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Summary 

 

Mathias Boelke (2021) 

Characterization of tick-borne encephalitis virus (TBEV) in questing ticks and 

in a murine infection model 

Due to climatic, environmental, and anthropogenic changes as well as globalization 

with global trade and international travelling, the number of disease outbreaks 

attributed to arthropod-borne viruses (“arboviruses”) in Europe has been steadily 

increasing during the recent years. Zoonotic diseases and their corresponding 

arthropod vectors can spread to and establish themselves in regions formerly known 

as absent. Tick-borne encephalitis (TBE) is the most important tick-borne arboviral 

and one of the most severe neurological diseases in Europe with high impact on 

public health. Annually, 10,000 to 12,000 TBE cases are reported in Europe and 

Asia. The causative agent, TBE virus (TBEV), belongs to the family Flaviviridae and 

represents the most important zoonotic tick-transmitted virus in Europe. Humans 

mostly contract TBEV due to the bite of an infected tick, but additionally, alimentary 

infection via consumption of unpasteurized milk or dairy products of viraemic animals 

is possible. In humans, TBE pathogenesis can range from asymptomatic or mild 

forms to severe neurological disease manifesting as meningitis, meningoencephalitis 

and meningoencephalomyelitis, which potentially results in long-term sequelae and 

fatal outcome. So far, TBE is endemic in 27 European and at least four Asian 

countries. In Germany, TBE was classified as notifiable disease in 2001 and during 

the time span 2001 to 2020, 7,221 TBE cases were reported. The main endemic 

regions in Germany are in the southern half of the country, mainly in the federal 

states of Bavaria and Baden-Wuerttemberg. Although, sporadic human TBE cases 

were reported outside of the known endemic regions. Detection and characterization 

of invading TBEV strains is important fascilitating surveillance and risk assessment of 

this serious disease and although, will add information on the distribution and spread 

of TBEV. For evaluation of newly identified TBEV strains, mainly laboratory mice 

strains serve as model to assess the neuroinvasive and neurovirulent character of 

those viral strains. 
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Within the scope of this thesis, the detection, the first ever isolation and phylogenetic 

analysis of five different TBEV strains in questing ticks at two locations in the formally 

classified non-endemic federal state Lower Saxony is described. These findings 

highlight the increased prevalence of TBEV in German regions that have been 

formally classified as non-endemic for TBEV and it demands an enhanced public 

awareness as well as surveillance efforts in Lower Saxony and potentially the other 

northern federal states of Germany. In addition, phylogenetic characterization of 

Lower Saxonian TBEV strains suggests a classical east-west invasion event of TBEV 

to Western Europe due to the high similarity of virus strains from Saxony and Lower 

Saxony. Furthermore, to evaluate the viral characteristics of newly identified TBEV 

strains, a murine infection model was established. Therefore, C57BL/6 mice were 

infected either subcutaneously or intracerebrally with European TBEV prototype 

strain Neudoerfl. In addition to central nervous system (CNS) symptoms and 

infection, gastrointestinal (GI) alterations namely acute distension and segmental 

dilation of the intestinal tract were a common feature upon TBEV infection. 

Histological analysis revealed an intramural enteric ganglioneuritis in the myenteric 

and submucosal plexus of the small and large intestine. Those results emphasize 

that GI disease manifestation and consequences for long-term sequelae should not 

be neglected for TBEV infections in humans and require further investigation adding 

additional knowledge to this important disease and its clinical manifestations. 
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Zusammenfassung 

 

Mathias Boelke (2021) 

Charakterisierung des Frühsommer-Meningoenzephalitis-Virus (FSMEV) in 

wirtssuchenden Zecken und im murinen Infektionsmodell 

Aufgrund klimatischer, ökologischer und anthropogener Veränderungen sowie 

Globalisierung mit internationalem Handel und Reisen steigt die Zahl an 

Krankheitsausbrüchen, welche durch Arthropoden-übertragene Viren („Arboviren“) 

verursacht werden in Europa über die letzten Jahre stetig an. Zoonotische 

Erkrankungen und deren übertragende Arthropoden-Vektoren können in neue 

Gebiete vordringen und sich in Regionen, welche vorher als frei von Vektor und 

Krankheit tituliert waren, etablieren. Die Frühsommer-Meningoenzephalitis (FSME) 

ist die wichtigste Zecken-übertragene arbovirale sowie eine der schlimmsten 

neurologischen Erkrankungen in Europa mit einem großen Einfluss auf die öffentliche 

Gesundheit. Jährlich werden 10.000 bis 12.000 FSME-Fälle in Europa und Asien 

gemeldet. Die FSME wird von dem FSME-Virus (FSMEV) verursacht, welches zur 

Familie der Flaviviridae gehört und das wichtigste zoonotische Zecken-übertragene 

Virus in Europa darstellt. In den meisten Fällen infizieren sich Menschen mit FSMEV 

über den Stich einer infizierten Zecke, jedoch kann eine Infektion auch alimentär 

durch Konsum von nicht pasteurisierter Milch oder Milchprodukten von virämischen 

Tieren erfolgen. Im Menschen kann die FSME-Pathogenese von asymptomatischen 

oder milden Formen bis zu schweren neurologischen Verläufen reichen, welche sich 

als Meningitis, Meningoenzephalitis und Meningoenzephalomyelitis widerspiegelt 

und potenziell zu Langzeitschäden sowie Tod führen kann. Bislang ist die FSME in 

27 europäischen und mindestens vier asiatischen Ländern endemisch. Seitdem die 

FSME 2001 in Deutschland als meldepflichtige Erkrankung eingestuft worden ist, 

wurden im Zeitraum von 2001 bis 2020 7.221 FSME-Fälle gemeldet. Die 

hauptsächlichen Endemiegebiete in Deutschland befinden sich in den südlichen 

Bundesländern, vor allem in Bayern und Baden-Württemberg. Nichtsdestotrotz 

werden sporadische humane FSME-Fälle auch außerhalb dieser Endemiegebiete 

gemeldet. Nachweis und Charakterisierung von neu auftretenden FSME-Stämmen ist 

wichtig, um Surveillance-Maßnahmen zu verbessern, die Bewertung dieser 
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schwerwiegenden Krankheit zu unterstützen sowie Informationen über die Ver- und 

Ausbreitung des FSMEV zu generieren. Für die Evaluierung neugefundener FSME-

Stämme hinsichtlich ihrer neuroinvasiven und neurovirulenten Eigenschaften werden 

zumeist Laborstämme von Mäusen als Tiermodell verwendet. 

Im Umfang dieser Arbeit konnte der Nachweis sowie die allererste Isolierung und 

phylogenetische Charakterisierung von fünf FSME-Stämmen aus wirtssuchenden 

Zecken an zwei Standorten im formell als nicht endemisch klassifizierten Bundesland 

Niedersachsen beschrieben werden. Dieser Nachweis hebt die FSMEV-Prävalenz in 

deutschen Regionen, welche als nicht endemisch klassifiziert sind, hervor und 

erfordert erhöhtes öffentliches Bewusstsein und Surveillance-Maßnahmen in 

Niedersachsen und eventuell auch in anderen nördlichen Bundesländern. Überdies 

suggeriert die phylogenetische Charakterisierung niedersächsischer FSMEV-

Stämme eine klassische Ost-West-Eintragung nach Westeuropa, da eine sehr hohe 

Ähnlichkeit zwischen FSMEV-Stämmen aus Sachsen und Niedersachsen besteht. 

Für eine weiterführende Evaluierung der viralen Eigenschaften von neugefunden 

FSMEV-Stämmen wurde ein murines Infektionsmodell etabliert. Dafür wurden 

C57BL/6-Mäuse entweder subkutan oder intrazerebral mit dem europäischen 

Prototyp-FSMEV-Stamm Neudoerfl infiziert. Zusätzlich zu Symptomen und Infektion 

des zentralen Nervensystems (ZNS) waren gastrointestinale Veränderungen, 

namentlich akute Dehnung und segmentale Dilation des intestinalen Traktes ein 

häufiges Merkmal während einer FSMEV-Infektion. Histologische Untersuchungen 

offenbarten eine intramurale Ganglioneuritis in dem myenterischen und 

submukosalen Plexus des Dünn- und Dickdarms. Diese Erkenntnisse verdeutlichen, 

dass eine gastrointestinale Manifestation der Erkrankung sowie Konsequenzen 

hinsichtlich Langzeitschäden einer FSMEV-Infektion im Menschen nicht 

vernachlässigt werden sollten. Zudem ist tiefgreifendere Forschung notwendig, um 

mehr Informationen über die Krankheit und deren Ausprägung zu generieren. 
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Introduction 

Due to increasing globalization, trade as well as climatic and anthropogenic changes, 

zoonotic diseases and their corresponding vectors can spread to areas formerly 

absent of both disease and vector (Deplazes et al. 2016). With rising temperatures, 

vectors can establish persistent populations formerly hindered by climatic restrictions. 

France recorded the first autochthonous cases of Zika virus (ZIKV) infections in 

humans in 2019 (Giron et al. 2019), West Nile virus (WNV) is spreading northwards 

in Europe (Bakony and Haussig 2020) and autochthonous dengue virus (DENV) 

infections were reported in France and Italy in 2020 (Vermeulen et al. 2020; Lazzarini 

et al. 2020). In addition, ticks from the genus Hyalomma, known vector of Crimean-

Congo hemorrhagic fever virus (CCHFV) established populations in central Europe 

with autochthonous cases in Spain (Negredo et al. 2017). Due to the occurrence of 

new vector species like the tiger mosquito Aedes (A.) albopictus and the yellow fever 

mosquito A. aegypti or former mentioned Hyalomma spp. tick, the risk of emerging 

and re-emerging zoonotic pathogens is rising (de la Fuente et al. 2008; Dantas-

Torres et al. 2012; Rizzoli et al. 2014).  

After mosquitoes, ticks are the second most important vector of zoonotic diseases 

(Gosh and Nagar 2014). Ticks belong to the class Arachnida in the subclass Acari. 

They are globally distributed hematophagous ectoparasites, acting both as biological 

vector and as reservoir for a broad spectrum of pathogens like viruses, bacteria, and 

protozoans (de la Fuente et al. 2008). Viruses transmitted by arthropod vectors are 

non-taxonomically termed “arboviruses = arthropod-borne viruses”. The number of 

disease outbreaks attributed to arboviruses in Europe has been steadily increasing 

during recent years (Barzon 2018). To date, more than 500 arboviruses are 

described (Artsob et al. 2017). At least 160 named viruses are considered tick-borne 

(TBV) and nearly 25% of those viruses are associated with disease (Nuttall, 2013). 

This highlights the importance of research on emerging and re-emerging arboviruses 

for public health. Besides hemorrhagic fever and arthralgia rash syndromes, one of 

the most severe arboviral disease pattern is neurological disease due to viral 

infection of the CNS. Most arthropod-borne viral encephalitis cases are attributed to 

viruses from the families Flaviviridae, Peribunyaviridae (order Bunyavirales) and 

Alphaviridae families, with tick-borne encephalitis virus (TBEV, Flaviviridae, genus 
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Flavivirus) as important vector-borne zoonosis with high impact on public health in 

Europe and Asia (Gritsun et al. 2003). 

 

Tick-borne encephalitis (TBE) 

Tick-borne encephalitis (TBE) is one of the most serious neurological diseases in 

Europe and northeastern Asia representing an increasing public health concern with 

10,000-12,000 clinical cases per year (Bogovic and Strle 2015; Ruzek et al. 2019). In 

humans, TBE ranges from asymptomatic infections or mild forms to severe 

neurological disease presenting as meningitis, meningoencephalitis and 

meningoencephalomyelitis resulting in long-lasting sequelae and potentially fatal 

outcome (Gritsun et al. 2003; Mansfield et al. 2009; Ruzek et al. 2019). Fatality rates 

show a decrease with westward spread from far-eastern Russia through Central and 

Western Europe linked to present TBEV subtype (Gritsun et al. 2003). To date, there 

is no general antiviral therapy available and treatment relies on supportive 

management, but TBE is preventable by effective vaccination as well as prevention 

measures to reduce the risk of contracting tick bites (Ruzek et al 2019). 

First reports of a disease matching the clinical picture of TBE date back to the 18th 

century documented in Asland islands (Finland) and in the eastern parts of the former 

USSR. The “Taiga encephalitis” and “biphasic meningoencephalitis” was observed 

mostly in woodcutters, topographers and railway workers (Kunz 2003). In 1931, 

Schneider was the first who recognized and described the disease entity as the 

“Epidemische akute Meningitis serosa” in 1931 (Schneider 1931). In Austria, the 

disease is also known as “Schneidersche Krankheit”. The causative agent, TBEV, 

was first described in 1937 by an expedition from the USSR Ministry of Health led by 

Lev A. Zilber in far-eastern Russia. The expeditions were searching for the etiological 

agent of acute encephalitis, which was associated with tick bites (Gritsun et al. 2003). 

