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Abstract

:

The tick-borne encephalitis virus (TBEV) is the arboviral etiological agent of tick-borne encephalitis (TBE), considered to be one of the most important tick-borne viral diseases in Europe and Asia. In recent years, an increase in the incidence of TBE as well as an increasing geographical range of the disease have been noted. Despite the COVID-19 pandemic and the imposition of restrictions that it necessitated, the incidence of TBE is rising in more than half of the European countries analyzed in recent studies. The virus is transmitted between ticks, animals, and humans. It seems that ticks and small mammals play a role in maintaining TBEV in nature. The disease can also affect dogs, horses, cattle, and small ruminants. Humans are incidental hosts, infected through the bite of an infected tick or by the alimentary route, through the consumption of unpasteurized milk or milk products from TBEV-infected animals. TBEV infections in humans may be asymptomatic, but the symptoms can range from mild flu-like to severe neurological. In Europe, cases of TBE are reported every year. While there is currently no effective treatment for TBE, immunization and protection against tick bites are critical in preventing this disease.
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1. Introduction


Tick-borne encephalitis (TBE) is an arboviral disease caused by the TBE virus (TBEV), a member of the Flaviviridae family, as are the etiological agents of dengue fever, yellow fever, and Japanese encephalitis. Tick-borne encephalitis is a serious health problem in Europe and Asia [1,2]. In recent years, a rise in the incidence of TBE as well as an expansion of the geographical range of the disease have been evident. In 2020, 24 European Union/European Economic Area (EU/EEA) member countries reported 3817 cases of TBE [3]. The virus is transmitted between ticks, animals, and humans, so it can be considered in the context of a one health perspective [4]. Humans are incidental and dead-end hosts infected mainly through the bites of hard ticks. Another route of TBEV transmission may be the ingestion of unpasteurized milk or dairy products from infected animals [5]. In this article, we discuss the characteristics of TBEV, its structure, and the phylogenetic relationship of the circulating strains. We describe the reservoir, vectors, and transmission routes of the virus; its geographic range; and the clinical symptoms and diagnostics. We discuss the potential impact of the COVID-19 pandemic and climate change on the incidence of TBE and the available prevention and treatment methods.




2. Virus Structure


The tick-borne encephalitis virus is spherical or quasi-spherical, lipid-enveloped, and approximately 50 nm in diameter, and it contains a positive, single-stranded RNA genome that acts as mRNA for translation. Although the approximate size and shape of TBEV and other flaviviruses are estimated, there are variations in size due to factors such as the genetic diversity in the virus population, changes during the maturation process, and the methods used for the imaging and analysis of virions [6]. The virion is composed of three structural proteins: the envelope (E), membrane (M), and capsid (C) proteins (Figure 1). Seven non-structural (NS) proteins—NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5—have also been identified in infected cells. Non-structural proteins play an important role in virus replication, the processing of the structural proteins, and the modulation of host cell function. The M glycoprotein is primarily synthesized as a precursor (prM) that interacts with glycoprotein E and protects its fusion loop from premature activation [7,8]. The nucleocapsid consists of the genome and the C protein and is surrounded by the viral envelope, which consists of both M and E glycoproteins and host-cell-derived lipids. Glycoprotein E is the major antigen of TBEV and is responsible for receptor binding and membrane fusion [8,9]. The glycoprotein-E-coding gene is commonly sequenced and analyzed, but a pairwise distance analysis indicated that it has evolutionary patterns distinct from other TBEV genomic regions [10].



In recent years, it has been confirmed that the structure and sequence of non-coding RNA regions of Flavivirus genomes are of great functional importance. The 5′ untranslated region (UTR) and 3′ UTR of TBEV are postulated to be important for genome replication. These noncoding fragments dimerize, leading to the cyclization of the genome via the formation of a panhandle structure [11,12,13]. Hirano et al. reported that a cis-acting RNA element was identified in the 5′ UTR of TBEV that mediates neurovirulence by hijacking the host mRNA transport system, thus allowing the transport of TBEV genomic RNA to neuronal dendrites, where it replicates locally. Neuronal granules are involved in the transport of TBEV genomic RNA, and the hijacking of their system for the transport of viral genomic RNA in dendrites demonstrated in the results of Hirano et al. indicates the neuropathogenicity of the virus and explains how the viral infection can result in severe neurological diseases [14]. A recent study investigated the role of the predicted secondary RNA elements of the first 107 nucleotides of the genome (stem-loop A, SLA) [11]. Mutations within individual SLA structures (Core 0, Stem 1, Stem 2) affected virus replication, infectivity, and spread, but an effect on viral translation was not suggested.




