco’s Modified Eagle’s Medium
(DMEM, Gibco, JAV)), papildytos 10 proc. kars¢iu inaktyvuoto galvijy
vaisiaus kraujo serumo (Gibco, JAV) bei 100 U/ml penicilino ir 100 pg/ml
streptomicino ir inkubuotos 37 °C temperatiiroje 5 proc. CO; aplinkoje.

Paruosti erkiy suspensijy bei Suny kraujo ir CSS méginiai buvo panau-
doti bezdzioniy inksty ,,Vero® (ATCC Nr. CCL-81) ir ,,MARC-145“ (ATCC
Nr. CRL-12231) Iasteliy kultiiry uzkrétimui. Lasteliy uzkrétimas, inkuba-
vimo ir kultivavimo salygos tokios pat, kaip aprasyta anksciau, iSskyrus tai,
kad DMEM lgsteliy kulttiry terpé buvo pakeista  MEM (MEM, Gibco, JAV).

,Vero“ir ,MARC-145%1gstelés buvo kultivuotos 7 dienas, o ,,Neuro-2a“
lastelés — 4 dienas. Lasteliy uzkrétimas buvo atliekamas trigubais egzemplio-
riais, taip pat jtrauktos teigiamoji ir neigiamoji kontrolinés grupés. Po trijy
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serijiniy perséjimy lastelés buvo uzsaldytos —80 °C temperatiiroje ir atSildy-
tos du kartus. Lasteliy kultiiry suspensijos surinktos RNR ekstrakcijai. Sek-
mingas viruso iSskyrimas lasteliy kultiroje buvo patvirtintas tikralaikes
AT-PGR ir lizdinés AT-PGR metodais.

4.5. Virusy kopiju kiekio nustatymas

Virusy kopijy skaicius buvo nustatytas pasitelkus modifikuota metodika,
apraSyta ankstesnése studijose [317, 319]. EEV kopijy skaicius buvo jvertin-
tas pritaikius NS5 fragmento klonavimo metodika. I pJET 1.2 plazmidg¢ buvo
jterptas NS5 fragmentas naudojant komercinj klonavimo rinkinj ,,CloneJET
PCR Cloning Kit“ (Thermo Scientific, Waltham, MA, JAV) pagal gamintojo
nurodymus. Klonuotas NS5 fragmentas transformuotas | paruostas Esche-
richia coli bakterijas naudojant ,,Transform-Aid Bacterial Transformation
Kit* (Thermo Scientific, Waltham, MA, JAV) pagal gamintojo instrukcija.

Plazmidziy DNR iSgryninta naudojant komercinj rinkinj ,,GeneJET
Plasmid Miniprep Kit* (Thermo Scientific, Waltham, MA, JAV) pagal ga-
mintojo instrukcija. Gautos DNR koncentracija jvertinta naudojant rinkinj
,Qubit dsDNA BR Assay Kit“ (Invitrogen, Waltham, MA, JAV) pagal
gamintojo nurodymus. Standartin¢ kreivé buvo paruosta pasitelkus deSimt-
kartinius plazmidziy DNR praskiedimus, o sugretinus juos su tikralaikés AT-
PGR Ct vertémis buvo gautas virusy kopijy ekvivalenty diapazonas nuo 10°
iki 10%. Viruso kopijy skai¢ius buvo apskai¢iuotas pagal formule:

x6,0221 107
TN 660) - 1-10°

kur: n — virusy kopijy ekvivalento skaicius, x — amplikony kiekis, N — dsDNR
amplikono ilgis.
Visi méginiai buvo tirti triplikatais ir apskai¢iuotas matematinis vidurkis.

4.6. Statistiné analizé

Rizikos veiksniy reik§mingumui patikrinti buvo naudojama dvejetainé
logistinés regresijos analize, chi kvadrato testas ir FiSerio tiksliojo kriterijaus
testas. Post-hoc analizei buvo naudojamos standartinés liekanos po to, kai
statistinis reikSmingumas buvo patvirtintas chi kvadrato testu. Pasikliauti-
niesiems intervalams (PI) apskaiciuoti buvo naudojamas binominis metodas.
Pearsono koreliacija buvo naudojama siekiant jvertinti rysj tarp EEV papliti-
mo grauziky méginiuose, kuriuose virusas aptiktas tik po pagausinimo 1aste-
liy kultiiroje, ir vidutinés oro temperatiiros, kada buvo sugauti grauzikai.
Statistiné analizé ir vizualizacijos buvo atliktos naudojant programavimo
kalbg R 4.3.2.
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4.7. Finansavimas

Tyrimai buvo finansuoti Lietuvos sveikatos moksly universiteto Mokslo
fondo dotacijomis (Nr. V-789; Nr. V-786; Nr. 2021-V-0671; Nr. 2022-V-0352)
ir Lietuvos mokslo tarybos léSomis (Nr. S-MIP-23-80).

4.8. Etikos deklaracija

Smulkiyjy laukiniy grauziky gaudymas buvo vykdomas gavus Aplinkos
apsaugos agenturos leidimg ir Lietuvos Respublikos aplinkos ministerijos
patvirtintas licencijas (Nr. 5 (2019-02-28) ir Nr. 12 (2020-02-27)). Visos pro-
ceduros ir grauziky nekropsija buvo atliekamos laikantis gyviny gerovés
reikalavimy ir standartiniy protokoly.

5. REZULTATAI

5.1. EEV paplitimas tarp Suny

Siame darbe AT-PGR ir ELISA metodais buvo istirti 473 $uny kraujo
méginiai. EEV RNR buvo nustatyta 18,6 proc. (88/473; 95 proc. PI 15,2—
22.4) suny kraujo / kraujo serumo méginiuose ir 2 i§ 3 CSS meéginiuose. Po
ELISA tyrimo rezultaty patvirtinimo viruso neutralizacijos testu EEV specifi-
niai antikiinai buvo aptikti 21,6 proc. (102/473) (102/473; 95 proc. PI 17,9—
25,6) Suny kraujo serumo méginiy.

GaiStamumo / eutanazijos daznis Suny, kuriy kraujyje aptikta EEV RNR,
buvo 18,2 proc. (16/88; 95 proc. PI 10,8-27,8). D¢l sunkiy neurologiniy
simptomy arba blogos ligos prognozés eutanazija buvo atlikta 12,5 proc.
(11/88; 95 proc. PI 6,4-21,3) Suny, o like 5,7 proc. (5/88; 95 proc. PI 1,9—
12,8) nugaiSo nepaisant intensyviosios prieziiiros ir simptominio gydymo.

EEV specifiniai antikiinai buvo aptikti 26,1 proc. (23/88; 95 proc. PI
17,3-36,6) viremisky Suny (vidutinis antikiiny kiekis — 189 NTU/ml; nuo
29,7 iki 525 NTU/ml). Suny, kuriy kraujyje tuo paciu metu aptikta ir viruso
RNR, ir jam specifiniy antikiiny, amziaus mediana buvo 8 metai (nuo 1 iki
14 mety). Suny, vyresniy nei 1 mety, kraujyje EEV RNR ir jam specifiniy
antikiiny buvo aptikta statistiSkai reikSmingai (p < 0,01) daZniau nei Suny iki
1 mety amziaus (atitinkamai — 37,5 proc. (95 proc. PI 26,3—49,7) ir 0 proc.).

Beveik trecdaliui (29,6 proc. (26/88)) Suny, kuriy kraujyje aptikta EEV
RNR, Seimininkai pastebéjo isisiurbusiy erkiy. Gretutinés erkiy platinamy
patogeny koinfekcijos buvo diagnozuotos 19,3 proc. (17/88; 95 proc. PI
11,7-29,1), 18 jy 82,4 proc. (14/17) Suny nustatyta Babesia spp. koinfekcija,
o likusiems 17,6 proc. (3/17)) — A. phagocytophilum koinfekcija.

IS 88 Suny, kuriy kraujyje nustatyta EEV RNR, buvo 48 patinai ir 40
pateliy, o jy amZiaus mediana — 7 metai (nuo 2 ménesiy iki 15 mety). Statistiné
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analiz¢ atskleide, jog statistiSkai reikSmingai (p < 0,01) didesng rizika neuro-
loginiy simptomy pasireiSkimui turéjo patinai (43,7 proc. (95 proc. PI 29,5—
58,8), palyginti su patelémis (17,5 proc. (95 proc. PI 7,3-33,0). Taip pat buvo
jvertinti Suny, kuriy kraujyje aptikta EEV RNR, letalios baigties rizikos
veiksniai. Nustatyta, jog vyresnio amziaus Sunys (p < 0,01) turéjo didesne
gaiStamumo / eutanazijos rizikg (vidutinis pasveikusiy Suny amzius buvo 5,6
mety, o nugaiusiy / eutanazuoty — 11,8 mety). Sunys, kuriems pasireiskée
neurologiniy simptomy (vidutinio sunkumo arba sunkiy) turéjo statistiskai
reikSmingai didesn¢ gaiStamumo / eutanazijos rizika (> = 11,57, df = 2,
p <0,01) (27,8 proc. (95 proc. PI 19,3-36,6) pasveikusiy Suny, turéjusiy neu-
rologiniy simptomy, ir 72,2 proc. (95 proc. PI 63,7-80,7)) pasveikusiy Suny,
neturéjusiy neurologiniy simptomy). Statistiné analiz¢ atskleidé, jog Sunys,
kuriy kraujo serume buvo aptikta EEV RNR ir EEV specifiniy antikiiny (tuo
paciu metu pasireisSkus ir neurologiniams simptomams), statistiskai reikSmin-
gai (y*=5,05,df =1, p <0,05) dazniau nugaiso / atlikta eutanazija nei Sunys,
kuriy kraujyje aptikus EEV RNR, EEV specifiniy antikiiny nebuvo rasta.
Nustatyta, jog pasveikimo daznis buvo 14,2 proc. mazesnis seroteigiamy ir
8,6 proc. didesnis seroneigiamy Suny grupése, palyginti su pagal matematinj
modelj tikétinu pasveikimo dazniu. PrieSingai, gaiStamumo / eutanazijos daznis
buvo 65,5 proc. didesnis seroteigiamy ir 39,7 proc. maZenis seroneigiamy
Suny grupése. Gauti rezultatai rodo, jog atidétas arba nepakankamas imuninis
atsakas bei EEV specifiniy antikiiny gamyba, esant iminei EE ligos eigai, kai
neurologiniai simptomai pasireisSkia esant viremijai, gali biiti susij¢ su dides-
ne Suny, sergan¢iy EE gaiStamumo / eutanazijos rizika.

Neurologiniai simptomai i§ viso pasireiske 31,8 proc. (28/88) Suny, kuriy
kraujyje aptikta EEV RNR. Sunkiis / vidutinio sunkumo neurologiniai simp-
tomai pasireiské 12,5 proc. (11/88) Suny — meningoencefalomielitui budingi
simptomai, tokie kaip tetrapareze, fascialiniy refleksy stoka, regos sutrikimai,
traukuliai, taip pat sgmonés sutrikimai ir elgsenos poky¢iai. Lengvi neurolo-
giniai simptomai (pasunkéjes atsistojimas ir judéjimas, atsisakymas judéti,
sutrikusi, sukaustyta arba nekoordinuota eisena, kaklo srities hiperestezija)
pasireiske 19,3 proc. (17/88) Suny, kuriy kraujyje aptikta EEV RNR.

Likusiems 68,2 proc. (60/88) Suny, kuriy kraujyje nustatyta EEV RNR,
buvo diagnozuota jvairiy kity ligy ir klinikiniy pozymiy. [vairios, nesusiju-
sios ligos diagnozuotos 25 proc. (22/88), virskinimo trakto veiklos sutrikimai
(vémimas / viduriavimas) pasireiske 37,5 proc. (33/88) (i$ jy 17 proc. (15/88)
taip pat turé¢jo neurologiniy simptomy). Kitos erkiy platinamos infekcijos
diagnozuotos 13,6 proc. (12/88) (nejskaitant penkiy Suny, turéjusiy neurolo-
giniy simptomy). Nespecifiniai simptomai, tokie kaip apatija ir apetito prara-
dimas, pasireiske 11,3 proc. (10/88) Suny, kuriy kraujyje aptikta EEV RNR.
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5.2. EEV paplitimas tarp nuo Suny nurinkty erkiy

Nuo Suny buvo nurinkta 117 erkiy, kuriy suspensijos buvo istirtos AT-
PGR metodu ir panaudotos ,,Neuro-2a“, ,Vero* ir ,,MARC-145“ lIgsteliy
kultiiry uzkrétimui siekiant pagausinti viruso kiekj méginiuose. EEV RNR
buvo aptikta 34,2 proc. (40/117) erkiy suspensijy méginiy. Viruso aptikimo
daznis statistiSkai reikSmingai (p = 0,01) padid¢jo po méginio pagausinimo
lasteliy kultiirose iki 56,4 proc. (66/117) ,MARC-145%, 58,1 proc. (68/117)
,Vero“ ir 60,6 proc. (71/117) ,,Neuro-2a“ Iasteliy kultirose po trijy serijiniy
perséjimy.

5.3. EEV paplitimas tarp smulkiyju laukiniy grauziky

Smulkiyjy laukiniy grauziky smegeny (n = 137) ir vidaus organy (n =
139) méginiai buvo istirti AT-PGR tyrimo metodu. Gauti rezultatai atskleide
didelj EEV paplitima viruso Zidiniuose sugauty grauziky méginiuose. EEV
RNR buvo nustatyta 104 (74,8 proc.; 95 proc. P166,7-81,1) grauziky suspen-
sijose, 1§ jy 51,1 proc. (95 proc. PI 42,4-59,7) smegeny suspensijose ir
53,2 proc. (95 proc. P144,6—61,7) vidaus organy mi$inio suspensijose. Aptik-
to NCR fragmento (126 bp dydzio) specifiskumas EEV buvo patvirtintas
daline genomo sekoskaita (Supplementary material, Fig. S1).

EEV aptikimas statistiSkai reikSmingai (p < 0,01) padidéjo po grauziky
meéginiy pagausinimo peliy neuroblastomos (,,Neuro-2a“) Iasteliy kulturose.
EEV RNR buvo nustatyta 134 (96,4 proc. 95 proc. PI 91,8-98) grauziky izo-
liatuose lasteliy kultiirose, 18 jy 85,4 proc. (95 proc. PI 78,4-90,9) smegeny
izoliatuose ir 81,3 proc. (95 proc. P1 73,8-87,4) vidaus organy miSinio izolia-
tuose lasteliy kultiirose.

Visuose 19-oje tirty EEV zidiniy buvo aptikta viruso RNR. EEV papli-
timo daznis svyravo nuo 25 iki 100 proc., remiantis tyrimais grauziky suspen-
sijose. Po méginio pagausinimo ,,Neuro-2a*“ lagsteliy kultirose EEV RNR
aptikimas statistiSkai reikSmingai (p <0,01) padidéjo iki 100 proc. 16-oje
EEV zidiniy ir 71,4-90 proc. likusiuose 3-uose tirtuose zZidiniuose.

Nors nustatytas didelis EEV paplitimo daznis tarp smulkiyjy laukiniy
grauziky, taciau net 70,1 proc. smegeny ir vidaus organy suspensijy méginiy
aptiktas mazas viruso kiekis, kurj indikuoja amplifikacija, fiksuojama tik 35—
40 AT-PGR tyrimo cikle. Siekiant palyginti virusy kiekj pries ir po méginio
kultivavimo ,,Neuro-2a* lasteliy kultiiroje, atrinktuose (n = 30) grauziky
smegeny ir vidaus organy misinio suspensijy bei jy izoliaty 1asteliy kultiiry
méginiuose buvo iSmatuotas virusiniy daleliy kopijy kiekis. Vidutinis virusy
kopiju kiekis statistiskai reikSmingai (p < 0,05) padidéjo po méginio pagau-
sinimo ,,Neuro-2a“ Igsteliy kultiirose (nuo 5,71 logio kopijy/ml iki 6,35 logio
kopijy/ml).
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Grauziky smegeny ir vidaus organy miSinio meéginiai, kuriuvose EEV
RNR buvo aptikta tik po pagausinimo lasteliy kultiiroje, buvo sugrupuoti pagal
grauziky sugavimo meénesj. Palyginus viruso aptikimo daznumg ir viduting
oro temperatiira meénesio, kada buvo sugauti grauzikai, nustatyta stipri
koreliacija (» = 0,88; p < 0,05) tarp viruso paplitimo daznumo ir vidutinés oro
temperattros, kuri rodo, kad esant Zemesnei oro temperatiirai EEV RNR
aptikimo daznis grauziky meéginiuose buvo didesnis.