Zilber and his team found the virus in febrile patients as well as in ticks feeding on 

them. Warning of local people to avoid tick bites decreased the occurrence of cases 

distinctly and proved ticks, in this case Ixodes (I.) persulcatus, as vector of the 

disease (Kahl et al. 2020). The disease was formerly known as Russian Spring and 

Summer Encephalitis (RSSE) due to the rise in cases during spring and summer 

months (Dumpis et al. 1999; Gritsun et al. 2003). In 1948, Rampas and Gallia (1949) 
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were the first to isolate the virus from field-collected ticks outside the former USSR in 

1948. In addition to tick bite-induced infection, human TBE infection by an alimentary 

route was observed in the European part of the former USSR from 1947 to 1951 

(Gritsun et al. 2003) and in an outbreak in south-eastern Slovakia in 1951 with 600 

cases (Blaskovic 1967). Infections were linked to the consumption of unpasteurized 

goat milk or goat milk products from viraemic goats. Foodborne TBE is the cause of 

approximately 1% of all TBE cases, but numbers can differ between regions (Ruzek 

e al., 2019). Additionally, a cluster of TBE cases was related to organ transplantation 

(Lipowski et al. 2017). 

The occurrence of TBE is linked to the presence and geographical spread of its 

vector, mostly ticks from the family Ixodidae (Gritsun et al. 2003). In Europe, the most 

important tick vector is the castor bean tick, I. ricinus (Linnaeus 1758) while in Russia 

and Asia the taiga tick, I. persulcatus (Schulze 1930) is the most important TBEV 

vector (Chitimia-Dobler et al. 2019). From 1973 to 2003, the reported TBE cases in 

Europe increased by 400%, while a decrease in TBE incidence was observed in 

Russia (Süss et al. 2008; Erber and Schmitt 2018). TBE is endemic in 27 European 

and at least four Asian countries (Steffen et al. 2016). Furthermore, 17 European 

countries classified TBE as a notifiable disease (Stefanoff et al. 2011). Since 2012, 

TBE is a notifiable disease at the EU level and is under surveillance by the European 

Centre for Disease Prevention and Control (ECDC). Countries with highest TBE 

incidence are Czech Republic, Russia, Slovenia, and Baltic states (Chrdle et al. 

2016). In the past, Austria reported the highest TBE morbidity in Europe but due to a 

successful vaccination campaign in 1981, TBE cases were reduced drastically (Kunz 

2003; Süss et al. 2008). Since TBE was classified as a notifiable disease in Germany 

in 2001, 7,221 cases have been reported of which 75 cases occurred in the federal 

state of Lower Saxony (survstat.rki.de, 16.02.2021 20:14).  

 

Tick-borne encephalitis virus (TBEV) 

TBEV belongs to the genus Flavivirus within the family of the Flaviviridae (Latin: 

flavus – yellow, regarding yellow fever virus (YFV) as prototype virus) and is one of 

the most important neurotropic viruses in Europe with high impact on human health 

(Ruzek et al. 2019). The genus Flavivirus comprises over 70 virus species including 
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many important human pathogens like the mosquito-borne WNV, ZIKV, DENV, 

Japanese encephalitis virus (JEV) and the tick-borne Powassan virus (POWV) 

(Gould and Solomon 2008; Bakhvalova et al. 2011). Most of the known flaviviruses 

are transmitted horizontally to their vertebrate host by hematophagous arthropods 

(e.g., mosquitoes and ticks). Nearly the complete human population lives in an area 

being endemic for at least one flavivirus (Gould and Solomon, 2008). At least 14 

flaviviruses are tick-borne (Bakhvalova et al. 2011). In case of TBEV, most human 

cases are caused by the bite of an infected tick but in some cases alimentary 

infections occur via consumption of unpasteurized, infected dairy products (Gritsun et 

al. 2003).  

TBE virions are small, icosahedral, and enveloped particles with an average diameter 

of 50 nm (Charrel et al. 2004) (seen in Figure 1). The TBEV genome consists of a 

positive-sense, single-stranded RNA (+ssRNA) molecule with about 11 kilobases (kb) 

in size containing one open reading frame (ORF) with a methylated 5’ cap structure 

but without a 3’ poly-A tail (Simmonds et al. 2017). This ORF encodes for one large 

polyprotein of approximately 3,400 amino acids (aa) (Gritsun et al. 2003). The ORF is 

flanked by 5’- and 3’ untranslated regions (UTR) containing RNA structural motifs 

(secondary structures), which play a crucial role during the viral life cycle (Thurner et 

al. 2004). The polyprotein is co- and posttranslationally processed by proteolytic 

cleavage of viral and cellular proteases into three structural proteins (C= capsid, 

prM/M= (pre-) membrane and E= envelope and seven non-structural (NS) proteins 

(NS1, NS2A, NS2B, NS3, NS4A, NS4B, NS5) (seen in Figure 2), which are essential 

for viral replication (Mandl et al. 1989).  
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Figure 1. Schematic model of a Flaviviridae virion. From Heinz and Stiasny (2017), modified. A 
classical Flaviviridae virion in immature (left) and mature form (right). The mature form consists of the 
two surface proteins E (envelope) and M (membrane) which are embedded in a lipid bilayer. The 
genomic RNA (green line) is complexed with multiple copies of the C (capsid) protein to a 
nucleocapsid.  

 

 

Figure 2. Polyprotein and cleaved products of the genus Flavivirus. From Simmonds et al. 
(2017). Schematic structure of the flaviviral genome. The genome is flanked by 5´and 3´ non-coding 
regions (NCR). The polyprotein is co- and posttranslationally processed by proteolytic cleavage with 
viral and cellular proteases into three structural (C, prM/M, E) as well as seven non-structural proteins 
(NS1, NS2A, NS2B, NS3, NS4A, NS4B, NS5). 

 

The RNA strand is complexed with multiple copies of the C proteins to form a 

nucleocapsid (Knipe and Howley 2001) which is embedded in a lipid bilayer (Gritsun 

et al. 2003). This lipid bilayer contains the M and the E proteins. The E protein acts 

as the major surface protein of the virus interacting with cell receptors and mediating 
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pH-dependent fusion of the virus envelope with the cell membrane (Knipe and 

Howley 2001). The viral neutralizing humoral immune response in the mammalian 

hosts via antibodies is mediated mainly against the E glycoprotein (Heinz 1986). After 

cell membrane fusion, the nucleocapsid is released to the cytoplasm, bound by 

ribosomes, and subsequently translated into a single polyprotein (Knipe and Howley 

2001). Following proteolytic cleavage and modification of the polyprotein by assembly 

of viral non-structural proteins, replication occurs by synthesis of an antigenome used 

as template for RNA replication (Simmonds et al. 2017). Replication occurs in the 

membranous structures of the endoplasmic reticulum (ER) by including viral 

participants, namely the serine protease and the RNA helicase (NS3) as well as the 

RNA-dependent RNA polymerase (RdRp) (NS5), which are homologous proteins 

among the genus Flavivirus. Subsequently, virion assembly occurs due to budding 

through intracellular membranes, which is followed by the transportation of particles 

via the secretory pathway and the release by exocytosis (Simmonds et al. 2017). Due 

to the lack of a proofreading function of the viral RdRp, RNA viruses present high 

mutation rates resulting in considerable sequence variations and a pool of 

quasispecies (Knipe and Howley 2001; Bakhvalova et al. 2011). Mutations in the E 

protein of Flaviviridae are of special interest as they interact with host cell receptors 

and mutations can lead to enhanced virulence as well as reduced efficacy of 

vaccines (Knipe and Howley 2001; Lindqvist et al. 2020).  

Based on phylogenetic analysis of the E protein, TBE viruses were divided into three 

subtypes (Ecker et al. 1999) that showed differences in geographical distribution, 

clinical severity, virulence, and genetic differences of their polyprotein (Demina et al. 

2010; Dai et al. 2018). The three main subtypes are the European (TBEV-Eu), the 

Siberian (TBEV-Sib) and the Far-Eastern (TBEV-FE) referring to their geographical 

distribution. In addition, this is linked to the occurrence of their main vector tick 

species: TBEV-Eu is mainly transmittedby I. ricinus whereas the TBEV-Sib and 

TBEV-FE are mainly transmitted by I. persulcatus (Gritsun et al, 2003). However, 

regions with occurrence of co-existence of two or even all three subtypes have been 

reported in Siberia, Baltic States and Ukraine (Ruzek et al. 2019). Concerning the 

virulence of different subtypes, mortality rates differ between the subtypes ranging 

from 1-2% for the European, 6-8% for the Siberian to 20-30% for the Far-Eastern 

subtype (Lindquist et al. 2008; Hayasaka et al. 2009). However, the TBEV subtype is 
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not the solely determinant of mortality differences as mild and severe forms have 

been associated with any of these subtypes (Ruzek et al. 2019). Recently, two 

additional TBEV subtypes have been described. The Baikalian subtype (TBEV-Bkl) 

was isolated from I. persulcatus ticks in East Siberia near the lake Baikal and in 

Northern Mongolia (Kovalev et al. 2017; Kozlova et al. 2018). To date, 13 strains of 

this subtype are known (Ruzek et al. 2019). Additionally, another TBEV subtype was 

isolated from the Himalayan marmot (Marmota himalayana) in the Qinghai-Tibet 

Plateau in China (Dai et al. 2018). The tick vector for this Himalayan subtype (TBEV-

Him) is so far unknown. In addition, a recent study from Russia proposed the 

presence of at least seven TBEV subtypes (Deviatkin et al. 2020). A phylogenetic 

tree based on the E protein and the polyprotein, respectively, illustrating the 

relationship between the five accepted subtypes is shown in Figure 3. 

 

 

Figure 3. Phylogenetic tree of TBEV subtypes. From Dai et al. 2018, modified. A) Phylogenetic tree 
of the five identified TBEV subtypes based on E protein sequences. B) Phylogenetic tree of the five 
identified TBEV subtypes based on the polyprotein sequences. The strains of the latest identified 
TBEV subtype, TBEV-Him, are indicated in boldface. Scale bar below indicates the nucleotide 
substitutions per site.  

 

Based on genome sequencing data comparison, amino acid divergences in the E 

protein of the three main subtypes do not exceed 6.9% (Kovalev and Mukhacheva 

2014). This is within the natural range of natural human pathogenic flaviviruses. 

Observed variations within each subtype are even smaller, e.g., 1.8% reported for 

strains of TBEV-Eu (Kovalev and Mukhacheva 2014). The newly described TBEV-

Him differed by 5.0-7.3% in the E protein and by 4.8-7.4% in the polyprotein from the 
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other subtypes and is therefore is nearly identical with the range of distances 

between the main subtypes (Dai et al. 2018). This low amount of antigenic variation 

between the subtypes is of special interest concerning vaccination usage. 

Vaccinations based on TBEV-Eu strains showed to be protective against strains from 

TBEV-Sib and TBEV-FE (Heinz and Stiasny 2012). Nevertheless, vaccination 

breakthroughs have been recently reported more frequently highlighting the potential 

need of improved vaccines (Andersson et al. 2010; Ruzek et al. 2019; Janik et al. 

2020; Kubinski et al. 2020). 

 

Distribution of TBEV 

The distribution of TBEV is mainly determined by the geographical expansion and 

presence of its vector ixodid ticks, which act as both main vector and reservoir for 

TBEV (Kovalev and Mukhacheva 2014). Natural habitats for TBEV and its 

corresponding vector are the forests of Europe and Asia enabling ticks to find high 

humidity in dense undergrowth of forest (Gritsun et al. 2003). Enhanced surveillance 

and awareness for the disease as well as increasing temperature promoting longer 

tick activities in combination with anthropogenetic changes of behavior (more 

frequent visit in tick habitats) led to description of more endemic areas in the last 

years (Süss 2008; Chrdle et al. 2016). In 2020, a record high of 705 human TBE 

cases were reported in Germany (survstat.rki.de; 16.02.2021, 10:10). Increased 

numbers of ticks in combination with a high percentage of TBEV-infected ticks as well 

as potential effects of the ongoing coronavirus Severe acute respiratory syndrome 

coronavirus type 2 (SARS-CoV-2) pandemic in form of more frequent time in nature 

due to contact restrictions are suggested as factors contributing to the high TBE case 

number in 2020 (Redaktion, 2020). 

Based on biological data, TBEV originated in Western Siberia approximately 3,100 

years ago (Heinze et al. 2012). Starting from there, eastern TBEV groups spread 

through Asia and western TBEV groups reached Central Europe approximately 2,000 

years ago. Today, TBEV can be found in northern China and Japan, through Russia 

and in over 30 European countries as well as just recently, the first report ever in an 

African country was documented in Tunisia of TBEV (Mansfield et al. 2009, Dobler et 

al. 2012; Fares et al. 2021). Due to climatic changes, TBEV and its vectors spread to 
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new regions previously proclaimed as non-endemic with recent findings of TBEV in 

the Netherlands, the United Kingdom and at higher altitudes in alpine regions of 

Austria and Germany (de Graaf et al. 2016; Holding et al. 2019; Holding et al. 2020; 

Heinz et al. 2015; Lemhöfer et al. 2021). In addition, TBEV positive ticks have been 

found in the Arctic Circle region in northern Norway (Soleng et al. 2018). 

In Germany, most endemic areas are located in the southern federal states of 

Bavaria, Baden-Wuerttemberg, Saxony, South Hesse and southeast Thuringia 

(Dobler et al. 2012; RKI 2020). In Germany, 164 districts are defined as risk area for 

TBEV by the Robert-Koch-Institute (RKI 2020). According to definition, a district is 

declared as risk area when the number of recorded TBE cases is significantly higher 

as the expected number of cases by an incidence of one case per 100,000 

inhabitants. However, sporadic human TBE cases and TBEV isolation have also 

been reported outside of these endemic areas, e.g., in the federal state of Lower 

Saxony (Boelke et al. 2019).  

