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INTRODUCTION

Tick-borne encephalitis (TBE) is the most important tick-borne viral zoo-
notic disease in Europe, transmitted through the bites of infected Ixodes spp.
ticks that serve as main vector and reservoir for the virus [1, 2]. Alimentary
infection after consumption of unpasteurized milk of milk products has been
recognized as additional route of transmission. Tick-borne encephalitis virus
(TBEV) in this route is most commonly transmitted through the drinking of
goat milk, however, infection also have been documented through the use of
cow or sheep milk [3-9].

The overall number of human clinical cases in Europe has increased in
recent years [10, 11]. In Lithuania TBE incidence rates have been increasing
by 8.5 % per year for the 45-year period from 1970 to 2014 [12]. Since 2013,
the country has the highest incidence rate of the disease in Europe [13]. Mo-
reover, TBE is endemic throughout Lithuania [14].

Targeted disease control measures must be taken on the basis of known
virus prevalence. However, this is a major issue. Although the number of au-
tochtonous confirmed clinical TBE cases with a known site of exposure can
be used to determine a regional-level TBE risk to some extent, human sur-
veillance alone is insufficient to adequately monitor the prevalence of TBEV
as national health authorities in Europe use non-uniform TBE case definitions
and risk assessment methodologies [15]. Limitation increases further if wide
geographic areas are chosen to estimate the TBEV prevalence because the
actual population at risk can deviate substantially from the number of inhabi-
tants in an area due to the focal distribution of the virus [16]. Moreover, vacci-
ne coverage disparities may have an impact on such estimates [17]. Exposure
risk can also be influenced by socioeconomic, political, environmental, or
climatic factors [10, 18-20]. The flagging and dragging approach for detec-
ting TBEV in ticks is widely used to analyze spatial TBEV circulation [21].
However, this method is also no longer considered reliable, mainly because
of low TBEV prevalence rates in ticks and spatiotemporal mismatch between
TBEV prevalence in ticks and clinical case notifications in humans [22].

The use of wild or domestic animals as surrogate markers of natural TBEV
prevalence recently has piqued interest [23, 24]. In known endemic areas,
a significant correlation between seroprevalence in small mammals, dogs,
bovids, and cervids and TBE incidence in humans, as well as the capacity of
these sentinel species to uncover previously unknown TBEV foci was confir-
med [25-29]. However, horses, despite being one of the few species having
clinical TBE symptoms [30] have received very little attention as possible



TBEV sentinels, with only a few papers describing the epidemiological signi-
ficance in TBEV circulation in the nature [30-32].

Testing of milk samples has been proposed as another promising method
for determining TBEV prevalence [2]. Milk testing demonstrated significant
applicability in mapping high-risk locations in two antibody screening studies
in Sweden [33, 34]. To our knowledge, only two investigations aimed specifi-
cally at detecting TBEV have been conducted, however, both of which looked
at just over a hundred samples [35, 36].

Therefore, overall rationale of the present study was to carry out the in-
vestigation on TBEV prevalence in the least studied areas such as horses and
small ruminant‘s milk and investigate whether it may help to assess the pre-
valence of the virus in the environment or may serve as a complement to
ongoing monitoring efforts.

Scientific novelty

Here, the prevalence of TBEV in milk of small ruminants was systemati-
cally investigated for the first time. The findings revealed a surprising high
incidence of TBEV in milk. It has also generated a plethora of new informa-
tion on the risk factors associated with milk and milk products’ safety. The
findings also led to the development of a novel, reliable, non-invasive, and
simple-to-use approach for assessing the virus’s presence in nature, which
might be used for nationwide TBEV surveillance or be adapted to monitor en-
demic areas. Results described here includes in-depth analysis of TBEV-spe-
cific antibody prevalence in horses. It also includes first report of successful
TBEV detection and sequencing results in aforementioned host.

Finally, scientific efforts resulted in two unintended results. First, it
was discovered that tick-borne encephalitis virus can be isolated in the
MARC-145 cell line, which in turn is a fundamental addition to the existing
knowledge about the virus properties, allowing the virus to be isolated in an
easy-to-cultivate and low-demanding cell line. Second, the first indirect evi-
dence of probable West Nile fever causative agent circulation in Lithuanian
territory was discovered.

The aim of the study

The aim of the study was to determine the prevalence of Tick-borne en-
cephalitis virus in Lithuanian domestic animal populations, assess the safety
of animal-derived products and develop animal-based tick-borne encephalitis
surveillance system.
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Objectives of the study

1. To assess the prevalence of Tick-borne encephalitis in small ruminants,
horses and ticks and assess prevalence influencing factors.

2. To evaluate safety of unpasteurized milk and milk products.

3. To develop animal-based tick-borne encephalitis virus spatial surveil-
lance system and validate its effectiveness.
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1. LITERATURE REVIEW

1.1. Etiological agent

Tick-borne encephalitis virus is one of the most common arboviruses in
Eurasia, circulating between ticks and vertebrates [1]. It is a member of the
Flaviviridae family, specifically the tick-borne flavivirus group of the ge-
nus Flavivirus [10]. TBEV genome consist of an 11-kilobyte single-stranded
RNA of positive sense that is packed within a 50-nanometer-diameter en-
capsulated particle [37]. Two viral structural proteins are found in the virus
envelope that surrounds the capsid: protein M (membrane), which is produ-
ced from a cleaved precursor (PrM), and protein E (envelope). Protein E is
the major component of the viral surface and is responsible for producing
virus-neutralizing antibodies, which aids in post-infection protection [38]. In
addition, TBEV RNA genome encode seven non-structural proteins (NS1,
NS2A, NS2B, NS3, NS4A, NS4B, NSlgtv5) [39, 40].

Tick-borne encephalitis virus belongs to the genetically and antigenical-
ly related mammalian tick-borne flavivirus group that includes Langat virus
(LGTV), Omsk hemorrhagic fever virus (OHFV), Alkhurma hemorrhagic
fever virus (AHFV), Kyasanur Forest disease virus (KFDV), Gadgets Gully
virus (GGYV), Powassan virus (POWYV), Royal Farm virus (RFV), Karshi
virus (KSIV), and Louping ill virus (LIV) [40-42]. Only TBEV, LIV and
POWYV have all been linked to encephalitis in humans and animals, whereas
others are mainly associated with hemorrhagic fever [43, 44].

Three classic TBEV subtypes have been identified based on genomic
sequence analyses: The TBEV-FE (Far East) virus is found in Asia, primarily
in northern China and Russia’s east. TBEV-Sib (Siberian) subtype is circula-
ting in the rest of Russia, with an eastern European reach. The major subtype
in mainland Europe is TBEV-Eu (European) [45]. Two novel subtypes have
been proposed: the Baikalian subtype (TBEV-Bkl), which circulates in the
Baikal lake region [46], and the Himalayan subtype (TBEV-Him), which was
isolated from Himalayan marmots [47]. Very recently Deviatkin et al. [48] su-
ggested a TBEV classification based solely on genetic data, designating seven
TBEV subtypes: TBEV-Eu, TBEV-Sib, TBEV-FE, TBEV-2871 (TBEV-Ob),
TBEV-Him, TBEV-178-79 (TBEV-BkI1), and TBEV-886-84 (TBEV-BkI-2).

Genetic and antigenic variation is low amongst TBEV strains. The maxi-
mum degree of genetic variation between main strains within subtypes was
2.2 % at the amino-acid level, and a maximum difference of 5.6 % was de-
tected between the main three subtypes in a comparative study of gene sequ-
ences coding for protein E, which is similar to the range of variation reported
for other flaviviruses [45, 49].
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Fig. 1.1.1. Unrooted maximum likelihood tree for Tick-borne encephalitis
virus (adapted from Deviatkin et al. [48]).

1.2. Ecology

1.2.1. The tick vectors

Hard ticks are the primary arthropod vectors for TBEV transmission.
Ixodes ricinus is the most common tick vector in Europe which is direct-
ly associated with European TBEV subtype, while Ixodes persulcatus is the
most common tick vector in Russia and Asia, associated with Siberian and
Far Eastern subtypes [50-54]. 22 more tick species have been found to be
capable of carrying the virus to date [55-59]. However, their contribution to
virus circulation is very limited with exception of Dermacentor reticulatus
[60—62]. Although it rarely bites human beings, Dermacentor reticulatus tic-
ks outnumber Ixodes tick bites on large domestic and game animals, perhaps
resulting in an additional TBEV circulation cycle [63, 64].

Ticks can become infected while feeding on viraemic hosts or while co-fe-
eding with an infected tick [18,19]. Interestingly, co-feeding guarantees virus
transmission even when the host is already have immunity against TBEV
[65]. Effective virus transmission can occur through the simultaneous feeding
of an infected tick and uninfected ticks in close proximity on the same animal
[66]. Ticks in this framework are thought to be their own reservoir hosts, em-
ploying the animal to which they are attached as a transmission bridge [67].
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Furthermore, the virus can be transmitted vertically from an infected adult
female tick to her progeny by transovarial transmission but this appears to
be ineffectual and unimportant for the virus’s maintenance cycle [68, 69].
Non-viraemic transmission between co-feeding ticks, which mainly occurs
between tick nymphs and larvae, is thought to play a critical part in the TBEV
transmission cycle [66, 70]. It is particularly important, when animal host’s
viraemia is mild or of short duration, or when the host develops TBEV-
specific immunity [65, 71]. Therefore, the close ecological relationships of
L ricinus and I. persulcatus ticks with their vertebrate hosts, which result in
larvae and nymphs co-feeding on the same hosts, may explain why these two
tick species are considered the principal TBEV vector ticks [72].

The virus is also maintained in the tick population through trans-stadi-
al transmission, which means that the virus is carried by the infected tick
throughout its entire life cycle, which includes eggs, larvae, nymphs, and
adults [67]. Given to its vast population, the nymph appears to be the most
crucial stage for virus transmission [56]. Tick saliva contains chemicals that
are analgesic, anti-inflammatory, and anti-coagulant, allowing the tick to feed
undetected [73]. TBEYV, therefore, potentially might circulate from an infec-
ted egg to an adult tick and then back to its eggs through this inner populati-
on circulation [74]. However, recent evidence suggesting transmission rates
between stages are not as great as expected [75]. In addition, to aforementio-
ned TBEV transmission routes, there are some evidence regarding transmis-
sion through sexual intercourse [1].

Climate and environmental changes have contributed to a significant exten-
sion of the occurrence range of ticks with high epidemiological importance
[63, 76-80] as well as an increase in their population size [81] throughout
Eurasia during the last few decades. Moreover, ticks appear to have adapted
to lower temperatures and may be partially active in winter months [82, 83].
Ticks may infect the host with flaviviruses soon after attachment to the skin
and the initiation of blood intake [84].

1.2.2. The mammalian hosts

Susceptibility to TBEV in host vertebrates varies depending on species.
Some have a high viraemia and so play a significant role in TBEV transmis-
sion to ticks. A good reservoir host would be an animal infected with TBEV
that keeps the virus circulating in its bloodstream for as long as feasible, in ti-
ters high enough to infect a feeding tick without dying from disease, allowing
more ticks to feed on it and become infected [67].

Rodent species can act as reservoir hosts by sustaining viraemia for a long
time. TBEV virus was detected for up to 168 days after experimental infecti-
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on in bank voles [85, 86]. Moreover, for a minimum of three months, infec-
tious TBEV can be isolated from brain, kidney, and spleen of experimentally
infected common voles [24]. In addition, they perhaps are able to transmit the
virus vertically to progeny [87, 88]. Therefore, rodents such as red vole, bank
vole, common vole, European pine vole, yellow-necked mice, wood mouse
and striped field mouse are believed to serve as both amplifiers and bridge
hosts [67]. They all appeared to be in regular contact with TBEV, displaying
antibodies and positive RT-PCR results in varying degrees across Europe [24,
25, 89-93].

TBEV antigen of TBEV-specific antibodies were detected in variety of lar-
ge animal species, including cattle [94, 95], sheep [27, 95], goats [27, 96, 97],
few cervid species [98—100], wild boars [100], dogs [101-103] and horses
[30, 31]. However, following TBEV infection large animal species as well as
human beings typically show low or nonexistent viraemia and only indirectly
contribute to the virus’s persistence by hosting ticks [104—106].

In addition, few anecdotal TBEV transmission routes have been reported,
including blood transfusion [107], organ transplantation [108], transmission
from a viraemic mother to her progeny through breast milk [109], aerosol
transmission among laboratory personnel [110, 111] and after the slaughte-
ring of a viraemic goat [112].

1.2.3. Birds

The role of birds in TBEV circulation and their capacity to act as reservoir
for the virus is yet unclear. However, birds are thought to play a key role in
the spread of the virus to new endemic areas, as is the case with many other
tick-borne infections [113]. TBEV appears to be able to infect a variety of
bird species, primarily forest passerines [114]. Birds’ capacity to readily cross
barriers like rivers and motorways allows them to transmit attached ticks to
new locations where animals dwelling on the forest floor might not be able
to reach [115]. However, the virus it carries could be spread if the translo-
cated tick finds a suitable location with the correct climatic and fauna para-
meters [116]. Nevertheless, dispersion over larger distances appears unlikely
for TBEYV, as Ixodes ticks have a relatively short feeding period, lasting up to
nine days. This results in early detachment and short distance travelled while
attached to the bird [117]. Summary of TBEV transmission cycle is presented
in Fig. 1.2.1.
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Fig. 1.2.1. Tick-borne encephalitis virus transmission and maintenance in
the tick vector and its hosts.

Ticks become infected with TBEV mostly while feeding on an infected rodent or insectivore
at early developmental stages, either through co-feeding with an infected tick or through the
presence of high quantities of virus in the animal’s blood. The virus survives all of the tick’s
embryonic phases and is transmitted transovarially from adult to egg. Large mammals and
birds act as host for adult ticks and sustain infected and susceptible tick populations, howe-
ver due to low levels of viraemia, they are poor TBEV transmitters. Tick bites are the most
common route of human infection, but unpasteurized milk from infected ruminants can also
transmit TBEV to people. Visualization was created with accordance of the following sour-
ces: [2, 60-62, 72, 85, 86, 118].

1.3. Clinical manifestations

Published data suggest that 70-98 % of TBE infections are asymptoma-
tic [119, 120]. Nevertheless, exact proportion is hard to access as patients
showing mild clinical symptoms may remain undiagnosed [121]. Disease
severity and mortality has strong association with TBEV subtype. The Eu-
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ropean subtype causes moderate encephalitis with a fatality rate up to 2 %.
The Far-Eastern subtype causes severe disease that can result in 20-30 %
mortality. Siberian subtype causes a milder form of encephalitis than
Far-Eastern subtybe, with fatality rates ranging from 3 to 6 % depending on
the particular area [40, 122—-124].

Typically, incubation period ranges from 7 to 14 days [104]. When caused
by the European TBEV subtype, the disease has a typical biphasic course in
about 75 % of patients. The first phase is characterized by non-specific symp-
toms such as moderate fever, headache, myalgia, lethargy, general malaise,
anorexia, nausea, and others [120]. This phase lasts 2 to 7 days and is follo-
wed by improvement or an asymptomatic period of about 1 week. The second
phase then emerges, which is characterized by meningitis in nearly half of
adult patients, meningoencephalitis in about 40 %, and meningoencephalo-
myelitis in around 10 % of patients [125, 126]. The majority of patients with
a monophasic course of the disease have central nervous system involvement
resulting in meningitis and meningoencephalitis while a small percentage of
patients have a febrile illness with headache but no meningitis [121].

Chronic neuropsychiatric or neurological sequelae, such as depression,
lack of focus, or paresis of the face or limbs owing to chronic myelitis or
encephalitis, are seen in 10-20 % of individuals with severe disease [118].
The involvement of cranial nerves in TBE patients has been also reported.
Hovewer, it has favorable prognosis in the majority of cases [127-129]. Hy-
perkinesis of the limbs and face muscles, lingual tremor, convulsions, and
respiratory muscle paresis are some of the other symptoms. Death might oc-
cur as soon as one week following the onset of clinical symptoms [2].

TBE when caused by alimentary transmission has few differences in the
course of the disease. Contrary to classical transmission, incubation period
after exposure via the alimentary route, is shorter and usually taking 3—4 days
[104], but it might be as little as two days [6]. During the second phase of
milk-borne TBE, non-severe meningoencephalitis is more common. Clinical
signs of tick-associated TBE, such as meningitis or meningoencephalitis are
frequently more severe [130]. Patients who recover from milk-borne infec-
tions have a nearly 100 % chance of recovering without neurological com-
plications, but tick-borne TBE is more frequently associated with long-term
disability and mortality [40]. Finally, TBE following a tick bite is usually
sporadic, whereas alimentary infections are more commonly related with fa-
mily incidence or minor outbreaks linked to the intake of raw milk products
[6, 72].

Following TBEV infection, animals may show a variety of clinical symp-
toms. While most wild animals are asymptomatic, encephalitis can occur in
certain species as bank voles. Macaca sylvanus monkeys on the other hand,

17



are showing similar symptoms to those seen in humans [10, 26]. Clinical
manifestations in domestic animals, such as cattle, sheep, goats, and pigs,
are very rare [131-133] or not reported [100, 105, 134]. TBE has been repor-
ted in horses with clinical indicators such as poor general health, anorexia,
ataxia, abrupt cramping, convulsions, and paralysis of the neck and shoulder
muscles, though reports are scarce [30—32]. Infection of the CNS can also
cause fever and neurological symptoms in dogs. However, in dogs TBEV
infection is likely underdiagnosed [135, 136].

1.4. Epidemiology

1.4.1. Brief overview

TBEYV is circulating in central, northern, and eastern Europe, Russia, and
the Far East, which includes Mongolia, China and Japan [104]. TBE clinical
cases are estimated to number between 10000 and 12 000 per year worldwide
[137], with more than 3000 human TBE cases hospitalized each year in Eu-
rope [120]. Furthermore, a considerable percentage of TBEV infections are
considered undiagnosed [126].

The distribution of TBE clinical cases is very patchy. The chance of con-
tracting an infection after being bitten by a tick ranges from 1/200 to 1/1000,
depending on geographic location of where the bite took place [56].

The number of human clinical cases has increased in recent years; no-
netheless, there have been significant fluctuations in the notification rates
[10, 11]. This could be explained by the complex combination of social and
environmental factors, including the virus’s simultaneous spread into new
geographical areas as a result of changes that favor tick or host reservoirs. It
also could due to the increased exposure to infected ticks as a result of socio-
economic and political changes affecting outdoor leisure habits, or increased
harvesting of wild vegetables and fruits due to economic constraints [10, 19,
20]. For example, a recent research in Scandinavian countries have found
that women perceive risk differently than males, are more likely to employ
protective measures, and have a better understanding of tick-borne diseases
[138-140]. Increased medical awareness and more sophisticated diagnostics
also may play a role [10, 18].

TBE cases are most common in the warm months of April to Novem-
ber, which is also when tick activity is at its peak [104]. In Central Euro-
pe, where I. ricinus is the most common tick species, there is a two-pe-
ak distribution of TBE cases (first in June and July, second in September
and October), whereas in the Ural region, Siberia, and the Far East, where
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L persulcatus is common, cases are most common in May and June [40]. Men
are afflicted more commonly than women in all age groups [129, 141, 142].

It is important to mention that TBE has become a more global problem as
tourism has grown. According to TBE surveillance data available in Austria,
the overall risk of contracting TBE for a non-vaccinated tourist staying in a
highly endemic region for 4 weeks during the TBEV transmission season is
estimated to be around 1 case per 10000 person-months of exposure, which
is about the same as the risk of contracting typhoid fever or malaria while
traveling in India [143, 144].

1.4.2. Current situation

In the EU, TBE became notifiable disease in 2012, and the current case
definition was established in 2018 [145]. From 2015 to 2019, the EU TBE
notification rate ranged between 0.4 and 0.7 cases per 100000 people.
Lithuania, Czech Republic and Estonia had the highest notification rates in
2019, as they had in prior years. [146] From 2015 to 2019, the notification
rate in Czechia and Norway has steadily increased [146]. The majority of
cases are still diagnosed during the summer months, with no evidence of a
significant seasonal shift [147].

A possible case of TBE was discovered in southern England in July 2019.
This is the first report of a possible TBE case in a human in the United King-
dom [148]. TBEV was discovered in ticks in southern England in September
2019, after previously only being seen in ticks in northern England [149,
150].

