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Summary  

 

CHARACTERISTICS OF LIVE VIRUS-INDUCED IMMUNITY AGAINST TICK-BORNE 

ENCEPHALITIS  

Monique Petry 

 

Tick-borne encephalitis virus (TBEV) is a zoonotic virus, that belongs to the family 

Flaviviridae. It is primarily transmitted by ticks, in rapidly increasing risk areas in Europe and 

Asia. In a minority of infected individuals, the virus can induce severe diseases such as 

encephalitis, meningitis or meningoencephalitis even leading to death. Those patients, who 

survive severe neurological illness, may display temporary or life-long sequalae such as paresis 

of extremities, Kozhevnikov epilepsy or memory and concentration impairment. Currently, the 

options for pharmaceutical intervention strategies are limited with no specific antiviral 

treatment available. Formalin-inactivated whole-virus vaccines have been developed but time-

consuming vaccination schedules and periodic boosters are necessary to maintain adequate 

immunity, which however does not fully prevent occasional breakthroughs. In an attempt to 

establish a different vaccination strategy, the use of the low-virulent closely related flavivirus 

Langat virus (LGTV) was explored as a live-attenuated vaccine in the Soviet Union in the 

1970s. After cases of encephalitis were reported among 1 in 20,000 vaccinated participants, the 

clinical use of LGTV as a potential live vaccine was stopped. LGTV-driven correlates of 

protection against TBEV were never thoroughly investigated.   

The first part of this thesis focuses on LGTV-driven protection from subsequent TBEV 

challenge in mice. We showed total protection from lethal TBEV (Hypr strain) challenge upon 

immunization with LGTV or a naturally avirulent TBEV strain (TBEV-280) in mice. Although 

immunized mice were protected from a lethal infection, development of clinical symptoms and 

infection of peripheral organs, TBEV RNA was still detected by quantitative real-time PCR in 

the central nervous system (CNS). However, no TBEV antigen could be detected in these 

protected mice by immunofluorescence, using a TBEV E-protein specific antibody. 

Nevertheless, indications of a past virus infection such as gliosis, neuronal necrosis or 

inflammation were detected. This led to the conclusion that LGTV and TBEV-280 

immunization induced protection from lethal TBEV infection but did not fully induce protection 
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from virus entry into the brain. These findings are of particular interest in the light of 

vaccination breakthroughs of TBEV infection that have been reported in vaccinated individuals. 

In the second part of this thesis, we investigated correlates of protection against TBEV 

infection, induced by low-virulent LGTV infection. To this end, an adoptive transfer was 

carried out with sera and individually collected CD3+, CD4+ and CD8+ T cell populations from 

LGTV-immunized mice prior to fatal TBEV Hypr challenge. This allowed us to identify serum 

containing virus-neutralizing antibodies as a major correlate of protection from fatal and clinical 

disease. However, transfer of the respective T cell populations from the immunized mice failed 

to provide such protection. The reason for this is not completely clear and could be attributed 

to several factors such as too high a dose of virus or limited frequency of virus-specific T cells 

that were transferred. Both options are currently being investigated.  

The third part of this thesis, focuses on the establishment of a reverse genetics system of 

LGTV TP21. We successfully cloned and rescued infectious particles from an RNA template. 

This provides a valuable tool for further studies into the potential of live-attenuated vaccine 

candidates for TBEV infection. With the advent of this reverse genetics system several 

additional opportunities such as genome modifications and insertion of reporter proteins will 

pave the way for investigating dynamics and localization of flavivirus infections.  

In sum, these studies provide leads for our understanding of limitations associated with the 

use of LGTV as a live-attenuated vaccine against TBEV infection, by demonstrating 

pathological consequences of apparently asymptomatic TBEV infection of the murine CNS. 

An adoptive transfer study identified serum containing LGTV-neutralizing antibodies as a 

correlate of protection from TBEV infection. Finally, the LGTV reverse genetics system 

developed in this study will not only allow us to contribute to the development of a live-

attenuated vaccine candidate for tick-borne encephalitis but will also create novel opportunities 

for investigating flavivirus infections.  
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Zusammenfassung  

 

CHARAKTERISTIKA VON LEBENDVIRUS-INDUZIERTER IMMUNITÄT GEGEN 

FRÜHSOMMER-MENINGOENZEPHALITIS 

Monique Petry 

 

Das Frühsommer-Meningoencephalitis Virus (FSME) ist ein zoonotisches Virus, das sich in 

die Familie der Flaviviridae eingliedert. Das Virus wird hauptsächlich über Zecken, in schnell 

wachsenden Risikogebieten in Europa und Asien übertragen. Bei einem geringen Teil der 

infizierten Patienten kann die Infektion zu Enzephalitis, Meningitis, Meningoenzephalitis oder 

sogar zum Tod führen. Patienten, die einen schweren neurologischen Verlauf überlebt haben, 

können temporäre oder lebenslange Folgeerkrankungen wie z.B. Parese von Extremitäten, 

Kozshevnikov’s Epilepsie oder auch Gedächtnis- und Konzentrationsschwächen entwickeln. 

Gegenwärtig sind die möglichen pharmazeutischen Behandlungsstrategien limitiert und keine 

spezifische, antivirale Therapie vorhanden. Auf dem Markt sind aktuell lediglich Formalin-

inaktivierte Ganzvirus-Impfstoffe erhältlich, die einen aufwändigen Impfplan und regelmäßige 

Auffrischimpfungen erfordern, um eine dauerhafte Immunität sicherzustellen. Zudem wurde 

von gelegentlich auftretenden Krankheits-Durchbrüchen trotz Impfung berichtet. In den 1970er 

Jahren wurde in der Sowjetunion eine klinische Studie durchgeführt, in der Langat Virus 

(LGTV), ein niedrig pathogenes, nahverwandtes Flavivirus, als lebend-attenuierter Impfstoff 

getestet wurde. Die klinische Stude wurde gestoppt, nachdem bei 1 von 20.000 geimpften 

Freiwilligen eine Enzephalitis diagnostiziert wurde. Die LGTV-induzierte protektive 

Immunantwort gegen FSME wurde nie tiefergehend untersucht.   

Der erste Teil dieser Doktorarbeit fokussiert sich auf den LGTV-induzierten Schutz vor einer 

FSME-Infektion in der Maus. Wir konnten nach einer Immunisierung mit LGTV bzw. einem 

avirulentem FSME Stamm (FSME 280) einen vollständigen Schutz vor einer letalen FSME-

Infektion (Stamm Hypr) in Mäusen nachweisen. Obwohl die immunisierten Mäuse vor einem 

tödlichen Krankheitsverlauf, dem Auftreten klinischer Symptome und vor Infektionen der 

peripheren Organe geschützt waren, konnte mittels quantitativer real-time PCR dennoch FSME 

RNA im zentralen Nervensystem (ZNS) nachgewiesen werden. Trotz der detektierten FSME 

RNA konnte mit einem FSME E Protein-spezifischen Antikörper per Immunfluoreszenz-
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Färbung kein FSME-Protein in den immunisierten Mäusegehirnen nachgewiesen werden. 

Dennoch wurden Indikatoren für eine zurückliegende Virusinfektion wie Gliose, neuronale 

Nekrosen und Entzündungen mittels Hämatoxylin-Eosin-Färbung detektiert. Daraus 

schlussfolgerten wir, dass die Immunisierung mit LGTV oder FSME 280 vor einer tödlichen 

FSME Hypr Infektion schützen kann, jedoch keinen vollständigen Schutz vor einer Infektion 

des Gehirns bietet. Diese Erkenntnisse sind angesichts der Krankheits-Durchbrüche von FSME-

geimpften Personen von besonderem Interesse. 

Im zweiten Teil der Arbeit haben wir die LGTV-induzierte protektive Immunantwort gegen 

FSME genauer untersucht. Aus diesem Grund wurden Serum sowie CD3+, CD4+ und CD8+ 

T-Zell Populationen von LGTV-immunisierten Mäusen in naive Mäuse transferiert und diese 

anschließend mit einer tödlichen FSME Hypr Dosis injiziert. Dieser Versuchsaufbau 

verdeutlichte, dass Serum und die darin enthaltenen neutralisierenden Antikörper vor einem 

klinischen Krankheitsverlauf und einem tödlichen Ausgang schützen können. Der Transfer der 

T-Zell Populationen von LGTV-immunisierten Mäusen lieferte jedoch keinen solchen Schutz. 

Die Gründe hierfür sind nicht abschließend bekannt und können vielfältig sein. Die mögliche 

Ursache einer zu hohen Virus-Dosis in Kombination mit einer zu niedrigen Anzahl an 

transferierten virus-spezifischen T-Zellen wird aktuell untersucht.   

Der dritte Teil der Arbeit widmet sich eines Reversen Genetik Systems für LGTV TP21. 

Infektiöse Viruspartikel konnten bereits erfolgreich aus dem RNA-Template generiert werden. 

Das Reverse Genetik System stellt ein nützliches Hilfsmittel für weitere Studien zu einem 

möglichen lebend-attenuierten Impfstoff gegen eine FSME-Infektion dar. Darüber hinaus 

ermöglicht dieses Reverse Genetik System beispielsweise über Genom-Modifikationen und das 

Einfügen von Reporter-Proteinen die Untersuchung der Dynamik und Lokalisation von 

Flavivirus-Infektionen. 