TBEV occurs in so called natural foci, firstly outlined by Pavlovsky (1946), which can 

be as small as 0.49-0.5 hectare (ha) and which appear to be very stable over time 

(Zöldi et al. 2015; Borde et al. 2021). Key factors shaping those TBEV foci are 

intensively discussed but need further investigation to gain a better understanding of 

formation, development, and stability of TBEV foci (Liebig et al. 2020). Co-

evolutionary adaptation between tick populations and virus strains within a TBEV foci 

has been suggested as TBEV infection rates and viral RNA copy numbers were 

higher for synonymous than for non-synonymous virus-tick population pairings 

(Liebig et al. 2020; Liebig et al. 2021). 

As ticks are the driving force of TBEV distribution, it is of special interest that 

additional tick species spread to novel regions enhancing the risk for potential 

infection with new TBEV subtypes. In Western Europe, I. ricinus is the predominantly 

species and the main vector for TBEV-Eu, whereas I. persulcatus, main vector for 

TBEV-Sib and TBEV- FE, is the predominant in East Europe, Russia and Asia 

(Gritsun et al. 2003). Thus, I. persulcatus has also recently been found in Finland, 

Sweden, and the Baltic states spreading westwards (Kovalev and Mukhacheva 2012; 

Jaenson et al. 2016; Laaksonen et al. 2017). In addition, areas with more than one 

TBEV subtype occur are increasing. The Far-Eastern subtype is also found in the 
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Baltics whereas the European subtype is found in the Ural and Siberia (Dobler et al. 

2012). 

 

Natural Cycle/Transmission of TBEV 

In nature, TBEV is maintained in an enzootic cycle between ticks, mainly of the 

genus Ixodes, and the wild vertebrate hosts, mainly small rodents and insectivores 

but also birds and larger mammals (Süss 2003; Gritsun et al. 2003, Charrel et al. 

2004). TBEV is transmitted by tick saliva or blood during blood feeding of ticks. 

Woodland habitats, forests as well as transition zones between forests and 

grasslands are main tick habitats. Ticks play the most important role for maintaining 

virus in natural foci acting both as vector and as reservoir (Kovalev and Mukhacheva 

2014). In addition, due to the different life stages of ticks, the virus persists longer 

within natural foci as in short-living reservoirs like rodents (Charrel et al. 2004). In 

contrast to the long lifespan of ticks with up to six years, a maximum of 18 months 

has been reported for Myodes glareolus (Macdonald and Barrett 1993). In Europe, 

the main vertebrate reservoir hosts, especially for larvae and nymphs, are rodents of 

the genera Apodemus, Myodes and Microtus like the yellow-necked mouse 

(Apodemus flavicollis), the wood mouse (Apodemus sylvaticus), the striped field 

mouse (Apodermus agrarius), the bank vole (Myodes glareolus) and the common 

vole (Microtus arvalis) (Labuda et al. 1993; Achazi et al. 2011; Pintér et al.2014; Zöldi 

et al. 2015; Tonteri et al. 2013; Egyed et al. 2015; Michelitsch et al. 2019). 

For virus transmission, it is necessary that the virus has the ability to pass 

physiological barriers inside the vector after blood meal, replicate to sufficed titers 

and to be finally transmitted to a competent host during the next blood meal (Nuttall 

et al. 1994). Eight ixodid species from three genera have been reported to transmit 

TBEV and 22 tick species are able to carry the virus under laboratory conditions 

(Bakhvalova et al. 2011; Chitimia-Dobler et al. 2019). I. ricinus is considered as the 

major and most abundant TBEV vector in Europe while contrary, I. persulcatus is the 

major vector in Russia and Asia (Süss 2003). Ticks of the species Dermacentor (D.), 

mainly D. reticulatus and D. marginatus, and Haemaphysalis (H.), e.g., H. concinna, 

were reported to be able to act as vector for TBEV in Poland and Russia (Gritsun et 

al. 2003; Chitimia-Dobler et al. 2019). Virus isolation as well as high percentage of 
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positive pools of field collected D. reticulatus indicates the role of this tick species in 

TBEV transmission in Germany (Chitimia-Dobler et al. 2019). Additionally, Lickova et 

al. (2020) demonstrated that artificially infected D. reticulatus ticks are a biological 

effective TBEV vector by infecting mice via tick bite. More competent vector species 

increase the potential risk for public and animal health as Dermacentor spp. is more 

often found on animals than on humans potentially increasing TBEV circulation in 

natural habitats (Földvari et al. 2016; Biernat et al. 2014). 

In addition, TBEV has adapted to the behavioral and physiological characteristics of 

ticks, especially blood feeding, blood meal digestion and moulting (Nuttall et al. 

1994). Belova et al. (2012, 2017) showed that the TBEV replication in experimentally 

infected ticks is increased after a blood meal. Virus replication was faster and more 

intensive in ticks fed on blood in comparison to unfed ticks. Additionally, TBEV-

infected ticks showed higher questing activity and tolerance to repellents (Belova et 

al. 2012). In contrast, Slovak et al. (2014) found increased virus replication upon 

blood feeding only in nymphs experimentally injected with TBEV, but no enhanced 

virus replication could be observed in nymphs infected by co-feeding. Those diverse 

findings highlight the role of the infection route on the TBEV replication pattern in 

ticks (Liebig et al. 2020).  

Moreover, in the natural environment, TBEV can be transmitted transstadial (from on 

life stage to the other) (Jaenson et al. 2012). An infected tick remains infected for its 

whole lifespan and their ability to survive over winter may contribute to the 

persistence of TBEV in foci (Gritsun et al. 2003). Another way of virus transmission is 

transovarial (via the eggs of an infected female tick to its offspring) as well as 

viraemically (via blood meal of an uninfected tick on a viremic host) (Havlíková et al. 

2013). Additionally, co-feeding of an infected tick simultaneous with an uninfected tick 

on the same host is an important way of virus transmission in which the host not 

necessarily develops a detectable viremia or being infected at all (Labuda et al. 1993; 

Havlíková et al. 2013). Furthermore, TBEV can be transmitted vertically between 

small rodent generations (Bakhvalova et al. 2009). In case of co-feeding, 

transmission efficiency was shown to be dependet on the host species. Labuda et al. 

(1993) demonstrated that the yellow-necked mouse seems to be the most adapted 

species regarding TBEV and I. ricinus ticks. Their studies showed significantly higher 

transmission rates compared to the bank vole. Furthermore, other highly tick-infested 
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small rodents, like the European hedhehog (Erinaceus europaeus), could provide a 

similar efficient system (Schönbächler et al. 2019). Additionally, TBEV RNA was 

isolated from different bird species including migratory birds which are considered as 

a major key of tick dispersion over great distances (Waldenström et al. 2007; 

Kazarina et al. 2015) 

Wild game like roe deer (Capreolus capreolus) and wild boar (Sus scrofa) represents 

an important tick host, especially for adult ticks, ensuring the tick life cycle and 

additionally, favouring dispersion of TBEV-infected ticks into new areas (Kriz et 

al. 2014; Jaenson et al. 2018). In these studies, population dynamics of red deer and 

wild boar populations in the Czech Republic as well as deer and hare populations in 

Sweden were positively correlated to TBE incidence positively affecting TBEV 

circulation nature. 

Concerning the possible severity of a TBEV infection, it is of special interest, that 

TBEV can also be transmitted by consumption of unpasteurised milk or dairy 

products originating fromviremic animals (cattle, sheep and goats) (Holzmann et al. 

2009; Caini et al. 2012). During the last years, TBEV infections were related more 

frequently to the consumption of unpasteurised goat milk (Süss 2008; Holzmann et 

al. 2009; Balogh et al. 2012; Hudopisk et al. 2013). Furthermore, food-borne TBE 

cases have been recently reported in Germany (Bogovic and Strle 2015; Brockmann 

et al. 2018). Reasons for this upward trend in alimentary TBE cases might be the 

increasing fashionable “back to the roots” natural lifestyle which encourages 

consumption of raw milk and dairy products (Hudopisk et al. 2013). Nevertheless, 

pasteurisation of milk proved to be a safe technique for inactivation of the virus 

(Balogh et al. 2012).  

 

TBEV prevalence in ticks 

The major tick vector in Europe, I. ricinus, has a three-host-life cycle and each 

stadium (larvae, nymph, and adult) requires a blood meal for development into the 

next stage or in the case of adult female ticks to initiate oviposition, respectively 

(Gray 1991). Due to simultaneous presence of different tick life stages on a single 

host - in case of larvae and nymphs small rodents are most likely - co-feeding of 

infected and uninfected ticks as well as the feeding on a viremic host are important 
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factors for maintenance of TBEV in nature (Randolph et al. 1999; Matuschka et al. 

1991; Mihalca et al. 2012). Therefore, detection of TBEV is possible in every tick life 

stage but is more often ascertainable in adults than in nymphs or larvae due to the 

cumulative fact of higher probability of achieving the virus via blood feeding (Rehse-

Küpper et al. 1978; Sonenshine and Roe 2013). 

In contrast to other tick-borne pathogens like Borrelia spp. or Rickettsia spp., TBEV 

distribution is uneven and prevalence in endemic regions rarely exceeds 1-5% while 

the ixodid tick vector and competent reservoir host are widely distributed (Süss 2003; 

Karbowiak and Biernat 2016). In addition, even in endemic areas local prevalence 

can differ drastically as TBEV foci can be as small as 0.5 ha (Zöldi et al. 2015; Borde 

et al. 2021). In some regions of Russia, Lithuania, and Switzerland, prevalence of 

TBEV in ticks was up to 20-30% and studies could show relative high prevalence of 

TBEV-FE-infected ticks with up to 40% (WHO publications 2011; Nutall et al. 1994; 

Bormane et al. 2004). Furthermore, D. reticulatus seems to play an additional role in 

virus transmission and TBEV maintenance as TBEV prevalence, like those reported 

for I. ricinus, have been detected in Poland, Lithuania, and Germany (Biernat et al. 

2014; Sidorenko et al. 2021; Chitimia-Dobler et al. 2019). 

Additionally, prevalence studies are difficult to compare due to variable study designs 

or used detection methods but provide relevant information for risk assessment 

measures in endemic and non-endemic regions. Most studies on the prevalence of 

TBEV in ticks is performed in regions with human TBE case history or regions with 

high prevalence of anti-TBEV antibodies in domestic animals and wild game (Kupca 

et al. 2010; Makenov et al. 2019; Boelke et al. 2019; Holding et al. 2020).  

 

Pathogenesis  

To cause disease, TBEV must overcome a series of physiological barriers, which 

protect the vertebrate host (Ruzek et al. 2019). As the vast majority of TBEV 

infections occur due to the bite of an infected tick, the skin as first main barrier is 

immediately breached during feeding resulting in injection of viral particles via the tick 

saliva (Ruzek et al. 2019). Tick saliva contains a variety of pharmacologically active 

compounds interfering with host immune defenses as well as enhancing the 

transmission and dissemination of TBEV (Wikel 2013; Labuda et al. 1993). Following 
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the inoculation of TBEV, the virus infects and replicates in dendritic cells (Langerhans 

cells) and neutrophils of the skin. Subsequently, TBEV-infected migratory 

macrophages producing infectious particles are assumed to serve as transport vector 

for TBEV to the draining lymph nodes with the consequence of the virus replicating in 

the lymphatic system (Labuda et al. 1996). By overcoming the second barrier, 

namely the the innate immune response, TBEV can spread from the initial site of 

replication to peripheral tissue and cause viremia (Bogovic and Strle 2015). 

Replication in peripheral tissues, especially spleen, bone marrow and liver, sustain 

the viremia for several days characterizing the first viremic phase. Subsequently, 

TBEV reaches the brain by crossing the third main barrier, the blood brain barrier 

(BBB), but the exact mechanism by which TBEV overcomes the BBB is still unknown 

(Mandl 2005; Ruzek et al. 2010; Bogovic and Strle 2015). Several different ways 

have been postulated: I) direct axonal retrograde transport from infected peripheral 

nerves, II) highly susceptible olfactory neurons und spread to the olfactory bulb, III) 

transcytosis through microvascular endothelial cells making up the BBB frontline, and 

IV) diffusion of the virus between capillary endothelial cells. Furthermore, the so 

called “Trojan horse” mechanism is an additional potential way in which virus infected 

immune cells carry the virus to the CNS (Palus et al. 2017). The most likely way of 

TBEV crossing the BBB would be a combination of above-mentioned hypotheses. 

After overcoming the BBB and reaching the CNS, TBEV replicates in large neurons 

(Ruzek et al. 2019). Target cells are the epithelial cells of the meninges, the Purkinje 

cells in the cerebellum, as well as the motoric nuclei in the spinal cord and brain stem 

(Ruzek et al. 2010). Predominant histological inflammatory reactions due to TBEV 

infection in the CNS are lymphocytic meningeal and perivascular infiltrates, microglial 

nodules, and neuronophagia (Gelpi et al. 2005; Gelpi et al. 2006). Most extensive 

meningeal inflammations are found in the vicinity of the cerebellum (Gelpi et al. 

2006). 