Siame darbe buvo istirtas EEV paplitimas $esiy skirtingy rigiy smulkiyjy
grauziky, priklausan¢iy Muridae ir Cricetidae Seimoms, méginiuose. Statis-
tin¢ analiz¢ atskleidé, kad EEV RNR aptikimas buvo statistiSkai reikSmingai
(p <0,05) daznesnis paprastyjy pelény (M. arvalis) smegeny ir vidaus organy
misinio meéginiy suspensijose, palyginti su kitomis rii§imis. PrieSingai, EEV
RNR aptikimas buvo statistiSkai reikSmingai retesnis (FiSerio tikslusis
kriterijus p = 0,46) geltonkakliy peliy (4. flavicollis) smegeny ir vidaus orga-
ny misinio suspensijose. Po méginiy pagausinimo ,,Neuro-2a“ lasteliy kulta-
rose statistiSkai reikSmingy EEV RNR aptikimo skirtumy tarp skirtingy grau-
ziky rii$iy nebuvo nustatyta.

ISVADOS

1. EEV RNR nustatyta 18,6 proc. (95 proc. PI 15,2-22.4), o virusui speci-
finiy antikiiny aptikta 21,6 proc. (95 proc. PI 17,9-25,6) tirty Suny kraujo
serumo méginiy.

2. Pagrindiniai Suny, kuriy kraujyje aptikta EEV RNR, letalios baigties rizi-
kos veiksniai buvo: vyresnis Suns amzius (vid. 11,8 m.; p <0,01), neuro-
loginiy simptomy pasireiSkimas (p < 0,01) ir EEV specifiniy antikiiny
buvimas serume (p < 0,05) esant viremijai ir pasireiSkus sunkiems neuro-
loginiams simptomams.

3. EEV RNR nustatymas nuo Suny nurinktose erkése po viruso pagausi-
nimo ,,MARC-145%, ,Vero* ir ,,Neuro-2a* Igsteliy kultiirose statistiskai
reik§mingai (p = 0,01) padid¢jo nuo 34,2 proc. (95 proc. PI 25,7-43.,5)
erkiy suspensijose iki 56,4-60,7 proc. (95 proc. PI 46,9-69,6) lasteliy
kulttiry izoliatuose.

4. EEV RNR nustatyta 51,1 proc. (95 proc. PI 42,4-59,7) grauziky smege-
ny ir 53,2 proc. (95 proc. P144,6-61,7) vidaus organy miSinio suspensijy
meéginiy. Virusas statistiSkai reikSmingai dazniau buvo aptiktas Microtus
arvalis ir re€iau Apodemus flavicollis rusies grauziky meéginiy suspensi-
jose, palyginti su kitomis tirtomis grauziky riisimis.
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EEV RNR nustatymas grauziky méginiuose po viruso pagausinimo
»Neuro-2a‘“ lasteliy kultiirose statistiskai reikSmingai (p < 0,01) padidéjo
nuo 74,8 proc. grauziky smegeny ir vidaus organy misSinio suspensijose
iki 96,4 proc. (95 proc. PI 91,8-98) Iasteliy kultiiry izoliatuose.

Nustatyta stipri koreliacija (r = 0,88; p < 0,05) tarp EEV RNR aptikimo
daznio grauziky méginiuose, kuriuose virusas aptiktas tik po pagausini-
mo lasteliy kultirose, ir vidutinés oro temperatiiros, kai buvo sugauti
grauzikai, kuri rodo, kad esant Zemesnei oro temperatiirai viruso aptiki-
mo daznis grauziky méginiuose buvo statistiSkai reikSmingai didesnis.
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Abstract: The rising awareness and increasing number of case reports of tick-borne encephalitis
(TBE) in dogs indicate that the virus might be an important tick-borne pathogen in dogs, especially
in endemic areas. Therefore, the aim of the present study was to investigate the prevalence rate of
TBEV RNA and TBEV-specific antibodies in clinical samples of dogs living in a highly endemic region
of Lithuania and to evaluate the main risk factors for severe disease course and death. The blood
samples (1 = 473) of dogs were collected in two veterinary clinics in central Lithuania. Tick-borne
encephalitis virus (TBEV) RNA was detected in 18.6% (88/473; CI 95% 15.2-22.4) and TBEV-specific
antibodies were found in 21.6% (102/473; CI 95% 17.9-25.6) of dog blood serum samples after
confirmation with a virus neutralization test. The death/euthanasia rate was 18.2% (16/88; CI 95%
10.8-27.8) in PCR-positive dogs. Male dogs were more likely to develop neurological symptoms
(p = 0.008). Older dogs (p = 0.003), dogs with the presence of neurological symptoms (p = 0.003), and
dogs with the presence of TBEV-specific antibodies (p = 0.024) were more likely to experience worse
outcomes of the disease. The results of the present study demonstrate that TBEV is a common and
clinically important pathogen in dogs in such endemic countries as Lithuania.

Keywords: tick-borne encephalitis; TBEV prevalence; TBEV seroprevalence; TBEV in dogs; RT-nPCR

1. Introduction

Tick-borne encephalitis virus (TBEV) is one of the most important tick-borne viruses
in human medicine. The virus can cause neurological symptoms with long-term health
impairment and can be fatal [1]. TBEV belongs to the family Flaviviridae and is endemic
in Europe and Northeastern Asia [2]. For the past decade, Lithuania has recorded one of
the highest prevalence rates of human TBE cases in Europe [3]. Although many species of
animals can be infected by TBEV, clinical symptoms are mainly observed in humans and
less commonly in horses and dogs [4].

In endemic areas, TBE is considered one of the most important infections of the central
nervous system (CNS) in dogs [5]. In some endemic locations of Europe, the seroprevalence
of TBEV-specific antibodies in dogs has been reported to be 30-40% [6-8]. Studies suggest
that the majority of TBE cases in dogs are asymptomatic, although cases of peracute, acute,
and chronic courses of the disease were reported [9-11]. The clinical symptoms of TBE
in dogs are similar to the symptoms reported in human patients and a biphasic course
of the disease is prominent in dogs [5,12]. At the first stage, fever, apathy, anorexia, and
gastrointestinal symptoms are mainly reported both in human patients and in dogs. If
the second stage of TBE develops, neurological symptoms are mainly observed [5,13].
Although neurological symptoms in dogs living in TBEV-endemic regions strongly imply
TBE as a differential diagnosis, studies show that TBE is underdiagnosed in dogs [11,14,15].

Currently, the diagnosis of TBE mainly relies on the detection of specific IgM antibodies
in cerebrospinal fluid (CSF) and/or in blood serum samples [3]. Although cross-reactions
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with other flaviviruses are conceivable, an increase in IgG antibodies evaluated with an
ELISA in recollected samples might aid in the diagnosis of TBE [16]. For an early differential
diagnosis of TBE, viral RNA detection using PCR might be a valuable tool [3]. In addition,
the presence of neurological clinical symptoms, anamnesis of tick-bite, and living or visiting
TBE endemic areas may all point to TBE [17].

The present study sought to investigate the prevalence of TBEV RNA and TBEV-
specific antibodies in dogs living in Lithuania for the first time, as well as to evaluate the
risk factors for severe disease course and mortality.

2. Materials and Methods
2.1. Sample Collection and Data of Anamnesis

Two veterinary clinics located in Kaunas (central part of Lithuania) agreed to par-
ticipate in the present study. Prior to conducting the investigation, explicit consent was
obtained from the owners of the dogs, granting authorization for the utilization of clinical
samples. Randomly collected blood samples from dogs (1 = 473) with various diseases
were obtained from clinics between May 2020 and December 2021. Additionally, 3 sam-
ples of cerebrospinal fluid (CSF) were collected and analyzed. All samples were stored
at —80 °C for further analysis. Data on clinical anamnesis and outcome of disease were
collected retrospectively starting one month before sample collection and followed up
to six months thereafter. Dogs of 45 different breeds were included in the study and
the most common anamnesis was apathy, inappetence, and gastrointestinal symptoms
(Supplementary Table S1). Concurrent tick-borne diseases were diagnosed at veterinary
clinics using blood smears, focusing on the detection of Babesia spp. and Anaplasma phagocy-
tophilum. Anti-A. phagocytophilum antibodies were detected by chromatographic immunoas-
say test (Anigen Rapid CaniV-4 Test Kit (BioNote, INC. Hwaseong, Republic of Korea). The
attached ticks (n = 117) were collected when they were found on the bodies of dogs at the
same visit at the veterinary clinic when blood serum samples were collected. Each tick was
individually treated with liquid nitrogen, homogenized using mortar and pestle, mixed
with 1000 uL of Modified Eagle’s Medium (MEM, Gibco, Waltham, MA, USA), and stored
at —80 °C for further analysis.

2.2. Sample Analysis with ELISA, VNT, and RT-nPCR

The serum samples were analyzed using commercially available quantitative enzyme-
linked immunosorbent assay (ELISA) (VetLine TBE/FSME ELISA, NovaTec Immundiag-
nostica GmbH, Dietzenbach, Germany) according to the manufacturer’s instructions. To
confirm positive ELISA results, a virus neutralization test was performed according to the
instructions described before [18].

Total RNA was extracted from blood serum (n = 473) and CSF (n = 3) samples
using GeneJET RNA Purification Kit (Thermo Scientific, Waltham, MA, USA) accord-
ing to the manufacturer’s instructions. Serum and whole blood samples of dogs and
suspensions of ticks and isolates in cell cultures were analyzed with reverse transcription
nested polymerase chain reaction assay (RT-nPCR) using DreamTaq Green PCR Master
Mix and primers as previously described [19].

2.3. Virus Isolation

The suspensions of ticks, blood serum, and CSF samples were centrifuged at 12.000 g
for 5 min and filtered with a 0.22 um pore size microfilter (Techno Plastic Products AG,
Trasadingen, Switzerland). Cell cultures of Vero (ATCC No. CCL-81) and Marc-145 (ATCC
No. CRL-12231) were seeded in a maintenance medium containing Modified Eagle’s
Medium (MEM, Gibco, USA) supplemented with 10% heat-inactivated fetal bovine serum
(FBS; Gibco, USA), 100 U/mL penicillin, and 100 ug/mL streptomycin. Dulbecco’s Mod-
ified Eagle’s Medium (DMEM, Gibco, USA) was used for murine neuroblastoma cells
(Neuro-2a ATCC No. CCL-131) instead of MEM. All cells were incubated at 37 °C in 5%
CO, overnight. Cells were inoculated with prepared tick suspensions or clinical samples
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from the dogs the following day. Cell cultures were examined for the occurrence of cyto-
pathic effects through three serial passages which were performed in triplicates including
triplicates of positive and negative controls for each round of analysis. After each serial
passage, cell suspensions were harvested for RNA extraction. Successful virus isolation in
cell cultures was confirmed using RT-nPCR. Partial genome sequencing targeting the NCR
region of TBEV was used for internal confirmation of the specificity of detected TBEV RNA.

2.4. Statistical Analysis

The confidence intervals were calculated using the exact binomial method. To de-
termine the significance of the risk variables, binary logistic regression analysis and the
chi-square test were used. Standardized residuals were employed as post-hoc analysis after
statistically significant chi-square tests. The statistical analysis and visualizations were
performed utilizing the programming language R 4.3.2.

3. Results
3.1. Prevalence of TBEV and TBEV-Specific Antibodies in Dogs

A total number of 473 dog blood samples were analyzed using RT-nPCR and ELISA
in the present study. Viral RNA was detected in 18.6% (88/473; CI 95% 15.2-22.4) of
dog blood/serum samples. In addition, viral RNA was detected in two out of three CSF
samples. TBEV-specific antibodies were detected in 21.6% (102/473; CI 95% 17.9-25.6) of
dog blood serum samples after confirmation with a virus neutralization test (Figure 1A).
No statistically significant associations were found between the antibody and TBEV RNA
prevalence rates in dog blood serum samples based on sample collection time (Figure 1B).
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Figure 1. (A) The prevalence rate (%) of TBEV RNA and TBEV-specific antibodies in blood /blood
serum samples of dogs and (B) prevalence rate (%) in different months of sample collection.

The median age of PCR-positive dogs was 7 years, ranging from 2 months to 15 years.
The rate of death/euthanasia was 18.2% (16/88; CI 95% 10.8-27.8) in PCR-positive dogs.
Because of severe neurological symptoms or poor prognosis, 12.5% (11/88; CI 95% 6.4-21.3)
of PCR-positive dogs were euthanized while the remaining 5.7% (5/88; CI 95% 1.9-12.8)
died regardless of intense care and symptomatic treatment. Tick bites were reported by
owners in 29.6% (26/88; CI 95% 20.3-40.2) of PCR-positive dogs over a two-week period.
Other tick-borne diseases were concurrently diagnosed in 19.3% (17/88; CI 95% 11.7-29.1)
of PCR-positive dogs (Babesia spp. and A. phagocytophilum were diagnosed in 17 and 3 dogs,
respectively). In addition, dogs of 36 different breeds were found to be PCR-positive,
including small dog breeds.

TBEV-specific antibodies were detected in 26.1% (23/88; CI 95% 17.3-36.6) of PCR-
positive dogs with a mean antibody level of 189 NTU/mL (range 29.7-525 NTU/mL). The
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median age of seropositive viremic dogs was 8 years, ranging from 1 to 14 years. Dogs
older than 1 year of age were found to be seropositive and viremic statistically significantly
more often than dogs under the age of 1 year (37.5% (95% CI 26.3-49.7) and 0%, respectively,
(p = 0.003)). In addition, 16.7% (79/473; CI 95% 13.5-20.4) of the dogs in the study were
seropositive but PCR-negative.

3.2. Risk Factors for Clinical TBE Infection in Dogs and Lethal Outcomes

Statistical analysis revealed that male dogs (43.7% (95% CI 29.5-58.8)) were more likely
(p = 0.008) to develop neurological symptoms compared to females (17.5% (95% CI 7.3-33.0)).
The lethal outcome/euthanasia of PCR-positive dogs with neurological symptoms was
associated with older age. The mean age of recovered and deceased/euthanized dogs was
5.6 and 11.8 years, respectively (p = 0.003). Other causes of death/euthanasia, such as
neoplastic processes, trauma, or hydrothorax were not related to the age of PCR-positive
dogs. Moreover, dogs with neurological symptoms had a higher risk of experiencing a
worse outcome (x%; = 11.57, df = 2, p = 0.003) resulting in a significantly lower number of
recovered dogs with neurological symptoms (27.8% (95% CI 19.3-36.6)) compared to the
number of recovered dogs without neurological symptoms (72.2% (95% CI 63.7-80.7)).

The chi-square test of independence revealed a statistically significant association
between the antibody status and the outcome of the disease (XZ; =5.05,df =1, p =0.024).
Subsequent post-hoc analysis revealed that the frequencies of recovered dogs were lower by
14.2% in the seropositive group and higher by 8.6% in the seronegative group as compared
to the predicted model findings. In contrast, the incidences of death/euthanasia were 65.5%
higher in seropositive dogs and 39.7% lower in seronegative dogs. The results imply that
the presence of TBEV-specific antibodies in the blood serum of PCR-positive dogs might be
related to a higher risk of death/euthanasia.

3.3. TBEV Seroprevalence and Associations with Clinical Symptoms and the Presence of other
Tick-Borne Diseases

Out of the 102 seropositive dog blood serum samples confirmed with a virus neutral-
ization test, 13.7% (14/102; CI 95% 7.7-22) were considered borderline (20-30 NTU/mL)
with an ELISA test, and 86.3% (88/102; CI 95% 78-92.3) were positive (>30 NTU/mL)
(Figure 2A-C). Statistical analysis revealed significantly higher antibody levels in dogs
with potentially TBE-related symptoms compared to dogs with non-specific symptoms
(p = 0.002) and dogs with non-TBE-related symptoms (p = 0.001) (Figure 2D).

Other tick-borne diseases were diagnosed in 14.7% (15/102; CI 95% 8.5-23.1) of dogs
with TBE-specific antibodies: protozoa of Babesia spp. were found in blood samples of
13 dogs and 2 dogs had specific antibodies against A. phagocytophilum. Moreover, dogs
diagnosed with other tick-borne diseases had significantly (p = 0.046) higher levels of
TBEV-specific antibodies (Figure 2E).

Clinical neurological symptoms potentially related to TBE were found in 13.7%
(14/102; CI 95% 7.7-22) of seropositive dogs. Non-specific symptoms such as hyper-
thermia, apathy, and gastrointestinal symptoms (vomiting and/or diarrhea) were observed
in 32.4% (33/102; CI 95% 23.4-42.3) of seropositive dogs. Other diseases were diagnosed in
39.2% (40/102; CI 95% 29.7-49.4) of seropositive dogs with various symptoms that were
not considered to be associated with TBE (skin allergies, pyometra, kidney or liver failure,
trauma, oncologic processes, and other diseases).