Zusammenfassend liefern diese Studien Hinweise darauf, dass es nach einer vermeintlich 

asymptomatischen FSME-Infektion in der Maus, zu pathologischen Konsequenzen im ZNS 

kommen kann. Dieses Wissen führt zu einem besseren Verständnis der Limitierungen für den 

Einsatz von lebend-attenuierten Impfstoffen wie LGTV. Die adoptive Transfer Studie 

identifizierte LGTV-induzierte kreuzprotektive Antikörper bereits als einen wirksamen Schutz 

vor einer klinischen FSME-Manifestation. Das etablierte Reverse Genetik System wird nicht 

nur dazu beitragen, Informationen für einen möglichen lebend-attenuierten Impfkandidaten für 

FSME zu generieren, sondern ermöglicht ebenfalls neue Möglichkeiten zur Untersuchung von 

Flavivirus-Infektionen. 
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Chapter 1 

General Introduction 
 

 

1. GENERAL INTRODUCTION 

1.1. TICK-BORNE ENCEPHALITIS VIRUS 

1.1.1.  History and classification  

Tick-borne encephalitis (TBE) is a disease caused by tick-borne encephalitis virus (TBEV). 

In the early 1930s, several researchers participated in expeditions by the USSR Ministry of 

Health to study an unknown disease causing acute central nervous system problems associated 

with high mortality. Professor Lev Zilber, one of the researchers, discovered the source of 

disease and found that the virus was transmitted by tick-bite. Upon the discovery, TBE was 

named “Russian Spring and Summer Encephalitis” (1,2).  

TBEV is classified within the genus Flavivirus belonging to the family of Flaviviridae. This 

genus includes more than 50 virus species which are primarily transmitted by ticks or mosquitos 

in which they also replicate and are therefore called arthopode-borne or arboviruses. In addition 

to TBEV, several flaviviruses are circulating with major impact on human health like dengue 

virus (DENV), West Nile virus (WNV), yellow fever virus (YFV). Zika virus (ZIKV) or 

Japanese encephalitis virus (JEV)  (2,3).  

1.1.2. TBEV genome and proteins 

TBEV is a positive-sense, unsegmented, single-stranded RNA virus with a membrane-

envelope. Mature, infectious TBEV virions have a 50 nm spherical shape with a smooth surface. 

The genome is 11 kilobases long and consists of one open reading frame (ORF). TBEV genome 

is flanked by a 5’cap which is important for the translation and mRNA stability and is lacking 

a polyadenylated tail on 3’end. The ORF is coding for a single polyprotein which is flanked 

with untranslated regions at 5’ and 3’ end. The polyprotein is co- and post-transcriptionally 

cleaved into three structural proteins: the capsid protein (C), envelope protein (E) and 

membrane protein (M; cleaved from precursor membrane protein prM) and into seven non-

structural proteins (NS): NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5. In a mature virus 
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particle, M and E proteins are embedded into a host-derived lipid membrane (4–7). By cryo-

electron microscopy a herrings-bone pattern on the surface is visible, which is often found in 

flaviviruses. These herring-bone patterns are formed by three hetero-tetramers and one hetero-

tetramer is hereby constructed of two E and two M proteins (8). Besides of shaping the TBEV 

surface, E proteins serve a crucial role for virus entry. The E protein consists of three subunits: 

1. central ß barrel (domain I), 2. dimerization region of two E proteins (domain II) and 3. a C-

terminal immunoglobulin-like structure (domain III) (9). Domain II has a hydrophobic loop 

which is essential for the fusion of the virus with the endosome of the host and therefore the 

release of the viral genome into the host cytoplasma. The loop structure is protected in a pocket 

from domain I and III (8). M proteins are smaller than E proteins and serve as stabilizing 

structures, supporting E protein interactions. M proteins have a special function during viral 

maturation of TBEV particles, which is described in detail in the next chapter (4). The C protein 

is associated with the genome and forms the nucleocapsid. Additionally, C protein functions 

during viral uncoating and RNA synthesis/packaging have been reported (10,11). NS1 is a 

highly conserved protein within flaviviruses which exists in a secreted hexamer and 

intracellular dimer form. While the secreted form is released to influence the mammalian 

complement system and can be used as a diagnostic marker for early infections, the intracellular 

form is important during viral replication (12,13). Additionally, it is discussed as potential 

TBEV vaccine target since mice studies revealed prolonged survival after NS1 antigen 

injections. NS1 proteins were also detected in the current TBEV vaccine Encepur® 

(GlaxoSmithKline) by mass spectrometry. Zika patients revealed long-lasting NS1-specific IgG 

antibody responses while murine models yielded promising data of NS1 being crucial for Fc-

dependent cell-mediated immunity (14,15). Both NS2 proteins are integrated into the 

membrane. While NS2A, NS4A and NS4B are needed during immunomodulation and 

replication, NS2B builds a complex with NS3. This complex is responsible for the cleavage of 

the polyprotein by viral mediated helicases and proteases and therefore also contributes to the 

formation of virus particles and RNA replication (5,13,16). NS5 has RNA-dependent RNA 

polymerase and methyltransferase activities, both of which are necessary for viral replication 

(Figure 1) (17,18).  
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Figure 1. Schematic overview of TBEV polyprotein demonstrating cleavage into single proteins 

(capsid protein (C), envelope protein (E), membrane precursor protein (prM) and non-structural 

proteins 1-5 (NS1-5).  

 

1.1.3. Virus replication 

TBEV enters the cell by receptor-mediated endocytosis on the cell surface. Known TBEV 

mammalian receptors are αVβ3 integrin and laminin-binding protein, next to these a large list 

of possible candidates for TBEV and LGTV was recently published (19) which are under 

investigation (20,21). The low pH in late endosomes triggers the conformation of the E protein, 

leading to fusion with the endosomal membrane and release of the nucleocapsid into the 

cytosol. Endoplasmatic reticulum (ER) invaginations incorporate translation into a single 

polyprotein which will get cleaved into individual proteins by viral and host enzymes. Particles 

are budding though the ER membrane and forming immature virus particles out of prM-E 

dimers on the surface. These dimers are crucial to prevent premature fusion by covering the 

fusiogenic loop of the E protein with pr peptides. Immature particles go through Golgi apparatus 

and finally cross the trans-Golgi network with its low pH. The pH shift triggers a 

conformational change from immature to pre-mature particles by activating furin proteases 

which cleave the pr part from the M protein. The pr peptides are still slightly attached to the 

dimers to cover the fusion loop till they finally dissociate by exocytosis into the extracellular 

space (13,22).  
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Figure 2. Schematic overview of TBEV replication cycle within host cells. Figure was prepared in 

part using Biomedical PowerPoint Toolkits for Presentations (MOTIFOLIO). 

 

1.1.4. TBEV transmission 

The main tick species spreading TBEV are Ixodes ricinus in Europe and Ixodes persulcatus 

in Russia and Asia, but more than 20 tick species have been identified to transmit the virus. The 

most relevant TBEV transmission route in nature appears to be horizontal transmission by blood 

meals on viremic animals. Nevertheless, vertical transmission (trans-ovarial and trans-stadial) 

between adults, nymphs, larvae and eggs has been proven. Reservoir hosts of TBEV are rodents 

or small insectivores although roe deer and even birds have also been considered. Additionally, 

ticks can be their own reservoir host by co-feeding on the same vertebrate. This is even possible 

in the absence of viremia, through viral replication in immunocompetent skin cells. Humans 

are accidental hosts through infection by a tick bite or by the consumption of unpasteurized 

milk products from infected livestock like cattle, goat or sheep (23–26).   
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1.1.5. TBEV infection of the host 

The first protective host barrier (skin) is overcome by tick bite and injection of TBEV with 

the saliva. Tick saliva contains molecules which influence the host defenses of adaptive and 

innate immunity, inflammation, itch, pain and wound healing (27). First TBEV targets are 

neutrophils and migratory dendritic cells of the skin (Langerhans cells) where it starts 

replicating. Migratory monocytes and macrophages have been discussed as transporters of the 

virus to local lymph nodes (28–30). In lymph nodes, the virus triggers the immune response 

which can either lead to virus clearace resulting in seroconversion without clinical symptoms, 

or to insufficient virus clearance leading to seroconversion with continued virus replication and 

viremia. During viremia, TBEV infects peripheral organs and reaches the blood-brain barrier 

(BBB) before it eventually may infect the brain. Knowledge about how TBEV crosses the BBB 

is still largely lacking (22,31). Currently, four potential mechanisms of TBEV CNS entry are 

under investigation: (I) The “Trojan horse” theory which implies crossing BBB inside immune 

cells (32,33), (II) cytokine-mediated BBB disruption (34,35) (III) the olfactory epithelium route 

(22,36) and (IV) transcytosis through endothelia cells and release of viral particles into the 

parenchyma (37). Primary human brain microvascular endothelial cells, the main cell type of 

the BBB, can be infected with TBEV in vitro. After infection, tight junction proteins are still 

intact, indicating that the BBB is crossed by transcellular pathways without disturbing the 

monolayer’s integrity (37). Experimental TBEV infection of mice revealed that BBB 

breakdown had happened when high viral titers are found in the brain. It was however 

demonstrated that BBB breakdown was not necessary to enter the brain, but could rather be a 

consequence of upregulation of proinflammatory chemokines and cytokines leading to BBB 

permeability (38). These studies have revealed the first insights into possible infection routes, 

nevertheless further research to clarify this issue is needed. For other flaviviruses such as JEV, 

ZIKV and WNV, knowledge about the mechanisms of brain entry pathways is also lacking. 