In rare cases of alimentary TBEV infection, the reticuloendothelial system plays an 

important role regarding process of pathogenesis. Virus replication in endothelial 

cells of the alimentary tract leads to viremia und subsequently to virus invasion of the 

CNS (Pogodina 1960; Ruzek et al. 2010). 
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TBE in humans 

TBE is the most important arboviral disease affecting the CNS with high risk for 

public health in Europe and northeastern Asia (Ruzek et al. 2019). Yet, serological 

studies suggest that the large majority of TBE cases (70-98%) are reported to be 

asymptomatic or present with subclinical symptoms only (Gustafson et al. 1992; 

Bogovic and Strle 2015). Concerning mild clinical signs and symptoms, 

asymptomatic TBEV infection may remain undiagnosed and the proportion of cases 

is hard to ascertain (Bogovic and Strle 2015). The majority of human TBE cases are 

attributed to the bite of an infected tick (Gritsun et al. 2003). Following the bite of a 

TBEV-infected tick, the incubation period ranges from 2 to 28 days, most commonly 

between 7 and 14 days (Bogovic et al. 2015). In humans, infections with TBEV-Eu 

result in most cases (up to 75%) in a biphasic infection course (Bogovic and Strle 

2015). In contrast, a biphasic infection course is described for 46% of TBE patients 

infected with the TBEV-Sib or TBEV-FE (Ruzek et al. 2019). During the first phase of 

infection (viremic phase), patients develop non-specific “summer flu”-like symptoms 

such as headache, fever, fatigue, body pain (myalgia and arthralgia), nausea as well 

as Gl symptoms (Lindquist et al. 2008). These unspecific symptoms last for 2 to 7 

days followed by a decline and improvement of health condition. This interval 

normally lasts one week (1 to 21 days) followed by the second phase (neurologic 

phase) when the virus has entered the brain and neurologic symptoms start to 

develop. Involvement of the CNS occurs in 20 to 30% of cases caused by TBEV-Eu 

(Gustafson et al. 1992). CNS manifestations with appearance of meningitis (50%), 

meningoencephalitis (40%) and meningoencephalomyelitis (10%) of neurologic 

TBEV cases are reported (Kaiser 1999). Occasionally, TBE patients present 

autonomic nervous system dysfunction and distinct heart rate variability (Kleiter et al. 

2006). Regarding autonomic dysfunctions, a study including 656 German TBE 

patients reported an impaired bowel function in 1% of patients presenting with 

meningoencephalitis and in 13.5% of patient presenting with 

meningoencephalomyelitis (Kaiser 1999). 

Following a neurologic TBE infection, long-lasting sequalae with dramatic impact on 

life quality can result and in severe cases, infections lead to fatal outcome (Lindquist 

et al. 2008). In 40 to 50% of TBE patients presenting an acute neurologic disease, a 

“post-encephalic syndrome” is reported (Kaiser 2012). Here, the most frequently 
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reported symptoms are neuropsychiatric disorders including memory and 

concentration dysfunction, apathy, altered sleep patterns as well as irritability. 

Moreover, cognitive disorders, hearing loss, balance, and coordination disorders as 

well as flaccid paresis or paralysis have been reported (Haglund et al. 1996; Mickiene 

et al. 2002; Haglund and Günther 2003; Kaiser 1999; Misic Majerus et al. 2009). 

In contrast to the biphasic infection course, monophasic TBEV infections, also termed 

“abortive” form or “febrile headache”, show no progression to any form of encephalitis 

and present symptoms are of mild febrile illness only (Bogovic et al. 2010). This form 

is reported to account for up to 50% of clinical cases in Russia (Ustinova et al. 1997). 

In addition, TBEV-Sib infections might result in a chronic TBE form, which is not seen 

for TBEV-Eu infections (Ruzek et al. 2019). Additionally, hemorrhagic forms have 

been described for the TBEV-FE subtype in Russia (Gritsun et al. 2003; Ternovoi et 

al. 2003). Furthermore, a TBEV-Eu strain from Germany was linked to mild, mainly 

GI symptoms and weight loss without neurological symptoms (Dobler et al. 2016).  

The clinical presentation, severity, and outcome of a TBEV infection have been 

reported to vary regarding causativeTBEV subtype as well as other risk factors like 

viral infectious dose or patient-associated factors like age, genotype (predisposition) 

or immune and nutritional status (Mickiene et al. 2014; Kaiser 2012; Barkhash et al. 

2018). Nevertheless, infections with the TBEV-FE subtype are described as most 

severe with lethality rates between 15 to 20%, in some cases up to 60%, whereas the 

TBEV-Sib (6 to 8%) and the TBEV-Eu (1 to 2%) are associated with lower lethality 

rates (Burke and Monath, 2001; Chrdle et al. 2016). In Europe, a mortality rate of 

0.5% due to TBEV infection was estimated between 2012 to 2016 (Beaute et al. 

2018). 

In comparison to adults, TBE cases in children are less frequently reported and are 

assumed to be underdiagnosed but account for 10 to 20% of reported TBE cases 

(Hansson et al. 2011). In general, the pediatric clinical course of disease is often 

described as milder than seen in adults (Kaiser 1999; Hansson et al. 2011; Logar et 

al. 2000). However, recent studies highlight the impact of long-lasting sequalae 

following TBEV infections and its drastic influence on children life quality (Krbkova et 

al. 2015; Fritsch et al. 2008; Cizman et al. 1999). 
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Considering the additional possibility of human TBEV infection by alimentary uptake 

of infected dairy products, the so called “biphasic milk fever” mostly results in a 

biphasic infection course similar to infections with TBEV-Eu subtype (Gristun et al. 

2003). Clinical course presents with a slightly developed meningoencephalitits and 

full physical recovery in nearly 100% of the cases (Bogovic and Strle 2015). In 

contrast to tick bite infection, incubation times after alimentary TBEV infection are 

reported to be shorter with 3 to 4 days (Kaiser 2012; Hudopisk et al. 2013).  

 

TBE in animals 

While documentation of TBE cases in humans is frequently performed, infections in 

animals (except for laboratory infection models) are less noticed. In nature, small 

rodents and shrews play a major role during tick and TBEV life cycle, as they are 

main hosts for Ixodes larvae and are efficient reservoirs for TBEV (Randolph et al. 

1999). Additionally, co-feeding of larvae and nymphs in close proximity on a rodent 

host is considered as an important way to continue TBEV persistence in ticks in 

natural foci (Labuda et al. 1997). Studies with experimental infected bank voles 

showed the persistence of TBEV in the brain for up to 168 days and viral RNA was 

found in naturally infected field voles (Microtus agrestis) brain samples prior to the 

new tick season (Tonteri et al. 2011; Tonteri et al. 2013). Furthermore, a study from 

Achazi et al. (2011) revealed persistence of viable TBEV in organ samples from 

experimentally infected Microtus arvalis at 100 dpi and Knap et al. (2012) revealed 

the presence of high viral loads in various organs (e.g., spleen, brain, and blood 

clots) of naturally infected Myodes glareolus. Moreover, a long-lasting viremia and 

infiltration of the CNS without presence of neurologic symptoms were detected in an 

in vivo bank vole infection model supporting the role of a TBEV reservoir (Michelitsch 

et al. 2019). Due to the long persistence of TBEV in small rodents, studies suggest 

them to play a role in “overwintering” of TBEV in nature (Kozuch 1963; Tonteri et al. 

2011). 

In contrast to the reservoir function of small rodents, larger mammals are considered 

to contribute to tick and TBEV life cycle mostly due to function as important tick host 

and not as TBEV reservoir (Carpi et al. 2008; Pugliese and Rosa 2008). For this 

reason, game animals (mainly roe deer and wild boar) are of great importance for the 
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tick life cycle acting as main host for adult ticks. Hundreds of ticks can be found on 

one individual animal highlighting the essential role for continuance of tick life cycle 

(Vor et al. 2010). Regarding clinical symptoms in wild game upon a TBEV infection, 

no development of clinical disease is reported, but status of seroconversion is used 

to determine potential TBEV hotspots (Gerth et al. 1995; Balling et al. 2014; Jahfari et 

al. 2017). Based on serological studies, TBEV hotspots in regions with rare or even 

absence of human cases have been recently reported from the UK where human 

cases are just rarely found (Jahfari et al. 2017; Holding et al. 2019; Khamassi Khbou 

et al. 2020). In addition to roe deer, red deer and wild boar, the red fox (Vulpes 

vulpes) has been described as suitable sentinel animal for identification of TBEV foci 

in endemic and non-endemic regions (Haut et al. 2020) 

Compared to the non-reported occurrence of clinical manifestations upon a TBEV 

infection in wild game and small rodents, domestic animals are of great interest as 

they present to be potentially susceptible developing similar symptoms than humans 

(dogs and horses) (Salat and Ruzek 2020). Furthermore, ruminants (especially goat, 

sheep, and cow) can shed the virus via their milk during a short viremic phase (with 

up to 19 days) (Balogh et al. 2012). In general, ruminants develop very rarely clinical 

symptoms upon TBEV infection and most cases are asymptomatic (Balogh et al. 

2012; Böhm et al. 2017 Salat and Ruzek 2020). Concerning large reported and 

prospective TBE outbreaks caused by alimentary TBEV infection, the prevention by 

inactivation of virus by pasteurization was of great interest (Balogh et al. 2012). 

Nevertheless, in recent years, the frequency of alimentary infections increased 

mainly due to the trend of consuming natural products (Balogh et al. 2012; Hudopisk 

et al. 2013; Bogovic and Strle 2015; Brockmann et al. 2018). Regarding 

pathogenesis in domestic animals, TBEV infections lead to visible symptoms and a 

potentially fatal outcome, which can be rarely observed in dogs and horses (Dobler et 

al. 2012; Leschnik et al. 2002; Völker et al. 2017; Weissenböck et al. 1998; Klaus et 

al. 2013). Although dogs seem to be less susceptible than humans, a fatal outcome 

has been described in 16 to 50% of symptomatic dogs (Klimes et al. 2001; Leschnik 

et al. 2002). Moreover, these studies reported prolonged diesease with long-lasting 

sequelae like paresis, blindness, muscle atrophy and epileptic seizures (Klimes et al. 

2001; Leschnik et al. 2002). In case of TBEV in horses, rare infections are described 

in literature, but severe clinical courses leading to euthanization of animals have 
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been reported (Waldvogel et al. 1981; Luckschander et al. 1999; Müller et al. 2006; 

Klaus et al. 2013). In contrast to dogs, horses are suggested as suitable sentinel 

animal to access human TBEV infection risk due to their readily seroconversion and 

remaning within a territory (Pfeffer et al. 2020). 

In addition to mammals, birds are known to be frequently infested by ticks and are 

mainly attributed to the long-distance dispersion of ticks (Klaus et al. 2016). Findings 

of TBEV-infected ticks on birds demonstrate the possible spread of TBEV and 

infected ticks over long distances (Waldenström et al. 2007; Geller et al. 2013). 

Infection studies on ducks resulted in no clinical signs but low and short viremia, 

presence of virus in the brain and seroconversion in infected ducks (Michel et al. 

2020). Moreover, a study by Mikryukova et al. (2014) reported the varying presence 

of TBEV in accordance with season and bird species as well as high prevalence 

rates in fieldfares (Turdus pilaris), common redstart (Phoenicurus phoenicurus) and 

bramblings (Fringilla montifrigilla). The authors suggested that those bird species 

might play a role as TBEV reservoir or at least act as an amplifying host. 

In contrast to small rodents and other wild or domestic animals, laboratory mice 

strains are susceptible to a TBEV infection-induced disease developing similar 

neurological symptoms and dysfunctions as observed in humans (Mandl 2005; 

Hayasaka et al. 2009). This susceptibility is linked to a mutation in the coding region 

of the 2´-5´-oligoadenylate synthetase gene Oas 1b (Brinton and Perelygin 2003). 

Moreover, laboratory mice are phylogenetically related to humans and reveal genetic 

homology enabling studies on genetic predispositions and their influence on clinical 

course of infection (Urosevic and Shellam 2002). Based on this susceptibility, 

laboratory mice strains are frequently used to analyze the neuroinvasive and 

neurovirulent characteristics of known and newly identified TBEV strains (Mandl 

2005). Neuroinvasiveness describes the ability of the virus to replicate after 

peripheral injections and to enter the CNS while neurovirulence is the ability to cause 

damage within the CNS and is tested by intracranial infection (Hayasaka et al. 2009). 

Due to susceptibility and development of similar clinical symptoms as seen in 

humans, death has been used as an indicator for pathogenesis in laboratory mice 

upon TBEV infection. Furthermore, the peripheral injection (e.g., subcutaneous or 

intradermal infection) is considered a reproducible model of a natural TBEV infection 

in humans following the bite of an infected tick (Hayasaka et al. 2009). 
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Aim of the study 

In Germany, the most risk for TBEV infection areas are mostly located in the 

southern federal states of Bavaria and Baden-Wuertemberg, although sporadic TBEV 

cases are also reported from non-risk areas. Due to the short viremia, potential long 

incubation time and the absence of detectable virus in cerebrospinal fluid of human 

patients, most TBEV isolates are obtained from questing ticks in so-called TBEV foci. 

However, even in endemic regions, the prevalence of TBEV in ticks is only 

approximately 0.1-5% (Steffen 2016). Based on these data, surveillance for TBEV in 

ticks at specific locations is mainly performed on basis of human TBE case history or 

antibody prevalence studies in wild caught animals. Therefore, to gain further 

knowledge on the distribution of TBEV in non-endemic areas of Lower Saxony, ticks 

collected in the year 2018 in locations with human TBE case history were screened 

for the presence of TBEV. Detection and characterization of invading TBEV strains 

will add information to our knowledge on the distribution, potential entry, and 

distribution patterns as well as the spread of TBEV in non-endemic regions. 