On physical examination, neurological symptoms were observed in 31.8% (28/88;
CI95% 22.3-42.6) of PCR-positive dogs. TBEV-specific antibodies were detected in 32.1%
(9/28; CI 95% 15.9-52.4) of PCR-positive dogs with neurological symptoms. The dogs
with neurological symptoms had a median age of 8 years, ranging from 4 months to
15 years. Neurological symptoms were considered moderate or severe in 12.5% (11/88;
CI 95% 6.4-21.3) of viremic dogs. Episodes of seizures, tetraparesis, impaired vision,
deficits of facial reflexes, altered mental status, behavior changes, and cognitive function
impairment were observed. Five of six dogs with seizures died, four of which did not show
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hyperthermia, thus implying that the absence of fever in the presence of severe neurological
symptoms might be related to a worse outcome of TBE. Mild neurological symptoms were
present in 19.3% (17/88; CI1 95% 11.7-29.1) of PCR-positive dogs. Difficulties standing up,
reluctance to walk, presence of a stiff walk, back hyperesthesia (without organic defects in
the musculoskeletal system), and impaired coordination were observed.
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Figure 2. Prevalence of TBEV —specific antibodies. (A) Number of seropositive dogs and levels
of detected TBEV —specific antibodies. (B) Q—Q plot. (C) Differences in levels of TBEV —specific
antibodies in seropositive dogs. (D) Differences in levels of TBEV —specific antibodies in dogs with
potentially TBE—specific symptoms, non—specific symptoms, and dogs with non—TBE—related
symptoms. (E) Differences in levels of TBEV—specific antibodies in dogs with other tick—borne
diseases and dogs without other concurrently diagnosed tick—borne diseases.

In 68.2% (60/88; CI 95% 57.4-77.7) of PCR-positive dogs, no TBE-related neurological
symptoms were noticed. Various concurrent diseases were diagnosed in 25% (22/88; CI
95% 16.4-35.4) of dogs. Gastrointestinal symptoms (vomiting/diarrhea) were present in
37.5% (33/88; CI 95% 27.4-48.5) of PCR-positive dogs (of them, 17.1% (15/88; CI 95%
9.9-26.6) of dogs also had neurological symptoms). Other tick-borne diseases were diag-
nosed in 13.6% (12/88; CI 95% 7.3-22.6) of dogs. Non-specific symptoms such as apathy
and loss of appetite were observed in 11.4% (10/88; CI 95% 5.6-19.9) of PCR-positive dogs.
Hyperthermia was present in 37.5% (33/88; CI 95% 27.4-48.5) of PCR-positive dogs: 15.9%
(14/88; CI 95% 9-25.3) were diagnosed with other concurrent tick-borne diseases; 13.6%
(12/88; CI195% 7.3-22.6) had TBE-related symptoms; and the remaining 10.2% (9/88; CI
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95% 4.8-18.5) of dogs had other possible reasons for fever (trauma, neoplastic processes,
and other).

Neurological symptoms were present in 12.7% (10/79; CI 95% 6.2-22.1) of seropositive
and PCR-negative dogs. Behavior changes were present in two dogs: One dog was found by
its owners in a hypersensitive state and was hyperactive, disoriented, and injured himself.
The episodes of hypersensitivity lasted for a few days and an episode of impaired vision
was present. Another dog was hyperactive and anxious and had episodes of extremely
increased appetite for eating grass and licking carpets. Both dogs had high antibody levels
(473 NTU/mL and 494 NTU/mL, respectively) and both dogs recovered. Mild neurological
symptoms were present in 8.9% (7/79; CI 95% 3.6-17.4) of seropositive dogs and one dog
showed uncoordinated movements and episodes of falling down.

No potentially TBE-related symptoms were noticed in 48.1% (38/79; CI 95% 36.7-59.6)
of seropositive and PCR-negative dogs. Non-specific symptoms (apathy and loss of ap-
petite) were present in 29.1% (23/79; CI 95% 19.4-40.4) of dogs without final diagnosis and
gastrointestinal symptoms were present in 26.6% (21/79; CI 95% 17.3-37.7) of seropositive
and PCR-negative dogs.

3.4. TBEV RNA Prevalence in Ticks, Collected from Dogs

Attached Ixodes ricinus (n = 112) and Dermacentor reticulatus (n = 5) ticks were collected
from the dogs and tick suspensions were analyzed using RT-nPCR. Concurrently, tick sus-
pensions were inoculated on Neuro-2a, Vero, and Marc-145 cells. Overall, TBEV RNA was
detected in 34.2% (40/117; CI 95% 25.7-43.5) of tick suspension samples (33.9% (38/112; CI
95% 25.8-43.1) in Ixodes ricinus and 40.0% (2/5; CI195% 11.7-76.9) in Dermacentor reticulatus).
The number of positive samples increased significantly (p = 0.001) to 56.4% (66/117; CI
95% 46.9-65.6) in Marc-145, 58.1% (68/117; CI 95% 48.6-67.2) in Vero, and 60.7% (71/117;
CI 95% 51.2-69.6) in Neuro-2a cells after three serial passages (Figure 3A,B). However, no
statistically significant relations were found between the viral RNA present in the dog
blood samples and the ticks, collected from the respective dogs.
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Figure 3. (A) Comparison of the prevalence rates (%) of TBEV RNA in tick suspensions and third
passage isolates in Neuro-2a, Vero, and Marc-145 cell cultures. (B) TBEV RNA prevalence rate (%)
changes at each passage in different cell cultures.

3.5. Virus Isolation from PCR-Positive Dogs” Serum and CSF Samples

Due to a short viremia and rapid viral clearance, successful attempts to isolate TBEV
in cell cultures from clinical dog samples are rare. However, we successfully isolated TBEV
from the blood serum (1 = 7) and CSF (n = 1) samples of PCR-positive dogs in Neuro-2a,
Vero, and Marc-145 cell cultures. Successful virus isolation was confirmed using RT-nPCR
after the second or third passage in the cells.

4. Discussion

The diagnosis of TBE currently relies mainly on detecting TBEV-specific antibodies in
CSF or in blood serum samples [3]. However, serological tests may be negative in the early
phases of TBE, as was demonstrated in the present study with only 26.1% (23/88; CI 95%
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17.3-36.6) of PCR-positive dogs being seropositive for TBEV. In addition, cross-reactions
with IgG antibodies of other flaviviruses are possible [16]. The detection of TBEV RNA
in 18.6% (88/473) of the randomly collected dog blood samples is in accordance with the
results of other authors. A similar study conducted in the Czech Republic reported a
prevalence rate of 12.6% (20/159) of PCR-positive dogs in the TBE-endemic region [20].
The high TBEV RNA prevalence in dogs might be related to reduced or delayed immune
response due to various diseases such as babesiosis, neoplasia, or chronic diseases. Also,
treatment with corticosteroids might be related to longer-lasting viremia [21]. In addition,
the age, breed, physiological and immune status of the dog, the specific TBEV strain, or
infectious dose may also play an important role in predisposing clinical TBE [22]. Although
TBEV RNA detection using PCR is not the preferred method to confirm TBE infection
in humans or dogs, Saksida et al. [23] concluded that RT-PCR is an efficient method for
an early diagnosis of TBE while specific antibodies are still undetectable. Therefore, the
findings suggest that viral RNA detection using PCR might be a valuable tool in diagnosing
TBE in dogs in endemic regions, especially in the early or acute stages of the disease.

TBEV-specific antibodies were detected in 21.6% (102/473) of the randomly collected
dog blood samples and in 32.1% (9/28) of PCR-positive dogs with neurological symptoms.
Although the results are consistent with reports from other European countries, a substan-
tially greater seroprevalence of 37.5% (113/301) was found in horses in a prior investigation
in Lithuania [24]. In healthy dogs, the highest reported prevalence rate of TBE-specific anti-
bodies detected using ELISA was 30.4% (17/54) in endemic regions of Germany [8], 30.4%
(38/125) in Denmark [7], and 40% (8/20) in the Aland Islands of Finland [6]. However, VNT
confirmed the ELISA results only in the Danish island investigation. Following the viral
neutralization test, the seroprevalence rate was 4.8% (6/125) in only one area in Bornholm,
a Danish island in the Baltic Sea [7], implying that the true seroprevalence might be lower
in other countries as well. The reported prevalence rate of TBEV-specific antibodies in dogs
with neurological symptoms varied between 11.3% (18/159) in the blood serum samples of
dogs from an endemic region in the Czech Republic [20]; 20.2% (110/545) in Austria [25],
and 53.6% (30/56) in Germany (30.4% (17/56) also had detectable antibodies in CSF [8].
The results of high seroprevalence show that TBEV in dogs in Lithuania is a common
tick-borne pathogen, similar to other TBEV-endemic areas.

A death/euthanasia rate of 18.2% (16/88; CI 95% 10.8-27.8) is much lower than the
33.3% (18/54) reported by Kleeb et al. [5]. We, on the other hand, analyzed randomly
collected samples of dogs, while Kleeb et al. [5] conducted a retrospective study of con-
firmed TBE cases in dogs with clinical symptoms. In the present study, all PCR-positive
dogs under the age of 1 year were TBEV seronegative. The most likely explanation is that
these dogs were infected with TBEV for the first time in their life and antibodies were not
detectable at the time of testing. A study conducted by Salat et al. [26] found a statistically
significant correlation between age and VNT seropositivity. However, the data on TBEV
seroprevalence in dogs under the age of 1 year is scarce because older dogs are mainly
included in the studies since they are more likely to have had previous contact with ticks
and, therefore, tick-borne pathogens [7,26]. In addition, dogs of small breeds (less than
15 kg weight) were omitted from some of the TBE seroprevalence studies for the same
reason as young dogs [7]. However, the results of our study show that differential diagnosis
of TBE in endemic areas should not be ruled out due to the young age or small size of
the dog.

We looked at the putative risk factors of PCR-positive dogs that might be associated
with the severity of clinical neurological symptoms and worse outcomes of the disease.
Statistical analysis revealed that male dogs were prone to developing neurological symp-
toms. Older dogs and dogs with neurological symptoms were more likely to experience
worse outcomes, compared to younger dogs and dogs without neurological symptoms.
Furthermore, PCR-positive and seropositive dogs (mainly with severe clinical symptoms)
were more likely to experience worse outcomes, possibly because of a delayed antibody
response in the acute monophasic course of infection when neurological symptoms develop
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in the presence of viremia. In accordance with our findings, Kleeb et al. [5] reported that
older dogs and dogs with seizures had an increased risk of death. Studies in human patients
concluded that older age and male gender were associated with a more severe course of
the disease [27,28]. In addition, the delayed immune response of TBEV-Ig antibodies and
the monophasic course of the disease were the predictor factors of the severe form of TBE
infection in human patients [29,30].

Significantly higher antibody levels were detected in the serum samples of dogs with
possibly TBE-related symptoms compared with dogs without TBE-related symptoms. Most
likely, these dogs could have had a recent TBE infection which was asymptomatic or
not suspected and diagnosed. TBE is thought to be underdiagnosed in dogs, owing to
mild or non-specific clinical symptoms or unawareness of the possible disease in severe
cases [9,11]. Coinfection with other tick-borne pathogens was diagnosed in 19.3% (17/88;
CI 95% 11.7-29.1) of TBEV PCR-positive dogs. In addition, dogs diagnosed with other
concurrent tick-borne diseases were more likely to have TBEV-specific antibodies and the
levels of antibodies were higher. These findings suggest that dogs with a clinical history
of several tick-borne diseases are possibly living in or visiting areas with a high risk of
tick-bite and tick-borne infections and therefore could be used as indicators to evaluate the
risk of tick-borne zoonoses in humans. It is known that dogs are 50-100 times more likely
than human beings to come into contact with TBEV-infected ticks [9]. Furthermore, dogs
are known sentinels for TBE foci detection and were used as TBE indicators in countries
previously considered to be TBE-free [31].

To the best of our knowledge, we are the first to report cases of concurrent TBE and
active Anaplasma phagocytophilum infections diagnosed in dogs. Three dogs (3.4% (3/88);
CI 95% 0.7-9.6)) were found to be TBEV PCR-positive and concurrently diagnosed with
A. phagocytophilum infection. However, there are previously reported clinical TBE cases
in dogs with high antibody levels against A. phagocytophilum and Ehrlichia canis in blood
serum [32,33]. Concurrent TBE and Babesia spp. infections in dogs were reported previously
in a case report [15]. Nonetheless, the results of our study indicate that coinfection of tick-
borne pathogens in dogs might be underdiagnosed, especially in countries endemic to
several tick-borne pathogens.

Isolation of TBEV from tick suspensions in cell cultures significantly increased the
number of PCR-positive samples after two serial passages. The results indicate that viral
loads in ticks might be too low to be successfully detected using PCR. The prevalence
of TBEV RNA in questing ticks is generally less than 1%, although, in some regions in
Europe, it has been found to be 2.6-10.8% [34-36]. While Belova’s et al. [37] experiment
suggests that viral load increases when ticks are feeding on blood, our study found no
statistically significant associations between TBE virus presence in dogs and ticks, collected
from respective dogs. One possible explanation is that the dogs were infected by ticks that
were not collected at the time of the study. Moreover, the period of time of the blood meal
or the viral load in the ticks could have been insufficient to infect some of the dogs [38]. A
study in neighboring Latvia revealed a high TBEV prevalence in questing I. ricinus ticks
which varied between 1.7% and 26.6% in 2001 and 1995, respectively, and the prevalence
in ticks removed from humans was even higher, reaching 13.2% and 40.9% in 1997 and
1999, respectively [39]. In contrast, a study conducted by Korenberg et al. [40] revealed a
higher TBEV prevalence in questing ticks (10.9-38.7%) compared to ticks removed from
humans (5.5-11.0%). However, they used different methods for the detection of TBEV:
In questing ticks, TBEV was detected after isolation in PK cells and confirmed by direct
immunofluorescence test (and additional tests), and TBEV in ticks removed from humans
was detected by indirect immunofluorescence assay [40]. Our study shows that virus
isolation in cell culture is a more effective method to increase viral load in ticks to detectable
levels compared to virus replication in the ticks’ salivary glands during a blood meal. The
main reason might be an insufficient length of time for the tick blood meal because most
people remove ticks promptly (in around 90% of cases), and reactivation, which is required
for some microorganisms before infectivity is attained, does not have a sufficient amount of
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time to develop [40]. Moreover, other factors, such as host immune response, might have an
influence. A study conducted in Sweden analyzed the prevalence of TBEV in detached ticks
from human patients and the clinical response of the tick-bitten participants. Two persons
developed antibodies against TBEV and one of the patients reported clinical symptoms,
despite a lack of TBEV in detached ticks. In addition, one patient did not experience clinical
symptoms and did not have antibodies against TBEV, despite the detached tick containing
TBEV (1800 copies) [38].

In the present study, the clinical symptoms of PCR-positive dogs were similar to
those documented in case reports and other studies of TBE in dogs. The most common
symptoms of the first phase of TBE are fever, apathy, and anorexia. Neurological symp-
toms such as seizures, altered behavior, and consciousness, ataxia/vestibular symptoms,
plegia/paresis of one or more limbs, reduced limb muscle tone and spinal reflexes, neck
hyperalgesia, cranial nerve deficits, nystagmus, optic neuritis, inability to swallow, and
other symptoms were reported in dogs with TBE infection [5,10,32]. Although optic neuritis
is a rarely occurring clinical symptom of TBE in dogs, two cases have been previously
described [15,32]. In the present study, four dogs could be suspected to have optic neuritis.
Three PCR-positive dogs and one dog with high levels of TBE-specific antibodies had
transient vision impairment which improved after treatment with corticosteroids. Thus, in
endemic areas, TBEV should be considered a possible cause of vision impairment in dogs.
Neurological symptoms were present in 31.8% (28/88; CI 95% 22.3-42.6) of PCR-positive
dogs. In accordance with our findings, a study conducted in the endemic region of the
Czech Republic found that 35% (7/20) of PCR-positive dogs had neurological clinical
symptoms [20]. Gastrointestinal symptoms such as vomiting and diarrhea were observed
in 37.5% (33/88; CI 95% 27.4-48.5) of PCR-positive dogs. Similar prevalence rates of
gastrointestinal symptoms were reported in human TBE patients. A study conducted by
Zambito Marsala et al. [41] reported vomiting in 30% (27/89) of cases and nausea in 24.7%
(22/89) of cases in human patients. Mickiené et al. [42] reported gastrointestinal complaints
in 21.3% (20/94) of TBE patients. The absence of hyperthermia in dogs with seizures was
related to a worse outcome. Similarly, a retrospective study of TBE in dogs concluded that
hyperthermia was related to a better outcome of disease [5].

5. Conclusions

The revealed results of the presence of neurological symptoms in 31.8% (28/88; CI 95%
22.3-42.6) and a death rate of 18.2% (16/88; CI 95% 10.8-27.8) of PCR-positive dogs implies
that TBE is a clinically important disease in dogs in such endemic countries as Lithuania.
However, TBE is underdiagnosed in dogs because of a lack of awareness about the disease
even in TBE-endemic areas. The present study shows that symptomatic treatment and
intensive care might be necessary in severe cases and the treatment is more effective in
young dogs without concurrent diseases. The timely diagnosis of TBE might help to apply
more effective treatment and supportive care strategies and save at least some of the dogs
from euthanasia. TBE is therefore recommended to be included in the differential diagnosis
of CNS diseases in dogs in endemic areas.
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Abstract: Wild rodents are considered to be one of the most important TBEV-amplifying reservoir
hosts; therefore, they may be suitable for foci detection studies. To investigate the effectiveness
of viral RNA detection in wild rodents for suspected TBEV foci confirmation, we trapped small
rodents (1 = 139) in various locations in Lithuania where TBEV was previously detected in questing
ticks. Murine neuroblastoma Neuro-2a cells were inoculated with each rodent sample to maximize
the chances of detecting viral RNA in rodent samples. TBEV RNA was detected in 74.8% (CI 95%
66.7-81.1) of the brain and/or internal organ mix suspensions, and the prevalence rate increased
significantly following sample cultivation in Neuro-2a cells. Moreover, a strong correlation (r = 0.88;
p < 0.05) was found between the average monthly air temperature of rodent trapping and the TBEV
RNA prevalence rate in cell culture isolates of rodent suspensions, which were PCR-negative before
cultivation in cell culture. This study shows that wild rodents are suitable sentinel animals to confirm
TBEV foci. In addition, the study results demonstrate that sample cultivation in cell culture is a highly
efficient method for increasing TBEV viral load to detectable quantities.

