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III. Summary 

Improved methods for the inactivation and serological surveillance of 

emerging flaviviruses in Europe 

Laura Könenkamp 

Viruses of the family Flaviviridae include some of the most important arthropod-borne 

viruses, like dengue virus (DENV), West Nile virus (WNV) and tick-borne encephalitis 

virus (TBEV). In the last years, an extensive global spread as well as an emergence of 

flaviviruses in different parts of the world has been observed. As flaviviruses infect 

several hundred million people annually, there is a high need for a deeper 

understanding of the viruses’ biology and the immune responses induced by these 

viruses. This thesis established methods that will facilitate further flavivirus research 

and surveillance. 

One objective of this thesis was to establish and improve TBEV inactivation methods 

that enable analyses of virus samples for the purpose of functional flavivirus research. 

This study evaluated minimal incubation times and concentrations for a safe 

inactivation of infectious TBEV particles that minimally interfere with downstream 

analyses. The previously very limited number of approved inactivation methods for 

TBEV was extended to a variety of procedures, including inactivation by heat, UV 

irradiation, alcohol, low pH and detergents. The results of these studies compare well 

with published data on inactivation procedures of related flaviviruses, showing that 

flaviviruses have similar susceptibility to different inactivation procedures. 

Nevertheless, differences in minimal incubation times and concentrations of the 

substances show that methods need to be validated under specific conditions. 

The objective of the second part of this thesis was the establishment of a new method 

for flavivirus serology. For this purpose, a species-independent luciferase 

immunoprecipitation system (LIPS) antibody detection assay was developed. The 

LIPS assay is applicable for the detection of antibodies against several TBEV and WNV 

antigens. The sensitivity is higher than in commercial enzyme-linked immunosorbent 

assays (ELISAs) and shows comparable sensitivity and specificity to virus 

neutralization assays. Therefore, LIPS is demonstrated to be a good alternative for 

currently used serum neutralization tests (SNTs). Furthermore, a serological 
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discrimination between TBEV and WNV based on antibodies against the non-structural 

protein 1 (NS1) is possible. The LIPS assay is suitable for the detection and 

differentiation of TBEV and WNV in serum samples from different hosts and will 

facilitate differential serology of flaviviruses for epidemiological research. 

The third part of this thesis contains a contribution to the epidemiology and surveillance 

of European flaviviruses. Therefore, samples from different animal hosts were tested 

for antibodies against TBEV and WNV. The presence of TBEV-specific antibodies was 

detectable in canine samples from Germany, Czech Republic and Hungary, whereas 

the presence of WNV-specific antibodies was detected in canine samples from 

Hungary and Romania. This confirms the distribution of TBEV and WNV across 

different European countries. Furthermore, for TBEV a spread to Northern and 

Western Germany, creating new endemic areas, was observed. In our studies, the 

detection of specific antibodies against TBEV was possible in dogs and small 

ruminants, suggesting their potential use as sentinel species for surveillance in non-

endemic areas. 

In summary, this thesis established different methods that will facilitate future flavivirus 

research. These studies make a contribution to the scientific progress on virus 

infectivity, antibody responses in different hosts and the geographical distribution of 

different European flaviviruses.  
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IV. Zusammenfassung

Verbesserte Methoden zur Inaktivierung und serologischen Überwachung 

neu auftretender Flaviviren in Europa 

Laura Könenkamp 

Die Familie der Flaviviridae umfasst einige der wichtigsten durch Arthropoden 

übertragene Viren, wie Dengue-Virus (DENV), West-Nil-Virus (WNV) und 

Frühsommer-Meningoenzephalitis-Virus (FSMEV). In den letzten Jahren wurde 

sowohl eine großflächige globale Ausbreitung sowie auch das Neuauftreten von 

Flaviviren in unterschiedlichsten Teilen der Welt beobachtet. Da Flaviviren jährlich 

mehrere hundert Millionen Menschen infizieren, ist die Notwendigkeit eines tieferen 

Verständnisses der Virusbiologie und der Immunantwort gegen diese Viren sehr hoch. 

Im Rahmen dieser These wurden Methoden etabliert, die die weitere Forschung und 

Überwachung von Flaviviren erleichtern sollen.  

Ein Ziel dieser These war die Etablierung und Verbesserung von FSMEV 

Inaktivierungsmethoden zur Analyse von Virusproben in der Flavivirusforschung. In 

dieser Studie wurden minimale Inkubationszeiten und Konzentrationen ermittelt, die 

zur sicheren Inaktivierung infektiöser FSME-Viruspartikel führen, ohne die 

nachfolgenden Analysen negativ zu beeinflussen. Die zuvor sehr limitierte Anzahl 

anerkannter Inaktivierungsmethoden für FSMEV wurde um eine Vielzahl an 

Prozeduren erweitert, einschließlich der Inaktivierung mittels Hitze, UV-Strahlung, 

Alkohol, saurem pH und Detergenzien. Die Resultate dieser Studien zeigen eine hohe 

Übereinstimmung mit publizierten Daten zur Inaktivierung verwandter Flaviviren. Dies 

zeigt eine vergleichbare Empfänglichkeit der unterschiedlichen Flaviviren für 

verschiedene Inaktivierungsmethoden. Unterschiede in benötigten Inkubationszeiten 

und Konzentrationen zeigen aber, dass Methoden unter spezifischen Bedingungen 

validiert werden müssen. 

Das Ziel des zweiten Teils dieser These war die Etablierung einer neuen Methode zum 

serologischen Nachweis von Flaviviren. Zu diesem Zweck wurde ein 

speziesunabhängiger Luziferase Immunopräzipitationssystem (LIPS) Assay zur 

Antikörpererkennung entwickelt. Der LIPS Assay erwies sich als geeignet, um 

Antikörper gegen verschiedene spezifische Antigene von FSMEV und WNV zu 
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detektieren. Die Sensitivität des LIPS Assays ist höher als die kommerzieller Enzyme-

linked Immunosorbent Assays (ELISAs) und zeigt eine vergleichbare Sensitivität und 

Spezifität wie Neutralisationsassays. Daher scheint LIPS eine gute Alternative zu 

derzeit verwendeten Virus-Neutralisationstests (VNTs) darzustellen. Weiterhin ist eine 

serologische Unterscheidung zwischen FSMEV und WNV anhand des 

Nichtstrukturproteins 1 (NS1) möglich. Der LIPS Assay eignet sich daher für die 

Detektion und Differenzierung von FSMEV- und WNV-spezifischen Antikörpern in 

Serumproben unterschiedlicher Wirte und ist somit in der Lage den spezifischen 

Nachweis von Flaviviren in der epidemiologischen Forschung zu erleichtern. 

Der dritte Teil dieser These beinhaltet einen Beitrag zur Epidemiologie und 

Überwachung der Verbreitung europäischer Flaviviren. Dafür wurden Proben von 

verschiedenen tierischen Wirten auf Antikörper gegen FSMEV und WNV untersucht. 

FSMEV-spezifische Antikörper waren in Hundeproben aus Deutschland, Ungarn und 

Tschechien nachweisbar, wohingegen in Hundeproben aus Ungarn und Rumänien 

WNV-spezifische Antikörper nachweisbar waren. Dies bestätigt die Verbreitung von 

FSMEV und WNV in verschiedenen europäischen Ländern. Weiterhin konnte für 

FSMEV eine Ausbreitung nach Nord- und Westdeutschland gezeigt werden, die zur 

Etablierung neuer endemischer Gebiete geführt hat. In unseren Studien war die 

Detektion spezifischer Antikörper gegen FSMEV in Hunden und kleinen Wiederkäuern 

möglich. Dies zeigt die Möglichkeit der Verwendung dieser Arten als Sentineltiere für 

die Überwachung der Ausbreitung von FSMEV in Gebieten mit geringem 

Infektionsrisiko. 

Zusammenfassend wurden im Zuge dieser These verschiedene Methoden etabliert, 

die die zukünftige Forschung an Flaviviren erleichtern können. Diese Studien leisten 

einen Beitrag zum wissenschaftlichen Fortschritt in den Bereichen der 

Virusinfektiösität, der Detektion von Antikörperantworten in verschiedenen Wirten und 

der geografischen Verbreitung unterschiedlicher Flaviviren. 
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1 General Introduction 

1.1 Flaviviruses 

1.1.1 Taxonomy and relevance of flaviviruses 

Viruses of the genus Flavivirus and the family Flaviviridae [1] include some of the most 

important arthropod-borne viruses. They can be separated into three major groups: the 

mosquito-borne viruses, the tick-borne viruses and viruses with no known vector. The 

first group includes dengue virus (DENV), Japanese encephalitis virus (JEV), West 

Nile virus (WNV), yellow fever virus (YFV) and Zika virus (ZIKV). The most important 

species of the second group is tick-borne encephalitis virus (TBEV) [2]. 

An extensive global spread of flaviviruses was observed during the last seventy years, 

leading to epidemics of DENV, WNV and ZIKV as well as to the emergence of 

flaviviruses in different parts of the world, including JEV, TBEV and Usutu virus 

(USUV). Furthermore, several less well-known flaviviruses have the potential to 

emerge more broadly in human populations. Nowadays, flaviviruses are globally 

distributed and infect several hundred million people annually. The continued threat of 

flavivirus emergence and re-emergence shows the need for a deeper understanding 

of the virus biology and immune responses against flaviviruses [3]. Factors that favor 

flavivirus emergence to previously unaffected regions are ecological and climatic 

changes as well as urbanization, international travel, trade and the ability of flaviviruses 

to adapt to new host species [4]. 

1.1.2 Flavivirus structure and proteins 

Flaviviruses are characterized by a lipid envelope covering an icosahedral capsid that 

contains the single-stranded, positive-sense viral RNA. The viral genome has one 

open reading frame that encodes for a single polyprotein that is co- and post-

translationally cleaved into three structural proteins: capsid protein (C), precursor 

membrane protein (prM) and envelope glycoprotein (E) and seven non-structural 

proteins: NS1 (glycoprotein), NS2A, NS2B (protease component), NS3 (protease, 

helicase and NTPase activity), NS4A, NS4B and NS5 (RNA-dependent polymerase 

and methyltransferase) (Figure 1) [5]. The structural protein E is composed of three 

structural envelope domains (EDs): EDI, EDII and EDIII. The E protein mediates 

infection to susceptible hosts by receptor binding, promotes entry by membrane fusion 

and stimulates the production of neutralizing antibodies [6]. Epitopes of the EDIII 
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domain directly interact with neutralizing antibodies [7] and serve as main target cell 

receptor-binding sites that assist viral entry into host cells [8]. Therefore, EDIII is used 

as an antigen for serologic diagnosis of flavivirus infection and is a potential candidate 

for flavivirus vaccines [6]. The nonstructural protein 1 (NS1) is a highly conserved 

glycoprotein, which exists in diverse forms: remaining intracellularly located as a 

membrane-associated dimer or being secreted into the extracellular space as a 

hexamer [9]. NS1 forms different structures to facilitate its different roles. It interacts 

with various host proteins to assist the viral replication, translation and virion 

production. For example, the NS1 protein interacts with ribosomal proteins of the 60S 

ribosome subunit that are involved in translation, interaction with internal ribosomal 

entry sites (IRES) and anchoring the ribosomes to the ER membrane [10]. 

Furthermore, NS1 plays an important role in suppression and activation of various 

cellular responses during flavivirus infection. NS1 interacts with transcription factors of 

the signal transducer and activator of transcription (STAT) family, which results in the 

release of cytokines such as tumor necrosis factor alpha (TNF-α) and interleukin-6 

(IL-6) in response to the infection [10]. Anti-NS1 antibodies can be used in flavivirus 

diagnostics and as a treatment of flavivirus infections. Due to these properties the 

flavivirus NS1 protein is another potential candidate for a flavivirus vaccine [11]. 

 

 

1.1.3 Replication of flaviviruses 

In a first step, flavivirus particles bind to specific cell-surface receptors. Via receptor-

mediated endocytosis the virions are transported into the endocytic compartment of 

the host cell. The acidification in the endosomal vesicles induces a conformational 

change of the E protein and leads to the fusion of the viral envelope and the endosomal 

membrane [12, 13]. This results in the release of the viral nucleocapsid into the host 

cytoplasm. After capsid uncoating, the positive-sense viral RNA genome can be 

Figure 1: Schematic overview of structural and non-structural flavivirus proteins. 
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directly used for protein translation and leads to the synthesis of a single polyprotein, 

that is further processed co- and post-translationally by viral and host proteases [12]. 

RNA replication occurs on intracellular membranes through synthesis of antisense 

RNA, which serves as template for genome RNA production. Virus assembly occurs 

on the surface of the endoplasmatic reticulum (ER), when structural proteins and newly 

synthesized RNA bud into the lumen of ER. This process yields non-infectious 

immature virions. Maturation is completed by cleavage of the prM protein by the host 

cell protease furin in the trans-Golgi network (TGN) [12]. Mature infectious particles 

are released from the cell by exocytosis [12].   
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1.2 Tick-borne encephalitis virus 

1.2.1 Relevance and subtypes of TBEV 

Tick-borne encephalitis virus (TBEV) is the most common tick-borne viral pathogen in 

Europe and Asia that can cause infections of the central nervous system (CNS). The 

resulting clinical manifestation, tick-borne encephalitis (TBE), has increased in 

incidence over the last decades, leading to a growing health problem in endemic 

countries. There are three main subtypes of TBEV: the European (TBEV-Eu), the 

Siberian (TBEV-Sib) and the Far-Eastern (TBEV-FE) subtype. In addition, the 

Baikalian (TBEV-Bkl) and the Himalayan (TBEV-Him) subtypes have recently been 

described [14]. Different subtypes are able to co-circulate in the same area [15]. The 

clinical manifestations and disease outcomes can differ between the subtypes, with 

the Far-Eastern subtype accounting for a higher case fatality rate than other subtypes 

[14]. Genetically the subtypes are very closely related [16]. 

1.2.2 TBEV transmission  

The virus is mainly transmitted by ticks from infected animal reservoir hosts to various 

incidental animal or human hosts (Figure 2). The European subtype is primarily 

transmitted by Ixodes ricinus ticks, while the Siberian and the Far-Eastern subtypes 

are transmitted by Ixodes persulcatus [17]. Rodents act as amplifying and reservoir 

hosts [18], whereas larger animals act as hosts for ticks, but do not have an important 

role in virus transmission. One possible exception is virus transmission between 

infected and uninfected ticks that are co-feeding on the same large animal host [19]. 

The virus is transmitted by saliva from the salivary glands of a TBEV infected tick during 

its blood meal [18]. Epidermal Langerhans cells are the first and most important host 

cells to be infected and transport the virus to the nearby lymph nodes via the lymphatic 

system [20]. After replication in the lymphatic organs, the virus spreads into the 

bloodstream and leads to the induction of viremia. During the viremic phase, the virus 

can infect different organs and cross the blood-brain barrier to invade the CNS. The 

mechanisms for invasion of the CNS are not entirely understood [16]. 

In addition to the infection by tick-bite, patients can also become infected by the 

consumption of unpasteurized milk products from infected small ruminants (like goats 

and sheep), the so-called alimentary route [21]. Infection via the alimentary route is 

rare, but should be considered as a potential risk factor, as there is an increasing trend 
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of consuming raw food and locally produced self-made products from small producers 

[22]. Besides humans, several wild and domestic animal species are susceptible to 

TBEV infection. For example, pets like dogs, farm animals like sheep, goat and cattle 

as well as wild animals like birds, deer and boar can be hosts for TBEV [17, 21]. Of the 

potential TBEV hosts, dogs are of special interest, because they show almost identical 

clinical symptoms to human patients. Clinical manifestations in dogs are rare, but often 

have a fatal outcome [23].  