Additionally, it herewith facilitates the surveillance and understanding of this 

important disease. Therefore, field isolates are characterized by their growth behavior 

in cell culture as well as their neuropathogenicity (characterized by neurovirulence 

and neuroinvasiveness) mostly in murine infection models because laboratory mice 

strains are susceptible upon TBEV infection and develop similar symptoms as seen 

in human TBE cases. While CNS symptomatology is the most prominent feature 

upon TBEV infection, GI symptoms in humans are sporadically reported and often 

attributed to the first unspecific “summer flu”-like phase before onset of neurological 

symptoms or as long-term sequelae resulting from neurological damage in the CNS 

upon virus infection. The GI tract is of special interest as TBEV is not only transmitted 

by bite of an infected tick but also can be acquired upon consumption of infected 

dairy products. Therefore, to establish a murine infection model for future TBEV 

infection studies and further analyze GI symptoms, C57BL/6JOlaHsd mice were 

infected either subcutaneously or intracerebrally with the European TBEV prototype 

strain Neudoerfl. 
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Abstract: Tick-borne encephalitis (TBE) is the most important tick-borne arboviral 

disease in Europe. Presently, the main endemic regions in Germany are located in 

the southern half of the country. Although recently, sporadic human TBE cases were 

reported outside of these known endemic regions. The detection and characterization 

of invading TBE virus (TBEV) strains will considerably facilitate the surveillance and 

assessment of this important disease. In 2018, ticks were collected by flagging in 

several locations of the German federal state of Lower Saxony where TBEV-

infections in humans (diagnosed clinical TBE disease or detection of TBEV 

antibodies) were reported previously. Ticks were pooled according to their 
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developmental stage and tested for TBEV-RNA by RT-qPCR. Five of 730 (0.68%) 

pools from Ixodes spp. ticks collected in the areas of “Rauher Busch” and 

“Barsinghausen/Mooshuette” were found positive for TBEV-RNA. Phylogenetic 

analysis of the whole genomes and E gene sequences revealed a close relationship 

between the two TBEV isolates, which cluster with a TBEV strain from Poland 

isolated in 1971. This study provides first data on the phylogeny of TBEV in the 

German federal state of Lower Saxony, outside of the known TBE endemic areas of 

Germany. Our results support the hypothesis of an east-west invasion of TBEV 

strains in Western Europe. 
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Abstract: Tick-borne encephalitis (TBE) is a severe neurologic disease in Europe 

and Asia. Dis-ease expression ranges from asymptomatic to severe neurological 

clinical pictures, involving meningitis, encephalitis, and meningoencephalitis and 

potentially fatal outcome. Humans mostly become infected with TBE virus (TBEV) by 

the bite of an infected tick. Gastrointestinal (GI) symptoms in humans are mainly 

attributed to the first viremic phase of TBEV infection with unspecific symptoms 

and/or resulting from severe neurological impairment of the central nervous system 

(CNS). We used subcutaneous TBEV-infection of C57BL/6 mice as a model to an-

alyze GI complications of TBE. We observed acute distension and segmental dilation 

of the in-testinal tract in 10 of 22 subcutaneously infected mice. Histological analysis 
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revealed an intra-mural enteric ganglioneuritis in the myenteric and submucosal 

plexus of the small and large in-testine. Numbers of infiltrating macrophages and 

CD3+ T lymphocytes correlated with severity of ganglioneuritis indicating an immune-

mediated pathogenesis due to TBEV-infection of the enteric plexus. Our study 

demonstrates that inflammation of enteric intramural ganglia presents to be a 

common feature in TBEV-infected mice. Accordingly, results of this mouse model 

em-phasize that GI disease manifestation and consequences for long-term sequelae 

should not be neglected for TBEV-infections in humans and require further 

investigation. 

 

The extent of Mathias Boelke´s contribution to the article is evaluated according to 

the following scale: 

A. has contributed to collaboration (0-33%). 

B. has contributed significantly (34-66%). 

C. has essentially performed this study independently (67-100%). 

 

1. Design of the project including design of individual experiments: B 

2. Performing of the experimental part of the study: B 

3. Analysis of the experiments: B 

4. Presentation and discussion of the study in article form: B 
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Material and Methods 

Tick sampling 

In 2018, questing ticks were sampled by flagging the low vegetation at five different 

locations of Lower Saxony (Figure 4) associated with human TBE cases and/or 

human TBE seropositivity. The respective ticks were pooled according to stage and 

sex and stored at 4°C for a maximum of 7 days until further processing. 

  

Figure 4. Tick sampling locations in Lower Saxony. Sampling locations were chosen due to 
association with human TBE cases and/or human TBE seropositivity. Map source: 
https://commons.wikimedia.org/wiki/File:Stumme_Karte_Kreise_Niedersachsen.svg, 22.01.2021, 
modified. 

 

Infection sites in the murine infection model 

To establish a murine infection model, five-week-old C57BL/6JOlaHsd mice were 

purchased from a commercial breeder (Envigo, Rossdorf, Germany). After one week 

of acclimatization, mice were subcutaneously infected with 100 µl containing 1,000 

plaque-forming units (PFU) of European prototype TBEV strain Neudoerfl under the 

skin fold within the neck area (Figure 5). The intracerebral infection site is 

schematically shown in Figure 6. The infection site is located halfway between the 

eye and ear line and just off the midline. For this procedure, a G27 (Carl Roth, 

Karlsruhe, Germany) needle was used. The needle injection depth was 4 millimetres 

(mm) to avoid additional damage due to extending to deeply into the brain. For 
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intracerebral infection, 20 µl containing 200 PFU of TBEV strain Neudoerfl were 

used.  

 

 

Figure 5. Subcutaneous infection of 
C57BL/6JOlaHsd mice. 

 

Figure 6. Schematic intracerebral infection site. 
From Shimizu 2004, modified. 
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Discussion  

In the recent decades, arboviruses as well as their corresponding vectors (e.g., 

mosquitos, ticks, sandflies, and midges) have expanded their geographical range 

due to climate warming, anthropogenic as well as environmental changes (Deplazes 

et al. 2016; Barzon 2018). Additonally, globalization with rise in international travel 

and trade support the introduction, establishment and expansion of vector and 

diseases (Barzon 2018). For this reason, the risk for public health due to emerging 

and re-emerging zoonotic diseases increases (Deplazes et al. 2016; Barzon 2018). 

Beside intensified global travel and trade, migratory birds trigger the introduction and 

expansion of exotic vector species (e.g., A. aegypti and A. albopictus mosquitoes or 

Hyalomma spp. ticks) from endemic areas and consequently, autochthonous 

arbovirus transmission gets an increasing risk in formerly unaffected regions (Barzon 

2018). In addition, climate change leads to higher temperatures and extreme weather 

conditions enabling endemic vector species to spread to new areas (Pfeffer and 

Dobler 2010; Semenza and Suk 2018). So far, more than 500 viruses are classified 

as arboviruses of which approximately 100 are reported as pathogenic for humans 

(Artsob et al. 2017). They are mainly found within the families Togaviridae, 

Flaviviridae and Reoviridae as well as in the order Bunyavirales (Barzon 2018). 

Furthermore, the list of novel arboviruses is constantly increasing due to 

implementation of high-throughput sequencing technologies, improved virus isolation 

procedures and enhanced awareness of trained medical personal and diagnostic 

tools to identify the course of unspecific symptoms (Bogovic and Strle 2015; Barzon 

2018). Almost 25% of at least 160 viruses classified as TBV are associated with 

disease in humans highlighting the importance of research, surveillance, and 

characterization of emerging and re-emerging TBV (Nuttall 2013). Besides 

hemorrhagic fever and arthralgia rash syndromes, infection of the CNS is one major 

clinical pattern of arboviral infections. For Europe and Asia, the most important tick-

borne neurotropic virus is TBEV (Flaviviridae, genus Flavivirus) (Ruzek et al. 2019). 

In recent decades, a drastic increase in human TBE cases was reported from 

European countries (Süss 2008). In contrast to the even distribution of other tick-

borne pathogens (e.g., Borrelia spp., Rickettsia spp.) as well as tick vector species 

and animal reservoirs, TBEV exhibits an uneven distribution and occurrence in so 

called “foci”. As TBEV foci can be as small as 0.49-0.5 ha (Zöldi et al, 2015; Borde et 
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al. 2021) and prevalence in TBEV foci is variable (Stefanoff et al. 2013) with a range 

from 0.1- 5% (Süss 2003), risk assessment for TBEV infections is quite complicated.  

In Germany, TBEV risk areas are mainly located in the southern federal states of 

Bavaria, Baden-Wuerttemberg, Saxony, South Hesse, and southeast Thuringia 

(Dobler et al. 2012; RKI 2020). TBE risk assessment is conducted on base of districts 

and reported cases relate to the home district and not coercively to the location of 

infection. To date, the Robert-Koch-Institute in Germany has defined 164 districts as 

TBE risk areas (RKI 2020). A district is defined as risk area in case the number of 

recorded TBE cases is significantly higher as the expected number of cases by an 

incidence of one case per 100,000 inhabitants. However, sporadic human TBE cases 

(3.6% of all TBE cases reported between 2002-2019) are reported from areas 

formally classified as non-endemic and since 2019, the district Emsland in Lower 

Saxony is the first TBE risk area in the northern part of Germany (RKI 2019; RKI 

2020). In addition, the median TBE vaccination coverage in Germany is 27% (ranging 

from 5-40%) despite availability of effective TBEV vaccines. The highest vaccination 

rates are reported from the high-risk federal states Bavaria and Baden-Wuerttemberg 

with 37-40% (Erber and Schmitt 2018). However, these vaccination rates are far 

below vaccination levels necessary for efficient disease prevention as they were 

achieved in Austria with approximately 80% of the inhabitants vaccinated against 

TBEV (Kunz 2003) Therefore, public awareness need to be raised for TBEV infection 

risks and prevention by vaccination (Hellenbrand et al. 2019).  

Due to the presence and occurrence of TBE cases in defined non-endemic areas, 

surveillance measures are required to add more information on spread and 

distribution as well as the implementation of risk assessment and prevention 

measures of this severe and potentially fatal disease. Based on the sporadic 

occurrence of TBEV, surveillance studies are mostly conducted at locations with 

human TBE cases and/or TBE seropositivity in humans, domestic animals or wild 

game (Kupča et al. 2010; Frimmel et al. 2014; Makenov et al. 2019; Holding et al. 

2020). In this regard, retrospective serological studies of wild game showed the 

presence of TBEV circulation before the first human cases were reported (Jahfari et 

al. 2017; de Graaf et al. 2016). Besides, first findings of TBEV and TBEV-specific 

antibodies in Tunisia, Africa, revealed the presence of the virus although no human 

case was reported yet (Khamassi Khbou et al. 2020; Fares et al. 2021). 
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To analyze the sporadic TBEV occurrence, we analyzed the presence of TBEV in 

questing ticks collected in 2018 at five different locations in the non-endemic federal 

state of Lower Saxony, Germany, attributed to human TBE cases and/or TBE 

seropositivity (Boelke et al. 2019). Five TBEV-positive tick pools (0.68%) were found 

at two locations, namely Rauher Busch and Barsinghausen/Mooshuette, which are 

35 km beeline (60 km by motorways) apart from each other. Those findings 

confirmed the presence of TBEV in Lower Saxonian ticks and enabled the first 

isolation and phylogenetic characterization of TBEV isolates from Lower Saxony. All 

isolated strains belong to the TBEV-Eu subtype and the minimum infection rates 

(MIR) for TBEV in ticks from Lower Saxony were determined as 1.05% and 0.45% for 

adults and nymphs, respectively. This MIR follows the average range of 0.1-5% of 

TBEV-positive ticks found in TBEV foci (Süss, 2003). Furthermore, MIR from Lower 

Saxonian ticks is comparable to those described for Sweden in 2008 (0.55% in adults 

and 0.23% in nymphs) (Pettersson et al. 2014), to studies from Poland and Lithuania 

in 2006-2009 (0.24% in adults and 0.11% in nymphs) (Katargina et al. 2013) and to 

TBEV prevalence in Slovenia in 2005 and 2006 (0.57% and 0.43% for all stages, 

respectively) (Durmisi et al. 2011). In addition, studies conducted in the district of 

Passau, located in the TBEV-endemic federal state Bavaria, Germany, from 1997-

1998 (0.9%–2.0% for all tick stages) (Süss et al. 1999) and in 2001 (0.03%–6.38% in 

adults and 0.08%–1.1% in nymphs) (Süss et al. 2004) revealed similar MIR. Slightly 

higher MIR in nymphal and adult tick stages were reported from the Black forest 

region near Freiburg in the federal state of Baden-Wuerttemberg, Germany, with 2.9-

3.4% in 1997 and 0.6-1.1% in 1998 (Süss et al. 1999). From the well described TBEV 

focus on Torö island in south-east of Stockholm similar MIR of 4.48% and 0.51% in 

adults and nymphs, respectively, were reported in 2008 (Pettersson et al. 2014). 

Those studies suggest a considerably variation of TBEV prevalence by year and 

location mainly influenced by small sample sizes analyzed and the frequency of 

collected individual tick stages (Jovani and Tella 2006). Regarding small sample 

sizes, long-term studies on prevalence of TBEV in a well described TBEV foci in 

Bavaria from 2009-2018 revealed an overall MIR of 0.49%, 0.76% and 0.57% for 

nymphs, adult female and adult male ticks, respectively (Borde et al. 2021). In 

addition, a large-scale study from a TBEV high-risk endemic area in southwestern 

Germany revealed overall presence of 0.04% (Ott et al. 2020). Additionally, during a 

nationwide surveillance study in Switzerland aiming to identify the presence of TBEV, 
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over 60,000 ticks were collected at 165 locations resulting in the identification of 38 

endemic foci with an overall TBEV prevalence of 0.46% (Gäumann et al. 2010). 