First reports indicate that it is not by disruption of the BBB as reported in the TBEV studies 

(39–41). 
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1.2. TICK BORNE ENCEPHALITIS  

1.2.1. Epidemiology 

Endemic areas of TBE are Europe, China, Siberia, Russia and Japan, with more than 10,000 

reported clinical cases annually in Asia and Europe together. The risk areas are growing and 

case numbers are likely underestimated due to different regulations of disease notification in 

the respective countries (42). The European Union is counting 26 counties with reported TBE 

cases and a notification rate of 0.4-0.6 cases/100,000 people (43). Within the risk areas, five 

TBEV subtypes have been identified so far. The European (TBEV-Eu), Siberian (TBEV-Sib) 

and the Far-Eastern (TBEV-FE) subtypes are the main subtypes, while the Himalayan and 

Baikalian subtypes have been discovered recently (44–46). While TBEV-Eu can be found in 

Europe and Russia, TBEV-Sib and TBEV-FE are circulating mostly in Asia and some parts of 

Russia. In some regions like Ukraine or Siberia, multiple subtypes may co-exist (6).  

1.2.2. Clinical manifestation 

The clinical outcome of TBEV infection is largely subtype-dependent. While TBEV-Eu 

shows a biphasic pattern, TBEV-Sib and TBEV-FE show a monophasic pattern. TBEV-Eu and 

TBEV-Sib infections cause milder symptoms with a lower lethality (1-2%) than TBEV-FE 

infection, which causes the highest fatality rates (20-40%) and the most severe neurological 

manifestations. TBE has a 7-14-day incubation time. Frist symptoms can be mild fever, 

headache, muscle pain in the back or vomiting. In the biphasic pattern, symptoms disappear for 

2-10 days before neurological symptoms may appear. Neurological symptoms can be 

encephalitis, meningitis, myelitis, radiculitis or a combination of those often with high fever. 

In the most severe cases patients develop chronic diseases because of neurological damage 

within the brain or spinal cord. These can be temporary or remain permanently. Known long-

term symptoms are: Kozshevnikov’s epilepsy, hyperkinesia, paresis of extremities, vestibular 

disorders, hearing disorders but also issues with concentration and memory function. The 

clinical manifestation of TBEV is highly variable between the patients. While most of the 

patients are asymptomatic, some develop a first onset of symptoms only and others show severe 

infections of the central nervous systems (CNS) with live-long sequelae (2,7,47). Regardless of 

the virus subtype, patient-related factors such as age, acquired viral dose and immune status 

play an important role, with general health being another important factor to limit disease 

development (6,7).  
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1.3. TBE VACCINES AND ANTIVIRAL TREATMENTS 

1.3.1. Available vaccines and their challenges 

The best way to prevent TBE is getting vaccinated. Currently, six TBEV vaccines are 

available worldwide, directed against different TBEV subtypes. FSME-IMMUN® (Pfizer, 

USA; Neudörfl strain) and Encepur (GlaxoSmithKline plc, United Kingdom; K23 strain) are 

based on TBEV-Eu and are licensed for the European market. Four other vaccines based on 

TBEV-FE are Tick-E-Vac (FSBSI Chumakov FSC R&D IBP RAS, Russia; Sofjin strain), TBE 

vaccine Moscow (FSBSI Chumakov FSC R&D IBP RAS, Russia; Sofjin strain) and EnceVir 

(Microgen-Branch FSUC “SIC” Microgen of MOH, Russia; strain 205), all of which are 

licensed in Russia, as well as SenTaiBao (Changchun Institute of Biological Products Co., Ltd, 

China, Sen-Zhang strain) which is licensed on the Chinese market. All vaccines are inactivated 

whole-virus vaccines grown on primary hamster kidney cells (China) or primary chicken 

embryonic cells (Europe, Russia). Independent of the administered vaccine, the immunization 

schedule is time-consuming which is one of the challenges to fight TBEV efficiently. All 

vaccines need three doses plus boosters every 5-10 years to maintain protection (5,6,48). 

Studies investigating cross-protection between these vaccines revealed that TBEV-EU 

vaccinees are also protected against TBEV-Sib and TBEV-FE as well as against close relatives 

like Omsk hemorrhagic fever virus (49).  

Besides the challenging immunization schedule, vaccination coverage is of major concern in 

many areas. Even in endemic areas the vaccination rate is usually low and immunization 

schedules are often incomplete. Vaccination rates in endemic areas of Europe are 13-27% in 

Germany, 11% in Sweden, 23% in Czech Republic or 5-15% in Hungary (6). A vaccination 

coverage of 88% in Austria resulted in a 90% reduction of clinical TBE cases compared to pre-

vaccination era (50), demonstrating the importance of vaccination. Besides the complicated 

vaccination schedule, current TBE vaccination strategies may be associated with vaccine 

breakthroughs. Breakthrough cases are rare (1-2%) and more frequently found in patients older 

than 50 years or with incomplete immunization schedules. Recent studies have also revealed a 

more severe outcome of TBE in vaccinated breakthroughs compared to unvaccinated subjects 

of the same sex and age. Explanations for this phenomenon are lacking and further 

investigations are needed (51,52).   
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1.3.2. Antiviral treatments and new targets 

Currently, no specific antiviral treatments are available on the European market, leaving 

symptomatic treatment as the only option. This clearly demonstrates the need for further 

research on this topic. Currently under investigation are the use of recombinant antibodies, 

nonspecific immunoglobulins, specific anti-TBEV immunoglobulins as well as small antiviral 

molecules and interferon inducers. All of these are still at the basic research level or in pre-

clinical models and not approved for clinical administration in humans (6,53).  

1.3.3. LGTV as a live attenuated vaccine candidate 

In the 1970s, the use of LGTV strain TP21 was explored as a non- or low-pathogenic virus 

to vaccinate against TBE. The promising variant Elantcev 15-20/3 was already administered to 

more than 640,000 volunteers in Russia. Nevertheless, the vaccination demonstrated two 

problems: firstly, vaccinees had an incidence of vaccine-associated encephalitis of about 

1:20,000 and secondly, vaccination with live attenuated virus did not provide full protection 

against TBE (2,54). One possible explanation for the latter phenomenon is too low of an 

antigenic cross-reactivity between both viruses, since both viruses share between 82 and 88% 

amino acid identity (2). Despite the failure of using LGTV as a live-attenuated vaccine in the 

1970s, underlying mechanism have barely been studied as will be described in more detail in 

the following chapter.  
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1.4. IMMUNE RESPONSE AGAINST TBEV  

1.4.1. Innate and adaptive immune response 

The immune system can be divided into two pathways of protection: the innate and the 

adaptive immune response. Innate immunity is a defense mechanism that uses a fast response 

fighting infection by pathogen-unspecific methods. These can be divided into anatomic barriers 

(mucous membranes, skin), physiological barriers (pH, temperature, chemical agents like 

interferon or lysozyme) inflammatory barriers and phagocytic/endocytic barriers. The fast 

response of the innate immune system is driven by pattern recognition receptors (PRRs) located 

on immune cells detecting pathogen associated molecular patterns (PAMPs). Rapid recruitment 

of immune cells and inflammation (triggered by cytokines and chemokines) is initiated at the 

site of infection. Cytokines activate cellular responses as well as local or systemic 

inflammation. Important cells of the innate immune system are dendritic cells, natural killer 

cells (NKc), eosinophils, basophils, innate lymphoid cells and phagocytes. The latter can be 

divided into neutrophiles and macrophages, both capable of killing pathogens by phagocytosis. 

Macrophages have an additional role for the adaptive immunity as antigen presenting cells 

(APCs) to T cells. This is also the case for dendritic cells which can phagocytose pathogens and 

act as APCs. The complement system, a biochemical cascade, has a special role in this process 

by recruiting more APCs to the infection or the resulting injury. Through the detection of 

pathogens, it additionally triggers adaptive immune response. In the case of viral infections, 

NKc may be important since they release granzymes and perforins, which induce apoptosis in 

infected cells. Through the release of Interferon-gamma (IFN-γ), more APC’s are mobilized 

(55–57).  

The adaptive immunity is the pathogen-specific response which can be divided into the humoral 

und cellular immune response. Its main function is to detect and discriminate foreign antigens, 

eliminate them, and generate an immunological memory. Cellular immune response is 

characterized by T cells expressing T cell receptors (TCR) which detect antigens on the surface 

of APCs (B lymphocytes (B cells), fibroblasts, dendritic cells, macrophages, epithelial cells). 

Antigens on the surface of APCs are presented on major histocompatibility complexes (MHC), 

which can be clustered in MHC class I (nucleated cells) and MHC class II (B cells, 

macrophages, dendritic cells) (56). Formation of an MHC class I-antigen-TCR complex, 

presenting pathogen-derived intracellular peptides, releases cytokines inducing the 

differentiation into cytotoxic CD8+ T cells or T helper cells. Activated cytotoxic CD8+ T cells 

can identify infected cells expressing the same antigen and induce cytotoxicity/apoptosis by 

release of perforin and granzymes. MHC class II presents antigens of extracellular, 
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phagocytosed pathogens on which CD4+ T cells can bind to form a complex. By releasing 

interleukin 1, CD4+ T cells get activated and migrate to B lymphocytes (humoral immunity). 

