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1 SUMMARY 

Tick-borne encephalitis (TBE) is a zoonotic arbovirus infection of the central 

nervous system. The disease is caused by the tick-borne encephalitis virus (TBEV), 

which is endemic in an area ranging from western Europe to China and Japan. Within 

endemic foci, the virus is maintained in cycles involving ixodid ticks and wild 

vertebrate animals. During the last 30 years, the incidence of TBE has increased 

significantly. In Switzerland, about 110 to 120 annual human disease cases are 

presently reported. However, only very limited information on the endemicity of TBEV 

has been available so far. This thesis focused on the molecular epidemiology of 

TBEV in our country. Using a self-developed PCR-based test we performed a 

national tick surveillance study, the results of which significantly contribute to an 

improved risk assessment of TBE in Switzerland. Furthermore, the circulating viruses 

were characterized with respect to their basic biological and genetic properties. 

For the purpose of large-scale surveillance studies, we developed a protocol 

involving an automated, high-throughput nucleic acid (NA) extraction method 

(QIAsymphony SP system) and a one-step duplex real-time reverse transcription-

PCR (RT-PCR) for the detection of TBEV in ticks, including an internal process 

control. Establishment of the automated NA extraction procedure included 

optimization of a standard protocol and its evaluation against a modified guanidinium 

thiocyanate-phenol-chloroform extraction protocol. High usability, reproducibility, and 

equivalent performance for virus concentrations down to 5 x 103 viral genome 

equivalents/µl favor the automated protocol compared to the precipitation procedure. 

The validated real-time RT-PCR allows fast, sensitive (limit of detection: 10 RNA 

copies/µl), and specific (no false-positive test results for other TBEV subtypes, other 

flaviviruses, or other tick-transmitted pathogens) detection of European subtype 

TBEV. The established analytical system permits an extensive characterization of the 

true virus prevalence in natural TBE reservoirs and should be implemented in 

national surveillance systems in any European country where TBE is endemic.  

We applied the new molecular test procedure in a national tick surveillance 

study, in which 62,343 ticks were collected at 165 collection sites throughout 

Switzerland by flagging low vegetation. Thirty-eight endemic foci could be identified, 

with a mean virus prevalence of 0.46 %. The foci do not fully agree with those 

defined by geographic mapping of clinical cases. Therefore, our data are a unique 
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complement of human disease case mapping and significantly improve risk 

assessment of TBE in Switzerland.  

Sixty-four of 72 TBE viruses detected by real-time RT-PCR could successfully 

be recovered using porcine kidney stable or Ixodes ricinus tick cell culture systems. 

These isolates were characterized in vitro with respect to their plaque phenotype, 

since this has been associated with virulence. Two thirds (67 %) of isolates produced 

a mixture of plaques of different sizes, reflecting a heterogeneous population of virus 

variants. Isolates consistently forming plaques of small size, indicating low virulence, 

were associated with recently detected endemic foci with no or only sporadic reports 

of clinical cases. All of six virus isolates investigated in an in vivo mouse model were 

highly neurovirulent (100% mortality) but exhibited a relatively low level of 

neuroinvasiveness, with mouse survival rates ranging from 50 to 100 %. Thus, both 

in vitro and in vivo surrogates of virulence suggest a high proportion of isolates with 

relatively low neuropathogenic potential, which is in agreement with a hypothesized 

high proportion of subclinical or mild TBE cases. 

The envelope (E) gene sequences and phylogenetic classification of all 72 

TBE viruses were analyzed. Although the E protein is an important determinant of 

TBEV virulence, we could not clearly correlate any individual substitutions in this 

protein with attenuation of virus virulence, suggesting the presence of additional 

determinants of virulence in other genome regions. Phylogenetically, all isolates 

belonged to the European subtype and were highly related (mean pairwise sequence 

identity of 97.8 % at the nucleotide and 99.6 % at the amino acid level of the E 

protein). Isolates from four cantons formed clearly separated lineages, indicating a 

high degree of isolation of the respective foci. 

Future research focusing on whole genome sequence analyses will permit 

more profound phylogenetic classification of Swiss TBEV. Besides, these studies will 

allow for the identification of additional mutations possibly affecting the pathogenic 

potential of TBE viruses. The biological significance of these substitutions will require 

confirmation by cDNA clone studies. Finally, characterization of viruses isolated from 

human TBE patients will provide important information on the clinical relevance of the 

different viruses circulating among the tick population. 
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3 ABBREVIATIONS  

aa amino acid 

ANOVA analysis of variance 

BBB blood brain barrier 

BHQ Black Hole Quencher ® 

BSA bovine serum albumin 

C protein capsid protein 

CCL2 CC chemokine ligand 2, also known as monocyte chemotactic protein-1 

CCL5 CC chemokine ligand 5, also known as RANTES 

cDNA complementary deoxyribonucleic acid 

CEE central European encephalitis 

CL level of confidence 

CNS central nervous system 

Cq quantification cycle 

CSF cerebrospinal fluid 

CXCL10 C-X-C motif chemokine ligand 10, also known as interferon-inducible 

protein-10 

DDPS Federal Department of Defense, Civil Protection and Sports 

DNA deoxyribonucleic acid 

D-PBS Dulbecco’s phosphate buffered saline without Ca2+ and Mg2+ 

E protein envelope protein 
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EDTA ethylenediaminetetraacetic acid 

ELISA enzyme-linked immunosorbent assay 

ER endoplasmatic reticulum 

EU European Union 

FAM 6-carboxy-fluorescein 

FITC fluorescein isothiocyanate 

FOPC Federal Office for Civil Protection 

FOPH Federal Office for Public Health 

i.c. intracranial 

Ig immunoglobulin 

IL interleukin 

IPC internal process control 

JOE 2',7'-dimethoxy-4',5'-dichloro-6-carboxyfluorescein 

LOD limit of detection 

M protein membrane protein 

NA nucleic acid 

NS protein non-structural protein 

NT neutralization test 

ORF open reading frame 

p.i. post infection 

PBS phosphate buffered saline 
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PCR polymerase chain reaction 

PFU plaque forming units 

prM  precursor of membrane protein 

PS porcine kidney stable 

RNA ribonucleic acid 

RSSE Russian spring summer encephalitis 

RT-PCR reverse transcription polymerase chain reaction 

s.c. subcutaneous 

sPECAM soluble platelet adhesion molecule 

TBE tick-borne encephalitis 

TBEV tick-borne encephalitis virus 

TNF tumor necrosis factor 

UTR untranslated region 

vMC0 avirulent-phenotype mutant strain of infectious mengovirus (Cardiovirus, 

Picornaviridae) 
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4 INTRODUCTION 

Tick-borne encephalitis virus (TBEV) is the etiological agent of tick-borne 

encephalitis (TBE), a zoonotic arbovirus infection and serious cause of central 

nervous system (CNS) disease in humans [1]. In endemic areas, the pathogen is 

maintained in cycles involving ixodid ticks and wild vertebrate animals [1-2]. 

Throughout Europe, TBE constitutes an important health issue with an increasing 

morbidity and endemicity [2-4].  

This introduction describes the main molecular biological properties of TBEV, 

its ecology and epidemiology, and the pathogenesis and clinical manifestations of the 

disease.  

4.1 Virology  

Since its first isolation in Europe in 1948 [5-6], several decades of research 

yielded considerable knowledge on the characteristics of TBEV. Here the molecular 

biological properties of the virus, its replication strategy, and important determinants 

of virus virulence are summarized. 

4.1.1 Virus classification  

According to the latest taxonomic scheme, TBEV is a member of the 

mammalian tick-borne flavivirus group, previously named TBEV serocomplex [7], 

which belongs to the genus Flavivirus within the Flaviviridae family [8]. The TBEV 

species includes three genetic lineages, or subtypes: European (previously central 

European encephalitis, CEE), Siberian (previously western Siberian), and Far 

Eastern (previously Russian spring summer encephalitis, RSSE) [9].  

A recently proposed taxonomic improvement assigns TBEV and the 

genetically very closely related Louping ill virus to one species, including four types: 

western, eastern, Turkish sheep, and Louping ill [10]. 

4.1.2 Virus morphology and genome structure  

Mature TBEV virions are spherical particles with a diameter of 50 to 60 nm 

[11]. They are composed of an icosahedral nucleocapsid consisting of a single 

stranded positive sense RNA genome enclosed by multiple copies of viral capsid (C) 
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protein, which is surrounded by a host cell-derived lipid bilayer containing two viral 

proteins,  envelope (E) and  membrane (M) (Figure 1a, b). The  genome has a length  

 
Figure 1.  Structural organization of TBEV virions. a) In immature TBEV virions, proteins prM and E 

form heterodimers, whereas mature virus particles carry protein M and homodimers of protein E 

(adapted from [12]). b) Electron micrograph of TBEV particles (kindly provided by Elena Ryabchikova, 

Institute of Chemical Biology and Fundamental Medicine, Novosibirsk, Russia)  

of about 11 kilobases and contains a single open reading frame (ORF) flanked by 5’- 

and 3’- untranslated regions (UTR). It carries a 5’-cap but lacks a 3’-poly(A) tail [13]. 

RNA in the UTRs forms conserved secondary stem-loop structures probably serving 

as cis-acting elements for genome replication, translation, or packaging [14-17]. The 

ORF encodes a polyprotein of 3,414 amino acids which is co- and post-translationally 

cleaved into three structural (C, prM, E) and seven non-structural proteins (NS1, 

NS2A, NS2B, NS3, NS4A, NS4B, and NS5) by viral and cellular proteases [18] 

(Figure 2). 

Consistent with its role in packaging viral RNA, the C protein is a relatively 

small protein rich in basic amino acid residues. Its carboxy-terminal region serves as 

an internal signal sequence initiating translocation of protein prM, consecutively 

produced during polyprotein synthesis, into the membrane of the endoplasmatic 

reticulum (ER) [18-19]. Although this signal sequence is removed from mature protein 

C by the viral protease, the protein remains associated with the membrane by virtue 

of a central hydrophobic domain. This domain is supposed to mediate the interaction 

of the nucleocapsid with the surrounding membrane and to play a central role during 

virion assembly [20-21]. 
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Figure 2.  Schematic representation of TBEV genome organization. During replication, the polyprotein 

produced from the single ORF is co- and post-translationally cleaved to yield the structural and non-

structural proteins; grey arrows: cleavage by host signal peptidase; white arrows: cleavage by viral 

protease (adapted from [22-23]). 

prM is a glycosylated precursor of the M protein and shows a chaperone-like 

role in the folding of the E protein [24]. During virus maturation, protein prM is 

cleaved twice by cellular proteases to yield the small M protein found in mature 

virions [25].  

The envelope glycoprotein composes the outer surface of TBE viruses and 

mediates host-cell receptor binding and membrane fusion [18]. It is the main 

antigenic determinant and a major determinant of virus virulence [26] (see chapter 

4.1.4). The E protein exists in a homodimeric form in mature virions but is rearranged 

to homotrimers during the fusion process. In immature virions, it is found in 

heterodimeric association with protein prM (see Figure 1a and chapter 4.1.3). Each 

monomceric subunit of the E protein comprises three domains, designated I, II, and 
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III, and a C-terminal stem-anchor region anchoring the protein to the membrane. 

Domain I contains a glycosylation site where the single N-linked glycosylation of the 

protein takes place. Domain II includes a conserved fusion peptide, and domain III is 

supposed to serve as a receptor binding area [27] (Figure 3a, b). 

 
Figure 3.  Ribbon diagram of TBEV E protein in its homodimeric form presented in side (a) and top (b) 

view, as determined by X-ray crystallography [27]. Positions of the fusion peptide and the stem-anchor 

region are indicated. CHO: N-glycosidically linked carbohydrate side chain (adapted from [28]). 

The TBEV replicase complex is formed by the non-structural proteins NS1, 

NS2A, NS3, NS4A, and NS5 that together fulfill all of the functions required for 

transcription [18, 29]. Protein NS1 is a glycoprotein existing in homodimeric forms 

localized freely in the cytoplasm or associated with membranes. In addition, protein 

NS1 is also secreted into the extracellular space where it forms multimeric forms 

inducing protective immune responses. Therefore, it has previously been called 

“soluble antigen” [30-31]. Together with protein NS1, the small, hydrophobic proteins 

NS2A and NS4A presumably associate the replicase complex to intracellular 

membranes [18]. Within this complex, protein NS5 acts as an RNA-dependent RNA 

polymerase [32], whereas protein NS3 serves as helicase and RNA triphosphatase 
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[18]. Besides, protein NS3 also provides virus-specific serine protease activity for the 

cleavage of newly synthesized virus polyprotein, with NS2B acting as a crucial 

cofactor [17]. To present, the function of NS4B is not known. 

4.1.3 Virus replication cycle 

A schematic representation of TBEV replication in mammalian cells is given in 

Figure 4.  

Infection is initiated by binding of the viral E protein to host cell receptors of not 

yet sufficiently identified nature. While heparan sulfate has recently been defined to 

be a major host cell receptor [33], the identification of different polypeptides as 

putative binding molecules [34-35] suggests that TBEV is able to use multiple 

receptors for host cell binding. Receptor-mediated endocytosis through clathrin-

coated pits transports virions into prelysosomal endocytic compartments of the host 

cell [36]. The low pH in these vesicles causes a conformational change and 

reorganization of the E protein from dimers into trimers [37]. The viral fusion peptide 

is exposed, initiating fusion of the viral envelope with the endosomal membrane and 

release of the viral nucelocapsid into the cytoplasm [28]. After uncoating and 

translation of the viral RNA genome, the polyprotein is processed to yield the 

individual proteins. This initiates viral RNA replication, where full-length negative-

strand copies of the genome serve as templates for the production of new positive-

strand RNAs. During polyprotein synthesis, the surface proteins prM and E are 

translocated into the ER lumen, and their amino-termini are released through 

proteolytic cleavage by host cell signalase. On the cytoplasmic side of the ER 

membrane, protein C packages the newly synthesized RNA genomes into 

nucleocapsids, and the viral envelope is acquired by budding of the nucleocapsids 

into the ER. Immature, non-infectious virions containing proteins prM and E in a 

heterodimeric association are transported through the host secretory pathway. In the 

acidic vesicles of the late trans-Golgi network, furin-mediated cleavage of protein prM 

leads to virus maturation. This final activation cleavage produces protein M and 

initiates reorganization of protein E to form fusion-competent homodimers. Mature 

virions are finally released from the host cell by fusion of the transport vesicles with 

the cytoplasmic membrane [12, 18, 38].  
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Figure 4.  Schematic representation of the TBEV replication cycle within mammalian cells, involving 

nine steps: 1) binding; 2) entry; 3) membrane fusion; 4) uncoating; 5) translation; 6) RNA replication; 

7) intracellular assembly; 8) transport and maturation; 9) secretion (adapted from [39]). For a 

description of the individual steps, refer to the main text.  

The TBEV maturation pathway within tick cells significantly differs from that in 

mammalian host cells. Most prominently, nucleocapsids are assembled freely in the 

cytoplasm rather than on the ER, and the envelope is acquired by budding on the 

cytoplasmic membrane or into cell vacuoles. Also, the virus replication rate is very 

slow, wherefore the titers reached in tick cells are approximately three orders of 

magnitude lower than those obtained in mammalian cells [40].  

4.1.4 Molecular determinants of virulence  

Strains of TBEV are known to considerably differ in their neuropathogenic 

properties [41-42], and the molecular basis for virus attenuation has received 

increased interest in recent years. Genomic changes may impair both the ability of 

the virus to enter the CNS, referred to as neuroinvasiveness, as well as its capacity to 

replicate within the CNS, referred to as neurovirulence [29]. While virulence studies 

frequently rely on the molecular characterization of viruses investigated in in vivo or 

in vitro experiments, the generation of infectious cDNA clones constitutes a more 
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direct approach for describing the functional consequences of distinct mutations [43-

45].  

Early work on TBEV virulence identified amino acid substitutions with potential 

biological significance scattered throughout the virus genome [42]. Whereas 

mutations in structural proteins may affect virus stability, binding, and entry, 

mutations in non-structural proteins possibly cause defects in transcription, 

translation, or virion assembly [29]. In general, mutations especially in the E protein 

are supposed to influence TBEV virulence.  

The process of receptor binding is a crucial event of virus replication. 

Accordingly, a number of mutations within the receptor-binding area of the E protein 

have been shown to affect TBEV neuroinvasiveness [46-48]. For instance, the 

interaction of TBEV with heparan sulfate plays an important role during the early 

steps of viral entry into the host cell (see chapter 4.1.3), and mutations enhancing the 

affinity for this molecule by increasing the positive net surface charge of the E protein 

significantly reduce neuroinvasiveness [12, 47, 49].  

TBEV neuroinvasiveness has repeatedly been shown to be impaired by 

mutations in the prM/E interface [47, 50-52]. Possibly, these mutations disrupt E 

protein trimerization during the fusion process or disturb the stability of the 

glycoprotein network on the virion surface.  

As opposed to the numerous mutations attenuating neuroinvasiveness, only 

limited determinants of TBEV neurovirulence have been identified in the E protein. 

However, this characteristic is known to be affected by alterations of the E protein 

glycosylation site, resulting in a reduced glycoprotein expression [53].  

Although less extensively studied, molecular determinants of virulence have 

also been identified in the structural C and prM proteins of TBEV. Mutations within 

the prM furin as well as the prM/E host signal peptidase cleavage site attenuate virus 

virulence, most likely by interfering with correct protein processing during virion 

maturation and therewith reducing the amount of infective particles produced [45, 

54]. Furthermore, significant attenuation of TBEV neuroinvasiveness is caused by 

deletions within the central hydrophobic domain of the C protein, disturbing the 

assembly process and thus decreasing the production and physical stability of 

infectious particles [20].  
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Virus replication and therewith its virulence is susceptible to mutations in the 

non-structural proteins, affecting the formation of a stable replicase complex or 

directly disturbing the enzymatic activity of viral proteins. For example, alterations in 

NS1 possibly destabilize the replicase complex, resulting in reduced replication 

kinetics [53]. Defects in viral replication are also caused by mutations within the 

conserved domain of NS2B, eliminating its ability to associate with NS3 to form the 

viral protease (shown for Yellow Fever virus, flavivirus) [55]. Likewise, mutations 

within the substrate binding pocket of NS3 itself severely inhibit viral protease activity 

[56]. Recently, substitutions within the NS2B and NS3 genes have been confirmed to 

reduce neuroinvasiveness in natural TBEV isolates [57]. Finally, mutations within the 

conserved core region of the 3’-UTR which plays a crucial role in RNA replication [58] 

have been implicated in virus attenuation [44, 59].  