Keywords: tick-borne encephalitis; TBEV RNA prevalence; wild rodents; cell culture

1. Introduction

Tick-borne encephalitis (TBE) is the most common and medically important tick-borne
viral zoonosis in Europe and Northern Asia [1]. In Lithuania, the TBE infection rate has
been the highest in Europe for nearly 10 years [2]. Although TBE is typically characterized
as a focal infection, the whole country of Lithuania is considered to be TBEV-endemic [3].

The tick-borne encephalitis virus (TBEV) maintains its cycle by circulating between
vector ticks and reservoir animals [4]. Although the exact mechanism of focal TBEV
distribution in nature is still unclear, interactions between ticks and reservoir hosts of the
virus, as well as particular environmental and climatic factors, are considered to be the
most influential [5-7]. A study conducted by Daniel et al. [8] suggests that warm climatic
conditions might be related to a higher TBEV load in ticks in the summer and autumn
periods and, therefore, to an increased risk of human TBE cases. Moreover, an increased
rate of outdoor activities in potentially tick-infested areas in summer and autumn might be
related to a higher incidence of human TBE cases [9,10].

Ticks were analyzed for viral RNA presence in the majority of TBEV foci detection
studies, although the reported TBEV prevalence rate in ticks was primarily low. Further-
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more, a large sample size of ticks must be analyzed to detect TBEV, and tick collection is a
time-consuming and labor-intensive task fraught with the risk of tick bites and tick-borne in-
fections [11]. Domestic animals of various species, including dogs, horses, goats, sheep, and
wild animals such as rodents, insectivores, roe deer, wild boar, and wild birds, have all been
investigated for TBEV seroprevalence and the suitability of TBEV foci monitoring [12-14].

To date, only small mammals, such as some species of rodents and insectivores, are sus-
pected to be sufficient reservoir hosts suitable for virus amplification and maintenance [13].
Few studies have shown a correlation between TBEV seroprevalence in rodents and local
incidence of human TBE [15,16]. Small rodents might be useful sentinels for TBEV foci
detection and monitoring since they tend to be highly infested with ticks, do not migrate
long distances, tend to populate in high quantities, and are convenient to trap and col-
lect [15]. Moreover, studies in highly endemic Siberian regions suggest that in endemic
areas, the majority of wild rodents might be persistently infected with TBEV [17]. Although
the majority of TBEV research in Europe was focused on detecting TBEV-specific antibodies
in wild rodents, some authors suggest that the TBEV-Eu subtype can persist in naturally
infected rodents without detectable antibodies [18,19].

The present study aimed to investigate the prevalence rate of TBEV RNA in wild
rodents in TBE foci in Lithuania. Based on data suggesting persistent TBE infection in
rodents, we hypothesized that cultivation of rodent brain and internal organ mix suspen-
sions in murine neuroblastoma Neuro-2a cell culture could increase the viral load to a
detectable level and possibly provide more insight into TBEV prevalence and maintenance
in wild rodents.

2. Materials and Methods
2.1. Sample Collection and Sampling Sites

Wild rodents were collected in 19 endemic locations (5 districts) in Lithuania. Specific
sites for rodent trapping were selected according to the National Public Health Center
under the Ministry of Health, which has provided a complete map of confirmed human
TBE cases with probable TBEV-infected tick bite locations or known TBEV foci from 2016 to
2018 (https:/ /nvsc.lrv.1t/1t/uzkreciamuju-ligu-valdymas / uzkreciamosios-ligos/erkiu-per
nesamos-ligos /lietuvos-vietoviu-kuriose-uzsikreciama-erkiu- platinamomis—ligomis—zeme
lapis/ (accessed on 27 February 2024). Moreover, TBEV was detected in questing ticks in
the majority of rodent trapping sites in a previous study [20]. Small rodents (1 = 139) were
trapped in different TBEV foci from March 2019 until May 2020, excluding the summer
months when trapping was not productive. Rodents were caught in live traps and pre-
sented to the laboratory on the same day. The species, sex, and size of the animals were
determined, and necropsy was performed according to standard protocols. Brain, spleen,
liver, heart, kidneys, and 5 fetal samples were collected and stored at —80 °C until further
analysis. The data on average monthly air temperature was obtained from annual reports
of the Lithuanian Hydrometeorological Service under the Ministry of Environment (https:
/ /www.meteo.lt/category /menesio-hidrometeorologiniu-salygu-apzvalga/page/5/ (ac-
cessed on 27 February 2024). The trapping of rodents was performed after confirmation by
the Ministry of Environment of the Republic of Lithuania with license No. 5 (28 February
2019) and No. 12 (27 February 2020) according to animal welfare regulations.

2.2. Detection of TBEV RNA and Viral Load Quantification

Pieces (10-100 pg) of the brain (1 = 137) and internal organs such as the spleen, liver,
heart, and kidneys of each rodent (1 = 139) were homogenized separately using a mortar
and pestle, then mixed with 1000 uL of Modified Eagle’s Medium (MEM, Gibco, Waltham,
MA, USA) and stored at -80 °C for further analysis. Brain samples were analyzed separately
from the internal organ mix samples obtained from the same rodent. Total RNA was
extracted from 300 uL. homogenate with GeneJET RNA Purification Kit (Thermo Scientific,
Waltham, MA, USA) according to the manufacturer’s instructions. For the presence of
TBEV RNA, extracted samples were analyzed by real-time reverse transcription polymerase
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chain reaction (RT-PCR) using a reaction mix containing SuperScript™ III One-Step RT-
PCR System with Platinum™ Taq DNA Polymerase (Thermo Scientific, Waltham, MA,
USA) and primers as described previously [21]. Selected RT-PCR-positive samples were
screened by nested PCR using primers and DreamTaq Green PCR Master Mix as described
previously [22]. PCR-positive samples were confirmed by partial genome sequencing
targeting the 126 bp NCR region of TBEV using the same primer set according to a previous
study [21].

The viral quantification assay was modified according to previous studies [21,23].
Briefly, a synthetic fragment corresponding to the amplified TBEV NS5 region was cloned
into the pJET1.2 vector using the CloneJET PCR Cloning Kit (Thermo Scientific, Waltham,
MA, USA) and transformed into pretreated Escherichia coli cells using the Transform-Aid
Bacterial Transformation Kit (Thermo Scientific, Waltham, MA, USA) according to the man-
ufacturer’s protocol. Transformed E. coli was cultivated overnight at 37 °C. Plasmid DNA
was extracted and purified using the GeneJET Plasmid Miniprep Kit (Thermo Scientific,
Waltham, MA, USA) and quantified using the Qubit dsDNA BR Assay Kit (Invitrogen,
Waltham, MA, USA) according to the manufacturer’s instructions. Standard curves were
generated after 10-fold dilutions of stock DNA, which served as templates for qPCR reac-
tions. Sample concentration was calculated using a calibrated standard curve, and viral
load was estimated using a quantification assay. Quantification was based on RT-PCR
using SYBR Green I Dye (Thermo Scientific, Waltham, MA, USA) and nested NS5 primers
as described previously [21]. All samples were tested in triplicates, and mean values
were calculated.

2.3. Virus Isolation

For cell culture inoculation, 500 uL of homogenate was centrifuged at 12,000x g
for 10 min and filtered with a 0.22 pm pore size microfilter (Techno Plastic Products
AG, Trasadingen, Switzerland). Murine neuroblastoma cells (Neuro-2a ATCC No. CCL-
131) were seeded in 96-well plates and incubated in a maintenance medium containing
% Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco, USA) and % Modified Eagle’s
Medium (MEM, Gibco, USA) supplemented with 10% heat-inactivated fetal bovine serum
(FBS; Gibco, USA), 100 U/mL penicillin, and 100 pg/mL streptomycin at 37 °C in 5% CO,.
The following day, cells were inoculated for 1 h with 100 uL of microfiltered internal organ
mix supernatant and brain supernatant. Cells were then washed with PBS and incubated
at 37 °C in 5% CO; in 200 pL of Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco,
USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Gibco, USA) and
100 U/mL penicillin and 100 pg/mL streptomycin. Cells were inoculated in triplicate
for each sample, incubated for 4 days, and monitored for occurrence of cytopathic effect.
Following incubation, cells were frozen at —40 °C, thawed two times, and centrifugated
at 12,000 ¢ for 10 min before the next inoculation. After 3 serial passages, cells were
frozen and thawed two times, and the cell suspension was harvested for RNA extraction.
Successful virus cultivation was confirmed by RT-PCR.

2.4. Statistical Analysis

The exact binomial method was used to calculate confidence intervals. Binary logistic
regression analysis, Chi-square test, and Fisher’s exact test were utilized to test the signifi-
cance of the risk factors. Linear associations were assessed by the Pearson correlation test.
All statistical analysis and mapping were performed using the programming language R.

3. Results
3.1. TBEV RNA Prevalence in Wild Rodents

In total, 137 brain and 139 internal organ mix homogenates from 139 wild rodents
were investigated by RT-PCR. TBEV RNA was detected in 104 (74.8%; CI 95% 66.7-81.1)
wild rodents. Brain suspensions of 51.1% (CI 95% 42.4-59.7) and internal organ mix
suspensions of 53.2% (CI 95% 44.6-61.7) rodents were positive for viral RNA. Further-
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more, 28.8% (CI 95% 21.4-37.1) of both brain and internal organ mix suspensions of the
same animal were positive for viral RNA. The specificity of the obtained PCR-positive
samples was confirmed by partial genome sequencing targeting the 126 bp NCR region
(Supplementary Materials Figure S1).

The viral RNA detection rate increased significantly after cultivation in Neuro-2a
cell culture (Figure 1), resulting in a total of 134 (96.4%; CI 95% 91.8-98) positive rodents.
Brain isolates of 85.4% (CI 95% 78.4-90.9) and internal organ mix isolates of 81.3% (CI 95%
73.8-87.4) rodents were positive for viral RNA. In 69.1% (CI 95% 60.7-76.6) of rodents,
TBEV-specific RNA was concurrently found in both types of samples. Moreover, TBEV was
detected in both types of rodent samples (1 = 30), which were PCR-negative before sample
cultivation in cell culture.
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Figure 1. TBEV RNA prevalence rate in wild rodent brain and internal organ mix samples before
(suspensions) and after (isolates) cultivation in murine neuroblastoma (Neuro-2a) cell line.

In addition, viral genome was detected in two out of five fetus suspension samples
and in all five samples after isolation in cell culture. In four out of five cases, viral RNA
was not detected in relative maternal brain and internal organ suspension samples before
isolation in cell culture.

Viral RNA was detected in at least one of the brain or internal organs mix suspension
samples of rodents collected in all 19 endemic locations of our study (Figure 2). Based on
PCR results from suspension samples, infection rates at the spatial scale ranged from 25
to 100% (Figure 2A). The prevalence rate following sample cultivation in cells increased
to 100% in 16 trapping locations, and the adjusted prevalence rate was 71.4-90% in the
remaining 3 locations (Figure 2B).
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Figure 2. (A) Spatial distribution of sample collection sites and average TBEV RNA prevalence rate
before isolation and (B) after isolation in Neuro-2a cells in different trapping locations in Lithuania.
Viral RNA prevalence rate (%) in wild rodents is indicated by different colors shown in legends.

3.2. Comparison of TBEV Viral Load in Suspensions and Neuro-2a Cell Isolates

Viral load in the majority of brain and internal organ mix suspension samples was
low, and in 70.1% of TBEV-positive suspension samples, amplification was observed at
threshold cycle (Ct) values of 35-40. Brain and internal organ mix suspension samples
(n = 30) with the lowest Ct value and respective rodent sample isolates in cells (n = 30) were
taken, and viral load was measured (Figure 3). The average viral load in the same rodent’s
Neuro-2a cell culture isolates was significantly higher (p < 0.05) than in the respective
tissue suspension samples (6.4 logyo copies/mL and 5.7 logyo copies/mL, respectively).
The results demonstrate successful TBEV isolation in cell culture and confirm viable virus
presence in rodent tissue samples.
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Figure 3. TBEV viral load in selected rodent brain and internal organ mix samples (1 = 30) before
(suspensions) and after (isolates) isolation in murine neuroblastoma Neuro-2a cells.

3.3. Seasonal Trends of TBEV Prevalence in Rodents

Rodent samples were collected when the average air temperature was below 10 °C,
and tick activity was not at its peak. The prevalence rate of TBEV RNA in rodent suspension
samples from all collection sites was analyzed when grouped according to the month of
trapping (Supplementary Materials Table S1).

A strong correlation (r = 0.88; p < 0.05) was found between average monthly air
temperature and TBEV RNA prevalence rate in cell culture isolates of rodent suspensions,
which were PCR-negative before cultivation (Figure 4). The detected viral RNA prevalence
rate in isolates of brain and internal organ mix samples, which were PCR-negative prior

to cultivation, was significantly higher in rodents trapped when the average monthly air
temperature was higher than 5 °C.
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Figure 4. Longitudinal distribution of the prevalence of TBEV RNA in rodent brain and internal
organ mix suspension samples that were PCR-negative before isolation in Neuro-2a cell line and the
average air temperature of the rodent trapping month.
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3.4. TBEV Prevalence in Different Rodent Species

Overall, rodents of six species were trapped and investigated in the study: 76 Apode-
mus flavicollis, 29 Clethrionomys glareolus, 22 Microtus arvalis, 9 Mus musculus, 2 Apodemus
sylvaticus, and 1 Apodemus agrarius.

TBEV RNA-positive brain and/or internal organ mix suspension samples were de-
tected in 77.6% (59/76) A. flavicollis, 72.4% (21/29) C. glareolus, 100% (22/22) M. arvalis, 75%
(6/9) M. musculus, 100% (2/2) A. sylvaticus, and 100% (1/1) A. agrarius. The prevalence rate
of viral RNA in brain and internal organ mix suspension samples was found to be signifi-
cantly higher (p < 0.05) in M. arvalis rodents compared to other species. On the other hand,
the prevalence of TBEV RNA in suspension samples of A.flavicollis was significantly lower
compared to other rodent species (Fisher’s exact test p = 0.46). However, after cultivation in
Neuro-2a cells, no significant differences between rodent species and RNA prevalence rate
were found. Only 5 of 139 rodents were negative for TBEV RNA, and all of them belonged
to A. flavicollis species (Supplementary Materials Table S2).

Five fetal samples were investigated in the study (not included in the overall rodent
count). Viral RNA in M. arvalis was detected in both maternal samples and fetal samples
before and after cultivation in cell culture. In C. glareolus, viral RNA was detected only in
maternal suspensions before cultivation in neuroblastoma cells. Notably, TBEV RNA was
found in one of the A. flavicollis fetal suspension samples but not in the respective maternal
suspension samples. In the remaining samples of two A. flavicollis rodents, viral RNA in
both maternal samples and fetal samples was detected only after cultivation in cell culture.

4. Discussion

Our study revealed that in confirmed TBEV foci in Lithuania, viral RNA can be found
in the majority of wild rodent brain and internal organ mix samples. TBEV RNA was
present in 74.8% of rodent brain and internal organ mix suspensions and 96.4% of rodent
samples after sample cultivation in neuroblastoma cells. It is the highest reported TBEV
RNA prevalence rate in wild rodents, although reports on TBEV-Eu genome presence in
wild rodents are scarce. A study performed in high-risk areas in Hungary detected a TBEV
RNA prevalence rate of 4.2% (17/405) in rodent liver samples collected over 7 years [24].
In Germany, viral RNA was found in 15% (21/137) of rodent brain and spleen samples
in TBEV-risk areas and 8% (24/304) of rodents captured in non-risk areas [15]. A study
conducted by Tonteri et al. [18] in two separate TBEV-Sib and TBEV-Eu endemic areas
in Finland reported a TBEV RNA prevalence rate of 16.8% (16/95) in TBEV-Eu endemic
zone-collected and 6.3% (5/80) in TBEV-Sib endemic zone-collected wild rodents trapped
in late winter. Moreover, the reported prevalence was significantly higher in 2009 compared
to 2008 (54.2% (13/24) TBEV-Eu and 23.5% (4/17) TBEV-Sib in 2009 vs. 4.2% (3/71) TBEV-
Eu and 1.6% (1/63) TBEV-Sib in 2008), although the sampling sites, rodent species, and
trapping time were the same in both years of trapping [18]. In endemic areas of Siberia,
authors reported a high TBEV-Sib RNA prevalence rate in wild rodents and insectivores,
reaching 61-74% [17,25]. Although the data on TBEV RNA prevalence in wild rodents are
scarce, the variety of prevalence rates in endemic areas is high, which indicates that many
factors might play a role in affecting the prevalence rate.