Concluding, the MIR from Lower Saxonian ticks lies well within the published TBEV 

prevalence range. 

Phylogenetic analysis of newly found TBEV strains is of importance to add more 

information on potential spread and distribution patterns as well as on the 

identification of potential invasion events. Therefore, full genome sequence analysis 

of TBEV isolates from Rauher Busch and Barsinghausen/Mooshuette were 

conducted revealing a close relation to each other whereas relation to other German 

TBEV isolates, of which full genome sequence was available (Salem, K23, MucAr 

and AS33) was more distant. Based on so far published full genome sequences, 

closest relationship is seen to a cluster including Russian, Korean, Finnish, South 

Bohemian and the Salem strain. Comparison of Lower Saxonian isolates TBEV-LS-

Rauher Busch P19 and TBEV-LS-Barsinghausen/Mooshuette HBIF06 8033 revealed 

a difference of 36 nucleotides (nt) which results in 10 amino acid (aa) exchanges 

(one aa in E, NS2A, and NS4B, two aa in NS3 and five aa in NS5). This relative low 

difference indicates the close relationship of these isolates compared to a study by 

Kupča et al. (2010) describing the relationship of TBEV isolates AS33 and Salem 

showing 251 nt differences resulting in 26 aa exchanges. Concerning the relationship 

of Lower Saxonian strains to the Austrian TBEV-Eu prototype strain Neudoerfl, which 

was in this study further used for establishment of a murine TBEV infection model, 

260 and 251 nt differences resulting in 29 aa and 30 aa exchanges were detected for 

TBEV strains Rauher Busch and Barsinghausen/Mooshuette, respectively.  

Due to the fact that information on whole genome sequences of TBEV strains is 

limited so far, in-depth characterization regarding strain relationships, potential origin 

and phylogenetic classification of TBEV strains are most frequently based on the E 

gene (Kovalev and Mukhacheva 2014). Regarding the E gene, TBEV sequences 

from the TBEV-Eu subtype are conserved with only 1.8% variation contrary to other 

members of Flaviviridae which show natural variation of 6% for DENV, 7% for WNV 

and 5% for YFV (Kovalev and Mukhacheva, 2014; Heinz and Stiasny, 2020). As 

TBEV strains from Rauher Busch and Barsinghausen/Mooshuette only differ in two nt 

and one aa in the E gene sequence, their close genetic relationship indicates that 

both strains have a common ancestor and have spread locally despite the 
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geographical distance of 35 km beeline. This fact is unusual as two different natural 

TBEV foci with geographical distance of 35 km beeline usually inhabit genetically 

more differentiated viruses (Weidmann et al. 2011). It is assumed that both TBEV 

strains were recently distributed from one to the other location and neither specific 

adaption nor evolution in that specific TBEV focus has been occurred so far. 

Nevertheless, ticks and virus isolate from both locations displayed differences in an 

artificial tick feeding study (Liebig et al. 2021). In their study, significantly higher mean 

viral RNA copy numbers were detected for synonymous tick-virus pairings than for 

the non-synonymous pairing suggesting a co-evolutionary adaption of tick population 

and virus isolate from the same origin. Differences in viral copy numbers between 

synonymous and non-synonymous tick-virus pairings may also be attributed to the 

five aa differences present in the NS5 protein (Boelke et al. 2019) which acts as 

RdRp thus being indispensable for virus replication (Mandl 2005).  

Phylogenetic analysis of available E gene sequences revealed Lower Saxonian 

TBEV strains cluster with strains from Battaune, Saxony/Germany, as well as a strain 

from Lodz in Poland (Boelke et al. 2019). Since the Polish isolate was detected in 

1971, it might be the ancestor for German strains from Battaune, Rauher Busch and 

Barsinghausen/Mooshuette. Noteworthy, the Battaune strains were repeatedly 

isolated from D. reticulatus ticks (Chitimia-Dobler et al. 2019) while Lower Saxonian 

strains originated from Ixodes spp. ticks highlighting their close relationship despite 

different vector species and the extensive geographical distance of 240 to 270 km 

beeline. This proposed an east-west spread of TBEV is in accordance with one of the 

three main TBEV spread hypotheses. Based on molecular phylogenetic E gene data, 

TBEV appeared in the Far East around 2,500 years ago with subsequent spread 

towards West Eurasia (Kovalev and Mukhacheva 2014; Weidmann et al. 2011; 

Zanotto et al. 1995). However, this hypothesis is contrasted in studies suggesting the 

TBEV origin in Western Siberia and subsequent bi-directional spread to West and 

East Eurasia (Heinze et al. 2012). However, the general east-west concept of TBEV 

spread on a smaller regional scale is supported by published data so far (Weidmann 

et al. 2011; Zanotto et al. 1995; Weidmann et al. 2013). Understanding the 

distribution patterns of TBEV strains is of great importance to gain knowledge on the 

uneven appearance of TBEV foci and to implement target-orientated surveillance as 

well as risk assessment programs. In case of TBEV spread, several possibilities are 



Discussion 

 
34 

 

proposed: (I) the continuous spread including terrestrial transport of TBEV-infected 

ticks during infestation on wild game animals like roe deer or wild boar (Kriz et al. 

2014; Balling et al. 2014) as well as (II) the discontinuous spread via aerial transport 

of TBEV-infected ticks by avian hosts, mainly migratory bird species (Waldenström et 

al. 2007). In addition, anthropogenic transport supports the discontinuous spread by 

transport of infected animals or animals infested with TBEV-positive ticks (Jovani and 

Tella 2006). Both, terrestrial and aerial spreading patterns of TBEV isolates detected 

in 2016-2018 in the upper Rhine valley/Germany, seem to play an important role 

(Bestehorn et al. 2018). Furthermore, Weidmann et al. (2011) discussed TBEV 

spread by anthropogenic routes explaining the discontinuous distribution of 

phylogenetically closely related strains from regions in Bavaria, Germany, and the 

Czech Republic, which are separated by a mountain range of 1,400 m altitude. This 

natural barrier makes spread by terrestrial animal rather unlikely. Similarly, the close 

phylogenetic relation between German strains from Lower Saxony and Battaune as 

well as to the Polish TBEV strain from Lodz might present a direct anthropogenic 

transportation of infected ticks by motorized vehicles since the German and Polish 

locations are geographically separated between 750 km (via motorways E30 and A2) 

to 870 km (via motorways E40 and A4). Interestingly, one route (via the E40) passes 

by Battaune in Saxony, Germany, thus, might support the hypothesis of a common 

introduction route for the strains from Lower Saxony and Saxony. In addition, a 

Russian study hypothesized that Baltic TBEV strains of TBEV-Sib and TBEV-FE 

subtypes were distributed along the Trans-Baikalian highway and railway routes by 

exportation from their Siberian distribution regions (Kovalev and Mukhacheva 2014).  

Further examples for discontinuous spread are the recently detected TBEV foci in the 

United Kingdom due to its isolated status as an island (Holding et al. 2019; Holding et 

al. 2020) as well as the first detection of TBEV in ticks from Tunisia on the African 

continent (Fares et al. 2021). The TBEV strains identified in the United Kingdom are 

phylogenetically closest related to the Norwegian TBEV strain Mandal described in 

2009 and the Dutch TBEV-NL-Salland strain described in 2017 suggesting two 

individual importation events with potential carriage of infected ticks by migratory 

birds (Holding et al. 2020). Accordingly, migratory birds and wild game animals, 

which contribute to the continuous spread, represent a further hypothesis of TBEV 

introduction into Lower Saxony. 
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Recently, a new TBEV isolate from the area of Halle, Saxony-Anhalt/Germany, was 

isolated from Dermacentor spp. ticks and clusters with isolates from Battaune, 

Saxony, and Lower Saxony thus, also contributing to the hypothesis of an east-west 

invasion (personal communication Gerhard Dobler, Bundeswehr Institute of 

Microbiology, Munich, Germany). This finding from Halle, which is situated along the 

motorway route E40-A4, strengthens the hypothesis of an anthropogenic route of 

TBEV spread by transport. On the other side, direct continuous spread by wild game 

along the motorways acting as natural barriers might be also a possible explanation 

for this distribution pattern. Furthermore, identification of additional TBEV strains on 

the direct route from Battaune, Saxony, to Lower Saxony may contribute to the 

knowledge of direct continuous spread (Boelke et al. 2019). 

The identification and phylogenetic characterization of TBEV strains from the formally 

classified non-endemic federal state of Lower Saxony highlights the increasing 

prevalence also in German non-risk areas. As Lower Saxony represents the first 

northern federal state with a declared TBEV risk area since 2019, enhanced TBEV 

prevalence in further non-risk areas demands increased public awareness as well as 

surveillance efforts. In addition, data from this study suggest an east-west invasion 

event into Western Europe due to high similarity of viruses isolated in Lower Saxony 

and Saxony. 

Consequently, identification and evaluation of emerging and invading TBEV strains 

as well as new TBEV subtypes regarding their occurrence and pathogenic 

characteristics will add more information on the uneven distribution patterns and 

determinants influencing pathogenesis. TBEV-Sib as well as its corresponding 

primary vector tick, I. persulcatus, spread westwards with findings in the Baltic 

States, Finland, and Sweden (Kovalev and Mukhacheva 2012; Jaenson et al. 2016; 

Kaiser 2016; Jääskeläinen et al. 2016; Jääskeläinen et al. 2011; Laaksonen et al. 

2017). In 2015, fatal human TBE cases caused by infections with TBEV-Eu and 

TBEV-Sib strains from an I. ricinus tick focus were reported in Finland (Kuivanen et 

al. 2018). The authors raised concerns over continuing spread of TBEV-Sib strains in 

widespread tick species in Europe. The interplay of different tick populations and 

TBEV strains of different origin is of special interest to gain more knowledge on the 

uneven distribution and shape of TBEV foci as potential vector species are widely 

distributed. Liebig et al. (2021) investigated the influence of tick-virus populations with 
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synonymous and non-synonymous TBEV strains and tick populations by an artificial 

feeding system. Results from this study indicate a co-evolutionary adaption of viral 

strains and tick populations as TBEV RNA copy numbers were significantly higher for 

the synonymous than for the non-synonymous pairing. Additionally, higher TBEV 

infections rates were reported for synonymous than for non-synonymous tick 

populations (Liebig et al. 2020). 

In addition to surveillance and detection measures, the characterization of newly 

identified TBEV strains regarding their virulence in humans is of high importance to 

gain knowledge on this important disease. So far, all TBEV strains from Germany 

belong to the TBEV-Eu subtype which usually results in milder clinical picture and low 

mortality rates ranging between 1-2% (Mackenstedt and Dobler 2020; Gritsun et al. 

2003). However, some highly virulent strains of TBEV-Eu, like Hypr, have also been 

described (Wallner et al. 1996). Nevertheless, the TBEV subtype is not the only 

determinant of disease severity as other factors including the infectious viral dose, 

immune state, age and/or genotype (e.g., predispositions) of the infected patient may 

contribute to disease severity (Mickiene et al. 2014; Kaiser 2012; Barkhash et al. 

2018). To determine the neuropathogenic characteristics of different TBEV strains, 

two major traits are investigated namely neuroinvasiveness and neurovirulence 

(Maximova and Pletnev 2018). Neuroinvasiveness describes the ability of a virus to 

spread and replicate in peripheral organs with subsequent infection of the CNS, while 

neurovirulence represents the ability of the virus to replicate and cause damage 

within the CNS (Maximova and Pletnev 2018). Yet, the mechanism of invasion as 

well as severity of infection and damage within the CNS by TBEV are still not fully 

understood (Dobler et al. 2016). There are several possible ways described for TBEV 

to enter the CNS by crossing the BBB (Mandl 2005; Ruzek et al. 2010; Bogovic and 

Strle 2015). Potential invasion ways for viruses are the direct retrograde transport by 

infected peripheral nerves, infection of highly susceptible olfactory neurons and 

subsequent spread to the olfactory bulb, transcytosis through microvascular 

endothelial cell as well as the diffusion of the virus between capillary endothelial cells. 

Additionally, the “Trojan horse” mechanism using infected immune cells for CNS 

invasion is proposed (Palus et al. 2017). So far, the exact mechanism of CNS 

invasion of TBEV remains unclear and might be a combination of all these 

hypotheses. Since flaviviruses like TBEV, Langat virus (LGTV), WNV and JEV invade 
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the CNS without disruption of the BBB (Li et al. 2015; Ruzek et al. 2011; Roe et al. 

2012, Weber et al. 2014), neuroinvasion via direct infection of microvascular 

endothelial cells seems probable (Ruzek et al. 2019). Indeed, Palus et al. (2017) 

showed persistent infection of TBEV in an in vitro BBB model enabling virus CNS 

infiltration with high viral yield. In contrast, LGTV, which is closely related to TBEV, 

most probably uses susceptible olfactory neurons for CNS invasion as the virus was 

first detected in the olfactory bulb with subsequent spread to other brain areas in a 

mouse infection model following peripheral injection of LGTV (Kurhade et al. 2016). 

In addition, successful intranasal WNV infection of mice with first viral presence in the 

olfactory tract and and pyriform cortex neurons highlights the potential CNS infection 

by susceptible olfactory neurons (Vidana et al. 2020). As factors contributing to TBEV 

infection severity and clinical course are not clear yet, the possibility of several 

potential CNS invasion ways requires more research. 