1.2.3 Clinical manifestations and therapy of TBEV 

Clinical manifestations and outcomes vary between the different TBEV subtypes [16] 

and within one subtype. Most infections with TBEV are either sub-clinical or 

asymptomatic (70-98 % in different studies) [14]. The European subtype usually leads 

to a biphasic course of disease. After an incubation period of 7-14 days, a first phase 

with uncharacteristic influenza-like symptoms, including fever, headache, muscle pain 

and malaise, lasting 2-4 days is followed by an asymptomatic period of 2-10 days [21]. 

If the disease progresses with neurological involvement, this leads to a second phase 

in 20-30 % of the patients [24] that is characterized by acute CNS symptoms with high 

Figure 2: Transmission of tick-borne encephalitis (TBEV). TBEV mainly circulates between the rodent reservoir 
hosts and different developmental stages of ticks (via transovarial or transstadial transmission and while co-
feeding). The larva, nymph and adult stage can transmit the virus to various hosts through a tick bite. Infected 
small ruminants can transmit the virus via milk to other hosts (alimentary infection). 
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fever. A CNS infection can lead to meningitis, encephalitis, myelitis, radiculitis or any 

combination of these [17]. Mean annual incidences vary widely among risk and non-

risk areas and the actual incidence rates are estimated to be significantly higher than 

reported, because patients with no or mild symptoms are expected to remain 

undiagnosed [2]. The estimated fatality rate in Europe varies between different studies 

and regions, but is generally low with values under 2 % [14]. 

Currently, no specific antiviral treatments are approved for the treatment of TBEV in 

Europe. Therefore, therapy is limited to symptomatic and supportive patient care [14]. 

For the prevention of TBEV infection, two safe and effective vaccines based on 

formaldehyde-inactivated virus are available in Europe. None of the vaccines is 

licensed for any animal use, but both vaccines have been successfully used to 

vaccinate various animal species (e.g. sheep, goat, roe deer and dogs) [23]. Vaccines 

induce equivalent levels of neutralizing antibodies against the three main TBEV 

subtypes and are therefore expected to protect against all TBEV subtypes [25]. 

Besides vaccination, the avoidance of contact with ticks and consumption of raw milk 

products from endemic regions are important factors for the prevention of human 

infections. 
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1.3 West Nile virus 

1.3.1 Relevance and genetic lineages of WNV 

West Nile virus (WNV) is an important cause of arboviral neurological disease 

worldwide and is distributed across all continents except Antarctica [26]. The virus has 

been responsible for cases of morbidity and mortality in large numbers of diverse 

animal species, including birds, horses, sheep, reptiles, cats and rodents [27]. 

Furthermore, there has been an increase in human and equine cases over the last two 

decades. WNV has been grouped into two major genetic lineages (lineage 1 and 2) 

and at least five additional proposed lineages. Strains from lineage 1 and 2 are most 

virulent and have been responsible for several outbreaks with severe neurological 

disease worldwide [27]. Lineage 1 contains isolates from Africa, Asia, Australia, 

Europe, the Middle East, India and North America, whereas lineage 2 viruses have 

been isolated in Africa, Madagascar, the Middle East and Europe. Both lineages can 

cause neuroinvasive disease in humans and animals. Lineage 2, which is also 

neurotropic but less virulent, has replaced lineage 1 as the primary cause of WNV 

disease in Europe [28].  

1.3.2 WNV transmission  

The virus is mainly transmitted by Culex mosquitoes from infected animal reservoir 

hosts to various incidental hosts (Figure 3). The major reservoir hosts are different bird 

species. An extraordinary wide array of species is susceptible to WNV infection, 

including humans, horses and other vertebrates. These hosts are considered “dead-

end hosts”, because infection of mammals does not result in a viremia that is sufficient 

to infect a biting mosquito [26]. The virus is transmitted via a WNV-infected mosquito 

during its bloodmeal by releasing its infectious saliva. In the host, keratinocytes and 

Langerhans cells of the epidermis are the first targets of WNV infection [27]. Infected 

cells migrate to the nearby draining lymph nodes where the virus can replicate further. 

From the lymph nodes, the virus spreads to other organs. The mechanisms of 

neuroinvasion by WNV are still not entirely understood. Different neuroinvasive 

mechanisms have been proposed, including the hematogenous route, virus passive 

migration, the “Trojan horse” and transneural mechanisms [26, 27].   

The majority of WNV infections results from transmission by mosquito bites, but several 

other transmission routes have been shown or are hypothesized. In the absence of the 
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mosquito vector, transmission has been observed in Bald Eagles and geese via fecal-

oral transmission as the most likely source of infection [29, 30]. A non-vector 

transmission has also been observed in humans via various transmission routes, such 

as blood transfusions or organ transplants [31, 32].  

 

1.3.3 Clinical manifestations and therapy of WNV 

According to the Center for Disease Control and Prevention (CDC) about 80 % of 

patients infected with WNV do not develop any symptoms. 20 % of infected people 

develop symptoms ranging from a mild febrile illness, known as West Nile fever (WNF), 

to severe neuroinvasive disease, known as West Nile neuroinvasive disease (WNND). 

WNND applies to less than 1 % of infected people and includes meningitis, encephalitis 

and poliomyelitis [28]. In addition to the neuroinvasive form, several forms of WNV 

infections are characterized based on the clinical presentations, including the 

cutaneous and the gastrointestinal form. Depending on different factors, such as the 

viral strain or lineage, intrinsic factor of the host or environmental factors, the form and 

severity of WNV infections can differ widely [27].   

Although four veterinary WNV vaccines are available, there is still no approved vaccine 

or antiviral available for human use. Despite several clinical trials initiated with multiple 

vaccine candidates, none of them have proceeded to the final phase of clinical testing. 

Figure 3: Transmission of West Nile virus (WNV). WNV circulates between bird reservoir hosts and mosquitoes. 
The virus can be transmitted via mosquito bites to various hosts. 

 



General Introduction 

 
 

 
9 

 

The reasons for the lack of human vaccines include scientific challenges as well as 

safety concerns. One major challenge for study design is the lack of an adequate 

number of WNV cases for a phase III study along with economic considerations [26]. 

In the absence of any specific antivirals, therapy is limited to supportive care. For 

veterinary use, several vaccines have been approved [27]. While most of them are 

used for the vaccination of horses, one of the vaccines has been successfully tested 

for dogs and cats [33]. For the prevention of WNV infections, controlling and reducing 

vector density as well as personal protection against mosquito bites and screening of 

blood and organ donors are essential [27]. 
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1.4 Flavivirus diagnostics 

1.4.1 Molecular detection 

A flavivirus infection can be confirmed in the viremic period of the infection by molecular 

diagnosis using reverse transcription (RT)-PCR on blood samples, or less frequently 

also on other biological samples like urine or cerebrospinal fluid (CSF) [34]. The 

molecular detection of the virus is dependent on the presence of viral nucleic acids in 

the sampled biological material. Due to low-level and short-term viremia in many 

flavivirus infections, the acute viremic phase is often missed and the detection of viral 

nucleic acids is not possible [35, 36]. For TBEV, viral RNA is not detectable in most of 

the patients, because viremia is restricted to the first phase of an infection when 

patients remain mostly asymptomatic or show unspecific symptoms. At the time of 

neurological involvement, the virus has already been cleared from the blood and is 

only present in the CSF in rare cases [17].  

1.4.2 Serological detection 

Considering the limitations of the RT-PCR, flavivirus diagnostics mostly relies on the 

detection of specific antibodies. Using serological methods, it is possible to detect 

current or previous flavivirus infections by measuring specific immunoglobulin M or G 

(IgM or IgG) antibodies present in serum or CSF. This is the case some days till two 

weeks after the infection and often coincides with the time when patients seek medical 

advice, due to the onset of specific symptoms indicating neurological involvement. IgM 

antibodies can be found in the early phase of the infection, beginning with the onset of 

CNS symptoms and persisting for one or two months in most cases [14]. IgG antibodies 

increase during the CNS phase of the infection and lead to long-lasting or livelong 

immunity [14]. Besides the role in diagnostics, the detection of antibodies is an 

important part of basic and clinical research, as it informs our understanding of 

pathogenic mechanisms and supports the development and monitoring of vaccines 

[37]. 

Serological diagnosis of flaviviruses is often performed by enzyme-linked 

immunosorbent assays (ELISA), as these are rapid and inexpensive screening 

methods that allow highly reproducible and sensitive testing for flavivirus antibodies. 

For many different flaviviruses, commercial kits are available for IgM or IgG detection. 

ELISAs can be easily performed without any special lab equipment and are not 
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dependent on special containment laboratories [38]. The main disadvantage in the use 

of ELISAs for flavivirus serology is the low specificity of many assays due to the high 

cross-reactivity of flavivirus antibodies. A study by Reusken et al. [39] assessed the 

specificity of five commercial IgG TBEV ELISAs by using a panel of sera from patients 

infected or vaccinated with related flaviviruses. This study demonstrated a low 

specificity of the examined ELISAs, ranging from 12 to 67 % when tested for related 

flaviviruses. The low specificity of flavivirus ELISAs underlines the need for 

confirmatory testing by assays that allow a clear discrimination between infections by 

different flaviviruses. Therefore, highly specific serum neutralizing tests (SNT) are 

considered to be the gold standard in flavivirus serodiagnostics [39]. Unfortunately, 

neutralization assays are time consuming, depend on biosafety laboratories and 

require trained laboratory personnel to work under these conditions. In addition to the 

standard methods ELISA and SNT, a few other serological diagnostic methods are 

available for the detection of flavivirus antibodies, e.g. immune-fluorescence tests, 

lateral-flow immunoassays and multiplex immunoassays [34]. Furthermore, different 

studies have been performed to improve the specificity of ELISA testing by using 

antigens that produce a lower cross-reactivity than observed in the commercially 

available kits that are mostly based on the whole virus or the structural E protein [40, 

41]. 
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1.5 Flavivirus inactivation methods 

1.5.1 Inactivation methods for research 

For flavivirus research, virus samples must be handled under the required biosafety 

conditions. TBEV, WNV and other flaviviruses are categorized as biosafety level (BSL) 

3 pathogens [42]. This restricts research with these viruses to laboratories that fulfil the 

requirements for safe working conditions and containment. These containment 

laboratories often do not allow an extensive downstream analysis, because specific 

equipment is not available. Furthermore, the higher level of personal protection under 

BSL 3 conditions makes procedures more time-consuming in comparison to work 

under lower safety conditions. Therefore, the inactivation of virus samples is an 

appropriate method to analyze samples under lower biosafety levels.  

For flaviviruses, several inactivation methods have been published, such as the 

inactivation by heat, acidic pH, alcohol, different detergents and ultraviolet (UV) 

irradiation [43-45]. Many of these methods inactivate by altering the structure of the 

flavivirus proteins, especially the structural protein E. Heat inactivation leads to the 

denaturation of the viral proteins and critically increases the fluidity of the viral 

membrane envelope, thereby affecting the stability of the viral particle as well as viral 

attachment and entry into target cells. One advantage of heat inactivation is the 

independence of this method from variations in sample volume, as long as the required 

inactivation temperature is reached in all parts of the sample. Inactivation by UV 

irradiation leads to damage of the viral RNA by building pyrimidine dimers between 

neighboring bases. Thus, the virus cannot replicate its genetic material. Single-

stranded RNA (ssRNA), such as the flavivirus genome, is more susceptible to UV 

inactivation than double-stranded RNA (dsRNA). UV radiation can be disturbed by high 

concentrations of molecules in the sample, e.g. serum protein. Therefore, this 

inactivation method must be validated for different serum concentrations and sample 

compositions. Heat and UV inactivation both have the advantage that the original 

composition of the sample will be preserved without the addition of components, that 

may interfere with downstream analyses. Treatment of flaviviruses with low pH leads 

to irreversible conformational changes of the E protein. These conformational changes 

are induced in the acidified environment of the late endosome during the natural 

replication cycle, leading to the fusion of the viral envelope and the endosomal 
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membrane and resulting in the release of the viral nucleocapsid into the host 

cytoplasm. If this mechanism is induced prematurely before the virus entered the host 

cell, the fusogenic activity of the viral E protein is lost and it can no longer mediate 

fusion between the virus and host cell membranes. Alcohol can inactivate viruses by 

dissolving the lipid bilayer of the virus membrane (containing alcohol soluble lipids) and 

denaturing the viral surface proteins, which will misfold under non-aqueous conditions. 

Furthermore, different detergents are able to inactivate viruses through their effect on 

different parts of the virus: sodium dodecyl sulfate (SDS) denatures proteins, Triton 

X-100 permeabilizes membranes, Tween-20 separates hydrophilic and hydrophobic 

transmembrane proteins, sodium deoxycholate isolates membrane associated 

proteins and paraformaldehyde (PFA) crosslinks proteins. Substances that are added 

to the virus samples for inactivation need to be tested for interference with downstream 

analyses or with components that are included in the evaluation of inactivation 

experiments, e.g. cell toxicity. In general, it is very important to evaluate all chosen 

inactivation methods for their efficacy under the individual conditions to ensure safe 

sample handling.  

1.5.2 Relevance for food and blood product safety 

Inactivation methods are of great importance to avoid infectivity that does not occur via 

a vector. For example, TBEV can be transmitted via the alimentary route and therefore 

the inactivation of raw milk by pasteurization is important for food safety. Otherwise, 

the infectious virus particles can survive several days to weeks in milk and milk 

products [46]. Humans consuming these products are at risk of acquiring a food-borne 

TBEV infection.   

For WNV, infections via transfusions and organ transplants are known. In 

consequence, safe inactivation procedures of blood products are crucial for transfusion 

safety. Possible inactivation methods for blood products include the introduction of 

irreversible damage to the viral nucleic acid via UV light transmitted by specialized 

devices. Some of these methods are further supplemented with the application of 

photoactive substances [47]. 
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1.6 Humoral immune responses to flavivirus infections 

1.6.1 Role of antibodies in protection 

Antibody-associated humoral immune responses and cell-mediated responses are the 

two parts of the adaptive immune response, which leads to specific reactions against 

pathogens and a long-term immune memory. Together with the innate immune 

response, which is less specific, but fast in activating downstream immune responses, 

the immune system can be able to clear an infection. Antibodies are a critical part of 

the immune system and are able to directly neutralize viruses by inhibiting different 

steps of virus replication or by binding to antigens, which leads to further actions of 

other components of the immune system [14].    

Humoral immunity is an important component of the host response to flavivirus 

infections and is essential to control the spread of virus particles and viral replication 

in the CNS. Antibody responses to flavivirus infections can be directed against epitopes 

on different flavivirus proteins. The protection of mice against a lethal challenge with 

different flaviviruses has been shown in several experiments after passive transfer of 

monoclonal or polyclonal antibodies against flavivirus proteins [48]. Antibodies can 

protect against flavivirus infections by different mechanisms, including direct 

neutralization of receptor binding, inhibition of viral fusion, Fc-γ-receptor dependent 

viral clearance, complement-mediated lysis of viruses or infected cells and antibody-

dependent cytotoxicity of infected cells [49]. The main flavivirus target proteins of 

antibody responses are the E and the NS1 proteins. The E protein is the major target 

for neutralizing antibodies, because of its essential role in the virus entry. Binding of 

antibodies to the E protein inhibits its functions, such as cell attachment and membrane 

fusion after uptake by receptor-mediated endocytosis. While most neutralizing 

antibodies are directed against regions of the E protein, a subset recognizes the prM/M 

protein [50]. Although neutralizing antibodies predominantly bind structural proteins, 

antibodies to NS1 also protected mice against WNV infection [51]. Antibody responses 

to NS3 and NS5 have also been observed during infections with different flaviviruses 

[50]. 
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1.6.2 Antigenic structures 

1.6.2.1 Structural E protein 

The E protein belongs to the class-II fusion proteins and contains three distinct 

domains (EDI, EDII and EDIII) and two alpha-helical transmembrane domains (TMDs), 

which are linked by the stem region. In a neutral environment, the E protein monomers 

dimerize and are anchored via the transmembrane domains. Under low pH conditions, 

the E protein undergoes irreversible conformational changes, resulting in a trimer 

instead of dimer structure, while binding to the host cell membrane. This leads to the 

fusion of viral and host membrane. The EDI domain is located in the middle of the 

protein, contains the N-terminus with glycosylation sites and is predominantly 

composed of non-neutralizing epitopes [6]. The EDII domain promotes dimerization 

and bears the hydrophobic fusion loop (FL). The FL inserts into the target host 

membrane during the fusion step and is a highly conserved epitope across flaviviruses. 