4.2 Ecology  

TBEV is a vector-borne pathogen, with ixodid ticks serving as both the 

principal carrier as well as reservoir of the virus [2]. In western Europe, TBEV is 

principally transmitted by the tick species Ixodes ricinus, whereas Ixodes persulcatus 

is the primary vector of the Far Eastern and Siberian virus subtypes [60]. 

Sporadically, TBEV has also been isolated from several other tick species as well as 

from other parasitic invertebrates [17, 61].  

In consequence of its very specific route of transmission, the epidemiology of 

TBEV is closely associated with the ecology and biology of vector ticks, the areas of 

their dissemination, and periods of tick feeding activity [62]. Therefore, the biology 

and life cycle of the European subtype TBEV vector tick I. ricinus are described here, 

along with the circulation of the virus in the ecosystem. Also, the issue of rapid virus-

host adaptation is addressed.  

4.2.1 Biology and life cycle of the virus vector Ixodes ricinus  

I. ricinus inhabits specific foci within deciduous forests of central and western 

Europe, where particular macro- and microclimatic conditions coincide with the 

presence of a proper combination and density of vertebrate hosts. Generally, I. 

ricinus can be found in geographic regions ranging from 39 to 65 degrees of latitude 

(north), extending to 60 degrees of longitude (east) [63], and reaching 1,500 meters 
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above sea level in altitude [64]. Circulation of ticks within these regions is restricted to 

definite zones meeting specific climatic conditions, resulting in a discontinuous 

distribution. Also, the dissemination of ticks within a habitat is not uniform [17, 60].  

 
Figure 5.  Developmental stages of I. ricinus: larva, nymph, adult male, adult female (from left to right).  

Although I. ricinus is highly cold-adapted, its rate of development is 

temperature-dependent. Ticks undergo diapauses in winter but become biologically 

active at temperatures above 7°C [63, 65]. The lowe r limit of relative humidity for 

survival lies between 70 and 80 %, making I. ricinus very sensitive to moisture stress 

[66] and entailing cessation of any activities during prolonged dry spells. On these 

climatic conditions, throughout Europe, peak feeding times occur between May and 

June and also between September and October [17].  

The life cycle of I. ricinus proceeds through three developmental stages 

(larvae hatching from eggs, nymphs, and adult males or females) (Figures 5, 6), 

where the major requirement for molting and entering the next stage is the uptake of 

a blood meal from a vertebrate host. Each stage feeds on a different individual host 

for a period between four to six (larva) and five to fourteen days (adult female). The 

duration of each stage is typically one year, wherefore the completion of the entire 

developmental cycle generally takes three years. However, it may vary from two to 

six years, depending on climatic conditions and geographic location [67].  

Under natural conditions, I. ricinus may act as a parasite on more than two 

hundred different species, including humans. Larval ticks preferentially parasitize 

small mammals, whereas nymphal ticks can also be found on larger mammals, birds, 
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or lizards. While adult female ticks especially infest red or roe deer, adult male ticks 

only rarely take up small amounts of blood or tissue fluid on these hosts [68-69]. 

Adult male and female ticks mate before or during the act of feeding, where after 

female tick deposits 2,000 to 3,000 eggs in the loose top layer of the soil [66].  

4.2.2 Circulation of TBEV in the ecosystem  

In the environment, TBEV is maintained within so-called natural foci in cycles 

involving ticks and wild vertebrate hosts, thereby depending on the coincidence of 

certain botanical, zoological, climatic, and eco-geological conditions [70]. Generally, 

transmission of TBEV infections relies on two routes: vertical (from eggs to larvae 

and from larvae to nymphs and adult ticks) and horizontal (from tick to tick, from tick 

to vertebrate host, or vice versa) [71] (Figure 6).  

Ticks are infected during the process of feeding, where after the virus enters 

and replicates in cells of the midgut wall and, in a later stage, also infects the salivary 

glands, assuring further virus transmission in the tick saliva during the next feeding 

[72]. Besides infecting their vertebrate hosts, infected ticks are likely to pass on the 

virus to non-infected ticks during co-feeding on the same host. This transmission 

process does not necessarily require a detectable viremia but instead may also be 

mediated by migratory cells infiltrating the tick feeding sites [73]. Furthermore, TBEV 

is possibly transmitted from infected fertilized females to their progeny [74]. Thus, if 

infected with the virus, ticks remain infected throughout their life cycle and support 

circulation of TBEV in the tick population by co-feeding, viremic, and transovarial 

transmission [17].  

Virus endemism within TBE foci importantly depends on sufficient 

transmission between ticks and vertebrate reservoir hosts. In contrast to indicator 

hosts developing only brief viremia with low virus production, reservoir hosts are 

sensitive to TBEV and able to multiply the virus, exhibiting viremia for a long period of 

time without becoming clinically ill [75]. Natural reservoir hosts of TBEV include 

rodents (Clethrionomys, Apodemus, Mus, Microtus, Micromys, Pitymys, Arvicola, 

Glis, Sciurus, Citellus), insectivores (Sorex, Talpa, Erinaceus), and carnivores 

(Vulpes, Mustela) [62, 76]. Accidental TBEV hosts such as humans do not participate 

in virus circulation in nature but may develop a clinically inapparent or apparent 

infection with viremia [62].  
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Figure 6.  Life cycle of I. ricinus and transmission cycle of TBEV. White arrows indicate the sequential 

development of ticks form the fertilized egg to the adult stage. In each developmental stage, ticks feed 

on a suitable vertebrate host. Black arrows specify the possible transmission routes of TBEV (adapted 

from [38]).  

The maintenance of TBEV within a focus is significantly regulated by a 

coincident feeding of larvae on rodent hosts alone or alongside with infected nymphs 

[77]. Temperature profiles characterized by a rapid fall in ground-level temperatures 

form August to October seam to enhance the synchrony in the seasonal activity of 

larval and nymphal I. ricinus ticks and therewith constitute a key determinant of the 

focal distribution of TBEV [78]. Interestingly, microclimatic conditions have also been 

described to directly affect the infection and virus propagation rate in ticks as well as 

the rate of pathogen transmission [79-80]. This emphasizes the significance of abiotic 

factors in the preservation of TBE foci.  
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Although larger animals such as birds, deer, and horses may serve as hosts 

for ticks, they are not known to play an important role in virus transmission [17]. In 

fact, the density of such hosts may positively or negatively affect the circulation of 

TBEV. While facilitating virus transmission by amplifying the tick population, they may 

also decrease the tick feeding rate on rodents being the pathogens’ most important 

reservoir hosts [71]. The potential of TBEV to persist and spread in endemic foci is 

thus restrained by the low probability to infest reservoir hosts [81] and by the 

relatively short duration of the infectious period in such hosts [82], with viremia 

normally lasting for two to eight days [83]. However, small mammals may maintain a 

persistent infection with the virus [84], suggesting an important role of latent TBEV in 

natural foci. Also, the virus is possibly transmitted via both the sexual and the 

placental route in wild rodents [85]. Infected vertebrate hosts may change their 

behavior or specific odor, thereby modifying their risk of repeatedly being attacked by 

ticks [86]. Likewise, TBEV presumably stimulates the questing activity of the tick [87], 

increasing effectiveness of pathogen transmission. The virus infection rate of ticks 

removed from humans has been reported to be about 20 times higher than in 

questing ticks from the same area [88]. On the other hand, the transmission pattern 

of TBEV may restrictively be influenced by resistance of vertebrate hosts to both the 

tick-borne pathogen and the tick itself [89].  

Generally, the prevalence of TBEV-infected I. ricinus ticks within endemic foci 

is relatively low, for example reaching mean infection rates of 0.46 % in Switzerland 

[90], 0.5 to 2 % in Germany [88], 1.7% in Lithuania [91], 2.4 to 3 % in Latvia [92], or 

4.2 % in Poland [93]. However, infection rates up to 14.3 % have been recognized in 

an isolated focus in Switzerland [94], and a prevalence as high as 26.6 % was 

observed in adult I. ricinus ticks in Latvia [95]. In I. persulcatus ticks, on the other 

hand, high virus prevalences are regularly observed, reaching up to 40 % in certain 

regions of Russia [2]. Ixodid ticks may maintain double infections and thus transmit 

more than one pathogen to their host, with the most common coinfections being 

TBEV and Borrelia spp. as well as TBEV and Coxiella burnetti [96].  

4.2.3 Microevolution of TBEV 

The maintenance of TBEV within a focus significantly depends on both its 

ability to persistently infect vector ticks as well as its capacity to quickly replicate in 
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vertebrate hosts upon transmission, preferably producing pronounced viremia. The 

process of host alternation is therefore likely to select for a virus population being well 

adapted to both systems [97]. In fact, TBE viruses isolated from questing ticks are 

known to comprise a heterogeneous population of variants differing in their virulence 

properties in mammals [98].  

TBEV spends most of its life cycle in ticks, infecting them chronically for the 

duration of their life. Upon mammal-to-tick transmission, the phenotypic 

characteristics of the virus rapidly change, resulting in a noticeable decrease in 

vertebrate virulence [51, 97]. However, the virulent phenotype is restored when the 

attenuated virus is re-transmitted to and reproduces in mammals [99]. Interestingly, 

different TBEV subtypes (European, Siberian, Far Eastern) vectored by different tick 

species (I. ricinus, I. persulcatus) are known to vary in both disease morbidity and 

mortality rates in humans, suggesting that different pathogenic properties of these 

subtypes might be a result of adaptive evolution of viruses to their vector ticks [17]. 

Since host adaptation results in considerable changes in the pathogenic 

properties of TBEV, variations in the molecular determinants of virus virulence are 

likely involved. Specifically, substitutions increasing heparan-sulfate binding 

properties of the virus and therewith significantly reducing neuroinvasiveness in 

mammals (see chapter 4.1.4) appear to be concerned with the adaptation of TBEV to 

ticks [51, 97]. An increase in the neuropathogenic potential of TBEV upon replication 

in mammals may also result from substitutions within the viral protease (NS2B/NS3) 

[100]. However, rapid phenotype conversion ensuring the high level of virus 

adaptability unlikely relies on random mutagenesis during the process of host 

alternation. Instead, virulent and naturally attenuated viruses most likely co-exist as 

variants, or quasispecies, and rapid virulence conversion during host adaptation is 

mediated by selection from the quasispecies population. Variants less adapted to the 

actual host are not eliminated but rather replicate at background levels, with the 

potential to re-emerge upon the next host switch [57, 97]. 

4.3 Epidemiology 

During the last few thousand years, TBE viruses have evolved and dispersed 

from east to west across the Eurasian continent [101], thereby emerging as a 

pathogen currently causing at least 11,000 human cases of encephalitis in Russia 
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and about 3,000 annual cases in the rest of Europe [17]. Predictive risk mapping 

comprising the influence of climate change suggests that TBE endemic areas will 

contract to increasingly high latitude and high altitude regions, until by the 2080s the 

disease no longer occurs in mainland Europe but is confined to parts of Scandinavia 

[102]. This chapter, however, considers the present geographical distribution of TBE, 

summarizes the factors influencing disease incidence, and provides information on 

TBE monitoring and surveillance activities. 

4.3.1 Geographical distribution and molecular phylo genetics 

TBE occurs in an area ranging from northern China and Japan, across far 

eastern Russia, to central and western Europe and Scandinavia [4, 103-104] (Figure 

7). Specifically, the disease is endemic in Austria, the Czech Republic, Estonia, 

Finland, Germany, Hungary, Latvia, Lithuania, Poland, Russia (particularly western 

Siberia and Ural [61]), Slovakia, Slovenia, Sweden, and Switzerland. Sporadic 

disease cases have also been reported from France, Italy, Greece, Norway, 

Denmark, Bulgaria, Croatia, Romania, Serbia, China, and Japan [105-106]. A spread 

of endemic areas as suggested by predictive risk mapping [102] has recently been 

confirmed in Denmark [107]. To date, the northernmost area of circulation of TBEV 

has been identified in Simo, Finland, which is situated about 100 km south of the 

polar circle [108].  

Generally, the dissemination of TBEV correlates with the distribution of ixodid 

vector ticks (Figure 7). While I. ricinus is the predominant tick species in most parts of 

Europe, I. persulcatus is principally found from Japan and China to eastern Europe 

[109-110]. Accordingly, the European subtype of TBEV is primarily found throughout 

Europe, whereas the Siberian lineage is by far the most prevalent in both the western 

and central parts of Russia [108]. The Far Eastern subtype prevails in the far eastern 

parts of Russia [108], circulates in western and south-western China [103], and is 

endemic in the northern regions of China and in Japan [104]. I. ricinus and I. 

persulcatus coexist in northeastern Europe, the east of Estonia and Latvia, and in 

several European regions of Russia [95, 105, 111-113]. Consequently, all three 

lineages of TBEV could be detected in many parts of Russia [108] and are known to 

co-circulate in endemic areas in Estonia and Latvia [95, 111]. The Siberian subtype is 

even found as far northwest as Finland [113]. Interestingly, European subtype TBE 
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maximum difference of 5.6 % between members of the different subtypes or 2.2 % 

between different European subtype viruses. Variability is higher at the nucleotide 

level, ranging from 1 to 16.9 % between different subtypes [9]. For instance, the 

nucleotide sequence identity between different Swiss TBEV ranges from 96.3 to 100 

% [119], the identity among different Lithuanian isolates was found to be 97.7 % [91], 

Swedish isolates show an identity of 97.7 to 98.0 % [112], comparison of different 

European subtype isolates from Estonia revealed an identity of 98.1 to 98.7 % [111], 

and a Norwegian and a Danish strain are identical at 98.6 % of the E gene sequence 

[120]. Phylogenetic studies have also been based on the viral polymerase, and a 

robust analysis similar to that obtained from whole genome sequences can be 

derived from studies based on the nucleotide sequence of NS3 [10, 121]. A 

substantial variability of 55.5 % within partial 5’-UTR and C protein-coding regions 

has recently been demonstrated among TBEV isolated from a single endemic focus 

in Switzerland, possibly reflecting a strategy for the selection of the fittest viruses 

[94]. All together, comparison of viruses at the molecular level allows for the 

understanding of evolutionary patterns and may give insights into population 

dynamics within endemic areas.  

4.3.2 Disease incidence 

The incidence of clinical TBE cases varies from year to year and in different 

geographic regions, depending on several risk factors [17]. A key determinant of 

disease incidence is the number of human exposures to infected ticks. Accordingly, 

the rate of infections coincides with seasonal peaks of tick feeding activity [17]. The 

length of time spent by the tick feeding on the host may influence disease incidence, 

although even a brief attachment can result in the development of TBE [122]. The 

most important risk factor affecting the proportion of humans developing clinically 

apparent disease, however, is the infection prevalence and concentration of 

infectious virus within ticks. A high abundance of ticks with a high infectivity occurs in 

so-called nuclei of natural foci. Within these nuclei the tick density is much higher 

than in the surrounding areas, providing a more intensive circulation of TBEV [123]. 

Generally, about 1 to 2 % of people getting bitten by a tick in an endemic region 

develop clinical disease [124].  
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During the last two decades, an increase in disease incidence has been 

observed in most European countries. The most dramatic changes have been 

reported in Lithuania and Poland, where the number of registered cases multiplied by 

factors of 69 and 30, respectively. A pronounced increase (3– to 7–fold) was also 

observed in the Czech Republic, Estonia, Finland, Germany, Slovakia, and Sweden. 

Furthermore, sporadic cases of TBE have been reported in Norway and Denmark 

during the last 10 years, where the disease was first described in 1998. On the other 

hand, a slight decrease in disease incidence has been observed in Hungary and 

Russia from the 1990s to the 2000s [125]. In Switzerland, first human disease cases 

have been described in 1969 [126]. Since then, TBE incidence continuously 

increased, peaking in a maximum of 245 registered clinical cases in 2006. During the 

past three years, about 110 to 120 annual disease cases have been reported [127].  

The apparent increase in TBE incidence is attributable to a complex 

interaction of ecological, social, political, economic, and demographic factors [62]. 

Most prominently, climate change aids the spread of tick-borne diseases by affecting 

both the tick and the rodent population dynamics [4]. Warmer temperatures may 

change the seasonal pattern of tick questing activities, accelerate the tick 

developmental rates [128-129], or change the prevalence of TBEV infections in ticks 

[78-79] (see chapter 4.2.2). Also, the observed shift of the upper limit of geographical 

habitats of ticks is relatable to climate warming [130]. On the other hand, variations in 

weather markedly alter human activities. The growing popularity of outdoor pursuits 

as well as changes in land usage such as intensified forestation may increase the 

contact between people and ticks [4, 38]. Human behavioral responses to weather 

favorable for outdoor activities are thought to be responsible for the remarkable peak 

in TBE incidence observed in Switzerland, Germany, Poland, Slovenia, and the 

Czech Republic in 2006 [129]. However, although climate change may provide a 

generally more permissive environment for TBEV transmission, it does not explain 

the spatio-temporal inhomogeneity in epidemiological changes. Instead, this 

heterogeneous pattern is more likely explained by the variable contribution of several 

additional factors [131]. For instance, increased environmental awareness resulting in 

reduced industrial pollution and a decrease in the use of pesticides may have a 

positive effect on the tick habitat and rodent host population. Changes in hunting 

practices may lead to an increase in larger mammal populations, which in turn 

amplifies the tick population and therewith facilitates TBEV transmission [132]. 



  Introduction 

26 
 

Moreover, the probability of TBE infection depends on socio-economic factors such 

as dissimilar vaccination rates among people with high or low incomes [133]. 