Most TBEV studies regarding neuroinvasiveness, neurovirulence were examined 

using laboratory mice since those animals develop similar neurological symptoms 

and dysfunctions as observed in humans (Hayasaka et al. 2009) thus, resemble 

more a human infection than a rodent infection (Mandl 2005). In addition, mice have 

a striking genomic homology to humans and are therefore used to analyze how 

genes could have an influence on disease (Kröger and Överby 2020). Furthermore, 

death of laboratory mice strains has been used as an indicator for pathogenesis of 

TBEV strains and peripheral infection via subcutaneous or intradermal injection of 

mice is considered as a reproducible natural tick bite-TBEV infection of humans 

(Hayasaka et al. 2009).  

To evaluate and characterize newly identified TBEV strains regarding their 

pathogenic characteristics, we established a murine infection model within this thesis 

using the well-studied TBEV-Eu prototype strain Neudoerfl for further studies. In 

addition to CNS symptomatology, gastrointestinal (GI) alterations and disorders have 

been described upon infection with flaviviruses like WNV, ZIKV and POWV (Kimura 

et al. 2010; Nagata et al. 2015; White et al. 2018). Nagata et al. (2015) reported 

infection of enteric neurons resulting in intestinal distension, which was caused by 

peripheral neuritis and paresis subsequently, leading to death upon experimental 

intravenous infection of BALB/c mice with the TBEV-FE strain Sofjin. As the 
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intravenous infection does not represent the natural TBEV infection, we used the 

subcutaneous infection to analyze GI symptoms.  

During this thesis, establishment of the murine infection model as well as analysis of 

GI symptoms were conducted using C57BL/6JOlaHsd mice which were 

subcutaneously (assessment of neuroinvasiveness) and intracerebrally (assessment 

of neurovirulence), respectively, infected with TBEV-Eu strain Neudoerfl. In our study, 

intracerebrally infected control mice were euthanized due to severe clinical symptoms 

(e.g., hind leg paresis and moribund condition) on day 6 post-infection (dpi) 

confirming the neurovirulent trait of TBEV strain Neudoerfl. In all except one mouse, 

we observed alterations of the GI tract and segmental dilation of the small intestine 

as well as abdominal distension acutely appearing after 8 dpi. Our observations are 

similar to those of intravenously infected mice with the highly virulent TBEV-FE Sofjin 

strain (Nagata et al. 2015). In our study, mice infected with TBEV strain Neudoerfl 

presented severe clinical symptoms reaching humane endpoint between 8 and 12 

dpi (9 mice) in all symptomatic animals confirming the neuroinvasive trait of TBEV 

strain Neudoerfl. Furthermore, Nagata et al. (2015) found TBEV antigen in the gastric 

myenteric and celiac plexus at 5 and 7 dpi as well as inflammatory cell infiltrates in 

the gastric and myenteric plexus at 8 dpi. The authors hypothesized the invasion of 

the CNS by TBEV through the GI neuronal pathway due to double-staining of viral 

antigen and the neuronal marker MAP-2 revealing TBEV antigen presence in the 

peripheral nerves of the small intestine. Within our murine TBEV infection study, 

intramural ganglioneuritis in the small and large intestine of TBEV strain Neudoerfl-

infected mice was revealed by histological examination and firstly appeared at 2 and 

4 dpi (one mouse each), at 7 dpi (two mice) and subsequently, in all infected mice 

from 8 dpi onwards. Moreover, we confirmed the intracytoplasmic localization of virus 

in intramural ganglions at 7 dpi via TBEV antigen staining. Besides TBEV, other 

neurotropic flaviviruses have been shown to cause GI dysfunction in mice after 

subcutaneous infection (White et al. 2018). Moreover, White et al. (2018) studied the 

influence of flaviviral infection (WNV, ZIKV and POVW) on the GI tract motility in 

C57BL/6 mice. Similar to our TBEV infection study and that performed by Nagata et 

al. (2015), delayed GI transit upon infection, which was caused by the damage of 

enteric neurons and manifested in GI motility abnormalities, was observed (White et 

al. 2018). Additionally, acute dilation of small and large intestine as also presented in 
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our TBEV infection study and in the study done by Nagata et al. (2015) was 

described and viral antigen was detected localizing to the enteric ganglia (White et al. 

2018). The presence of viral antigen in enteric ganglia on 7 dpi (within our 

subcutaneous TBEV infection model), 5 and 7 dpi (Nagata et al. 2015; intravenous 

TBEV infection) and at 6 dpi (White et al. 2018; subcutaneous WNV infection) in 

combination with occurrence of GI alterations acutely appearing at 8 dpi suggest a 

common mode of infection of different flaviviruses in peripheral murine infection 

models. In addition to macroscopic alterations, infiltration of CD3+ T lymphocytes into 

the myenteric plexus and muscularis propria of POVW-, ZIKV- and WNV-infected 

mice resulting in cell death of myenteric ganglia has been shown (White et al. 2018). 

This is in line with our TBEV infection study and highlights the potential role of 

immune-mediated damage upon flaviviral infections. White et al. (2018) suggested 

that a systemic infection with neurotropic flaviviruses potentially lead to an immune-

mediated damage of the enteric nervous system (ENS) which subsequently results in 

an intestinal dysmotility syndrome in mice. Additionally, those damages highlight 

model features of an acute intestinal pseudo-obstruction in human chronic irritable 

bowel syndrome (IBS) (Klem et al. 2017).  

Because subcutaneously TBEV-infected mice in our study presented intramural 

enteric ganglioneuritis in the myenteric (Auerbach´s) and the submucosal 

(Meissner´s) plexus of small and large intestine, a similar phenomenon described in 

the study of White et al. (2018) might be responsible for observed GI alterations. 

Both, myenteric and submucosal plexus are incorporated in the ENS, which consists 

of glial and complex neural networks. While the myenteric plexus is situated between 

inner circular and outer longitudinal muscle layers of the bowel (muscularis propria), 

the submucosal plexus is found between muscularis propria and the mucosa 

(Furness 2006; Furness 2012). The myenteric plexus mainly regulates the motility 

and peristaltic of the GI tract and serves as major nerve supply, primarily 

independent from the CNS (Furness, 2006; Furness, 2012; Schneider et al. 2019), 

while the submucosal plexus regulates intestinal blood flow, epithelial function, and 

repair as well as responses to sensory stimuli (Furness 2012). For this reason, 

ganglioneuritis of enteric glial cells may substantially influence the motility and 

peristaltic of the GI tract (Schneider et al. 2019) highlighting the hypothesis that 
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flaviviral infection and damage of the ENS can result in an intestinal dysmotility 

syndrome (White et al. 2018).  

Regarding the influence of immune-mediated damage, we determined the amounts 

of CD3+ T lymphocytes, CD45R B lymphocytes and macrophages in small and large 

intestine of TBEV-infected mice. The presence of ganglioneuritis and degree of 

severity were linked to infiltrating CD3+ T lymphocytes and macrophages, which is in 

line with observations of the murine subcutaneous WNV infection model (White et al. 

2018). During the symptomatic phase (presence of macroscopic GI alterations), we 

found a significantly higher amount of CD3+ T lymphocytes and macrophages in 

comparison to the preclinical phase (4 to 7 dpi) and early phase (0 to 2 dpi) of 

infection. Recruitment of CD3+ T lymphocytes influences the activation of CD8+ T 

lymphocytes, whose role during flaviviral infections have already been evaluated and 

demonstrated by several studies. White et al. (2018) described infiltrating CD8+ T 

lymphocytes to be primarily involved in the early GI tract alterations in WNV infection 

of mice. In their study, CD8+-deficient mice showed no signs of GI tract alterations, 

but adoptive transfer of CD8+ T cells subsequently resulted in alterations in 

immunocompetent mice (White et al. 2018). Moreover, a systemic inflammatory (e.g., 

CD8+ T cell-induced) and stress response in combination with CNS disease were 

linked to fatal outcome of TBEV infection in mice (Ruzek et al. 2009; Hayasaka et al. 

2009). This highlights the influence of immune-induced damage on severity of 

infection since fatal human TBE cases were additionally linked to activated CD8+ T 

lymphocytes (Gelpi et al. 2005; Gelpi et al. 2006). In contrast, the humoral response 

did not seem to have a significant role during enteric ganglioneuritis as CD45R+ cells 

were just marginally found and thus, not persuaded further in our study. This 

observation is in line with findings in brains of LGTV-infected macaques where only 

relatively low amounts of B cell infiltrates were observed (Maximova et al. 2009).  

Findings of infection and damage to enteric glial cells, either virus-mediated or 

immune-induced, raise the question whether GI symptoms are also present in human 

TBE cases and how often they are present. While TBE is mostly associated with 

potential severe neurological manifestation and CNS symptomatology, GI symptoms 

in humans are just sporadically reported (Kaiser 1999; Kleiter et al. 2006). Symptoms 

are often non-specific and occur during the first clinical phase (viremic phase) of the 

disease before onset of neurological symptoms or as sequelae resulting from 
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neurological manifestation and subsequent damage. Vomiting, nausea, diarrhea and 

anorexia are examples for GI involvement, but differential diagnosis may include 

various virus syndromes due to the unspecific nature of symptoms (Dumpis et al. 

1999). Regarding GI symptomatology, Dobler et al. (2016) isolated a TBEV strain 

(MucAr HB171/11) from ticks in an area with five reported human TBE infections 

presenting mainly GI symptoms without CNS symptomatology. In addition, a 

prospective study including 656 German TBE patients conducted between 1994 and 

1998 analyzed the frequency of GI autonomic dysfunction upon TBEV infection 

(Kaiser, 1999). The study reported an impaired bowel function in 1% of patients 

diagnosed with meningoencephalitis and in 13.5% of patients presenting 

meningoencephalomyelitis. Kleiter et al. (2006) reported the occurrence of three TBE 

patients presenting dysautonomic symptoms in the upper and/or lower GI tract. In 

this study, symptoms included severe postprandial abdominal pain, vomiting, 

reduced bowel motility and constipation. Moreover, a 75-year-old man developed 

severe impairment of the intestinal propulsive motility, which mimicked bowel 

obstruction, after TBE-associated encephalomyeloradiculitis (Versace et al. 2017). 

The authors assumed a potential myenteric plexus infection, but molecular pathologic 

confirmation of viral antigen in myenteric cells was not conducted. In 1989, pseudo-

obstruction of the colon occurring in a patient bitten by a tick was firstly described 

(Autschbach et al. 1989). Nevertheless, a confirmation of a TBEV infection was not 

performed for this patient. A recent case of acute TBEV infection in a patient in 

Germany presenting enteroparesis in absence of CNS symptoms highlights the 

potentially severe GI manifestation upon TBEV infection (personal communication 

Gerhard Dobler, Bundeswehr Institute of Microbiology, Munich, Germany).  

Besides these TBEV infection-associated episodes of GI symptomatology, studies 

from the United States reviewed the GI tract and hepatic manifestations of tick- and 

vector-borne diseases (e.g., Lyme disease, Rocky-Mountain spotted fever, tularemia 

and Colorado tick fever) (Zaidi and Singer 2002; Erdman et al. 2021). The authors of 

both studies highlighted a high number of patients developing acute febrile illness 

and GI symptoms after a tick bite. In addition, further studies hypothesized the 

involvement of viral infections including flaviviruses on development of chronic 

idiopathic intestinal pseudo-obstruction (CIPO), which is a rare but severe and often 
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unrecognized potentially disabling disease with possible life-threatening 

complications (de Georgio et al. 2010; Sinagra et al. 2021; Stanghellini et al. 2005).  

Interestingly, in our study we observed ganglioneuritis as well as viral antigen in small 

and large intestine of mice infected intracerebrally with TBEV Neudoerfl. This 

occurrence is remarkable and arguments against the hypothesis by Nagata et al. 

(2015) that TBEV invades the CNS via autonomic nerves running from the enteric 

plexus. Nevertheless, as mentioned before, TBEV may use different invasion ways 

into the CNS and a combination of these potential ways is most likely (Bogovic and 

Strle 2015; Ruzek et al. 2019). Alternatively, damage of regions in the medulla 

oblongata and in the brain stem mediated by virus infection or the subsequent 

immune response potentially leading to neuronal inhibition of GI tract axons. This is 

of special interest because the myenteric plexus, a collection of neurons from the 

ventral part of the brain stem, originates from the medulla oblongata and 

subsequently, the vagus nerve acts as carrier of axons to their destination into the GI 

tract (Mazzuoli and Schemann 2012; Schneider et al. 2019). In that respect, the brain 

stem and medulla oblongata are described as two major regions of induced lesions in 

the CNS upon TBEV infection (Gelpi et al. 2006). In addition, inflammatory reaction 

and acute necrosis of neurons were found in brain stem and medulla oblongata in 

subcutaneously infected mice (Hayasaka et al. 2009). Those observed lesions might 

explain the often-reported GI sequelae following neurological manifestation of TBEV 

infections in humans. Nevertheless, this hypothesis requires further investigations. 