The complex formation with B lymphocytes releases cytokines, activating humoral response as 

well as cytotoxic CD8+ T cells. T cells undergo a certain pattern of activation/expansion, 

memory/stability and death. Memory T cells may last for years which makes them important 

players for containing later reinfections.   

Activated B lymphocytes can differentiate into plasma cells or memory B cells. While the 

function of plasma cells is short-termed in antibodies to fight the current infection, the function 

of memory B cells is long-termed. Memory B cells are stored as future producers of antigen-

specific antibodies for future infections, therefore defining a memory function of the adaptive 

immune response (56,58–61). 

1.4.2. TBEV-specific humoral response 

Humoral immune response has a major impact on protection against TBEV infection. In 

TBEV-infected patients, virus-specific IgM and IgG antibodies can be found in serum and 

cerebrospinal fluid (CSF). IgM antibodies are detected during early disease development and 

persist for 6-7-week post infection. IgG response increases moderately with a peak six weeks 

post onset of neurological symptoms and ensures life-long protection against re-infections 

(6,62,63). Investigations into virus-neutralizing antibody titers demonstrated higher responses 

upon TBEV infection compared to TBE vaccination. It was demonstrated that neutralizing 

antibodies after TBEV infection persist life-long while antibodies after vaccination decrease 

rapidly, especially in older adults (64). One study investigating into antibody kinetics, measured 

by ELISA and neutralization assay, indicated an increase of antibodies after second TBE 

vaccination booster and highest titers obtain after third booster (65). Several studies have 

investigated the persistence of neutralizing TBEV antibodies. Here, it was indicated that 

neutralizing antibodies can be detectable 10 years post vaccination in all age groups (48,66,67). 

It has been shown that the quality of neutralizing antibodies is independent of age, 

demonstrating comparable functional activity and avidity of antibodies after vaccination and 

infection, although the quantity of the former decreases more rapidly by age (68,69). For many 

flaviviruses including TBEV, it has been demonstrated that neutralizing antibodies are mainly 

directed against the E protein and to a lesser extent against NS1. Especially neutralizing 

antibodies against E protein are crucial to prevent disease development (5,6,70–72). When it 

comes to antibodies and flaviviruses, antibody-dependent enhancement (ADE) has always been 

a source of major concern. For many flaviviruses such as DENV, YEV or JEV, ADE in vivo 
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has been described (73–76). While individual studies demonstrated first hints of TBEV-induced 

ADE in vitro, in vivo evidence is lacking so far (6,77–79).  

1.4.3. TBEV-specific CD4+ T cell response 

Little is known about TBEV-specific CD4+ T cells and their direct influence on the outcome 

of TBEV infection. The complexity of CD4+ T cells responses leading to multiple effector 

functions such as the priming of B cells inducing antibodies production, secretion of antiviral 

and inflammatory cytokines or induced cytolysis proves it difficult to identify virus-induced 

CD4+ T cell immunity (80). A study investigating cytokines of CD4+ T cells and their response 

to IL-2+, TNF-α+ and IFN-γ+ cells revealed different patterns after TBEV infection compared 

to vaccination, further adding to the complexity (81). Furthermore, CD4+ T are essential for a 

primary CD8+ T cell response, since CD4+ T cells and dendritic cells co-stimulate 

CD8+ T cells and induce an effector CD8+ T cell response. Additionally, CD4+ cells are 

important to induce a protective memory CD8+ T cells response after immunization or infection 

(82).   

An adoptive transfer study of CD4+ T cells in SCID mice revealed prolonged survival after 

subcutaneous infection of TBEV Hypr. It has been discussed that this effect is likly based on 

stimulation of macrophage-like cells and/or release of proinflammatory cytokines such as 

IFN-γ, but final evidence is lacking. (83). To identify CD4+ T cell epitopes, computer 

predictions in combination with overlapping peptides tested via ELISPOT demonstrated higher 

response to C and E peptides in vaccinees compared to TBE patients. CD4+ T cell response to 

prM/M was low in all groups. C protein response was dominated by peptides from two out of 

four alpha helices while E protein response was detected in domain III only. Comparing TBEV 

epitopes with those of other flaviviruses such as ZIKV, YFV and DENV revealed high 

similarities of these viruses within C and E protein. Interestingly, two immunodominant regions 

in C and two regions in E were shared within all four viruses (84). While data on TBEV-specific 

CD4+ T cell responses is limited, it has been demonstrated for several other flaviviruses that 

CD4+ T cells play a role in anti-viral protection. Lack of CD4+ T cells during DENV infection 

affected viral clearance in the CNS but not in peripheral organs (85). In ZIKV-infected mice it 

has been shown that CD4+ T cells are required to prevent a lethal outcome after intravaginally 

infection and that CD4+ T cells were necessary for a proper humoral response, without affecting 

CD8+ T cell responses (86). Considering the high similarities between those viruses, to such 

an extent that even JEV-specific CD4+ T cells can cross-recognize WNV and DENV antigens, 

(87), this could open future opportunities to a more detailed knowledge about the role of TBEV-

specific CD4+ T cells in protective immunity. 
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1.4.4. TBEV-specific CD8+ T cell response 

Just like the specific CD4+ T cell response, the specific CD8+ T cell response contributes to 

the specific antiviral immune response. Nevertheless, a protective effect of CD8+ T cells is 

controversial. It has been demonstrated that CD8-/- knockout mice had a prolonged mean 

survival time compared to immunocompetent mice after TBEV infection. Additionally, 

adoptive transfer of CD8+ T cells shortens life of SCID mice compared to SCID mice without 

T cell transfer. Investigation of TBEV-infected murine brains revealed many infiltrated CD8+ 

T cells and only few CD4+ T cells. Although this may be interpreted as the recruitment of 

protective CD8+ T cells, these cells have also been considered as contributing to 

immunopathology by releasing antiviral and pro-inflammatory cytokines (83). The latter 

statement could be supported by an investigation into post-mortem brain tissue of TBE patients, 

demonstrating cytotoxic T cells in close contact to infected neurons. In humans it has been 

described that CD4+ and CD8+ T cells are equally infiltrating (28,88). Currently, seven CD8+ 

T cell epitopes have been identified in humans, all of them located on non-structural proteins 

(89,90). A recent study investigating the T cell response after vaccination with three doses of 

FSME IMMUN® demonstrated CD4+ T cell response only. This is probably due to the absence 

of de novo synthesis of viral proteins by this way of vaccination, not allowing the triggering of 

a CD8+ T cell anti-TBEV response (91). For ZIKV infection is has been proven that CD8+ T 

cells are important to reduce viral burden and protect from lethal outcome (92). In adoptive 

transfer studies, cross-protection of CD8+ T cells between DENV and ZIKV has been 

demonstrated. DENV-specific CD8+ T cells protected from lethal ZIKV outcome, while 

passive transfer of DENV sera failed (93). Several ZIKV epitopes for CD8+ and CD4+ T cells 

have been identified in mice and humans (92). More studies describing protective effects of 

CD8+ T cell responses against flaviviruses have been published. Data on TBEV is lacking and 

further investigation is needed to clarify to what extend CD8+ T cells contribute to recovery or 

to neuropathology upon TBEV infection.  

  



GENERAL INTRODUCTION I CHAPTER 1 

13 

1.5. LANGAT VIRUS 

1.5.1. Virus characteristics and history 

As described previously, LGTV was tested as an LAV against TBEV in the Soviet Union in 

the 1970s. The reason was that LGTV belongs to the family of Flaviviridae and is a member of 

the tick-borne encephalitis sero-complex. In 1956, Gordon Smith described the first isolation 

of LGTV TP21 from a pool of hard ticks (Ixodes granulatus) collected from forest rats around 

Kuala Lumpur, Malaysia. Directly after isolation, Smith identified the close relation to TBEV 

by testing murine immune sera in in vitro neutralization assays revealing cross-reactivity as 

viruses share 82-88% of their amino acid identity (94). Accordingly, all described 

characteristics such as structure of viral particles, genome, proteins and replication cycle are 

essentially identical to those of TBEV (2). Under natural conditions LGTV causes a low 

pathogenic or symptom-free infection in rodents and humans. Nevertheless during a 

vaccination trial in the 1970s using LGTV as LAV, some vaccinees developed encephalitis 

(2,95). Mice however demonstrated strain-dependent pathogenicity to an LGTV infection. 

While IFN-ß-/- mice are symptom-free upon LGTV infection, IFNAR-/- demonstrate 100% 

lethal outcome within 5 days post infection (96).   