This means that EDII is most critical for recognition by group-specific cross-reactive 

antibodies, followed by EDIII and EDI [52]. The EDIII domain contains the C-terminal 

100 amino acids and forms a β-barrel type structure [53]. Epitopes for neutralizing 

antibodies can be found in the EDII and EDIII domain. Nevertheless, EDIII is the major 

antigenic domain of the E protein, as it contains the most important epitopes that 

directly interact with neutralizing antibodies [7]. Neutralizing antibodies provide 

protection against infection and their presence correlates with the protection level [54]. 

Epitopes for neutralizing antibodies have been mapped for different flaviviruses. This 

revealed that much of the surface of the E protein exposed in the virion can induce and 

bind neutralizing antibodies. Some of these sites only become accessible after 

temperature-dependent structural changes of the E protein [4]. Studies on DENV have 

highlighted epitopes that are present only in the dimeric form of the E protein [55]. The 

neutralizing epitope region in EDIII is particularly conserved across different 

flaviviruses, such as WNV, JEV and DENV [56-58]. Mutations within the EDIII affect 

host tropism and virulence and have been reported to allow escape from neutralizing 

antibodies in JEV, TBEV and DENV infections [6]. 

Some studies show that EDIII is a useful antigen for serologic assays, but E protein-

based detection of flavivirus antibodies is known to display cross-reactivity [36]. 

However, one study showed that the EDIII domain is able to specifically capture 
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antibodies directed against WNV, JEV, or TBEV, despite of the well-known antigenic 

cross-reactivity between these viruses [59]. 

1.6.2.2 Non-structural protein 1 

The non-structural protein 1 (NS1) is a highly conserved glycoprotein. It occurs as a 

monomer, as a homodimer associated with intracellular membranes, or as a secreted 

open barrel hexamer associated with lipids. The NS1 protein contains three distinct 

domains: a hydrophobic β-roll domain, followed by a α/β wing domain and a central 

β-ladder. Most members of the Flavivirus genus have two NS1-associated 

N-glycosylation sites, including all four DENV serotypes, JEV, ZIKV, and YFV. A few 

members, such as WNV and TBEV, contain a third NS1-associated N-glycosylation 

site. The N-glycosylation sites are located in the wing domain and the β-ladder [11]. 

Several linear epitopes have been mapped on the NS1 protein. These epitopes are 

mainly localized in a few hotspots of the hexamer structure: the wing domain 

disordered loop and the C-terminal tip of the β-ladder, which are the most accessible 

parts of the NS1 hexamer. However, the wing peptide and the β-ladder are highly 

conserved structures and show strong cross-reactivity. Furthermore, the hydrophobic 

protrusion at the center of the NS1 hexamer is another described epitope that must be 

accessible at some point before hexamer formation or by hexamer dissociation [60]. 

The secreted form of NS1 is a diagnostic marker for flavivirus infections, because it 

can be found in patients’ sera during the acute phase of an infection and titers of NS1 

correlate with disease severity and viremia [10]. NS1 can protect animal models from 

lethal challenge with DENV or ZIKV. Furthermore, antibodies against NS1 are 

associated with high levels of immunogenicity and protect mice against WNV infection 

[45]. However, DENV anti-NS1 antibodies have also been reported to cross-react with 

host molecules like platelets and endothelial cells and therefore may contribute to 

pathogenesis [61]. Evidence from studies with multiple flaviviruses suggests that NS1 

may contribute to the tissue-specific pathogenesis associated with a particular 

flavivirus disease, as the NS1 proteins of WNV, YFV and ZIKV have been shown to 

interact with different types of endothelial cells, namely brain microvascular, liver 

sinusoidal or placental endothelial cells, respectively [11]. 

NS1 as a secreted protein in the extracellular space induces high levels of specific 

antibodies. Antibodies against NS1 are only present in patients with natural infections 
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but not in vaccinated patients, because the NS1 antigen is not present in existing 

vaccine preparations and therefore no NS1-specific antibodies are induced. Therefore, 

the detection of antibodies against the NS1 antigen allows distinction between 

vaccinated and infected patients [62]. Furthermore, recent studies have shown a 

reduced cross-reactivity with different flaviviruses and higher specificity of NS1-based 

serologic assays compared to E protein-based detection [40, 41, 63]. 

1.6.3 Antigenic relationship and cross-reactivity 

Members of the Flaviviridae family, such as ZIKV, DENV, USUV and WNV, are known 

to induce substantial cross-reactive immunity. Depending on the ability of flavivirus 

antibodies to neutralize other flaviviruses, these viruses are categorized into 8 

serocomplexes. These enclose the JEV complex (including WNV and USUV), the 

mammalian tick-borne virus complex, the DENV complex and the YFV complex [64]. 

Cross-reactive T cells as well as cross-reactive antibodies are observed frequently 

within the serocomplexes but also between differing serocomplexes like DENV and 

ZIKV [65]. The cross-reactivity of antibodies is based on conserved structures across 

related flaviviruses, for example the highly conserved fusion loop of the E protein [66]. 

Cross-reactive immunity can be beneficial by leading to cross-protection between 

different flaviviruses, but it also promotes immune pathologies by leading to antibody-

dependent enhancement (ADE) or to the phenomenon of original antigenic sin (OAS) 

[65]. ADE refers to the production of antibodies in a first infection that are demonstrated 

to be cross-reactive but non-neutralizing in case of a secondary infection by related 

viruses. These non-neutralizing antibodies facilitate viral cell entry by infection of 

immune cells containing Fc-gamma receptors, resulting in enhanced infection [67].  

The OAS refers to the immunological memory to cross-reactive antigenic sites, which 

can modulate the antibody response in sequential infections or immunizations with 

antigenically related viruses or immunogens [68]. These memory responses can 

potentially be less effective than responses elicited in the absence of memory. 

Furthermore, cross-reactive antibodies hamper serological diagnostics of flaviviruses, 

especially in regions with flavivirus co-circulation, or in travelers who visited regions 

that are endemic for different flaviviruses [36]. Closely related flaviviruses show a high 

cross-reactivity in serological diagnostics, which complicates the evaluation of 

surveillance data. For example, the discrimination between antibody reactivity against 

WNV and USUV, which are both currently circulating in different European countries, 
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is hampered by the similarity in antigenic structures and antibody responses. 

Therefore, there is a need for new or improved serological methods that allow a clear 

discrimination between infections with different, closely related flaviviruses. 
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1.7 Epidemiology of European flaviviruses 

1.7.1 Spread of TBEV and WNV 

TBEV is prevalent in forested areas of moderate climate in Europe and Asia. Annually, 

there are 10,000-15,000 cases of TBE reported worldwide. In Asia, TBE cases are 

continuously reported across Siberia, Far Eastern Russia, Northern Japan and some 

provinces in North-West and North-East China. In Europe, the most affected regions 

are Austria, Southern Germany, the Czech Republic, Slovenia, the Baltic States and 

Southern Scandinavia. Endemic TBE regions are continuously expanding, leading to 

newly established endemic areas like Switzerland, North-Eastern France and Northern 

Italy. The notified cases have increased by 400 % in all endemic countries in the last 

20-30 years [69]. In Germany, TBEV is endemic in most of the southern districts, but 

also spreads to the north-east and north-west, leading to new risk areas and an 

increasing number of sporadic cases in non-risk areas. The number of districts 

classified as TBE risk areas increased from 129 in 2007 to 161 in 2019 [70]. A variety 

of factors has been discussed to influence the geographical expansion of TBEV 

throughout Europe, including climate change (affecting tick and rodent populations), 

increased amounts of cultivated land and rising numbers of people performing outdoor 

activities and travelling [17]. Furthermore, increased awareness and advanced 

diagnostic testing leads to more reported cases [16]. 

WNV has spread to almost all continents, including Africa, Asia, Europe, Australia, 

North America and South America and has been estimated to cause more than 6 

million human infections since 1999 [26]. Since the virus was first discovered in 

Uganda in 1937, it caused major outbreaks in the 1980s and 1990s in Africa, Middle 

East, Europe and Russia. In 1999, WNV caused an outbreak in North America. Starting 

from New York City, the virus spread to most of the continental U.S. and some 

neighboring countries of North America. Since 1999, WNV activity has been recorded 

in Europe and numbers of cases as well as endemic European countries have risen 

with a peak in the year 2018, when a large outbreak occurred in Europe. WNV activity 

has been reported from approximately 20 countries in Southern and South-Eastern 

Europe. The number of countries reporting WNV activity is fairly constant at 8–16 

countries each year, although the actual numbers of cases in these countries vary by 

year [26, 71, 72]. Most affected regions in Southern Europe include Southern France, 
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Northern Italy, Greece, swaths of the Balkan States, Czech Republic, Hungary, 

Slovakia and Austria [73]. The first epizootic emergence of WNV in Germany was 

observed in 2018 [74]. In 2019, increasing numbers of birds and horses tested positive 

for WNV and five human WNV cases were diagnosed (presumably transmitted by 

mosquitoes). Most positive samples were found in Central-Eastern Germany [75]. 

Activities such as land use, urbanization and agriculture will likely lead to increasing 

prevalence of WNV in endemic areas. Furthermore, globalization, travel and trade will 

introduce WNV to more non-endemic areas [27]. WNV transmission is significantly 

influenced by climatic conditions, including temperature as one of the most important 

factors. High daily average temperatures over multiple days or weeks, such as those 

recorded in the summers of 2018 and 2019 in Germany allow the introduction of WNV 

to non-endemic areas, for instance by short distance introduction by infected birds from 

neighboring countries [75]. 

1.7.2 Relevance of surveillance studies  

Surveillance of flaviviruses is required to identify the changes in pathogen distribution 

that provide early signals to public health officials. Enhanced and sustained investment 

is recommended for an effective response to future flavivirus threats [3]. This might 

help to detect virus prior to the emergence of disease in human populations and predict 

timing and location of future disease outbreaks [36]. Flaviviruses like TBEV and WNV 

are known to be introduced into non-endemic areas on several occasions in the last 

years [27]. Surveillance can provide an overview of districts, in which preventive 

measures and primarily vaccination should be implemented [70]. Due to the very 

heterogenous epidemiological situation between different European countries, with 

some countries reporting outbreaks in humans and animals every year and others 

without any reported cases, their surveillance and monitoring strategies vary a lot. In 

general, integrated approaches, involving public health, animal health and 

environmental authorities are the most efficient and effective mechanisms for 

surveillance of different flaviviruses [76]. 

1.7.3 Sentinel surveillance for TBEV and WNV 

Sentinel surveillance involves surveillance of targeted subpopulations, for example 

animals, as an indicator for the presence of a disease. An ideal sentinel must be 

susceptible, but also survive infection and develop a detectable response [77]. 
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Through sentinel surveillance, it is possible to detect the emergence of a virus in an 

animal population. If this happens before human infections are observed, measures 

can be taken to prevent further spread and transmission to humans. 

Antibodies against TBEV are present in animal and human populations throughout 

Europe and a correlation between seropositivity of domestic animals and human 

clinical cases was demonstrated in several studies [17]. TBEV seroprevalence in 

animal hosts with a defined spatial radius is a useful indicator, because the prevalence 

in ticks is usually < 1 % [70]. This means that monitoring TBEV in ticks requires 

collections of large numbers of ticks. Sheep and goats are used for surveillance by 

detecting viral RNA or antibodies in serum or milk samples. These animals have close 

contact to ticks and live in defined small areas. Furthermore, sampling of milk does not 

require invasive methods and unlike most wild animal reservoirs and vectors, blood 

sampling of domestic animals is easy [22, 78]. Dogs are also used as sentinel animals 

in some endemic regions, because both ticks that mainly transmit TBEV (Ixodes ricinus 

and Ixodes persulcatus) frequently parasitize dogs that have a 50 to 100 times higher 

risk to come in contact with disease-carrying ticks than humans [23].  

Due to its clinical sensitivity to WNV infection, horses and birds are often used as 

sentinels for WNV surveillance [79]. Some studies suggest that dogs offer an 

alternative sentinel species to horses, particularly in areas where equine vaccination 

is used [77]. Dogs are ideal sentinels, because they have a similar vector-feeding 

pattern as humans, they are susceptible to infection, but more resistant to disease and 

develop antibodies that can be easily measured in available assay systems. 
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1.8 Objectives of this study 

1.8.1 Improved inactivation methods 

One objective of this study was to establish and improve TBEV inactivation methods 

to enable analysis of virus samples for the purpose of functional flavivirus research. 

Therefore, different methods including inactivation by heat, acidic pH, alcohol, different 

detergents and UV irradiation were tested. A big panel of different experimental 

conditions was included into the experiments to have a wide range of methods 

available when performing different flavivirus experiments and downstream analyses. 

The aim was to expand on the currently very limited number of approved inactivation 

methods for safe inactivation of TBEV. As these methods often require harsh 

treatments and add additional procedures, they limit the use of samples for 

downstream analyses of protein and cell components at lower containment levels. 

Many of these general inactivation methods were previously published to be suitable 

for related flaviviruses. As their susceptibility may vary between different flaviviruses, 

it was the aim of this study to evaluate the chosen methods for their efficacy against 

TBEV. Furthermore, the goal was to optimize parameters like incubation times and 

concentrations to achieve safe inactivation of infectious virus particles, maintain 

sample integrity and safe time and resources.  

1.8.2 New tool for serological detection 

The second objective of this study was to establish a new tool for flavivirus serological 

diagnostics. For this purpose, a species-independent luciferase immunoprecipitation 

system (LIPS) antibody detection assay (Figure 4) was developed with several 

different TBEV proteins as antigens. The method is based on the protocol by Burbelo 

et al. [80], but several optimizations were implemented. Instead of the Renilla luciferase 

used in the original protocol, our optimized LIPS assay uses a Nano luciferase (Nluc) 

that can easily be expressed as antigen fusion proteins due to its small size of only 

19 kDa and leads to very sensitive results via stable and bright chemiluminescence 

signals [81]. Furthermore, the fusion proteins were targeted for secretion by N-terminal 

addition of an IL-6 signal peptide and harvested directly from the supernatants of 

transfected cells without the need for cell lysis, greatly reducing background signals 

caused by cell debris in the subsequent measurements.  
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The LIPS assay is described as a very sensitive and specific assay that can be easily 

adapted for different infectious agents and a broad spectrum of antigens [37]. With 

LIPS as a liquid-phase assay the detection of more conformational epitopes is possible 

than with conventional solid-phase assays. The antigens for LIPS are produced in 

mammalian cells, which leads to lower backgrounds signals than production in bacteria 

and the antigens do not need to get purified or labeled. Mammalian expression also 

preserves glycan structures and other modifications of antigens. Furthermore, LIPS 

allows testing for several different antigens in one assay [82]. Therefore, the optimized 

LIPS assay was chosen to screen antibody responses against different antigens after 

TBEV infection. Sensitivity and specificity were tested and compared to the standard 

serological methods ELISA and SNT. The aim was to establish an assay that 

sensitively detects TBEV antibodies and allows for a discrimination between different 

flaviviruses that are endemic in Europe, e.g. WNV.  Specific antibody detection against 

flaviviruses in a serological assay that can be performed with standard lab equipment 

under low biosafety conditions will represent an important improvement of available 

flavivirus serodiagnostics. Improved serodiagnostics for TBEV and other flaviviruses 

may lead to more comprehensive testing against an increased spectrum of antigens 

by LIPS and a better understanding of the quality of humoral responses needed for 

protective immunity [37].  