Based on latest data available [146], 3246 TBE cases were confirmed in
EU/EEA countries in 2019. That accounted for 0.7 cases per 100000 popu-
lation. Case fatality was 0.7 %. There were no cases recorded in only three
countries: Greece, Luxembourg and Romania.

Lithuania had the highest notification rate (25.4 cases per 100000 peo-
ple), followed by Czech Republic (7.3) and Estonia (7.3). Czech Republic
(n=773), Lithuania (n = 711), and Germany (n = 445) reported the highest
number of confirmed cases in 2019. Summary of confirmed TBE cases both
in numerical and epidemiological frames is presented in Figure 1.4.1, which
was generated based on the official data extracted from ECDC surveillance
Atlas [151].
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TBE notification rate (N/100000) [
0 12,7 254

Number of TBE cases [
0 386 773

Fig 1.4.1. Distribution of confirmed tick-borne encephalitis cases in
humans in Europe in 2019.

Note: TBE rates per 100000 population (A), number of confirmed clinical TBE cases (B).
Gray color indicates countries that have not provided data or are not members of the EEA.
Graph was produced using data extracted from ECDC Surveillance Atlas [151].
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Interestingly, notification rate in 2019 increased compared to the consis-
tent rate of 0.6 recorded in the preceding three years. The highest difference
was observed in Lithuania. The notification rate here has increased signifi-
cantly since 2018, from 13.7 to 25.4 cases per 100 000.

1.8 % (n=54) of all confirmed cases were travel-related. Eleven coun-
tries have reported imported cases, with Germany having the greatest num-
ber (n = 22). 39 patients were reported to have been infected in EU Member
States, and 2 cases had a travel history in Russia and India. The place of in-
fection of remaining cases was not specified due incompleteness of the data
provided.

The seasonality of reported cases in 2019 was confirmed, with 95 % of
verified cases reported between May and November. 720 cases were reported
at the 2019 peak in July, representing for 22 % of confirmed cases. The bimo-
dal distribution that was observed in 2017 and 2018 was not present in 2019
(Fig. 1.4.2.).
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Fig. 1.4.2. Distribution of confirmed tick-borne encephalitis cases
in humans in a monthly scale, EU/EEA, 2019

Note: Black line — actual data of 2019; dash line — moving average model. Graph was produ-
ced using data extracted from ECDC Surveillance Atlas [151].

1.4.3. Alimentary infections

It has been suggested that the alimentary route is responsible for about 1 %
of all TBE infections in humans [118, 121, 152]. However, it appears that in-
fections through this route are more common. Some food-borne TBEV infec-
tions are asymptomatic or mildly symptomatic, and thus may be undiagnosed
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[153]. In as many as 50 % of all documented cases of human TBE in Germa-
ny, the patients had no recollection of the tick bite episode prior to the onset
of the disease, implying that some of the cases were caused by food-borne
TBEV transmission [154]. Despite the fact that TBE is a notifiable disease
in the European Union, there is no officially confirmed strategy that allows
to methodically register and assess foodborne TBE outbreaks in a country
or EU-level. As a result, global knowledge of alimentary TBE infection is
mainly based on individual reports from researchers or particular institutions.

A summary of all available data [3—-7, 72, 91, 152, 154—167] on food bor-
ne TBE outbreaks is presented in Figure 1.4.3. Graph was created using data
extracted from Medline/PubMed, Google Scholar and Scopus databases using
respective keywords and MeSH terms. Data extraction procedure was perfor-
med with accordance of Cohrane guidelines for Systematic Reviews [168].
As it is shown in the map, alimentary TBEV infections have been recorded
in at least ten European countries, mostly in Eastern and Central Europe,
however the proportion of infection varies by country. The greatest recorded
numbers of TBE alimentary cases are in Hungary and Slovakia. It is impor-
tant to sound a note that former foodborne outbreaks are often discussed in
the Lithuanian professional environment. However, no publications on this
have been published so far. Therefore, the information provided on the map
should be evaluated with caution, as the real prevalence pattern may differ
and include more countries.

Unpasteurized milk and milk products are thought to have a higher nutri-
tional value than pasteurized milk by certain customers. As evidenced during
the investigation of a food-borne TBE outbreak [152], their main motivati-
on for drinking unpasteurized milk was to provide a balanced diet for their
family. The largest number of proponents of unpasteurized milk appears to
be made up of producers and their family members [169]. However, metro-
politan regions have seen an increase in the use of such products as well. In
recent years, the unpasteurized milk or its products have been sold not only
in marketplaces, but also in vending machines where locals and tourists can
purchase raw dairy products [170]. The number of cases is likely to increase
in the future as the spread of alimentary TBE virus infection may be aided by
an increase in worldwide milk consumption [171, 172]. This is especially true
in Europe as 24 of the top 30 countries with the largest per capita consump-
tion of milk and dairy products are in this continent [173].
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Fig.1.4.3. Number of reported TBE alimentary cases in Europe.

Note: Graph was produced using data extracted from following sources [3-7, 72, 91, 152,
154-167].

1.5. Animal-based TBEV surveillance systems

Many animal-based alternatives for TBEV prevalence assessment were
proposed in recent years. Most of them showed many shortcomings, however,
few have proven the potentiality at some degree to be adopted as surveillance
system.

Although a high number of positive samples are found in wild rodents,
these results have no statistical association with TBE incidence in humans
[24, 25,92, 174, 175]. The distribution of positive samples also does not coin-
cide with the boundaries of the known endemic zone. Legal concerns with
animal trapping permits and natural protection acts, as well as labor-intensive
collecting and analysis of huge sample sizes are additional limitations [23].

TBEV-specific IgG antibodies survive for a long time in dogs [135, 136].
Seroconversion rates are frequently reported to be high [29, 102, 103]. Howe-
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ver, no correlations with human TBE incidence have been found with excep-
tion of one study [99]. Furthermore, the animals’ undefined territorial radius
can impair the accuracy of the spatiotemporal prevalence estimates.

Cervid species demonstrate a brief viraemia and a low-titre antibody res-
ponse after infection [176]. Moreover, extensive haemolysis and blood sam-
ple contamination are common serological study problems [23, 176]. In the
context of matching human TBE risk, prevalence results in cervid species are
frequently conflicting and mutually exclusive [98, 124, 177-181].

A single study on wild boars found an association between TBE incidence
in humans and wild boars [180]. However, among other wildlife-related and
previously noted drawbacks, their foraging range is limited, necessitating the
collection of a significant number of samples.

Horses have long persistence of TBEV-specific antibodies [23, 30], and
their pastures are generally stable, which can aid in extrapolating results for
a prevalence assessment model. In the case of ruminants, the situation is very
similar. In addition to favourable location and extended persistence of IgG
antibodies, ruminants are characterized by high viremia, which is even much
greater and longer detectable in milk than in blood [182]. Moreover, as men-
tioned earlier, studies in ruminants lead to accurate TBEV spatial prevalence
risk assessment [33, 34].
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2. MATERIALS AND METHODS

2.1. Sample collection and sampling sites

2.1.1. Horse serum sample collection

301 horse serum samples were collected in 32 stables according to
cross-sectional study design in May 2019 at the peak of tick questing peri-
od. Sampling stratification was applied to overcome the tendency of random
sample to either over-represent or under-represent sections of the sampling
frame. NUTS3 level administrative units were considered as strata. The num-
ber of samples from each stratum was determined by proportional allocation
and was estimated to represent Lithuanian horse population with a 5 % mar-
gin of error (95 % CI). The total sampling frame was defined using national
database provided by National Land Service under the Ministry of Agricultu-
re of the Republic of Lithuania.

Stables were included to the study if met additional criteria: horses had a
well-defined territorial radius, were turned out to the pastures every day and
were not vaccinated against any flaviviruses. To perform TBEV risk factor
analysis stable-level information (herd size, ration composition, pasture time)
and animal-level information (gender, age, breed, prior travel and health re-
cords) were collected.

Serum samples of 3—4 mL were obtained from selected horses with regard
to animal welfare regulations. Then the serum samples were centrifuged and
stored at —20 °C until further use.

2.1.2. Milk sample collection

A total of 1363 goat and 312 sheep milk samples were collected accor-
ding to a longitudinal study design. Due known short TBEV viremia period,
milk samples were collected periodically once every 4-5 days from bulk milk
tank throughout tick activity and lactation periods lasting between April and
November. Samples were collected for two seasons in 2018 and 2019.

Sampling frame was based on National Livestock Register database of
Lithuania. The same sampling stratification technique was applied as for the
collection of equine serum samples discussed above. The criteria that had
to be met in order to be included in the study were the following: goats and
sheep were not vaccinated against any flaviviruses and not acaricide-treated;
farms were located not in the urban area and did not apply consistent tick con-
trol measures in their territorial radius. Samples were collected from farms of
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various sizes (small — 1-5; middle-size — 6-20 and large — >21 milk produ-
cing animals) according to the data in the aforementioned database.

Milk samples of 10—15 mL in volume were obtained from milk bulk tanks
and stored frozen at —20 °C until further use.

2.1.3. Sample collection of unpasteurized milk products

To assess survival of tick-borne encephalitis in goat milk products, 247
cheese (sour milk cheese, n = 82; cheese aged 30 days (£ 5 days), n=81;
cheese aged >60 days, n = 84) and 42 yogurt samples were collected.

A 300 mg sample was formed from each cheese for molecular analysis.
Each such sample consisted of a pooled sample from several different locati-
ons on the same cheese. The inclusion in the sample of the outer part of the
cheese in contact with the environment where exposure to viral genetic ma-
terial is least likely due to exposure to UV rays has been avoided. Samples of
300 pL of yogurt were formed from different locations without prior mixing.

All samples were obtained directly from farmers or purchased at markets.
The samples represent the production of 18 different manufacturers. As these
samples were only intended to assess the safety of the products and were not
intended to assess the geographical distribution of the tick-borne encephalitis
virus, the geographical coordinates reflecting the place of production are not
detailed.

2.1.4. Tick collection

A total of 2925 ticks were collected. 2684 questing ticks were collected
by flagging and dragging method in the close vicinity of the farms where milk
samples were obtained. Remaining 241 ticks were collected directly from
equine host. All ticks were collected once per season as it typically done in
studies of this nature. Questing ticks were collected in both 2018 and 2019
at a single point in time between April and November. Ticks from equine
hosts were collected during the same visit when horse serum samples were
collected.

Tick pools were formed depending on the development stage, sex, spe-
cies and sampling site. Up to 10 Ixodes ricinus adults; 20 nymphs; 50 larvae
or 5 Dermacentor reticulatus were grouped per pool. After collection, ticks
were maintained alive until reaching laboratory. Then ticks were dissected
and homogenized in phosphate-buffered saline, inserted into liquid nitrogen
and then ground into a fine powder in a mortar. Each homogenized suspen-
sion was centrifuged, supernatant was collected and stored at —20 °C until
further use.

26



2.2. Data on human TBE incidence

Raw data on confirmed human TBE cases was obtained from Centre for
Communicable Diseases and AIDS. Human population data in NUTS3 level
was obtained from the Lithuanian Department of Statistics

2.3. ELISA and Virus neutralization test

Equine serum samples were tested by ELISA for presence of TBEV IgG
using the EIA TBEV IgG kit (TestLine Clinical Diagnostics, Czech Republic)
according to the manufacturer’s instructions. The results were calculated as
the negative control/sample ratio. A < 150 % was used as a cutoff value for
negative samples and 200 %> for positive samples.

To avoid possible cross-reactivities with other flaviviruses all horse serum
samples were retested by Virus neutralization test (VNT). The TBEV-specific
neutralizing antibodies were assessed using gold standard in-house neutrali-
zation assay. Complement was inactivated before testing by heating 30 min.
in water bath at 56 °C. Samples were then diluted from 1/5 to 1/320 in Mi-
nimum Essential Medium (MEM). The serum dilutions were incubated with
100 TCID,, of TBEV strain obtained after 6 passages of cultivation on Vero
cell culture (ATCC® CCL-81™). Cells were then assessed for the presence of
cytopathic effects at 3, 5 and 7 days post-infection (p.i.). TBEV reciprocal
titre of >1/20 was considered as positive in VNT.

In addition, samples were retested by ELISA test for West Nile virus IgG
using WN Competition Multi-species Ig kit (ID.vet, France).

2.4. TBE virus detection

Viral RNA from 300 pL of skimmed milk, centrifuged tick or cell su-
pernatant or serum was exctracted using the GeneJET RNA Purification Kit
(Thermo Scientific, USA) according to the manufacturer’s instructions.
Samples were tested by RT-PCR and confirmatory conventional PCR for
the presence of TBEV-specific RNA using primer sets provided in detail in
table 2.4.1.
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Table 2.4.1. Primers used in the study

Primers/probe Primer sequence (5’ to 3°) Reference
F-TBE 1 GGGCGGTTCTTCTCC
R-TBE 1 ACACATCACCACCTCCTTGTCAGACT [183]
TBE-WT FAM-TGAGCCACCATCACCCAGACACA-TAMRA
TBE NCRS5F GCGTTTGCTTCGGA
TBE NCR5R CTCTTTCGACACTCGTCGAGG [184]
TBE NCR5Fn CGGATAGCATTAGCAGCG
TBE NCR5Rn CCTTTCAGGATGGCCTT
TBE NS5F GAGGCTGAACAACTGCACG
TBE NS5R GAACACGTCCATTCCTGATCT [185]
TBE NS5Fn ACGGAACGTGACAAGGCTAG
TBE NS5Rn GCTTGTTACCATCTTTGGAG
F-16s-Ixodes AAAAAAATACTCTAGGGATAACAGCGTAA
R-16s-Ixodes ACCAAAAAAGAATCCTAATCCAACA [183]
16s-Ixodes-Probe | TTTTGGATAGTTCATATAGATAAAATAGTTTGC

GACCTCG

TBEV-specific RNA was amplified in 25 pL. a total reaction mixture
containing of 5 uLL sample RNA, 12.5 uLL 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 pL (900 nM) of reverse primer and 1.5 uL
(250 nM) TBE-WT probe. The cycling conditions comprised of reverse trans-
cription at 42 °C for 30 min, denaturation at 94 °C for 10 min, followed by 45
cycles at 95 °C for 15 sec and 60 °C for 1 min.

Samples positive by real-time PCR were prepared by one-step RT-PCR
and nested PCR for sequencing of NCR or NS5 region. RT-PCR amplificati-
on was carried out in a reaction volume of 25 pl that contained the following
mix of reagents: 12.5 pL of DreamTaq Green PCR Master Mix (2x), 0.3 puL
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 target RNA. The cycling condi-
tions comprised cDNA synthesis 30 min at 42 °C, denaturation for 5 min at
96 °C, followed by 40 cycles for 30 sec at 96 °C, 30 sec at 40 °C and 30 sec
at 68 °C for NS5 fragment and 40 cycles for 1 min at 92 °C, 1 min at 37 °C
and 1 min at 72 °C for NCRS5 fragment.

The nested PCR amplification was performed in a total volume of 50 pL
of reaction mixture containing: 25 pL of DreamTaq Green PCR Master Mix
(2x), 1 uL of each forward and reverse primers (260 nM), 18 uL of nuclea-
se-free water and 5 pL of target RNA. The cycling conditions were an initial
denaturation for 5 min at 96 °C, followed by 40 cycles for 30 sec at 96 °C,
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30 sec at 40 °C and 30 sec at 68 °C for NS5 fragment and 1 min at 94 °C,
I min at 55 °C and 1 min at 72 °C for NCRS5 fragment. All reactions were
carried out in triplicate set frame.

Quality of RNA extraction of tick samples was assessed using RT-qPCR
targeting 16s rRNA of Lricinus. Reaction was performed in 25 pL a total
reaction mixture containing of 5 pl sample RNA, 12.5 pL of 2x Reaction
Mix, 0.5 uL of SuperScript III Platinum One-Step Taq Mix (Thermo
Scientific, USA), 1 uL (200 nM) of each forward and reverse primer and
1.5 uL (100 nM) probe. The cycling conditions comprised of reverse trans-
cription at 42 °C for 30 min, denaturation at 94 °C for 10 min, followed by
45 cycles at 95 °C for 15 sec and 60 °C for 1 min.

Each PCR product was loaded into a 1.5 % TopVision agarose (Thermo
Scientific) gel containing 1XxTAE buffer and ethidium bromide (5mg/mL)
for 55 min. The GeneRuler 100 bp and 50 bp DNA ladders were used as
the molecular size marker. Products were then purified with GeneJET PCR
Purification Kit (Thermo Scientific, USA) according to the manufacturer’s
instructions.

2.5. Sequencing and Phylogenetic Analysis

Sequences, including reference TBEV strains Neudorfl (U27495); Sofjin
(AB062064) and Vasilchenko (AF069066) were retrieved from the GenBank
database and aligned manually using ClustalW software (Clustal, Dublin,
Ireland) in MEGA X package. The neighbor-joining method was used for
phylogenetic tree construction with 1000 bootstrapping replicates.

2.6. Virus Load Quantification

Viral quantification assay has been modified based on a previously pu-
blished study. A fragment corresponding to the amplified NS5 region of the
TBEV was cloned into the pJET1.2 vector using the CloneJET PCR Cloning
Kit (Thermo Scientific, Waltham, MA, USA) and Transform-Aid Bacterial
Transformation Kit (Thermo Scientific, Waltham, MA, USA) according to
the manufacturer’s protocol. Plasmid DNA extraction and purification was
then performed using the GeneJET Plasmid Miniprep Kit (Thermo Scienti-
fic, Waltham, MA, USA) and quantified using the Qubit dsSDNA BR Assay
Kit (Invitrogen, USA) according to supplier’s protocol. Standard curves were
generated after 10-fold dilutions of stock DNA. Serial dilutions served as
templates for qPCR reactions. The starting concentration of the sample was
expressed in arbitrary fluorescence units and was converted to the number of
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genome copies/mL. A total of 40 repeated measurements were made on each
diluted sample to calibrate the final standard curve, presented in Fig. 2.6.1.
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Fig. 2.6.1. Standard curve of gPCR using serial dilutions of stock DNA.

Quantification was based on Real-time PCR using SYBR Green I dye
(Thermo Scientific), nested NS5 primer set and respective cycling conditions
described above. All the samples were tested in triplicates and mean values of
viral copy equivalents were calculated.

2.7. Virus Isolation

To assess the viability to infect cells and obtain sufficient number of vi-
ral copies necessary for sequencing positive samples were isolated in Vero
(ATCC® CCL-81™)and MARC-145 (ATCC® CCL-12231™) cell lines. Cells
were maintained in Minimum Essential Medium (MEM, Gibco, USA) con-
taining 10 % heat-inactivated fetal bovine serum (FBS; Gibco, Grand Island,
NY, USA) and 100 U mL™! penicillin and 100 pgL™" streptomycin at 37 °C in
5 % CO, and air mixture.

Selected samples were passed through a 0.22-um pore size microfilter
(Techno Plastic Products AG, Trasadingen, Switzerland) for purification.
Cells were then inoculated in 25 cm? tissue culture flasks (TPP Techno Plastic
Products AG, Trasadingen, Switzerland) for 1h at 37 °C, after which infection
mixture was replaced by 10 mL of Minimum Essential Medium.

The negative control consisted only of MEM and 100 U mL™" penicillin
and 100 pg L' streptomycin.

Cells were examined for the occurrence of cytopathic effect through 6 se-
rial passages which were performed in triplicates including triplicate of posi-

30



tive and negative controls for each round of analysis. The success of isolation
was assessed by RNA extraction and RT-PCR as described above.