Increased mobility of people travelling to endemic areas additionally adds to the risk 

of infection. Furthermore, migrating birds carrying TBEV-infected ticks may aid the 

spread of the disease [134]. Alternatively, the reporting of TBE cases may be 

influenced by an increased public and medical awareness as well as by improved 

diagnostics and disease surveillance systems in many countries [62, 106].  

4.3.3 Disease surveillance  

Despite the increasing endemcitiy of TBE in Europe, surveillance and 

notification schemes are not uniform and thus may affect the prevalence estimates in 

different countries [106, 135]. Importantly, the lack of a standardized case definition, 

varying diagnostic procedures, and wide differences in the quality of national 

surveillance programs complicate comparison of surveillance data throughout Europe 

[106]. Since TBE-endemic areas do not cover the entire geographic area of the 

European Union (EU), TBE is not included in the list of notifiable diseases at the EU-

level [108]. In Switzerland, however, as in 15 other European countries, TBE is 

classified as a notifiable disease, with notification being mandatory since 2001. On 

the other hand, the lack of a clearly formulated case definition may involve an under-

ascertainment of disease cases. TBE vaccination is included in an official 

governmental vaccination program in Switzerland, with health insurance companies 

covering the costs for people who are at risk of exposure to ticks in endemic areas 

[106]. To date, the vaccination coverage in Switzerland is about 17 %, as opposed to 

88 % in Austria, where a mass vaccination campaign was initiated in 1981 [136]. 

Vaccination is recommended for people living in or travelling to endemic areas 

throughout Switzerland. These recommendations require the availability of risk 

profiles based on epidemiological data. As in many other countries, the description of 

clinical cases and their geographic location is principally used as an indicator for 

predicting endemic foci in Switzerland [106]. By publishing a risk map updated 

annually on the basis of reported human disease cases, the Federal Office for Public 

Health (FOPH) informs citizens and visitors on the endemic status of the country 

[137] (Figure 8).  
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Figure 8.  Risk map illustrating established endemic foci of TBE in Switzerland, as defined by 

geographic mapping of disease cases and published by the Federal Office for Public Health [137].  

Due to the introduction of mass vaccination programs, the incidence of TBE 

may decrease in future. Therefore, the introduction of tick or animal reservoir surveys 

as alternative indicators for risk assessment should be implemented in national 

surveillance systems, as initiated in Switzerland, Germany, Latvia, and Slovakia [90, 

95, 106, 138-139]. 

4.4 Description of the disease  

When transmitted to humans, TBEV can cause disease of variable severity, 

ranging from subclinical infections to severe courses with neurological involvement 

and potentially fatal outcome [17]. This chapter reviews the characteristics of TBE, 

from the process of infection up to the clinical manifestation of the disease. Important 

aspects of disease pathogenesis and host immune response are addressed, along 

with disease diagnosis, treatment, and prevention. 
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4.4.1 Routes of infection 

Under natural conditions, humans are most likely infected with TBEV by the 

bite of an infected tick when walking through the dense vegetation in forests [17] (see 

Figure 6). Thereby, ticks preferentially attach to the arm and knee bends, to the 

gluteal and genital regions, as well as to ears and the hair-covered portion of the 

head. The virus is transmitted from tick saliva during the first minutes of feeding. This 

process is indirectly promoted by the action of pharmacologically active molecules 

secreted in the tick saliva, which modify the microenvironment within the skin site 

where ticks attach and feed. The tick pharmacopoeia of anti-haemostatic, anti-

inflammatory, and immunomodulatory molecules includes immunoglobulin (Ig)- and 

histamine-binding proteins, interferon regulators, as well as natural killer cells and 

complement inhibitors. These substances act together to facilitate tick blood feeding 

and pathogen transmission [140].  

Another natural route of human TBEV infection is associated with the 

consumption of unpasteurized goat, sheep, and cow milk. Whereas cows only 

secrete low amounts of virus to the milk for up to 6 days post infection (p.i.), TBEV 

can be isolated from goat milk in significantly higher titers and for a considerably 

longer period (5 to 25 days p.i.). Also, the virus remains infectious in various milk 

products such as yoghurt, cheese, and butter [17, 141-142]. TBE virions are known 

to preserve at least residual infectivity over a pH range of 1.42 to 9.19 and are stable 

in normal gastric juice (pH 1.49 to 1.80) for up to two hours [141, 143]. Therefore, the 

human digestive tract is an efficient route of infection.  

In addition to these natural pathways of transmission, TBE may also be 

acquired accidentally during laboratory investigations [144]. Specifically, accidental 

infections may be associated with needle-stick injuries during experimental infection 

of animals. Moreover, broken bottles or ampoules containing high virus concentration 

or freeze-dried samples are a potential source of aerosol infections [145-146]. 

4.4.2 Pathogenesis  

Upon introduction into the skin of tick vertebrate hosts, TBEV first replicates in 

localized dendritic cells of the skin, and in neutrophils. Epidermal Langerhans cells 

are likely to transport the virus to draining lymph nodes and therewith initiate the 

spread of  infection via  the  lymphatic  system [147].  After further  virus replication in  



  Introduction 

29 
 

 
Figure 9.  Schematic representation of the pathogenesis of TBE. Following infection by the bite of an 

infected tick (1), TBEV replicates in localized cells of the skin (2). The virus is then transported to the 

regional lymph nodes (3) and further replicates in lymphatic tissues, before it induces viremia (4). 

Many extraneural tissues are infected (5), and massive virus replication results in secondary viremia 

(6) during which the virus may cross the blood brain barrier (7). Within the central nervous system, 

infection of neurons causes neuronal cell death (8). The action of CD8+ cytotoxic T lymphocytes may 

further contribute to neuronal damage (9) (based on [148]). For detailed information on the individual 

steps, refer to the main text.  
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T-cells, B-cells, and macrophages within the lymphatic organs (lymph nodes, thymus, 

and spleen), the virus spreads through the efferent lymphatic system and the thoracic 

duct to produce viremia [149]. During the viremic phase, many extraneural tissues 

are infected, and the release of virus from these tissues enables viremia to continue 

for several days [150]. Consequently, TBE virions invade other susceptible organs, 

especially the reticuloendothelial system (spleen, liver, bone marrow), where massive 

virus replication takes place. It is during the resulting phase of secondary viremia that 

the virus may cross the blood brain barrier (BBB) to invade the CNS, where viral 

replication causes inflammation, lysis, and cellular dysfunction [1, 38] (Figure 9). 

CNS pathology of TBEV infections involves two distinct properties: whereas 

the ability of the virus to replicate in peripheral tissues, induce viremia, and invade 

the CNS is referred to as neuroinvasiveness, the ability to initiate cytopathic infection 

of CNS cells and to cause encephalitis is referred to as neurovirulence [23, 29, 151]. 

Although neuroinvasion in humans has been well reported [152], the mechanisms by 

which an acute febrile disease develops into a severe CNS infection are not clearly 

understood. However, the neuroinvasive potential of TBEV is intimately linked to its 

ability to replicate in particular cell types of peripheral tissues. Inefficient viral 

replication in dendritic cells, for instance, results in a delayed onset of viremia and 

may allow the immune system to clear the infection before the onset of encephalitis 

[29]. Thus, any changes within the genome of TBEV which affect virus replication and 

spread may significantly alter its pathogenicity (see chapter 4.1.4). On the other 

hand, aspects such as the general state of health or the age of the infected person 

may influence the course of disease (see chapter 4.4.4). 

The mechanisms by which TBEV crosses the BBB are not clearly understood. 

However, since the development of encephalitis clearly correlates with the level of 

viremia [153] and viral antigen simultaneously appears at several sites within the 

CNS [154], direct hematogenous spread, possibly involving infection of endothelial 

cells of the BBB [147, 154-155], is a probable route of infection. Alternatively, TBEV 

may enter the CNS by retrograde spread along the olfactory nerve. In this pathway, 

the olfactory neuroepithelium becomes infected during the viremic phase, allowing 

the virus to infect olfactory neurons and subsequently reach the CNS by cell-to-cell 

spread [156]. A dissemination from the nasal mucous via olfactory nerves to the brain 

likely explains the short incubation period and the often extremely severe course of 

laboratory-acquired aerosol infections [157].  
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Interestingly, although lymph nodes play an important part in the pathogenesis 

of TBE, virus replication is not accompanied by any specific histological changes, 

including any destruction of cells, in these organs [158]. On the other hand, TBEV 

infections result in characteristic neuropathological changes within the CNS. The 

brain is edematous and hyperemic. Typically, diffuse lymphocyte (and sometimes 

leukocyte) infiltrations are observed in cerebral and spinal meninges, with the most 

extensive area of meningitis being around the cerebellum. Microscopic lesions are 

particularly present in the medulla oblongata, pons, cerebellum (principally in 

Purkinje’s cells), brainstem, basal ganglia, thalamus, and the spinal cord (mainly in 

anterior horn cells), but may be observed in almost all parts of the CNS. These 

lesions consist of lymphocytic perivascular infiltrations, accumulation of glial cells, 

necrosis of nerve cells, and neuronophagia. Infiltration and rarefaction of cells is also 

noted in the mesencephalon and diencephalon. In the cerebral cortex, changes 

including degeneration and necrosis of the pyramidal cells, lymphocytic 

accumulation, and glial proliferation, are restricted to the motor area [105, 159]. 

Direct infection of neurons is considered to be the major cause of TBE CNS 

pathology, since viral infections induce both apoptotic and necrotic neuronal cell 

death in vivo and in vitro [159-163]. While cytopathic effects are primarily observed in 

neurons, TBEV may also replicate in glial cells [161, 164]. However, pathologic 

changes in cells other than virus-infected neurons are presumably attributable to 

bystander injury. In addition to direct viral infection, the host immune response may 

significantly contribute to neuronal damage [161, 165] (see chapter 4.4.3).  

4.4.3 Host immune response  

The viremic phase of TBE commonly involves a significant decrease in the 

blood leukocyte count, thrombocytopenia, hyperalbuminorrachia, as well as elevated 

liver enzymes [166], and is accompanied by a pronounced lymphocytopenia in 

regional lymph nodes [167]. With the onset of CNS infection, cerebrospinal fluid 

(CSF) pleocytosis and transient blood leukocytosis are generally observed [105, 

168]. Polymorphnuclear cells initially present in the CSF are almost completely 

replaced by mononuclear cells which are predominantly composed of CD4+ T 

lymphocytes, followed by CD8+ T lymphocytes, and a limited number of natural killer 

cells and B lymphocytes [105, 169]. The humoral immune response is reflected by an 
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increase of TBEV-specific antibodies of different isotypes in both serum and CSF. 

Whereas serum IgM activity rises between 0 and 6 days and declines 6 weeks after 

the beginning of neurological symptoms, CSF IgM levels peak between 9 days and 6 

weeks after onset. In comparison, maximum IgG activity in both serum and CSF 

occurs after 6 weeks [170]. TBEV infections provide a level of immunity that prevents 

re-infection and thus confer life-long protection [171]. 

The role of cytokines and chemokines in the pathogenesis of TBE is poorly 

understood. However, elevated serum levels of tumor necrosis factor (TNF)-α, 

interleukin (IL)-1α, and IL-6 are observed at the onset of neurological symptoms, with 

IL-1α and TNF-α synergistically initiating the cascade of inflammatory mediators by 

targeting the endothelium [172]. IL-6 too acts as a pro-inflammatory mediator and 

may have neurotoxic effects in high concentrations. On the other hand, this cytokine 

mediates anti-inflammatory functions such as a negative regulation of TNF-α and, in 

association with soluble IL-6 receptor, the stimulation of neuronal survival and 

regeneration [172-174]. A decrease in serum levels of IL-1β, TNF-α, and IL-6 within 

the first week or so after the onset of neurological disease is accompanied by an 

increased level of IL-10. This anti-inflammatory mediator acts as an inhibitor of 

cytokine synthesis. An increase of soluble receptors of IL-1 (IL-1RA), TNF-α 

(sTNFRI), and IL-6 (sIL-6R) is observed within the same time period, with receptors 

presenting in the serum in a magnitude higher levels than the corresponding 

cytokines. The ratio of cytokines to their receptors significantly influences disease 

outcome, with increasing ratios of IL-1 to IL-1RA and TNF-α to sTNFRI having 

negative prognostic character [172]. In CSF, elevated concentrations of CCL2 (CC 

chemokine ligand 2), CCL5 (CC chemokine ligand 5), CXCL10 (C-X-C motif 

chemokine ligand 10), and sPECAM-1 (soluble platelet cell adhesion molecule-1) 

have been reported, suggesting a role of these molecules in the recruitment of 

leukocytes into the CSF [175-177]. Finally, in comparison with other viral 

meningitides, interferon γ is only presents at moderate CSF levels during TBE [178].  

Although critical for controlling viral infections within the CNS, the host immune 

response may significantly contribute to the neuropathology of TBE. Prominent 

inflammatory infiltrates predominantly composed of T lymphocytes and macrophages 

topographically correlate with marked neuronal damage [179]. On the other hand, 

CD8+ cytotoxic T lymphocytes may also be found in close contact with 

morphologically intact neurons, suggesting a key function of these cells in the 
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pathogenesis of encephalitis [159, 179]. In fact, CD8+ cytotoxic T lymphocytes 

infiltrating the brain parenchyma have recently been confirmed to mediate 

immunopathology during TBE [180], most likely by initiating apoptotic cell death via 

the perforin and Fas/FasL pathways [181].  

4.4.4 Clinical manifestations  

Serological surveys suggest that 70 to 95 % of human TBEV infections in 

endemic regions are either sub-clinical or asymptomatic. However, TBEV may cause 

a variety of clinical symptoms which can be differentiated into distinct forms of TBE. 

While courses and symptoms are quite similar in the early stage of the disease, 

human infections with different subtypes of TBEV may, in a later stage, result in the 

development of clinical manifestations of variable severity. Regardless of disease 

severity, the incubation period is generally 7 to 14 days, with extremes ranging from 4 

to 28 days. The onset of disease is characterized by fever, vomiting, headache, and 

muscular pains in the neck, shoulders, lower back, and limbs [17, 105].  

Human infections with Far Eastern subtype viruses are typically characterized 

by a monophasic course of illness, with the initial symptoms directly proceeding to 

neurological dysfunctions. Patients frequently develop severe focal meningo-

encephalitis or polyencephalitis accompanied by loss of consciousness and 

prolonged feelings of fatigue during recovery. Mild febrile forms are observed less 

frequently (14 to 16 %), and the case fatality rate is about 35 % (20 to 60 %). These 

high mortality figures may, however, be due to the lack of detection or reporting of 

mild cases. Whereas slow progressive forms of TBE are rare (less than 0.05%), long-

term neurological consequences resulting from acute disease persist in about 75 % 

of all cases [1, 17, 182].  

Siberian subtype TBE viruses induce a less severe acute period with a 

tendency for the patients to develop non-paralytic febrile forms of illness (about 80 

%). Case fatality rates rarely exceed 6 to 8 %. However, there is an increased 

prevalence of chronic illnesses. Such disease forms result from extremely prolonged 

infections and may present as long-term sequelae (months or years) of any of the 

acute disease symptoms. Alternatively, chronic TBE may begin without typical acute 

manifestations, and the development of neurological symptoms can take years 

following infection through a tick bite. Clinical symptoms of chronic TBE include 
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Kozshevnikov’s epilepsy, progressive neuritis of the shoulder plexus, lateral or 

dispersed sclerosis, progressive muscle atrophy, and a Parkinson-like disease. 

These symptoms are frequently accompanied by mental deterioration resulting in 

severe dementia or even death [17, 183].  

In contrast to Far Eastern (3 to 8 %) and Siberian (21 %) subtype infections, 

the typical course of TBE caused by European subtype viruses is biphasic in 72 to 87 

% of all patients [1, 17, 182]. The initial stage corresponds to the viremic phase and 

usually presents as an uncharacteristic, flu-like illness with symptoms such as fever 

(38 to 39°C), fatigue, headache, and muscular pains  lasting for 2 to 4 days 

(maximum: 10 days). This phase is followed by a non-febrile and relatively 

asymptomatic interval of about one week (1 to 33 days). The beginning of the second 

stage is characterized by another significant increase in temperature, with peak 

values typically being 1 to 2°C higher than those o f the first phase. This stage 

correlates with the virus invasion into the CNS and occurs in about 20 to 30 % of 

symptomatic infections [184]. The second phase clinically presents as meningitis in 

about 50 %, meningoencephalitis in about 40 %, and as meningoencephalomyelitis 

in about 10 % of the patients [155, 185].  

The main symptoms of meningitis are high fever, headache, nausea, vomiting, 

and vertigo. Signs of meningeal irritation (spinal and nuchal rigidity, Brudzinski’s and 

Kernig’s signs) usually occur, but may not be pronounced. The fever lasts for 7 to 14 

days with gradual but usually complete recovery [17, 105].  

Meningoencephalitis is characterized by a disturbance of consciousness 

ranging from somnolence to stupor and, in rare cases, coma. In some patients, a 

rapid development of delirium and psychosis is observed. Meningoencephalitic 

symptoms include fibrillar contractions, bradycardia, bradykinesia, stomach bleeding, 

hyperkinesias, hemiparesis, and hemiplegia. Since cranial nerves (mainly of ocular, 

facial, and pharyngeal muscles) are frequently affected, nystagmus, asymmetric 

facial paresis, as well as swallowing and speech disorders are commonly observed 

[17, 186]. Fever associated with meningoencephalitis generally lasts for 4 to 10 days 

(maximum: 30 days), and convalescence is very slow. Sequelae such as nervous 

exhaustion, malaise, mood disorders, or hearing impairment may persist for several 

years [17, 187].  
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Meningoencephalomyelitis is the most severe form of the disease. It is 

typically characterized by a prodromal period with fatigue, periodic muscle 

contractions, and a sense of weakness or numbness in the limbs, which later 

develops as a paralytic disorder. Paresis intensifies during the first to the third day of 

the second febrile period, sometimes lasting up to 2 weeks, and occasionally for 

several months. By the end of the second or third week, muscles begin to atrophy 

[17]. Flaccid paresis usually affects the neck and upper extremity muscles. Proximal 

segments are more frequently involved than distal ones [186]. If the infection and 

neuronal damage spreads to the medulla oblongata and the central portions of the 

brainstem, bulbar syndrome may develop. Death usually occurs within 5 to 10 days 

after the onset of neurological signs, and is most commonly secondary to respiratory 

and circulatory failure or diffuse brain edema [105]. Only about half of the patients 

show very slow and partial recovery from the neurological injuries, and progressive 

deterioration is common following this form of disease [17]. A more favorable 

prognosis is associated with the development of TBE into a polyradiculoneuritic 

instead of the myelitic form [105]. 