Due to the low pathogenicity of LGTV, it is classified as a Biosafety level 2 (BSL2) organism, 

and therefore can be used to study certain aspects of related flaviviruses under less strict 

conditions. Based on its close similarity to TBEV it is a valuable tool which can be used to 

study certain aspects of TBEV vaccine-induced and natural immunity. The availability of an 

LGTV reverse genetics system would be a useful tool for such studies.  
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1.6. REVERSE GENETICS SYSTEMS OF FLAVIVIRUSES 

1.6.1. Reverse genetics 

‘Reverse’ genetics represents a valuable molecular toolkit which has been used by 

virologists since the early 1980s to better understand the molecular biology of viruses. This 

facilitated the function of viral genes and individual nucleotide changes to be investigated in 

more depth, allowing genotypes to be linked to phenotypes. This approach introduces 

mutations, domain swaps or gene swaps into a virus to study viral replication, entry, cell-to-cell 

spread, pathogenesis and host range. Therefore, generating a stable reverse genetics system for 

a virus of interest offers a valuable tool to investigate different research questions (97,98). In 

the field of TBEV research, a stable reverse genetics system of LGTV which can be studied at 

BSL2 and can further be modified with respect to reducing virulence in vivo is of special 

interest.  

1.6.2. Reverse genetics systems of flaviviruses 

The currently described reverse genetics systems of flaviviruses use the infectious cDNA 

clone strategy or a bacteria-free approach. Infectious clones are generated by incorporating a 

full-length cDNA copy of the flavivirus of interest into a suitable vector such as a low copy 

plasmid, bacterial artificial chromosome (BAC) or yeast artificial chromosome (YAC). These 

vectors are transformed into bacteria or yeast to amplify the vector. It is essential that this vector 

is flanked on the 5’ end by a promoter for T7 DNA-dependent RNA polymerase and a hepatitis 

delta virus ribozyme (HDVR) on 3’end to ensure cleavage of flanking sequences and a correct 

full-length copy of the viral genome in transfected eukaryotic cells (97,99,100). Following 

confirmation that the sequences of the vector is correct, RNA generated via in vitro transcription 

is transfected into cells or inoculation into mice (97,101). Alternatively, the cDNA copy of the 

virus genome is flanked by an eukaryotic promotor such as a cytomegalovirus promotor (CMV) 

on the 5’end and a HDVR plus a simian virus 40 polyadenylation signal (SV40pa) on the 3’end. 

Cloning of the virus cDNA can be done by circular polymerase extension cloning (CPEC) or 

Gibson assembly using overlapping fragments. Use of a eukaryotic promoter, means that 

plasmids can be transfected into permissive cells without in vitro transcription. The first TBEV 

reserve genetic system was reported by Mandl et al in 1997, in which infectious clones of TBEV 

Neudörfl and Hypr strains were generated by cloning viral genome fragments into the low copy 

plasmid pBR322 under the control of T7 promotor. The Neudörfl strain was cloned as a full-

length cDNA clone as well as two cDNA clones, each incorporating half of the viral genome. 

The Hypr strain was only cloned in two cDNA clones which were ligated in vitro. Both TBEV 
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clones demonstrated similar growth characteristics and virulence as the parental strains (102). 

This infectious clone strategy has also been used to generate reverse genetics system for several 

other flaviviruses including DENV (103–105), WNV (106), Kunjin virus (107), JEV (108), 

TBEV (106) and LGTV (109–112). Since infectious clones can be very time consuming due to 

problems with the stability of full-length clones, bacteria-free approaches have recently been 

proposed as an alternative strategy to generate a flavivirus reverse genetics system.  

Several bacteria-free strategies have been established thus far. All strategies use an initial 

RT-PCR to amplify cDNA of the virus under investigation. The first method generates a full-

length copy of the viral genome by fusion PCR or ligation after cDNA amplification. After an 

in vitro transcription step, RNA is transfected into permissive cells or inoculated into mice to 

generate infectious virus particles. The second strategy uses infectious sub-genomic amplicons 

(ISA) and can use de novo synthesized DNA sequences, pre-existing cloned infectious cDNAs 

clones or viral RNA. Here, only one PCR is needed to amplify the template in three overlapping 

fragments which are flanked at the 5’ end by a CMV promoter and on the 3’ end by HDVR plus 

SV40pa. These fragments can be transfected into permissive cells without additional in vitro 

transcription or ligation steps. Infectious virus particles are generated by in cellulo 

recombination. Thus, bacteria-free approaches differ from each other by the presence or 

absence of an in vitro transcription step before transfection and by transfecting with or without 

plasmids (97). ISA rescue, first described by Aubry et al. in 2014, enables a reverse genetics 

system for a flavivirus to be generated within days (113). By using this method, Aubry at al. 

have already established reverse genetics systems for TBEV-FE (strain Oshima 5.10), YFV, 

two JEV strains (genotype I and III), WNV (genotype II) and DENV (serotype IV) (113).  

1.6.3. Problems developing flavivirus reverse genetics systems 

Problems frequently described in the context of developing flavivirus clones are instability 

of clones, unwanted mutations introduced during cloning steps and cryptic expression of viral 

proteins which can be toxic in bacteria. Researchers have developed a broad range of tools to 

overcome these difficulties by combining different promotors, bacteria strains, vectors, low-

copy plasmids, BACs, and by using different antibiotics resistant genes. One reported reason 

for sequence instability are cryptic prokaryotic promotors within flavivirus genomes (97). 

Several cryptic bacterial promotor activities have been described within the first 3000 nt of the 

JEV genome (114). Similar, a cryptic promoter has also been discovered in the 5’UTR region 

of DENV (115). Investigations into reducing the impact of these promoters has involved 

insertion of introns into open-reading frames (116) or splitting the viral genome on multiple 
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plasmids (117,118). Many of these problems can also be circumvented by using bacteria-free 

approaches because toxicity in bacteria is irrelevant and additionally mutation rates are reduced 

due to fewer PCR amplification steps during cloning procedures. Nevertheless, unstable clones 

are still problematic in the field of tagged flavivirus clones.  

1.6.4. TBEV and LGTV reverse genetics systems  

TBEV reverse genetics systems have been used to study the role of point mutations in 

influencing plaque size (119) or reducing release of assembled virus particles (120). Such tools 

have also been used to study the function(s) of C protein and the influence of genome sequences 

on viral assembly and pathogenicity (121) and the role of C and E proteins as well as UTRs on 

neuropathogenesis and neuroinvasiveness (122). As previously described, insertion of large 

reporter genes into flaviviruses often results in instability or consequences on viral growth or 

plaque appearance (123,124). One recently published study reported the generation of a 

recombinant TBEV expressing mCherry via an ISA rescue system in which the additional 

sequence was inserted into the viral C protein. This recombinant TBEV is only stable with 

respect to maintenance of mCherry expression until passage four and plaque sizes are reduced 

in comparison to the parental virus (125). Since the sequence length of incorporated sequences 

can induce instability, a potential solution could be BaboLuc binary technology. Tamura et al. 

published a stable full-length flavivirus clone for JEV and DENV using a split reporter of 

NanoBiT. The smaller unit was incorporated into NS1 protein leading to stable clones over five 

passages, comparable growth to parental strain and a high luciferase activity (126). Thus far, 

only one tagged LGTV clone has been published in which a sequence encoding EGFP was 

inserted into the 3’ end of E/NS1 stem-anchor region (127). Investigations into LGTV reverse 

genetics systems have been very limited (97,111). Nevertheless, such systems are an interesting 

tool to study chimeras using LGTV as back-bone. Chimeras have already been described as 

LAV for TBE using LGTV/DENV 4 chimeras (128,129) or TBEV/LGTV chimeras 

incorporating prM/E proteins into LGTV back-bone (130).  
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1.7. AIMS AND OUTLINE  

TBEV is considered a zoonotic virus of major concern in Asia and Europe since its first 

discovery in the 1930s. Although formalin-inactivated TBE vaccines are available, research on 

different vaccination strategies has been ongoing for decades. The use of live-attenuated or low-

pathogenic related viruses, such as LGTV, would still be an interesting vaccination strategy to 

be considered against TBE.   

This thesis focuses on laying the basis for the establishment of a toolbox of platforms and assays 

for TBEV research that will contribute to a new generation of TBE vaccine development. 

Therefore chapter 2 aims to establish and characterize a TBE mouse model which can be used 

to evaluate future vaccine candidates. The mouse model should demonstrate TBE in the mice 

upon infection with wild-type virus and allow studies into the immune correlates of protection 

of candidate TBE vaccines. To this end, a low-pathogenic LGTV strain will initially be 

evaluated as a potential vaccine candidate in the mouse model of TBEV infection.   

Chapter 3 further focuses on the characterization of the mouse model and studies LGTV and 

attenuated TBEV-specific immune correlates of protection against TBEV. The protective or 

enhancing roles of specific antibody and T cell immune responses are studied by adoptive 

transfer of antibody and T cell populations obtained from LGTV and naturally avirulent TBEV-

immunized mice.   

Chapter 4 focuses on the establishment of a reverse genetics system of LGTV TP21, since a 

stable LGTV wild-type clone will offer several opportunities such as insertion of reporter 

proteins, induction of mutations or cloning of chimeras. By using modified LGTV clones, 

important knowledge about viral dynamics and localization can be obtained in vitro and in vivo. 
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Abstract 

Tick-borne encephalitis virus (TBEV) is a leading cause of vector-borne viral encephalitis 

with expanding endemic regions across Europe. In this study we tested in mice the efficacy of 

preinfection with a closely related low-virulent flavivirus, Langat virus (LGTV strain TP21), 

or a naturally avirulent TBEV strain (TBEV-280) in providing protection against lethal 

infection with the highly virulent TBEV strain (referred to as TBEV-Hypr). We show that prior 

infection with TP21 or TBEV-280 is efficient in protecting mice from lethal TBEV-Hypr 

challenge. Histopathological analysis of brains from nonimmunized mice revealed neuronal 

TBEV infection and necrosis. Neuroinflammation, gliosis, and neuronal necrosis was however 

also observed in some of the TP21 and TBEV-280 preinfected mice although at reduced 

frequency as compared to the nonimmunized TBEV-Hypr infected mice. qPCR detected the 

presence of viral RNA in the CNS of both TP21 and TBEV-280 immunized mice after TBEV-

Hypr challenge, but significantly reduced compared to mock-immunized mice. Our results 

indicate that although TBEV-Hypr infection is effectively controlled in the periphery upon 

immunization with low-virulent LGTV or naturally avirulent TBEV 280, it may still enter the 

CNS of these animals. These findings contribute to our understanding of causes for vaccine 

failure in individuals vaccinated with TBE vaccines. 