2.8. Statistical Analysis

Exact binomial method was used to calculate confidence intervals. Binary
logistic regression analysis, odds ratio (OR), regression coefficient (B), stan-
dard error (SE) and chi-square test were utilized to test the significance of the
risk factors. Pearson correlation was used to evaluate association of human
and animal TBEV prevalence. The minimal infection rate (MIR) was calcu-
lated as the ratio of the number of positive pools to the total number of ticks
tested. MIR = number of positive pools/total number of ticks tested % 100 %.
Differences on a dichotomous dependent variable between two related gro-
ups were assessed by MnNemar’s test. All statistical analysis and mapping
were performed using the programming language R. Maps were build using
following libraries: plyr, ggplot2, lattice, rgdal, rgeos, sp, maptools, maps and
grDevices.
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3. RESULTS AND DISSCUSION

3.1. TBEV prevalence in milk of small ruminants

The presence of TBEV RNA was tested in 1363 goat and 312 sheep un-
pasteurized bulk milk samples collected from 17 goat and 4 sheep farms.
Overall, TBEV was found in 62 (4.5 %) and 14 (4.5 %) goat and sheep bulk
milk samples, respectively. However, due longitudinal sample collection de-
sign, there were two cases of three consecutive positive goat milk samples per
farm. As this was likely to occur, time intervals between positive samples and
their viral load were measured. Therefore, based on the progressive decline
in viral load these instances were identified as two separate infections. Con-
secutive positive samples attributable to a single infection was thus omitted
from further statistical analysis. As a result, the total number of TBEV posi-
tive samples was adjusted to 58/1363 (4.3 %, 95 % CI 3.3-5.5) for goat and
14/312 (4.5 %, 95 % CI 2.5-7.4) for sheep samples. All remaining positive
samples were indisputably assigned to single infection whereas an interval of
at least 10 days was observed between the nearest positive samples.

Specificity of all PCR-positive samples were confirmed by partial ge-
nome sequencing based on NCR fragment of TBEV. Sequences have been
submitted to GenBank under accession numbers: MZ664211-MZ664256.
BLASTN search (NCBI Genbank) revealed that all sequences obtained
from milk samples were 89.2-94.1 % similar to the reference strain of the
European subtype of TBEV (Neudorfl; Genbank U27495). In contrast,
sequences obtained from milk samples showed low degree of similarity to
Siberian or Far Eastern subtypes of TBEV. Thus, unlike in neighboring
Estonia and Latvia, where all three main subtypes have been co-circulating
for almost two decades [76, 186], only the European subtype is circulating in
Lithuania.

It is important to note, that sequences obtained in this study did not cluster
with other Lithuanian sequences. This could be explained by the fact that to-
tal number of Lithuanian sequences uploaded to databases is rather small. In
addition, most of them are based on E or NS3 encoding segments. Therefore,
further whole genome sequencing efforts are needed to gain better understan-
ding of regional TBEV genetic diversity. This is especially important because
arecent study revealed that TBEV genetic diversity within certain geographic
areas is far more complex than previously thought, resulting in relatively high
nucleotide-level differences in samples collected in a small geographical area
[187].
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Fig. 3.1.1. Phylogenetic tree of TBEV sequences obtained from milk samples
and ticks collected in the vicinity of the farms.
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In 2018 and 2019 at least one positive sample was found in 70.6 % and
64.7 % of tested goat farms, respectively. During both years of the investiga-
tion, at least one positive sample was found on 75 % of sheep farms. TBEV
prevalence patterns in sheep milk samples were similar as in goat milk sam-
ples. There were no statistically significant differences between species in
any of the risk factor tested.

These results are consistent with the epidemiological studies on the ali-
mentary TBEV outbreaks which occur mainly from the consumption of go-
at’s milk and a little less frequently, sheep‘s milk [3, 5-7, 188, 189]. Based
on the prevalence and population size of dairy cows and the amount of milk
consumed, the number of outbreaks after consuming cow’s milk is low [190].
This is confirmed by a study conducted in Lithuania, but not yet published,
in which 495 bulk milk samples collected in various locations of the country
were examined and none of them were found to be positive for tick-borne
encephalitis virus.

Although the prevalence of TBEV was shown to vary with time and over
the two lactation periods (Fig 3.1.2.), no significant temporal period was fo-
und. A temporal effect was also not determined in the study conducted in
Lithuania in 2017-2019 which was focusing on the prevalence of TBEV in
Ixodes Ricinus and Dermacentor reticulatus ticks [191].
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Fig. 3.1.2. Longitudinal distribution of TBEV positive cases in goat and
sheep milk samples in 2018 and 2019.

Nevertheless, a temporal analysis revealed a substantial link between
virus prevalence in animals and TBE incidence rates in humans in 2019
(Fig. 3.1.3.). Unfortunately, in 2018, the same dependence (r = 0.65) was not
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statistically significant, although it did demonstrate a trend toward significan-
ce (p =0.083). The association was not observed in 2018 potentially due to
the remarkably high TBEV prevalence rate in May, which in turn could po-
tentially be explained by the exceptional climatic and environmental conditi-
ons favourable to the tick development. The human behaviour also may play
arole. It is reasonable to infer that individuals do not visit nature as frequently
in May, and hence are less likely to be exposed to ticks. The fact that most of
the clinical cases of the disease occur in the summer and early fall [192, 193]
supports this explication. More research is necessary to find out whether this
one-month case is a single phenomenon or recurring periodically. However,
two-year data imply that TBEV prevalence assessment based on milk samples
is preferable to current approaches based on tick screening as these results do
not correlate with increased human risk [191, 194, 195]. That is particularly
important to emphasize, as relationship between these dependences is one of
the most crucial elements in assessing whether or not this form of prevalence
assessment is reliable [22].
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Fig. 3.1.3. Linear correlation in longitudinal scale between TBEV
prevalence in animals and incidence rate in humans in 2019.

Figure 3.1.4. shows a summary of milk sample collection sites and TBEV
spatial distribution. The geographic coordinates of each farm were randomly
shifted up to 0.1° from their true positions to guarantee anonymization and
personal data protection. Spatial analysis showed that positive samples were
uniformly dispersed throughout Lithuania’s territory. Therefore, there was no
statistical relationship showing that any particular locality is at higher risk of
TBEV.
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Fig. 3.1.4. Geographical location of the milk sample collection sites and
distribution of TBEV positive cases.

Note: 2018 results (A), 2019 results (B). The size of the circles represents the TBEV pre-
valence rate in a particular farm. Goat farms are numbered 1-17, whereas sheep farms are
numbered 18-21. Colored administrative units indicate human TBE cases at NUTS3 level.
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Interestingly, farm size (620 > 1-5 > more than 21 animals) was found
to have a non-linear relationship with TBEV prevalence (r = 0.54, p = 0.01).
Moreover, a linear association between viral load and the volume of milk
produced on the farm was also observed (r = 0.64, p < 0.005). The findings
of viral loads are shown in Figure 3.1.5. More detailed information, including
data on milk yield and number of animals per farm is shown in Table 3.1.1.
However, farm ID referring to the map in Figure 3.1.4. is masked by number
mixing due to personal data protection.

These are hitherto unknown results with practical significance. As the re-
sults show, the size of the farm is of great importance in terms of the potenti-
ality to shed the virus to the milk. It can be added that these results were plau-
sible, although never directly confirmed - most outbreaks, as their analyzes
show, occur after the consumption of milk or milk products produced on a
small farm [3, 5]. To date, to the best of our knowledge, no outbreak from a
large farm has been confirmed.
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Fig. 3.1.5. Viral load expressed as log,, viral RNA copies/mL.

Asterisks and horizontal lines at the top of the graph indicate statistically significant differen-
ces (** p <0.01; **** p <0.0001).
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Table 3.1.1. Milk amount per bulk tank in tested farms

Farm Milk amount | Number of | Number of TBEYV viral load
D per bulk tank | animals per | TBEV positive (log,, copies/mL)
(liters) farm samples Mean Min Max
1 2.4 4 2 4.1 3.5 4.7
2 1.8 3 8 4.3 2.3 5.5
3 6 10 4 3.0 2.0 4.1
4 28.2 47 0
5 21 15 4 2.3 1.8 3.1
6 11.2 8 10 3.7 3.2 4.3
7 56 40 1 2.2
8 12.6 9 8 2.8 1.8 4.1
9 11.2 8 6 3.1 2.0 4.2
10 19.6 14 3 2.0 1.8 2.2
11 5.6 4 0
12 4.2 3 7 4.4 3.4 5.5
13 77 55 0
14 84 60 1 2.5
15 8.4 6 5 2.6 1.9 4.1
16 28 20 4 3.0 2.4 3.3
17 224 160 0
18 30.8 22 4 3.0 2.1 3.5
19 77 55 0
20 8.4 6 4 4.2 34 4.6
21 11.2 8 1 3.1

Note: 1-4 — sheep farms; 5-21 — goat farms. Data on farm ID referring to the map in
Fig. 3.1.4 are not provided due to personal data protection.

To confirm the presence of infective virus, all positive samples were ino-
culated on Vero and MARC-145 cells, which were then evaluated for cyto-
pathic effect (CPE), following confirmation by PCR. Overall, 13/58 (22.4 %,
95 % CI 12.5-35.2) goat milk suspensions were successfully isolated and
caused CPE beginning 4-6 days post-infection (p.i.) (Fig. 3.1.6). Only one
TBEYV isolate was successfully isolated from sheep milk.
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Fig. 3.1.6. Photomicrographs of virus isolation studies
showing characteristic of cell lysis as marker of CPE (unstained,
magnification: 50X).

Note: MARC-145 (A), VERO (B), CPE in cell line (1), Control group (2).

Because no equivalent studies have been conducted, these findings cannot
be compared to those of other epidemiological research. These results, on
the other hand, are in line with experimental data that show the virus may
survive for two days in milk at room temperature before rapidly decreasing
in titer and eventually becoming undetectable [196]. Although our findings
indicate that the virus does not persist for a long time and that the majority
of postive samples are incapable of infecting cells and thus potentially cause
disease, incidences of infection after consuming dairy products demonstrate
that the virus under certains circumstances can persist for a much longer time.
Unfortunately, the factors determining long-term survival have not been sys-
tematically studied and are largely unknown

The virus load changed significantly depending on the number of passa-
ges, demonstrating 1-3 log, increase at the sixth passage (Fig. 3.1.7.). Al-
though the expression of the cytopathic effect and the virus load varied, the
results did not differ significantly between the two cell lines. However, to the
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best of our knowledge, this is the first study to demonstrate that TBEV can be
isolated in a MARC-145 cell line, which in turn is a fundamental addition to
the existing knowledge about the virus characteristics, allowing the virus to
be isolated in this easy-to-cultivate and non-demanding cell line.

In summary, only two studies aiming to detect the TBE causative agent
in milk have been performed to date [35, 36], both of which were limited
in terms of sample size. The findings presented here are the most complete,
revealing an unexpectedly high TBEV prevalence and a wide geographic dis-
tribution, as well as a wealth of information on risk variables not elucidated
in any study before.
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Fig 3.1.7. Mean changes in viral loads in Vero (4) and MARC-145 (B) cell
lines over 6 serial passages.

Note: Best-fit line is shown as red dash line.
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3.2. TBEV detection in milk products

Of the 247 cheese samples varying in degree of maturation and 42
yoghurt samples, only 3 were tested positive for tick-borne encephalitis virus.
All three positive samples were detected in sour milk cheese. Positive sam-
ples accounted for 1 % (95 % CI 0.2-3.) of all dairy products tested. Partial
genome sequencing was used to confirm the specificity for TBEV. Phyloge-
netic analysis showed that all detected TBEV strains belong to the European
subtype (Fig. 3.2.1.) None of the positive samples were isolated in cell cul-
ture. Comparative summary of samples on milk or it’s products is shown in
Figure 3.2.2.

| MZ 654238 Sour goat milk c heese
Z654241Sour goat milk c heese

—__MZ654219 Sour goat milk c heese

LK93468 9 Podlaskie Poland
Y945353 BE27 Switzerland

U27491 263 Czech Republic
| AY945355 BE299 Switzerland
AY945334 BE127 Switzerland

AY945335 BE129 Switzerland

U27 495 Neudoerfl Austria

LDQ40114 0 Toro-2003 Sweden
E972518 Croatia

GQ266392 AS33 Gemany
AB062064 Sofjin-Ho Japan
B062063 Oshima Japan

AF069066 Vasichenko Russia

GU183382 Latvia 1-96

MG589940 Kotka Finland

AB507800 Omsk HFV
33.6

\ \ [ \ \ \ \
30 25 20 15 10 5 0

Nucleotide Substitutions (x100)

Fig. 3.2.1. Phylogenetic tree of TBEV sequences obtained from milk
products.
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Fig. 3.2.2. Comparative summary of the samples on the milk
and milk products.

Due to the relatively small sample size, generalizing conclusions cannot
be drawn. However, there is a clear tendency for the virus to be detected only
in the least technologically processed and least matured cheeses, and even in
these the virus cannot be isolated indicating that the viral structural composi-
tion is already lost. Given that the RNA enveloped virus’s structure renders it
to be sensitive to temperature changes [72], this is a likely result.

Currently available scientific evidence based on experimental studies in-
dicates that virus is not destructed if the temperature during the preparation
does not reach 65 °C for at least 30 minutes [197]. Another study showed that
although the simulation of cheese fermentation have reduced virus levels, the
virus was still detectable as a residual [196]. The virus load measurement in
this study is line with aforementioned findings. The mean viral load per mil-
liliter in cheese samples was 2.1 log  copies. As shown in Figure 3.2.3. it was
significantly lower than the results obtained from milk samples.
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Fig. 3.2.3. Viral load expressed as log,, viral RNA copies/mL.

Asterisks and horizontal lines at the top of the graph indicate statistically significant diffe-
rences (**** p <0.0001).

Although there is a lack of experimental results to pinpoint the situation, it
can be speculated that in longer-maturing cheeses the virus eventually loses
its structure and becomes non-infectious due to longer exposure to temperatu-
re and UV light. Thus, products with a longer technological process are likely
to be significantly safer against the tick-borne encephalitis virus.

3.3. TBEV prevalence in horse serum

Direct viral detection in large herbivores is limited due to a brief period
of viremia during which flaviviruses are eliminated from serum, and to our
knowledge, we are the first to report successful PCR and sequencing results
in horses. The only study we know of that reported a single sample potentially
positive by PCR was conducted in Germany [30]. However, their attempts at
sequencing and culturing were unsuccessful.

TBE virus in the present study was found in 12 (3.9 %; 95 % CI 2.3-6.8)
of all examined equine serum samples (n=301). All sequences of equine
serum were 93.0-97.1 % identical to the reference strain of the European sub-
type (Neudorfl; Genbank U27495), according to a BLASTN search (NCBI
Genbank). The similarity with the Far Eastern subtype (Sofjin; AB062064)
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and the Siberian subtype (Vasilchenko; AF069066) reference strains, on the
other hand, was 78.3 % and 84.4 %, respectively (Fig. 3.3.2.). The sequences
have been submitted to the GenBank database under the accession numbers
MT981174-MT981178 and MW 187721-MW187725.

Despite earlier published results showing that milk has a considerably hi-
gher viral load than blood [198, 199], our findings demonstrated the contrary
(Fig. 3.3.1.). The explanation of the results is related to the study’s design. In
this investigation, serum samples were taken from individual horses, whereas
milk samples were collected from a bulk milk tank. As a result, an undetermi-
ned dilution effect appears to be present in pooled milk samples. Therefore,
despite their differences, our findings do not invalidate the findings of earlier
investigations.
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Fig. 3.3.1. Viral load expressed as log,, viral RNA copies/mL.

Asterisks and horizontal lines at the top of the graph indicate statistically significant diffe-
rences (**** p <0.0001).
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Fig. 3.3.2. Phylogenetic tree of TBEV sequences obtained
from horse serum and ticks collected from latter hosts.
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According to the results of the ELISA assay, 124 (41.2 %), 5 (1.7 %), and
172 (57.1 %) serum samples were positive, borderline, and negative for the
presence of TBEV-specific antibodies, respectively. As a result, the optical
density plot revealed a distinct bimodal distribution (Fig. 3.3.3.).
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Fig. 3.3.3. Normal quantile plot of the distribution of optical density (OD)
450 nm values in Tick-borne encephalitis virus (TBEV) immunoglobulin
G (IgG) enzyme-linked immunosorbent assay (ELISA) with sera collected
from horses (A). Percentile plot with simulation (background) of a normal
distribution with the same mean and standard deviation as for the data

collected (B).

The viral neutralization assay was used to retest all of the samples. ELISA
negative samples were consistent with VNT. However, in the ELISA-positive
and ELISA-borderline groups, only 109 and 4 samples were considered as po-
sitive, respectively. As a result, based on VNT results, the overall number of
TBE seropositive samples was adjusted to 113 (37.5 %; 95 % CI1 32.2-43.1).

The statistical associations between ration composition, herd size, age,
gender, and seropositivity were not statistically significant. Contrary to ten-
dency observed in Austria [31], we did not identify any significant relati-
onships between the horse’s sex. Different management conditions enforced
on stallions in Austria may have influenced this result, whereas in our study,
stallions were mainly kept in similar environment to those of mares. Further-
more, high tick density and infectivity in Lithuania could be a contributing
factor in non-discriminating results in both sexes. However, binary logistic
regression model showed significant association between pedigree and sero-
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logical results. 31.0 % (95 % CI 24.9-37.6) of all tested samples were found
to be positive in horses with known origin and 53.4 % (95 % CI 42.41-64.3)
in mix-breeds (p <0.03; OR 2.3; 95 % CI 1.3-4.0; B 0.8; SE 0.3). As much as
it can be tempting to rely on genetics we believe that this association is solely
due to the differences in management and purpose of mixed and purebred
horses. Horses with no pedigree are more likely to be employed for lengthy
walks in the nature, as well as for recreation and tourism. They were also kept
in pastures for considerably longer periods of time, which boosters the odds
that horses will encounter TBEV.

Furthermore, association between daily time spent in the pastures and se-
ropositivity was observed. Horses spending >8 hours in the field had more
than twice the seroprevalence (68.0 %; 95 % CI 59.8-75.4) than horses spen-
ding less than 8 hours daily (31.7 %; 95 % CI 18.0-48.0). Despite the evident
differences, the final conclusion should be interpreted with caution as the
data was gathered by a questionnaire survey of animal owners, which could
be skewed by a bias.

There was no association between TBEV seropositivity and horse medical
records. 11 horses of which 5 were tested positive for TBEV neutralizing
antibodies demonstrated certain degree of atypical behavior or balance distur-
bances that was attributed to underdiagnosed cases of non-infectious origin.

One of the most significant results of this study was revealed by spatial
analysis which showed statistically significant differences in mean seropre-
valence amongst counties of the country. The highest seroprevalence rates
were observed in east part of Lithuania with overall highest seroprevalen-
ce in Vilnius (50.6 %; 95 % CI 39.6-61.1) county (p < 0.04; OR 3.3; 95 %
CI 1.0-10.7; B 1.2; SE 0.6). Moreover, strong correlation between TBEV
seropositivity in tested horses and TBE-incidence rate in humans in given
administrative unit was observed in 2018 (r = 0.76; p < 0.05) (Fig. 3.3.4. and
Table 3.3.1.).

Interestingly, 11 equine serum samples appeared to be seropositive for
West Nile virus and demonstrated cytopathic effect after VNT with TBEV,
indicating first serological evidence of WNV in Lithuania. These findings call
for more research into the possibility of a new WNV geographic distribution
in northern Europe.
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Fig. 3.3.4. Spatial distribution of TBEV RNA and TBEV-neutralizing
IgG seroprevalence at the NUTS3 level in Lithuania. The colour grades
represent TBE incidence rate in humans.