In general, the case fatality rate is approximately 1 to 2 % following European 

subtype infections [12], and disease severity increases with the age of the patient 

[185]. Whereas severe forms (meningoencephalitis, meningoencephalomyelitis) 

occur in 46 to 86 % of patients of more than 30 years of age, meningitis is the 

predominant disease form in children and adolescents [187]. In contrast, infections 

with Far Eastern subtype viruses result in a more severe disease in children than in 

adults [17, 188]. 

4.4.5 Diagnosis, treatment, and prevention 

Since clinical symptoms and laboratory findings observed with TBE are similar 

to other CNS diseases, differential diagnosis of TBEV infections has to be 

established in the laboratory [171]. Diagnostic evidence may rely on serological or 

molecular biological methods.  

Serology-based techniques are most common today and can be used in the 

second phase of infection, when the virus has been cleared from the blood and 

neurological symptoms are manifest. Development of the humoral immune response 

(see chapter 4.4.3) enables diagnosis of TBE by detecting TBEV-specific IgM and 
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IgG antibodies using enzyme-linked immunosorbent assays (ELISA) or neutralization 

tests (NT), amongst others [105, 187]. Although ELISA currently is the method of 

choice, correct interpretation is often complicated by a number of factors such as 

cross reactions with antibodies directed against other flaviviruses, past infections with 

TBEV, or recent vaccination [1, 189-190]. Since IgM antibodies induced during 

vaccination or natural infection may persist for up to 10 months, early diagnosis by 

detecting only IgM is questionable and should be confirmed by detection of IgG [105]. 

Verification of positive ELISA results using NT requires handling of infectious virus, 

wherefore such tests are only available in highly specialized laboratories.  

Molecular techniques for TBEV detection are PCR-based and can be used in 

the viremic phase of the infection, allowing for an early diagnosis of TBE prior to the 

appearance of antibodies in serum and CSF [190]. These methods include reverse 

transcription (RT)-PCR, nested RT-PCR, and real-time RT-PCR, which are able to 

detect viral RNA in serum [190-191] and CSF samples [189, 191]. Furthermore, such 

techniques can be used for post-mortem confirmation of TBE in brain tissue samples 

[189-190, 192]. On the other hand, no virus can be detected in blood or CSF during 

the second phase of infection [193]. Since most patients come for medical attention 

at the beginning of this stage, when neurological symptoms are manifest, molecular 

methods are of limited value in routine diagnostics.  

The establishment of a definite diagnosis has no influence on the therapy of 

TBE, since no specific curative treatment of this disease is known so far. Supportive 

treatment includes paracetamol, aspirin, and other non-steroidal anti-inflammatory 

drugs. In addition, clinical management of patients comprises strict bed rest until 

fever and neurological symptoms have subsided, the maintenance of water and 

electrolyte balances, the administration of vitamins, and sufficient caloric intake [38, 

187]. The application of tetracyclines may reduce immunpathological effects in the 

CNS by inhibiting the synthesis of inflammatory mediators such as IL-1β, IL-6, and 

TNF-α [172].  

TBE can efficiently be prevented by active vaccination. Currently, two licensed 

inactivated TBEV vaccines are available in Europe: the Austrian vaccine FMSE-

Immun® (“0.5 ml” and “0.25 ml Junior”, Baxter AG, virus strain “Neudoerfl”) and the 

German vaccine Encepur® (“Adult” and “Children”, Novartis AG, virus strain “K23”). 

Furthermore, two Russian vaccines are manufactured in Tomsk (“EnceVir”, 
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MicroGen, virus strain “Sofjin”) and Moscow (Chumakov Institute of Poliomyelitis and 

viral Encephalitides, virus strain “205”) [194]. The European vaccines are effective 

between 95 to 99 % [195] and may also protect against infections caused by Far 

Eastern subtype viruses [194]. Basic immunization comprises three doses, with the 

second being administered 1 to 3 months after the first, and the third being 

administered 5 to 12 (FMSE-Immun®) or 9 to 12 (Encepur®) months after the 

second injection, respectively. In addition, booster inoculations are required every 10 

years (as stated by the FOPH and the “Eidgenössische Kommission für Impffragen”) 

in order to maintain long-term immunity [196]. Although post-exposure administration 

of specific hyperimmunoglobulin possibly prevents TBE [1], it may as well exacerbate 

the disease through antibody-dependent enhancement of infection [185, 197-198]. 

Post-exposure prophylaxis is therefore highly questionable.  

Besides vaccination, general preventive measures may decrease the risk of 

infection through tick bites. These include the avoidance of tick habitats if possible, 

the wearing of appropriate clothing (long trousers preferentially tucked into socks, 

shoes covering the entire foot), the use of tick repellents, and a regular checking of 

the skin for ticks [1]. With respect to the alimentary route of infection (see chapter 

4.4.1), pasteurization of milk may further help to reduce the risk of exposure. 

Probably, risk avoidance through changing human behavior has contributed to a 

decreasing incidence of TBE infections in several countries [133].  
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5 AIMS OF THE THESIS 

Despite the fact that TBEV is a serious cause of central nervous system 

disease with increasing morbidity in Switzerland, only very limited information on the 

endemicity of this pathogen has been available so far. Until now, disease risk 

assessment has been done by describing clinical cases and their geographic 

location. This approach, however, provides no information on the actual rate of TBEV 

infection of ticks. Likewise, the genetic and biological properties of the viruses 

circulating in Switzerland have not been characterized up to now. Therefore, the aims 

of this project were as follows: 

I) To establish and validate a high-throughput sample preparation and real-

time RT-PCR method for the identification of TBEV in tick samples 
 

II) To assess the virus prevalence in Ixodes ricinus ticks collected in endemic 

and non-endemic areas throughout Switzerland 
 

III) To recover TBEV field isolates from tick samples using a mammalian cell 

culture system 
 

IV) To determine the genetic properties and phylogenetic classification of 

Swiss TBEV by analyses of the viral envelope gene sequence 
 

V) To characterize the isolates with respect to their virulence using an in vitro 

mammalian cell culture system and an in vivo mouse model of TBE 

The knowledge gained from this study essentially contributes to an improved 

risk assessment of TBE in Switzerland and provides an important characterization of 

the basic properties of Swiss TBEV.  
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6 RESULTS 

Here the results of this PhD thesis are presented in the form of an accepted 

publication and a submitted manuscript.  

The publication “High-Throughput Procedure for Tick Surveys of Tick -

Borne Encephalitis Virus and Its Application in a N ational Surveillance Study in 

Switzerland”  comprises the approaches to aims I) to III) listed in chapter 5, whereas 

the manuscript “Phylogenetic and Virulence Analysis of Tick-Borne Encephalitis 

Virus Field Isolates from Switzerland“  provides the findings with respect to aims 

IV) and V), respectively.  

All aims specified in chapter 5 were successfully reached. 
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6.1 High-Throughput Procedure for Tick Surveys of T ick-Borne 

Encephalitis Virus and Its Application in a Nationa l Surveillance 

Study 
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Tick-borne encephalitis (TBE), a viral infection of the central nervous system, is endemic in many Eurasian
countries. In Switzerland, TBE risk areas have been characterized by geographic mapping of clinical cases.
Since mass vaccination should significantly decrease the number of TBE cases, alternative methods for
exposure risk assessment are required. We established a new PCR-based test for the detection of TBE virus
(TBEV) in ticks. The protocol involves an automated, high-throughput nucleic acid extraction method
(QIAsymphony SP system) and a one-step duplex real-time reverse transcription-PCR (RT-PCR) assay for the
detection of European subtype TBEV, including an internal process control. High usability, reproducibility,
and equivalent performance for virus concentrations down to 5 � 103 viral genome equivalents/�l favor the
automated protocol compared to the modified guanidinium thiocyanate-phenol-chloroform extraction proce-
dure. The real-time RT-PCR allows fast, sensitive (limit of detection, 10 RNA copies/�l), and specific (no
false-positive test results for other TBEV subtypes, other flaviviruses, or other tick-transmitted pathogens)
detection of European subtype TBEV. The new detection method was applied in a national surveillance study,
in which 62,343 Ixodes ricinus ticks were screened for the presence of TBE virus. A total of 38 foci of endemicity
could be identified, with a mean virus prevalence of 0.46%. The foci do not fully agree with those defined by
disease mapping. Therefore, the proposed molecular test procedure constitutes a prerequisite for an appro-
priate TBE surveillance. Our data are a unique complement of human TBE disease case mapping in
Switzerland.

Tick-borne encephalitis (TBE) is a zoonotic arbovirus infec-
tion of the central nervous system affecting humans (10). With
approximately 3,000 cases annually in Europe and about
11,000 cases annually in Russia, it is the most important tick-
borne viral disease of humans in Eurasia (17, 19). TBE is
caused by the tick-borne encephalitis virus (TBEV), a member
of the genus Flavivirus within the Flaviviridae family (18).

TBEV was first isolated in 1937 in far-eastern Russia (44).
Based on the sequence of the envelope gene, the virus is
taxonomically classified into European, Siberian, and Far East-
ern subtypes (11). Whereas encephalitis caused by European
subtype viruses is usually mild with a fatal outcome of 1 to 5%
(14), Far Eastern strains cause severe encephalitis with a case
fatality rate of 20 to 60%. Siberian subtype isolates produce a
less severe disease, but with a tendency for development of
chronic infections (16, 17).

TBEV is typically transmitted by tick bites. Ixodes ricinus, a
three-host tick with larval, nymphal, and adult male or female
stages, is known to be the principal vector of European subtype
TBEV (30). Rarely, alimentary routes of transmission have
been described (15). Ticks are infected chronically throughout
their life cycle (17). In addition to this transstadial transmis-
sion, the virus is spread transovarially (6) or between ticks
feeding on the same host (21). As they are more numerous

than adults, nymphs are thought to be the most important
stage in the transmission of the virus (39).

Between 1990 and 2007, an increase of 317.8% in registered
TBE cases in Europe was observed. This disease spread may
have been favored by many factors, including climate change
and social, political, ecological, economic, and demographic
factors (40). As it was the case in many European countries, an
increase in TBE morbidity was also observed in Switzerland
and Germany, where the European subtype TBE virus was
found to circulate within foci of endemicity limited to strict
regions (2, 25, 42). Except for several studies focusing on
restricted geographic areas (2, 43) the actual rate of TBEV
infection of ticks in Switzerland is not known, and current
Swiss distribution maps of TBEV are based on human disease
cases (13). However, since mass vaccination programs have
been introduced in Switzerland, alternative methods for pre-
dicting foci of endemicity are required.

Molecular biological methods are a convenient tool for stud-
ies of the prevalence of tick-borne pathogens. So far, however,
such methods have not been standardized (8). Reverse tran-
scription-PCR (RT-PCR) assays to detect TBEV RNA in ticks
have been described previously (28, 33, 34, 36, 37, 43). Many of
the described protocols exhibit unsatisfactory sensitivity and
specificity (7) and do not include an internal process control
(IPC) which would detect presumed inhibitors.

Likewise, numerous approaches for nucleic acid (NA)
extraction from ticks using conventional precipitation or
commercial purification kits based on silica gel or magnetic
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particle technology (2, 5, 38, 43) have been described. In
addition, sample preparations using Chelex resin have been
specified, allowing (RT-)PCR detection of pathogens with-
out NA purification (33). However, most of these protocols
describe a single-tube assay not suitable for large-scale sur-
veillance studies.

As the endemicity of TBEV in Switzerland is largely un-
known, we intended to perform a national screening of ticks
for the presence of this virus using a high-throughput method.
Thus, the aims of the present study were as follows: first, to
develop and validate a one-step duplex real-time RT-PCR
system for the specific detection of European subtype TBEV in
ticks, including an internal process control; second, to establish
and evaluate an automated high-throughput nucleic acid ex-
traction method using the magnetic particle-based QIA-

symphony SP system (Qiagen); and third, to assess the TBEV
prevalence in ticks collected in areas of Switzerland of poten-
tial endemicity and in areas where the virus is not endemic.

MATERIALS AND METHODS

Viral strains and cell culture conditions. Tick-borne encephalitis virus
(TBEV) strains used for real-time RT-PCR and sample preparation method
development were kindly provided by Daniel Růžek (University of South Bohe-
mia, České Budějovice, Czech Republic) or were acquired from the National
Collection of Pathogenic Viruses (NCPV) (Wiltshire, United Kingdom) (Table
1). Viral strains classified as biosafety level 4 pathogens (as defined by the Swiss
Agency for the Environment, Forests and Landscape) were supplied in an inac-
tivated form. We used the porcine kidney stable (PS) cell line for the propagation
of all TBEV strains and other viruses of the TBEV complex. The cell line was
maintained in L-15 medium (Leibowitz, Biochrom AG, Berlin, Germany) sup-
plemented with 1% glutamine, 5% fetal calf serum, 1% penicillin-streptomycin,

TABLE 1. Specificity of the one-step duplex real-time RT-PCR assay

Taxon Strain (subtype)a Sourceb BSLc PCR resultd

Tick-borne encephalitis virus Neudörfl (E), NCPV 364 2 3 �
Absettarov (E), NCPV 344 2 3 �
Hypr (E) 1 3 �
Hanzalova (E) 1 3 �
Soukup (E) 1 3 �
Isolate 43 (E) 1 3 �
Isolate 94 (E) 1 3 �
Isolate 117 (E) 1 3 �
Isolate 465 (E) 1 3 �
Isolate 8641 (E) 1 3 �
Aina (S) 1 4 ns
Vasilchenko (S) 1 4 ns
Sofjin (FE) 1 4 �

Louping ill virus NCPV 212 1 3 �
Powassan virus 1 3 �
Eyach virus 1 2 �
Tribec virus 1 2 �
Tahyna virus 1 2 �
Uukuniemi virus 1 2 �
Dengue virus 1 TC 974, NCPV 670 2 3 �
Dengue virus 2 New Guinea, NCPV 151 2 3 �
Dengue virus 3 H 87, NCPV 153 2 3 �
Dengue virus 4 H 241, NCPV 152 2 3 �
Yellow fever virus 17 D, NCPV 507 2 2 �
Westnile virus NY 99, NCPV 398 2 3 �
Japanese encephalitis virus Nakayama, NCPV 502 2 3 �
St. Louis encephalitis virus 1 NCPV 052 2 3 �
Borrelia burgdorferi sensu stricto 3 2 �
Borrelia afzellii 3 2 �
Borrelia bissettii 3 2 �
Borrelia garinii 3 2 �
Borrelia spielmanii 3 2 �
Borrelia valaisiana 3 2 �
Rickettsia helvetica 4 3 �
Rickettsia slovaca 4 � �
Francisella tularensis subsp. tularensis 8 3 �
Babesia divergens 5 2 �
Babesia microti 5 2 �
Mengovirus vMC0 7 �
Enterovirus 71 6 2 �
Polio virus type 1 NCPV 140 2 2 �

a E, European; S, Siberian; FE, Far Eastern.
b 1, Daniel Růžek, University of South Bohemia, České Budějovice, Czech Republic; 2, NCPV, Wiltshire, United Kingdom; 3, Lise Gern, University of Neuchâtel,

Switzerland; 4, Olivier Péter, Institut Central des Hôpitaux Valaisans ICHV, Sion, Switzerland; 5, Bruno Gottstein, Vetsuisse Faculty, University of Bern, Switzerland;
6, Kathrin Mühlemann, University of Bern, Switzerland; 7, Maria Isabel Costafreda, University of Barcelona, Spain; 8, National Collection of Type Cultures (NCTC),
Colindale, United Kingdom.

c BSL, biosafety level (classification according to the Swiss Agency for the Environment, Forests and Landscape).
d �, positive test result; �, negative test result; ns, nonsignificant (reaction efficiency of �0.18).
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and 0.5% neomycin. Cells were cultured in 25-cm2 Corning culture flasks (Sigma-
Aldrich, Basel, Switzerland) at 37°C. Thirty minutes before inoculation, the
culture medium of PS cell monolayers was renewed with 2.5 ml of fresh medium.
Subsequently, cells were inoculated with 100 �l of either virus culture superna-
tant or tick homogenate and incubated for 1 h at room temperature. At 1 h
postinfection, we added 12.5 ml of culture medium to a total volume of 15 ml,
and cultures were incubated for 6 days at 37°C.

We used an avirulent-phenotype mutant strain of the infectious mengovirus
(vMC0; Cardiovirus, Picornaviridae) (9, 23) as an internal process control (IPC);
the plasmid pMC0 and the virus derived from it were kindly provided by Maria
Isabel Costafreda (University of Barcelona, Spain). The virus was propagated in
HeLa cell cultures (ATCC CCL-2) as described before (9, 23). Cell cultures
showing a cytopathic effect of 75% were frozen and thawed once and diluted in
Dulbecco’s phosphate-buffered saline (PBS) without Ca2� and Mg2� (D-PBS)
(Biochrom AG) to yield a concentration of 5 � 106 viral genome equivalents/ml.
Aliquots were stored at �80°C for further use as IPC.

Primer and probe design. The specific primers and hydrolysis probes for the
detection of the European subtype TBEV (envelope gene; 5�-FAM and 3�-
BHQ-1) and mengovirus mutant strain vMC0 (5�-noncoding region; 5�-JOE and
3�-BHQ-1) were designed using Primer Express software v3.0 (Applied Biosys-
tems, Foster City, CA) and purchased from Microsynth (Balgach, Switzerland).