3. Phylogenetic Analysis of Circulating Virus Subtypes


Traditionally, TBEVs have been classified into three subtypes: the European (TBEV-Eu), the Siberian (TBEV-Sib), and the Far-Eastern (TBEV-FE). Recently, Baikalian (TBEV-Bkl) and Himalayan (TBEV-Him) subtypes have been distinguished [15,16,17]. The assumption that if the open reading frame nucleotide sequence of two viruses differs by less than 10%, the two viruses belong to the same subtype guided the recent analyses, and they pointed to seven subtypes of TBEV: TBEV-Eu, TBEV-Sib, TBEV-FE, TBEV-Ob (TBEV-2871), TBEV-Him, TBEV-Bkl-1 (178-79), and TBEV-Bkl-2 (886-84) (Figure 2) [10]. Another phylogenetic analysis using the Nextstrain framework and based on more than 220 complete TBEV genomes proposed TBEV-Bkl1, TBEV-Bkl-2, and TBEV-Him as separate clades in addition to the three major subtypes TBEV-Eu, TBEV-Sib, and TBEV-FE [18].



The viral strains within the three main subtypes of TBEV, TBEV-Eu, TBEV-Sib, and TBEV-FE are believed to be descended from a common ancestor and have evolved independently. Recent studies on TBEV strains isolated near Lake Baikal in Russia, TBEV-Bkl-2 (886-84), have shown that these strains have a mosaic genome: some parts are more closely related to viruses from the Siberian group, while others are more closely related to the Far-Eastern group. Therefore, the Baikalian subtype of TBEV is postulated as evident of recombination between the Siberian and Far-Eastern subtypes [19].



The phylogenetic groups of TBEV may differ in their clinical presentation. For the European subtype, the fatality rate has been estimated at below 2% [20]. The disease caused by European subtypes of TBEV is usually biphasic with a viremic phase associated with a fever and myalgia, and in some patients, is followed by neurological symptoms of varying severity [1]. The Far-Eastern subtype is considered the most pathogenic, with a mortality rate estimated at up to 40% by some authors [21,22]. The Siberian subtype typically results in a less severe disease than that caused by the TBEV-FE subtype, with a fatality rate of 6–8%, and it may be associated with chronic TBE [23]. The TBEV-Ob (2871) strain was isolated from Ixodes pavlovskyi, and it has not been detected in humans, so its pathogenicity to humans is unknown. The virulence of the strain has been confirmed in laboratory mice. According to the classification based on the invasiveness index, the TBEV-Ob strain belongs to the group of the most common strains from Western Siberia [24]. Him-TBEV was detected in a wild rodent, Marmota himalayana, at the Qinghai–Tibet Plateau in China. An analysis of 17 amino acid residues associated with the pathogenicity of TBEV showed that Him-TBEV shares nine substitutions that are specific to pathogenic strains and five substitutions that are specific to strains isolated from subclinical cases. The pathogenic-associated amino acid substitution profile of the Him-TBEV strain is similar to the low-pathogenic TBEV Oshima strain [16]. The ability of TBEV-Bkl-2 (886-84) to cause lethal focal forms of encephalitis, as well as the results of laboratory tests, indicate the high pathogenic potential of this group [25]. However, assigning a certain level of pathogenicity to strains of a given subtype may be misleading. Some studies have shown that different strains within certain TBEV subtypes may show a variable virulence [26,27].
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Figure 2. The pie chart shows the abundance of identified TBEV strains within subtypes. [image: Jcm 12 06603 i001] Far Eastern group: 88 TBEV strains; [image: Jcm 12 06603 i002] European: 47 strains; [image: Jcm 12 06603 i003] Siberian: 33 strains; [image: Jcm 12 06603 i004] 886-84 Baikalian 2: 11 strains; [image: Jcm 12 06603 i005] Himalayan: 2 strains; [image: Jcm 12 06603 i006] 178-179 Baikalian 1: 1 strain and [image: Jcm 12 06603 i007] Obskaya 2971: 1 strain [10,16,19,24]. 
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4. TBEV Reservoirs, Vectors, and Transmission