Table 3.3.1. Results of equine serology in 32 tested stables. Stable number
refers to the map in Fig. 3.3.3

Stable .Sample Serop‘reva- TBEY Se— Serop.reva-
number | $17€ of the| County |lence in the | ropositive | lence in the | 95 % CI
Stable County Horses Stables

1 12 Klaipeda 42.3 8 66.6 34.8-90.0
2 14 3 21.4 0.4-50.8
3 12 Telsiai 8.3 1 8.3 0.2-38.4
4 7 30.6 4 57.1 18.4-90.1
5 10 Siauliai 1 10.0 0.2-44.5
6 19 6 31.5 12.5-56.5
7 12 Panevezys 46.2 5 41.6 15.1-72.3
8 14 7 51.0 23.0-76.9
9 13 30.8 4 30.7 0.9-61.4
10 3 1 333 0.8-90.5
11 4 Utena 1 25.0 0.6-80.5
12 11 4 36.3 10.9-69.2
13 15 5 333 11.8-61.6
14 6 1 16.6 0.4-64.1
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Table 3.3.1 continuation

Stable Sample Seropreva- | TBEV Se- | Seropreva-
number size of the| County |lence in the | ropositive | lence in the | 95 % CI
Stable County Horses Stables
15 8 50.6 1 12.5 0.3-52.6
16 6 6 100.0 54.0-100
17 2 1 50.0 0.1-98.7
18 14 Vilnius 14 100.0 0.7-100
19 17 9 52.9 27.8-77.0
20 17 2 11.7 0.1-36.4
21 17 7 41.1 18.4-67.0
22 6 4 66.6 22.2-95.6
23 2 Marijam- 222 2 100.0 15.8-100.0
24 7 pole 0 0.0 0-40.9
25 4 342 4 100.0 39.7-100.0
26 6 2 333 0.4-77.7
27 8 Kaunas 2 25.0 3.1-65.0
28 13 5 38.4 13.8-68.4
29 1 0 0.0 0.0-97.5
30 6 0 0.0 0.045.9
31 5 Alytus 20.0 2 40.0 0.5-85.3
32 10 1 10.0 0.2-44.5
Total 301 113 37.5 32.3-43.1

3.4. TBEV prevalence in ticks

A total of 2685 questing ticks corresponding to 886 adults, 1329 nymphs,
and 88 larvae of Ixodes ricinus, and 382 Dermacentor reticulatus adults were
collected in close proximity to the farms where milk samples were collected.
All of these ticks accounted for 283 pools, 9 of which were found to be po-
sitive for TBEV-RNA. All positive samples were detected at the two sites in
both years of the study.

Geographical distribution of positive samples is shown in Fig 3.1.4. The
overall minimum infectious rate (MIR) was 0.34 % (95 % CI 0.15-0.64).
Detailed summary of positive samples in questing ticks is presented in Table

3.4.1.
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Table 3.4.1. Summary of TBEV positive sample characteristics in ticks

Location ID 10 10 12 12
Year 2018 2019 2018 2019
Dermacentor 4/1/0 13/4/1 3/1/0
reticulatus
MIR % 7.7 (0.2-36)
(95 % CI)
Ixodes ricinus 13/3/1 27/5/1 30/6/0 34/6/2
MIR % 7.7 (0.2-36) 3.7 (0-18.9) 5.8 (0.7-19.7)
(95 % CI)
Nymphs 71/4/2 40/2/1 192/6/1 24/2/0
MIR % 2.8(0.3-9.8) | 2.5(0.6-13.1) 0.5 (0-2.9)
(95 % CI)
Larvae 22/1/0
Total 84/7/3 71/7/2 257/17/2 61/9/2
MIR % 3.5 2.8 0.8 32
95 % CI) (0.7-10.0) (0.34-9.8) (0-2.8) (0.4-11.3)

Location ID refers to the map in Fig. 3.1.1 The sequence of three numbers is explained as
follows: total tick sample size/number of pools/number of positive pools.

A total of 241 attached or moving ticks corresponding to 152 adults and
89 nymphs of Ixodes ricinus were collected from equine hosts. 4/38 of tested
tick pools were positive for TBEV-RNA. The overall MIR was 1.2 % (95 %
CI 0.3-3.6). All positive tick samples were in adult tick stage of 1. ricinus ob-
tained from the same stable.

Amplification of 16S rRNA was successful in all randomly selected pools,
indicating that there were no false negative results caused by tick-derived
products inhibiting the PCR test. Phylogenetic analysis showed that all de-
tected TBEV strains belong to the European subtype and demonstrated no
differences in diversity and distribution in the phylogenetic tree compared
to sequences obtained from horse serum or milk. Distribution of strains are
shown in phylogenetic analysis of the respective study in Figure 3.1.1 and
Figure 3.3.1.

In a countrywide study conducted in Lithuania from 2017 to 2019, where
about 9000 ticks were analyzed, a very comparable TBEV prevalence pattern
in ticks was reported, as well as a virtually same overall MIR as in TBEV
prevalence results in questing ticks presented here [191]. The latter investiga-
tion likewise revealed a patchy TBEV distribution, with many administrative
units appearing to be virus-free. These findings support prior observations of
TBEV patchiness in ticks and a discrepancy between the number of clinical
TBE cases in humans and TBEV prevalence in ticks [22, 194, 195, 200, 201].
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The results showed that both, the overall minimal infectious rate and virus
load were higher in ticks collected from animals (Figure 3.4.1.). This is also
consistent with previously published findings demonstrating that tick infecti-
vity is higher when ticks are collected near or from domestic animals [30]. Al-
most 3-fold higher minimal infectious rate in ticks is most likely attributable
with changes in dynamics of virus reproduction. It has been experimentally
proven that intensive viral replication commences during feeding of ticks lea-
ding to a dramatic increase in virus load [202]. In contrast, this is not the case
for questing ticks resulting in low concentration of TBEV which therefore in
many cases could be below detection threshold. The results of virus isolation
add weight to these statements. Of all positive pools, 3/9 of questing ticks
and 4/4 of ticks collected from equine hosts were successfully isolated in cell
culture. In short, increased MIR of ticks collected from horses roaming large,
well-defined areas signifies an alternative to labor and time consuming field
collection of ticks. However, more detailed studies are needed to find out if
high-resolution spatiotemporal prevalence assesment is possible using this
approach.
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Fig. 3.4.1. Viral load expressed as log,, viral RNA copies/mL.

Asterisks and horizontal lines at the top of the graph indicate statistically significant diffe-
rences (**** p <0.0001).
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3.5. Development of animal-based TBEV surveillance systems

The overall rationale of the research efforts presented here was not only
investigate the TBEV prevalence in Lithuania, but also to analyze whether
animal-based testing can be adopted as a TBEV surveillance strategy. Such
efforts were stimulated by a fundamental basis of previously published re-
sults, indicating TBEV ecology is advantageous to animal-based surveillance
systems. It has been amply shown that the TBEV prevalence in ticks removed
from hosts are significantly higher compared to questing ticks [21, 202]. In
addition, an experimental investigation found that TBEV replication is faster
in feeding ticks, resulting in a 500-fold increase in viral load over a 15-hour
observation period, but it is stable in unfed ticks [202]. Infected ticks were
found to be the most active and aggressive, according to the same study. All
this suggests that animals are likely to amplify the signal of TBEV presence
in a given area, which in turn increases the chances of successful viral detec-
tion. As a result, an epidemiological monitoring strategy was conceptualized
in which bulk milk tank samples were collected once every 4-5 days to cover
the whole interval between possible infections, allowing to avoid missing the
period when the virus is shed through milk. Longitudinal sample collection
design was chosen based on earlier studies showing that TBEV is detectable
in milk for 3—8 days post infection [203] or slightly longer [40, 197]. As
described earlier in paragraph 3.1. design shown no fundamental limitations
as the number of positive samples could be overestimated only to a very li-
mited level because of the possibility of misclassifying several samples of a
single infection as separate cases.

TBEV surveillance by tick flagging was performed in parallel to the milk
sample testing to validate results. It is important to sound a note that these
techniques were different by their epidemiological design — tick flagging is
cross-sectional study that typically involves collection of the samples once
per season in particular site, while our proposed milk surveillance strategy is
longitudinal, involving approximately 80 milk samples per season collected
at regular 4-5 day intervals.

McNemar'’s test was used to determine the marginal homogeneity between
two TBEV surveillance techniques. Ticks that were not collected on site due
to their paucity were not included in the contingency table. Milk samples clo-
sest to tick samples in longitudinal scale were analyzed to assess the capacity
of tick flagging and bulk milk testing strategies to identify TBEV prevalence.
The data did not support the null hypothesis, implying that both approaches
can identify TBEV when sampling time coincide.

Due to the differing study designs, straightforward statistical comparisons
of the two testing approaches were not possible. Results, on the other hand,
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revealed that both strategies may accurately assess the presence of the virus
in the environment if they are used in close proximity. Thus, the flagging
and dragging method could be considered as sensitive method for assessing
TBEV prevalence geographically, but only if a large number of ticks are exa-
mined, which needs enormously high financial and people resources. This
is a crucial point to emphasize in light of several studies that have failed to
detect the virus in recognized TBE foci, despite testing tens of thousands of
ticks [191, 194].

Given the very small sample size, milk analysis revealed the epidemiolo-
gical situation in an incomparably higher resolution and demonstrated a num-
ber of advantages. Primarily, it was shown to be more reliable as it allowed
the detection of TBEV circulation over a larger geographic area, resulting in
nearly two-thirds of examined sites being positive, contrary to only two sites
being positive for TBEV using the tick flagging method. The latter result
echoes what other researchers have encountered — low TBEV prevalence rates
and great spatiotemporal variability have been reported in a number of earlier
investigations [23, 204—206]. Furthermore, the vast geographical distribution
of TBEV in milk samples corresponded to the known TBE endemic area, and
the monthly TBEV prevalence in milk samples was statistically associated
with the monthly human TBE incidence rate. Milk analysis also proved to be
more efficient in terms of both time and people resources. According to our
estimates, collecting a single milk sample took no more than 5 minutes. Due
to the small size of the country and well-developed road infrastructure, their
periodic collection and transportation to the laboratory was similarly quick.
Nonetheless, these findings are highly country-specific and should be inter-
preted as such. Finally, unlike the flagging and dragging method, the milk-ba-
sed strategy poses no risk of being bitten, especially in the areas where Lyme
borreliosis is prevalent and against which a vaccine does not yet exist.

It is important to emphasize that TBEV surveillance strategy based on
milk sampling is in good agreement with CDC Guidelines for Evaluating
Public Health Surveillance Systems recommendations [207]. In general, one
of the important features of our proposed method is its ease of use. This
strategy does not necessitate extensive collaboration with several institutions
or highly qualified personnel. We also believe that this strategy is more effi-
cient in terms of time, because sampling can be done by volunteer farmers,
while milk collection may be ensured by specialists from local veterinary
services on a regular basis. The acceptability requirement, i.e., everyone’s
willingness to use the procedure, was likewise met in full. The majority of the
farmers graciously accepted to take part in the research project and expressed
strong interest to be included as participants due to concerns about the quality
and safety of their products. Paid testing may be considered if the engage-
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ment was ongoing, especially as it would allow for a greater extension of the
flexibility criterion. Using presently accessible infrastructure, milk testing for
TBEV can be included into ongoing milk-borne disease monitoring programs
or regular milk quality and safety management schemes. Despite the fact that
our proposed strategy does not allow for year-round monitoring, the period
when small ruminants graze and produce milk perfectly matches the seasonal
distribution of confirmed TBE cases in humans [12]. Although the density
of small ruminants appears to be significantly larger in Western Europe than
in Lithuania [208], there seem to be some minor limitations in applying this
strategy there due to non-homogenous geographic dispersion of farms. The
bulk of small ruminant farms in Germany, for example, are located in the so-
uthern states [23]. In such cases, the strategy could be used at the very least to
monitor endemic areas or to identify new TBEV foci.

Other aspects that comply with CDC criteria are stability and availability.
Unpasteurized milk and it’s products appear to be becoming more popular,
owing to supposed health benefits and better taste [35]. The proprietors of the
majority of the farms we visited consumed untreated milk products or produ-
ced them for sale. It is doubtful that this sector will lose its potential relevance
to undertake a TBEV monitoring program as far as farm owners should adapt
to market conditions.

Milk sample testing has the potential to provide an additional benefit: the
assessment of milk safety. There have been few attempts to isolate TBEV
from milk to date. Furthermore, rather than epidemiological screening, such
efforts have primarily been used in investigations of alimentary outbreaks
[154]. Although precise empirical data and extensive epidemiological rese-
arch are lacking, it is estimated that milk is responsible for 7.8 % of TBE
cases in Lithuania [12] and up to 17 % in Slovakia [157]. Our findings vali-
dated the importance of this issue, revealing that approximately one-fifth of
positive milk samples were capable of infecting cells. Periodic milk testing
and safety assessments for TBEV, as well as public education campaigns abo-
ut the possible hazards of consuming untreated milk products, are critical in
view of the high rates of alimentary transmission.

Many TBEYV surveillance systems based on serological testing of diver-
se vertebrate hosts have recently been developed, showing promising results
[27,29, 89, 97, 99, 209]. Seroprevalence studies, however, have considerable
drawbacks. As antibody persistence rates differ, it’s difficult to evaluate when
an infection occurred. Because of TBEV’s well-known cross-reactivity with
related flaviviruses [210], serological assessment necessitates confirmatory
assays, which in turn, requires more labor and infrastructure.

Despite those limitations, our results proved that horses can be considered
as possible sentinel specie for TBEV. It is known that horses are capable
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to mount their Ab levels after contact with TBEV that could be detectable
9-19 months post-infection [30, 210, 211]. As this study revealed, interpre-
ting seroprevalence at the stable level could allow mapping of TBEV foci on
a smaller scale than district level, as high antibody values of positive horses
at equestrian centers imply recent TBEV exposure.

Most of the criteria of CDC guideline are fully compliant with this appro-
ach. Exceptionally well-fulfilling criteria are year-round monitoring and
flexibility as several countries have currently established routine monitoring
programs for equine infectious anemia. Thus, large sample sizes are readily
available and TBEV prevalence assessment can be integrated into ongoing
studies. However, the criterion of acceptability and ease of use are only par-
tially met, as this approach is interventional and requires not only qualified
staff and bioethical authorization, but also consent from animal owners, often
leading to many of them refusing to participate in this type of research due to
adverse effects on animal productivity, sport results or well-being.

In short, analysis of bulk milk tank samples may serve as a valuable tool
for TBEV prevalence assessment. As the technique is reliable, easy-to-ope-
rate and non-invasive it might be used for nationwide TBEV surveillance or
be adapted to monitor endemic areas. In addition, TBEV surveillance studies
in horses can reveal new microfoci and permit epidemiological mapping and
therefore, complement human surveillance efforts.
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3.1.

3.2

CONCLUSIONS

. TBEV-RNA was detected in 4.2 % (95 % CI 3.25-5.47) and 4.4 %

(95 % CI 2.4-7.4) goat and sheep bulk milk tank samples, respectively.
The overall MIR in questing ticks was only 0.3 % (CI 95 % 0.15-0.64).
TBEV neutralizing antibodies (IgG) were found in 37.5 % (95 % CI
32.2-43.1) and TBEV-RNA were found in 3.9 % (95 % CI 2.3-6.8)
horse serum samples. All detected TBEV-positive samples belonged to
European subtype of TBEV.

Significantly more TBEV-positive milk samples were found in middle-
size farms (620 animals) (r = 0.54, p =0.01). The highest virus load
was observed in small-size farms (1-5 animals) (r = 0.64, p < 0.005).
22.4 % (95 % CI 12.5-35.2) of positive samples were successfully iso-
lated in MARC-145 and Vero cell cultures. Only 1 % (95 % CI 0.2-3)
of all dairy products were positive for TBEV, demonstrating unsucces-
sful isolation in cell cultures and significantly lower virus load than in
milk.

Milk sample testing has been found to be advantageous to tick flag-
ging and dragging method because it allowed detection of TBEV-RNA
6.2 times more frequently in the geographical area; the prevalence was
consistent with the incidence in humans (r = 0.74; p = 0.035) on a time
scale and the geographical distribution coincided with the known TBE
endemic area.

Serological testing of equine blood samples can be used for indirect
assessment of the prevalence of TBEV, as it is geographically within
the endemic range of EEV and coincides with human morbidity data
(r=0.76; p <0.05).
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SUMMARY IN LITHUANIAN

1. Problemos aktualumas ir svarba

Erkinis encefalitas (EE) yra svarbiausia erkiy platinama virusiné zoono-
ziné liga Europoje, perduodama jsisiurbus erkinio encefalito viruso (EEV)
uzkréstoms Ixodes spp. erkéms, kurios yra pagrindinis viruso pernesé¢jas ir
rezervuaras [ 1, 2]. Alimentarinis uzsikrétimo kelias, kai uzsikre¢iama pavar-
tojus nepasterizuoto pieno ar jo produkty yra Zinomas kaip antrasis EE perda-
vimo biidas. Siuo bidu daZniausiai uZsikre¢iama geriant ozkos piena, ta¢iau
yra uzfiksuota atvejy, kai infekcija yra perduodama pavartojus ir karviy ar
aviy pieng [3—7]. Per 45 mety laikotarpj nuo 1970 iki 2014 mety, Lietuvoje
sergamumas erkiniu encefalitu augo 8,5 procento per metus [12]. Nuo 2013
mety Sios ligos sergamumo rodiklis yra didziausias Europoje [9]. Be to, skir-
tingai nei kitose Salyse, erkinio encefalito uZsikrétimai fiksuojami visuose
Lietuvos administraciniuose vienetuose, t.y. liga yra endeminé visoje Lietu-
vos teritorijoje [14].

Tikslinés ligos kontrolés priemonés turéty buti diegiamos atsizvelgiant
1 detalius viruso paplitimo geografinéje erdvéje duomenis. Taciau erkinio
encefalito atveju, siekiant tai jgyvendinti, kyla kliti¢iy. Nors patvirtinty kli-
nikiniy erkinio encefalito atvejy skaiCius su Zinoma uzsikrétimo vieta gali
biiti tam tikru mastu pasitelkiamas regioninio lygmens EE rizikai nustatyti,
pasikliauti vien zmoniy sergamumo duomenimis negalima, nes nacionalinés
sveikatos institucijos Europoje naudoja nevienodg rizikos vertinimo metodi-
ka, diagnostikos procediiras bei ligos apibrézima [15]. Tokiy duomeny nau-
dojimas tiksliam viruso paplitimo jvertinimui tampa dar maziau patikimu,
jei EEV paplitimui jvertinti pasitelkiamos plaios geografinés teritorijos, nes
erkiy paplitimas yra nevienalytis ir neturi tiesioginio rysio su zmoniy popu-
liacijos dydziu konkrec€ioje geografingje zonoje [16]. Tokio pobiidzio analizei
itakos gali turéti skirtingos vakcinacijos apimtys [17]. Duomeny tikslumui
taip pat jtaka gali daryti ir socialiniai ir ekonominiai, politiniai, aplinkos ar
klimato veiksniai [10, 18-20]. EEV cirkuliavimo geografinéje erdvéje verti-
nimui placiausiai yra naudojamas btidas, kai yra renkamos ir erkinio encefali-
to atzvilgiu tiriamos erkés [21]. Taciau §is metodas, besikaupiant vis daugiau
moksliniy jrodymuy, taip pat nebelaikomas patikimu, daugiausia dél mazos
teigiamy éminiy dalies bei geografinio ir temporalinio neatitikimo tarp viruso
paplitimo erkése ir zmoniy sergamumo [22].

Pastaraisiais metais vis daugiau susidoméjimo kelia laukiniy ir naminiy
gyviiny tyrimai, siekiant netiesiogiai aptikti erkinio encefalito viruso cirkulia-
vima [23, 24]. Zinomose endeminése zonose buvo aptiktas statistiskai reiks-
mingas rySys tarp erkiniam encefalitui specifiniy antikiny smulkiy zinduoliy,
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Suny, galvijy ir elniy organizmuose bei zmoniy sergamumo erkiniu encefalitu
[25-29]. Taciau tokio pobiidzio tyrimuose, arkliai, nors ir yra viena i§ nedau-
gelio gyyiiny rasiy demonstruojanciy klinikinius erkinio encefalito simpto-
mus [30] sulaukeé labai mazai démesio — atlikta tik keletas tyrimy kuriy tikslas
buvo jvertinti Sios ruSies EE cirkuliavimo epidemiologing reikSme¢ gamtoje
[30-32].

Pieno méginiy tyrimai buvo jvardyti kaip dar vienas alternatyvus EE viru-
so paplitimo gamtoje vertinimo kelias [2]. Dviejy Svedijoje atlikty tyrimy re-
zultatai parode¢, jog EEV specifiniy antiktiny tyrimai gali pasitarnauti siekiant
identifikuoti didesnés rizikos zonas [33, 34]. Vis délto, iki Siol buvo atlikti
tik du tyrimai, kuriy tikslas buvo istirti erkinio encefalito viruso paplitima
piene. Abu tyrimai apémé tik kiek daugiau nei Simtg méginiy, todél dél mazos
imties, nebuvo padaryta situacijg sistemiskai apibrézianciy iSvady [35, 36].

Taigi, pagrindinis $io tyrimo tikslas, buvo atlikti EEV paplitimo tyrimus
maziausiai tirtose srityse — arkliy organizme ir naminiy atrajotojy piene, bei
Jvertinti ar gauti rezultatai gali leisti sukurti viruso paplitimo gamtoje strate-
gija, savo ruoztu galinciag pakeisti arba papildyti dabartines viruso stebésenos
priemones.