RNA standards. Two RNA standards were generated for the validation of
both the TBEV- and the mengovirus vMC0-specific real-time RT-PCRs. Restric-
tion enzyme digestion, cloning, subcloning, and DNA electrophoresis were done
using standard techniques (35). Specific cDNA sequences were synthesized and
PCRs were performed using Herculase II Fusion DNA polymerase (Stratagene,
Zurich, Switzerland). The synthetic fragments were digested with 5� EcoRI and
3� SalI and ligated into a pGEM3zfp cloning vector (Promega, Madison, WI)
using T4 DNA ligase (New England Biolabs, Bioconcept, Alschwil, Germany).
TOP10 Escherichia coli (One Shot Top10 Electrocomp E. coli; Invitrogen Life
Technologies, Basel, Switzerland) was transformed by electroporation. Plasmid
DNA was prepared with the Qiagen plasmid maxi kit (Qiagen, Düsseldorf,
Germany) and linearized with the restriction enzymes SalI and XbaI. Two mi-
crograms of the linearized DNA was gel purified with the QIAquick gel extrac-
tion kit (Qiagen) and used for in vitro transcription with a riboprobe in vitro
transcription system with T7 RNA polymerase (Promega). The resulting RNA
was purified using NucAway spin columns (Applied Biosystems/Ambion, Rot-
kreuz, Switzerland). All steps were performed by Solvias (Basel, Switzerland).
The copy numbers of the standard RNAs were calculated using the Mongo Oligo
mass calculator v2.06 (Jef Rozenski, University of Utah).

One-step real-time RT-PCR and cycling conditions. Single and duplex one-
step real-time RT-PCRs were performed using the QuantiFast probe RT-PCR
kit (Qiagen). The real-time RT-PCR conditions were as follows: 12.5 �l of 2�
QuantiFast probe RT-PCR master mix, 0.25 �l of QuantiFast RT mix, 2 �l of
each primer stock (10 �M), 0.5 �l of the probe stock (10 �M), 2 �l of sample,
and RNase-free water to adjust the volume to 25 �l. Pipetting was performed
with the CAS-1200 liquid-handling system (CAS Robotics 4 version 4.7.98 soft-
ware; Corbett Robotics Pty Ltd., Queensland, Australia) into 96-well Twin.tec
real-time PCR plates (Eppendorf AG, Hamburg, Germany). Plates were sealed
with a 230-V heat sealer (Eppendorf), and amplification was performed using a
Mastercycler ep realplex S (Eppendorf). The cycling conditions for the amplifi-
cation were as follows: reverse transcription at 50°C for 10 min, an initial PCR
activation step at 95°C for 5 min, and 45 cycles of two-step cycling for 10 s at 95°C
and 30 s at 60°C.

Real-time RT-PCR specificity. To confirm the specific detection of European
subtype TBEV as well as mengovirus vMC0 in the duplex assay, we tested a total
of 40 microorganisms, including other flaviviruses, other tick-transmitted patho-
gens, and two members of the Picornaviridae family (Table 1).

Real-time RT-PCR sensitivity. The limit of detection (LOD) is defined as the
minimal amount of standard RNA that can be detected with a probability of
95%. We prepared 20� 10 and 20 copies/�l of TBEV and vMC0 standard RNAs
diluted in Tris-EDTA buffer solution (Sigma-Aldrich) to identify the LOD of the
RT-PCR.

Real-time RT-PCR efficiency, linearity, and effective range. The linearity of the
real-time RT-PCR was determined by assaying 10 replicates of Tris-EDTA
buffer solution spiked with 10-fold dilutions of standard RNA ranging from 101

to 107 copies/�l. A standard curve (linear regression) was calculated based on the
mean quantification cycle (Cq) values. Amplification efficiency was calculated
from the log-linear portion of the standard curve using the equation efficiency �
10�1/slope � 1.

Real-time RT-PCR accuracy and precision. The accuracy of the duplex real-
time RT-PCR was defined as the percentage of false-positive and false-negative
results. We analyzed Tris-EDTA buffer solution (Sigma Aldrich) spiked with 0

(known true-negative sample), 10, 20, and 50 copies/�l of the TBEV and mengo-
virus vMC0 standard RNAs. At the same time, the recovery rates were deter-
mined using samples spiked with 100, 1,000, and 10,000 copies/�l. The assay was
repeated four times, with each concentration in five replicates. The recovery
rates, in percent, were calculated as the assessed copy number divided by the
spiked copy number multiplied by 100. Interassay precision (reproducibility),
which indicates the variability between different runs, was assessed by analyzing
five replicates of 100, 1,000, and 10,000 standard RNA copies/�l in four inde-
pendent experiments. Intra-assay precision (repeatability), defining variability
within the same run, was determined by simultaneously assaying dilution series
of 10 replicates with 100, 1,000, and 10,000 standard RNA copies/�l.

Homogenization of ticks. Tick samples were prepared from frozen tick pools
of 10 nymphs or 5 adult female or male ticks. Six hundred microliters of buffer
solution kept at 4°C (see “Optimization of the automated nucleic acid extrac-
tion” below) was added to each frozen tick pool. Samples were immediately
homogenized using the TissueLyser system (Qiagen). One 3-mm tungsten car-
bide bead (Qiagen) was added to each tube (collection microtubes; Qiagen), and
tick pools were homogenized for 4 min at 30 Hz. After a short centrifugation step
(5 s at 3,220 � g), the supernatants were collected in separate collection micro-
tubes for further use.

Automated nucleic acid extraction using the QIAsymphony SP system. We
performed automated nucleic acid (NA) extraction using the QIAsymphony SP
system (Qiagen). For this purpose, 200 �l of tick homogenate supernatant or cell
culture supernatant was inactivated in 800 �l of AVL viral lysis buffer (Qiagen).
The AVL buffer was supplemented with 3 �g of carrier RNA (Qiagen) and a
defined amount of the IPC mengovirus vMC0 (104 viral genome equivalents/
sample). NA extraction was performed using the QIAsymphony Virus/Bacteria
Midi kit (Qiagen) and a specially adapted protocol (CP Complex 920 FIX v1;
Qiagen). RNA was eluted in a final volume of 60 �l and either directly used for
downstream applications or stored at �80°C for further use.

Manual total RNA extraction procedure. The efficiency of the automated NA
purification was compared to that of a modified guanidinium thiocyanate-phe-
nol-chloroform extraction procedure (4) with Trizol reagent (Invitrogen Life
Technologies), which was performed according to the manufacturer’s instruc-
tions.

Comparison of the manual and the automated nucleic acid extraction proce-
dures. To compare the efficiencies of the automated and the manual NA extrac-
tions, various samples were prepared and processed using both methods. In all
experiments, we added 5 � 103 viral genome equivalents of IPC (mengovirus
vMC0) to each sample prior to the NA extraction procedure. Viral genome
equivalents were defined by real time RT-PCR analysis using quantified standard
RNA. Pools of 10 laboratory-bred Ixodes ricinus nymphal ticks (kindly provided
by Daniel Růžek) were homogenized in 600 �l of D-PBS and spiked with serial
dilutions of TBE virus strain Hypr (GenBank accession no. U39292) (27) ranging
from 5 � 105 to 5 � 102 viral genome equivalents/�l. In parallel, we prepared
serial dilutions ranging from 5 � 104 to 50 viral genome equivalents/�l in pure
D-PBS solution in order to exclude any matrix effects. Each virus dilution was
done in four, replicates and the experiment was repeated on three days. Samples
were extracted using both the QIAsymphony SP system and the modified gua-
nidinium thiocyanate-phenol-chloroform protocol, and the RNA recovery rates
were compared.

Optimization of the automated nucleic acid extraction. To optimize the NA
recovery using the QIAsymphony SP system, four different D-PBS solutions were
compared for homogenization of laboratory-bred ticks. We compared the stan-
dard procedure using pure D-PBS to protocols using D-PBS supplemented
either with InhibitEX tablets (one tablet in 20 ml of buffer; Qiagen), with
Complete protease inhibitor cocktail mini tablets (one tablet in 10 ml of buffer;
Roche Diagnostics, Rotkreuz, Switzerland), or with bovine serum albumin
(BSA) (100 �g/ml; Sigma-Aldrich). Homogenates were spiked with serial dilu-
tions of TBEV (strain Hypr) ranging from 5 � 105 to 5 � 102 viral genome
equivalents/�l, and RNA was extracted using the QIAsymphony SP system. In
parallel, we spiked serial dilutions ranging from 5 � 104 to 50 viral genome
equivalents/�l into pure solutions (not containing any tick cell debris) in order to
exclude any matrix effects. Each sample extraction was performed in duplicate,
and the experiment was repeated three times. We compared the RNA recovery
rates and selected an optimal homogenization buffer.

Comparison of the manual and the optimized automated procedures for the
analysis of naturally infected ticks. Both the optimized automated NA purifica-
tion protocol and the manual total RNA extraction procedure were finally
applied to a total of 162 pooled tick samples (257 adults and 960 nymphs). We
collected these ticks in a known area of TBE endemicity of Switzerland. Ticks
were homogenized in D-PBS supplemented with InhibitEX at a concentration of
one tablet/20 ml as described above. Two hundred microliters of each sample was
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used for NA purification with the QIAsymphony SP system, and 100 �l was used
for the manual total RNA extraction procedure. We also added 5 � 103 viral
genome equivalents of IPC (mengovirus vMC0) to each sample. After extraction,
viral RNA was quantified using the one-step duplex real-time RT-PCR assay.

Exclusion of inhibitory or toxic effects of InhibitEX on TBEV propagation in
PS cells. Since TBEV-PCR-positive tick homogenates will be applied to cell
culture in order to isolate and propagate viable viruses, any toxic or inhibitory
effect of the D-PBS homogenization buffer solution supplemented with Inhibi-
tEX had to be excluded. Therefore, PS cell monolayers (cultured in 25-cm2

Corning culture flasks [Sigma-Aldrich]) were supplemented with 100, 200, or
1,000 �l of InhibitEX solution (one tablet/20 ml of D-PBS) and inoculated with
TBE virus (strain Hypr) as described above, with each approach performed in
triplicate. The cell cultures were incubated at 37°C for 4 days. To monitor virus
propagation, we extracted RNA using the QIAsymphony SP system and quan-
tified the viral load by one-step real-time RT-PCR every day.

Tick sampling. The required sample size for estimating the TBEV prevalence
in a cross-sectional study was calculated using the formula n � [(1.96 � SD)/L]2,
with SD being the standard deviation of the expected prevalence and L being the
desired precision. With an expected virus prevalence of 0.5% (10, 25, 31), 765
ticks have to be analyzed in order to obtain a prevalence estimate with a 95%
level of confidence (CL) and a precision of �0.50%. On average, about 400 ticks
were collected in one area. This sample size allows for a prevalence estimation
with a 95% CL and a precision of �0.70% (n � 390) if the prevalence turns out
to be the expected value of 0.5%. A total of 62,343 questing ticks were collected
at 165 collection sites throughout Switzerland by flagging low vegetation. Ticks
were randomly identified based on morphological characteristics and immedi-
ately stored at �80°C. Subsequently, ticks were washed once in 75% alcohol and
twice in deionized water, dried on paper towels, and sorted into pools of 10
nymphs or 5 adult male or female ticks. Pooled samples were stored at �80°C
until further processing. The biostatistical rationale of pooling has been de-
scribed elsewhere (1).

Screening for the presence of European subtype TBEV in ticks. Tick pools
were screened for the presence of European subtype TBEV using the optimized
automated NA extraction protocol and the established one-step duplex real-time
RT-PCR assay (including IPC). The resulting data show an estimate of the
TBEV prevalence in ticks for the 165 collection sites in Switzerland. For all
samples giving a TBEV-positive PCR test result, we performed virus isolation
experiments as described above.

Data analysis. We calculated the one-step duplex real-time RT-PCR efficien-
cies using the LinRegPCR software version 11.5.0.0 (29). Efficiencies and Cq
values of real-time RT-PCRs were compared by two-way analysis of variance
(ANOVA) using the software GraphPad Prism version 4.0. (GraphPad Software,
Inc., La Jolla, CA); a P value of �0.05 was regarded as significant. To compare
the virus propagations in cell cultures treated with different concentrations of
InhibitEX solution we performed a one-way ANOVA, and a P value of �0.05
was regarded as significant. Maximum-likelihood estimators of TBEV prevalence
at each collection site were calculated using an online calculation tool of the
Australian Biosecurity Cooperative Research Centre for Emerging Infectious
Diseases (http://www.abcrc.org.au). The tool uses a generalized linear model to
calculate the maximum-likelihood estimate and confidence limits of the esti-
mated prevalence for variable pool sizes, assuming perfect test sensitivity and
specificity (12). Stage-specific prevalences were calculated according to the for-
mula r � 1 � (1 � Xp/np)1/c with r being the estimated prevalence, Xp being the

number of test-positive pools, np being the number of analyzed pools, and c being
the pool size.

RESULTS

Robustness of the real-time RT-PCR. The one-step duplex
real-time RT-PCR appeared to be highly robust. An elonga-
tion of the reverse transcription step to 20 or 30 min and use
of various primer concentrations (0.4 to 1.0 �M) did not im-
prove the results of the assay (data not shown). Performing the
one-step duplex reaction using the QuantiTect multiplex RT-
PCR kit (Qiagen) instead of the QuantiFast probe RT-PCR kit
yielded slightly inferior reaction efficiencies and somewhat
higher Cq values, mainly for low RNA concentrations (50 and
500 copies/�l) (data not shown).

Analytical specificity of the one-step duplex real-time RT-
PCR assay. The primers and hydrolysis probes used in the
one-step duplex real-time RT-PCR assay are listed in Table 2.
All European subtype TBEV isolates were successfully de-
tected (mean reaction efficiency, 0.815). Minor, nonsignificant
reactions with TBEV Vasilchenko and TBEV Aina (both Si-
berian subtype) were recorded, with reaction efficiencies of
0.053 and 0.178, respectively (data not shown). We did not
observe any nonspecific amplification of all tested flaviviruses,
other tick-transmitted bacteria and parasites, or members of
the genus Picornaviridae (Table 1).

Analytical sensitivity of the real-time RT-PCR assay. The
LOD of the one-step duplex real-time RT-PCR assay is 10
standard RNA copies/�l for the detection of both TBEV and
the IPC.

Real-time RT-PCR efficiency, linearity, and effective range.
The assay was linear over the range of 101 to 107 copies/�l. The
fitted linear model for TBEV quantification had a correlation
coefficient (r2) of 0.9997, with a P value of 2.46 � 10�10. The
regression analysis for quantification of mengovirus vMC0 was
slightly inferior, with a P value of 1.444 � 10�7 and an r2 of
0.9966. The estimated efficiencies were 0.97 for the TBEV-
specific reaction and 0.92 for the mengovirus-specific reaction.

Real-time RT-PCR accuracy and precision. The false-posi-
tive and false-negative rates of the assay are 0%. The recovery
rates for 100, 1,000, and 10,000 standard RNA copies/�l are
given in Table 3. The data on reproducibility and repeatability
of the one-step duplex real-time RT-PCR are summarized in
Table 4.

TABLE 2. One-step real-time RT-PCR primers and hydrolysis probes specific to European subtype TBEV and IPC mengovirus vMC0

Target and description Primer name Sequence (5� 3 3�) Position on
genea

Product
size (bp)

TBEV E gene
Forward TBEE-F6 GGCTTGTGAGGCAAAAAAGAA 1329–1349 87
Reverse TBEE-R2 TCCCGTGTGTGGTTCGACTT 1397–1416
Probe TBEE-P4 FAM-AAGCCACAGGACATGTGTACGACGCC-BHQ-1 1349–1374

Mengovirus vMC0 5�
noncoding region

Forward Mengo-F1 GACTACCCACTCCCCCTTTC 64–84 103
Reverse Mengo-R1 GCTTCGGCCAGTAATGTGAT 147–167
Probe Mengo-P1 JOE-TGAAGGCTACGATAGTGCCAGGGC-BHQ-1 88–112

a For the TBEV E gene, positions of genes are according to accession number U27495.1. For the mengovirus vMC0 5� noncoding region, positions are according to
http://virology.wisc.edu/acp/Plasmids/PlasmidFiles/pMC0.gb.txt.
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Comparison of the manual and automated nucleic acid ex-
traction procedures. Analyzing buffer samples spiked with 5 �
104 to 50 viral genome equivalents/�l, we did not observe any
significant difference between the two NA extraction protocols
(P 	 0.05, Bonferroni posttest following two-way ANOVA).
On the other hand, the precipitation method showed a higher
RNA recovery for tick samples spiked with 5 � 103 and 5 � 102

TBE viral genome equivalents/�l (P � 0.001, comparison of
Cq values using Bonferroni posttest following two-way
ANOVA) (Tables 5 and 6). PCR efficiency was not signifi-
cantly influenced by the RNA purification protocol or by the
amount of spiked TBEV (P 	 0.05 for all pairwise compari-
sons, Bonferroni posttest following two-way ANOVA) (data
not shown).

Optimization of the automated nucleic acid extraction. To
optimize the automated NA extraction protocol, we compared
the RNA recovery rates with the precipitation method and the
automated NA extraction protocol (QIAsymphony SP system)
for tick homogenates and pure matrix samples spiked with
serial dilutions of TBE virus (strain Hypr). While Complete
protease inhibitor cocktail mini tablets (Invitrogen Life Tech-
nologies) and BSA did not enhance the automated NA extrac-
tion (data not shown), RNA recovery from tick homogenates
was improved by supplementing D-PBS-buffer with InhibitEX.
Thereby, a level of sensitivity equivalent to that of the precip-
itation method (down to 5 � 103 viral genome equivalents/�l)
could be attained (Tables 5 and 6). For pure InhibitEX–D-PBS
solutions, the performance of the optimized extraction proto-
col was significantly improved compared to that of the precip-
itation method for buffer samples spiked with 5 � 104, 5 � 103,
and 50 TBE viral genome equivalents/�l. While improving
RNA extraction efficiency, however, InhibitEX did not en-
hance PCR efficiency compared to the precipitation method
and the standard automated protocol (P 	 0.05 for all pairwise
comparisons, Bonferroni posttest following two-way ANOVA)
(data not shown). IPC mengovirus vMC0 RNA was successfully
extracted using all protocols, excluding inhibition during the
process of NA extraction (data not shown).