 
Figure 4: Schematic overview of luciferase immunoprecipitation system (LIPS) assay. 
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1.8.3 Surveillance of European flaviviruses 

The final objective of this thesis was the contribution to the epidemiology and 

surveillance of European flaviviruses, including TBEV, WNV and USUV. Therefore, 

samples of different animal hosts were tested for antibodies against the different 

viruses using the LIPS assay. The goal was to analyze antibody responses of different 

hosts after TBEV infection as well as the investigation of the geographical distribution 

of TBEV and WNV in Germany and Europe. Furthermore, these analyses were used 

to gain knowledge about the relevance of TBEV infections in different animal hosts and 

the suitability of domestic animal species as sentinels for flavivirus infections. 
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Abstract  

Flavivirus diagnostics are complicated by substantial cross-reactivity of antibodies 

between different flavivirus species. This is of particular importance in regions with 

multiple endemic flaviviruses in co-circulation. Tick-borne encephalitis virus (TBEV) is 

the causative agent of tick-borne encephalitis, the most common infection of the central 

nervous system in endemic regions of Europe and Asia. Since 2018, the related West 

Nile virus (WNV) has spread to Germany where its geographic distribution overlaps 

with TBEV endemic regions. Besides humans, various animal species are susceptible 

to TBEV and WNV infection. To compare antibody responses against these 

flaviviruses and test for cross-reactivity, we developed a multi-species luciferase 

immunoprecipitation system antibody detection assay for several different antigens. 

We performed a serosurvey of 682 dogs from five different European countries to 

detect antibodies against TBEV and WNV. Twelve specimens were reactive for TBEV 

NS1, seven for WNV NS1 and four specimens were equivocal. Interestingly, 89.5% of 

reactive specimens had TBEV/WNV or WNV/TBEV signal ratios of 10 to >300 between 

individual NS1 antigens, allowing for a clear distinction between the two viruses. The 

remaining 10.5% of reactive specimens showed a 5 to 10-fold difference between the 

two viruses and included possible dual exposures to both viruses. In contrast, 

equivocal samples showed low signal ratios between the NS1 antigens, suggesting 

unspecific reactivity. Based on this data, we found the NS1 protein to be a suitable 

antigen to distinguish between TBEV and WNV-specific antibodies in dogs with 

sensitivity and specificity similar to virus neutralization tests. 

 

Keywords: Flaviviruses, tick-borne encephalitis virus, West Nile virus, antibody 

cross-reactivity, serology, differential diagnostics; 
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Introduction 

Tick borne encephalitis virus (TBEV) is the most common tick-borne viral pathogen in 

Europe and Asia and the causative agent of tick-borne encephalitis (TBE). Despite 

available vaccines the incidence of TBEV infections is increasing, making it a growing 

health concern in endemic countries (1). In Europe, the most affected regions are 

Austria, southern Germany, the Czech Republic and Slovenia, Baltic States and 

southern part of Scandinavia. The number of endemic areas is rising with newly 

established endemicity regions in Switzerland, northeastern France and northern Italy 

(2). In Germany, risk areas increased from 129 in 2007 to 161 in 2019 (3). The virus is 

mainly transmitted by ticks from infected animal reservoir hosts to humans or other 

animal hosts, but there are also human cases associated with the consumption of 

unpasteurized milk products from infected small ruminants (4). Besides humans, a 

number of wild and domestic animal species are susceptible to TBEV infection with 

variable clinical manifestations ranging from no symptoms to febrile illness in a first 

clinical phase and severe neurological complications like meningitis, 

meningoencephalitis or meningoencephalomyelitis in a fraction of infected individuals 

that enter a second phase of disease (5). Of the potential TBEV hosts dogs are of 

special interest because they show almost identical clinical symptoms to human 

patients (6).  

West Nile virus (WNV) is the most widespread cause of arboviral neurological disease 

in the world and persists on all continents except for Antarctica (7). The virus is 

transmitted by mosquitoes from infected animal reservoir hosts (mainly birds) to 

various hosts (8). The majority of WNV infections is related to the transmission by 

mosquito bites, but several different transmission routes have been shown or are 

hypothesized like infection via blood transfusions or organ transplants (9, 10). A wide 

array of species is susceptible to WNV infection, including humans, horses and other 

vertebrates. The disease outcomes vary a lot between species and individuals ranging 

from asymptomatic hosts to symptomatic hosts with mild febrile disease (West Nile 

fever) to West Nile neuroinvasive disease (WNND) including meningitis, encephalitis 

and poliomyelitis (11). Due to its clinical sensitivity to WNV infection, horses are often 

used as sentinels for WNV surveillance (12) and some studies suggest that dogs offer 

an alternative sentinel species to horses (13). Since 2018, the virus has spread to 
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Germany. Large outbreaks have been observed in Southern Europe and North 

America, as well as ongoing transmission in the Middle East, Africa, and Asia (14). 

TBEV and WNV are single stranded, positive sense RNA viruses and belong to the 

genus Flavivirus in the family of Flaviviridae, which also includes other important 

arthropod-borne human pathogens, including Yellow fever virus, Japanese 

encephalitis virus, Zika virus and Dengue virus. Many of these viruses are expanding 

their geographic range and together they account for several hundred million infections 

globally each year (15). In many regions worldwide, multiple flaviviruses are co-

circulating (16, 17).  

Flavivirus diagnostics mostly relies on the detection of specific antibodies as viral RNA 

is only detectable during the first, often subclinical phase of an infection. During the 

severe second phase of disease, diagnostics rely on serological detection of flavivirus-

specific antibodies. Current serological methods such as ELISA or virus neutralization 

are restricted to the detection of antibodies against the major viral surface protein, the 

envelope (E) protein. Of particular interest is the independently folded domain III of the 

E protein (EDIII) as it contains the crucial amino acid residues for binding of a cellular 

receptor (18, 19). Antibodies directed against this domain interfere with receptor 

engagement and typically lead to neutralization of viral particles (20, 21). However, 

serologic distinction of individual flavivirus infections is complicated by substantial 

cross-reactivity of antibodies between different flavivirus species (17, 22). The 

detection of neutralizing antibodies in virus neutralization tests yields the highest 

specificities. Unfortunately, neutralization assays are time-consuming and depend on 

high containment laboratories. Therefore, new diagnostic tools are needed for 

differential serologic diagnostics of flavivirus infections in a simple and fast assay 

system. We developed a multi-species luciferase immunoprecipitation system (LIPS) 

antibody detection assay for several flavivirus antigens, based on the method of 

Burbelo et al. (23, 24). The use of a luciferase reporter allows the sensitive detection 

of specific antibodies without the need to express large amounts of antigens, which 

can present a bottleneck in other serologic test formats. Furthermore, as a bead-based 

method, the LIPS assays does not require any coating steps and reduces the time 

needed for assay performance. In this study, different viral antigens were tested in a 
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modified LIPS assay to identify candidates that allow discrimination between infections 

with TBEV and WNV, which are both currently circulating in Germany.  

 

Material and Methods 

Serum samples  

Canine serum samples were originally collected in 2015 in the course of an unrelated 

study on Leishmania infections in European dogs. From this collection, 681 samples 

were included in the present study based on the country of origin to be known as a 

potential TBEV or WNV risk area. These included 281 samples from Hungary, 218 

samples from Romania, 92 samples from Germany, 10 samples from Serbia, 10 

samples from Ukraine, 7 samples from Poland, 5 samples from Slovakia, 2 samples 

from Czech Republic, 1 sample from Slovenia and 1 sample from Russia. Additionally, 

54 samples from Portugal were included in the survey as negative controls. Serum 

from a confirmed local canine TBE case was included as a positive control in all 

assays. 

 

Cell culture 

Cos-1 cells (African green monkey kidney cell line) and BHK-21 cells (Baby hamster 

kidney cell line) were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) 

containing 10% fetal bovine serum (FBS), 1% penicillin, 1% streptomycin and 1% 

glutamine at 37°C and 5% CO2 in a humidified atmosphere. 

 

Production of luciferase-antigen fusion proteins 

The mammalian expression plasmid pcDNA3.1/Zeo was modified to express a 

secreted Nano luciferase (secNLuc) downstream of the IL6 signal peptide (cloned from 

pNL1.3.CMV [secNluc/CMV], Promega) and upstream of a multiple cloning site for 

insertion of genes of interest to generate N-terminal secNLuc fusion proteins. For 

TBEV, the sequences encoding capsid (C), pre-membrane (prM) as well as non-
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structural proteins 1 (NS1) and 4B (NS4B) were cloned into the secNLuc vector. 

Furthermore, domain III of the TBEV envelope protein (EDIII, aa 301-395) and the C-

terminal helicase domain of TBEV non-structural protein 3 (NS3-DIII, aa 368-465) as 

well as the full-length non-structural protein 1 (NS1) of WNV were cloned into the 

secNLuc vector and transfected into Cos-1 cells using TransIT-2020 transfection 

reagent (Mirus) following the manufacturer’s instructions. After 48 hours, the 

supernatant was collected and centrifuged for 5 minutes at 500 x g. The cell-free 

supernatant containing the luciferase-antigen fusion proteins was tested for Nano 

luciferase activity using the Nano-Glo luciferase assay system (Promega), aliquoted 

and stored at -20°C before use in the LIPS assay. A plasmid expressing only secNLuc 

without any antigen fusion was used as background control. 

 

LIPS assay 

For antibody testing, fusion proteins were normalized to similar input levels between 

0.5 and 1 million relative light units (RLU). Fusion proteins were incubated with serum 

at a 1:100 dilution for 1.5 hours at room temperature under light orbital shaking. Protein 

A beads (Thermo Fisher) were washed and resuspended in PBS as a 30 % slurry. Ten 

microliters of the slurry were transferred to a filter plate (MultiScreenHTS BV Filter 

Plate, Millipore) along with the antigen-serum mix and incubated for an additional hour. 

Unbound luciferase-tagged antigen was removed from the microtiter filter plate by 

aspiration in a 96-well vacuum manifold followed by five wash steps with PBS. Finally, 

luciferase activities were measured in a microplate reader (Tecan) using the Nano 

luciferase substrate system (Promega). All samples were tested in duplicates. 

Luminescence values higher than the average of ten presumed negative samples plus 

five times the standard deviation (SD) are considered positive, whereas values above 

the average of ten presumed negative samples plus three times SD are considered 

inconclusive. 
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TBEV ELISA 

All samples reactive for TBEV in the LIPS assay were additionally tested in a 

commercial TBEV antibody ELISA (Immunozym® FSME (TBE) IgG All Species, 

Progen). The ELISA was performed according to the manufacturer’s instructions. In 

the last step, color intensities were quantified in a microplate reader (Tecan) and 

correlated to concentration of anti-TBEV IgG (Vienna Units, VIEU) in the serum by 

using reference curve optical densities (OD) at 450 nm. Samples with less than 63 

VIEU/ml are specified as negative and samples with values higher than 126 VIEU/ ml 

are specified as positive. All values in between are defined as equivocal.  

 

Virus neutralization test  

All samples with reactivity in the LIPS assay for either virus were additionally tested in 

virus neutralization tests. Heat-inactivated sera diluted in tissue culture media were 

incubated for 1 hour at 37°C with 100 tissue culture infectious doses (TCID50) and 

applied to cell monolayers. Fresh cell culture media was added after 1 hour of 

incubation at 37°C, and cytopathic effects were evaluated after 6–7 days. 

Neutralization effects at 1:10 or greater dilutions were regarded positive. 

  

Results 

Antibody screen for multiple TBEV antigens reveals 30 samples with potential 

reactivity 

We further developed the LIPS assay originally described by Peter Burbelo et al. (23, 

24) to use secreted antigens fused to Nano-luciferase to increase the sensitivity and 

reduce background signals in the detection of TBEV-specific antibodies in serum 

samples. Using this assay, 681 canine sera were screened for anti-TBEV antibodies 

by LIPS assay against six viral antigens: C, prM, EDIII, NS1, NS3-DIII, and NS4B. Cut-

offs for the primary screen were determined by calculating the average luciferase 

signal across ten presumed negative samples. Signals above the average plus three 

standard deviations (SD) were considered equivocal, whereas signals above the 
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average plus five SD were considered positive. Following these guidelines, none of the 

samples displayed any reactivity against the C and NS4B proteins. Three samples 

were found equivocal and one low positive for antibodies against NS3-DIII, while one 

equivocal and three low positive samples were detected for antibodies against prM 

(Fig.1). In contrast, six samples tested equivocal and thirteen positive for antibodies 

against EDIII. For TBEV NS1, two samples tested equivocal, while 25 samples yielded 

positive signals in the primary screen (Fig. 1). The highest positive samples yielded 

luciferase signals > 105 RLUs with background signals of   500 RLU. While the highest 

signals for NS1-specific antibodies were found in the thirteen samples with positive 

EDIII result, additional samples with low reactivities against TBEV-NS1 were identified 

in the screen. Interestingly, antibodies against prM could only be detected in the four 

samples with the highest signals for EDIII and NS1 (Ago, Porthos, Caesar and Buster), 

suggesting the presence of non-dominant epitopes in prM (Fig.1). The low-level 

detection of antibodies against NS3-DIII occurred in samples with otherwise low signal 

intensities and likely represents non-specific binding events. 

 

Sensitivities and specificities of LIPS assays are comparable to virus 

neutralization tests 

Thirty samples originating from five countries (Germany, Hungary, Czech Republic, 

Romania and Portugal) were identified in the primary screen to yield low, moderate or 

high signals for TBEV-specific antibodies and were tested with a commercial all-

species TBEV ELISA (Progen) based on inactivated whole viral particles to compare 

assay reactivity with the results obtained in the LIPS assay for TBEV-EDIII (Fig.2A). 

While the ELISA detected ten positive and five equivocal samples, the EDIII-based 

LIPS assay found twelve positive and one equivocal sample (Table 1). The sample 

with equivocal results by EDIII-based LIPS tested negative in ELISA. Among the twelve 

EDIII-LIPS-positive samples were two samples with equivocal results in ELISA. In 

contrast, the other three samples with equivocal results in the ELISA tested negative 

in the LIPS assay for TBEV-EDIII (Table 1). To investigate the deviations between both 

serologic assays targeting the TBEV E protein, we performed virus neutralization tests 

(VNT) with live TBEV for confirmation of our previous results. Thirteen samples tested 

positive in VNT with titers between 60 and 1,280 (Table 1). Besides all twelve LIPS-
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EDIII high-positive samples, these also included the one LIPS-EDIII low-positive 

sample (Cereja) that was not detected by ELISA. Furthermore, the three samples that 

tested equivocal by ELISA, but negative in LIPS-EDIII, did not show any neutralizing 

activities. This suggests a lower specificity of the ELISA compared to LIPS-EDIII or 

VNT. To corroborate these findings and exclude any false-negative results due to the 

minimal design of the LIPS-EDIII and VNT with focus on crucial domains of the E 

protein, we included the TBEV NS1 protein in the analysis. The thirteen samples with 

positive results in the VNT were also found to contain NS1-specific antibodies (Table 

1). Additionally, one sample (Cami) with equivocal results in ELISA, but negative VNT 

and LIPS-EDIII showed low reactivity against the TBEV NS1 protein. When compared 

to the VNT as the ‘gold standard’ of serologic assays, both LIPS assays for the 

detection of antibodies targeting either TBEV EDIII or NS1 showed comparable 

sensitivies and specificities in this small sample set of canine sera. The additional 

eleven low-positive and two equivocal samples identified for NS1 in the primary screen 

(Fig.1) showed no reactivities in any of the other assays and likely represent unspecific 

signals, suggesting the need for a higher assay cut-off for the classification of equivocal 

and positive results, respectively. 