Several factors might have contributed to the high TBEV prevalence rate in rodents
revealed in our study. The human TBE infection rate in Lithuania is the highest in Europe
and considerably higher compared to other European countries where TBEV RNA was
detected in rodents [2]. Moreover, specific rodent trapping sites were chosen according to
the data of detected TBEV-positive ticks, possible tick bite locations, and related human
TBE cases. As concluded by Borde et al. [26], the TBEV transmission cycle occurs in small
areas (average size of about 0.5-1 ha) of so-called microfoci, which are stable for decades
and usually do not expand or shift. Although the TBEV transmission cycles and their
stability in microfocus are still not understood, and so far, environmental models do not
provide possible explanations [26], capturing rodents in the specific areas of microfocus
might increase the chances of TBEV detection. Furthermore, a greater variety of organ
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tissues were taken for RNA extraction, and brain and internal organ mix samples of each
rodent were analyzed separately by RT-PCR. In addition, a landscape of Lithuania rich
in agricultural fields, woodlands, and forests, together with humid climatic conditions, is
preferable for ticks and might be related to higher tick density. A substantial part of city
parks and green zones are also known as TBEV foci, and the retrospective epidemiological
study revealed that 60% of TBE patients were inhabitants of cities and 42% were infected
in the living area, which shows high TBE risk even in urban areas [27,28]. Moreover, the
agricultural landscape is important for the sustainability of the rodent population of some
species, and a low trapped rodent number from late spring to early autumn might be
related to food abundance in fields. Furthermore, agricultural fields attract deer, which are
important tick hosts and have been suggested to be related to the increased risk of human
TBE [29,30]. A recent study conducted in Lithuania revealed that the deer population has
been exponentially increasing in the past 20 years [31].

Previous studies in Lithuania showed a low TBEV prevalence rate in field-collected
ticks. According to various studies, the reported minimal infection rate (MIR) in ticks
ranged from 0.1 to 1.8% [20,32,33]. Nevertheless, recent studies confirmed widespread
TBEV distribution in the country based on the prevalence rate of antibodies against TBEV
in horses (37.5%) and virus presence in horse serum samples (3.9%), as well as in goat
(4.3%) and sheep (4.5%) milk samples collected in endemic localities in Lithuania [34,35].
Moreover, in a recent study, TBEV-specific antibodies were detected in 21.6% and TBEV
RNA in 18.6% of randomly collected blood serum samples of dogs residing in the second-
largest city in Lithuania. Although the vital virus was isolated in cell culture only from a
small portion of PCR-positive dog samples, mainly due to the limited volume of obtained
blood serum samples, TBEV was isolated from ticks collected from the dogs. Similar to
the present study, the TBEV RNA prevalence rate in ticks increased significantly after
sample isolation in cell culture (34.2% before vs. 56.4-60.7% after cultivation in different
cell cultures) [36].

To the best of our knowledge, no previous studies have attempted to isolate wild
rodent-derived TBEV in murine neuroblastoma cells to investigate the virus prevalence
rate. A study with a similar goal was performed in an attempt to isolate TBEV in chicken
embryo cell culture from A. flavicollis blood samples, although it was unsuccessful [37].
After sample cultivation in murine Neuro-2a cells, the detection rate of TBEV RNA and,
thus, the overall prevalence rate increased significantly (p < 0.01). Successful virus isolation
from PCR-negative rodent samples demonstrated that murine neuroblastoma cells are
highly susceptible to rodent-derived TBEV infection. Cell lines of neural origin were found
to be highly susceptible to TBEV infection, providing 100- to 10,000-fold higher virus titer
than cells of non-neural origin [38]. Experimental studies show that virus adaptation to a
specific cell line necessitates serial passages for structural rearrangements that favor viral
load increasing to detectable levels [39]. As a result, compatible viral host and cell line
origin may have played a significant role in high virus isolation success.

The majority of tissue suspension samples were positive for TBEV RNA, albeit char-
acterized by high Ct values, therefore indicating low viral loads. This finding is in line
with previous studies that found low viral copy levels in brain and spleen samples of wild
rodents [13,15]. Low viral load in the majority of wild rodents might be due to the longevity
of TBE infection. Persisting TBEV was found in the brains of various small rodents and
insectivores in several investigations [15,17,18,40,41]. A naturally persistent infection in
Clethrionontys rutilus was demonstrated to last for up to 10 months [42]. However, we have
successfully isolated viable TBE virus in murine neuroblastoma cells from rodent samples
that were positive at late RT-PCR cycles and from samples (1 = 30) that were PCR-negative.
Michelitsch et al. [41] successfully isolated viable TBEV in human lung carcinoma A549
cells from experimentally infected bank vole brain and internal organ samples that showed
low Ct values (<36.0). The success of virus isolation was related to different TBEV strains. In
comparison to the reference Neudorfl strain, the more recently isolated TBEV strains were
more effectively reisolated in cells, indicating that virus strain plays a role in successful
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isolation in cell culture [41]. Moreover, although PCR is considered a highly specific and
sensitive method for TBEV RNA detection, a study conducted by Donoso Mantke et al. [43]
revealed significant limitations in reliably detecting the virus. Only 2 out of 23 laboratories
that took part in the study found TBEV in all of the provided human blood serum samples
that had different strains and amounts of the virus [43].

A strong correlation was found between average monthly air temperature and TBEV
RNA prevalence rate in cell culture isolates of rodent suspension samples that were PCR-
negative before cultivation. TBEV RNA was detected more often in rodents captured at
a lower average air temperature than in rodents trapped in warmer weather. When the
average air temperature of rodent trapping increased, it led to a lower RNA detection rate
in suspensions and an increased detection rate in cell culture isolates of the same rodent
samples. It is worth noting that the warmest January since 1961 at the time of sample
collection, as well as an exceptionally cold May in Lithuania, might have influenced the
findings. To the best of our knowledge, no previous study reported a similar trend. A
study with known rodent trapping time conducted in Finland found a higher TBEV-Eu
RNA prevalence rate in samples collected during colder winter (54.2%) compared to a
warmer one (4.2%), even though the collecting area, trapping month, and rodent species
were the same. Moreover, the authors reported a high TBEV-Eu RNA prevalence rate in
wild rodents trapped in a specific TBEV focus in late winter, when ticks were not active for
a few months. In addition, TBEV-specific antibodies were detected in only 12.5% (2/16)
of TBEV-Eu RNA-positive rodents and in 100% (5/5) of TBEV-Sib RN A-positive rodents,
which indicates that the majority of TBEV-Eu-infected rodents might not have detectable
antibodies in persistent TBE infection [18].

The influence of air temperature on TBEV replication was observed in previous studies
on hedgehogs (Erinaceus roumanicus). According to Nosek and Grulich [44], the duration
of viremia in hedgehogs is indirectly proportional to air temperature, lasting 3-6 days in
warm summer and 8-14 days in spring and autumn. Additionally, intense and long-lasting
viremia can persist throughout the hibernation period in infected mammals [44]. The
opposite trend was suggested in ticks: higher air temperature is associated with increased
human TBE incidence rate and potentially higher virus load in ticks [8,45]. A study
conducted in the Czech Republic reported that most human TBE cases were recorded when
the air temperature was 10-20 °C [46]. Moreover, Korenberg and Kovalevskii [47] suggested
that the incidence of clinical TBE most closely corresponds to the actual probability of being
bitten by a highly infected tick. Furthermore, a thermosensitive RNA switch has been
proposed as significant for virus propagation in ticks [48]. However, other factors such
as duration of photoperiod, relative humidity [8,26], age and sex [49], reproductive and
immune status [50], and tick burden load on rodents [51], which are also at least partially
related to the average air temperature, might be influential. Moreover, a rapid fall in
ground-level temperatures in August and October is associated with the synchrony of
larval-nymphal questing (and therefore co-feeding) in early spring, which was observed in
TBEYV foci and not elsewhere [6]. However, to date, there is no robust ecological evidence
that co-feeding is important for the stability of TBEV cycles in nature [5].

Early spring is a favorable time for TBEV activation from a latent state in rodent
organisms due to a weakened immune response during winter [52]. Various factors, such
as reproduction status, food availability, climatic conditions, and various stressors, might
impact a host’s immune response to virus replication [53]. An increase in rodent male
testosterone levels in the spring is associated with humoral immunity inhibition. An
experimental study found that injecting testosterone into male red voles can activate the
latent TBE infection [54]. Furthermore, TBEV activation was seen in experimentally infected
Syrian hamsters given vincristine, prednisolone, and adrenalin [55].

Vertical TBEV-Eu transmission in wild rodents was demonstrated in our study. TBEV
RNA was detected in fetuses of A. flavicollis, C. glareolus, and M. arvalis females. To the
best of our knowledge, no previous studies have found TBEV RNA in the fetuses of the
aforementioned rodent species. However, vertical TBEV-Sib transmission from infected
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laboratory mice and C. rutilus females has been described previously [56,57]. Vertical virus
transmission was also demonstrated in an experimental study where TBEV was detected in
up to 90% of experimentally infected red vole (C. rutilus) progeny. Moreover, transplacental
TBEV transfer to embryos was revealed in naturally infected red voles [56]. In addition,
sexual TBEV transmission in laboratory mice, which are not adapted hosts, was reported
between infected males and uninfected females [58].

In both brain and internal organ mix suspensions, TBEV RNA was significantly more
often found in M. arvalis compared to A. flavicollis and C. glareolus. Contrarily, TBEV RNA
prevalence was significantly lower in suspension samples of A. flavicollis compared to other
rodent species. However, results of virus isolation in cell culture demonstrated that the
viral genome was absent in only five rodent specimens of A. flavicollis species, thus giving a
100% prevalence rate in other collected species. It is important to note that in our study,
the majority (77.3%) of M. arvalis rodents were collected in January and March of 2020
when the average air temperature was 2.8-3.3 °C and ticks were not active. Consequently,
it remains unclear if rodent species or the season of rodent collection was the influential
factor for higher prevalence in both brain and internal organ mix suspension samples of M.
arvalis before cultivation in cell culture.

A study conducted in the Czech Republic revealed that the abundance of M. arvalis
voles was a significant factor explaining annual morbidity from TBEV and two other
zoonoses [59]. TBEV RNA was detected in 11% of M. arvalis rodents collected in a non-risk
area in Germany [15] and 6.2% in a high-risk area in Hungary [24]. Moreover, persistent
TBEV infection for up to 100 dpi was reported in an experimentally infected M. arvalis
in a study conducted by Achazi et al. [15]. However, M. arvalis voles are not a common
rodent species in TBEV studies mainly because their main type of habitat is grasslands
and not forests and woodlands, as it is for I. ricinus ticks and most common rodents in
TBEV studies—A. flavicollis and C. glareolus [60]. Knap et al. [16] have suggested that A.
flavicollis rodents might be less susceptible to TBEV infection compared to C. glareolus,
although it has been implied that the rate of infection in a specific species might depend
on the year. Moreover, it was suggested that the virus tropism of TBEV in Apodenus mice
might be different from that in Clethrionomys rodents since the virus was predominantly
detected in the spleen and less often in the brain, lungs, and blood clots of Apodemus rodents.
Furthermore, the reported viral loads in the internal organs of Apodemus mice were generally
lower compared to Clethrionomys voles [16]. In experimental studies, C. glareolus was
demonstrated to produce higher viremia and higher antibody titers in comparison to the
rodents of the Apodemus species [61,62]. However, regardless of the significant differences in
the prevalence of viral RNA in suspension samples of M. arvalis and A. flavicollis compared
to other species, results after sample cultivation in cell culture suggest that all rodent
species included in the present study in TBEV foci were persistently infected with TBEV.
This finding is in accordance with the study conducted by Achazi et al. [15], who also did
not find a significant viral genome prevalence rate difference between rodent species.

There are a few limitations of our study that need to be addressed. The rodent sam-
ple size at different collecting sites and months differed, as did the number of rodents
sampled for each species. Therefore, the interpretation of the results might not be com-
pletely accurate. Trapping of rodents was unevenly successful in different months and in
different locations.

5. Conclusions

The present study revealed that in TBEV foci in Lithuania, the majority of wild rodents
carry the TBE virus. The obtained results demonstrate that sample cultivation in cell culture
is a highly efficient method of increasing viral load to detectable quantities. Moreover,
the results suggest a higher chance of detecting TBEV RNA in rodents captured in lower
average air temperatures than those suitable for ticks, which might help to reduce the
number of rodents that have to be captured and analyzed to detect the virus in suspected
TBEV foci.
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SUPPLEMENTARY MATERIAL

Elekt. 4. flavicollis isolate
Elekt. C. glareolus isolate
Kivyl. C. glareolus isolate
Ilgak. 4. flavicollis isolate
MZ664253 Ixodes ricinus Lithuania
Kaisiad. 4. flavicolis isolate
Garl. M. arvalis isolate
MZ664254 Ixodes ricinus Lithuania
Delt. C. glareolus isolate
Gudz. M. arvalis isolate
Brid. M. arvalis isolate
MZ664213 goat milk Lithuania
Lokin. M. musculus isolate
Puodz. C. glareolus isolate
MZ664227 goat milk Lithuania
Zelsv. A. flavicollis isolate
MZ664243 goat milk Lithuania
Vikav. C. glareolus isolate
LK934689 Podlaskie Poland
— AY 945353 BE27 Switzerland
AY 945336 Switzerland European
AY945349 BE235 Switzerland  subtype
AY945326 BE100 Switzerland
AY 945339 BE169 Switzerland
U27495 Neudoerfi Austria
DQ401140 Toro Sweden
U39292 Hypr Czech Republic
GQ266392 Germany
HE972518 Croatia
AB062063 Oshima Japan

AB062064 Sofjin-Ho Japan fl?;tl;;:tem

AB062066 Vasilchenko Russia

AF527415 Russia

GU183382 Latvia Siberian
8 MG589939 Kuutsalo Finland subtype
L AB507800 Omsk HFV
396 T T T T T T T 1
35 30 25 20 15 10 5 0

Nucleotide Substitutions (x100)

Fig. S1. Phylogenetic tree of the obtained TBEV isolate sequences based on
NCR genome fragment. The Omsk hemorrhagic fever virus was used as an
outgroup. Sequences of different TBEV strains and closely related flaviviru-
ses chosen from the National Center for Biotechnology Information (NCBI)
GenBank database were used for phylogenetic comparisons. Multiple
alignment of all sequences was created using ClustalW software (Clustal,
Dublin, Ireland) in the MEGA X package. The neighbor-joining method was
used for phylogenetic tree construction with 100 bootstrapping replicates
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Table S1. Results of TBEV RNA prevalence rate in rodent brain and internal
organ mix sample isolates that were PCR-negative in suspensions (n = 30),
grouped according to the month of rodent trapping

Number of
trapped rodents TBEV i?aﬁ;ﬂtt Rodent trapping
Dateof | (0taVTBEV RNA p(o/) e te Average | sites and TBEV
rodent RNA-positive | prevalence Sm:l le isolates monthly | RNA prevalence
trappin in suspensions/ | rate (%) in wlFich were air tempe- rate (%) in
pping TBEV suspension PCR-negative rature (°C) suspension
RNA-positive samples . gal samples
in isolates) in suspensions
March 34/28/33 82.4 15.2 3 Elektrenai (84.6);
2019 (95% CI15.1-31.9)' | (1-3.7) | Garliava (72.7);
Grabuciskes (100);
Ilgakiemis (90)
April 8/5/8 62.5 375 8.6 Bridai (25);
2019 (95% CI 8.5-75.5)* | (5-15.1) |Narepai (100)
October 24/15/22 62.5 31.8 9.3 Kaisiadorys (42.9);
2019 (95% CI1 13.9-54.9)| (6-13.2) |Naujasodis (60);
Pakalniskes (50);
Zelsva (87.5)
November 23/15/21 65.2 28.6 4.9 Kazlu Ruda (62.5);
2019 (95% C111.3-52.2) | (-1.2-8.3) |Krokialaukis (66.7)
January 31/28/31 90.3 9.7 2.8 Gudziunai (100);
2020 (95% CI12.0-25.8)* | (0.6-5.1) |Kivyliai (100);
Puodziai (70);
Elektrenai (100)
March 9/9/9 100 0 33 Deltuva (100);
2020 (95% C10-33.6)* | (0.5-5.5) |Lokine (100)
May 10/4/10 40 60 10.2 Lekeciai (25);
2020 (95% C126.2-87.8) | (7.2-13.1) | Vilkaviskis (50)