Comparison of the manual and optimized automated pro-
cedures for the analysis of naturally infected ticks. One of the
162 investigated pooled samples tested positive for TBEV with
a viral load of 5 � 105 viral genome equivalents/�l and could
clearly be identified using both methods. However, the precip-

itation method yielded a total of 11 questionable results (con-
firmed to be TBEV-negative by gel electrophoresis [data not
shown]). Furthermore, the automated system provided much
more reproducible results than the precipitation procedure
(coefficient of variation [CV] for IPC quantification of 3.7%
for the automated system versus 19% for the precipitation
method [data not shown]).

Exclusion of inhibitory effects of InhibitEX on TBEV prop-
agation in PS cells. One-way ANOVA revealed no significant
difference (P � 0.4175) in virus propagation in cultures treated
with different concentrations of InhibitEX (i.e., 0, 100, 200,
and 1,000 �l of InhibitEX solution) (data not shown).

Screening for the presence of European subtype TBEV in
ticks. A total of 62,343 questing ticks were screened for TBE
virus presence. The IPC was successfully detected in all sam-
ples, excluding false-negative test results due to inhibition.
Among the 165 collection sites, TBEV was found to be en-
demic in 38, with a mean estimated prevalence of 0.46% (Ta-
ble 7; Fig. 1). The overall mean virus prevalence was higher in
female (1.21%) and male (0.74%) adults than in nymphal ticks
(0.20%). Virus isolates from 63 out of the 71 PCR-positive
samples could successfully be amplified on cell culture. Eight
isolates did not proliferate but were detectable by real-time
RT-PCR in the virus culture supernatant at unvarying low
concentrations throughout the incubation period.

DISCUSSION

Despite the necessity for tick surveys in national TBE sur-
veillance systems, no standardized tool for this purpose has
been available so far (8). Here we present a validated PCR-
based, high-throughput analysis system for the detection of
TBE viruses in ticks. Its application in a cross-sectional na-
tional surveillance study proved the validity and efficiency of
the novel procedure.

High specificity of the one-step duplex real-time RT-PCR
assay was achieved by designing primers and hydrolysis probes
hybridizing with subtype-specific positions of the envelope
gene. Interestingly, a primer and probe combination with a
one-base overlap between the forward primer and probe al-
lowed the most sensitive and specific detection of European
subtype TBEV (Table 2). A U.S. patent published in 2008 (22)
also describes an overlapping primer and probe yielding an

TABLE 4. Precision of the one-step duplex real-time RT-PCR

Target and copies/�la
CV (%)b

Intra-assay
precision

Interassay
precision

TBEV E gene
100 25.40 35.05
1000 9.16 36.65
10,000 17.11 29.89

Mengovirus vMC0 5�
noncoding region

100 37.99 41.18
1000 24.83 41.47
10,000 26.35 37.61

a Number of copies of TBEV or IPC mengovirus vMC0 standard RNA.
b Calculated on the basis of assessed copy numbers.

TABLE 3. Recovery rates of the one-step duplex
real-time RT-PCR

Target and copies/�la Recovery
rate (%) CV (%)b

TBEV E gene
100 169.80 19.59
1000 160.45 18.59
10,000 139.04 17.54

Mengovirus vMC0 5�
noncoding region

100 221.06 23.79
1000 177.72 27.39
10,000 180.78 28.45

a Number of copies of TBEV or IPC mengovirus vMC0 standard RNA.
b Calculated on the basis of assessed copy numbers.
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efficient PCR. Although minor and particularly inefficient re-
actions with two Siberian subtype strains of TBEV were re-
corded, the specificity of the assay was confirmed by negative
test results when assaying other flaviviruses as well as other
tick-transmitted bacteria and parasites.

LODs of TBEV-specific RT-PCRs have previously been
evaluated by assaying serial dilutions of mouse brain suspen-
sions (34) or by preparing serial dilutions of in vitro transcripts
of a cloned TBEV fragment (37, 43). We validated the analyt-
ical sensitivity but also other key issues of our one-step duplex
real-time RT-PCR assay, i.e., the efficiency, linearity, effective
range, accuracy, and precision, using self-constructed RNA
standards. These quality criteria are a prerequisite to evaluate
the performance of the real-time RT-PCR assay and thus to
improve the interpretation of test results. Given that the
TBEV concentration per infected tick lies between 102 and 108

PFU, with a mean virus concentration below 103 PFU (20), an
LOD of 10 RNA copies/�l guarantees reliable detection of
TBEV-positive ticks. However, the overestimated recovery
rates obtained for the quantification of TBEV (between

139.04% and 169.80%) should be addressed by estimating the
effective TBEV concentration in a tick sample.

Inhibitors are known to be present in many environmental
samples and to hamper the interpretation of test results.
Therefore, the addition of an internal process control at the
sample preparation step is mandatory in order to monitor
the presence of inhibitory substances and thus to prevent
false-negative test results. Whereas most of the described
TBEV-specific RT-PCR protocols do not include an IPC
(28, 34, 36), the method described here allows the simulta-
neous quantification of European subtype TBEV and IPC
mengovirus vMC0 RNA.

A special emphasis should be placed on the benefit of si-
multaneously extracting both RNA and DNA from tick sam-
ples using the Virus/Bacteria Midi kit (Qiagen), which enables
the monitoring of any tick-borne pathogen of interest (3, 41).
This is a clear advantage over protocols which, though auto-
mated, do not simultaneously extract both DNA and RNA (24)
or procedures which, while purifying both RNA and DNA,
constitute single-tube approaches (5).

We compared the RNA extraction efficiency of a standard
protocol using the QIAsymphony SP system based on mag-
netic particle technology to that of the modified guani-
dinium thiocyanate-phenol-chloroform extraction proce-
dure (4) using Trizol reagent. Whereas both protocols
showed similar extraction efficiencies for spiked buffer sam-
ples, larger amounts of RNA (as concluded from lower Cq
values) were recovered from tick samples using the precip-
itation method (Tables 5 and 6). The lower RNA recovery
from tick samples could be explained by the presence of tick
residues that could impair binding of NAs to the magnetic
particle in the QIAsymphony protocol. These inhibitory ef-
fects can be reduced by addition of counteracting sub-
stances. Guanidinium thiocyanate, for instance, as a com-
ponent of lysis buffers, inhibits RNA-degrading enzymes by
its chaotropic effect. The performance of experiments in-
volving virus amplification from tick homogenates as a side-
line of the proposed analysis system, however, prohibits the
application of such cell-toxic substances in the homogeniza-
tion step. As an alternative, protocols with nontoxic sub-
stances such as InhibitEX (Qiagen) were considered. Inhibi-

TABLE 5. Cq values and SDs of TBEV RNA quantification following NA extraction using different protocols

Sample type and
amt (viral genome
equivalents/�l) of

spiked TBEV

Precipitation QIAsymphony SP system QIAsymphony SP system with
InhibitEX

Mean Cqa SD Mean Cqb SD Mean Cqb SD

Buffer samples
5 � 104 23.47 2.25 22.49 2.25 20.22 0.63
5 � 103 26.77 1.52 26.65 1.31 23.80 0.85
5 � 102 30.48 1.67 30.11 1.45 27.94 0.82
5 � 101 34.64 2.59 34.47 —c 31.41 1.31

Tick homogenates
5 � 105 20.52 0.96 20.90 1.10 20.35 0.64
5 � 104 24.28 1.28 25.36 1.33 23.75 0.57
5 � 103 26.51 1.88 29.00 1.33 27.13 0.41
5 � 102 28.63 3.49 31.25 1.15 30.92 1.10

a n � 24 measurements.
b n � 12 measurements.
c There was only one valid measurement.

TABLE 6. P values of Bonferroni posttests comparing Cq values of
TBEV RNA quantification following RNA extraction

using different protocols

Sample type and
amt (viral genome
equivalents/�l) of

spiked TBEV

P value

Precipitation vs
QIAsymphony

SP system

Precipitation vs
QIAsymphony
SP system with

InhibitEX

QIAsymphony SP
system vs

QIAsymphony SP
system with
InhibitEX

Buffer samples
5 � 104 NSa �0.01 NS
5 � 103 NS �0.05 NS
5 � 102 NS NS NS
5 � 101 NS �0.01 NS

Tick homogenates
5 � 105 NS NS NS
5 � 104 NS NS �0.05
5 � 103 �0.001 NS �0.05
5 � 102 �0.001 �0.01 NS

a NS, nonsignificant.
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tEX is an adsorption resin provided in tablet form that has
previously been shown to remove inhibitors and thus im-
prove pathogen detection in animal samples (26).

As estimated, homogenizing ticks in a buffer solution sup-
plemented with InhibitEX improved NA extraction using the
QIAsymphony SP system (Tables 5 and 6). This effect, unex-
pectedly, was even more considerable when processing virus
dilution series prepared in pure solutions. Since pure solutions
are expected not to contain any inhibitory substances, we sup-
pose that InhibitEX directly affects the subsequent real-time
RT-PCR. Further experiments quantifying serial dilutions of
viral RNA and standard RNA in pure D-PBS solution or
D-PBS supplemented with InhibitEX (both processed in the
QIAsymphony SP system and used as diluents) (data not
shown) confirmed the positive effect on the amplification step.
Although there was no significant improvement of PCR effi-
ciency, the lowered Cq values let us hypothesize that InhibitEX
improves RNA accessibility, possibly by reducing the forma-
tion of secondary structures. Some components of the absorp-

FIG. 1. TBE risk map based on tick surveillance data. Foci of ende-
micity are marked with red triangles, and collection sites where TBEV is
not endemic are marked with circles (black, n � 200; gray, n � 200).

TABLE 7. Maximum-likelihood estimators of TBEV prevalence in areas of endemicity in Switzerlanda

Commune (canton)b Altitude (m above
sea level)

Sample
sizec Prevalence (%)

95% CL (%)

Lower Upper

Zofingen (AG) 575 457 0.44 0.07 1.35
Brittnau (AG) 540 455 1.09 0.39 2.34
Gipf-Oberfrick (AG) 410 446 0.22 0.01 0.95
Belp (BE) 520 467 0.21 0.01 0.93
Reichenbach i.K. (BE) 720 384 0.52 0.09 1.6
Erlenbach i.S. (BE) 715 449 0.90 0.28 2.08
Thun (BE) 590 332 0.30 0.02 1.31
Spiez, Rustwald (BE) 660 462 0.43 0.07 1.33
Dagmarsellen (LU) 540 545 0.54 0.13 1.4
Ebikon (LU) 440 441 0.23 0.01 0.99
Alpnach (OW) 455 384 0.26 0.01 1.13
Mörschwil (SG) 525 523 0.38 0.06 1.17
Stein am Rhein (SH) 525 526 0.19 0.01 0.82
Oensingen (SO) 525 561 0.53 0.13 1.38
Gersau (SZ) 465 546 0.18 0.01 0.8
Freienbach (SZ) 415 434 0.44 0.07 1.36
Wängi (TG) 530 721 0.85 0.34 1.71
Frauenfeld (TG) 450 451 0.22 0.01 0.96
Lommis (TG) 680 678 0.45 0.11 1.15
Aadorf (TG) 530 533 0.19 0.01 0.82
Thundorf (TG) 620 504 0.19 0.01 0.85
Silenen (UR) 620 358 0.28 0.02 1.21
Sisikon (UR) 530 430 0.47 0.08 1.45
Schattdorf (UR) 410 411 0.49 0.08 1.49
Rances (VD) 610 555 0.36 0.06 1.10
Cudrefin (VD) 430 50 1.89 0.11 8.05
Salgesch (VS) 570 135 0.8 0.05 3.46
Raron (VS) 640 466 0.21 0.01 0.93
Steinhausen (ZG) 485 474 0.85 0.26 1.96
Unterengstringen (ZH) 470 599 0.17 0.01 0.73
Aeugst am Albis (ZH) 675 430 0.45 0.08 1.39
Langnau am Albis (ZH) 890 411 0.47 0.08 1.44
Elgg (ZH) 710 712 0.14 0.01 0.62
Bassersdorf (ZH) 470 723 0.28 0.05 0.85
Rümlang (ZH) 490 417 0.23 0.01 1.02
Oberstammheim (ZH) 440 90 1.02 0.06 4.41
Rüti ZH (ZH) 600 535 0.19 0.01 0.82
Zollikon (ZH) 540 461 0.44 0.07 1.35

a Confidence interval � 95%.
b AG, Aargau; BE, Bern; LU, Lucerne; OW, Obwalden; SG, St. Gallen; SH, Schaffhausen; SO, Solothurn; SZ, Schwyz; TG, Thurgau; UR, Uri; VD, Vaud; VS, Valais;

ZG, Zug; ZH, Zurich.
c Total number of analyzed ticks, i.e., nymphs, adult male, and adult female ticks. Ticks were analyzed in pools of 10 (nymphs) or 5 (adult male or adult female ticks).
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tive resin thus seem to remain in the eluate of magnetic par-
ticle-purified samples and affect the real-time RT-PCR.

Despite the improvement attributable to the use of InhibitEX
tablets, the optimized protocol still performed worse than the
precipitation procedure for low virus concentrations (5 � 102

virus genome equivalents/�l). However, this turned out to be
of minor importance when applying the method in our large-
scale survey; all TBEV-positive samples reached Cq values of
between 16.84 and 24.64 (data not shown), corresponding to
concentrations obviously higher than 5 � 102 viral genome
equivalents/�l. In addition, the low CVs for the quantification
of the IPC confirmed the high reproducibility of the automated
method.

The established molecular test procedure proved to be ap-
propriate for tick surveys. We applied the protocol in a na-
tional study on the prevalence of TBEV in ticks. The assessed
mean virus prevalence of 0.46% in areas of endemicity (Table
7; Fig. 1) is in agreement with the average virus prevalence of
0.5 to 5% found in foci of endemicity in Europe (10, 25, 31).
While we could confirm endemicity in several regions, no
TBEV-positive ticks could be detected in some areas with
confirmed human cases of TBE (national surveillance data on
human disease cases from 1984 to 2008 were kindly provided
by H. P. Zimmermann, Federal Office for Public Health, Swit-
zerland). However, since areas of TBE endemicity are limited
to strict regions (foci) (2, 10), the prevalence data derived from
the samples in our cross-sectional study may not be general-
ized. They merely provide an indication of the tick infection
rate in the very discrete area under investigation and are valid
for only the time of the study. Nevertheless, the data are an
important completion of risk assessment and monitoring of
TBE in Switzerland. Interestingly, we could identify two new
TBE foci in a southern region of Switzerland where TBE was
so far not known to be endemic (Canton Valais, communes
Salgesch and Raron). We could also detect TBEV-infected
ticks in communes (Freienbach [Schwyz], Gersau [Schwyz],
and Oensingen [Solothurn]) where only isolated disease cases
have been reported. Furthermore, the virus could be detected
in a commune (Steinhausen, Zug), where the last disease case
was reported 10 years ago. All regions of endemicity were
situated between 410 (Gipf-Oberfrick, Aargau) and 890 (Lang-
nau am Albis, Zurich) meters above sea level. For a total of 33
collection sites, the reduced sample size (n � 200) could lead
to a false interpretation of an area with an effective virus
prevalence of 0.5% or smaller.

Sixty-three of 71 TBE virus isolates detected by PCR could
successfully be propagated on cell culture. Eight isolates, how-
ever, though present at low concentrations throughout the
incubation period, did not proliferate. It has been suggested
that TBE viruses exist as a heterogeneous population that
contains virus variants most adapted to reproduction in either
ticks or mammals (32). Probably the ratio of these variants was
very high in favor of tick-adapted quasispecies in these eight
isolates, whereas virus reproduction in porcine kidney stable
cells was inefficient. Further cultivation of the isolates would
possibly select mammal-adapted quasispecies, shifting the ratio
of the variants and thus enhancing virus propagation in cell
culture. This hypothesis has to be confirmed by indirect immu-
nofluorescence, which allows for the quantification of TBEV-
infected cells. However, the fact that all virus isolates could be

recovered in cell culture excludes false-positive PCR test re-
sults. This conclusion is also supported by the successful de-
tection of the internal process control in all tested samples.

In summary, we have developed and validated an analytical
system based on PCR which can be applied in tick-borne en-
cephalitis surveillance. The efficiency of the method was con-
firmed in a tick survey, where more than 60,000 ticks were
screened for the presence of TBE virus. For the present, we
focused on sensitive detection of TBEV by PCR and subse-
quent propagation of the virus. Further work will concentrate
on the molecular characterization of all TBEV isolates by
specific gene sequencing reactions and whole-genome se-
quencing for detailed taxonomic identification. In addition, all
tick samples will be analyzed for the presence of other tick-
borne pathogens, including species of Rickettsia, Francisella,
and Ehrlichia/Anaplasma.
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ology Centre of the Academy of Sciences of the Czech Republic,
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ABSTRACT 

Tick-borne encephalitis (TBE) is an endemic disease in Switzerland, with 

about 110 – 120 reported human cases each year. Endemic areas are present 

throughout the country. However, the viruses circulating in Switzerland have not 

been characterized so far. In this study, the complete envelope (E) protein 

sequences and phylogenetic classification of 72 TBE viruses found in Ixodes ricinus 

ticks sampled at 39 foci throughout Switzerland were analyzed. All isolates belonged 

to the European subtype and were highly related (mean pairwise sequence identity 

of 97.8 % at the nucleotide and 99.6 % at the amino acid level of the E protein). 