 

Correlation of data from different TBEV antibody detection assays 

Three samples with equivocal TBEV ELISA and negative TBEV-EDIII LIPS results 

(Lady, Cami and Drazse) deviated most strongly from the proposed regression line in 

the data correlation for the two assays (Fig.2A). This may indicate cross-reactive or 

non-specific signals. Other values that fell outside the confidence intervals in the upper 

part of the regression curve included sera with high antibody signals in both assays 

(Ago, Caesar, Happy and Palma). This suggests an increased average distance 

between points and curve and a reduced ‘goodness of fit’ for higher signals (Table 1). 

Taken together, ten samples were confirmed positive for anti-TBEV antibodies in both 

assays, resulting in a good overall correlation of the two assay systems with a 

Pearson’s correlation coefficient of 0.9474 with R2 of 0.8975 (Fig.2A). While the 

comparison of two different TBEV antigens (EDIII and NS1) in the LIPS assay yielded 

similar results (Table 1), the data correlation was less clear (Fig.2B). While some TBEV 

antibody-positive samples produced higher signals for EDIII than for NS1 (e.g. Ago, 
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Lilly, Happy and Chili), others generated opposite responses (e.g. Porthos, Ginger and 

Buster). Similarly, data generated in the TBEV ELISA correlated less strongly with data 

produced in the TBEV-NS1 LIPS assay (Fig. 2C), suggesting that antibody titers 

against different TBEV antigens do not share a linear relationship in all individuals. 

Interestingly, neither the TBEV ELISA nor the LIPS assay for TBEV-EDIII produced 

data that correlated strongly with results from the VNT (Fig. 2D+E), despite targeting 

similar antigenic structures of the viral envelope protein. In contrast, data generated 

with the TBEV-NS1 LIPS assay correlated well with neutralization titers measured by 

VNT, resulting in a Pearson’s correlation coefficient of 0.9147 with R2 of 0.8367 

(Fig.2F). Only two samples fell outside the confidence intervals: Cami, scoring low 

positive in TBEV-NS1 LIPS and negative in SNT, and Buster, scoring disproportionally 

high in the VNT with the highest neutralization titer measured for any sample in this 

study. While the linear correlation was strongest for TBEV ELISA vs. TBEV-EDIII LIPS 

(Fig.2A) and TBEV-NS1 LIPS vs. VNT (Fig.2F), respectively, all assay pairs yielded 

significant data correlation and test results (positive, negative, equivocal) were 

identical for the majority of tested samples (Table 1). 

 

Signal ratios for anti-NS1 antibodies allow serologic distinction between TBEV 

and WNV 

To determine if the low-positive detection of antibodies against the TBEV NS1 protein 

in a number of samples that tested negative in the other assays could be due to 

antibody cross-reactivity, we performed LIPS assays for the NS1 protein of WNV for 

the previously tested thirty samples. For WNV NS1, the assay detected fifteen samples 

with above average luciferase signals. Of the positive samples, eight were high-

positive with signals > 104 RLU, three low-positive with signals between 4 – 6 x 103 

RLU and four equivocal with signals between 1.5 – 3 x 103 RLU. Of these samples, 

nine could be confirmed to contain neutralizing antibodies for WNV by VNT, including 

the eight high-positive samples and one low-positive sample (Drazse) with a LIPS 

signal for WNV NS1 of 4,243 RLU. This led us to adapt the initial cut-offs from the 

LIPS-based primary screen to more stringent parameters and include signals between 

3 – 5 x 103 RLU as equivocal, signals between 0.5 – 1 x 104 RLU as low-positive and 

any signal > 1 x 104 RLU as positive or high-positive. Additionally, ratios for the LIPS 
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signals of TBEV-NS1 to WNV-NS1 as well as WNV-NS1 to TBEV-NS1 were calculated 

for all samples (Fig. 3, Table 1). Interestingly, there was a more than 10-fold difference 

between the two signals for anti-NS1 antibodies for most samples, allowing for a clear 

distinction between TBEV and WNV antibody positive samples. For two samples the 

ratios fell between 5 and 10. One of these (Fee) still indicated the correct low-level 

detection of WNV-specific antibodies with a WNV:TBEV ratio of 5.86 and VNT titer of 

1:10. The other sample (Buster) exhibited antibody reactivity against both viruses, with 

the highest neutralization titer for TBEV (1:1,280 vs. 1:60 for WNV) and a TBEV:WNV 

ratio of 7.43. One sample (Drazse) did not score high enough (2.36) to be called 

correctly by the NS1 signal ratio approach, but was equivocal in the LIPS assay for 

WNV-NS1 antibody and had a low WNV neutralizing antibody titer of 1:15. One sample 

(Chili) identified as WNV-specific by the signal ratio approach with a value of 17.03, 

exhibited antibody reactivity against both viruses. Interestingly, this sample showed 

high signal intensities in LIPS for TBEV-EDIII and WNV-NS1, but only low reactivity for 

TBEV-NS1. Neutralization titers for both viruses were low with 1:60 for TBEV and 1:80 

for WNV. Finally, three of the five equivocal samples in the TBEV ELISA (Lady, Cami 

and Drazse) were confirmed to be WNV reactive. The other two (Lecso and Gina) were 

positive for anti-TBEV antibodies with LIPS signals between 0.7– 3.8 x 104 RLU and 

neutralization titers of 1:80 and 1:100, respectively. 

 

Discussion 

We screened 681 canine sera from eleven European countries for the presence of 

TBEV-and WNV-specific antibodies. Antibodies against TBEV were detected in five 

samples from Germany, one from Czech Republic, six from Hungary and one from 

Portugal. This is in line with the known geographical distribution of the virus (17) with 

the exception of one Portuguese sample. However, in the absence of additional 

epidemiologic data, a travel history of the animal to TBEV endemic countries cannot 

be excluded. Interestingly, this sample showed a rather untypical serological profile 

with no or low reactivity in ELISA or LIPS against TBEV-EDIII, respectively. However, 

antibodies against TBEV-NS1 and neutralization activity was readily detectable, 

suggesting a specific antibody response against the virus. Our data results in an overall 

TBEV seroprevalence of 1.9 % in European dogs, with 5.4 % in Germany and 2.1 % 
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in Hungary. These rates are in the expected range for untargeted screening of healthy 

dogs in regions with low to moderate risk of TBEV infection (25, 26). For WNV, nine 

samples tested positive for antibodies against the NS1 protein or neutralizing activity, 

six of which originated from Hungary and three from Romania. This leads to an overall 

WNV seroprevalence of 1.3 % in European dogs, with 2.1 % in Hungary and 1.4 % in 

Romania. Recent studies have found similar rates in healthy dogs from other European 

countries (27, 28). Ten canine sera from Hungary contained flavivirus-specific 

antibodies, including four with specificity for TBEV and four with specificity for WNV. 

The other two samples were reactive with both viruses, suggesting either the presence 

of cross-reactive antibodies or a dual exposure. One of these samples (Buster) showed 

much higher signals against TBEV than WNV in LIPS and the highest TBEV 

neutralizing titer among the samples tested in this study. A strong antibody response 

against TBEV in this animal may favor cross-reactivity with WNV. Substantial cross-

reactivity with dengue virus in humans with previous TBEV infection was observed in 

samples containing the highest anti-TBEV antibody titers (29). Moreover, preexisting 

high antibody titers to dengue virus were associated with a reduced risk of Zika virus 

infection in a Brazilian cohort (30). Based on the NS1 signal ratio of 7.43 for 

TBEV:WNV, we concluded this animal to be more likely to be TBEV-positive, although 

with lower confidence. The other sample (Chili) had similar neutralizing titers for both 

viruses, but much stronger reactivity with WNV-NS1 compared to TBEV-NS1, despite 

a strong signal for TBEV-EDIII and positive TBEV ELISA test. In our ‘signal ratio 

approach’ this led to a categorization as WNV-positive. However, the positive ELISA 

and LIPS-EDIII tests suggest a dual exposure may be more likely in this case. Our data 

supports a co-circulation of both flaviviruses with similar prevalence in dogs in 

Hungary. 

While classic flavivirus serology has focused on the envelope protein as the main 

antigen, either in whole particle ELISA or virus neutralization tests, the focus is shifting 

towards the use of NS1-based assays for the differential serology of multiple 

flaviviruses (31-33). While substantial cross-reactivity with TBEV-positive samples was 

reported for a commercial WNV competitive ELISA (34), we observed limited cross-

reactivity with WNV-positive samples from Hungary that produced equivocal results in 

the all-species TBEV ELISA. Furthermore, our data indicated a lower sensitivity of the 

ELISA when compared to LIPS or VNT. In contrast, our NS1-based LIPS data for both 
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viruses correlated well with the respective VNT. Our study presents additional 

evidence for the suitability of the flavivirus NS1 protein as an antigen not only for the 

detection of flavivirus-specific antibodies per se, but for differential serologic testing 

against TBEV and WNV in regions with co-circulation of both viral species. The 

antibody levels detected in our newly established LIPS assay suggest a similar 

immunogenicity of the NS1 protein compared to the domain III of the E protein. 

Furthermore, the use of NS1 as a single antigen or in combination with the E protein 

allows the differentiation between natural infection and vaccination induced antibody 

responses (35). The NS1-based LIPS assay reached similar sensitivities than VNT and 

allowed a serologic distinction between the two viruses, even in samples with some 

observed cross-reactivity, by calculating the signal ratios between both viruses. For 

samples with signals > 3 x 103 RLU and signal ratios > 10, a clear distinction was 

possible in most cases with the exception of cases with possible dual exposure. We 

speculate that this method would yield similar results with sera from other host species, 

including humans. Whether the ‘signal ratio approach’ is applicable to other 

combinations of flavivirus NS1 proteins remains to be investigated. A possible 

drawback is a reported lack of longevity of anti-NS1 antibodies, as was reported in Zika 

virus infected individuals (36). Our results suggest that distinct epitopes exist in TBEV 

and WNV NS1 proteins that allow differential serology in regions with co-circulation of 

both viruses. Future studies could be aimed at identifying species-specific epitopes 

and developing multiplex assays for simultaneous detection of antibodies against 

multiple flaviviruses.  
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Figure 1. Luciferase immunoprecipitation system-based screen of 30 canine serum samples 

for antibodies against the TBEV proteins pre-membrane (prM), envelope domain III (EDIII), 

non-structural protein 1 and non-structural protein 3 domain III (NS3-DIII). Initial cut-offs 

calculated as mean + three standard deviations (equivocal) and mean + five standard 

deviations (positive) are indicated by the dotted and dashed lines, respectively. RLU, relative 

light units. 
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Figure 2. Pearson correlation and linear regression of TBEV antibody detection data obtained 

with different assay formats. (A) Commercial TBEV ELISA vs. LIPS assay for TBEV EDIII, (B) 

LIPS assays for two different TBEV antigens, NS1 and EDIII, (C) commercial TBEV ELISA vs. 

LIPS assay for TBEV NS1, (D) commercial TBEV ELISA vs. VNT, (E) LIPS assay for TBEV 

EDIII vs. VNT, and (F) LIPS assay for TBEV NS1 vs. VNT. Confidence intervals are shown as 

dashed lines, Pearson’s r gives a measure of linear correlation and R2 values indicate 

goodness of fit. TBEV, tick-borne encephalitis virus; ELISA, enzyme-linked immunosorbent 

assay; LIPS, luciferase immunoprecipitation system; EDIII, envelope protein domain III; NS1, 

non-structural protein 1; VNT, virus neutralization test. 
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Figure 3. LIPS-NS1 signal ratios for 22 canine serum samples with signals > 3 x 103 RLU. 

Twelve samples generated signal ratios for TBEV:WNV between 7 and 340 (dark grey bars) 

and ten samples produced signal ratios for WNV:TBEV between 1.6 and 90 (light grey bars). 

The thresholds for low confidence (ratio = 5) and high confidence (ratio = 10) distinction are 

indicated by dotted lines. TBEV, tick-borne encephalitis virus; WNV, West Nile virus; RLU, 

relative light units. 

 

  



Manuscript II 

 
 

 
50 

 

Table 1. Summary of results for 30 canine serum samples identified in the initial serological 

screen for TBEV-specific antibodies and data obtained from four different serologic tests for 

TBEV (ELISA, LIPS for EDIII, LIPS for NS1 and VNT) and two serologic tests for WNV (LIPS 

for NS1 and VNT). TBEV, tick-borne encephalitis virus; WNV, West Nile virus; ELISA, enzyme-

linked immunosorbent assay; VIEU/ml, Vienna units per milliliter; LIPS, luciferase 

immunoprecipitation system; RLU, Relative light units; EDIII, envelope protein domain III; NS1, 

non-structural protein 1; VNT, virus neutralization test; n.t., not tested. 