Hard ticks of the family Ixodidae act both as vectors and reservoirs of TBEV. Ixodes ricinus occurs especially in central, northern, and eastern Europe, and I. persulcatus is found in parts of the Baltic States, Finland, Russia, and Siberia [28]. Field studies and experimental findings indicate that other species of ticks might also be effective TBEV vectors. Natural infections with TBEV were reported in 16 species of ixodid ticks more than 30 years ago [6]. Currently, at least eight species are known to be able to transmit the TBE virus, and so far, the virus has been isolated from at least 14 other species [29]. In Central Europe, TBEV has been revealed in some species of “hard” ticks: Ixodes persulcatus, Ixodes ricinus, Ixodes hexagonus [30], Ixodes arboricola [31], Haemaphysalis punctate [32], Haemaphysalis concinna [33], Dermacentor marginatus, and Dermacentor reticulatus [34]. Ixodes gibbosus is considered a marginal vector in the Mediterranean region [32]. Nosek et al. experimentally proved the vector competence of Haemaphysalis inermis for TBEV [35].



TBEV circulates in small, geographically defined areas, so-called “natural foci”. This cycle involves ticks as vectors and small rodents, insectivores, birds, and large mammals as hosts (Figure 3). Ticks can become infected by feeding on viremic hosts (viremic transmission) or by co-feeding with an infected tick (non-viremic transmission) [36]. Other ways of transmitting the virus include vertical transovarial transmission (via eggs laid by an infected female) and transstadial transmission (between developmental stages of ticks). Horizontal sexual transmission may take place between both ticks and warm-blooded hosts [37]. The transstadial and transovarial transmission of TBEV co-exist and take place simultaneously along with sexual, non-viremic, and other transmission modes.



The important hosts and reservoirs are small mammals such as rodents (mice and voles), insectivores (hedgehogs and moles), and carnivores (foxes). Rodents are amplifying, asymptomatic hosts of the virus. Prolonged viremia has been confirmed in some rodent species, such as the bank vole (Clethrionomys glareolus). Thus, ticks and small mammals can play a key role in maintaining TBEV in an environment. It is suspected that birds also play a role in the virus’ spread [38,39]. A phylogenetic analysis after the introduction of TBEV to the United Kingdom [40] and studies conducted in Finland and Japan [41,42] indicate the involvement of migrating birds in the spread of the virus. Ticks are believed to have different specific ranges of target animals at different life stages, e.g., adult ticks attack mainly large animals, while nymphs and larvae attach to small- and medium-sized animals, including birds [43,44]. In Europe, larger animals, mainly wild deer such as roe deer (Capreolus capreolus), are important hosts for adult ticks [45]. In Poland, seroprevalence against TBEV was recorded in European bison (Bison bonasus), the largest European herbivore, at a level of 63.5% [46]. Domestic animals may also be infected with TBEV, with goats in particular being commonly infected with TBEV because of their grazing pattern and preference for scrub. Infections with TBEV in sensitive domestic animal species such as dogs, horses, and animals kept in captivity, e.g., macaques, can be severe and may manifest with clinical signs similar to those seen in severe human cases [47]. In contrast, TBE is typically asymptomatic in domestic ruminants; however, there are rare descriptions of symptomatic disease [48]. The main route of TBEV transmission for humans is tick bites, or less often, alimentary, when the consumption of raw milk or milk products from infected ruminants introduces the virus [39,49,50]. The tick-borne encephalitis virus is relatively sensitive to temperatures and detergents, but remains infectious in gastric juice (pH of 1.49–1.80) for up to two hours [51]. It is estimated that approximately 1% of all TBEV infections in humans are transmitted by the alimentary route [52], and such infections have been reported in at least 10 European countries, with the highest numbers in Slovakia, Hungary, Czechia, and Poland. In Croatia, Germany, and Slovenia, single cases of TBE infections by the alimentary route have been reported [5].