2. Mokslinis naujumas

Erkinio encefalito viruso paplitimas naminiy gyviiny tarpe yra menkai ty-
rinétas. Ypa¢ mazai zinoma apie $io viruso paplitimg smulkiyjy atrajotojy
piene — iki Siol buvo publikuotos tik dvi studijos, deja tyrusios kiek daugiau
nei §Simtg meéginiy, todel dél imties ribotumo i§samiy viruso paplitimo désnin-
gumy neatskleidusios. Siame darbe aprasyti pirmieji i§samiis erkinio encefa-
lito viruso paplitimo naminiy ozky ir aviy piene rezultatai. Gauti duomenys
atskleide stebétinai aukstg paplitimo mastg bei daveé daug mokslui naujy ziniy
apie rizikos veiksnius, susijusius su pieno ir pieno produkty sauga. Duome-
nys taip pat paskatino sukurti naujg, patikima, neinvazinj ir paprastai naudo-
jama metoda, skirtg viruso cirkuliavimo gamtoje stebésenai, kuris, tikimasi,
gali pasitarnauti kaip nacionaliné erkinio encefalito stebésenos strategija arba
gali biiti pritaikytas endeminéms vietovéms stebéti kitose 3alyse. Siame dar-
be apraSyti rezultatai taip pat apima iSsamig erkinio encefalito virusui spe-
cifiniy antikiiny paplitimo arklivose analiz¢. Kartu yra aprasyti ir pirmieji
s¢kmingo erkinio encefalito viruso aptikimo arkliy organizme bei sekoskaitos
rezultatai. Atliekant tyrimus, buvo gauta ir kity, nenumatyty, taciau reiks-
mingy rezultaty. Buvo nustatyta, kad erkinio encefalito virusas gali biiti izo-
liuotas MARC-145 pers¢jamojoje lasteliy linijoje. Kadangi Sios Igstelés yra
lengvai kultivuojamos ir nereiklios specifinéms salygoms, gautos Zinios gali
bti pritaikytos tyrimuose ateityje. Vykdant serologinius tyrimus buvo aptikti

58



pirmieji netiesioginiai jrodymai apie galima Vakary Nilo karstligés sukéléjo
cirkuliacijg Lietuvos teritorijoje.

3. Darbo tikslas ir uzdaviniai

Darbo tikslas — nustatyti erkinio encefalito viruso paplitimg Lietuvos na-
miniy gyviiny populiacijose bei erkése ir sukurti naujg viruso paplitimo gam-
toje stebésenos sistema.

UZdaviniai:

1. Ivertinti erkinio encefalito viruso paplitima smulkiyjy atrajotojy, arkliy
ir erkiy tarpe bei jvertinti jam jtakg darancius veiksnius

2. Ivertinti nepasterizuoto pieno ir jo produkty sauga.

3. Sukurti erkinio encefalito viruso paplitimo gamtoje stebésenos sistema
ir jvertinti jos efektyvuma.

4. Tyrimo metodai ir tiriamoji medziaga
4.1. Arkliy serumo méginiai

Remiantis daugiasluoksne atsitiktiniy im¢iy méginiy rinkimo strategija ir
siekiant surinkti reprezentatyvia, Lietuvoje esancig situacijg atspindin¢ig imtj,
i$ skirtingose Lietuvos apskrityse laikomy arkliy buvo surinktas 301 serumo
meéginys. Méginiy skaicius i§ kiekvienos apskrities buvo surinktas atsizvel-
giant ] toje apskrityje laikomy arkliy skai¢iy su 5 proc. paklaida (95 proc. PI).
Formuojant imtj buvo remiamasi Nacionalinés Zemés tarnybos prie Lietuvos
Respublikos zemes tikio ministerijos duomeny bazés duomeninis. Kiekvieno-
je vietoje méginiai buvo renkami vieng kartg. Gyviinai buvo jtraukti j tyrima
jei atitiko sekancius kriterijus: turéjo aiskiai apibrézta ganykly plota, kiekvie-
ng dieng buvo ganomi lauke, nebuvo vakcinuoti pries flavivirusy sukeliamas
infekcijas.

4.2. Ozky ir aviy pieno méginiai

Remiantis auks$c¢iau apraSyta méginiy rinkimo strategija, buvo surinkti
1363 ozky ir 312 aviy pieno meéginiai. D¢l zinomo trumpo EEV viremijos
laikotarpio, pieno méginiai buvo imami periodisSkai kartg kas 4-5 dienas 18
bendros pamelzto pieno talpos. Méginiai buvo renkami visg laktacijos ir erkiy
aktyvumo laikotarpj trunkantj nuo balandzio iki lapkri¢io ménesio. Méginiai
buvo renkami du sezonus — 2018 ir 2019 m.

Formuojant imtj buvo remiamasi Lietuvos nacionalinio tikiniy gyviiny re-
gistro duomeny bazés duomenimis. Gyviinai buvo jtraukti i tyrima jei atitiko
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Siuos kriterijus: ozkos ir avys nebuvo vakcinuotos nuo flavivirusy sukeliamy
infekcijy, joms netaikytos prevencinés priemonés pries erkes, tikiai buvo isi-
kiir¢ ne miesto teritorijoje ir savo teritorijoje netaikeé erkiy kontrolés prie-
moniy. Méginiai buvo paimti i jvairaus dydzio tikiy (mazy — 1-5 melziami
gyvinai; vidutinio dydzio — 620 ir dideliy — >21).

4.3. Nepasterizuoto pieno produkty méginiai

Siekiant jvertinti nepasterizuoty pieno produkty sauga erkinio ence-
falito atzvilgiu, buvo surinkti 247 siiriai (Sviezi, rugstiniai siiriai, n = 82;
30 dieny brandinimo siiris (+ 5 dienos), n = 81; >60 dieny brandinimo siriai,
n = 84) ir 42 jogurto méginiai. I§ kiekvieno pieno produkto buvo suformuotas
300 mg meéginys tolimesniems tyrimams. Visi méginiai buvo gauti tiesiogiai
1§ tkininky arba jsigyti turguose. Méginiai atspindi 18 skirtingy gamintojy
produkcija. Kadangi Sie méginiai buvo skirti tik produkty saugumui jvertinti,
o ne erkinio encefalito viruso geografiniam paplitimui tirti, geografinés koor-
dinatés, atspindincios gamybos vieta, nedetalizuojamos.

4.4. Erkés

IS viso buvo surinktos 2925 erkés. 2684 erkés buvo surinktos tikiy, ku-
riuose buvo renkami pieno méginiai apylinkése. Likusios 241 erkés buvo su-
rinktos nuo arkliy kiiny. Kaip jprasta tokio pobiidzio tyrimuose, erkés buvo
renkamos vieng karta per sezona.

Erkiy jungtiniai meéginiai buvo suformuoti priklausomai nuo vystymosi
stadijos, lyties, riisies ir jy surinkimo vietos. Kiekvieng jungtini meéginj suda-
ré iki 10 Ixodes ricinus suaugusiyjy, 20 nimfy, 50 lervy arba 5 Dermacentor
reticulatus erkiy. Surinkus, erkés buvo gyvos transportuojamos j laboratorija,
kur buvo atliekamas erkiy homogenizavimas paveikus skystu azotu ir suspen-
sijy fosfatiniame buferyje ruosimas.

4.5. Imunofermentiné tyrimy analizé

Arkliy serumo méginiai siekiant nustatyti EEV specifinius G klasés anti-
kiinus buvo istirti ELISA imunofermentinés analizés metodu, naudojant EIA
TBEV IgG rinkinj (TestLine Clinical Diagnostics, Cekija) remiantis gamin-
tojo instrukcijomis.

Siekiant iSvengti galimo kryZminio reaktyvumo su kitais flavivirusais, visi
arkliy serumo méginiai buvo pakartotinai istirti taikant virusy neutralizacijos
testg (VNT). Pries atliekant tyrimg, visuose méginiuose buvo pasalinti kom-
plemento baltymai. Po to méginiai buvo praskiesti nuo 1/5 iki 1/320 mity-
bingje terpeje (MEM). Praskiesti serumai buvo inkubuojami su 100 TCID,,
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EEV padermés, gautos po 6 auginimo cikly Vero Igsteliy kultiiroje (ATCC®
CCL-81™), Pragjus 3, 5 ir 7 dienoms po uzsikrétimo buvo vertinamas cito-
patinis poveikis.

Meéginiai buvo pakartotinai iStirti ELISA testu, siekiant nustatyti G kla-
sés antikinus prie§ Vakary Nilo virusa, naudojant WN Competition Multi-
species Ig rinkinj (ID.vet, Pranciizija).

4.6. EEV viruso aptikimas ir sekoskaita

Virusiné RNR i§ 300 ul nugriebto pieno, centrifuguoty erkiy arba Igsteliy
supernatanto arba serumo buvo isskirta naudojant GeneJET RNA isskyrimo
rinkinj (Thermo Scientific, JAV) remiantis gamintojo instrukcijomis. Mégi-
niai buvo tiriami tikro laiko PGR ir konvenciniu PGR, naudojant pradmeny
rinkinius pateiktus 2.6.1 lentel¢je.

Lentelé 2.6.1. Oligonukleotidiniai pradmenys naudoti tyrime

Pradmuo/zondas | Pradmeny seka (5’ to 3”) Saltinis
F-TBE 1 GGGCGGTTCTTCTCC

R-TBE 1 ACACATCACCACCTCCTTGTCAGACT [183]
TBE-WT FAM-TGAGCCACCATCACCCAGACACA-TAMRA

TBE NCRS5F GCGTTTGCTTCGGA

TBE NCR5R CTCTTTCGACACTCGTCGAGG
TBE NCR5Fn CGGATAGCATTAGCAGCG
TBE NCR5Rn CCTTTCAGGATGGCCTT

[184]

TBE NS5F GAGGCTGAACAACTGCACG

TBE NS5R GAACACGTCCATTCCTGATCT [185]
TBE NS5Fn ACGGAACGTGACAAGGCTAG

TBE NS5Rn GCTTGTTACCATCTTTGGAG

F-16s-Ixodes AAAAAAATACTCTAGGGATAACAGCGTAA
R-16s-Ixodes ACCAAAAAAGAATCCTAATCCAACA

16s-Ixodes-Probe | TTTTGGATAGTTCATATAGATAAAATAGTTTGC
GACCTCG

[183]

Tikro laiko polimerazinei grandininei reakcijai buvo naudojama
SuperScript III Platinum One-Step Taq Mix atvirkstiné transkriptazé ir 2x
Reaction Mix reakcijos miSinys (Thermo Scientific, JAV). Lizdinei polimera-
zinei grandininei reakcijai — DreamTaq Green PCR Master Mix (2x) reakcijos
misinys, RevertAid atvirkstiné transkriptazé (200 U/ul) ir RiboLock RNazés
inhibitorius (40 U/ul). Like reagentai ir temperatiiriniai rezimai taikyti atsi-
zvelgiant  originalias tyrimo metodika apraSiusias publikacijas. RNA issky-
rimo efektyvumo ir kokybés kontrolé buvo ivykdyta taip kaip aprasyta anks-
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Ciau [183]. Visy teigiamy meéginiy specifiSkumas buvo patvirtintas NCRS5
arba NS5 viruso genomo fragmento sekoskaita.

4.7. Viruso kopijy skaiciaus apskaiciavimas

Viruso genomo NS5 fragmentas buvo klonuotas j pJET1.2 vektoriy,
naudojant CloneJET PCR klonavimo rinkinj (Thermo Scientific, JAV) ir
Transform-Aid Bacterial Transformation Kit (Thermo Scientific, JAV) rinki-
nj, remiantis gamintojo nurodymais. Plazmidés DNR iSskyrimas ir grynini-
mas buvo atliktas naudojant GeneJET Plasmid Miniprep rinkinj (Thermo Sci-
entific, JAV) ir kiekybiSkai jvertintas naudojant Qubit dsSDNA BR Assay Kit
(Invitrogen) pagal gamintojo nurodymus. Standartinés kreives buvo sukurtos
po 10 karty praskiedus prading DNR. Pradiné¢ méginio koncentracija buvo
iSreiksta fluorescencijos vienetais ir konvertuota j genomo kopijy skaiciy/ml.
Kiekybinis viruso kopijy nustatymas buvo atliekamas taikant tikro laiko PGR
metoda su SYBR Green I dazais (Thermo Scientific, JAV), NS5 pradmeni-
mis, atitinkamais, auk$c¢iau aprasytais temperatiiriniais rezimais.

4.8. Viruso izoliavimas lasteliy kultiirose

Siekiant jvertinti geb¢jimg uzkrésti Igsteles, teigiami méginiai buvo izo-
livoti Vero (ATCC® CCL-81™) ir MARC-145 (ATCC® CCL-12231™)
lasteliy linijose. Lastelés buvo kultivuojamos 37 °C temperattiroje 5 proc.
CO, ir oro miSinyje, mitybin¢je terpeje (MEM, Gibco, JAV), turinCioje
10 proc. termiskai inaktyvuoto galvijy vaisiaus serumo (FBS; Gibco, JAV) bei
100 U ml™! penicilino ir 100 pg 1" streptomicino.

Atrinkti teigiami méginiai buvo filtruojami per 0,22 pum mikrofiltra (Tech-
no Plastic Products AG, Sveicarija). Lastelés buvo inokuliuojamos 25 cm?
plastikinése plokstelése (TPP Techno Plastic Products AG, Sveicarija) 1 va-
landg 37 °C temperatiiroje. Véliau buvo stebimas citopatinio efekto pasireis-
kimas atliekant 6 Igsteliy perséjimo ciklus.

4.9. Statistiné analizé

Pasikliautiniesiems intervalams apskaiciuoti buvo naudojamas binominis
metodas. Rizikos veiksniy reikSmingumui patikrinti buvo naudojama dveje-
tainé logistinés regresijos analize, Sansy santykis (OR), regresijos koeficien-
tas (B), standartiné paklaida (SE) ir chi kvadrato testas. Pearsono koreliacija
buvo naudojama siekiant jvertinti Zmoniy ir gyviny EEV paplitimo rysj. Mi-
nimalus uzsikrétimo daznis (MIR) buvo apskaiciuotas kaip teigiamy jungti-
niy méginiy skaiciaus ir bendro istirty erkiy skaiciaus santykis. MIR = tei-
giamy jungtiniy méginiy skai€ius / bendras tirty erkiy skaic¢ius x 100 proc.
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Dichotominio priklausomo kintamojo skirtumai tarp dviejy susijusiy grupiy
buvo jvertinti MnNemaro testu. Statistiné analiz¢ ir vizualizacijos buvo atlik-
ti naudojant programavimo kalba R.

4.10. Finansavimas

Tyrimas finansuotas Lietuvos Respublikos Zemés iikio ministerijos pro-
jekto Nr. MT-18-5. Tyrimai i$ dalies paremti Lietuvos sveikatos moksly uni-
versiteto Atviro fondo dotacijomis.

5. Rezultatai
5.1. EEV paplitimas oZky ir aviy piene

Atitinkamai 4,3 proc. (95 proc. P13,3-5,5) ir 4,5 proc. (95 proc. P12,5-7,4)
ozky ir aviy pieno méginiy buvo teigiami EEV RNR atzvilgiu. Visy teigiamy
meéginiy specifiSkumas buvo patvirtintas daliniu genomo sekos nustatymu.
Sekos patalpintos | Genbank duomeny baze (seky prieigos nr.: MZ664211-
MZ664256). BLASTN paieska (NCBI Genbank) atskleid¢, kad visos sekos,
gautos 1§ pieno méginiy, buvo 89,2-94,1 proc. panasios i Europos TBEV po-
tipio (Neudorfl; Genbank U27495) etaloning padermg.

2018 ir 2019 metais bent vienas teigiamas méginys buvo nustatytas atitin-
kamai 70,6 proc. ir 64,7 proc. tirty ozky tkiy. 75 proc. aviy iikiy bent vienas
teigiamas méginys buvo nustatytas abejais tyrimy metais. Nebuvo statistiSkai
reikSmingy skirtumy tarp riiSiy né viename i$ tirty rizikos veiksniy.

Rezultatai parodé, kad EEV teigiamy méginiy kiekis varijuoja laiko skalé-
je ir tarp abejy tyrimo mety, taciau statistiSkai reikSmingy skirtumy neaptikta.
Nepaisant to, analiz¢ atskleidé ry$j tarp viruso paplitimo tarp gyviny ir ser-
gamumo erkiniu encefalitu zmoniy tarpe 2019 m. (r = 0,74; p = 0,035). Deja,
2018 m. ta pati priklausomybé (r = 0,65) nebuvo statistiSkai reikSminga, nors
demonstravo tg pacia tendencija (p = 0,083). Erdviné analizé parodé, kad tei-
giami méginiai buvo tolygiai pasiskirste visoje Lietuvos teritorijoje.

Buvo nustatyta, kad tikio dydis (620 > 1-5 > daugiau nei 21 gyvinas) ir
teigiamy meginiy skaicius koreliavo tarpusavyje (r = 0,54, p =0,01). Be to,
buvo nustatytas ir tiesinis rySys tarp tikyje pagaminamo pieno kiekio ir jame
aptinkamo virusiniy daleliy skaiciaus (r = 0,64, p < 0,005).
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Melziamy gyviiny skaicius fermoje

Pav. 5.1.1. Virusiniy kopijy skaicius iSreikstas log,, RNR kopijos/ml
(** p <0,01; **** p <0,0001).

22,4 proc. (95 proc. PI 12,5-35,2) ozky pieno méginiy, kuriuose buvo ap-
tiktas EEV pasizyméjo gebéjimu infekuoti lasteles ir sukélé citopatinj efek-
ta praé¢jus 4-6 dienoms po uzsikrétimo. Nors citopatinio poveikio iSraiSka
ir viruso kopijy skai¢ius variavo, rezultatai tarp Vero ir MARC-145 Igsteliy
linijy reikSmingai nesiskyré. Miisy ziniomis, tai yra pirmasis tyrimas atsklei-
dziantis, jog erkinio encefalito virusas gali biti izoliuojamas ir gausinamas
MARC-145 lasteliy linijoje, o tai savo ruoZtu yra reikSmingas turimy Ziniy
apie viruso savybes papildymas, ateityje leisiantis virusg izoliuoti $ioje ypac
lengvai kultivuojamoje ir specifinéms salygoms nereiklioje lgsteliy linijoje.

5.2. EEV aptikimas pieno produktuose

IS 247 skirtingo brandinimo laipsnio siirio ir 42 jogurto meéginiy tik tri-
juose buvo aptiktas erkinio encefalito virusas. Visi trys teigiami méginiai
buvo aptikti Svieziuose riigStiniuose stryje. Teigiami méginiai sudaré 1 proc.
(95 proc. P10,2-3,0) visy tirty pieno produkty. Siekiant patvirtinti TBEV spe-
cifiSkuma, buvo atlikta daliné viruso genomo sekoskaita. Filogenetin¢ analizé
parodeé, kad visos aptiktos TBEV padermés priklauso Europos potipiui. Né
vienas i§ teigiamy méginiy nebuvo iSskirtas lgsteliy kultiiroje. Viruso kopijy
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skaicius aptiktuose meginiuose sieke 2,1 log,  ir buvo statistiSkai reikSmingai
mazesnis nei pieno meginiuose.

Nors ir triksta eksperimentiniy rezultaty, leidzianciy tiksliai apibudinti
esamg situacija, galima spéti, kad ilgiau brandintuose striuose virusas ilgai-
niui praranda savo struktiirg ir tampa neuzkreciamas del ilgesnio temperatu-
ros ir UV spinduliy poveikio. Taigi, produktai, kuriy technologinis procesas
yra ilgesnis, tikétina yra gerokai saugesni erkinio encefalito atzvilgiu.