Note: ! Including rodents that were PCR-positive only in fetal sample suspension. 2 Including
rodents whose brain sample was not taken. *One-sided 97.5% confidence interval.
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Table S2. Results of TBEV RNA prevalence rate in brain and internal organ
mix suspension and isolate samples of different rodent species

Number and species

Name of | Lati- | Longi- Date of of trapped rodents Tl:i:lﬁ? Tl:::v\;lgi\i?
the rodent | tude | tude (total TBEV RNA | Prevaie prevate
. . . | rodent AP rate in rate in
trapping | coordi- | coordi- trapoin positive in suspen- nsion isolat
location nate nate PPINE | Gions/TBEV RNA Suspensto 1sofate
e e s samples (%) | samples (%)
positive in isolates)
Gudziunai | 56.0888 | 23.2805 | January |A. flavicollis 2/2/2 100 100
2020 | C. glareolus 1/1/1
M. arvalis 9/9/9
Bridai 56.0226|23.3263 | April | A4. flavicollis 2/0/2 25 100
2019 | M. arvalis 2/1/2
Deltuva 55.2857|24.6144| March | C. glaroelus 1/1/1 100 100
2020 | M. musculus 1/1/1
Elektrenai' |54.7763|24.6290| March | A. flavicollis 8/6/8 84.6 100
2019 | C. glareolus 1/1/1
M. arvalis 1/1/1
January | 4. flavicollis 2/2/2 100 100
2020 | C. glareolus 1/1/1
Garliava 54.8011|23.8756| March |A. flavicollis 8/7/8* 72.7 100
2019 | C. glareolus 2/1/2
M. arvalis 1/1/1
Grabuciske |54.8947|24.1574| March | M. arvalis 2/2/2 100 100
] 2019
Ilgakiemis |54.7860 |23.8677| March |A. flavicollis 4/3/3 90 90
2019 | C. glareolus 2/2/2
M. arvalis 3/3/3
M. musculus 1/1/1
Kaisiadorys | 54.8511 | 24.4561 | October | A. flavicollis 5/2/3 42.9 71.4
2019 | M. musculus 1/0/1
A. agrarius 1/1/1
Kazlu Ruda | 54.7371 | 23.4609 | November | A. flavicollis 5/4/5 62.5 100
2019 | C. glareolus 3/1/3
Kivyliai 56.3566|22.7115 | January |C. glareolus 5/5/5 100 100
2020 | M. arvalis 1/1/1
Krokialauki | 54.4277 | 23.4847 | November | 4. flavicollis 12/7/10 66.7 86.7
S 2019 | C. glareolus 1/1/1
A. sylvaticus 2/2/2
Lekeciai 54.5213123.0375| May |A. flavicollis 2/0/2 25 100
2020 | M. musculus 2/1/2
Lokine 54.3275|24.4900 | March |A. flavicollis 4/4/4 100 100
2020 | M. musculus 3/3/3
Narepai 54.9491124.0171 | April | A. flavicollis 1/1/1 100 100
2019 | C. glareolus 3/3/3*
Naujasodis | 54.9517 | 23.9873 | October |A. flavicollis 5/3/5 60 100
2019
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e e samples (%) | samples (%)
positive in isolates)
Pakalniskes | 54.7371 | 24.6999 | October | A. flavicollis 2/0/2 50 100
2019 | C. glareolus 1/1/1
M. arvalis 1/1/1
Puodziai 54.3580 | 24.6600 | January |A. flavicollis 4/4/4 70 100
2020 | C. glareolus 6/3/6
Vilkaviskis |54.6294 (23.1872| May | A. flavicollis 1/0/1* 50 100
2020 | C. glareolus 2/0/2*
M. arvalis 2/2/2*
M. musculus 1/1/1
Zelsva 54.4070 | 23.4578 | October | A. flavicollis 8/7/8 87.5 100
2019

Note: ! Samples of rodents were collected at different months in the same location. * A fetal
sample was taken from rodents.
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Table S3. Data of PCR-positive dogs

No.

Data of the breed, age, sex, anamnesis, outcome of the TBE disease and status
of TBEV-specific antibodies in blood serum of TBEV RNA PCR-positive dogs

1.

At 25/09/2021 Mixed breed female dog of 3 months of age was presented to the veterinary clinic
with a history of vomiting. The owners got the dog few days ago, administered anthelmintic drug
at home, after which the dog started to vomit. The dog was presented to the clinic non-ambulatory.
Hypothermia (37 °C) and hypotension were observed. Moderate juvenile anemia with mild
regeneration, severe leucopenia, severe toxic changes in cytoplasm of neutrophils were observed
on blood smear. Parvo/Corona/Giardia antigen test was negative. The dog showed improvement
two days after therapy initiation. ELISA test of TBEV-specific antibodies was negative.

*At 09/10/2020 German Shepherd breed male dog of 5 months of age was presented to
veterinary clinic with a history of babesiosis infection two weeks prior. The dog was non-
ambulatory, impairment of facial reflexes and vision were observed along with episodes of
seizures (10 times a day for about 30 seconds). Bradycardia, tachypnoea, lymphadenopathy of
submandibular and popliteal lymph nodes was observed. Moderate reticulocytosis, mild
anemia, severe toxic changes in cytoplasm of neutrophils, moderate eosinophilia with 14% of
band eosinophils, moderately reactive monocytes, moderate thrombocytosis and moderate
number of macrocytic platelets were observed on blood smear. On the following day, TBEV
RNA was detected CSF. Seizures with “swimming movements” were observed. seizures. On
the third day, coordination of the dog was impaired, all limbs were weak, the dog tended to
rotate to the left side and showed rotational movements. Menace reflex was impaired. On the
fifth day vision, walking and appetite improved. On the seventh day menace reflex showed
improvement. Mild anemia, severe monocytosis, mild eosinophilia and reactive lymphocytes
were observed on blood smear. Ten days after initial appointment respiration of the dog
impaired. The dog showed depression, dullness, heavy breathing, bruxism, head tilt to the left
and rotational movements twelve days after initial appointment. The dog showed improvement
of clinical signs two weeks after therapy was initiated. However, the reduced paw replacement
remained. ELISA test of TBEV-specific antibodies was negative.

At 30/05/2020 Fox terrier breed female dog of 5 months of age was presented to veterinary
clinic with a history of depression, dullness, inappetence, diarrhea and occasional vomiting
from the past two days. Mild anemia and mild neutrophilia were observed on blood smear. The
dog showed improvement three days after therapy initiation. ELISA test of TBEV-specific
antibodies was negative.

At 31/10/2020 Akita breed female dog of 6 months of age was presented at veterinary clinic
with a history of a trauma after bumping his side of body when climbing stairs. The state of
dog rapidly worsened. The dog showed diarrhea, vomiting, stiff walk, hyperthermia (39.5 °C)
and hyperventilation. Regardless of intensive care and treatment dog died of hydrothorax.
ELISA test of TBEV-specific antibodies was negative.

At 02/10/2020 Siberian Husky breed male dog of 6 months of age was presented to veterinary
with a history of depression and dullness from the past few days. The owners found an attached
tick few days prior. Fever (39.8 °C) was observed. Babesia spp. in erythrocytes, moderate
neutropenia, toxic changes in cytoplasm of neutrophils and moderate thrombocytopenia were
observed on blood smear. The dog showed improvement two days after therapy initiation.
ELISA test of TBEV-specific antibodies was negative.

*At 05/11/2020 German Shepherd breed female dog of 10 months of age was presented to
veterinary clinic with a history of depression, dullness and inappetence from the past few days.
Attached tick was found on the body of the dog. Fever (40.7 °C) was observed. Babesia spp.
in erythrocytes, mild anemia, mild toxic changes in cytoplasm of neutrophils, mild mono-
cytosis, moderately reactive monocytes and moderate thrombocytopenia were observed on
blood smear. The dog showed improvement two days after therapy initiation. ELISA test of
TBEV-specific antibodies was negative.
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At 30/05/2020 Mixed breed female dog of 10 months of age was presented to veterinary clinic
with a history of depression and inappetence from the past few days. Few attached ticks were
found on the body of the dog about two weeks prior. Mild anemia with mild regeneration,
highly reactive monocytes, moderately reactive lymphocytes and macrocytic platelets were
observed on blood smear. On the third day, the dog was sleeping more than usual and intake
of food was reduced. Mild anemia, highly reactive monocytes and moderate toxic changes in
cytoplasm of neutrophils were observed on blood smear. PCR test for diagnosis of babesiosis
performed at the clinic was negative. The dog showed improvement three days after therapy
initiation. ELISA test of TBEV-specific antibodies was negative.

At 10/11/2020 Lagotto Romagnollo breed male dog of 1 year of age was presented to veterinary
clinic with a history of depression, reduced activity, weakness in hind limbs and difficulty
standing up for the past few days. The dog showed improvement three days after therapy
initiation. ELISA test of TBEV-specific antibodies was negative.

At 19/11/2020 Shih Tzu breed male dog of 1 year of age was presented to veterinary clinic
with a history of inability to jump up on the bed at night and vomiting in the morning of
presentation at the clinic. Clinical examination revealed lack of coordination. Mild neutrophilia
was observed on blood smear. The dog showed improvement three days after therapy initiation.
ELISA test of TBEV-specific antibodies was negative.

10.

At 31/05/2020 Miniature Pinscher breed male dog of 1 year of age was presented to veterinary
clinic with a history of difficulty standing up, reluctance to walk and stiffness of the body.
Moderate reticulocytosis and highly reactive lymphocytes were observed on blood smear. The
dog showed improvement three days after therapy initiation. ELISA test of TBEV-specific
antibodies was negative.

11.

At 06/09/2021 Mixed breed male dog of 1 year of age was presented to veterinary clinic with
a history of limping with front left limb for the past few days. Clinical examination revealed
hypersensitivity of the elbow region. No external injuries were observed. Attached tick was
found by the owner on the day before the visit to the clinic. Moderate toxic changes in the
cytoplasm of neutrophils and mild eosinophilia were observed on blood smear. The dog showed
improvement two days after therapy initiation. ELISA test of TBEV-specific antibodies was
negative.

12.

At 16/10/2020 Mixed breed female dog of 1 year of age was presented to veterinary clinic for
a prophylactic annual testing. ELISA test of TBEV-specific antibodies was negative.

13.

At 16/11/2020 German Shepherd breed female dog of 1 year of age was presented to veterinary
clinic was presented with a history of depression, dullness and inappetence from the past few
days. Hyperthermia (39.4 °C) was observed. Moderate neutrophilia, mild toxic changes in the
cytoplasm of neutrophils, moderate monocytosis and reactive monocytes were observed on
blood smear. CRP was > 225 mg/L. Blood culture for diagnosis of sepsis was negative. The
dog showed improvement three days after therapy initiation. Moderate neutrophilia, 5% of
band neutrophils, mild toxic changes in cytoplasm of neutrophils and moderate monocytosis
were observed on blood smear three days following the initial appointment. ELISA test of
TBEV-specific antibodies was negative.

14.

At 10/05/2021Golden Retriever breed female dog of 1 year of age was presented to veterinary
clinic with a history of depression, dullness, inappetence, diarrhea and vomiting from the past
few days. Seven attached ticks were found on the body of the dog. Hyperthermia (39.4 °C) was
observed. Mild anemia, moderately reactive monocytes and mild thrombocytopenia were
observed on blood smear. The dog showed improvement two days after therapy initiation.
ELISA test of TBEV-specific antibodies was negative.
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15.

At 15/05/2021Swiss Shepherd breed male dog of 1 year of age was presented to veterinary
clinic with a history of depression, dullness, inappetence and diarrhea from the past few days.
Few attached ticks were found by owners at home and two ticks were found at the clinic.
Hyperthermia (39.8 °C) was observed. The dog showed improvement two days after therapy
initiation. ELISA test of TBEV-specific antibodies was negative.

16.

At 09/10/2021 Doberman breed male dog of 1 year of age was presented to veterinary clinic
with a history of depression, dullness and inappetence from the past few days. The dog had
access to free roam in the woods. Mildly elevated number of eosinophils was observed on blood
smear. Fecal cytology revealed dysbacteriosis, moderate amount of mucus and occasional
neutrophils. The dog showed improvement three days after therapy initiation. ELISA test of
TBEV-specific antibodies was negative.

17.

At 12/07/2020 Shiba-Inu breed male dog of 2 years of age was presented to veterinary clinic
with a history of diarrhea, impaired walking and stiffness of the body from the past two days.
Mild anemia and moderate neutrophilia were observed on blood smear. The dog showed
improvement the day after therapy initiation. ELISA test of TBEV-specific antibodies was
negative.

18.

At 19/10/2021 Biewer Terrier breed male dog of 2 years of age was presented to veterinary
clinic with a history of behavior changes, shivering and inappetence from the past two days.
CRP was <10 mg/L. Mild eosinophilia was observed on blood smear. The dog showed
improvement of two days after therapy initiation. TBEV-specific antibodies of 73 NTU/mL
were detected by ELISA.

19.

At 07/07/2020 Bernese Mountain Dog breed female dog of 2 years of age was presented to
veterinary clinic with a history of depression and inappetence from the past two days.
Anaplasmosis was diagnosed in another clinic using Caniv4 test a week prior. Specific
Anaplasma spp. morulae in neutrophils, mild eosinophilia and severe thrombocytopenia were
observed on blood smear. The dog showed improvement four days after therapy initiation.
TBEV-specific antibodies of 207 NTU/mL were detected by ELISA.

20.

*At 18/11/2020 Akita breed female dog of 2 years of age was presented to veterinary clinic
with a history of depression, dullness and inappetence from the past few days. Three attached
ticks were found on the body of the dog. Hyperthermia (40.1 °C) was observed. Babesia spp.
in erythrocytes, mild anemia, mild neutrophilia, mild toxic changes in cytoplasm of neutro-
phils, moderately reactive monocytes and moderate thrombocytopenia were observed on blood
smear. The dog showed improvement two days after therapy initiation. ELISA test of TBEV-
specific antibodies was negative.

21.

At 05/12/2020 Labrador Retriever breed female dog of 2 years of age was presented to
veterinary clinic with a history of trauma during jumping and playing outside. Mass lesion was
observed in the lungs in X-ray. The dog was euthanized. TBEV-specific antibodies of
344 NTU/mL were detected by ELISA.

22.

At 25/05/2020 Bichon Frise breed female dog of 2 years of age was presented to veterinary
clinic with a history of depression and inappetence from the past few days. Attached tick was
found on the body of the dog. The dog showed improvement two days after therapy initiation.
ELISA test of TBEV-specific antibodies was negative.

23.

At 14/09/2021 West Scottish Terrier breed female dog of 2 years of age was presented to
veterinary clinic with a history of inappetence, diarrhea and occasional vomiting from the past
few days. Diet change was initiated a week prior. Fecal cytology revealed dysbacteriosis. The
dog showed improvement one week after therapy initiation. TBEV-specific antibodies of
106 NTU/mL were detected by ELISA.
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24.

At 11/09/2021 German Shepherd breed male dog of 2 years of age was presented to veterinary
clinic with a history of depression, dullness and inappetence from the past few days. Hyperthermia
(40.7 °C) and hematuria were observed. Attached ticks were found multiple times in the past
month. Babesia spp. in erythrocytes, moderate anemia, mild neutrophilia, moderate toxic changes
in cytoplasm of neutrophils, moderate monocytosis, highly reactive monocytes and severe throm-
bocytopenia were observed on blood smear. The dog showed improvement two days after therapy
initiation. TBEV-specific antibodies of 474 NTU/mL were detected by ELISA.

25.

At 21/10/2020 Akita breed male dog of 3 years of age was presented to veterinary clinic with
a history of reduced activity and weakness in hind limbs from the past few days. The dog had
babesiosis five months ago which resolved after treatment. The dog showed improvement two
days after therapy initiation. ELISA test of TBEV-specific antibodies was negative.

26.

At 13/06/2020 Rottweiler breed male dog of 3 years of age was presented to veterinary clinic
with a history of depression, dullness, lethargy, inappetence and vomiting. Hyperthermia
(39.5 °C) was observed. Gastric dilatation-volvulus was diagnosed and the surgical treatment
was applied immediately. The dog showed improvement after therapy initiation. TBEV-
specific antibodies of 54 NTU/mL were detected by ELISA.

27.

At 15/10/2020 Swiss Shepherd breed male dog of 3 years of age was presented to veterinary
clinic with a history of sensitive gastrointestinal tract and occasional vomiting in the past
month. Dirofilaria repens were found on blood smear five days prior. One week after initial
appointment, hemorrhagic gastritis was suspected following gastroscopy, although the
histopathological examination did not show any changes in the gastric mucosa. Two weeks
after initial appointment the dog was depressed, but did not vomit for a week. Moderate
reticulocytosis, 1% of nucleated erythrocytes, mild neutrophilia, 7% of band neutrophils, mild
monocytosis, mildly reactive monocytes and reactive lymphocytes were observed on blood
smear. Blood transfusion was performed. The dog showed improvement after the blood
transfusion. TBEV-specific antibodies of 41 NTU/mL were detected by ELISA.

28.