ID Country 

Tick-borne encephalitis virus (TBEV) West Nile virus (WNV) 

NS1 Signal Ratios 

Result 
ELISA 

[VIEU/ml] 

LIPS 
VNT 

[Titer] 

LIPS 
VNT 

[Titer] EDIII 
[RLU] 

NS1 
[RLU] 

NS1 
[RLU] 

TBEV:WNV WNV:TBEV 

Porthos Germany 286 81,908 113,528 640 337 n.t. 337.38 0.00 

T
B

E
V

 

Caesar Czech Republic 426 147,428 124,161 640 403 n.t. 308.47 0.00 

Ago Germany 426 134,206 97,953 640 390 n.t. 251.16 0.00 

Cora Germany 286 77,031 53,779 400 387 n.t. 138.96 0.01 

Lilly Germany 286 69,494 30,394 160 350 n.t. 86.84 0.01 

Cereja Portugal 45 4,571 26,591 100 411 n.t. 64.78 0.02 

Happy Germany 426 79,299 31,052 160 565 n.t. 54.96 0.02 

Ginger Hungary 142.5 25,652 57,479 400 1,271 n.t. 45.22 0.02 

Palma Hungary 275 88,009 37,996 160 912 n.t. 41.69 0.02 

Gina Hungary 77.5 7,836 16,409 100 924 n.t. 17.77 0.06 

Lecso Hungary 70 11,041 37,344 80 2,199 < 10 16.99 0.06 

Buster Hungary 426 79,665 111,875 1,280 15,051 60 7.43 0.13 
TBEV 
+ WNV 

Chili Hungary 286 78,034 5,876 60 100,062 80 0.06 17.03 

Elli Romania 32.5 967 277 < 10 24,385 20 0.01 88.03 

W
N

V
 

Lady Hungary 115 310 2,126 < 10 66,295 160 0.03 31.18 

Tico Hungary < 19 381 1,207 < 10 26,651 30 0.05 22.07 

Cami Hungary 90 360 5,754 < 10 81,638 240 0.07 14.19 

Noir Romania 50 230 1,695 < 10 19,715 20 0.09 11.63 

Fee Romania 20 253 2,248 < 10 13,172 10 0.17 5.86 

Drazse Hungary 107.5 387 1,798 < 10 4,243 15 0.42 2.36 

Timmy Czech Republic < 19 811 2,658 < 10 5,818 < 10 0.46 2.19 

E
q

u
iv

o
c
a

l/
n

e
g

a
ti

v
e

 

Bella Romania < 19 248 1,923 < 10 2,789 < 10 0.69 1.45 

Anie Romania < 19 158 2,630 < 10 4,410 < 10 0.60 1.68 

Sziszi Hungary < 19 272 1,573 n.t. 324 n.t. 4.86 0.21 

Mara Hungary < 19 1,140 1,542 n.t. 613 n.t. 2.52 0.40 

Marc Romania 20 1,255 1,343 n.t. 690 n.t. 1.95 0.51 

Carlotta Germany < 19 348 1,314 n.t. 458 n.t. 2.87 0.35 

Ariel Portugal < 19 163 1,269 n.t. 690 n.t. 1.84 0.54 

Miro Romania < 19 1,137 272 n.t. 1,581 n.t. 0.17 5.82 

Zorro Romania 20 1,163 339 n.t. 608 n.t. 0.56 1.79 
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Abstract 

Background: Tick-borne encephalitis virus (TBEV) is a single-stranded RNA virus of 

the Flaviviridae family and the causative agent of tick-borne encephalitis. European 

strains are mainly vectored by Ixodes ricinus ticks. Besides small rodents, wild game, 

horses and humans, dogs are one of the species affected by TBEV. Clinical 

manifestations range from asymptomatic to febrile illness in the first phase and may 

result in severe neurological complications like meningitis, meningoencephalitis or 

meningoencephalomyelitis in a second phase in some individuals. This study 

investigates the presence of antibodies against TBEV in a cross-section of the canine 

population of Northern Germany to assess their level of exposure to TBEV. 

Results: We screened 399 dogs and 143 cats from non-endemic, low risk areas in 

Northern Germany as unselected inpatients of the small animal clinic in Hannover, 

Germany, for the presence of anti-TBEV antibodies in three different assay formats: 

ELISA, virus neutralization test and a newly developed luciferase immunoprecipitation 

system (LIPS) assay. 

ELISA detected three positive and three questionable results in the dog samples as 

well as two questionable results in the cat samples. Validation of the dog samples by 

LIPS and virus neutralization test resulted in four positive samples and a 

seroprevalence rate in dogs of 1 %. In contrast, no positive results could be confirmed 

for the cat samples. 

Conclusions: The LIPS assay is a useful tool for the detection of TBEV antibodies in 

dogs and correlates well with other serological methods. Antibodies against TBEV are 

detectable in dogs from non-endemic areas of Northern Germany at low prevalence. 

This suggests a potential use of pet dogs as a sentinel species for TBEV surveillance 

in low risk areas. 
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Background 

Tick-borne encephalitis virus (TBEV), a Flavivirus and member of the viral familiy 

Flaviviridae causes febrile illness in human individuals, which can be followed by 

encephalitis and severe neurological complications [1]. Flaviviruses are characterized 

by a lipid envelope covering an icosahedral capsid which contains the plus-stranded 

viral RNA. The viral genome is structured in one large open reading frame which is 

cleaved co- and posttranslationally into three structural (capsid (C), precursor 

membrane (prM), and envelope (E)) and seven non-structural proteins: NS1, NS2A, 

NS2B, NS3, NS4A, NS4B, NS5 [2, 3]. As most of flaviviruses, TBEV is spread through 

an arthropod vector and is therefore called an “arbovirus”. Ticks serve as amplifying 

host and transmit the virus from small mammals, its reservoir host, to humans. The 

virus is prevalent throughout the Eurasian continent and has been subdivided into 

three major distinct virus strains, the European subtype, the Far-Eastern subtype and 

the Siberian subtype [4]. Recently, two new subtypes have been characterized [5, 6]. 

In Europe, the so-called “European” virus strain is the most prevalent one, which is 

spread through the tick species Ixodes ricinus, while the other two subtypes are 

transmitted through Ixodes persulcatus. The virus is maintained between ticks and 

small mammals but can be accidentally transmitted to larger animal species, which are 

not assumed not support active TBEV replication and spread. However, prevalence of 

TBEV infection particular in deer species has been regularly used as indicator for TBEV 

circulation in restricted areas [7-9]. In Germany, the virus infection is unevenly 

distributed. While only few infections are encountered in the Northern part, the virus is 

highly prevalent in Southern Germany [10]. The majority of human infections occurs 

through tick bites [1], however, few outbreaks could be attributed to the consumption 

of unpasteurized milk products, particularly from goats [11, 12]. Clinical disease, if 

present, is characterized by a biphasic course of infection. First symptoms include 

fever, fatigue, headache, muscle pain and can be accompanied by vomiting. After a 

short symptom-free period, viral invasion of the central nervous system parallels 

progression of the disease to neurological complication involving meningitis to 

meningoencephalomyelitis [13, 14]. The case fatality rate following infections with the 

European subtype is estimated at 1-2 % [14]. 
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As mentioned, TBEV has a rather broad host range. Apart from wild and domestic 

ruminants, viral RNA and specific antibodies have also been detected in horses and 

dogs [15-18]. In particular, dogs are coming under focus, since they may present with 

similar clinical symptoms as human patients including encephalitis (reviewed by [18]). 

In these cases, suspected clinical diagnosis is supported by demonstration of rising 

antibody titres or post-mortem through visualization of viral antigen in brain tissues or 

detection of viral RNA [19-21]. However, TBEV infection might still be underdiagnosed 

and especially animals residing in Northern Germany are probably rarely submitted to 

laboratory examination. To estimate the virus prevalence in non-endemic area we 

conducted a serological study investigating TBEV reactive serum antibodies in dogs 

and cats. In contrast to direct virological testing, this approach enables identification of 

asymptomatic or past TBEV infections. First-line screening was accomplished with a 

TBEV ELISA, positive serum samples were further analyzed by a newly developed 

luciferase immunoprecipitation system (LIPS), and cell-culture based serum 

neutralization test.  

 

Results 

TBEV ELISA 

Out of n=399 canine serum samples, three samples (dogs #258, #283, and #403) 

showed a positive reaction with > 126 VIEU. Furthermore, three canine serum samples 

exhibited inconclusive test results during three consecutive ELISA runs (dogs #60, 

#101, #330). From n=143 feline serum samples, two sera yielded > 63, but under 126 

VIEU and were classified as inconclusive (figure. 1).  

 

LIPS and neutralization test 

ELISA-positive and borderline serum samples as well as an equal number of ELISA-

negative sera were subsequently examined by LIPS. All three ELISA-positive dog 

samples (#258, #283, #403) were reactive with three different TBEV antigenic domains 

in the LIPS assay (table 1, figure 2A). Additionally, one of the inconclusive samples 

(#330) tested positive for antibodies against all three antigens. The other two 
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inconclusive dog samples (#60, #101) showed slightly higher signals for NS1 or prM 

antigens, respectively, but remained below the cut-off for a positive test result (table 1, 

figure 2A). None of the ELISA-negative samples showed any reactivity by LIPS for any 

of the tested antigens. The ELISA-positive and inconclusive dog sera as well as one 

negative dog sample were additionally tested for neutralizing antibodies against live 

TBEV to confirm the results. The three ELISA- and LIPS-positive samples had 

neutralizing activities with antibody titers between 160 and 640, whereas the ELISA-

inconclusive, LIPS-positive sample (#330) exhibited a lower neutralizing antibody titer 

of 40 (table 1). The other samples did not show any neutralizing activities and were 

therefore confirmed to be TBEV antibody negative. 

For the cat sera, the two samples that tested inconclusive in ELISA along with six 

ELISA-negative samples were also tested against three TBEV antigens by LIPS. None 

of the samples showed any elevated luminescence signals, indicating a negative test 

result. The two samples with inconclusive ELISA results as well as one negative 

sample were additionally tested for the presence of TBEV neutralizing antibodies. All 

three samples returned negative results with no detectable neutralizing activity (table 

1). 

 

Assay comparison 

Of the three TBEV antigens, much stronger luminescence signals between 0.2 – 2.2 x 

105 RLU were detected for EDIII and NS1 compared to 0.5 – 1.8 x 103 RLU for prM, 

indicating a strong immunodominance of the two major antigens and a low diagnostic 

value of prM-specific antibodies. Two of the positive samples displayed higher 

luminescence signals for EDIII than for NS1, whereas the other two samples had 

opposite patterns. All four LIPS-positive samples were also confirmed by serum 

neutralization test for TBEV, the ‘gold standard’ of TBEV serodiagnostics that detects 

neutralizing antibodies directed against the E protein. This results in a TBEV 

seroprevalence of 1 % in dogs from Northern Germany based on the results of three 

independent serological assays. Interestingly, neutralization titers correlated well with 

the ELISA results as the inconclusive sample (#330) displayed the lowest neutralizing 

titer. In contrast, this sample showed higher reactivity for EDIII in LIPS than one other 



Manuscript III 

 
 

 
56 

 

sample (#403) with a higher neutralization titer. Furthermore, the inconclusive ELISA 

sample (#330) yielded a strong signal against the NS1 protein. Those specific reactions 

would have remained undetected in the LIPS assay for EDIII and the whole particle-

based ELISA, in which only the E and prM antigens are accessible. With either antigen, 

EDIII or NS1, the LIPS assay produced a higher sensitivity and specificity than the 

commercial ELISA and reached levels comparable to the virus neutralization test. 

 

Discussion 

Based on three different serological assays we determined a serological prevalence of 

TBEV in dogs from Northern Germany of 1 %. These results are in the expected range 

for untargeted screening of dogs with unspecific symptoms in regions with low risk of 

TBEV infection. A previous study from Saxony, an area with sporadic cases of TBEV 

reported a seroprevalence of 2.1 % in healthy dogs [22], while known TBEV endemic 

regions in North and Central Europe revealed prevalence rates between 3 and 6 % 

[23-25]. In contrast, canine seroprevalence rates of up to 40 % have been reported 

from areas with high risk of TBEV transmission [24].  

No anti-TBEV antibody positive samples could be confirmed among 143 feline 

samples. As published data on TBEV seroprevalence in cats is lacking, this may 

indicate a low importance of TBEV in cats or simply reflect the relatively small sample 

size. However, our results are in line with a previous communication that failed to 

detect any TBEV-specific antibody responses in cats [26]. The all-species TBEV ELISA 

detected three positive samples from dogs and five inconclusive samples, three in dogs 

and two in cats, respectively. In contrast, the newly developed LIPS assay clearly 

confirmed the presence of TBEV-specific antibodies in four samples, including the 

three ELISA-positive as well as one inconclusive dog sample. The TBEV E and NS1 

proteins are the immunodominant antigens and major targets of antibody-mediated 

immunity. While, the detection of antibodies against additional TBEV proteins, such as 

NS3 and NS5, has been described [27], they play a minor role in antibody-mediated 

immunity and are unsuitable as diagnostic markers. Results from the newly developed 

LIPS assay correlated well with data from ELISA and virus neutralization tests, 

suggesting its suitability for the detection of canine antibodies against TBEV. The LIPS 
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assay reached a higher sensitivity than the conventional ELISA without the need for a 

high containment laboratory. It is easily adaptable to the detection of antibodies from 

various animal species and allows parallel testing with multiple viral antigens. 

However, a full validation of the assay will have to be performed if its use is intended 

without additional confirmatory assays. 

None of the dogs that tested positive in the present study presented with clinical 

symptoms indicative of a recent TBEV infection. Along with the high antibody titers, 

this suggests a TBEV exposure that dates back some time and did not result in a 

severe course of disease in these animals. As viral RNA is only detectable by RT-PCR 

in a short early phase of the infection, the benefit of PCR screening of asymptomatic 

animals to determine viral prevalence is limited. In contrast, antibody screening can 

provide insights into exposure risks in non-endemic areas. Even in the absence of 

symptomatic disease, dogs mount robust antibody responses upon TBEV exposure 

lasting 9 months to life-long [18, 28]. However, to draw conclusions on a specific risk 

area, a potential travel history of seropositive dogs needs to be considered. 

 

Conclusion 

Despite regular tick infestation, TBEV does not seem to be of importance in cats. In 

contrast, dogs may be suitable sentinels in non-endemic areas based on the 

seroprevalence detected in Northern Germany in this study. No correlation with clinical 

signs could be detected in this study due to the small sample size. However, TBEV 

should be considered as a possible etiologic agent in dogs with neurological symptoms 

also outside of known risk areas. 

 

Methods 

Serum samples 

In total, n=399 canine and n=143 feline serum samples were collected from unselected 

inpatients of a university animal hospital located in Lower Saxony (Germany). Blood 
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samples were taken during the years 2016 to 2018. Sampling was approved by Lower 

Saxony's official authorities (LAVES AZ 16A077).  

 

TBEV antibody ELISA 

All serum samples were investigated by indirect ELISA (Immunozym FSME (TBE) IgG 

All Species, Progen) according to the manufacturer’s instructions. In this assay, serum 

antibodies bound to the TBEV antigen are detected by peroxidase coupled Protein G, 

making it a species-independent assay mainly identifying TBEV induced IgG 

molecules. Optical densities (OD) were read at 450 nm (Tecan Sunrise, Tecan) and a 

standard curve linking OD values obtained from calibrators included in the kit was 

created. With this, OD values from animals’ samples were correlated to the 

concentration of anti-TBEV IgG (VIENNA UNITS, VIEU) in the blood. Samples reacting 

positive (> 126 VIEU) or yielding borderline results (63 < VIEU ≤ 126) were re-tested. 

 

Luciferase immunoprecipitation system (LIPS) 

The mammalian expression plasmid pcDNA3.1/Zeo was modified to express a 

secreted Nano luciferase (secNLuc) downstream of the IL6 signal peptide (cloned from 

pNL1.3.CMV [secNluc/CMV], Promega) and upstream of a multiple cloning site for 

insertion of genes of interest to generate N-terminal secNLuc fusion proteins. For 

TBEV, the sequences pre-membrane (prM) as well as non-structural protein 1 (NS1) 

and domain III of the TBEV envelope protein (EDIII, aa 301-395) were cloned into the 

secNLuc vector and transfected into Cos-1 cells using TransIT-2020 transfection 

reagent (Mirus) following the manufacturer’s instructions. After 48 hours, the 

supernatant was collected and centrifuged for 5 minutes at 500 x g. The cell-free 

supernatant containing the luciferase-antigen fusion proteins was tested for Nano 

luciferase activity using the Nano-Glo luciferase assay system (Promega). For 

antibody testing, fusion proteins were normalized to contain between 0.5 and 1.0 x 106 

RLU. In the first step, 100 µl fusion protein was incubated with 1 µl of each serum 

sample for a final dilution of 1:100 for 1.5 hours at room temperature on a shaker. The 

reaction mixture was transferred and incubated for an additional hour in a filter plate 
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(MultiScreenHTS BV Filter Plate, Millipore) containing 10 µl of a 30 % slurry of protein 

A beads (Pierce™ Protein A Agarose, Thermo Scientific) suspended in PBS. Free 

unbound luciferase-tagged antigen was removed from the microtiter filter plate in five 

washing steps with 200 µl PBS per well each in a 96-well vacuum manifold. Finally, 

the relative amount of antibody bound to the Nano-luciferase antigen was determined 

by measuring the luminescence in a microplate reader (Tecan Infinite 200 pro). All 

samples were tested in duplicates. Luminescence values higher than the average of 

six samples with negative ELISA results plus five times the standard deviation (SD) 

were considered positive. Samples that generated signals higher than the average 

negative signal plus three SD were considered inconclusive. For the canine sera, a 

serum sample from a dog with confirmed TBEV infection was used as a positive 

control. 