 

Keywords: tick-borne encephalitis virus, Langat virus, CNS, neuronal damage, virus induced 

immunity 
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Abstract 

Flaviviruses are a group of RNA viruses that include several serious human pathogens 

primarily transmitted through arthropod vectors. Antigenic similarities allow specific immune 

effectors primed against one flavivirus to cross-react with a related flavivirus. Immunization 

with Langat virus (LGTV) as a live-attenuated vaccine against TBEV infections was 

discontinued after reports of serious LGTV infection in vaccinees. A proper understanding of 

immune responses mounted against LGTV and their cross-reactivities with TBEV antigens is 

lacking. After infection with the highly virulent TBEV strain Hypr (Hypr), BL6 mice develop 

severe encephalitis and succumb to the infection. In the present study, we used this established 

mouse model of TBEV infection to study the efficacy of LGVT-specific immune correlates in 

conferring protection against TBEV infection. Passive serum transfer from LGTV-immunized 

mice efficiently protected naïve mice from subsequent Hypr challenge. In contrast, adoptive 

transfer of T cells from LGTV-immunized mice only had minimal effect and failed to protect 

mice from lethal Hypr infection. Additional in vivo adoptive transfer experiments are ongoing 

to further characterize and enumerate cross-reactive LGTV-specific T cells in order to evaluate 

the protective effect of higher numbers of transferred virus specific T cells. Our data further 

elucidate LGTV-driven correlates of protection against TBEV infection in mice. This may help 

the design of new generations of vaccines against TBEV infection.  

 

Keywords: Langat virus; tick-borne encephalitis virus; cross-reactivity, adoptive transfer, 

T cell immunity, cross-reactive antibodies, flavivirus   
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Introduction 

Grouped together within the genus Flavivirus are closely related RNA viruses capable of 

causing a spectrum of life-threatening diseases in humans. These include arthropod-borne 

disease causing agents such as tick-borne encephalitis virus (TBEV), dengue virus (DENV), 

Zika virus (ZIKV), Japanese encephalitis virus (JEV), yellow fever virus (YFV) and West Nile 

virus (WNV) (1–3). In general, single positive-stranded genomic RNA of flaviviruses encodes 

a single polyprotein which is then cleaved into three structural proteins; capsid protein, 

envelope protein and membrane protein and seven non-structural proteins such as NS1, NS2A, 

NS2B, NS3, NS4A, NS4B and NS5 (4,5). A potent immune response is mounted in hosts 

against viral antigens that are acquired either through natural infections or by vaccination. 

Interestingly, immune correlates of protection induced against one flavivirus was also shown 

to cross-react with other closely related flaviviruses (6–11). This cross-reactivity can either 

provide cross-protection or lead to enhanced infectivity of other flaviviruses. Serological 

analysis has identified antigenically related flaviviruses and grouped them into distinct sero-

complexes. For instance, sera from individuals vaccinated against TBEV were shown to have 

neutralizing antibodies against Kyasanur forest disease virus, Alkhurma virus and Powassan 

virus (6). Hence, they have all been grouped into TBEV sero-complex (12). Similarly, TBEV 

and naturally low-virulent Langat virus (LGTV) shares greater than 80% amino acid homology 

and are therefore also grouped into TBEV sero-complex (13). Tick-borne encephalitis (TBE) 

caused by TBEV is a severe disease that affects the central nervous system (CNS) of humans. 

Usually, a mild disease that starts with symptoms such as fever and headache, in some patients, 

it can develop into severe encephalitis several weeks later. This condition can be life-

threatening and lead to lifelong disabilities. In the past, LGTV has been considered as a 

naturally occurring live-attenuated vaccine (LAV) in former Soviet Union to protect against 

TBEV infection. LGTV vaccination was considered highly effective until few encephalitic 

incidences have been reported among LGTV-immunized individuals (14,15). The actual reason 

for these severe infections is still not clear as no follow-up of these cases has been documented 

(16–18). Currently, two formalin-inactivated whole virus vaccines are used in Europe which 

provide decent protection. Nevertheless, these vaccines are inefficient in providing long-lasting 

immunity. Hence, after three initial vaccinations, regular booster doses are needed to maintain 

immunity (5,19,20). LAVs are ideal in priming long-lasting humoral and cell-mediated immune 

responses. For this reason, LGTV still holds promise as a candidate to be developed as an LAV 

against TBEV infection. In order to dissect the efficacy of cross-reacting antibodies and T cells 

in conferring protection to lethal TBEV infection, we performed adoptive serum and T cell 
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transfer from LGTV-infected mice into naïve mice and were subsequently challenged with 

highly pathogenic TBEV. 

 

Results 

Sera against LGTV neutralize TBEV infection 

Initially we tested the ability of sera of LGTV-infected mice to cross-neutralize TBEV 

antigens. For this purpose, we set-up virus neutralization assays using sera collected from 

LGTV-infected mice and titrated these against LGTV and TBEV. The neutralizing effect of 

serum antibodies was assessed by adding antibody-virus mixtures to PS cells and further 

incubating them until cytopathic effects were seen. As expected, LGTV infection was 

efficiently neutralized even at high dilutions. We prepared two pools of antisera which 

henceforth will be defined as high and low with respect to the dilution that is required to achieve 

greater than 80% neutralization. Interestingly, LGTV antisera were also capable of neutralizing 

Hypr, albeit at several fold higher antisera concentrations (Table 1). This gives a clear indication 

that antibodies generated in response to LGTV cross-react with TBEV antigens and block 

TBEV infectivity. 

 

 

 

Table 1. Virus neutralization titers of serum pool 1 (low) and 2 (high) against LGTV TP21 and 
TBEV Hypr. VNT was performed on PS cells using 100 pfu of LGTV TP21 or TBEV Hypr. Serum 
of LGTV-immunized mice was obtained 28 days post LGTV infection. Displayed values are the 
reciprocals of the highest dilution of serum which gives 80-100% reduction of cytopathic effect. 
Results of a single experiment are presented as mean values of duplicates. 

Serum from LGTV-challenged mice protects naïve mice from Hypr challenge 

As our VNT demonstrated the ability of LGTV antisera to neutralize Hypr in vitro, we tested 

whether this translated into protection from lethal Hypr challenge in vivo. First, we performed 

a dose titration with Hypr in BL6 mice and showed that a dose of more than 102 pfu to be lethal 

to mice (Figure 1A). We adoptively transferred immune sera collected from LGTV-immunized 

mice into naïve BL6 mice prior to Hypr challenge (Figure 1B). Body weight loss and 

development of clinical signs were assessed in these mice daily and mice were sacrificed when 

humane endpoints were reached. As shown in figure 1C, adoptive transfer of sera from LGTV-

 LGTV TP21 TBEV Hypr 

Antibody pool 1 (low) 64 4 

Antibody pool 2 (high) 128 8 
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infected mice protected recipient mice from subsequent lethal Hypr challenge. Throughout the 

course of the experiment, both groups of mice that received either high or low serum pool 

remained healthy and none of them had a significant drop in body weight or displayed any 

clinical signs. These results indicate that LGTV antibodies cross-react with Hypr antigens and 

efficiently protect mice from lethal TBEV infection. 