As TBEV is not only transmitted via the bite of an infected tick but also via the 

alimentary route, its influence on the GI tract is of special interest. The epithelial cells 

of the GI tract are associated with potential TBEV infection and replication side 

leading to a systemic infection and CNS invasion (Ruzek et al. 2010; Pogodina 1960; 

Balogh et al. 2012). Kenyon et al. (1992) demonstrated antigen of Kyasanur Forest 

disease virus, member of the tick-borne encephalitis group, in the epithelial cells of 

the gut in bonnet macaques. In another study, epithelial Caco-2 cells were infected 

with TBEV and showed high replication in vitro as well as leakage enabling virus to 

infect underlying tissue (Yu et al. 2014). In this regard, a recent study by Schreier et 

al. (2021) highlights the importance of peroral TBEV uptake in comparison to gavage 

administered TBEV infection in a mouse model suggesting the important role of 

epithelial cells of the reticuloendothelial system upon alimentary infection.  
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Overall, the presence of acute GI alterations following subcutaneous TBEV infection 

caused by ganglioneuritis of enteric glial cells was demonstrated within our murine 

TBEV infection model. A high amount of infiltrating CD3+ T lymphocytes and 

macrophages displayed in mice exhibiting ganglioneuritis and alterations of the GI 

tract was observed. Hence, infection and subsequent damage of ENS neurons by 

TBEV and further neurotropic flaviviruses might be related to acute and persistent GI 

dysmotility and pathology. Therefore, flavivirus-induced GI complications and 

sequelae and its implication on life quality should not be neglected. Additionally, the 

potential human TBEV infection by oral uptake suggest that further studies on tick- 

and food-borne infection routes and the consequences for TBEV-induced 

pathogenesis of the GI tract are required. 

While the interplay of virus and tick populations is of special interest to shed light on 

factors contributing to TBEV foci formation, analysis of factors influencing the severity 

of a TBEV infection is of high importance for risk assessment and implementation of 

therapy strategies (Ruzek et al. 2019). The viral subtype seems to be not the solely 

contributor to pathogenesis since case reports showed mild and severe disease with 

each TBEV subtype (Ruzek et al. 2019). In nature, high (strain Hypr) and low (strain 

Neudoerfl) neuropathogenicity has been described for different TBEV strains despite 

both belonging to the TBEV-Eu subtype (Mandl et al. 1997). In 2016, a TBEV strain 

was isolated in a TBE risk area from questing I. ricinus ticks, which caused mainly GI 

symptoms in human patients (Dobler et al. 2016). The isolated strain, TBEV-MucAr 

HB171/11 (Dobler et al. 2016), showed reduced neuroinvasiveness and 

neurovirulence in a murine infection model without GI symptoms (Kurhade et al. 

2018). Mice presented a strong peripheral cytokine response upon TBEV infection 

with this strain and the authors suggested that a low and delayed neuroinvasiveness 

in combination with low neurovirulence might be translated to the human infection. In 

addition, the strain T263 from the Czech Republic had a reduced neuroinvasiveness 

upon peripheral infection in mice but displayed high neurovirulence while been 

applicated directly into the murine brain (Ruzek et al. 2008). The authors found 

mutations in the NS2B and/or NS3 gene to be responsible for the reduced 

neuroinvasiveness.  

Moreover, the influence of viral characteristics on neuropathogenicity has been 

investigated in several studies, but the exact determinants are still not fully 
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understood (Dobler et al. 2016; Lindqvist et al. 2020). A study by Mandl (2005) 

searched for aa changes in the E protein, the C protein and in the 3´-UTR of TBEV-

Eu subtype strain Neudoerfl, LGTV and Louping ill virus (LIV). Mutations in these 

examined sites were reported to have a significant effect on neuropathogenesis 

(Mandl 2005). The E protein is essential for attachment and mediation of the entry 

into the host cell as well as induction of cellular and humoral responses, thus 

representing a crucial step during pathogenesis (Mandl 2005; Leonova et al. 2013; 

Kellman et al. 2018). Domain III of the E protein is suggested to serve as receptor 

binding area and mutations within this part of the protein led to attenuated TBEV, 

LGTV and LIV clones with reduced neuroinvasiveness and neurovirulence (Campbell 

and Pletnev 2000; Holzmann et al. 1990; Holzmann et al. 1997; Jiang et al. 1993). 

For example, Holzmann et al. (1990) reported an antibody escape mutant of TBEV-

Eu strain Hypr presenting with an Y384H mutation in the E protein resulting in 

reduced neurovirulence in mice. Regarding the influence of the E protein on 

neuropathogenesis, a study from the Odenwald Hill region in southwestern Germany 

reported that mutations within the E protein were associated with more frequent, 

severe, and fatal human TBE cases in that region (Ott et al. 2020). Moreover, a 

recent study by Lindqvist et al. (2020) revealed that two aa substitutions from the 

highly pathogenic Swedish TBEV strain 93/783, namely alanine to threonine (position 

83) and alanine to serine (at position 463), led to enhanced infection of neurons, 

pathogenesis, and viral replication in mice brain by the otherwise low pathogenic 

Swedish TBEV strain Torö. Furthermore, the authors reported lower amounts of 

neutralizing antibodies by use of the TBEV-Eu vaccine strain K23, which is 

suggested to be linked to the genetic divergence from the vaccine strain and might 

pose a risk for vaccine breakthrough infections.  

Besides, mutations in the core region of 3´-UTR drastically reduced 

neuroinvasiveness and in addition, led to increased survival times in animals after 

intracranial infection (Mandl et al. 1998a; Mandl et al. 1998b). Furthermore, mutations 

in the C protein resulted in reduction of infectious particle formation and 

subsequently, led to impaired ability of the virus to spread from the peripheral 

infection site (Kofler et al. 2003). Furthermore, Belikov et al. (2014) compared 34 

different strains of the TBEV-FE subtype, which differed in severity of disease course 

and clinical outcome by whole genome sequencing. The study revealed aa deletions 
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primarily found within the C protein which in combination with substitutions in 

protease proteins could be a potential cause of attenuated pathogenicity.  

Additionally, differences in virulence of TBEV strains have been hypothesized on 

basis of its origin since human isolates underwent selective pressure due to the 

mammalian host response, while other isolates are of tick origin or cell culture 

passaged (Lindqvist et al. 2020). Attenuation of TBEV strains due to cell culture 

passaging has been described (Mandl et al. 2001; Goto et al. 2003). For example, 

serial passaging of TBEV strain Neudoerfl on baby hamster kidney (BHK)-21 cells 

resulted in aa mutations leading to increased net positive charge and decreased 

neuroinvasiveness and pathogenicity in murine infection (Mandl et al. 2001). 

Similarly, Goto et al. (2003) compared TBEV-FE strain Oshima 5-10 and a BHK-21 

cell-derived mutant revealing reduced neuroinvasiveness and low-level induction of 

viremia for the cell-derived mutant strain in mice. This attenuation was based on one 

aa exchange in the E protein and the authors hypothesized a potential rapid 

clearance of the mutant virus due to high affinity for negatively charged molecules. In 

contrast, serial passaging of the naturally attenuated TBEV strain 263 in suckling-

mouse brains led to increased neuroinvasiveness comparable to highly virulent TBEV 

strain Hypr after five passages (Ruzek et al. 2008). Moreover, serial passaging of 

TBEV strain 4387 through the salivary glands of I. ricinus resulted in decreased 

neuroinvasiveness in mice (Labuda et al. 1994), whereas subsequent passaging of 

the tick-attenuated virus in mouse brains led to re-established neuroinvasiveness 

highlighting the influence of origin and passaging of the virus on pathogenesis 

(Kaluzova et al. 1994). Regarding the adaption of tick-derived TBEV to mammals or 

vice versa, the presence and selection of quasispecies populations in contrast to the 

emergence of new random mutations has been described (Ruzek et al. 2008; Asghar 

et al. 2014; Asghar et al. 2017; Helmova et al. 2020). Studies proved the co-

existence of a heterogeneous population of TBEV variants within one pool containing 

pre-adapted variants regarding environment-dependent reproduction (Ruzek et al. 

2008; Ashgar et al. 2014; Helmova et al. 2020). That pre-existence and subsequent 

selection of best-fit variants may enable fast adaption to changing conditions 

supporting survival in ticks and mammals (Helmova et al. 2020). 

Moreover, the virus origin is of importance regarding glycosylation patterns of the 

viral E protein, which differ significantly between mammalian and tick cell lines 
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(Lattova et al. 2020). Several studies indicate that E protein glycosylation is 

correlated with an increased infectivity and a major factor during virion assembly as 

well as for tropism and pathogenesis (Hanna et al. 2005; Beasley et al. 2005; Yoshii 

et al. 2013; Carbaugh and Lazear 2020). In contrast to other mosquito-borne 

flaviviruses, TBEV has only one glycosylation site on the E protein, namely 

asparagine at position 154 (Carbaugh and Lazear 2020; Lattova et al. 2020). While 

deletion of the glycosylation site had no effect on TBEV growth in tick cell culture, 

deletion of glycans led to disturbed maturation of virions in mammalian cell culture 

and reduced neurovirulence in infected mice (Yoshii et al. 2013). Thus, glycosylation 

of the TBEV E protein depends drastically on the host cell and should be considered 

for understanding of TBEV biology in vertebrate and invertebrate hosts (Lattova et al. 

2020). Furthermore, carbohydrate-binding agents may represent a useful tool as 

potential TBEV inhibitor for clinical research (Lattova et al. 2020).  

Based on current data, an evaluation of the Lower Saxonian TBEV isolates regarding 

their pathogenic characteristics is not possible and requires further research by 

integration of the established murine infection model. The site of Rauher Busch is 

associated with at least two severe human TBE cases (from 2011 and 2016) 

presenting with sequelae (disturbance of speech as well as paresis of one arm), 

while the site of Barsinghausen/Mooshuette is connected to one human case (from 

2008) presenting with meningitis (personal communication Masyar Monazahian, 

Lower Saxonian Health Authorities (NLGA), Hanover, Germany). However, as not 

only the viral strain but also genetic predispositions, age, infectious viral dose as well 

as the overall immune and health status contribute to the clinical outcome of a TBEV 

infection. Therefore, a definitive conclusion on the pathogenesis of these two TBEV 

isolates cannot be drawn. Nevertheless, Michelitsch et al. (2019) used a close 

relative TBEV strain from Battaune, Saxony/Germany, in an in vivo bank vole model 

to characterize TBEV infection in its natural rodent reservoir. The Battaune strain was 

isolated from a bank vole in 2017 and presents the only TBEV strain in that study 

causing premature losses in used bank vole lineages. This is of special interest 

because generally bank voles do not show clinical symptoms upon a TBEV infection, 

although the authors reported viral replication and a low virulence phenotype. In 

addition, the bank voles in that study showed a high amount of viral RNA copies in 

the small and large intestine as well as in the faeces, but macroscopic alterations or 
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enteric ganglioneuritis were not reported (Michelitsch et al. 2019) as was seen in the 

murine TBEV Neudoerfl-infected C57BL/6 infection model within this thesis. These 

findings in murine and bank vole infection models in combination with reports of 

TBEV infection-associated human GI complications highlight the potential 

involvement of the GI tract and ENS in TBE pathogenesis. However, further research 

on this is required. 

Moreover, due to the expansion of the viral geographical range and the more 

frequent overlapping occurrence of different TBEV subtypes in recent years, 

surveillance is the key factor to add more information on spread, distribution, and 

clinical presentation of new emerging TBEV strains. Besides, studies on therapy 

approaches as well as on effectiveness of current available TBEV vaccines against 

emerging strains and subtypes are necessary due to more frequently reported 

vaccine breakthrough infections and mutations, mainly on the E protein. Additionally, 

it is of upmost importance to raise public awareness for TBE and its potential 

devastating consequences on life quality and to increase the vaccination rate to 

protect public health from this serious but preventable disease.  
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Conclusion 

As tick-borne encephalitis is one of the most important neurodegenerative diseases 

in Europe and Asia, surveillance on distribution and spread represents one of the 

major key factors for public risk assessment and prevention strategies. Results from 

this thesis facilitate first ever phylogenetic data on TBEV isolates from the formally 

classified non-endemic federal state of Lower Saxony highlighting the increased 

prevalence of this virus in German classified non-endemic regions. Phylogenetic 

characterization clusters those isolates with recently isolated strains from Saxony as 

well as with a Polish TBEV isolate from 1971 suggesting an east-west invasion event 

of TBEV into Western Europe in addition to the south-north spread of risk areas seen 

in Germany. For analysis of viral characteristics like neuroinvasiveness and 

neurovirulence, laboratory mice strains are used due to their susceptibility to TBEV 

infection and similar symptoms upon infection than seen in humans. Upon infection of 

C57BL/6 mice with TBEV prototype strain Neudoerfl, acute GI alterations caused by 

inflammation of enteric intramural ganglia (ganglioneuritis) in small and large intestine 

presented to be a common feature in TBEV-infected mice. Infection and damage of 

neurons of the ENS by neurotropic flaviviruses might be a source of acute and 

persistent GI pathology and dysmotility. Therefore, implications on life quality of 

humans due to flavivirus-induced GI complications and sequelae should not be 

neglected. As TBEV is not only transmitted by tick bite but also by oral uptake, further 

investigations of the TBEV-induced pathogenesis of the GI tract for both the tick-

borne and food-borne infection routes should be considered. 

To conclude, the detection and characterization of new invading TBEV strains in 

formally classified non-endemic areas is of major importance for evaluation of public 

risk assessment and implementation of prevention measures. Moreover, surveillance 

will add more knowledge on the distribution and spread of TBEV in Germany. 

Furthermore, evaluation of newly found TBEV isolates regarding their neuroinvasive 

and neurovirulent characteristics is necessary for better understanding of this 

important disease and its impact on public health as well as life quality impairment 

upon TBEV infection. 
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