 

Virus neutralization test 

BHK-21 cells were seeded in a 96 well plate at 8,000 cells per well 24 hours prior to 

infection. Serum samples were heat-inactivated at 56°C for 30 minutes. Starting at a 

1:10 dilution, the serum samples were serially diluted 4-fold for three further steps 

(1:10, 1:40, 1:160 and 1:640) in DMEM (+2 % FBS, 1 % penicillin, 1 % streptomycin 

and 1 % glutamine). TBEV corresponding to 400 tissue culture infectious doses was 

added to each diluted sample. Serum samples were incubated with virus for one hour 

before addition to the BHK-21 cells. The cells were incubated at 37°C and 5 % CO2 

and were monitored for cytopathic effects (CPE) for up to one week. Neutralizing 

antibody titers were defined as reciprocals of the highest serum dilution where no CPE 

was observed anymore. Each serum was tested in duplicates. 
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Figure 1. TBEV ELISA results. Calculated Vienna Units [VIEU] are plotted for both animal 

species investigated here. Three dogs showed positive results. Three dogs as well as two cats 

exhibited borderline results. Threshold values for inconclusive (63 VIEU) or positive (126 VIEU) 

results are depicted in green and red, respectively.  
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Figure 2. Results of the LIPS assay performed with three different TBEV antigens (EDIII, NS1 

and prM) for twelve canine serum samples (A) and eight feline serum samples (B). Dashed 

lines in corresponding shades of grey indicate the assay cut-offs that were empirically 

determined for each assay as the negative sample average plus five standard deviations. Four 

canine samples exhibited signals beyond the thresholds for all three tested antigens and were 

defined as positive hits, while all other samples yielded signals below the thresholds, 

respectively. TBEV, tick-borne encephalitis virus; EDIII, envelope protein domain III; NS1, non-

structural protein 1; prM, pre-membrane protein; RLU, relative light units; 
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Table 1. Summary of results for twelve canine and eight feline serum samples in three different 

serological assays: ELISA, LIPS for three TBEV antigens, and serum neutralization test. 

TBEV, tick-borne encephalitis virus; EDIII, envelope protein domain III; NS1, non-structural 

protein 1; prM, pre-membrane protein; SNT, serum neutralization test; n.t., not tested; SD, 

standard deviation; 
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6 General Discussion 

Flaviviruses represent an ongoing health risk, as several different flaviviruses are 

spread globally and lead to infections of hundreds of millions of people annually. Since 

the availability of specific antivirals and vaccines against human infections is limited for 

most flaviviruses, increasing numbers of flavivirus infections have been observed over 

the last decades, leading to a growing health problem in endemic countries. Therefore, 

ongoing flavivirus research is needed for adequate public health responses. This thesis 

includes improved methods for the inactivation of TBEV and the detection of TBEV and 

WNV-specific antibodies. These methods will facilitate future flavivirus research and 

surveillance, including investigations of immune responses and geographical spread 

of related flaviviruses circulating in Europe. 

6.1 Part 1: Improved inactivation methods for flavivirus research  

One objective of this study was to establish and improve different inactivation 

procedures for their ability to reduce TBEV titers and inactivate viral particles, to enable 

the analysis of virus samples in functional flavivirus research. TBEV must be handled 

in BSL-3 containment, which is effective in the control and safe handling of these 

agents, but hampers the implementation of complex downstream analyses due to 

limited laboratory space and availability of equipment in special containment 

laboratories. Thus, there is a need to develop robust and well-characterized 

inactivation methods to remove potentially infectious samples from BSL-3 containment 

laboratories to less constrained BSL-2 environments. Therefore, evaluations of 

different methods including heat inactivation, inactivation by treatment with low pH, 

alcohol, different detergents and UV irradiation were performed, showing that TBEV 

can safely be inactivated using a variety of procedures. This expands the previously 

very limited number of approved inactivation methods. Furthermore, some of the 

currently approved inactivation methods limit the use of samples by harsh treatment. 

In the work presented here, a broad spectrum of applicable methods for the safe 

inactivation of TBEV was validated that will facilitate the work at lower containment 

levels and allow more comprehensive downstream analyses of nucleic acids, proteins, 

cells and cell components. 

Heat inactivation is a widely used viral inactivation method that is effective against 

enveloped and non-enveloped viruses [1]. Viruses are inactivated by denaturing the 
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structure of the viral proteins and thereby affecting the attachment and replication of 

the virus. Flaviviruses are known to be susceptible to heat inactivation, as many 

standard protocols use heat inactivation at 56 °C for 30 minutes to inactivate viruses 

like YFV or WNV [2]. In our studies, TBEV was inactivated at 55 °C after five minutes. 

This shows a high susceptibility of TBEV to heat inactivation and saves time during 

TBEV heat inactivation in comparison to the standard protocols. By reducing the 

incubation time, heat inactivation is a very fast inactivation method without the need of 

adding components to the virus samples that might interfere with downstream analysis. 

In our experiments volume and sample composition did not show an influence on the 

inactivation, making heat inactivation a very straightforward inactivation method. This 

confirms the effectiveness and simplicity of heat inactivation as a commonly used 

inactivation method, e.g. for inactivation of serum samples. 

UV irradiation is another widely used method for the inactivation of different viruses, 

especially in blood safety [3]. UV light inactivates viruses by damaging the viral RNA 

through building pyrimidine dimers between neighboring bases, preventing the virus 

from replicating its genetic material. Flaviviruses are known to be susceptible to 

inactivation by UV irradiation. For example, ZIKV can be inactivated after 10 minutes 

of UV irradiation [4]. In our study, an irradiation of 30 minutes was required to inactivate 

TBEV. This shows a lower susceptibility of TBEV to UV irradiation in comparison to 

ZIKV under the chosen experimental conditions. Differences in incubation times 

needed for inactivation can be caused by the device that irradiates the UV light. 

Wavelengths and radiation doses will vary between different devices. Furthermore, a 

dependence on sample volume and composition was observed for UV inactivation, 

which compares well with published data that showed a reduction of the antiviral effects 

of UV light by optical absorption with increasing concentrations of serum or volume [4, 

5]. Thus, a re-validation for UV inactivation procedures is needed for larger sample 

volumes and samples that contain components like serum that might interfere with the 

irradiation. Despite the influence of sample volume and composition, the suitability of 

UV irradiation for TBEV inactivation was shown. This confirms the effectiveness of 

commonly used laboratory hygiene practices like UV irradiation of biosafety cabinets. 

Furthermore, this accords with several studies that examined the utility of 

photochemical treatments of blood products for the reduction of infectivity of 

flaviviruses like WNV [6, 7] or YFV [8]. Inactivation methods for blood products include 
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several specialized devices that inactivate virus particles by introduction of irreversible 

damage to the viral nucleic acid by UV light treatment in combination with photoreactive 

substances. Therefore, knowledge regarding the susceptibility of viruses to UV 

inactivation is of great importance.  

Treatment with low pH is known to inactivate flaviviruses by introduction of irreversible 

conformational changes of the E protein. During the natural replication cycle of the 

virus, these conformational changes lead to the fusion of the viral envelope and the 

endosomal membrane, resulting in the release of the viral nucleocapsid into the host 

cytoplasm. However, in the absence of a target cell membrane, this conformational 

change leads to the inactivation of the viral E protein. WNV and ZIKV were shown to 

be inactivated at pH 4 [4, 9], whereas TBEV required treatment at a pH of 3 in our 

studies. It is unclear, if this discrepancy is due to different pH requirements for the 

conformational change of the different E proteins or simply a reflection of experimental 

variation. Other external factors, such as temperature, are known to influence the pH 

and may account for the observed discrepancies. 

Alcohol inactivation is a commonly used method for disinfection of surfaces in 

laboratories. Inactivation of viruses with alcohol works by dissolving the lipid bilayer of 

the virus membrane and denaturing the viral surface proteins, which will become 

misfolded under non-aqueous conditions. Many viruses are known to be inactivated at 

different alcohol concentrations, including other flaviviruses like ZIKV, which was 

shown to be inactivated at 70 % alcohol concentration [4]. For TBEV alcohol 

concentrations of 30-40 % were sufficient for inactivation in our studies. This shows a 

high susceptibility of TBEV to alcohol inactivation and confirms the effectiveness of 

surface disinfection with high alcohol concentrations. Showing here that even lower 

concentrations of alcohol could be sufficient to inactivate TBEV on laboratory surfaces 

adds a level of confidence for handling TBEV samples.  

Detergents are known to inactivate viruses by different mechanisms. As many buffers, 

containing detergents are added to virus samples for further downstream analysis, 

knowledge about susceptibility of TBEV to inactivation by detergents is very 

informative. Inactivation through buffers can save time and material as extra 

inactivation steps can be avoided. An inactivation effect of buffers containing 0.05 % 

Tween-20 was described for WNV [10] and treatment of WNV with Triton X-100 yielded 
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an infectivity reduction, but not a complete inactivation [11]. In our study, this effect 

could be confirmed for TBEV at 0.05 % Triton X-100 but not for Tween-20. This might 

be due to reduced incubation times in our study or to different susceptibility of TBEV 

and WNV. Furthermore, 0.04 % SDS and 0.2 % deoxycholate were able to reduce 

infectivity of TBEV, showing that most of the tested components from buffers can 

inactivate TBEV. Triton X-100, Tween-20, SDS and deoxycholate have the ability to 

permeabilize membranes and can facilitate downstream extraction of cell components, 

as the first step for the extraction of nucleic acids or proteins always includes cell lysis. 

Nevertheless, effects of detergents on components of downstream analyses need to 

be considered to avoid interference. For example, SDS denatures proteins and 

therefore SDS inactivation should only be used, if proteins are not required in their 

natural conformation. Deoxycholate is not suitable for virus inactivation, if downstream 

analyses include the use of DNA, as it has been shown to damage DNA [12]. PFA as 

a chemical cross-linking reagent, inactivates viruses primarily by denaturing viral 

proteins and nucleic acids. Formalin or formaldehyde treatment is the most used 

technique for preparing inactivated virus vaccines and is routinely used for tissue 

fixation for histology or immunohistochemistry. For WNV, formalin treatments have 

also been used for producing inactivated WNV vaccines, but the reduction in infectivity 

was not described [13]. In our studies, 1 % PFA led to a reduced infectivity of TBEV 

but as low concentrations of PFA were found to lead to strong cytotoxic effects this 

complicates the use of PFA for downstream analyses involving living cells.   

The results of the inactivation studies compare well with published data on inactivation 

procedures with related flaviviruses like ZIKV or WNV. This shows that flaviviruses 

have similar susceptibility to different inactivation procedures. Given the significant 

similarity of flaviviruses in respect to structure and biochemical properties, this 

outcome fits our expectations. Furthermore, more distantly related viruses with similar 

structures, such as other lipid enveloped viruses, might be susceptible to the 

inactivation methods that were established for TBEV. Nevertheless, differences in 

required incubation times or concentrations of the substances show that results cannot 

be transferred that easily for related viruses and that methods need to be validated 

with the representative type species. This shows the importance of specific inactivation 

studies for different virus species. Therefore, this study evaluated minimal incubation 

times and concentrations for a safe inactivation of infectious virus particles of TBEV 
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using a variety of procedures that minimally interfere with downstream analyses. This 

knowledge will facilitate future TBEV studies by offering a broad panel of suitable 

methods to choose from for different applications. To our knowledge, no detailed 

inactivation study has been published that evaluates different methods for TBEV 

inactivation. Although this study offers different TBEV inactivation methods, individual 

validation under specific conditions will be required before application of these 

protocols. For individual validation all possible variables, including initial viral titers, 

protein concentrations of the virus suspension, virus type, sample volume and 

technical devices must be tested. Caution is also advised, because inactivation may 

be incomplete and small amounts of infectious virus could be sufficient to establish an 

infection after transmission to a susceptible host.  
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6.2 Part 2: Serological surveillance of emerging flaviviruses in Europe 

6.2.1 LIPS as a suitable new tool for serological detection of flaviviruses 

Flavivirus diagnostics are mainly performed by serological detection of flavivirus-

specific antibodies, due to low-level and short-term viremia of many flaviviruses, which 

limits usefulness of RT-PCR. Serological diagnosis is often based on assays that use 

whole virus or the structural E protein, which show limited specificity, due to high cross-

reactivity of some flavivirus antibodies. Therefore, SNTs are often needed to confirm 

flavivirus diagnostics. Furthermore, many of the currently available assays are limited 

to the detection of antibodies to a single antigen, not allowing for comparison of 

antibody reactivities against different antigens or testing for cross-reactivity. For this 

purpose, a species-independent LIPS assay was developed that has several 

advantages in comparison to currently used methods like ELISA or SNT. This new tool 

for flavivirus-specific antibody detection will facilitate future flavivirus surveillance 

studies and enhance our understanding of flavivirus immunology and epidemiology.    

In our studies, the LIPS assay was used to measure reactivities against several 

antigens of TBEV. It was possible to adapt the assay to the use of structural as well as 

non-structural proteins and protein domains. The assay was also applicable to the 

measurements of reactivities against related flaviviruses, including WNV and USUV. 

This confirms the LIPS assay as a versatile tool for the detection of antibodies against 

different infectious agents using a broad spectrum of antigens [14]. Using LIPS, it is 

possible to measure antibodies against a single antigen or to test for antibodies against 

a panel of different antigens. By comparing reactivities against different antigens, it is 

possible to find the immunodominant antigens. In all our studies, the highest reactivities 

could be observed against the E and NS1 proteins, confirming these two antigens as 

the immunodominant antigens and major targets of antibody-mediated immunity in 

flavivirus infections [15, 16]. Detection of antibodies against TBEV proteins like NS3 or 

NS5, which have also been described [17], could not be confirmed in our studies. This 

leads to the conclusion that antibodies against these antigens play a minor role in 

humoral immune responses and protection. 

During the establishment of the LIPS assay, the process was optimized for high-

throughput screening. Therefore, the coefficient of variation (CV) was calculated as an 

indicator for variability and robustness of the assay. The intra-assay CV (variation 
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between triplicates on one plate) was 21 %, indicating a relatively high variation on one 

plate, with the ideal range being < 10 %. The inter-assay CV (variation between three 

replicates on different plates) was 17 %, which is close to the ideal range of < 15 %. 

This shows that multiple replicates are needed to compensate the variation on a single 

plate. One challenge for the establishment of a LIPS assay for the detection of 

flavivirus-specific antibodies was to determine correct assay cut-offs to avoid false 

positive results and generate a correct classification of equivocal and positive results. 

Cut-offs determined by using the mean of the negative control plus 3 or 5 standard 

deviations (SD), as recommended by literature [14], proved to be insufficient for the 

elimination of false positive results. In our studies, this was not problematic because 

the gap between the highest titer values for negative sera and the lowest titer values 

for positive sera was substantial. Therefore, it was possible to differentiate between 

positive and negative results, without previously determined cut-offs. Nevertheless, a 

full validation with positive and negative controls should be performed to calculate 

correct cut-offs, especially when used as a stand-alone assay without additional 

confirmatory testing. 