Sixty-four isolates were characterized in vitro with respect to their plaque phenotype, 

since this has been associated with virulence. Two thirds (67 %) of isolates produced 

a mixture of plaques of different sizes, reflecting a heterogeneous population of virus 

variants. Isolates consistently forming plaques of small size, indicating low virulence, 

were associated with recently detected endemic foci with no or only sporadic reports 

of clinical cases. All of six virus isolates investigated in an in vivo mouse model were 

highly neurovirulent (100% mortality) but exhibited a relatively low level of 

neuroinvasiveness, with mouse survival rates ranging from 50 to 100 %. Therefore, 

TBE viruses circulating in Switzerland belong to the European subtype and are 

closely related. In vitro and in vivo surrogates of virulence suggest a high proportion 

of isolates with relatively low neuropathogenic potential, which is in agreement with a 

hypothesized high proportion of subclinical or mild TBE cases. 
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INTRODUCTION 

Tick-borne encephalitis (TBE) is caused by the tick-borne encephalitis virus 

(TBEV), a member of the family Flaviviridae, and is the most important arboviral 

neuroinfection in Europe and northern Asia [Gritsun et al., 2003]. TBEV is an 

enveloped virus with a positive-stranded RNA genome approximately 11 kilobases in 

length. The genome contains a single open reading frame encoding a polyprotein of 

about 3400 amino acids that is cleaved into three structural (capsid, membrane, 

envelope) and seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, 

NS5) [Chambers et al., 1990; Lindenbach and Rice, 2001]. The envelope (E) protein 

is an especially important determinant of flavivirus virulence. Accordingly, mutations 

in E gene sequences are frequently reported in association with changes in 

pathogenic properties of the virus [Hurrelbrink and McMinn, 2003]. Also, most 

studies on the molecular epidemiology of TBEV have focused on the E protein. 

Three genetic lineages, or subtpyes, have been distinguished based on sequence 

analysis of this protein: a European, a Siberian, and a Far Eastern subtype [Ecker et 

al., 1999].  

In TBE-endemic regions, the virus circulates in areas limited to strict 

geographic regions, so-called disease foci [Dumpis et al., 1999]. Within these foci, 

TBEV is maintained in cycles involving ixodid ticks (Ixodes ricinus in Switzerland) 

acting as virus vectors and reservoirs, and vertebrate reservoir hosts (mainly 

rodents) [Labuda et al., 1993].  

During a TBE surveillance study performed in 2009, 38 foci distributed 

throughout Switzerland were identified, with a mean virus prevalence of 0.46 % 

[Gaumann et al., 2010]. Endemic areas were mapped by screening 62,343 I. ricinus 

ticks for the presence of TBEV using real-time RT-PCR, and virus field isolates could 

successfully be recovered from most of the 72 TBEV-RNA-positive tick samples.  

This study describes the phylogenetic classification and E gene sequence 

analysis of 72 Swiss TBE viruses. For 64 isolates, growth characteristics were 

investigated in vitro. Furthermore, six selected isolates were characterized with 

respect to their neuroivasiveness and neurovirulence properties in an adult 

laboratory mouse model.  
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MATERIALS AND METHODS 

Virus isolates and cells 

The TBEV field isolates characterized in this study were detected in I. ricinus 

ticks sampled at 38 TBE foci distributed throughout Switzerland in 2009 (n = 71) an 

additional focus in 2008 (BE Spiez, Auwald) (Table 1) [Gaumann et al., 2010]. 

Viruses were propagated through porcine kidney stable (PS) cells as described 

before [Gaumann et al., 2010] and stored at -80 ºC; in majority, the first PS cell 

culture passage was used for the analyses performed in this study. However, 9 real-

time RT-PCR-positive tick homogenate samples only reached extremely low titers in 

the first and were negative in the second PS cell culture passage (AG Brittnau 3, AG 

Zofingen1, BE Erlenbach i.S.3, BE Thun, LU Dagmarsellen3, ZG Steinhausen3, ZH 

Aeugst a.A.1, ZH Langnau a.A.2, ZH Oberstammheim). For these samples, tick 

homogenate stored at -80 ºC was directly used for nucleic acid extraction, E gene 

amplification, and sequencing (see below). Also, isolation of TBEV out of these 

samples was attempted using I. ricinus cell cultures. For this purpose, IRE/CTMV19 

cells [Bell-Sakyi et al., 2007; Ruzek et al., 2008a] were cultured in 24-well plates and 

inoculated with 100 μl of the tick homogenate. After 5 days of incubation at 28°C and 

0.5% CO2, the cells were disrupted by three cycles of freezing and thawing. The 

material was clarified by centrifugation, and 100 μl of supernatant used for the next 

passage. After three passages, the culture media were investigated for the presence 

of TBEV RNA by real-time RT-PCR as specified below.  

Plaque assay 

Plaque morphology and virus titers were assayed on PS cell monolayers as 

described before [De Madrid and Porterfield, 1969]. Infectivity was expressed as 

plaque forming units (pfu) ml-1 and compared to genome equivalents ml-1 of the 

respective samples determined by real-time RT-PCR (see below), giving a genome 

equivalent/infectious particle ratio for each isolate. Correlation was analyzed using 

Pearson’s correlation analysis; a P value of < 0.05 was regarded as significant. To 

investigate the correlation between plaque morphology and genome 

equivalent/infectious particle ratio, the isolates were grouped according to their 

plaquing phenotypes (small, mixed, large) and a one-way ANOVA was performed on 
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the respective genome equivalent/infectious particle ratios; a P value of < 0.05 was 

regarded as significant.  

Neurovirulence and neuroinvasiveness analysis 

To assess neurovirulence, groups of 5 adult CD1 outbred mice (females, 5-

week-old; Charles River Laboratories, Sulzfeld, Germany) were inoculated 

intracerebrally with 10 pfu of virus. Neuroinvasiveness was estimated by 

subcutaneous inoculation of groups of 10 adult CD1 outbred mice (females, 6-week-

old; Charles River Laboratoires, Sulzfeld, Germany) with 100 pfu of the virus. 

Sterilized pellet diet and water were supplied ad libitum. In all experiments, mice 

were scored for mortality for a period of 28 days p.i and survival curves were 

established.  

Nucleic acid extraction and quantification of TBEV RNA 

Nucleic acid extraction out of tick homogenate or cell culture supernatant was 

performed using the QIAsymphony® SP system (QIAGEN) as described before 

[Gaumann et al., 2010]. Purified RNA was quantified using real-time RT-PCR and 

assessed genome equivalents ml-1 were calculated according to the formula Cq = 

Slope  log10 (genome equivalents)  (Y –intercept), with the slope being -3.269 and 

the Y-intercept being 37.19, as derived from linear regression analysis of the 

standard curve of the used assay [Gaumann et al., 2010]. Additionally, RNA was 

subjected to amplification and sequencing reactions as specified below. 

TBEV E gene amplification and sequencing 

Three specific primer pairs were used for cDNA synthesis and PCR 

amplification of fragments covering the complete E protein coding region of 

European subtype TBEV (Table 2). Reactions were performed according to the 

manufacturer’s instructions using the SuperScript™ III One-Step RT-PCR System 

with Platinum® Taq High Fidelity kit (Invitrogen Life Technologies™). Successful 

fragment amplification was verified using QIAxcel (QIAGEN) and products were 

purified using QIAquick PCR Purification Kit (QIAGEN). Sequencing reactions were 
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carried out by Microsynth using the 3730xl DNA Analyzer and the BigDye® 

Terminator v1.1 Cycle Sequencing Kit (Applied Biosystems). 

Sequence analysis 

The obtained sequences were processed with the Geneious Pro 4.8.5 

software suite [Drummond et al., 2009] and aligned using ClustalW2 [Larkin et al., 

2007]. Phylogenetic analysis included 9 reference sequences [Ecker et al., 1999] to 

confirm European subtype classification of the Swiss isolates and was performed by 

the neighbor-joining method with Jukes-Cantor distances [Jukes and Cantor, 1969]. 

Louping ill virus (GenBank M94957) was used as an outgroup and the reliability of 

internal branches was assessed by bootstrapping with 1,000 pseudoreplicates 

[Felsenstein, 1985]. Geographic clustering of phylogenetic clades was analyzed 

using the software ArcGIS™ 9.3 (ESRI®). 
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RESULTS 

Virus isolation 

Sixty three TBEV isolates were successfully recovered from the 72 TBEV-

RNA positive tick homogenates using porcine kidney stable (PS) cells (Table 1). For 

nine samples negative in the second PS cell culture passage, isolation attempts 

using cultures of I. ricinus tick cells [Ruzek et al., 2008a] yielded one additional 

isolate after three blind passages (isolate AG Brittnau3). The 64 TBEV isolates were 

characterized in more detail. For phylogenetic and sequence analyses the eight 

samples negative in PS and tick cell cultures were also included.  

Plaque phenotype 

Plaque phenotypes of the 64 isolates were analyzed on cultures of PS cells, 

which are exceptionally useful for assessing basic phenotype characteristics of 

flaviviruses as well as many other arboviruses [Kozuch and Mayer, 1975]. Twenty 

nine (45.3 %) of the 64 virus isolates showed a homogeneous plaque phenotype: 10 

(6.4%) isolates formed mostly or only large (>3mm) plaques, two (3.1%) isolates 

formed only medium (3-1 mm) sized plaques, and 17 (26.6%) viruses produced just 

small (<1mm) plaques (Table 1). The remaining 35 (67%) isolates showed a mixed 

plaque phenotype. Only one isolate, VD Cudrefin, generated very diffuse and barely 

discernable plaques, whereas the remaining isolates produced plaques with sharp 

contours. Viruses recovered in the cantons Solothurn (SO), Schwyz (SZ), Valais 

(VS), and Zug (ZG) consistently formed small or medium plaques.  

The genome equivalent/infectious particle ratio for each TBEV isolate was 

calculated as an indicator for the amount of viral particles not able to produce 

plaques. Infectious titers were clearly correlated to the genome equivalents in a 

sample, (P < 0.0001, Pearson’s correlation analysis, r2 = 0.4423). However, the 

ratios varied from 102.373 to 104.778 (mean 103.955, ± 103.966). Furthermore, the ratios 

were significantly higher for isolates producing only small plaques than for viruses 

producing plaques of large or mixed size (P < 0.05 for pairwise comparison of small 

to large and small to mixed plaque producers, Bonferroni posttest following one-way 

ANOVA) (Figure 1). 
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Virulence of six selected TBEV isolates 

Using a mouse model, neuroinvasiveness (subcutaneous inoculation) and 

neurovirulence (intracranial inoculation) of six Swiss TBEV isolates were compared, 

which had been selected on the basis of their position within the phylogenetic tree 

(see below), their geographic location, and/or their plaque properties. All except of 

one virus showed pathogenic potential with respect to neuroinvasiveness. Within the 

observation period of 28 days, however, isolate ZH Langnau a.A.1 did not cause 

disease in any of the inoculated mice. Neuroinvasiveness was highest for isolates 

SZ Gersau, TG Wängi 6, and VS Raron causing death in 50 % of inoculated animals 

and lower (20-30%) for isolates SO Oensingen3 and BE, Spiez, Auwald, 

respectively. In contrast, all of the six tested isolates were highly neurovirulent, with 

100 % of mice dying within seven to nine days post infection (Figure 2, Table 1).  

E gene sequence analysis of the 72 TBE viruses  

The E gene sequences of all Swiss TBE viruses (n = 72) were determined 

and aligned, revealing an overall nucleotide sequence identity of 84.9 % 

(1,264/1,488). In pairwise comparison, the isolates showed a sequence identity of 

96.3 to 100 % (mean: 97.8 %). At the deduced amino acid (aa) level, the isolates 

differed by one to four aa per isolate from the European prototype strain Neudoerfl 

(U27495) (Table 1). In total, 25 of 72 viruses (34.72%) showed one, 24 viruses 

(33.33%) two, 15 viruses (20.85%) three, and eight viruses (11.11%) four 

substitutions at the protein level. Whereas most substitutions were conservative, a 

total of seven substitutions were non-conservative. Altogether, a total of 30 different 

aa substitutions located throughout the E protein were observed, whereby the overall 

aa sequence identity of Swiss TBEV was appointed to 94 % (466/496) with pairwise 

aa sequence identities ranging from 98.8 to 100 % (mean: 99.6 %). With reference to 

the three-dimensional structure of the E protein of the strain Neudoerfl [Rey et al., 

1995], six of the substitutions were located in domain I, 12 substitutions were found 

in domain II, four in domain III, and eight positions were situated in the stem-anchor 

region (Table 1). 

Among the six substitutions in domain I (T13S, A47S, Y49C, N52S, A153V, 

I167V, and A189T) described for the Swiss TBEV, there was one directly adjacent to 

the E protein glycosylation site (A153V). Unfortunately, the only virus exhibiting this 
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mutation (ZG Steinhausen3) could not be recovered from the tick sample by cell 

culture. However, isolate ZG Steinhausen4 showing an ambiguity at this position (A 

or V) produced mostly small plaques. Another variation observed in domain I was the 

substitution of the apolar, hydrophobic residue alanine 47 located in the β-sheet 

facing the external surface [Rey et al., 1995] by a polar serine, which could possibly 

disrupt the sheet structure. A potential effect on the virulence properties of LU 

Dagmarsellen3 showing this mutation, however, could not be investigated, since the 

virus could not be isolated by cell culture. With exception of TG Lommis2, isoleucine 

at position 167 of strain Neudoerfl was replaced by valine in all isolates, which, 

however, is a highly conservative substitution. Within domain II of the E protein, 12 

aa substitutions were found (N52S, K55R, T81I, T128I, H130Y, V198I, V206A, 

E230D, N234T, R240S, K266R, and K280R). Ten out of these (i.e. all but T81I, 

R240S) were located in the hinge region of the domain. Furthermore, four different 

mutations (A317V, A346V, H346R, and V347A) were located within domain III of the 

E protein. Finally, a total of 15 isolates showing substitutions in the stem-anchor 

region of the E protein were identified. Thereof, two isolates held substitutions in an 

α-helical region of the stem (V437A, T439M), eight isolates had a substitution within 

the first (K457R, L460V, A463V), and five isolates were mutated within the second 

transmembrane segment (N473K, L481I, A483T) of the anchor.  

Phylogenetic analysis 

A phylogenetic tree based on the E gene sequences of all 72 Swiss TBE 

viruses was estimated using the neighbor-joining method with Jukes-Cantor 

distances (Figure 3a, b). All of the Swiss TBEV belonged to the European TBEV 

subtype and clustered into 10 clades, with two isolates (SZ Gersau and VD Cudrefin) 

representing isolated branches of the tree. Within the main clades, isolates from four 

Swiss cantons (Bern [BE], Solothurn [SO], Uri [UR], Valais [VS]), formed clearly 

separated lineages. In a lesser extent, this was also observed for viruses originating 

from the canton Aargau (AG). In the other cantons, a mixture of viral lineages was 

observed. Moreover, no correlation between genetic lineages and plaque 

phenotypes was found.  
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DISCUSSION 

TBE is endemic in Switzerland, where the first human disease cases have 

been described in 1969 [Spiess et al., 1969]. After a significant increase of TBE 

incidence observed from 2002 to 2006 with a maximum of 245 registered clinical 

infections, about 110 to 120 annual disease cases have been reported during the 

past three years [FOPH, 2010]. Endemic foci, as defined by human disease case 

mapping, are prominently found in areas of northern Switzerland. However, 

infections with TBEV have also been reported from the central and western parts of 

the country [FOPH, 2010]. Furthermore, a number of additional foci in central and 

southern Switzerland have recently been identified by screening ticks on the 

presence of the virus [Gaumann et al., 2010]. Despite this sustained endemicity, 

however, no characterization of the viruses circulating in Switzerland has been done 

so far. In this study, the phylogenetic classification and E gene sequence analysis of 

72 Swiss TBE viruses as well as the in vitro virulence characteristics of a total of 64 

TBEV isolates and in vivo virulence of six TBEV isolates recovered from questing I. 

ricinus ticks in different parts of Switzerland are described.  

It has been generally accepted that TBEV field isolates recovered from 

questing ticks are neuropathogenic and cause lethal infections in mice following both 

intracranial and peripheral inoculation [Mandl, 2005]. The in vitro analysis of plaque 

size phenotypes was used for a first estimate of virus virulence, based on the 

observation that small plaque size correlates with low virus virulence, whereas larger 

plaque size indicates higher virulence. Interestingly, isolates originating from 

communes in four Swiss cantons (Solothurn [SO], Schwyz [SZ], Valais [VS], and Zug 

[ZG]) primarily formed small plaques and can therefore be regarded as low virulent. 

Most of these communes represent new TBE foci (SO Oensingen, SZ Freienbach, 

SZ Gersau, VS Raron, VS Salgesch) with no or only sporadic human disease cases 

[FOPH, 2010; Gaumann et al., 2010]. ZG Steinhausen, on the other hand, is known 

to be endemic since 1997, but the last clinical disease case in this area has been 

registered in the year 2000. The absence of reported TBE cases in these foci could 

be explained by the sole presence of attenuated isolates producing only subclinical 

or mild disease not diagnosed as TBE. Generally, an estimated percentage of 70 – 

95 % of human infections with TBEV strains in Europe is either sub-clinical or 

asymptomatic [Ruzek et al., 2010].  
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Although small plaque-producing viruses were also recovered from 

established TBE foci, a co-circulation of viruses with different plaque phenotypes 

was shown for all except of one (ZH Rüti) of these areas. Actually, viral populations 

were heterogeneous for plaque phenotypes in about two third of the foci, supporting 

the assumed presence of different variants, or quasi-species [Mayer and Kozuch, 

1969; Romanova et al., 2007].  

During amplification of TBEV field isolates in cell culture, varying recovery 

rates of infectious virus could be explained by the production of non-infectious, or 

defect TBEV particles. The genome equivalent/infectious particle ratio showed a 

pronounced variability (103.955 ± 103.966), meaning that the proportion of defective 

viral particles, or variants being avirulent for mammalian cells, was highly variable 

among the field isolates investigated in this study. This is in agreement with the 

observed heterogeneous plaque population and further substantiates the presence 

of quasispecies [Romanova et al., 2007; Ruzek et al., 2008b]. Interestingly, the 

genome equivalent/infectious particle ratios were significantly higher for isolates 

producing small plaques than for viruses with large or mixed plaque phenotypes 

(Figure 1). Thus, the small plaque phenotype, indicating low virulence, correlates 

with a high amount of non-infectious viral particles produced during the virus 

replication cycle.  