Single cases of TBE transmitted by other routes have also been reported: aerosol infections among laboratory personnel [53], blood transfusions [54], and organ transplantation [55]. Transmission from an infected mother to her baby through breast milk is also suspected [5,56]. An example of a fatal TBEV infection following organ transplantation involved three patients who received organs from a single donor (two received a kidney and one received a liver). All the recipients developed encephalitis 17–49 days after the transplantation, which led to death. The presence of TBEV was confirmed using RT-PCR in the recipients and the donor, and sequencing confirmed the presence of the same virus strain. In this case, the course of the TBEV infection may have been complicated by pharmacological immunosuppression. It would be advisable for organ donors to be screened for TBEV, especially if they come from endemic regions [55].




5. The Geographical Range and Frequency of Infections


It is accepted that TBE is endemic in several European countries, mainly in northern, eastern, and central Europe [57]. According to a report by the European Centre for Disease Prevention and Control (ECDC), the most affected EU/EEA countries in 2020 included Lithuania (24.3 TBE cases per 100,000 individuals), Slovenia (8.9), Czechia (7.9), Latvia (7.8), Estonia (5.3), Slovakia (3.4), Austria (2.8), Sweden (2.6), and Finland (1.6). The highest numbers of confirmed cases were reported by Czechia (849), Germany (705), and Lithuania (679). Germany’s confirmed case number reflects its large population, and the rate in the country per 100,000 individuals was <1. In other countries, the incidence was relatively low (the estimated per-100,000 rate was also <1 in Belgium, Bulgaria, Croatia, France, Hungary, Italy, Norway, and Poland), or no cases were reported (Cyprus, Denmark, Iceland, Liechtenstein, Malta, Portugal, and the UK). According to the data received by the ECDC, the notification rate for TBE remained stable at 0.6 from 2016 to 2018, after which it increased to 0.7 in 2019 and 0.9 in 2020 [3].



In Asia, the virus is widespread in Russia, Kazakhstan, Kyrgyzstan, Mongolia, China, Korea, and Japan [58]. Chen et al. (2019) reported that the annual incidence of TBE in China increased from 0.09 to 0.44 per 100,000 individuals between 2007 and 2018. The cases of TBE were mainly distributed in northeast China, in DaXingAnLing Prefecture and ChangBaiShan [59]. In Japan, four cases of TBE were reported in a wide area of Hokkaido between 2016 and 2018, and were the only cases since 1993. In epizootiological surveys in Japan, the seropositivity for TBEV was estimated at approximately 10% to 20% in wild rodents in southern Hokkaido [58]. Seropositive dogs, horses, and deer were also sporadically detected [60,61]. Although cases of human encephalitis are increasing in the Republic of Korea, no cases of TBE have been confirmed so far. In 2008, TBEV was isolated from wild Apodemus agrarius rodents in Hapcheon, Gyeongsangnam-do [62].



The emergence of TBEV is being observed in new territories. The first detection of TBEV in the UK was confirmed in ticks collected in the Thetford Forest area of East Anglia in 2018. The second detection of TBEV in the UK was in ticks on the border of Hampshire and Dorset in southern England. A sequence analysis indicated that the TBEV-UK-Thetford strain was similar to the Norwegian Mandal 2009 strain. The second TBEV isolate was closely homologous to a strain identified in the Netherlands [63]. In the Netherlands, the serological screening of roe deer showed TBEV antibodies with a prevalence of 2%. Additionally, TBEV RNA was detected in two ticks collected in the same region of the Netherlands. The analyzed sequences from both ticks grouped within the TBEV-Eu subtype complex were, in fact, identical, and were designated as TBEV-NL. Subsequent studies confirmed TBE infections in two human cases [64]. Holzmann et al. reported the transmission of TBEV in 2008 via unpasteurized goat milk to six humans and four domestic pigs in an Alpine region in Austria [49]. This is an example of the extension of the TBEV range to the mountainous regions of Austria, above altitudes previously considered virus-free.