5.3. EEV aptikimas arkliy kraujo serume

EEV virusas buvo rastas 3,9 proc. (95 proc. PI 2,3-6,8) i§ visy tirty ark-
liy kraujo serumo méginiy. Remiantis BLASTN paieska (NCBI Genbank),
visos 1§ arkliy serumo gautos sekos buvo 93,0-97,1 proc. identiskos Euro-
pos potipio (Neudorfl; Genbank U27495) etaloninei padermei. PanaSumas
su Tolimyjy Ryty potipio (Sofjin; AB062064) ir Sibiro potipio (Vasilchen-
ko; AF069066) etaloninémis padermémis buvo atitinkamai 78,3 proc. ir
84,4 proc.. Sekos buvo patalpintos ;| GenBank duomeny baze (seky prieigos
nr.: MT981174-MT981178 ir MW 187721-MW187725). Dél trumpo viremi-
jos laikotarpio, po kurio flavivirusai yra paSalinami i§ kraujo, tiesioginis er-
kinio encefalito viruso aptikimas stambiuose zolédziuose yra ribotas. Misy
ziniomis, Siame darbe aptarti rezultatai apie tiesioginj viruso aptikimg arkliy
serume yra publikuojami pirma karta.

Atlikus imunofermenting analize ir aptiktus teigiamus méginius pakarto-
tinai iStyrus taikant viruso neutralizacijos reakcija, nustatyta, jog specifiniy
neutralizuojanc¢iy G klasés antiktiny turé¢jo 37,5 proc.; (95 proc. PI1 32,2—43,1)
tirty méginiy. Rys$iai tarp raciono sudéties, bandos dydzio, amziaus, lyties ir
serologiSkai teigiamy méginiy skaiciaus nebuvo statistiSkai reik§Smingi. Ta-
¢iau buvo aptikti reikSmingi skirtumai tarp kasdienio ganyklose praleisto lai-
ko ir serologiSkai teigiamy méginiy skaiciaus. Arkliy, kurie ganomi ilgiau nei
8 valandas, organizme EEV-specifiniai antikiinai buvo aptinkami du kartus
dazniau (68,0 proc.; 95 proc. PI 59,8-75,4) nei arkliuose besigananciuose
trumpesnj laika (31,7 proc.; 95 proc. PI 18,0-48,0).

Logistinés regresijos modelis parodé reikSmingg ry§j tarp arkliy kilmés ir
serologiniy rezultaty. I§ visy serologiskai tirty méginiy, 31,0 proc. (95 proc.
PI 24,9-37,6) buvo teigiami grynaveisliy arkliy tarpe ir 53,4 proc. (95 proc.
PI 42,4-64,3) - misriy veisliy (p < 0,03; OR 2,3; 95 proc. PI 1,3-4,0; B 0,8;
SE 0,3). [Sanalizavus metaduomenis paaiskeéjo, kad $ie skirtumai yra susije ne
su genetiniais veiksniais, bet arkliy paskirties ypatybémis. I §j tyrima jtrauk-
ti negrynaveisliai arkliai daugiau laiko praleisdavo gamtoje ir buvo dazniau
naudojami ilgiems Zygiams, o tai savo ruoztu didino erkiy jsisiurbimo tiki-
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erkinio encefalito simptomai, nebuvo aptikta jokio rysio tarp serologiskai tei-
giamy meginiy skaiciaus ir arkliy ligos istorijy.

Vieng reikSmingiausiy $io tyrimo rezultaty atskleidé erdviné analizé, kuri
parod¢ statistiSkai reikSmingus serologiSkai teigiamy meéginiy pasiskirstymo
skirtumus tarp Salies apskri¢iy. DidZiausias serologinio paplitimo rodiklis
buvo rytinéje Lietuvos dalyje, o bendras didZiausias serologinis paplitimas
Vilniaus apskrityje (50,6 proc.; 95 proc. PI. 39,6-61,1) (p < 0,04; OR 3,3;
95 proc. PI 1,0-10,7; B 1,2; SE 0,6). Negana to, nustatyta stipri koreliacija
tarp serologiskai teigiamy méginiy skai¢iaus ir zmoniy sergamumo erkiniu
encefalitu geografinéje erdveje (r=0,76; p < 0,05).

Vienuolika arkliy serumo méginiy buvo serologiskai teigiami Vakary Nilo
virusui ir demonstravo citopatinj poveikj po viruso neutralizacijos testo su
EEV. Tai rodo pirmuosius netiesioginius Vakary Nilo karstinés viruso cirku-
liavimo Lietuvoje jrodymus.

5.4. EEV paplitimas erkése

Tarp 2685 erkiy, surinkty Salia tkiy, kuriuose buvo renkami pieno mégi-
niai, buvo identifikuotos 886 Ixodes ricinus ruiSies suaugusios, 1329 nimfos
ir 88 lervos stadijos erkés bei 382 Dermacentor reticulatus suaugusios er-
kés. IS Siy erkiy buvo suformuoti 283 jungtiniai méginiai, 1§ kuriy devyniuo-
se buvo aptikta EEV-RNR. Visi teigiami méginiai buvo aptikti tik dviejose
vietose. Bendras minimalus uzkrétimo daznis erkése (MIR) buvo 0,34 proc.
(95 proc. PI 0,15-0,64).

Tarp 241 erkes surinktos nuo arkliy kiiny buvo identifikuotos 152 suau-
gusios Ixodes ricinus erkés ir 89 nimfos. 4 i§ 38 suformuoty jungtiniy er-
kiy méginiy buvo teigiami EEV-RNR atZvilgiu. Bendras MIR buvo 1,2 proc.
(95 proc. PI 0,3-3,6). Visi teigiami erkiy méginiai buvo suaugusiy /. ricinus
erkiy stadijoje, gauti i8 tos pacios arkliy laikymo vietos.

16S rRNR amplifikacija buvo sékminga visuose atsitiktinai atrinktuose
jungtiniuose méginiuose, o tai rodo, kad nebuvo klaidingai neigiamy rezulta-
ty, kuriuos galéjo sukelti erkése aptinkamos medziagos. Filogenetin¢ analizé
parode, kad visi aptikti EEV teigiami méginiai priklauso Europos potipiui.

3/9 jungtiniai erkiy, surinkty gamtoje, méginiai ir 4/4 jungtiniai erkiy, su-
rinkty nuo arkliy kiiny, méginiai geb¢jo infekuoti lasteles. Erkése surinktose
nuo arkliy taip pat buvo aptiktas statistiSkai reikSmingai didesnis virusiniy
kopijy skaicius. Tai rodo, jog erkés surinktos nuo stambiy zinduoliy turi dau-
giau potencialo biiti pasirinktos tyrimo objektu siekiant nustatyti erkinio en-
cefalito paplitimg. Taciau siekiant iSsiaiskinti ar toks erkiy rinkimas galéty
leisti tiksliai jvertinti viruso paplitimg laike ir erdvé¢je, reikia daugiau tyrimy.
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5.5. Naujuy EEV stebésenos metody plétojimas

Bendras Sio darbo siekis buvo ne tik istirti EEV paplitima Lietuvoje, bet ir
1Sanalizuoti, ar tokio pobiidzio tyrimai galéty pasitarnauti erkinio encefalito
paplitimo gamtoje stebésenos priemoniy kiirimui.

Siekiant jgyvendinti $ig idéja, buvo pasirinkta epidemiologiné méginiy
rinkimo strategija, apimanti bendros pieno talpos méginiy rinkimg kas 4—5
dienas, siekiant iSvengti trumpos viruso viremijos salygoto periodo kai vi-
rusas nustoja biiti iSskirtas i pieng. Rezultaty palyginimui ir jvertinimui, er-
kés buvo renkamos tkiy, kuriuose buvo renkami pieno méginiai, apylinkése.
Svarbu pazyméti, kad Sie metodai skyrési savo epidemiologine struktiira —
erkés buvo renkamos kiekvienoje vietoje tik vieng karta per sezona, kaip tai
jprasta tokio pobiidzio tyrimuose, t.y. naudojama vienmomencio skerspjiivio
tyrimo strategija (angl. cross-sectional study). Pieno méginiy rinkimas buvo
atlickamas ilgalaikio tyrimo pagrindu (angl. longitudinal study) apimantis
mazdaug 80 méginiy per sezong renkamy reguliariais intervalais.

Ribiniam homogeniSkumui nustatyti tarp dviejy tyrimo strategijy buvo
naudojamas McNemaro testas. | modelj buvo jtraukti pieno méginiai, kuriy
émimo laikas sutapo ar buvo artimiausias konkrecios tyrimo vietos erkiy su-
rinkimo laikui. Gauti rezultatai nepatvirtino nulinés hipotezés, o tai reiskia,
kad abu metodai geba vienodai gerai identifikuoti EEV, kai méginiy émimo
laikas sutampa.

Vis délto, taikyty epidemiologiniy tyrimo struktiiry skirtumai parod¢ pie-
no tyrimy pranasuma. Atsizvelgiant i saglyginai maza imties dydj, pieno meé-
giniy analizé atskleidé epidemiologing situacija nepalyginamai detaliau. Si
strategija leido aptikti EEV cirkuliavimg didesniame geografiniame plote —
70,6 proc. tirty viety buvo teigiamos EEV atzvilgiu, kai tiriant erkes virusas
buvo aptiktas tik 11,4 proc. tirty viety. Be to, platus EEV geografinis pa-
siskirstymas pieno méginiuose atitiko zinomos endemingés erkinio encefalito
teritorijos ribas, o EEV paplitimas pieno méginiuose laiko skaléje buvo sta-
tistiskai susijgs su ménesiniu zmoniy sergamumo EE daZniu.

Pazymeétina, kad pieno méginiy tyrimy strategija turi ir kity pranaSumy.
Ji yra neinvaziné, todé¢l nedaro zalos gyviinams ir nemazina jy produktyvu-
mo. Taip pat nereikalauja bioetikos leidimy. Be to, pieno méginiy tyrimai yra
saugiis, priesingai nei tyrimai, kai yra renkamos erkeés. Siuo atveju egzistuoja
didelé¢ erkiy jsisiurbimo ir ligy sukeléjy perdavimo tikimybé.

Svarbu pabrézti, kad EEV stebéjimo strategija, pagrista pieno méginiy
€émimu, atitinka visas ligy kontrolés ir prevencijos centro suformuotas visuo-
menés sveikatos prieziliros sistemy vertinimo rekomendacijas: paprastumo
kriterijy (nesudétingas méginiy rinkimas, nereikalingas ypac aukstos kvali-
fikacijos personalas), lankstumo kriterijus (tyrimai gali buti vykdomi kaip
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atskira programa arba biiti jtraukti j egzistuojancias per pieng plintanciy ligy
stebésenos programas arba j reguliarias pieno kokybés ir saugos valdymo
programas), stebésenos istisus metus kriterijus (erkiy aktyvumo ir smulkiyjy
atrajotojy ganiavos periodas sutampa), stabilumo kriterijus (nepasterizuoto
pieno ir jo produkty vartojimas auga). Kaip apraSyta anksciau, $i stebésenos
strategija, kartu leidZia jvertinti ir pieno saugumg erkinio encefalito atzvilgiu.
tarnauti siekiant jvertinti erkinio encefalito viruso paplitimg. Erdvin¢ analizé
parodé, jog serologinio paplitimo duomenys detaliai atskleidzia viruso geo-
grafing cirkuliavimo teritorijg bei sutampa su Zmoniy sergamumo duomeni-
mis. Pazymétina, jog tokio pobiidzio tyrimai atitinka visuomenés sveikatos
priezitiros sistemy vertinimo rekomendacijas. Ypa¢ pabréztinas lankstumo
kriterijus, nes EEV paplitimo tyrimai galéty biti integruoti j §iuo metu vyks-
tancias arkliy infekcinés anemijos stebésenos programas.

5.6. ISvados

1. Erkinio encefalito viruso (EEV) RNR nustatyta atitinkamai 4,3 proc.
(95 proc. PI 3,3-5,5) ir 4,5 proc. (95 proc. PI 2,5-7,4) tirty ozky ir aviy
pieno méginiy. Minimalus infekcijos daznis tikiy aplinkoje surinktose
erkése buvo 0,3 proc. (95 proc. P1 0,2-0,6). EEV neutralizuojantys an-
tikinai (IgG) aptikti 37,5 proc. (95 proc. PI 32,2-43,1), o EEV-RNR
nustatyta 3,9 proc. (95 proc. PI 2,3-6,8) tirty arkliy kraujo serumo mé-
giniy. Visi méginiai, kuriuose buvo aptikta EEV-RNR, priklausé¢ Euro-
pos EEV potipiui.

2. EEV statistiSkai dazniau buvo aptinkamas vidutinio dydzio pieno
tikiuose (6-20 gyviiny) (r = 0,54, p=0,01). Didziausias viruso kopi-
Ju skaicius (4,6 log  kopijy/ml) nustatytas mazuose akiuose (1-5 gy-
viinai) (r= 0,64, p < 0,005). EEV virusas, pries tai aptiktas piene,
22,4 proc. PI (95 proc. PI 12,5-35,2) méginiy neprarado integralumo ir
gebéjo uzkrésti Marc-145 ir Vero lasteliy kultiiras. EEV buvo aptiktas
1 proc. (95 proc. PI 0,2-3) visy tirty pieno produkty, taciau virusas ne-
gebéjo uzkreésti Iasteliy kultiiry.

3.1. Pieno méginiy tyrimy strategija yra pranaSesné nei aplinkoje surink-
ty erkiy tyrimai, nes leidzia 6,2 karto dazniau aptikti EEV-RNR geo-
grafinéje plotméje, paplitimo rezultatai sutampa su sergamumo dazniu
zmoniy tarpe (r = 0,74; p = 0,035) laiko skaléje ir geografinis pasiskirs-
tymas atitinka zinomas endeminés erkinio encefalito viruso paplitimo
ribas.
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3.2. Arkliy kraujo serologiniai tyrimai gali biiti naudojami netiesioginiam
erkinio encefalito viruso paplitimo vertinimui, nes geografiskai atitinka
endemines EEV paplitimo ribas ir sutampa su Zmoniy sergamumo duo-
menimis (r = 0,76; p < 0,05).
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Abstract: A reliable surveillance strategy of tick-borne encephalitis virus (TBEV) is necessary to
ensure adequate disease control measures. However, current approaches assessing geographical
TBEYV circulation are ineffective or have significant limitations. In this study we investigated a total
of 1363 goat and 312 sheep bulk tank milk samples for the presence of TBEV. Samples were collected
from systematically selected farms in Lithuania every 4-5 days from April to November in 2018 and
2019. To validate results, we additionally tested 2685 questing ticks collected in the vicinity of milk
collection sites. We found 4.25% (95% CI 3.25-5.47) and 4.48% (95% CI 2.47-7.41) goat and sheep milk
samples to be positive for TBEV, respectively. Furthermore, geographical distribution of TBEV in
milk samples coincided with the known TBE endemic zone and was correlated with incidence of
TBE in humans in 2019. When sampling time coincides, TBEV detection in milk samples is as good a
method as via flagged ticks, however bulk milk samples can be easier to obtain more frequently and
regularly than tick samples. The minimal infectious rate (MIR) in ticks was 0.34% (CI 95% 0.15-0.64).
Therefore, our results confirm that testing milk serves as a valuable tool to investigate the spatial
distribution of TBEV at higher resolution and lower cost.

Keywords: TBEV; TBEV in milk; alimentary TBE; TBEV prevalence; tick-borne encephalitis; flavivirus

1. Introduction

Tick-borne encephalitis virus (TBEV) is a zoonotic flavivirus that is considered to be the
most important causative agent of tick-borne infections in Europe [1]. TBEV is maintained
in nature by Ixodes ticks that serve as vectors and constitute the central reservoir for the
virus [2]. Although TBEV is usually transmitted to humans through the bites of infected
ticks, alimentary infection via unpasteurized milk or milk products has been recognized as
an additional route of transmission. In most alimentary cases, TBEV is transmitted after
consumption of goat milk, but infection through cow or sheep milk has been reported as
well [3-7].

Targeted disease control measures need to be taken based on known virus prevalence.
However, human surveillance alone is not enough to effectively monitor the circulation of
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TBEYV, since national health authorities of European countries use non-uniform TBE case
definitions and TBE risk assessment strategies [8]. Moreover, such estimations may be
affected by uneven vaccination coverage [9]. Socioeconomic, political, environmental, or
meteorological factors may also play a role in determining exposure risk [10-13].

Detection of TBEV in ticks by the flagging and dragging method is known as the
common method to assess TBEV circulation [14]. However, the spatiotemporal mismatch
between TBEV prevalence in ticks and clinical case notifications in humans has been
reported as the main caveat associated with this method [15].

Milk sample testing has been suggested as a promising alternative to determine TBEV
prevalence [2]. Two antibody screening investigations of milk in Sweden confirmed that it
showed great applicability in mapping high-risk areas [16,17]. However, to the best of our
knowledge, only two studies explicitly aiming to detect TBEV itself have been performed,
both of which looking at just over a hundred samples [18,19].

Given the high prevalence of TBEV and the common occurrence of foodborne in-
fections, we hypothesize that milk sample testing may help to assess the prevalence of
the virus in the environment and may serve as a complement to ongoing monitoring
efforts. Therefore, the overall rationale of our study was to evaluate the prevalence of the
virus in the milk of small ruminants in Lithuania, where TBEV is endemic throughout
the country, and to investigate whether milk sample testing can be adopted as a TBEV
surveillance strategy.

2. Materials and Methods
2.1. Sample Collection

Goat and sheep milk samples were collected because of their known or suspected
association with food-borne outbreaks, as well as favorable density and homogenous
geographical distribution in Lithuania.

The sampling frame was based on data from the National Livestock Register database
of Lithuania. Farms were selected from each municipality according to a stratified random
sample collection strategy and were included in the study if the following criteria were met:
the owners agreed to participate in the study; animals were not vaccinated against any
flaviviruses and were not acaricide-treated; farms did not apply consistent environmental
tick control measures, and they were not in an urban area.

To avoid missing viremic episodes, all milk samples were collected once every
4-5 days from bulk milk tanks throughout the lactation period between April and Novem-
ber in 2018 and 2019. Each sample of 10-15 mL in volume was stored frozen at —20 °C
until further use. We analyzed time intervals between positive samples and measured their
viral load, thus removing all consecutive positive samples attributable to a single infection.

Simultaneously, ticks were collected by the flagging and dragging method on farms
or in their vicinity, in both 2018 and 2019, at a single point in time between April and
November. Ticks were pooled according to development stage, sex, species, and sam-
pling site. Up to 10 Ixodes ricinus adults, 20 nymphs, 50 larvae, or 5 Dermacentor reticula-
tus were grouped per pool. After collection, ticks were maintained alive until reaching
the laboratory.

Data on human TBE incidence were obtained from the Centre for Communicable
Diseases and AIDS of Lithuania.

2.2. TBEV Detection and Viral Load Quantification

The fat fraction of the milk was removed as described elsewhere [19]. Ticks were
dissected and homogenized in liquid nitrogen and ground to a fine powder using a mortar
and pestle.

Viral RNA from skimmed milk or centrifuged tick supernatant was extracted using
GeneJET RNA Purification Kit (Thermo Scientific, Waltham, MA, USA) according to
the manufacturer’s instructions. Samples were tested by RT-PCR for the presence of
TBEV-specific RNA using primers described previously [20]. PCR-positive samples were
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confirmed by partial genome sequencing targeting NCR region of TBEV using primers
described before [21]. Reaction mix SuperScript™ III One-Step RT-PCR System with
Platinum™ Tag DNA Polymerase (Thermo Scientific, Waltham, MA, USA) was used for
real time PCR and DreamTaq Green PCR Master Mix (2x) (Thermo Scientific, Waltham,
MA, USA) for conventional PCR.

Viral load was determined using a quantification assay, whereby sample concentration
was assessed using a calibrated standard curve derived from measurements of serial
dilutions of TBE virus samples with known concentrations. All reactions were carried out
in triplicate and values averaged.

Quality assessment of RNA extraction of tick samples was performed in the same way
as a previous study (20).

2.3. TBEV Isolation

Vero (ATCC® CCL-81"™, Manassas, VA, USA) cells were inoculated with 300 pL
aliquots of microfiltrated TBEV-RNA positive suspensions. After 1 h incubation, suspen-
sions were discarded, cells were washed with PBS and cultured at 37 °C in 5% CO, in
Minimum Essential Medium with 10% heat-inactivated fetal bovine serum (FBS; Gibco,
Grand Island, NY, USA) and 100 U mL~! penicillin and 100 pg L-! streptomycin. Cyto-
pathic effects were examined over five serial passages and performed in triplicate for each
round. The success of isolation was assessed by RT-PCR followed after RNA extraction.