Reports that indicated LIPS as a very sensitive and specific assay [14, 18, 19], are 

confirmed by the results of our own measurements. The TBEV-EDIII based LIPS assay 

showed a high sensitivity and correlated well with a commercial E protein-based 

ELISA. Furthermore, the specificity of the LIPS assay for the detection of antibodies 

against the E protein was higher, leading to the conclusion that the EDIII-based LIPS 

assay is a superior alternative for the screening of serum samples when compared to 

the TBEV ELISA assay. The relatively low specificity of ELISAs, shown in our as well 

as in other studies, proves that the use of ELISAs as a sole serologic diagnostic 

method is insufficient. This explains the need for SNTs to confirm flavivirus diagnoses 

[20]. Since neutralization assays are time consuming and dependent on special 

containment laboratories, there is a need for alternative flavivirus diagnostics with 

higher specificity. Our studies showed a comparable sensitivity and specificity of 

TBEV-NS1 and EDIII-based LIPS in comparison to SNT, suggesting LIPS as a 

possible alternative to SNT. The LIPS assay has advantages over the SNT, as it can 

be performed in short time using standard lab equipment under lower biosafety 

conditions. 
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Testing for antibodies against different antigens after TBEV infection allowed the direct 

comparison of EDIII and NS1 reactivities, which both led to sensitive detection of TBEV 

infections. The detected antibody levels suggest a similar immunogenicity of the NS1 

protein compared to domain III of the E protein, confirming the role of E and NS1 

proteins as main targets of humoral immune responses. Though historically the E 

antigen was most commonly used in flavivirus serodiagnostics, more recently a shift 

towards using the NS1 protein can be observed. Several studies have shown a 

reduced cross-reactivity for different flaviviruses and higher specificity of NS1-based 

serologic tests compared to E protein-based detection [21-23]. Furthermore, NS1 

allows a differentiation of natural infection versus vaccination, as NS1 specific 

antibodies are exclusively found in natural infections [24]. In our studies, anti-NS1 

antibodies allowed the serological distinction between TBEV and WNV infections by 

virus-specific ratios of NS1-based LIPS signals. The NS1 signal ratios led to a clear 

distinction in almost all cases, indicating a reduced cross-reactivity of NS1 antibodies 

compared to other assays which are based on whole virus or E protein [25]. This shows 

that NS1 is a suitable antigen for the detection of flavivirus-specific antibodies and for 

differentiation of TBEV and WNV in serological diagnostics. The only complication for 

differentiation between viruses was observed for high reactivities against both 

antigens. In these cases, high antibody titers against one virus may favor cross-

reactivity against another virus. Substantial cross-reactivity with pre-existing high 

antibody titers to TBEV were observed in DENV infected patients [26]. Furthermore, a 

double infection with two viruses at different time points, due to co-circulation of the 

viruses, can also explain these outcomes. A clear discrimination in these cases is not 

possible, though estimations based on NS1 signal ratio tendencies can be made.  

Screening for reactivities in samples from different hosts, showed that LIPS is a useful 

tool for the detection of TBEV antibodies in different species (dogs, cats, sheep and 

goats) that correlates well with other serological methods. The previous experience 

with this assay leads to the speculation that LIPS will be adaptable for other host 

species, including also humans. For surveillance of European flaviviruses, the LIPS 

assay needs to get tested and optimized further. One important objective is the 

evaluation of the signal ratio approach for application to other combinations of flavivirus 

NS1 proteins. It would increase the benefit of this diagnostic method, if a specific 

detection of antibodies against additional European flaviviruses was possible, e.g. also 
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including USUV. Furthermore, a combination of antigens in one sample could reduce 

workload and cost. A combination may be done by simply mixing different antigens for 

simultaneous testing for antibodies against one pathogen. By using several antigens 

for diagnostics, the sensitivity can be increased. This can be useful, if antibodies 

against one of the main antigens cannot be detected, while reactivities against other 

antigens are measurable. In our study this was observed in one case, where TBEV-

EDIII was inconclusive but TBEV-NS1 was highly positive (dog Cereja). Furthermore, 

by cloning antigens fused to different luciferases, it would be possible to simultaneously 

detect antibody titers against multiple flaviviruses or separate signals against several 

antigens of one virus in just one sample. The identification of species-specific epitopes 

is another way to further improve LIPS based flaviviruses diagnostics. For the 

identification of new epitopes, LIPS is an appropriate method, because conformational 

epitopes are better detectable when the recombinant proteins are tested in solution 

under mild conditions. Whereas solid-phase antigen assays like Western blotting, 

ELISA and protein arrays are limited in the detection of conformational epitopes, 

because antigens are immobilized directly to plates or membranes, preventing the 

proper presentation of many epitopes [14]. Furthermore, antigens for solid-phase 

assays are often produced in bacteria, which can lead to high signal-to-noise and 

signal-to-background ratios.  

The LIPS assay is going to improve the current diagnostic methods, by increasing the 

spectrum of antigens that can be measured and an increased quality of detected 

humoral immune responses, leading to more sensitive and specific testing. 

Furthermore, LIPS is shown to be a good alternative for currently used SNTs, 

facilitating specific diagnostics of flaviviruses for epidemiological research. Improved 

diagnostics for TBEV and other flaviviruses is crucial, as it provides important 

information for antigen discovery, vaccine monitoring and understanding of infectious 

disease pathogenesis. This is the basis for an adequate public health response, such 

as the implementation of surveillance programs. Hence, LIPS is thought to be a part of 

generalized disease surveillance technology [18]. Furthermore, detailed research into 

aspects of antigen detection or comparison of humoral immune responses under 

different conditions (different hosts, virus strains and after infections with different 

disease outcomes) will be feasible. Conclusively, these studies are expected to 

contribute to the scientific progress of flavivirus research and surveillance.  
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6.2.2 Surveillance of European flaviviruses in domestic animals 

One objective of this study was to contribute to the surveillance of European 

flaviviruses, which is needed to identify changes in pathogen distribution that provide 

early signals to public health officials. Therefore, sets of serum samples have been 

analyzed in different studies, including one study with dogs from different European 

countries, one study with cats and dogs from Northern Germany and one study with 

domestic ruminants from Germany. The detection of TBEV and WNV-specific 

antibodies in different host species and countries led to updated knowledge about the 

geographical spread of the viruses across Germany and Europe, including the 

identification of new potential risk areas for TBEV in Germany. Furthermore, the 

usefulness of dogs and small ruminants as sentinel species was evaluated during 

these studies. 

The presence of TBEV-specific antibodies was detected in dog samples from 

Germany, Czech Republic, Hungary and Portugal. These countries are known to be 

endemic regions for TBEV with the exception of Portugal [27]. In lack of information 

about the dogs, including their travel history, it is possible that the Portuguese dog 

travelled to a country where TBEV is prevalent. The data of the European study results 

in seroprevalences in dogs of 5.5 % in Germany and 2 % in Hungary and Europe 

overall, whereas the German study results in a seroprevalence of 1 % in dogs in 

Northern Germany. This shows that an untargeted screening of healthy dogs in regions 

with low to moderate risk of TBEV infections is suitable to detect specific antibodies 

against TBEV. The seroprevalences are in line with those reported by similar 

surveillance studies of TBEV in dogs [28, 29]. Detectable antibodies in dogs from non-

endemic areas of Northern Germany at low prevalence show a geographical spread of 

TBEV to more northern regions in Germany. In the past, only the southern parts of 

Germany were known as risk areas, but this changed during the last years as TBEV 

spread north-eastern and north-western, leading to the establishment of new risk areas 

[30]. These observations are in line with increasing numbers of case reports that 

described clinical TBEV in dogs with some coming from previously non-endemic 

regions [30]. The reasons for the spread of TBEV are not known in detail, but factors 

like climate change, increased expanse of cultivated land and rising numbers of people 

performing outdoor activities and travelling are discussed to have an influence. These 
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findings suggest a potential use of pet dogs as a sentinel species for TBEV surveillance 

in low risk areas, as this may provide insight into exposure risks in non-endemic areas. 

The presence of WNV-specific antibodies was detected in dog samples from Hungary 

and Romania, which are both known to be WNV endemic countries [27]. In Hungarian 

samples, antibodies against TBEV and WNV were detected, showing the co-circulation 

of the two viruses in this country. The calculated seroprevalences were in a range of 

1-2 %, which is a range that was also detected in recent surveillance studies for WNV 

in European dogs [31, 32]. Countries with low or moderate risk for TBEV or WNV as 

well as countries with co-circulation can be monitored by surveillance of dogs, as they 

display measurable antibody titers. Furthermore, by NS1-based LIPS assay, it is 

possible to distinguish between TBEV and WNV infections. 

TBEV in dogs is of special interest, because they show almost identical clinical 

symptoms to human patients with severe, often fatal, neurological manifestations due 

to encephalitis. However, high seroprevalence rates in some areas indicate that only 

a small proportion of infected dogs develops disease, whereas most infections remain 

asymptomatic [33, 34]. For WNV, dogs are known to be susceptible, but normally do 

not develop any symptoms [35]. Our studies proved that dogs can be infected by TBEV 

and WNV as antibodies against both viruses could be found in canine sera.  

Several studies on tick-borne diseases have argued that the use of sentinel species is 

rewarding, because dogs are good hosts for ticks, as they move through undergrowth 

and tall grass at the right height for tick nymph and adult attachment [36]. As dogs have 

close contact to humans and usually accompany their owners, they are regarded as 

valuable sentinels for human TBEV risk [37]. Therefore, detection of antibodies against 

TBEV in dogs can indicate a risk for humans, when passing through the same TBEV-

infected tick habitats, that lead to the infection of dogs [36]. In addition to TBEV, dogs 

can be screened for different flaviviruses, as serosurveys have also detected WNV, 

and USUV exposure in many regions worldwide [31]. However, as dogs often have a 

travel history, this must be considered when risk areas are assessed based on canine 

sera. Furthermore, background knowledge about the sampled dogs can be helpful for 

the evaluation of surveillance studies, as hunting dogs show significantly higher 

seropositivity compared to pet dogs and the number of positive samples increases with 

the age of the dog [36]. This shows that antibody responses in dogs can last several 
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months to lifelong upon TBEV exposure and can therefore accumulate in populations 

over time [33]. This may hamper surveillance because a rough time estimate of 

infection is required to judge the timeliness of data.  

We conclude that dogs can well be used as sentinels for monitoring the activity of 

emerging flaviviruses. Many European studies reported the use of dogs for 

surveillance of TBEV and WNV [28, 29, 31, 32, 36-38] and our data also showed 

successful serologic detection of these two infections in dogs. Especially in areas with 

only sporadic TBEV or WNV cases, surveillance of dogs might provide insights into 

virus spread and new potential risk areas. The sampling of dogs is easy compared to 

wild animals and can be combined with regular vet examinations. Therefore, gaining 

large sample sizes, which are needed for surveillance studies, should not be a 

problem. 

For cats, the relevance of TBEV infections is not known as no cases of TBEV infections 

in cats have been published to date. Our results are in line with this, because no 

antibody positive samples could be confirmed among our feline samples. This may 

indicate a low importance of TBEV in cats or an insufficient sample size to detect a 

positive result. However, it confirms results of a previous study that also failed to detect 

TBEV-specific antibodies in cats [37]. A study in China was able to detect WNV-

positive serum antibodies in cats, indicating that they could serve as effective sentinels 

for WNV surveillance [39]. Nevertheless, ongoing research is needed to evaluate the 

relevance of different flaviviruses in cats and their possible suitability as sentinel 

species.  

In addition to dogs, the presence of TBEV-specific antibodies was detectable in sheep 

and goats in our studies. The number of TBEV positive small ruminants was higher in 

TBEV risk areas compared to non-risk areas, showing a coincidence between districts 

with seropositive small ruminants and the occurrence of human TBE cases. This shows 

that small ruminants are suitable for the detection of TBEV risk areas. However, in 

some districts, TBEV infections could not be detected in small ruminants, although 

human cases were reported. In contrast, in some districts small ruminants tested 

positive without notified human TBE cases. This shows a changing pattern of TBEV 

circulation, including the spread of TBEV to Northern and Western Germany, leading 

to the establishment of new endemic areas. The observed spread of TBEV in Germany 
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is in line with other studies reporting TBEV spread to North-Eastern and North-Western 

Germany [30]. Other studies reported new TBEV foci in the Netherlands or Denmark 

[40, 41], showing that the virus spreads north, even in neighboring countries of 

Germany. Risk areas at the borders to Denmark or Netherland could not be confirmed 

in our study but a general north-western spread was shown.   

Our study indicates a short life span of TBEV antibodies of less than one year in most 

small ruminants. This might be advantageous for the detection of changing patterns of 

the pathogens’ existence in TBEV risk areas. Furthermore, it indicates that small 

ruminants can be successfully used for the detection of risk areas, as infections induce 

a detectable immune response, but usually do not cause clinical signs [42, 43]. Small 

ruminants as sentinels have the advantage of closely defined geographical locations, 

and they are easy to sample. In addition, they have close contact to ticks, if they live 

under extensive husbandry conditions outside. We conclude that small ruminants can 

be used as sentinels for monitoring the activity of TBEV. For ongoing surveillance of 

small ruminants, other flaviviruses may also have to be included as sheep are known 

to be susceptible to related viruses, e.g. WNV [44]. A simultaneous surveillance of 

multiple flaviviruses would increase the benefit of studies in small ruminants.  

Conclusively, our observations demonstrate the successful utilization of dogs for TBEV 

and WNV surveillance as well as small ruminants as sentinel animals for TBEV. In our 

studies, the detection of specific antibodies was possible in both species, proving this 

to be a suitable approach for examining the virus’ geographical spread. Data about 

changing patterns in animal surveillance are a great way to examine the risk for 

humans. Thereby, the implementation of preventive measures and primarily 

vaccination of humans may be enabled before human cases will emerge.  
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6.3 Concluding remarks 

This thesis revealed several methods for the inactivation of TBEV to enable analysis 

of virus samples in functional flavivirus research. A variety of procedures, including 

inactivation with heat, UV irradiation, alcohol, acidic pH and detergents is suitable for 

a safe inactivation of infectious virus particles of TBEV with little interference with 

downstream analyses. The results of these studies compare well with published data 

on inactivation procedures with related flaviviruses, showing that flaviviruses have 

similar susceptibilities to different inactivation procedures. Nevertheless, differences in 

required incubation times or concentrations of added substances show that methods 

need to be validated under specific conditions, before employing these protocols. 

A luciferase immunoprecipitation system assay was established for the detection of 

TBEV and WNV specific antibodies. LIPS was shown to be more specific than 

commercial ELISAs and shows comparable sensitivity and specificity to neutralization 

assays. Therefore, LIPS is shown to be a good alternative for currently used serological 

assays. Furthermore, a discrimination between TBEV and WNV based on antibodies 

against the NS1 protein was possible. The LIPS assay is suitable for the detection and 

differentiation of TBEV and WNV in serum samples from different hosts and will 

facilitate specific diagnostics of flaviviruses for epidemiological research. By analyses 

of different host samples, the presence of TBEV-specific antibodies was detected in 

samples from Germany, Czech Republic and Hungary, whereas the presence of WNV-

specific antibodies was detected in samples from Hungary and Romania. Furthermore, 

for TBEV, a spread to Northern and Western Germany was observed, leading to the 

establishment of new endemic areas. In our studies, the detection of specific antibodies 

was possible in dogs and small ruminants, suggesting their potential use as sentinel 

species for TBEV and WNV surveillance in low risk areas. For future studies, this 

method can be used to gain more knowledge about flavivirus transmission, antibody 

responses in different hosts as well as the geographical spread of different European 

flaviviruses. Thereby, this thesis is expected to contribute to the scientific progress of 

flavivirus research and surveillance. It will help alleviate the extensive threat of 

flaviviruses in the coming years. 
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