At 03/10/2021 Akita breed male dog of 3 years of age was presented to veterinary clinic with
a history of Babesia spp. infection which was diagnosed and treated in another clinic.
Hyperthermia (39.4 °C) was observed. Moderate number of spherocytes, severe leucopenia,
reactive monocytes and severe thrombocytopenia were observed on blood smear. On the third
day, severe monocytosis, highly reactive monocytes, 10% of band neutrophils and severe
thrombocytopenia were observed on blood smear. The dog showed inappetence and hyperther-
mia (40.5 °C) four days after initial appointment. One month after the initial appointment,
moderate anemia with mild regeneration, moderate number of spherocytes, moderate number
of erythrocytes with Heinz bodies, moderate leukopenia, mild eosinophilia and severe throm-
bocytopenia were observed on blood smear. Splenectomy and blood transfusion were
performed, followed by death two months after initial appointment. Histopathological exami-
nation of the spleen revealed extramedullary haematopoiesis with white pulp atrophy. TBEV-
specific antibodies of 42 NTU/mL were detected by ELISA.

29.

At 01/10/2021 mixed breed male dog of 3 years of age was presented to veterinary clinic with a
history of depression and inappetence from the past few days. Complications after osteosynthesis
(which was performed 20 days ago to treat the fraction of tibia) had occurred and the osteo-
synthesis screw was dislocated into the joint and subcutis. Osteomyelitis was suspected. Moderate
leukocytosis, monocytosis, reactive monocytes, moderate toxic changes in cytoplasm of
neutrophils, 20% of band neutrophils and moderately reactive lymphocytes were observed on
blood smear. The following day the dog showed depression, dullness, hyperthermia (40 °C) and
occasional vomiting. CRP was 270 mg/L. The dog showed improvement six days after therapy
initiation. ELISA test of TBEV-specific antibodies was negative.
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30.

At 30/09/2021 Cesky Terrier breed female dog of 3 years of age was presented to veterinary
clinic with a history of vomiting with blood. Hyperthermia (39.4 °C) was observed. Foreign
body (fishing-line) was found in the stomach during gastroscopy and was surgically removed.
Moderate leukocytosis, highly toxic changes in cytoplasm of neutrophils, 17% of band
neutrophils and highly reactive monocytes were observed in blood smear. CRP was 215 mg/L.
The dog showed improvement two days after surgical therapy initiation. ELISA test of TBEV-
specific antibodies was negative.

31.

At 01/11/2021 mixed breed female dog of 3 years of age was presented to veterinary clinic
with a history of depression, dullness and occasional vomiting from the past two days. Clinical
examination of the dog revealed pale mucous membranes and mild abdominal breathing.
Moderate regenerating anemia, moderate neutrophilia and severe thrombocytopenia were
observed on blood smear. The dog was suspected to be intoxicated with rodenticide.
Hydrothorax was observed in X-ray. Regardless of intensive care and treatment the dog died
the next morning. ELISA test of TBEV-specific antibodies was negative.

32.

*At 23/10/2020 German Shepherd breed male dog of 4 years of age was presented to veterinary
clinic with a history of occasional vomiting from the past two days. Hyperthermia (39.3 °C)
was observed. The dog showed depression, dullness, inappetence, diarrhea and hyperthermia
(39.6 °C) two days after the initial appointment. The dog showed improvement three days after
therapy initiation. ELISA test of TBEV-specific antibodies was negative.

33.

At 05/11/2020 Scotland Terrier breed male dog of 4 years of age was presented to veterinary
clinic with a history of small skin wounds and scabs on the body. The dog showed improvement
one week after therapy initiation. TBEV-specific antibodies of 43 NTU/mL were detected by
ELISA.

34.

At 25/04/2021 King Charles Spaniel breed male dog of 4 years of age was presented to
veterinary clinic with a history depression, inappetence, vocalization, yelping, reluctance to
walk and shivering from the past three days. Hyperthermia (39.4 °C) was observed. An attached
tick was found on the body of the dog two weeks ago. The dog showed improvement two days
after therapy initiation. TBEV-specific antibodies of 31 NTU/mL were detected by ELISA.

35.

At 25/20/2020 Border Collie breed female dog of 4 years of age was presented to veterinary
clinic with a history of depression, dullness and anemic mucous membranes. Babesia spp.
infection was diagnosed and treated in another clinic ten days prior. Moderate reticulocytosis,
1% of nucleated erythrocytes, severe neutrophilia, highly toxic changes in cytoplasm of
neutrophils, 13% of band neutrophils, monocytosis with occasional reactive monocytes and
mild thrombocytopenia with moderate number of macrocytic platelets were observed on blood
smear. Blood serum was icteric, agglutination test was negative. The dog showed improvement
two days after therapy initiation. ELISA test of TBEV-specific antibodies was negative.

36.

At 20/10/2020 Belgian Malinois breed male dog of 4 years of age was presented to veterinary
clinic with a history of eating leaves and possibly a small branch of a tree. Frequent vomiting
(about ten times) with bile and blood were observed. Mild neutrophilia, 7% of band neutrophils,
mild monocytosis and occasional reactive monocytes were observed on blood smear. The dog
showed improvement the following day after therapy initiation. TBEV-specific antibodies of
525 NTU/mL were detected by ELISA.

37.

At 16/09/2021 Chihuahua breed male dog of 4 years of age was presented to veterinary clinic
with a history of diarrhea and occasional vomiting from the past two days. Bones were fed to
the dog three days prior. Mild leukocytosis was observed on blood smear. CRP was 71.5 mg/L.
Mild leukocytosis, reactive lymphocytes and mild eosinophilia were observed on blood smear
two days after initial appointment. The dog showed improvement three days after therapy
initiation. ELISA test of TBEV-specific antibodies was negative.
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38.

At 26/10/2021 Yorkshire Terrier breed male dog of 4 years of age was presented to veterinary
clinic with a history of dullness and diarrhea with blood from the past two days. Mild neutro-
philia, mild toxic changes in cytoplasm of neutrophils, mild monocytosis and occasional
reactive lymphocytes were observed on blood smear. The dog showed improvement three days
after therapy initiation. ELISA test of TBEV-specific antibodies was negative.

39.

At 21/10/ 2020 mixed breed male dog of 5 years of age was presented to veterinary clinic with
a history of injuries after an encounter with another dog. The dog showed improvement on the
following day after therapy initiation. ELISA test of TBEV-specific antibodies was negative.

40.

At 01/09/2021 mixed breed male dog of 5 years of age was presented to veterinary clinic with
a history of painful and enlarged caudal thoracic mammary gland from the past few days.
Moderate periodontitis was observed. Mild anemia, mild neutrophilia, 10% of band neutrophils,
mild toxic changes in cytoplasm of neutrophils, mild monocytosis and occasional reactive
monocytes were observed on blood smear. CRP was 90.4 mg/L. The dog showed improvement
two days after therapy initiation. ELISA test of TBEV-specific antibodies was negative.

41.

At 15/06/2020 Australian Shepherd breed male dog of 6 years of age was presented to
veterinary clinic with a history of trauma after a chase in the woods. The dog was found by
owner laying on his side and paralyzed. Clinical examination of the dog revealed head tilt to
the left side and reduced response to paw replacement. Hyperthermia (39.7 °C) was observed.
On the following day, tetraplegia was observed. Mild neutrophilia, moderate toxic changes in
cytoplasm of neutrophils and mild thrombocytopenia were observed on blood smear. Impaired
urination and defecation were observed three days after trauma. Facial nerve reflexes and
reflexes of biceps, triceps and patella were normal. Sensitivity of limbs and ability to urinate
recovered five days after trauma. MRT showed injury in C4-5. The dog was able to stand up
and walk one week after trauma. However, the dog showed depression, dullness, inappetence,
diarrhea and occasional vomiting. Neutrophilia, 6% of band neutrophils, moderate monocytosis
with reactive monocytes and mild thrombocytopenia were observed on blood smear.
Hyperventilation and panting were observed six days after trauma. Moderate neutrophilia, 19%
of band neutrophils and specific A. phagocytophilum morulae in neutrophils and highly reacti-
ve monocytes were observed on blood smear. The dog was lethargic, showed hyperventilation
and hydrothorax was diagnosed twenty days after trauma. Cytology of thoracic punctate
revealed moderate number of neutrophils, macrophages, erythrocytes, and reactive lymphocy-
tes with cytoplasmic granules. Moderate neutrophilia, 16% of band neutrophils, mild toxic
changes in cytoplasm of neutrophils, occasional reactive lymphocytes, reactive monocytes and
mild thrombocytopenia were observed on blood smear. Two days after diagnosis of hydrotho-
rax, the dog showed improvement. Anemia was diagnosed three days after improvement and
the therapy was continued for three weeks. TBEV-specific antibodies of 450 NTU/mL were
detected by ELISA.

42.

At 08/10/2020 Akita breed male dog of 6 years of age was presented to veterinary clinic with
a history of dullness, depression, inappetence, reluctance to walk and stiffness of the body from
the past three days. Hyperthermia (40.1 °C) was observed. Mild anemia, mild neutrophilia and
mild monocytosis were observed on blood smear. The dog showed improvement two days after
therapy initiation. ELISA test of TBEV-specific antibodies was negative.
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43.

*At 10/11/2020 German Shepherd breed male dog of 6 years of age was presented to veterinary
clinic with a history of cataplexy-like symptoms. No seizures were observed. Two attached
ticks were noticed by owners two weeks prior. Hyperthermia (39.7 °C) was observed. Babesia
spp. in erythrocytes, microcytic non-regenerating anemia, moderate number of spherocytes,
moderate neutropenia, highly reactive lymphocytes and moderate thrombocytopenia were
observed on blood smear. The dog showed improvement on the following day after therapy
initiation. Ten days after initial appointment, mild monocytosis, mild thrombocytopenia and
macrocytic platelets were observed on blood smear. TBEV-specific antibodies 0of 217 NTU/mL
were detected by ELISA.

44,

At 19/09/2021 German Hunting Terrier breed male dog of 6 years of age was presented to
veterinary clinic with a history of wild boar attack and multiple wounds. Mild anemia, moderate
neutrophilia, moderate toxic changes in cytoplasm of neutrophils, 10% of band neutrophils,
moderate monocytosis and moderately reactive monocytes were observed on blood smear. The
dog showed improvement three days after therapy initiation. TBEV-specific antibodies of 348
NTU/mL were detected by ELISA.

45.

At 19/09/2021 mixed breed female dog of 6 years of age was presented to veterinary clinic
with a history of depression, dullness, inappetence and weight loss from the past week. Stress
leukogram was observed on blood smear. The dog showed improvement four days after therapy
initiation. ELISA test of TBEV-specific antibodies was negative.

46.

At 18/10/2020 German Shepherd breed male dog of 7 years of age was presented to veterinary
clinic with a history of vomiting following an escape to roam free outside at night. Moderate
number of spherocytes, severe neutrophilia, 14% of band neutrophils, occasional reactive
monocytes and moderate thrombocytopenia were observed on blood smear. Cytology of CSF
revealed erythrocytes and moderate number of neutrophils two days after initial appointment. The
dog showed somnolence and vomiting. Seizures were observed and the dog was euthanized three
days after initial appointment. ELISA test of TBEV-specific antibodies was negative.

47.

At 26/05/2021 mixed breed female dog of 7 years of age was presented to veterinary clinic
with a history of depression, dullness, inappetence and occasional vomiting from the past few
days. Hyperthermia (39.7 °C) was observed. The dog showed improvement two days after
therapy initiation. ELISA test of TBEV-specific antibodies was negative.

48.

At 27/05/2020 Akita breed female dog of 7 years of age was presented to veterinary clinic with
a history of depression, dullness and inappetence from the past few days. Hyperthermia
(39.5 °C) was observed. Babesia spp. in erythrocytes, mild toxic changes in cytoplasm of
neutrophils, moderately reactive monocytes and moderate thrombocytopenia were observed on
blood smear. The dog showed improvement two days after therapy initiation. ELISA test of
TBEV-specific antibodies was negative.

49.

At 06/09/2021 mixed breed female dog of 7 years of age was presented to veterinary clinic
with a history of moderate injury from encounter with another dog. Mild anemia, moderate
neutrophilia and moderate monocytosis were observed on blood smear. Hyperthermia
(39.5 °C) was observed. The dog showed improvement three days after therapy initiation.
ELISA test of TBEV-specific antibodies was negative.

50.

At 05/09/2021 mixed breed female dog of 7 years of age was presented to veterinary clinic
with a history of frequent urination from the past few days. Clinical examination of the dog
revealed tension in the urinary bladder. Uroliths and pseudopregnancy were diagnosed by
ultrasound. The dog was obese. Moderate neutrophilia and mild monocytosis were observed
on blood smear. Uroliths were surgically removed from urinary bladder four days after initial
appointment. The dog showed improvement two days after surgical treatment. ELISA test of
TBEV-specific antibodies was negative.
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51.

At 21/10/2020 West Siberian Laika breed male dog of 8 years of age was presented to veterinary
clinic with a history of depression, dullness, inappetence, weakness in all limbs and reluctance to
walk from the past few days. Hyperthermia (39.9 °C) was observed. Babesia spp. in erythrocytes,
mild anemia, mild neutrophilia, moderate toxic changes in cytoplasm of neutrophils, moderate
monocytosis, moderately reactive monocytes and moderate thrombocytopenia were observed on
blood smear. The dog showed improvement on the following day after therapy initiation. TBEV-
specific antibodies of 325 NTU/mL were detected by ELISA.

52.

At 02/12/2020 English Cocker Spaniel breed female dog of 8 years of age was presented to
veterinary clinic with a history of behavioral changes: standing in fixed position, episodes of
altered mental state and anxiety from the past few days. The dog showed improvement two days
after therapy initiation. TBEV-specific antibodies of 30 NTU/mL were detected by ELISA.

53.

At 03/06/2020 West Scottish Terrier breed female dog of 8 years of age was presented to
veterinary clinic with a history of weakness of hind limbs and difficulties jumping on the bed
or climbing stairs from the past two weeks. Clinical examination of the dog revealed tension
in the back, lumbar and abdomen muscles. Mild neutrophilia, mild toxic changes in cytoplasm
of neutrophils and mild monocytosis were observed on blood smear. Severe periodontitis was
observed. The dog showed improvement three days after therapy initiation. Two weeks after
the initial appointment, the dog was anxious, excited, hyperactive and yelping. Clinical
examination of the dog revealed tension of the back muscles. Mild anemia, moderate
neutrophilia, severe toxic changes in cytoplasm of neutrophils, severe monocytosis and highly
reactive monocytes were observed on blood smear. One month after the initial appointment the
dog was presented to the clinic. Tachypnea, tachycardia and anemic mucous membranes were
observed. After X-ray hydrothorax was suspected. Bloody liquid was obtained during
thoracentesis. Regardless of intensive care and treatment the dog died. ELISA test of TBEV-
specific antibodies was negative.

54.

At 05/11/2021 Papillon breed male dog of 8 years of age was presented to veterinary clinic
with a history of reduced activity and reluctance to jump and climb stairs from the past two
days. The dog showed improvement on the following day after therapy initiation. TBEV-
specific antibodies of 442 NTU/mL were detected by ELISA.

55.

At 05/04/2021 German Shepherd breed male dog of 8 years of age was presented to veterinary
clinic with a history of depression, dullness, inappetence and diarrhea from the past three days.
Attached tick was found on the body of the dog. Hyperthermia (39.5 °C) and hematuria were
observed. The dog showed symptoms of impaired urination two days after initial appointment.
Uroliths were not observed in X-ray. The dog showed improvement four days after therapy
initiation. ELISA test of TBEV-specific antibodies was negative.

56.

At 30/09/2021 German Shepherd breed male dog of 8 years of age was presented to veterinary
clinic with severely obtunded mentation. Vomiting was observed for the past week.
Intoxication with rodenticide was suspected. The dog died regardless of the intensive care and
treatment. TBEV-specific antibodies of 127 NTU/mL were detected by ELISA.

57.

At 23/10/2021 mixed breed female dog of 8 years of age was presented to veterinary clinic
with a history of dullness, depression, reduced intake of food, occasional vomiting and
excessive panting from the past two days. Hyperthermia (40.5 °C) was observed. Babesia spp.
in erythrocytes, moderate anemia, leucopenia, reactive lymphocytes, moderately reactive
monocytes and moderate thrombocytopenia were observed on blood smear. CaniV4 test was
negative. The dog showed improvement four days after therapy initiation. One week after first
appointment, pseudopregnancy with presence of lactation was diagnosed. The dog showed
improvement five days after treatment initiation. TBEV-specific antibodies of 35 NTU/mL
were detected by ELISA.
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58.

At 12/06/2020 German Spitz breed male dog of 9 years of age was presented to veterinary
clinic with a history of inappetence and occasional vomiting from the past two days. Mild
anemia, mild neutrophilia and moderately reactive monocytes were observed on blood smear.
The dog showed improvement two days after therapy initiation. The dog showed lack of
coordination one week after initial appointment. The appetite of the dog was inconsistent.
Dysbacteriosis and digestion impairment with malabsorption was diagnosed. The dog showed
improvement three days after therapy initiation. ELISA test of TBEV-specific antibodies was
negative.