When characterizing six selected TBEV isolates with respect to their 

neuropathogenic potential in an in vivo animal model, consistently high 

neurovirulence but only medium or low levels of neuroinvasiveness were observed 

(Table 1, Figure 2). Such strains, although neurovirulent, being attenuated in their 

peripheral virulence, have previously been described in the Czech Republic 

[Kopecky et al., 1991; Ruzek et al., 2008b]. Most likely, the attenuation of 

neuorinvasiveness in these isolates is caused by a delay in virus replication kinetics, 

which may allow the immune system to clear the infection before the virus reaches 

the central nervous system [Hurrelbrink and McMinn, 2003]. Interestingly, the in vivo 

neuropathogenic properties of the investigated isolates did not necessarily correlate 

with the plaque phenotype described in the in vitro experiments. For example, isolate 

ZH Langnau a.A.1 showing an attenuated phenotype in vivo (completely non-

neuroinvasive) was characterized as highly virulent in vitro (large plaques). The 

reduction in virus spread in vivo but not in vitro could be explained by mutations 
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affecting the ability of the isolate to replicate in particular cell types encountered in 

mammals. For instance, the inability to replicate in dendritic cells being the primary 

cellular targets of viral infection could cause attenuation of this isolate, as it has been 

demonstrated for other flaviviruses [Hurrelbrink and McMinn, 2003; McMinn et al., 

1996] 

When comparing the E protein sequences of the Swiss TBE viruses to the 

one of European prototype strain Neudoerfl, a total of 30 different aa substitutions 

located throughout the protein were observed. Some of these mutations were sited 

in or in close proximity to positions previously described to affect neuroinvasiveness 

or neurovirulence of flaviviruses [Hurrelbrink and McMinn, 2003]. For example, the 

substitution A153V is located directly adjacent to the E protein glycosylation site in 

domain I of the E protein. Furthermore, alterations at position 52 in the hinge region 

of domain II (N52S for a total of 17 Swiss isolates) possibly impair the protein’s 

ability to mediate membrane fusion during the process of virus internalization 

[Chambers and Nickells, 2001; Hasegawa et al., 1992; Rey et al., 1995]. In addition, 

the substitutions V437A and T439M are located in the α-helical region of the stem, 

which has previously been found to be important for the stability of the prM-E-

heterodimer [Allison et al., 1999]. However, no individual substitutions in the E 

protein could be clearly correlated with attenuation of virus virulence in vivo or in 

vitro. Thus, although the E protein is an important determinant of virulence, these 

observations strongly supports the presence of additional determinants of virulence 

in other genome regions, such as those previously described in the 3’- non-coding 

region, the capsid protein, as well as the non-structural genes NS2B and NS3 [Kofler 

et al., 2002; Mandl et al., 1998; Ruzek et al., 2008b].  

Phylogenetically, Swiss TBE viruses clustered into 10 clades. Within the main 

branches of the tree, isolates from four Swiss cantons (Bern [BE], Solothurn [SO], 

Uri [UR], Valais [VS]) formed clearly separated lineages, indicating a high degree of 

isolation of the respective foci (Figure 3a, b). However, most isolates showed no 

clustering correlating with their geographic origin. Also, dissimilar plaque properties 

of isolates recovered from specific foci were sometimes observed (e.g. Wänig1 to 

Wängi6, Table 1). Thus, such foci are characterized by the presence of a 

heterogeneous population of isolates with varying genetic and biological properties. 

A high degree of variability of 15.1 % on the nucleotide level of the E protein 
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sequence was observed. However, pairwise comparison revealed a mean sequence 

identity of 97.8 %, and Swiss TBE viruses were found to be conserved on the amino 

acid level of the E protein, differing from the European prototype strain Neudoerfl by 

no more than 0.4 %. Likewise, some TBEV isolates from Italy differed from the 

Austrian strain Neudoerfl at only eight nucleotide positions within the E gene, and all 

these substitutions were synonymous [Hudson et al., 2001]. On the other hand, 

substantial variability of 55.5 % within partial 5’-UTR and C protein-coding regions 

has recently been demonstrated among TBEV isolated from a single endemic focus 

in central Switzerland [Casati et al., 2006]. Interestingly, in the present study there 

was no aa difference between 24 Swiss isolates recovered in 2009 (isolates 

exhibiting the substitution I167V alone) and the Swiss strain Iso 40 (AF091009) 

isolated in 1975. These findings agree with the previously described low degree of 

variation and antigenic homogeneity within the European TBEV subtype, probably 

favored by selection pressure [Ecker et al., 1999; Guirakhoo et al., 1987; Heinz et 

al., 1997; Heinz and Kunz, 1981; Heinz and Kunz, 1982].  

To summarize, this study describes the basic characterization of TBEV 

isolates originating from established as well as emerging disease foci throughout 

Switzerland. Whereas many endemic areas are characterized by the presence of a 

heterogeneous population of TBEV variants circulating in questing I. ricinus ticks, 

some foci appear to be more isolated, maintaining the circulation of phylogenetically 

closely related strains. Among all isolates, a total of 30 different aa substitutions 

were identified in the E protein, none of which however could clearly be correlated 

with an attenuated phenotype. In vivo and in vitro characterizations of virus virulence 

indicated a high proportion of isolates with relatively low neuropathogenic potential. 

Viruses with low virulence were particularly associated with recently detected 

endemic foci with no or only sporadic reports of clinical cases. The low level of 

virulence is in agreement with a hypothesized high proportion of subclinical or mild 

TBEV infections and could involve an under-ascertainment of disease cases in 

Switzerland. 
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Table 2. Primers used for cDNA synthesis, amplification and cycle sequencing of 3 

fragments covering the complete E protein coding sequence of European subtype 

TBEV.  

Target and 
description 

Primer name Sequence (5’→3’) 
Position 
on gene* 

Product 
size (bp) 

Annealing 
temperature 

TBEV E gene, 
Fragment A 

  
   

Forward TBEAF TGTGTGGTTGACCCTGGAGAGTG 894-916 725 60 ºC 
Reverse TBEAR CCTGTGGACCTGCCAAGCCG 1604-1619   

TBEV E gene, 
Fragment B 

  
   

Forward  TBEBF2 CACTTTGGCTGAAGAACACC 1212-1231 730 60 ºC 
Reverse TBEBR2 CATGCCCACTGTCTGTTGGAG 1922-1942   

TBEV E gene 
Fragment C 

  
   

Forward TBECF TGGTTGAATTTGGGGCTCCTCACG 1694-1717 797 60 ºC 
Reverse TBECR TTCGTTCCGTGTCCACAGCGCA 2470-2491   

* Positions on gene are given according to the sequence of TBEV Neudoerfl 

(GenBank U27495) 
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FIGURE LEGENDS 

Figure 1. Genome equivalent/infectious particle ratios of TBEV isolates producing 

plaques of small, mixed, or large phenotype. The ratios were significantly higher for 

isolates producing only small plaques (104.172 ± 104.178) than for viruses producing 

plaques of mixed (103.840 ± 10 3.642) or large (103.790 ± 103.673) size. In pairwise 

comparison using Bonferroni posttest following one-way ANOVA, the P values were 

< 0.05, < 0.01, and > 0.05 when comparing small to large, small to mixed, and large 

to mixed plaque producers, respectively. Note that the ratios are shown in a 

logarithmic scale. 

Figure 2. Virulence of TBEV field isolates for adult CD1 outbred mice. 

Neurovirulence (a) was assessed by intracerebrally inoculating groups of 5 animals 

with 10 pfu of virus, neuroinvasiveness (b) by subcutaneous infection of groups of 10 

animals with 100 pfu of virus. Survival was recorded for a period of 28 days. Virus 

isolates:  BE Spiez, Auwald;  SO Oensingen3;  SZ Gersau;  TG Waengi6; 

 VS Raron;  ZH Langnau a.A.1. p.i. = post infection. 

Figure 3. a) Phylogenetic tree (neighbor-joining, Jukes-Cantor distances) of Swiss 

TBEV field isolates. The tree is based on complete envelope gene sequences and 

includes 9 reference sequences (bold type). Louping ill virus was used as an 

outgroup. GenBank accession numbers are given in parentheses, and the bootstrap 

supports of clades (in %) are indicated above the branches. The scale bar 

corresponds to 0.03 nucleotide substitutions per site. Symbols assigned to each 

main clade, additionally marked by vertical lines, serve for differentiation of the 

lineages in Figure 2b. Colored symbols represent genetic lineages originating in 

distinct cantons. b) Geographic origin of TBEV isolates characterized in this study. 

Different symbols correspond to genetic lineages, as defined in Figure 2a. 
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Figure 3a. 
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Figure 3b.  
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7 DISCUSSION AND OUTLOOK 

TBE is the most important arboviral neuroinfection in Europe and northern 

Asia [17]. Despite the increasing endemicity and morbidity of the disease [2-4], only 

limited information on the epidemic activity of TBEV in Switzerland has been 

available so far. This thesis focused on the molecular epidemiology of TBEV in our 

country. The gained knowledge essentially contributes to an improved risk 

assessment of TBE in Switzerland and provides an important characterization of the 

molecular and biological properties of Swiss TBEV. 

We performed a national screening study to assess the prevalence of TBEV in 

ticks. Although such surveys have previously been done in different countries, the 

methods used for this purpose have not been standardized [106]. Therefore, we 

established and validated a new protocol involving an automated, high-throughput 

nucleic acid extraction and a PCR-based detection of TBEV RNA in ticks. The 

described molecular test procedure permits an extensive characterization of the true 

virus prevalence in natural TBE reservoirs. It is indispensable for investigating the 

epidemiological situation and predicting endemic foci, and should be implemented in 

national surveillance systems in any European country where TBE is indigenous.  

By screening ticks on the presence of TBEV, we identified a total of 38 

endemic foci [90] which do not fully agree with those defined by disease mapping 

[127]. Evidently, exposure risk assessment based on both disease case mapping and 

natural (tick) reservoir examinations is incomplete. Geographic mapping of clinical 

cases depends on correct diagnosis and reporting of symptomatic infections and may 

further be biased by socio-economic aspects such as variable vaccination rates or 

dissimilar human outdoor activities in different regions. In contrast, tick surveys give 

an indication of the true virus prevalence in natural habitats, but data derived from 

such studies are valid for only the very discrete area and time of investigation. 

Nevertheless, both approaches importantly contribute to our knowledge on the 

presence and distribution of TBE foci. Surveillance systems could further be 

improved by seroprevalence studies of people exposed to ticks. Such examinations 

are regularly performed in several European countries [106] but have only rarely 

been considered in Switzerland [199]. Alternatively, biological, process-based models 

estimating the climatic impact on tick seasonal dynamics may permit predictions on 

the emergence of new endemic foci [102]. 
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In the present study, we confirmed TBEV activity in areas with no or only 

sporadic reports of human disease [90, 127]. Whether these regions actually 

represent new foci of endemicity, however, remains subject of speculation. Although 

climate change may have favored the emergence of TBE foci [4], a continuing virus 

circulation in the respective areas cannot be excluded just by the absence of 

registered disease cases. Instead, TBEV endemicity may have remained undetected 

as a consequence of subclinical infections or insufficient awareness in supposedly 

non-endemic regions. This hypothesis is supported by the association of relatively 

avirulent TBE viruses with recently detected endemic foci [119].  

A high proportion of Swiss TBEV analyzed in this work showed a rather low 

neuropathogenic potential [119]. While such viruses may infect humans relatively 

harmlessly, the co-circulation of more virulent TBEV variants in established foci 

ultimately accounts for a total of 110 to 120 annual disease cases in Switzerland 

[127]. Future research focusing on viruses isolated from human TBE patients will 

provide important information on the clinical relevance of the different virus variants 

circulating among the tick population.  

Although the E protein is an important determinant of TBEV virulence [29], we 

could not clearly correlate any individual substitution in this protein with attenuation of 

virus virulence [119]. This strongly supports the presence of additional determinants 

of virulence in other genome regions. Further studies will therefore focus on whole 

genome sequence analyses. These studies will allow for the identification of any 

mutation possibly affecting the pathogenic potential of Swiss TBEV. Biological 

significance of these substitutions, however, will require confirmation by cDNA clone 

studies [43-45].  

Taxonomic classification based on the E gene revealed limited geographic 

clustering, with isolates from four Swiss cantons forming clearly separate lineages 

[119]. More profound phylogenetic analyses based on whole genome sequences will 

probably identify additional or alternative lineages. Possibly, TBEV has been 

transmitted to Switzerland multiple times, involving an independent establishment of 

different endemic foci. Intensive geographical comparison of virus populations from 

Switzerland and neighboring countries, preferentially based on full-length sequences, 

will improve our understanding of the evolutionary dynamics of TBEV.  
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Taken together, this thesis essentially contributes to an improved mapping and 

characterization of natural TBE foci in Switzerland and provides a basic 

characterization of Swiss TBEV. Future work will deepen our understanding of the 

molecular epidemiology and clinical relevance of the isolated viruses. Furthermore, 

the unique collection of Ixodes ricinus tick samples originating from areas throughout 

the country enables investigations on any tick-borne pathogen of interest, including 

species of Borrelia, Rickettsia, Francisella, and Ehrlichia/Anaplasma.  
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9 APPENDIX 

During the past several years, an increasing awareness of tick-transmitted 

pathogens has been observed amongst the general public. Media such as the 

internet, television, radio, and newspapers play a major role in advising the public of 

the potential risk of tick bites, in informing about protection and disease prevention, 

and in communicating recent findings such as the identification of new risk areas of 

tick-borne diseases.  

In the national screening study performed in the framework of this PhD project, 

new regions at risk of TBE could be identified. Our data importantly add to an 

improved risk assessment of TBE in Switzerland, which is generally based on 

geographic mapping of clinical cases done by the FOPH. The results of the study, but 

also the realization of the tick collection, were therefore revealed to the press.  

The official press releases in spring 2009 (tick collection) and spring 2010 

(study results), respectively, resulted in the publication of numerous online and 

newspaper articles, various radio shows with interviews, and three television reports 

with my personal participation (“Tagesschau”, “Schweiz aktuell”, “Tele Top Spezial”). 

Furthermore, the findings of the study were published on the SPIEZ LABORATORY 

homepage (www.labor-spiez.ch). Although far from being complete, this appendix 

exemplarily enlists some of the newspaper articles on both the tick collection 

activities and the screening results. Also, the fact sheet including the risk map and 

the table with estimated prevalences of all 165 collection sites, available for download 

at the SPIEZ LABORATORY homepage, is included. 

All articles were downloaded from http://www.argus.ch. “ARGUS der Presse 

AG” is Switzerland’s leading supplier of media monitoring services in the field of print 

media, radio and television, and the internet.   
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 Examples of newspaper articles on tick collection 
 

21.04.2009 Berner Zeitung  “ Kampf den Zecken” 

23.04.2009 Berner Oberländer  „Armeeangehörige jagen Zecken“ 

23.04.2009 Die Südostschweiz , 
Issue „Gaster und See“ 

„Der Bund sammelt Zecken im Joner Wald“ 

24.04.2009 Allgemeiner Anzeiger  „Das Militär spürt Zecken auf“ 

28.04.2009 Sarganserländer  „Zeckensammler im Sarganserland aktiv“ 

06.05.2009 Die Südostschweiz, 
Issue „Glarus“ 

„WK-Soldaten fahnden im Glarnerland nach 
Zecken“ 

08.05.2009 Tages-Anzeiger Zürich  „Die Armee auf der Jagd nach neuen 
Feinden: Zecken“ 

14.05.2009 Glarus Nord Anzeiger  „Zecken machen vor Glarnerland nicht halt“ 

29.06.2009 Der Landbote  „Auf der Jagd nach 400 Zecken“ 
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 Examples of newspaper articles on study results 
 

15.04.2010 Berner Zeitung  „Von Zeckenstichen droht Gefahr“ 

12.05.2010 Berner Oberländer  „FSME-positive Zecken eruiert“ 

12.05.2010 Bote der Urschweiz  „Zeckengefahr in Gersau“ 

12.05.2010 Der Bund  „Aufwendige Zeckenstudie mit beschränkter 
Aussagekraft“ 

12.05.2010 Luzerner Zeitung  „Zeckengebiet grösser als gedacht“ 

12.05.2010 Obwalden und 
Nidwalden Zeitung 

„Wenn es unter die Haut geht“ 

12.05.2010 Berner Zeitung  „Wo gefährliche Zecken lauern“ 

12.05.2010 Tages-Anzeiger Zürich  „Infizierte Zecken weit verbreitet“ 

12.05.2010 Neue Zürcher Zeitung  „FSME-Virus-infizierte Zecken auch im 
Wallis“ 

12.05.2010 Corriere del Ticino  „Zecche, nuove focolai d‘infezione » 

12.05.2010 Walliser Bote  „Die gefährlichsten Zecken“ 

12.05.2010 Zürichsee Zeitung,  
Issue „Meilen“ 

„Infizierte Zecken gibt’s fast überall“ 

14.05.2010 Sarganserländer  „Melser und Stadtner Zecken tragen den 
FSME-Virus nicht“ 

14.05.2010 Obwalden und 
Nidwalden Zeitung 

„Unter die Haut gegangen“ 

15.05.2010 Die Südostschweiz, 
Issue „Graubünden“ 

„Auch im Graubünden stechen wieder infi-
zierte Zecken“ 

19.05.2010 Bieler Tagblatt  „Eine gute Nachricht ist auch eine Nachricht“ 

19.05.2010 Engadiner Post  „Im Wald auf Shorts und Sandalen verzich-
ten“ 

20.05.2010 Rontaler  „Auch das Rontal hat seine Zecken“ 

28.05.2010 Basellandschaftliche 
Zeitung 

„Zecken im Fricktal: Blutsauger sind aktiv“ 

28.05.2010 Beobachter  „Neue Gefahr fürs Hirn“ 

04.06.2010 Die Südostschweiz, 
Issue „Gaster und See“ 

„Blutsauger auf dem Vormarsch“ 
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 Fact sheet, available for download at the SPIEZ 
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