6. Clinical Symptoms and Diagnosis


The incubation period of TBE ranges from 4 to 28 days [20]. The incubation after a foodborne infection is usually shorter, and up to 4 days [1]. Some studies have suggested a correlation between the length of the 3′ UTR of TBEV and the incubation period of the disease. In the case of viral strains with a 3′UTR sequence shorter than 200 nucleotides, the incubation period for suckling mice was longer than 5 days [13]. Other factors that may impact the incubation period are the viral load and subtype, the host’s innate and specific immunity, and flavivirus resistance gene structures [6]. The course of a TBEV infection varies and depends on the age and immune status of the infected person and the characteristics of the particular TBEV strain. Generally, an infection with TBEV can be symptomatic or asymptomatic. A symptomatic infection can be monophasic (with or without neurological symptoms) or biphasic, as it is in most patients. In the first stage of the biphasic course, nonspecific symptoms occur, such as a fever, headaches, and muscle pain lasting up to one week, and 70% of patients are diagnosed with leukopenia and thrombocytopenia. In the second phase, there are symptoms of encephalitis in the form of a persistent fever, headaches, insomnia, confusion, possible vomiting, a stiff neck, muscle pain, and paresis [1]. The second phase of the disease can also manifest as hemorrhagic syndrome [65]. In this phase of the disease, an increase in the white blood cell count, an elevated C-reactive protein (CRP) level, and a higher erythrocyte sedimentation rate (ESR) can be observed [66].



Tick-borne encephalitis is usually diagnosed clinically and serologically in the neurological phase of the disease [67,68]. Enzyme-linked immuno-sorbent assays are the current method of choice for the rapid detection of TBE-specific IgM and IgG antibodies in the sera of unvaccinated patients. However, IgM antibodies are not detected in serum or CSF in the early phase of the disease [69,70]. Specific IgM antibodies are usually detected in the serum when neurological symptoms occur, and the IgM response in CSF occurs later than it does in serum [71]. A study by Reusken et al. demonstrated the importance of IgM determination in serum and cerebrospinal fluid to diagnose a TBEV infection. An analysis of ELISA results showed a lack of IgG specificity. Additionally, the CSF/serum IgG antibody index can support a diagnosis in cases of chronic disease or when IgM has disappeared [72].



The use of molecular diagnostic methods, such as a TBE-specific PCR, allows for the identification of all TBEV subtypes in the early phase of the disease [73,74]. The molecular technique is of lesser importance in healthcare practice, since a diagnosis is usually required for patients with neurological symptoms of the disease. Viral RNA can be detected in blood or serum during the first phase of the infection, when the patients are asymptomatic or the symptoms are non-specific. After the onset of neurological symptoms, TBEV RNA is rarely detected in the blood or CSF [74], although persistent viremia has been reported in immunocompromised patients [75]. The duration of viremia is influenced by the environmental and body temperature. In large mammals, viremia is short-lived and only low virus titers are revealed. Birds also pass through a very short viremia stage [76].




7. Impact of Climate and Land Use Changes


Tick–host–pathogen interactions are undoubtedly affected by the climate and land use of a region. In general, the development and stability of the TBE natural foci depend on the combination of several ecological factors, including the temperature, relative air humidity, soil moisture, and biotope vegetation characteristics. Warmer and humid conditions favor tick activity and survival. Moreover, the population density and dynamics of ticks and their hosts, the susceptibility of reservoir hosts to TBEV, the proportion of immune hosts, and the virus prevalence among both ticks and vertebrate hosts are also important for the spread of TBEV [36,77,78]. Climate changes may affect the number of ticks through the abundance of their hosts, such as deer, rodents, and birds, and changes to the organic matter environmental compartment [79]. For example, the warming climate in Central Europe is likely to lead to a decline in the density of Norway spruce (Picea abies) and the affected areas are likely to be colonized by beech (Fagus sylvatica) [80]. The fallen leaves of deciduous trees create a favorable environment for the survival of the free-living stages of ticks.