59.

At 16/06/2020 mixed breed female dog of 9 years of age was presented to veterinary clinic
with a history of vomiting few times a week for the past month. Mild neutrophilia, mild toxic
changes in cytoplasm of neutrophils, mild monocytosis and moderately reactive monocytes
were observed on blood smear. The dog showed improvement one week after therapy initiation.
Cholecystitis was diagnosed one month after initial appointment. ELISA test of TBEV-specific
antibodies was negative.

60.

At 15/07/2020 Doberman breed female dog of 9 years of age was presented to veterinary clinic
for evaluation of a mass lesion on the front limb. Metastases in the lungs were observed in X-
ray. Moderate number of spherocytes, mild reticulocytosis, mild toxic changes in cytoplasm of
neutrophils, 14 % of band neutrophils, highly reactive lymphocytes, moderate monocytosis and
highly reactive monocytes were observed on blood smear. The dog was euthanized one month
after initial appointment. ELISA test of TBEV-specific antibodies was negative.

61.

At 22/04/2020 German Shepherd breed male dog of 9 years of age was presented to veterinary
clinic with a history of bleeding of unknown origin from the past four days. Clinical exami-
nation of the dog revealed reduced paw replacement of left back limb. Moderate reticulocy-
tosis, moderate number of spherocytes, severe neutrophilia, 21% of band neutrophils, severe
toxic changes in cytoplasm of neutrophils, reactive monocytes, lymphocytopenia, reactive
lymphocytes and moderate number of aggregates of platelets were observed on blood smear.
Hemangiosarcoma was suspected after fine needle aspirate cytology of the spleen. The dog
showed improvement four days after therapy initiation. However, the dog was euthanized after
onset of respiratory insufficiency and metastases in the heart one month after the initial
appointment. ELISA test of TBEV-specific antibodies was negative.

62.

At01/11/2020 Yorkshire Terrier breed female dog of 9 years of age was presented to veterinary
clinic for evaluation of foreign body (bone) which was stuck in the esophagus. The foreign
body was removed surgically and the dog showed improvement on the following day after
treatment initiation. TBEV-specific antibodies of 30 NTU/mL were detected by ELISA.

63.

At 03/12/2020 Staffordshire Bull Terrier breed female dog of 9 years of age was presented to
veterinary clinic with a history of vaginal discharge from the past three days. Mild anemia,
moderate leukocytosis, severe toxic changes in cytoplasm of neutrophils, 15% of band
neutrophils, severe monocytosis and reactive monocytes were observed on blood smear. The
dog showed improvement four days after therapy initiation. ELISA test of TBEV-specific
antibodies was negative.

64.

At 02/11/2021 mixed breed male dog of 9 years of age was presented to veterinary clinic for
evaluation of perineal hernia and rectal diverticula. ELISA test of TBEV-specific antibodies
was negative.

148




Table S3. Continued

No.

Data of the breed, age, sex, anamnesis, outcome of the TBE disease and status
of TBEV-specific antibodies in blood serum of TBEV RNA PCR-positive dogs

65.

*At 23/10/2020 mixed breed male dog of 10 years of age was presented to veterinary clinic with
a history of depression, dullness, inappetence, difficulty standing up, reluctance to walk and
hypersensitivity of the back from the past two days. Hyperthermia (40.2 °C) was observed.
Moderate anemia, Anaplasma spp. morulae in neutrophils, mild neutrophilia, moderate toxic
changes in cytoplasm of neutrophils, moderate monocytosis, moderately reactive monocytes and
moderate thrombocytosis were observed on blood smear. Babesia spp. infection was suspected,
although no protozoa were found in erythrocytes and PCR test was not available at the clinic. The
dog showed improvement three days after therapy initiation. One week after initial appointment,
the dog showed inappetence, dullness, diarrhea, vomiting and hyperthermia (39.4 °C). Blood
transfusion was performed. The dog showed improvement two days after blood transfusion.
TBEV-specific antibodies of 32 NTU/mL were detected by ELISA.

66.

At 28/10/2020 Golden Retriever breed male dog of 10 years of age was presented to veterinary
clinic with a history of constant biting and licking of the right hind limb from the past three
days. Hyperthermia (39.4 °C) was observed. The dog showed improvement two days after
therapy initiation. TBEV-specific antibodies of 44 NTU/mL were detected by ELISA.

67.

At 02/11/2020 Yorkshire Terrier breed male dog of 10 years of age was presented to veterinary
clinic for evaluation of a lump on the right cheek and the swelling of the right side of the face.
The dog showed improvement six days after therapy initiation. ELISA test of TBEV-specific
antibodies was negative.

68.

At 05/12/2020 Miniature Pinscher breed male dog of 10 years of age was presented to veteri-
nary clinic for evaluation of enlarged perianal glands. Clinical examination of the dog revealed
enlarged prostate. The dog showed improvement after the therapy was initiated. TBEV-specific
antibodies of 454 NTU/mL were detected by ELISA.

69.

At 11/09/2021 Yorkshire Terrier breed female dog of 10 years of age was presented to
veterinary clinic with a history of diarrhea, inappetence and occasional vomiting from the past
few days. Mild polycythemia, mild neutrophilia and severe toxic changes in cytoplasm of
neutrophils were observed on blood smear. The dog showed improvement three days after
therapy initiation. TBEV-specific antibodies of 45 NTU/mL were detected by ELISA.

70.

At 06/09/2021 Rottweiler breed female dog of 10 years of age was presented to veterinary
clinic with a history of mass lesion on the left hind limb from the past two weeks. Inappetence
was observed for about a week. Clinical examination of the dog revealed swollen left tarsus
and the dog was reluctant to walk on that limb. Tension and sensitivity of abdomen was
observed. Mild leukocytosis and mild monocytosis were observed on blood smear. Cytology
of the mass lesion revealed severe inflammation with atypical cells, therefore osteosarcoma/
chondrosarcoma was suspected. The dog was euthanized. ELISA test of TBEV-specific
antibodies was negative.

71.

At 22/09/2021 Yorkshire Terrier breed male dog of 10 years of age was presented to veterinary
clinic with a history of attached tick found on the body of the dog five days prior. The PCR for
Babesia spp. performed at the clinic was positive. Specific treatment was administered and the
dog recovered without showing any symptoms. ELISA test of TBEV-specific antibodies was
negative.

72.

At 28/10/2021 Golden Retriever breed male dog of 10 years of age was presented to veterinary
clinic with a history of occasional vomiting with blood from the past two days. Mild anemia,
mild neutrophilia, 8% of band neutrophils, mild monocytosis and reactive monocytes were
observed on blood smear. CRP was 82 mg/L. The dog showed improvement four days after
therapy initiation. ELISA test of TBEV-specific antibodies was negative.

149




Table S3. Continued

No.

Data of the breed, age, sex, anamnesis, outcome of the TBE disease and status
of TBEV-specific antibodies in blood serum of TBEV RNA PCR-positive dogs

73.

At 16/10/2021 mixed breed female dog of 10 years of age was presented to veterinary clinic
with a history of dullness, depression, inappetence and occasional vomiting from the past two
days. Pyometra was diagnosed by ultrasound. Mild anemia, moderate neutrophilia, severe toxic
changes in cytoplasm of neutrophils, 35% of band neutrophils, reactive monocytes and reactive
lymphocytes were observed on blood smear. Ovariohysterectomy was performed six days after
initial appointment. The dog showed improvement three days after the surgical treatment was
applied. ELISA test of TBEV-specific antibodies was negative.

74.

At 19/10/2021 mixed breed female dog of 10 years of age was presented to veterinary clinic
with history of dullness, depression and inappetence from the past few days. Hyperthermia
(40.1 °C) was observed. Mild neutrophilia, severe toxic changes in cytoplasm of neutrophils,
12% of band neutrophils, moderate number of reactive monocytes, eosinopenia and moderate
thrombocytopenia were observed on blood smear. Three days after initial appointment
occasional vomiting was observed. The dog showed improvement four days after therapy
initiation. ELISA test of TBEV-specific antibodies was negative.

75.

At 22/10/2021 Yorkshire Terrier breed female dog of 10 years of age was presented to
veterinary clinic with a history of coughing, inappetence, dullness, depression and lethargy
from the past month. The dog was treated specifically for heart failure for more than two years.
Clinical examination of the dog revealed hyperthermia (39.7 °C), short breath and heart
murmur. Moderate periodontitis was evident. Mild anemia, moderate leukocytosis, severe toxic
changes in cytoplasm of neutrophils, moderately reactive lymphocytes and reactive monocytes
were observed on blood smear. The dog died at home. TBEV-specific antibodies of
261 NTU/mL were detected by ELISA.

76.

At 16/06/2020 Beagle breed male dog of 10 years of age was presented to veterinary clinic with a
history of depression, inappetence, reluctance to walk and difficulties standing up from the past few
days. Mild anemia was observed on blood smear. CRP was 159 mg/L. The dog showed improve-
ment four days after therapy initiation. ELISA test of TBEV-specific antibodies was negative.

77.

At 27/10/2020 Labrador Retriever breed male dog of 11 years of age was presented to veterinary
clinic with a history of depression, dullness and occasional vomiting from the past few days. Two
weeks after initial appointment the dog was apathetic and demonstrated excessive panting. Cranial
part of the abdomen was sensitive and painful. Candida spp. invasion was suspected after gastro-
scopy. Hyperthermia (39.9 °C) was observed the following day. The dog was hyperactive and
excited, standing up and laying down repetitively. In the evening, the dog was anxious, spasmodic
pain and shortness of breath were observed. X-ray revealed multiple small mass lesions in the
lungs. The dog was euthanized. ELISA test of TBEV-specific antibodies was negative.

78.

At 06/10/2020 mixed breed male dog of 11 years of age was presented to veterinary clinic with
a history of depression, dullness and inappetence for three days. Hyperthermia (40 °C) and
hematuria were observed. Babesia spp. in erythrocytes, moderate toxic changes in cytoplasm
of neutrophils, moderately reactive monocytes and severe thrombocytopenia were observed on
blood smear. The dog showed improvement two days after therapy initiation. TBEV-specific
antibodies of 344 NTU/mL were detected by ELISA.

79.

At 02/06/2020 Yorkshire Terrier breed male dog of 12 years of age was presented to veterinary
clinic with a history of occasional vomiting and diarrhea with blood from the past few days.
On the second day, the dog showed lack of coordination and reduction of pupillary light reflex.
On the third day, menace reflex was reduced and pupils were dilated. Vocalizing without
obvious reason was observed on the fourth day. Mild anemia, mild neutrophilia, mild toxic
changes in cytoplasm of neutrophils, reactive lymphocytes and moderate thrombocytosis were
observed on blood smear. The dog showed improvement five days after therapy initiation.
ELISA test of TBEV-specific antibodies was negative.
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80.

At 25/11/2020 French Bulldog breed male dog of 12 years of age was presented to veterinary
clinic with a history of seizures (two times within 20 minutes, each lasting about 2 minutes).
While at the clinic, the dog experienced a prolonged episode of seizures and was sedated.
Seizures did not occur after recovery from sedation, although the vision of the dog was
impaired. On the second day, no episodes of seizures or signs of vision impairment were
noticed. Repetitive episodes of seizures were observed (three episodes lasting 30-60 seconds
each, with periods of 10 minutes in between) on the third day. After seizures, the dog was alert
and appetite of the dog was good. On the fourth day, after four episodes of seizures, the dog
was disoriented and panting excessively. CSF was clear from cells and bacteria, SG was 1.001,
and TBEV RNA was detected by PCR. The dog was anxious, hyperactive, excited and
vocalizing on the fifth day. The vision of the dog was impaired, although the appetite was good.
The dog showed improvement two weeks after therapy initiation. The episodes of seizures were
occasional and specific treatment was continued. Two months later, a long-lasting episode of
seizures was observed by the owners. The dog was sedated at the clinic, although the following
night after long lasting episode of seizures the dog was disoriented and pupil light reflexes were
reduced. The dog was euthanized. ELISA test of TBEV-specific antibodies was negative.

81.

At 19/11/2020 Golden Retriever breed female dog of 12 years of age was presented to
veterinary clinic because the owners found the dog nonresponsive. At the clinic, the dog was
non-ambulatory and had fever (39.4 °C). Facial reflexes, pupil light reflexes and deep pain
sensation were impaired. Mild neutrophilia, moderate toxic changes in cytoplasm of
neutrophils and moderate number of basophils were observed on blood smear. On the following
day, the state of dog was poor and the dog was euthanized. ELISA test of TBEV-specific
antibodies was negative.

82.

At 19/10/2020 Siberian Husky breed female dog of 13 years of age was presented to veterinary
clinic with a history of being found by the owners lying on his side. Mild reticulocytosis,
moderately reactive lymphocytes, reactive monocytes and mild eosinophilia were observed on
blood smear. CSF was free of cells or bacteria, SG was 1.005. The following day prognosis of
the dog was poor, the dog was laying on the side, drank water, but had no appetite. The dog
was euthanized. TBEV-specific antibodies of 492 NTU/mL were detected by ELISA.

83.

At 11/10/2020 mixed breed male dog of 13 years of age was presented to veterinary clinic with a
history of depression, somnolence, inappetence and occasional vomiting from the past three days.
Hyperthermia (39.5 °C) was observed. Moderate neutrophilia, mild toxic changes in cytoplasm
of neutrophils, 10% of band neutrophils, severe monocytosis and mild thrombocytepenia were
observed on blood smear. CRP was 54.4 mg/L. The dog showed improvement six days after
therapy initiation. TBEV-specific antibodies of 101 NTU/mL were detected by ELISA.

84.

At 25/09/2021 Yorkshire Terrier breed female dog of 13 years of age was presented to
veterinary clinic with a history of depression, dullness, inappetence and occasional vomiting
from the past few days. Hypothermia (36 °C) and heart murmurs were observed. Moderate
periodontitis was observed. The dog showed improvement three days after therapy initiation.
TBEV-specific antibodies of 217 NTU/mL were detected by ELISA.

85.

At 23/10/2021 Chihuahua breed female dog of 13 years of age was presented to veterinary
clinic. The dog was presented with a history of increased respiratory rate. Pulmonary edema
was diagnosed. Regenerating anemia, mild toxic changes in cytoplasm of neutrophils, mildly
reactive lymphocytes, mild thrombocytosis and aggregates of platelets were observed on blood
smear. The dog showed improvement two days after therapy initiation. However, one week
after initial appointment, the dog was euthanized due to relapse of pulmonary edema. ELISA
test of TBEV-specific antibodies was negative.

151




Table S3. Continued

No.

Data of the breed, age, sex, anamnesis, outcome of the TBE disease and status
of TBEV-specific antibodies in blood serum of TBEV RNA PCR-positive dogs

86.

At 29/05/2020 Miniature Schnauzer breed female dog of 15 years of age was presented to
veterinary clinic with a history of episode of seizures. Uncontrolled urination and disorientation
were observed. Moderate reticulocytosis, Jolly bodies in erythrocytes, monocytosis, mildly
reactive monocytes and aggregates of platelets were observed on blood smear. On the
following day lack of coordination was observed. Anemic mucous membranes and heart
murmur were noticed. On the third day, the episodes of seizures were observed. The dog was
disoriented, could not walk normally, paw replacement of hind limbs was impaired. Moderately
regenerating macrocytic anemia, moderate neutrophilia, severe toxic changes in cytoplasm of
neutrophils, mild monocytosis and highly reactive monocytes were observed on blood smear.
On the fourth day, after an episode of seizures, the dog had difficulties standing up,
coordination was impaired, the dog showed head tilt to the left, the left ear lobe was dropped
and the dog was urinating uncontrollably. The dog was euthanized. ELISA test of TBEV-
specific antibodies was negative.

87.

At 26/05/2020 Poodle breed female dog of 15 years of age was presented to veterinary clinic
with a history of vaginal discharge, lack of coordination and painful back from the past three
days. Antimicrobial drugs were administered at another clinic. Mild regenerating anemia, mild
neutrophilia, mild toxic changes in cytoplasm of neutrophils and mild monocytosis were
observed on blood smear. The dog showed improvement three days after therapy initiation.
ELISA test of TBEV-specific antibodies was negative.

88.

At 06/10/2021 mixed breed male dog of 15 years of age was presented to veterinary clinic with
a history of neoplastic mass lesion at the base of the tongue. The mass lesion was surgically
removed (carcinoma was suspected after cytology). The following day after surgery the dog
was weak, hypothermic (36.5 °C) and melena was observed. Regenerating anemia, mild toxic
changes in cytoplasm of neutrophils, 6% of band neutrophils and reactive monocytes were
observed on blood smear. One week after initial appointment, the dog had insomnia and an
episode of seizures. The dog showed improvement seven days after the therapy initiation. The
dog was treated with gabapentin for 2 months. ELISA test of TBEV-specific antibodies was
negative.

*The virus was isolated in cell culture. Note: morphological blood analysis results were
obtained by automated IDEXX Hematology Analyzer and blood smear.
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