™

3. Results
3.1. TBEV Prevalence in Milk

A total of 1363 goat and 312 sheep unpasteurized bulk milk samples taken from 17 and
4 farms, respectively, were examined for the presence of TBEV RNA.

Overall, 62 (4.54%) and 14 (4.48%) goat and sheep bulk milk samples, respectively,
were confirmed positive for TBEV. However, two cases of three consecutive positive sam-
ples per farm were also identified. Based on gradual decrease in viral load we determined
these cases to be two individual infections. All remaining samples appeared to be posi-
tive with a minimal interval of 10-11 days to a maximum range of 3 months. Therefore,
the overall number of TBEV positive samples was adjusted to 58/1363 (4.25%, 95% CI
3.25-5.47) for goat and 14/312 (4.48%, 95% CI 2.47-7 41) for sheep samples. At least one
positive sample was detected in 70.58% and 64.70% of tested goat farms in 2018 and 2019,
respectively. At least one positive sample was detected in 75% of sheep farms during both
years of the study.

Though sheep milk sample sizes were small, they demonstrated the same prevalence
pattern seen in goat milk samples. Thus, statistical analysis was performed using only
the goat samples, but also recalculated using all data. Due to low statistical power, no
differences between species were identified.

A summary of sample collection sites and TBEV spatial distribution is presented in
Figure 1. To ensure privacy, geographic coordinates of each farm were randomly shifted
up to 0.1° from their actual locations. Analysis of the geographic distribution shows that
positive samples are fairly evenly distributed throughout the territory of Lithuania and
there is no statistical association indicating that any particular area is at higher risk of TBEV.
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Figure 1. The geographic location of the study area and spatio-longitudinal distribution of TBEV
positive cases in small ruminant farms. Results of 2018 (A), results of 2019 (B). The size of circles
indicates TBEV prevalence rate in a given farm. Number 1-17—goat farms; 18-21—sheep farms.
Colored administrative units indicate human TBE cases at NUTS3 level.

TBEV prevalence, as detected, fluctuated in time (Figure 1), and varied during the two
lactation periods (Figure 2). However, limited data precluded a meaningful interpretation
of the effect of time on the occurrence of positive samples. Temporal analysis showed a
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significant association between monthly virus prevalence in animals and TBE incidence
rates in humans in 2019 (Figure 3). The same correlation in 2018 (r = 0.65) was not significant
but showed a trend toward significance (p = 0.083).
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Figure 2. Distribution of TBEV prevalence rates amongst tested farms between the two years of study.
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Figure 3. Correlation between TBEV prevalence in animals and human incidence rate (2019 data
were used for analysis).

A non-linear correlation was observed between TBEV prevalence and farm sizes
(6-20 > 1-5 > more than 21 animals) (r = —0.54, p = 0.01). Moreover, a linear correlation
was observed between virus load and milk amount produced in the farm (r = —0.64,
p < 0.005) (Supplementary Material S1). Results of viral loads are presented in Figure 4.
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Figure 4. Viral load expressed as log viral RNA copies/mL. Asterisks and horizontal lines at the
top of violin plots indicate statistically significant difference (p < 0.05) in viral load based on Tukey’s
honest significance test.
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3.2. TBEV Prevalence in Ticks

A total of 2685 questing ticks were collected corresponding to 886 adults, 1329 nymphs,
and 88 larvae of Ixodes ricinus, and 382 Dermacentor reticulatus adults. No ticks were found
in 3 and 4 sampling locations in 2018 and 2019, respectively.

Of the tested 283 tick pools, we found nine pools positive for TBEV-RNA, correspond-
ing to only two collection sites in which positive samples were detected in both years of
the study. Positive tick cases are summarized in Figure 5. The overall minimum infectious
rate (MIR) was 0.34% (CI 95% 0.15-0.64).
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Figure 5. Summary of TBEV positive sample characteristics in ticks. Location ID refers to the map in
Figure 1. The sequence of three numbers is explained as follows: total tick sample size/number of
pools/number of positive pools.

Amplification of 165 rRNA was successful in all randomly selected pools, confirm-
ing there were no false negative results due to inhibition of the PCR assay by tick-
originated products.

Specificity of both tick and milk PCR positive sample product was confirmed by
partial genome sequencing based on the NCR fragment of the TBEV genome (Figure S1).
Sequences of TBEV strains, including Neudorfl, U27495; Sofjin, AB062064, and Vasilchenko,
AF069066 were used for phylogenetic comparisons. Analysis showed that all detected
TBEYV strains belong to the European subtype. Sequences have been submitted to GenBank
under accessions MZ664211-MZ664256.

3.3. Comparison of TBEV Detection Methods

Marginal homogeneity between two TBEV surveillance approaches was assessed by
McNemar’s test. Cases when ticks were not collected on site due to their scarcity were
excluded from the contingency table. To compare the capacity of flagging and dragging
and bulk milk methods to detect TBEV, milk samples nearest to tick samples in time were
analyzed. The data provided no evidence to reject the null hypothesis, thus implying both
methods are capable of detecting TBEV when sampling times coincide.

However, milk sampling showed greater effectiveness in terms of time and personnel
resources. By our generalized calculations, collection of one milk sample did not take more
than 5 min as they were voluntarily collected by the farmers themselves. Their periodic
collection and delivery to the laboratory time was also short, due to the small size of the
country and optimized travel routes. A brief comparison of the two testing approaches is
presented in Figure 6. Nevertheless, these results are highly country-specific and, therefore,
should be judged accordingly.
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Figure 6. Comparison of two TBEV surveillance strategies. The time spent on sample collection is
calculated assuming that it takes two and a half hours for one person to collect ticks and another two
hours for tick characterization and pool formation.

3.4. Virus Isolation

To confirm the presence of infective virus, all positive samples were inoculated on Vero
cells that were examined for occurrence of cytopathic effect (CPE) characterized by lysis
of the cell monolayer. From cultures with no visible CPE, additional sub-passages were
carried out. Cells were harvested after 4-7 days. Overall, 6/9 (66%, 95% CI 29.9-92.5) tick
homogenates and 13 /58 (22.4%, 95% CI 12.5-35.2) goat milk suspensions were successfully
isolated and caused CPE beginning 4-6 days post-infection (p.i.). Only one TBEV isolate
from sheep milk was successfully isolated. Virus load varied significantly depending on
passage number and showed 1-3 log increase at final passage (data not shown).

4. Discussion

In this study, a novel and reliable approach for monitoring the prevalence of TBEV is
presented. Herein, we conceptualized an epidemiological monitoring strategy where bulk
milk tank samples were collected once every 4-5 days to include the time period when
the virus is no longer shed through milk, based on previous studies showing that TBEV is
detectable in milk for 3-8 days p.i. [22]. Evidence from other studies showed that TBEV
may be detectable for a slightly longer period [23,24]. As our results showed, the number
of positive samples could be overestimated only to a very limited extent because of the
possible misclassification of multiple samples of single infection as separate cases.

TBEV surveillance by tick flagging was carried out in parallel to the longitudinal study
of milk samples. TBEV surveillance by tick flagging typically involves collecting ticks
from a site once per season, whereas the proposed TBEV surveillance through longitudinal
milk sample testing involved collecting approximately 80 milk samples at regular intervals
during the season (April to November). The surveillance strategy based on milk sample
testing proved to be more reliable as it allowed the detection of TBEV circulation over
a wider geographical area, resulting in approximately two thirds of tested sites being
positive, contrary to the tick flagging method where only two sites were positive for TBEV
(11.4% of tested locations). Furthermore, the wide geographical distribution of TBEV in
milk samples coincided with the known area of TBE endemicity, and monthly prevalence
of TBEV in milk samples statistically correlated with monthly human incidence rate in one
of the two investigated years (2019). The statistical association between aforementioned
values was not observed in 2018 due to the remarkably high TBEV prevalence in milk in
May, which in turn can possibly be explained by exceptionally favorable environmental
conditions affecting the development of ticks.

In agreement with our results, a very similar TBEV prevalence pattern in ticks and
almost identical overall MIR was observed in a nationwide study conducted in Lithuania
in 2017-2019 where almost 9000 ticks were tested [25]. The latter study also showed a
patchy distribution of TBEV with many administrative units apparently free of the virus.
These results add weight to previous findings of spatio-temporal patchiness of TBEV in
ticks and discordance between numbers of clinical TBE cases in humans and prevalence in
ticks [15,26-29].
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Unfortunately, straightforward statistical comparisons of the two testing approaches
were not possible due to different study designs. Data from our analysis, however, show
that both methods allow us to determine the presence of the virus in the environment with
reasonable accuracy when they are carried out in close proximity. Thus, it can be said that
the flagging and dragging method is a sensitive method to calculate TBEV prevalence in
an area but only if considerably high numbers of ticks are tested, which in turn requires
unreasonably high financial and personnel resources. This is an important aspect to
highlight in the context of numerous studies that have failed to detect the virus in known
TBE foci, even when approximately ten or twenty thousand ticks were tested [25,26].

The flagging and dragging method has more drawbacks. In addition to those dis-
cussed by other authors, such as low TBEV prevalence rates, great spatiotemporal variabil-
ity, and time-consuming and labor-intensive sample collection [30-33], we also want to
highlight the issue of the risk of being bitten, particularly in areas where Lyme borreliosis
is prevalent and against which a vaccine does not yet exist.

TBEV ecology is advantageous to animal-based surveillance systems, as it has been
amply shown that inferred TBEV prevalence based on ticks removed from hosts is higher
compared to questing ticks [14,34,35]. Furthermore, an experimental study revealed that
TBEV replication is faster in feeding ticks, resulting in a 500-fold increase in viral load
over a 15 h observation period, while in unfed ticks it remains stable [35]. The same study
indicated that infected ticks showed highest levels of activity and aggressiveness. All this
suggests that animals are likely to amplify the signal of TBEV presence in a given area,
which hypothetically increases the chances of successful viral detection.

We believe that our proposed TBEV surveillance technique based on milk sample
testing is robust and reliable, in addition to being in good agreement with most of CDC
Guidelines for Evaluating Public Health Surveillance Systems recommendations [36].
Generally, ease of operation is one of the key features of our proposed method. This strategy
does not require much coordination with numerous institutions or qualified staff. We also
believe this method to be more efficient in terms of time, as sampling can rely on volunteer
farmers, while the periodic collection of milk could be guaranteed by specialists from
local veterinary services. The admissibility criterion, i.e., the willingness of all involved
to adopt the method, was also fully met. Most farmers kindly agreed to participate in
the study. Many of them showed great interest, upon learning of the investigation, and
sought to be included as participants due to concerns about the quality and safety of
their products. If the engagement were continuous, paid testing could be considered,
especially since it would further allow extension of the flexibility criterion which cannot be
considered negligible. Milk testing for TBEV can be integrated into ongoing milk-borne
disease monitoring programs or regular milk quality and safety control schemes using
currently available infrastructure.

Our proposed method does not allow year-round monitoring, however the period
during which small ruminants graze and produce milk coincides perfectly with the sea-
sonal distribution of confirmed TBE cases in humans [37]. Although it appears that the
density of small ruminants in Western Europe is much higher than in Lithuania [38], there
seem to be some minor shortcomings in applying this method to other countries due to
non-homogenous geographic dispersion of farms. In Germany, for example, the major-
ity of small ruminant farms are situated in the southern states [32]. In such cases, the
method could at least be adopted for monitoring targeted endemic areas or identifying
suspected foci.

Stability and availability are two other features that comply with CDC recommen-
dations. Consumption of unpasteurized milk and related products appears to be on the
rise due to alleged health benefits and better taste [18]. A similar trend is observed in the
Baltic states. In most of the farms we surveyed, the owners consumed untreated milk
products or produced them for sale. As far as farm owners should adapt to market condi-
tions, it is unlikely that this sector will lose its potential applicability to perform a TBEV
monitoring program.
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Finally, milk sample testing may offer an additional advantage, namely the assessment
of milk safety. To date, there have not been many attempts to isolate TBEV from milk.
Moreover, such efforts have mostly been implemented in epidemiological analyses of
alimentary outbreaks rather than routine molecular screening [39]. Although accurate
empirical data and detailed epidemiological studies are not available, it is thought that
7.8% of TBE cases in Lithuania are milk-borne [37]. An even higher fraction was recently
observed in Slovakia where up to 17% of TBE cases are caused by alimentary transmission.
The relevance of this problem was confirmed by our results showing that nearly one-fifth
of positive milk samples were viable to infect cells. In light of high rates of alimentary
transmission, periodic milk testing and safety assessment for TBEV, accompanied by public
educational activities regarding potential risks of untreated milk product consumption, are
greatly needed.

We should also note the gap in fundamental understanding of animal immune re-
sponses against TBEV. Based on limited data, animals previously infected with TBE appear
to cease shedding the virus into milk [24]. However, it is not clear whether all animals
exposed to the virus develop an immune response [40,41]. While the application of our
proposed method is certainly not hindered by unstable farm populations that are constantly
being replenished by new susceptible animals, further background research would allow
for the development of a more precise surveillance strategy.

A number of TBEV monitoring strategies based on serological testing of various verte-
brate hosts have recently been developed, many of which show promise [41-46]. However,
seroprevalence studies have significant limitations. Antibody persistence rates vary, mak-
ing it difficult or impossible to predict when an infection occurred. Due to well-known
cross-reactivity of TBEV with related flaviviruses [47], serological assessment requires
confirmatory assays, which in turn increases the need for more labor and infrastructure,
while the interventional nature of studies involving domestic animals requires not only
qualified staff and bioethical authorization, but also consent from farm owners, often
leading to many farmers refusing to participate in this type of research due to adverse
effects on animal productivity.

In conclusion, bulk milk tank samples of small ruminants may serve as a valuable tool
for TBEV prevalence analysis and assessment of the epidemiological situation. Because the
technique we propose is reliable, non-invasive and easy-to-operate, it may be considered
for national surveillance or adapted for monitoring endemic areas and complement human
TBE surveillance efforts.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/v13091772 /51, Table S1: Milk amount per bulk tank in tested farms, Figure S1: Phylogenetic
tree of the obtained TBEV sequences based on NCR genome fragment.
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Abstract: Various animal species have been evaluated in depth for their potential as Tick-borne
encephalitis virus (TBEV) sentinel species, although evidence for equine capacity is incomplete.
Therefore, a comprehensive cross-sectional stratified serosurvey and PCR analysis of selected horses
(n = 301) were performed in TBEV endemic localities in Lithuania. Attached and moving ticks
(n = 241) have been collected from aforementioned hosts to evaluate natural infectivity of TBEV
vectors (Ixodes spp.) in the recreational environments surrounding equestrian centers. All samples
were screened for TBEV IgG and positive samples were confirmed by virus neutralization test (VNT).
113 (37.5%) horses from all counties of Lithuania tested positive for TBEV IgG, revealing age and sex
indifferent results of equine seroprevalence that were significantly dependent on pedigree: horses
of mixed breed were more susceptible to infection possibly due to their management practices.
TBEV prevalence in equine species corresponded to TBEV-confirmed human cases in the precedent
year. As much as 3.9% of horses were viraemic with TBEV-RNA with subsequent confirmation of
TBEV European subtype. 4/38 of tested tick pools were positive for TBEV-RNA (Minimal infectious
rate 1.2%). Several unknown microfoci were revealed during the study indicating areas of extreme
risk close to popular human entertainment sites. The study provides important evidence in favor of
horses” usage as sentinel species, as equines could provide more detailed epidemiological mapping
of TBEV, as well as more efficient collection of ticks for surveillance studies.

Keywords: TBE; TBEV; tick-borne encephalitis; TBE seroprevalence

1. Introduction

Tick-borne encephalitis (TBE) is the most important tick-borne viral zoonotic disease
in Europe caused by a bite of TBE virus (Flavivirus, Flaviviridae) infected Ixodes spp. [1].
In Lithuania TBE incidence rates have been increasing by 8.5% per year for the 45-year
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period from 1970 to 2014 [2]. Moreover, the country has the highest incidence rate of the
disease in Europe since 2013 [3].

Tick-borne encephalitis is endemic throughout Lithuania [4]. The number of au-
tochthonous confirmed clinical TBE cases with known site of exposure define a risk level
for TBE in the region. Since the actual population at risk can deviate greatly from the num-
ber of inhabitants in an area due to the focal distribution of TBE, risk estimates based on
incidence have limitations, especially if large geographic areas are chosen [5]. In addition,
socioeconomic factors, preventive measures such as high vaccine coverage and recreational
usage of a natural area can significantly alter results of disease monitoring, necessitating
alternative methods to define the degree of risk and endemicity.

Wild and domestic animals have already raised an interest as surrogate markers
of natural Tick-borne encephalitis virus (TBEV) prevalence [6-8]. Significant correlation
between seroprevalence in small mammals, dogs, bovids, cervids and TBE incidence in
humans was confirmed in known endemic areas [9-13], as well as the capacity of these
sentinel species to uncover presently unknown TBEV foci, whereas insights to equine
contribution to wild TBEV dynamics are lacking [6].

Clinical TBE cases in veterinary medicine are rare but can manifest with varying degree
of non-specific neurological symptoms. In horses, reduced general condition, behavioral
changes, ataxia and paralysis of neck and shoulder muscles have been described [14].
Laboratory diagnosis is essential for TBE confirmation, such as detection of TBEV IgM
and/or TBEV IgG antibodies in serum or cerebrospinal fluid by immunoassays. Due to
well known serological cross-reactivity with other flaviviruses, case validation requires
subsequent confirmation of all enzyme-linked immunosorbent assay (ELISA) positive
results by virus neutralization test (VNT) or PCR [14].

Horses have scarcely been investigated as potential TBEV sentinel species and only
a few articles describe the epidemiological role of equines for TBEV circulation in na-
ture [14-16]. Therefore, to evaluate equine contribution to TBEV and sentinel-species
capacity we report a cross-sectional study performed on the prevalence and factors influ-
encing occurrence of tick-borne encephalitis in horses in Lithuania.

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

In order to accurately represent a cross-sectional study design that analyzes data
collected at one given point in time [17], equine blood samples (1 = 301) were collected
in one month (May 2019), at the peak of first tick questing period. Stables were added
to the study if they adhered to the inclusion criteria: sampled horses were turned out
in pastures every day, had a well defined territorial radius and were not vaccinated for
any flaviviruses.

After applying stratified random sample approach, 32 equestrian centers were ex-
amined (Table 1). Each stratum of equine blood samples in our study was estimated to
represent equine population in each of the counties of Lithuania with a 5% margin of
error (CI 95%) based on the national database provided by National Land Service under
the Ministry of Agriculture of the Republic of Lithuania. To assess factors of influence
to occurrence of the TBE, detailed information was collected regarding stable-level risk
factors such as herd size, their ration composition, daily pasture time and animal-level risk
factors: age, breed, gender of the horses, prior travel and health records.

Blood was drawn with regard to animal welfare regulations [18], then serum samples
of 3-4 mL in volume were separated by double centrifugation process, transferred to 2 mL
tubes and stored at —20 °C until further use.

In addition, attached or moving ticks (1 = 241) were collected from aforementioned hosts
where possible. Pools were formed depending on the number of ticks collected from a given
location, 5-10 nymphs or 2-5 adult ticks per pool. The ticks were dissected and homogenized
in phosphate-buffered saline (PBS; 1x, pH 7.2; Gibco, Grand Island, NY, USA), inserted
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into liquid nitrogen and then ground into a fine powder in a mortar. Each homogenized
suspension was centrifuged, supernatant was collected and stored at —20 °C.

Table 1. Results of equine serology and PCR of serum and ticks in 32 tested stables.