 

 

 
Figure 1. (A) Survival and body weight curves expressing results of tick-borne encephalitis virus 
(TBEV; strain Hypr) titration study in BL6 mice (n=4 mice/group). Mice were challenged with 
different infectious doses of Hypr. Survival, body weight loss and clinical symptoms were 
determined on daily basis. Based on these results, Hypr dose for follow up experiments was defined 
as well as lethality of virus stock proven. (B) Schematic representation of adoptive serum transfer 
study. Donor mice were infected with 1000 pfu of Langat virus (LGTV; strain TP21), 28 days later 
blood was used to harvest serum. Two serum pools have been diluted and tested in in vitro virus 
neutralization assays on their ability of cross-react with TBEV. Based on these results, 300µL serum 
of pool 1 or 2 have been adoptively transferred into naïve one day prior challenge with 500 pfu Hypr. 
(C) Figures express body weight and survival data from recipient mice after serum transfer according 
to (B). Graphs designed by GraphPad Prism; survival curves (n=10) were analyzed by log-rank; 
body weight curves show group mean ± standard error (n=10); results from single experiment. 
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T cells from LGTV-immunized mice do not confer protection toward Hypr challenge 

Having shown that serum of LGTV-infected mice efficiently protects mice from lethal 

TBEV infection, we next aimed to study the efficacy of T cells that are primed against LGTV 

to protect mice against subsequent Hypr challenge. For this purpose, we purified whole CD3+, 

CD4+ and CD8+ T cells from either mock-treated or LGTV-immunized mice and adoptively 

transferred them into naïve mice prior to challenge. Purities of T cell populations were 

determined before transfer and ranged from 90-97% (Supplementary Figure S1). Irrespective 

of T cell population (CD3+, CD4+ or CD8+) that was administered, all mice that received T 

cells either from mock-treated controls or from LGTV-immunized mice developed severe 

illness and succumbed to infection at 8-10 dpi. These mice displayed significant weight loss 

starting on day 7 and never recovered thereafter (Figure 2). Clinical symptoms started with 

piloerection, eye discharge and lack of grooming and continued with more severe symptoms 

like kyphosis, ataxia, tilted head and beginning hind limb paralysis.  
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Figure 2. (A) Experimental setup of T cell adoptive transfer studies. Donor mice were infected with 
1000 pfu of Langat virus (LGTV; strain TP21), 28 days later spleens were dissected and individual 
T cell populations transferred into naïve mice one day prior challenge with 500 pfu tick-borne 
encephalitis virus (TBEV; strain Hypr). Results demonstrating survival and body weight of CD3+ 

T cell (B), CD4+ T cell (C) and CD8+ T cell (D) transfer experiments which have been performed 
according to (A). In CD3+ and CD4+ 5x106 t cells/mouse and in CD8+ 4x106 T cells/mice have 
been adoptively transferred prior Hypr challenge. Graphs designed by GraphPad Prism; survival 
curves (n=10) were analyzed by log-rank test P < 0,05 was considered as significant (*); body weight 
curves show group mean ± standard error (n=10); results from single experiment. 
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One interesting observation was that six of out of ten mice that received CD4+ T cells from 

LGTV mice on average lived one day longer than the mice that received CD4+ T cells from 

mock-treated mice. This statistically significant observation might not be relevant in the context 

of immune protection, however, it hints at a role of LGTV-specific CD4+ T cells in controlling 

TBEV replication in vivo. Therefore, we estimated viral load in spleen and brain by qPCR using 

TBEV specific primers. As demonstrated in figure 3, no significant differences in viral RNA 

copy numbers was observed in brain or spleen between mice that received T cells from either 

mock- or LGTV-infected mice. In sum, these results show that the T cells primed against LGTV 

in our setting were not effective in controlling TBEV replication and spread into the CNS. 

 
Figure 3. Tick-borne encephalitis virus (TBEV) load in brain and spleen from recipient mice which 
got adoptive transfer of CD3+, CD4+ or CD8+ T cells from donor mice, treated with mock or LGTV 
before dissection. 24 hours after adoptive transfer, recipient mice were challenged with TBEV 
(strain Hypr). Viral load was determined by running quantitative real-time PCR with TBEV specific 
primers. Dots represent mean values of individual mice, tested in duplicates by qPCR. Data was 
analyzed by GraphPad using non-parametric Mann-Whitney test to determine significance 
(n= 9-10 mice/group, single experiment). 

Discussion 

In this study, we investigated the ability of antibodies and T cells induced against LGTV to 

cross-react with and confer protection against lethal TBEV infection in mice. Our adoptive 

transfer study indicates that LGTV-specific antibodies cross-react with TBEV and provide 

protection, whereas the T cells from LGTV-infected mice were not effective in protecting mice 

from lethal TBEV infection.  
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Currently, FSME-IMMUN® and Encepur are the two licensed vaccines used in Europe to 

prevent TBE. Although these formalin-inactivated whole virus vaccines provide protection, 

immunity generated after three vaccinations is relatively short-lived and requires booster 

vaccinations. Therefore, while being safe, the disadvantage of using inactivated TBE vaccines 

is that they fail to elicit long-lasting immune response. Live-attenuated vaccines (LAV) are 

generally known to induce longer lasting and more solid immunity. However, reversion to 

virulence is always a risk to consider with regard to LAV. This disadvantage may occasionally 

be circumvented by using naturally attenuated antigenically related but relatively non-

pathogenic viruses. Although in the former Soviet Union, vaccinees developed durable 

immunity against TBE, the use of live LGTV had to be discontinued because 1 in 20,000 

vaccinees developed encephalitis (15).  Neither the cause of encephalitis in vaccinees nor the 

immune correlates of protection induced by LGTV have been extensively studied. It has been 

shown for both TBEV and other flavivirus infections that humoral and cell-mediated immunity 

primed against one flavivirus can influence pathogenesis of another related flavivirus. Prior 

exposure to DENV partially provides protection against ZIKV infection. Both cross-reacting 

antibodies and T cells primed against DENV have been shown to augment the immunity against 

ZIKV (10,21,22). Similarly, sera from TBEV, JEV and YFV vaccinees was shown to cross-

react and efficiently neutralize WNV and DENV (7,23). We showed here that serum pools from 

LGTV-infected mice neutralized TBEV in vitro, although less efficient as compared to LGTV 

neutralization. Passive transfer of immune sera from LGTV-immunized mice into naïve mice 

provided full protection against subsequent lethal dose of TBEV. Although TBEV cross-

neutralizing antibody titers in these sera were relatively low, they still effectively protected BL6 

mice from Hypr infection. Neutralization and blocking of viral entry into cells are one of many 

mechanisms by which antibodies mediate their protective effects. Mostly, neutralizing 

antibodies are directed against the structural proteins of the virion that assist attachment, 

membrane fusion and entry of viruses. It is known that antibodies recognizing NS proteins may 

not interfere with viral entry but control virus infectivity through alternative mechanisms such 

as complementing activation by immune complexes (24,25). At this moment, it is not clear 

against which antigens, protective antibodies identified in our mouse model, are directed. 

However, further screening of sera to identify antigenic epitopes of TBEV recognized by 

antibodies raised against LGTV may shed more light on antibody-mediated cross-protection. 

Cross-reactive antibodies induced by primary flavivirus infection can however also exacerbate 

infection by a second flavivirus through a phenomenon known as antibody-dependent 

enhancement (ADE). ADE has been observed in humans in the context of DENV infections, 
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where it has been shown that antibodies against one DENV serotype enhance the infectivity of 

other serotype (26). Similar cases of ADE have also been reported in mouse models where pre-

existing antibodies to ZIKV, JEV and DENV were shown to enhance ZIKV and DENV 

infection (22,27,28). An earlier study has demonstrated ADE of viruses within TBEV-complex 

in vitro (29). However, we did not observe ADE in our in vivo model and anti-LGTV antibodies 

apparently were completely protective against lethal TBEV infection.  

It is beyond any doubt that antibodies are highly efficient in controlling viral pathogenesis 

following vaccination. However, it may be speculated that robust and durable immunity also 

requires significant contribution from virus-specific T cells. We also studied a possible role of 

anti-LGTV specific CD4+ and CD8+ T cells in providing protection against TBEV infection. 

Adoptive transfer of either the whole T cell population or CD4+ and CD8+ T cells from LGTV-

immunized mice failed to protect the naïve mice from subsequent lethal Hypr infection. The 

inability of T cells from LGTV-experienced mice to provide protection against TBEV infection 

was most likely due to the relatively low numbers of transferred cross-reactive T cells or to a 

too severe virus challenge. Evidence for protective cross-reactive T cells has been reported 

among flaviviruses. Using a similar strategy of adoptive transfer, Ngono et al. demonstrated 

that adoptive transfer of CD8+ and CD4+ T cells from ZIKV-infected mice into naïve mice had 

a protective effect against subsequent ZIKV infection (30,31). In another study, Huang et al. 

have shown that adoptively transferred CD8+ T cells from ZIKV-infected mice not only 

protected mice against subsequent ZIKV but also against DENV infection (32). Interestingly, 

in our experiments, six out of ten mice that had received CD4+ T cells survived one day longer 

than control mice. In mice, CD4+ T cells primed against DENV have been shown to confer 

protection against ZIKV infections (11). Furthermore, in humans, it has been demonstrated that 

T cells primed against JEV, YFV ZIKV and DENV are mutually cross-reactive (33–35). Most 

of the flaviviruses discussed here, including TBEV, are known to affect the CNS. Virus-specific 

T cells that infiltrate into the CNS may not only assist virus clearance, but may sometimes also 

contribute to neuropathology either by directly targeting infected neurons or by promoting 

detrimental neuroinflammation (36–38).   

Although cross-protective T cells between flaviviruses have been demonstrated, evidence of 

LGTV-specific T cells providing protection against TBEV has not been reported. Further 

studies are needed to evaluate the potential of well-defined numbers of LGTV-specific T cells 

from infected mice to provide cross-protection against TBEV infection in naïve mice. 

In conclusion, our study shows the efficacy of serum transfer from LGTV-infected mice to 

provide protection from lethal TBEV infection. It indicates that cross-reactive antibodies are a 
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major correlate of protection of LGTV infection-induced immunity against TBEV infection. 

Further investigations to understand the possible role of T cell-mediated protection against 

TBEV infection are needed. This knowledge about immune-mediated correlates of protection 

from TBEV infection will help in the development of new generations of TBE vaccines.  