The results presented by Palo, based on analyses carried out in Sweden, show that climate warming is only a secondary determinant of TBE cases compared to ecological interactions in the host community, such as predator–prey interactions. Low host numbers and a small number of potential host species increase the risk of TBE infections in humans. It has been postulated that TBE transmission is largely determined by interspecies interactions in the tick–host–predator system [81].



Land fragmentation through deforestation and urbanization dividing naturally continuous forests into smaller sections can increase the tick density, because it creates easier movement opportunities for host populations. Another factor that may influence virus transmission is human behavior related to sociological factors—how people spend time outdoors and are exposed to infected ticks [82]. The changes taking place have the overall effect of increasing the spread of arbovirus vectors. For example, an increase in flavivirus cases has been observed in Slovakia. In 2018 and 2019, the molecular screening of selected flaviviruses in vectors (ticks and mosquitoes) revealed the co-circulation of West Nile virus, Usutu virus, and TBEV in that country [83].



Mathematical modeling can be used for predictions and the long-term monitoring of tick population dynamics in a given environment. An example is a mathematical model developed to predict the frequency of TBE in the tick–host enzootic cycle. Climate projections were integrated with emerging knowledge on the region-specific enzootic processes of ticks and pathogens by fitting the model parameterization to historical data [84,85].




8. TBE and the COVID-19 Pandemic


The impact of COVID-19 on other viral human diseases varies depending on factors such as public health measures, the healthcare infrastructure, and the nature of each specific disease. Respiratory viruses, especially influenza and syncytial viruses, saw a decline in the number of infections during the COVID-19 pandemic, most notably at the beginning of the pandemic [86]. According to data collected by the ECDC, despite the COVID-19 pandemic and the imposed restrictions, the TBE incidence has increased in many countries [3,87]. Ullrich et al. reported an increase in the number of TBE cases in Germany in the first months of the COVID-19 pandemic over the previous years’ total [88]. These studies aimed to assess the impact of the pandemic on the incidence of other notifiable infectious diseases. The prevalence of diseases caused by 32 pathogens was analyzed in the categories of respiratory diseases, gastrointestinal diseases, sexually transmitted diseases, blood-borne diseases, and vector- and healthcare-associated pathogens. The only increase in the number of cases was observed for TBE [88]. Zając et al. analyzed the data published by the ECDC and Eurostat comparing the number of reported TBE and COVID-19 cases in 2020 and TBE cases in 2015–2019 (the reference period). In 12 of the 23 analyzed countries, there was a significant increase in the TBE incidence. The authors concluded that there was no correlation between the incidence of COVID-19 and TBE or between the availability of medical personnel and the TBE incidence in the studied countries [87]. The increase in TBE cases during the COVID-19 pandemic may have been due to a change in people’s behavior and increased outdoor activity, especially in forest areas where there is a higher risk of tick exposure. Perhaps the COVID-19 pandemic period was also associated with less availability of TBE vaccines and a reduction in tick control programs. In addition, less emphasis was placed on preventive healthcare and less attention was paid to other health risks such as vector-borne diseases.




9. Vaccination, Treatment, and Prevention


The available protective measure against TBEV infections is immunization. Vaccines against TBEV are based on inactivated whole virions and contain strains of the European or Far-Eastern subtype of TBEV (Table 1). In Europe, FSME IMMUN/TICOVAC and Encepur are produced, based on the European TBEV strains Neudorfl and K23, respectively [89]. In Russia, licensed production takes place of EnceVir, Tick-E-Vac, and its lyophilized analog, TBE vaccine Moscow, based on the Far-Eastern TBEV strains 205 and Sofjin, respectively [90,91]. In China, the SenTaiBao vaccine, based on the Chinese TBEV-FE strain Sen-Zhang, is available [58]. In 2021, the U.S. Food and Drug Administration approved TICOVAC, a tick-borne encephalitis (TBE) vaccine, for use in the United States [92].



Novel TBEV vaccination strategies are in various stages of development (e.g., live attenuated and recombinant types) [93,94]. The new perspectives on TBE vaccine development also extend to mRNA vaccines. In this type of vaccine, mRNA coding for a viral antigen is synthesized in vitro and injected into the host, leading to exogenous protein expression and robust immune responses [95]. It should be mentioned that mRNA-based vaccines have been developed for other flaviviruses, such as the Powassan virus. VanBlargan et al. developed a lipid-nanoparticle-encapsulated modified mRNA vaccine encoding the Powassan virus prM and E genes. This mRNA vaccine also induced cross-neutralizing antibodies against multiple other tick-borne flaviviruses [96,97,98].