TBEV PCR Positive PCR
No. of the  Sample Size Seroprevalence L Seroprevalence o Tick o
Stable of the Stable County in the County Seropositive in the Stables CI95 % Serum Pools ?osltlve
Horses Samples Tick Pools
1 12 - 8 66.6 34.8-90.0 0 4 0
2 14 Klaipeda 423 3 214 0.4-50.8 0 2 0
3 12 Telsiai 8.3 1 8.3 0.2-38.4 0 0 0
4 7 4 57.1 18.4-90.1 1 1 0
5 10 Siauliai 30.6 1 10.0 0.2-445 3 0 0
6 19 6 315 12.5-56.5 0 0 0
7 12 5 41.6 15.1-72.3 1 0 0
8 14 Panevezys 402 7 51.0 23.0-76.9 1 0 0
9 13 4 30.7 0.9-61.4 0 0 0
10 3 1 333 0.8-90.5 0 0 0
1 4 1 25.0 0.6-80.5 0 0 0
12 11 Utena 308 4 363 10.9-69.2 0 3 0
13 15 5 333 11.8-61.6 1 2 0
14 6 1 16.6 0.4-64.1 0 0 0
15 8 1 12.5 0.3-52.6 0 1 0
16 6 6 100.0 54.0-100 0 1 0
17 2 1 50.0 0.1-98.7 0 0 0
18 14 . 14 100.0 0.7-100 0 22 4
19 17 Vilnius 506 9 529 27.8-77.0 0 0 0
20 17 2 11.7 0.1-36.4 2 0 0
21 17 7 4.1 18.4-67.0 0 0 0
22 6 4 66.6 222-95.6 0 0 0
15.8-
s Marijampole 22 2 1000 100.0 0 0 0
24 7 0 0.0 0-40.9 0 0 0
39.7-
25 4 4 100.0 1000 0 1 0
26 6 2 333 0.4-77.7 0 0 0
27 8 Kaunas 342 2 25.0 3.1-65.0 0 0 0
28 13 5 38.4 13.8-68.4 0 0 0
29 1 0 0.0 0.0-97.5 0 0 0
30 6 0 0.0 0.0-45.9 0 0 0
31 5 ] 2 40.0 0.5-85.3 0 0 0
32 10 Alytus 200 1 10.0 02-445 3 1 0
Total 301 113 375 32.3-43.1 12 38 4

2.2. Data of Human TBEV Cases

Data concerning confirmed human TBEV cases in different counties of Lithuania were
obtained from the Centre for Communicable Diseases and AIDS of Lithuania and popu-
lation data for the calculation of TBE seroprevalence were obtained from the Lithuanian
Department of Statistics.

2.3. ELISA and Virus Neutralization Test

The serum samples were tested by ELISA for TBEV IgG using the EIA TBEV IgG
kit (TestLine Clinical Diagnostics, Brno-Krélovo Pole, Czech Republic) following man-
ufacturer’s protocol. The results were calculated as the negative control/sample ratio,
and a < 150% was used as a cutoff value for negative samples, 200%> for positive samples.
All serum samples were retested by VNT for case confirmation and exclusion of serolog-
ical cross-reactivities with other flaviviruses. The TBEV-specific neutralizing antibodies
were determined using gold standard in-house neutralization assay [19]. Prior to test-
ing, horse serum samples were complement inactivated and diluted starting from 1/5 to
1/320 in Minimum Essential Medium (MEM) (Gibco, Grand Island, NY, USA). The serum
dilutions were incubated with 100 TCID5, of TBEV strain obtained after 10 passages of
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cultivation on Vero cell culture (ATCC® CCL-81 ', Manassas, VA, USA). Cells were as-
sessed for the presence of cytopathogenic effects at 3, 5 and 7 days post-infection (p. i.).
TBEYV reciprocal titre of >1/20 was considered as positive in VNT.

Due to discrepancy of positive samples yielded after serology and VNT, we have
raised a concern of possible concomitant circulation of multiple flaviviruses in Lithuania
and performed an additional ELISA test for West Nile virus IgG using WN Competition
Multi-species Ig kit (ID Screen, ID.vet, Grabels, France).

2.4. TBE Virus Detection and Viral Load Quantification

Total RNA was extracted from 300 uL serum and tick suspension samples using
the GeneJET RNA Purification Kit (Thermo Scientific, Waltham, MA, USA) according
to the manufacturer’s instructions. Samples were screened by conventional and real
time reverse transcription PCR for the presence of specific TBEV RNA using primer sets
described previously [20,21]. Reaction mix SuperScript™ III One-Step RT-PCR System with
Platinum™ Tag DNA Polymerase (Thermo Scientific, Waltham, MA, USA) was utilized for
real time PCR and DreamTaq Green PCR Master Mix (2x) (Thermo Scientific, Waltham,
MA, USA) for conventional PCR. PCR reactions were carried out in triplicates.

We modified viral quantification assay as it was previously described [20]. Briefly,
a synthetic fragment corresponding to the amplified region of the TBEV was cloned into
the pJET1.2 vector using the CloneJET PCR Cloning Kit (Thermo Scientific, Waltham, MA,
USA) and Transform-Aid Bacterial Transformation Kit (Thermo Scientific, Waltham, MA,
USA) according to the manufacturer’s instructions. Following transformation of E. coli
cells, plasmid DNA extraction and purification was performed using the GeneJET Plasmid
Miniprep Kit (Thermo Scientific, Waltham, MA, USA) according to supplier’s protocol.
Standard curves were generated after 10-fold dilutions of stock DNA (supplementary
material Figure S1). Reactions were carried out in triplicates.

Quality of RNA extraction of tick samples was assessed using RT-qPCR targeting 16s
rRNA of Lricinus as described elsewhere [20].

2.5. Virus Isolation

Virus was isolated in Vero (ATCC® CCL-81", Manassas, VA, USA) cell line and serial
passages were performed to assess its viability to infect cells and obtain sufficient number
of viral copies necessary for sequencing.

Samples were passed through a 0.22-pum pore size microfilter (Techno Plastic Products
AG, Trasadingen, Switzerland) for purification. Cells were then inoculated in 25 cm? tissue
culture flasks (TPP Techno Plastic Products AG, Trasadingen, Switzerland) for 1h at 37 °C.
Negative controls were inoculated with MEM and 100 U mL~" penicillin and 100 pg L~
streptomycin only. The inoculate was removed and 10 mL of Minimum Essential Medium
with additional 10% heat-inactivated fetal bovine serum (FBS; Gibco, Grand Island, NY,
USA) was added. Cells were incubated at 37 °C in 5% CO, and air mixture and was
examined for the occurrence of cytopathic effect through 5 serial passages which were
performed in triplicate set frame including triplicate of positive and negative controls for
each round of analysis.

2.6. Sequencing and Phylogenetic Analysis

For further genetic characterization and positive sample confirmation partial genome
sequencing was performed. Multiple alignment of all sequences was created using
ClustalW software (Clustal, Dublin, Ireland) in MEGA X package. The neighbor-joining
method was used for phylogenetic tree construction with 1000 bootstrapping replicates.
Sequences of different TBEV strains and closely related flaviviruses chosen from the NCBI
GenBank database were used for phylogenetic comparisons.
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2.7. Statistical Analysis

Confidence intervals of seroprevalence were based on the exact binomial method.
Binary logistic regression analysis was used to test the significance of the differences
and odds ratio (OR), regression coefficient (), and standard error (SE) in age-, sex- and
breed-specific antibody prevalence. Chi-square test was used to calculate associations
between pasture time and seropositivity. Pearson correlation was used to evaluate relation
of human and horse TBEV cases. The minimal infection rate (MIR) was calculated as the
ratio of the number of positive pools to the total number of ticks tested. MIR = number of
positive pools/total number of ticks tested x 100%. Results with p value were regarded as
significant. All statistical analysis and mapping was performed using the programming
language R-project (4.03).

3. Results
3.1. ELISA and Neutralization Assay

Based on ELISA assay, 124 (41.2%), 5 (1.7%) and 172 (57.1%) serum samples were
considered positive, borderline and negative for the presence of TBEV-specific antibodies,
respectively. Thus, optical density plot showed clear bimodal distribution (Figure 1A).
All samples were retested by virus neutralization assay. ELISA negative samples were
consistent with VNT; however, only 109 and 4 samples were confirmed as positive in
ELISA-positive and ELISA-borderline groups, respectively. Therefore, for further analysis,
the overall number of TBE seropositive samples was adjusted according to VNT results at
113 (37.5%; 95% CI 32.2-43.1).
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Figure 1. (A) Normal quantile plot of the distribution of optical density (OD) 450 nm values in Tick-borne encephalitis virus
(TBEV) immunoglobulin G (IgG) enzyme-linked immunosorbent assay (ELISA) with sera collected from horses. Percentile
plot with simulation (grey) of a normal distribution with the same mean and standard deviation as for the data collected;
(B) Difference in TBE viral loads between cultured medium and serum-originated samples. (**** p < 0.0001).

The study comprised 145 (48.2%) mares, 20 (6.6%) stallions and 136 (45.2%) geldings.
No statistically significant associations were found between ration composition, herd size,
age, gender and seropositivity.

Horses investigated in our study consisted of 26 breeds, as well as mixed breed indi-
viduals that represented almost a third of all tested equids (1 = 85; 28.2%). Binary logistic
regression model revealed significant association between the pedigree and serological
results: seroprevalence of 31.0% (95% CI 24.9-37.6) and 53.4% (95% CI 42.41-64.3) of horses
with known origin and mix-breeds, respectively (p < 0.03; OR 2.3; CI 95% 1.3-4.0; 3 0.8;
SE 0.3). In addition, we have found a significant relation between daily time spent in the
pastures and seropositivity as horses that spent >8 h in the field had more than 2 times
higher seroprevalence (68.0%; CI 95% 59.8-75.4) than horses that spent <8 h daily (31.7%;
CI 95% 18.0-48.0). Notwithstanding the obvious difference, endmost result should be
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assessed ambiguously as the data was collected through a questionnaire survey of animal
owners which may be affected by undefined bias.

Concerning equine sera tested with ELISA for detection of West Nile virus antibodies,
we have found that some horses showed WNV seropositivity and negative TBEV VNT
with 100 TCIDsg of TBEV strain (data not shown).

Analysis of horse medical records showed no association with TBEV seropositivity.
11 horses demonstrated certain degree of atypical behavior or balance disturbances that we
attributed to underdiagnosed cases of non-infectious origin, even though five of them were
positive for TBEV neutralizing antibodies. Travel history of 17 horses included neighboring
countries, although most of these equines did not travel outside Lithuania in the past
2 years at the time of sampling.

3.2. Virus Detection and Isolation

Due to a short time viremia, after which flaviviruses are cleared from serum, direct
virus detection is limited in large herbivores and to our best knowledge we are first to
report successful PCR and sequencing results in horses. As many as 12 (3.9%; 95% CI
2.3-6.8) of all tested equine serum samples were confirmed positive for the TBE virus.
In addition, 4/38 of tested tick pools were positive for TBEV-RNA (MIR 1.2%) All positive
tick samples were in adult tick stage of I. ricinus obtained from the same stable.

Presence of infective virus in serum samples and tick homogenates was confirmed by
PCR analysis of the Vero cell culture supernatants collected at 5-6 days p.i. in all tested tick
samples and 8 horse serum samples. Load of virus particles was assessed at different time
points. Titres shown in this paper were assessed after the fourth passage at the load peak
(Figure 1B)

3.3. Sequencing

Successful virus isolation was confirmed by partial genome sequencing based on NS5
fragment of TBEV isolates retrieved from cell cultures (Figure 2). Sequence data have
been submitted to GenBank database under Accession Numbers MT981174-MT981178
and MW187721-MW187725. BLASTN search (NCBI Genbank) revealed that all DNA
sequences of equine serum in this study were 93.0-97.1% similar to the reference strain of
the European subtype (Neudorfl; Genbank U27495). In contrast, the similarity with the
reference strains of the Far Eastern subtype (Sofjin; AB062064) and the Siberian subtype
(Vasilchenko; AF069066) were 78.3 and 84.4%, respectively. TBEV sequences obtained from
ticks in the present study shared a high degree of similarity (99.6%) to European subtype.
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Figure 2. Phylogenetic tree of the TBEV sequences based on NS5 gene. The Omsk hemorrhagic fever virus was used as
an outgroup. The sequences obtained in our study are shown in bold. Sequence data have been submitted to GenBank
database under Accession Numbers MT981174-MT981178 and MW187721-MW187725.

101



Pathogens 2021, 10, 140

8of12

3.4. Spatial Distribution and of TBEV Specific Antibodies

Spatial pattern corresponding to the sampling locations is shown in Figure 3. To ensure
anonymization and personal data protection, the geographic coordinates reflecting the
exact location of the stables were randomly shifted to one of the cardinal directions in the
range of 10 to 50 km without overstepping the stratum of sampling.

TBEV IgG Seroprevalence in
horses (%)

@ 1100
@ 15110
QO 1z1s0]
QO nao

Qm

Positive for TBEV RMA in horse
serum

O Positive for TBEV RNA in ticks

TBE incidence rate in humans
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25]

[15]

0 25 50

150 200

Figure 3. Spatial distribution of TBEV RNA and TBEV-neutralizing IgG seroprevalence at the county level in Lithuania.
The colour grades represent the incidence rate in human TBE infection in 2019. Locations of sample acquisition are identified
in numbers that are represented in Table 1. For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.

TBEV neutralizing antibodies were detected in 29 (90.6%, 95% CI 74.9-98.0) of all
tested stables covering all counties involved in the study (Table 1).

Spatial analysis showed statistically significant differences in average seroprevalence
amongst counties of the country. Highest seroprevalence rates were observed in east part of
Lithuania with overall highest seroprevalence in Vilnius (50.6%; CI 95% 39.6-61.1) county
(p <0.04; OR 3.3; CI 95% 1.0-10.7;  1.2; SE 0.6).

In the study year, insignificant positive correlation between TBEV seropositivity in
tested horses and TBE-incidence rate in humans in given administrative unit was observed
(r =0.29). In contrast, strong positive correlation between these variables were detected
with human TBE incidence of 2018 (r = 0.76; p < 0.05).

4. Discussion

Our study provides a first comprehensive investigation into prevalence of TBEV in
equines in the northern Europe. We have revealed significantly higher seroprevalence of
TBEV in horses (37.5% (95% CI 32.2-43.1) than previously recorded in Lithuania where
in all domestic animal species tested TBE seropositivity of only 8.6% in 2003 and 1.7% in
2005 was found with considerable regional differences. Immense differences of results may
be due to the strict inclusion criteria of sampling that allowed only horses with plausible
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exposure to TBEV infection to be examined e.g., sport horses that are ridden indoors were
not included in the study. Interestingly, this upsurge of TBEV seroprevalence corresponds
to the pattern observed in humans where a joinpoint analysis revealed 7.4% annual increase
of TBEV incidence rate in 2005-2014 [2] in spite of characteristic fluctuations of TBE cases
observed between tick questing seasons [22-24].

Contrary to the tendency observed by Rushton et al. [15], our study did not find
significant associations between sex of the horse and seropositivity. This result may
be influenced by different management conditions imposed on stallions in Austria [15],
whereas in our study, stallions were mostly kept in comparable environments to those of
mares. In addition to this, high tick density and infectivity in Lithuania may be underlying
factor for non-differentiating results in both sexes.

In our study, age of the horses was an insignificant factor to TBEV infection unlike
in equines in Austria where younger animals seemed to be more prone to infection [15]
and previous studies of cattle, where animals up to 3 years old had significantly lower
seroprevalence [25].

After having tested foals, we have found agreeing evidence that maternal immunity
could be passed via colostrum, as most foals under 7 months old were seropositive with
considerably high antibody values. Yearlings showed more varying results as an indication
to fading antibodies of passive transfer.

One of the TBEV prevalence defining factor in our study was breed and more specif-
ically, pedigree. As much as it can be tempting to rely on genetics, we think that this
connection is purely based on the difference in management and purpose of mixed and
purebred horses. Horses without defined pedigree are more likely to be used for long
hikes in nature, as well as leisure and tourism. In addition, they were kept in pastures for
significantly longer periods of time; therefore, they had higher probability of contracting a
tick-borne infection.

Virus detection and sequencing processes revealed that as much as 3.9% (95% CI 2.3-6.8)
of tested horses were positive for TBEV-RNA with subsequent confirmation of TBEV
European subtype. To our best knowledge, the only study reporting sole sample potentially
positive by PCR was performed in Germany. However, their sequencing or cultivation
attempt was not successful [14]. Interestingly, the sequences we obtained did not cluster
with other Lithuanian sequences. This can be explained by a lack of NS5 viral genome
fragment-targeted or whole-genome sequences obtained in given territories as most of
studies confirm specific product based on E or NS3 encoding fragments. Thus, further
studies on whole genomic sequencing are necessary to get deeper insight on regional
genetic diversity and lineages of TBEV strains.

Field collected ticks are known to be time and labor consuming indicators of infection
risk [26,27], but it seems that infectivity of ticks is relatively higher, if samples are collected
in the vicinity of domestic animals [14]. Our study revealed a relatively high prevalence of
TBEV in ticks compared to a nationwide study conducted in Lithuania in 2017-2019 where
MIR in field collected ticks was only 0.4% [28]. Almost 3-fold higher minimal infectious
rate in ticks is most likely due to sampling properties: in our study ticks were collected
from animals where favorable feeding conditions were guaranteed. The latter factor is
associated with changes in dynamics of virus reproduction. It has been experimentally
proven that intensive viral replication commences during feeding of ticks resulting in
500 times higher viral load in 15h period while in unfed ticks TBEV concentration remains
stable [29]. In contrast, aforementioned study was based on sampling of questing ticks
where some of the ticks potentially had low concentration of TBEV which therefore was
below detection threshold. In addition, infected ticks are significantly more active and
aggressive hence, there is a potentially higher probability of TBEV being found in the host
rather than among questing ticks [29].

Important findings in this study seem to be the absolute seroprevalence and high
values of TBEV IgG observed in equine sera obtained from several locations indicating a
recent infection with TBEV from previously unknown microfoci close to these equestrian
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centers. In addition, ticks from one of these stables were found to have an infective TBEV
confirmed by PCR and virus isolation. Previous studies have proven that sera of game
animals is a reliable tool to reveal natural TBEV circulation [30] and we suggest that equine
sera too is an important surrogate marker of areas of extreme risk.

Equine sentinel-species capacity is hard to evaluate. Our study has found significant
correlation between equine TBEV seropositivity and human TBE cases for precedent year as
equine individuals seem to respond accurately to the grade of infectivity in the geographical
areas. On the other hand, seropositive results of horses failed to correspond to human
incidence rates on the year of study (2019). We believe these results were biased due to
relatively long period of time required for IgG production upon a new TBEV infection and
population data discrepancy, as equine samples were collected in May and compared to
human incidence rate of complete year in December. Cross-sectional design and population
data of large geodemographic areas were important limitations of this study that precluded
us from more complete evaluation of TBEV dynamics in horses, although several important
aspects for TBEV sentinel species seem to be applicable to equines. Horses are capable
to mount their Ab levels after contact with TBEV that could be detectable 9-19 months
post-infection [14,31,32]. Interpretation of seroprevalence on the level of the stables could
permit mapping of TBEV foci on smaller than district level as high Ab values of positive
horses at the equestrian centers indicate recent TBEV exposure. In addition, multiple
countries have currently established routine monitoring programs for equine infectious
anemia therefore, large sample sizes are readily available. In addition to that, increased
MIR of ticks collected from horses roaming large, well defined areas signifies an alternative
to labor and time consuming field collection of ticks.

Interestingly, several equine serum samples appeared seropositive for WNV and
demonstrated cytopathic effects after VNT with TBEV, indicating first serological evidence
of WNV in Lithuania. These results prompt further investigation into possible emergence
of new geographical distribution of WNV in northern Europe.

Large herbivores are known as tick mating and feeding sites [33] and could be impor-
tant in amplifying TBEV vector populations [34], therefore bigger stables could possibly be
a reason for increased tick numbers in the area. On the other hand, Ixodes tick density do
not necessarily correlate with TBEV spread in susceptible species and horses may be held
responsible for diverting tick bites from competent hosts, thus diluting pathogen trans-
mission [35]. Pastures and riding trails of horses can theoretically be a suitable medium
for TBEV foci as several papers denote the effect of grazing as well as influence of litter
layer thickness on tick population [36,37], but continuous multimodal works are required
to accurately evaluate the role of horses in the natural spread of the virus.

5. Conclusions

Horses are dead-end hosts of TBEV providing measurable immunity responses upon
natural infection with TBEV that seem to accurately represent infectivity of an area.
TBEV surveillance studies in horses can reveal new microfoci and permit epidemiological
mapping on lower than district level, therefore equines can be attributed as possible TBEV
sentinel species.
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7/10/2/140/s1, Figure S1: Standard curve of qPCR using serial dilutions of stock DNA.
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