There are no antivirals available against TBEV, although different antiviral compounds are being tested. Several small molecules have been identified that specifically interfere with TBEV replication in vitro, and some of them have also shown therapeutic potential in animal models. For example, nucleoside analogues have been investigated that can inhibit the RNA-dependent RNA polymerase or viral methyltransferases [99]. This group of compounds includes ribavirin, which interferes with TBEV replication and protects infected cells from cytopathic effects in cell culture [100]. Other strategies include human or chimeric monoclonal antibodies with the potential for post-exposure prophylaxis or early therapy [101]. Combination therapy using small-molecule antiviral drugs together with anti-inflammatory agents could both block viral replication processes in host cells and suppress adverse immune responses and cytokine storms [102].



Tick control measures rely on the use of ectoparasiticides such as organochlorides, organophosphates, pyrethroids, and, more recently, insect growth regulators and isoxazolines [103]. The most commonly used repellents include N,N-diethyl-meta-toluamide (DEET) and 1-piperidinecarboxylic acid 2-(2-hydroxyethyl)-1-methylpropylester (picaridin) [104]. The appropriate use of chemicals is beneficial in controlling ticks; unfortunately, the misuse, overuse, and inappropriate application of chemical acaricides leads to the development of resistance in the tick population [105]. Acaricides can also be potentially dangerous to human and animal health and can cause food and environmental contamination [106]. Therefore, the development of new agents and effective alternative tick control strategies such as entomopathogenic fungi and plant-based alternatives is required [107,108,109]. Recently, metal, metal oxide, and carbon nanoparticles, particularly those obtained through green fabrication routes, were found to be effective against a wide array of arthropod pests and vectors [110].



An important aspect of protection against TBE is exercising care when in areas with foliage where ticks live. It is recommended to wear long pants, cover the ankles, and avoid walking through tall grass and brush. After traversing a tick habitat, it is advisable to check the skin and take a shower to rinse off any ticks that have not attached. In the case of tick bites with the arachnid attached, the best way to remove it is pulling straight out with tweezers or fingers. The use of grease or ether sprays is not recommended [111].



The TBE surveillance system seems in need of strengthening and extending because its current extent is too limited and the disease’s prevalence is underestimated. A panel of experts published recommendations for improving the TBE surveillance and expanding the vaccine uptake in Europe [112]. The standardization of diagnostic criteria, available tests throughout Europe, and the investigation of all cases of aseptic meningitis/encephalitis of an unknown etiology for possible TBEV infections are suggested. It is also advisable to raise awareness of the risk of TBEV infections and promote vaccination.
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Figure 1. Schematic structure of the TBEV virion, the viral genome (RNA) and the C protein form a nucleocapsid surrounded by a lipid envelope in which glycoproteins E and M are embedded. 
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Figure 3. Transmission of TBEV in the life cycle of ixodid ticks, shaded fields indicate the host group characteristic for particular developmental stages of ticks. 
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Table 1. Commercially available inactivated TBE vaccines.
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	Vaccine
	TBEV Strain
	Adjuvant
	Stabilizer
	Distribution





	FSME IMMUN/TICOVAC
	Neudorfl

TBEV-Eu
	Al(OH)3
	HAS (human serum albumin)
	Europe, USA



	Encepur
	K23 TBEV-Eu
	Al(OH)3
	sucrose
	Europe



	EnceVir
	205 TBEV-Fe
	Al(OH)3
	sucrose, HSA
	Russian Federation



	Tick-E-Vac
	Sofjin TBEV-Fe
	Al(OH)3
	sucrose, HSA
	Russian Federation



	TBE vaccine Moscow
	Sofjin TBEV-Fe
	Al(OH)3
	sucrose, HSA,

gelatose
	Russian Federation



	SenTaiBao
	Sen-Zhang TBEV-Fe
	Al(OH)3
	HSA
	China
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