 

Outlook 

This manuscript is still in preparation as results of ongoing experiments will be included 

before submitting the paper. To obtain the final proof of LGTV-specific serum antibodies 

providing full clinical protection against TBEV, sera of mock-treated mice will be transferred 

into naïve mice one day prior to TBEV challenge. Additional experiments will be carried out 

to identify the influence of transferred LGTV-specific T cells on subsequent TBEV infection. 

First possible cross-reactive LGTV-specific T cells will be identified and quantified by 

ELISPOT and flow cytometry. Subsequently, the possible role of cross-reactive T cells in vivo 

will be tested by adoptive transfer of higher numbers of transferred T cells than in the previous 

experiment, using a less pathogenic TBEV strain than before.  

 

Materials and Methods  

Mice and ethical statement 

Six-week-old female C57BL/6JOlaHsd mice (BL6) were purchased from Envigo, Inc. 

(Indiana, USA). All mice were housed in isocage systems with individually ventilated units. 

All units had a constant humidity of 65% at 22 °C. Cages were equipped with sterilized wood-

chip embedding and plastic houses. Sterilized water and pellet diet were provided ad libitum. 

Experiments were done in the biosafety level 3 laboratories of the parasitology institute of the 

Biology, Center of Czech Academy of Sciences, České Budějovice, Czech Republic. The 

protocol was approved by the Departmental Expert Committee for the Approval of Projects of 

Experiments on Animals of the Czech Academy of Sciences and the Committee on the Ethics 

of Animal Experimentation of the Institute of Parasitology (permit No. 29/2016). All mouse 

experiments were done in accordance with European Union guidelines for working with 

animals and the Czech national law guidelines (animal Welfare Act No. 246/1992 Col.). 
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Viruses 

A highly virulent European subtype of TBEV (further on described as Hypr) was provided 

by the Collection of Arboviruses, Institute of Parasitology, Biology Centre of the Czech 

Academy of Sciences, České Budějovice, Czech Republic. This virus was passaged eight times 

in brains of suckling mice and titers were determined by plaque-assay as described in (39). 

LGTV strain TP21 was first isolated in 1956 from a pool of hard ticks (Ixodes granulatus) of 

forest rats near Kuala Lumpur, Malaysia (40) and was provided for this study by Andrea Kröger 

of the Department of Molecular Immunology, Helmholz Centre for Infection Research, 

Braunschweig, Germany. LGTV (TP21) was grown on Vero B4 and Vero E6 cells and titers 

were determined by TCID50 on Vero E6. 

Adoptive transfer study 

Six-week-old BL6 mice were subcutaneously (s.c) infected with either culture media (mock) 

or with 1000 plaque-forming units (pfu) of LGTV in culture media. At 28 days post infection 

(dpi), mice were anaesthetized to obtain blood retro-orbitally (serum pools) and spleens (T cell 

isolation). 300ul/mouse of pooled serum was injected intraperitoneally (i.p) into naïve mice that 

were subsequently challenged s.c. with 500 pfu of Hypr. For T cell transfer, spleens from these 

groups were pooled together and respective T cell populations (CD3+, CD4+ CD8+) were 

purified from the splenocyte suspension as described below. CD3+ T cells (5 x 106 /mouse), 

CD4+ T cells (5 x 106 /mouse) or CD8+ T cells (4 x 106 /mouse) were administered i.p into 10- 

to 11-week-old naïve BL6 mice. At 24 hours post serum or T cell transfer, these mice were 

challenged s.c. with 500 pfu of Hypr. After the challenge, mice were checked daily, body weight 

was measured, and clinical signs were scored. Mice were sacrificed when they reached the 

humane endpoint. 

T cell isolation 

Spleens were collected in PBS. Splenocytes were perfused by syringe and needle and 

subsequently passed through a 40 µm cell strainer. After erythrocyte lysis, T cells were purified 

using Pan T cell isolation kit II (Miltenyi Biotec), CD4+ T cell isolation kit (Miltenyi Biotec) 

or CD8+ T cell isolation kit (Miltenyi Biotec) according to the manufacturer’s instructions. T 

cell populations were negatively selected using LS columns (Miltenyi Biotec) on Midi MACS 

Separator (Miltenyi Biotec). Cell populations were counted, and the purity was assessed by 

flow cytometry.  
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FACS staining of T cell populations 

To determine the purity of the individual T cell subpopulations, they were stained and 

analysed by flow cytometry. After PBS wash, blocking of Fc receptors was done for 10 min, 

on ice with a monoclonal rat-anti-mouse-CD16/CD32 (clone 93, 1:100, Thermo Fisher) 

antibody. For T cells staining, hamster-anti-mouse CD3e-FITC (clone 145-2C11, 1:100, 

Thermo Fisher), rat-anti-mouse CD4-PE (clone RM4-5, 1:100, Thermo Fisher) and rat-anti-

mouse CD8a-PerCP-Cy5 (clone 53-6.7, 1:50, Thermo Fisher) were used. T cells were washed 

by PBS and inactivated in 4% formalin for 20 min, on ice and in the dark before acquiring them 

by flow cytometry analysis on FACS Canto II (BD). Obtained data was analyzed using FlowJo 

software. 

Virus neutralization test (VNT) 

To determine virus-neutralizing antibodies against TBEV and LGTV, mouse sera were heat-

inactivated for 30 min at 56 °C. 25 µL of serum diluted in 25 µl of L-15 medium (Leibowitz; 

Sigma) supplemented with 1% (penicillin, streptomycin, amphotericin B; Sigma) and 3% 

inactivated newborn calf serum was used to perform serial 1:2 dilutions. Diluted serum was 

incubated with 100 pfu of TBEV Hypr or 100 pfu of LGTV TP21 for 90 min at 37 °C. 

Afterwards, 5x105 PS cells were added per well and incubated for six days. Supernatant was 

removed and cells were fixed and stained with naphthalene black. Last dilution of serum 

causing 80-100% reduction of cytopathic effects was determined as virus-neutralising titer. 

Quantitative real-time PCR (qPCR) 

To determine viral load in organs, spleen and brain were obtained directly after 

euthanization. Organs were weighted, homogenized in AVL Buffer (Qiagen) and stored till 

further process. RNA isolation was performed using Qiaamp Viral RNA Kit (Qiagen) in 

combination with Qiacube machine (Qiagen). Isolated RNA was analyzed by using OneStep 

RT-PCR Kit (Qiagen) in a AriaMx Real-time PCR system (Agilent) detecting TBEV with a 

probe (5’FAM-3’TAM TGAGCCACCATCACCCAGACACA) and a forward 

(5’-3’ GGGCGGTTCTTGTTCTCC) and reverse (5’-3’ ACACATCACCTCCTTG 

TCAGACT) primer as described in (41). Data was analyzed using AriaMX software 

(version 1.5; Agilent) expressing detected TBEV RNA copies/gram tissue.  

Statistics 

Data was analyzed by GraphPad Prism 8 (version 8.4.3). Survival curves are displayed as 

Kaplan-Meier curves, tested by log-rank test and P < 0,05 was considered as significant (*). 
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Body weights are expressed as mean ± standard error, differences between two groups were 

analyzed by non-parametric Mann-Whitney U test unless described differently. 
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Supplementary Material 

 

Supplementary Figure S1. FACS plots expressing purities of T cell populations after separation 
into CD3+, CD4+ and CD8+ obtained from LGTV- or mock-immunized donor mice. Purified T cell 
populations were later adoptively transferred into naïve BL6 mice, one day prior to TBEV Hypr 
challenge. FACS plots analyzed by FlowJo software (BD). 

 



I CHAPTER 4  

 

44   

 

 

 

 

CHAPTER 4 

 

Establishment and characterization of a stable reverse 

genetics system for the LGTV TP21 strain  

 

Monique Petry1, Sonja Tatjana Jesse1, Alina Schadenhofer1, Andrea Kröger2,3, Albert 
Osterhaus1, Martin Ludlow4* 

 

1 Research Center for Emerging Infections and Zoonoses, University of Veterinary Medicine Hannover, 

Foundation, Bünteweg 17, Hannover 30559, Germany 
2   Institute of Medical Microbiology, Otto-von-Guericke-University Magdeburg, Magdeburg 
3   Innate Immunity and Infection, Helmholtz Centre for Infection Research, Braunschweig, Germany 

 
 

*Corresponding author: Martin Ludlow (martin.ludlow@tiho-hannover.de) 

 

 

Manuscript in preparation 

 

 

 

 

 

 

Personal contribution 

MP performed cloning and rescue experiments, analyzed data and wrote manuscript. SJ, performed NGS 
experiments. ML designed study and wrote manuscript. AO critically revised manuscript. 



I CHAPTER 4  

 

  45 

 

Abstract 

Tick-borne encephalitis virus (TBEV) represents an increasing threat in endemic areas in 

Europe and Asia due to an expanding geographical range with more than 10,000 reported 

clinical cases annually. Despite the availability of formalin-inactivated TBEV vaccines, 

vaccination coverage is low and breakthrough cases have been reported. Langat virus (LGTV), 

a close relative of TBEV, sharing more than 80% of amino acid identity, was previously studied 

intensively as a potential live-attenuated vaccine (LAV) candidate against TBEV. In this study, 

we established a reverse genetics system for LGTV based on the TP21 strain using a bacterial 

artificial chromosome as a vector backbone. Full-length plasmid cDNA clones were stable and 

recombinant LGTV was successfully rescued in BHK cells expressing T7 polymerase. Viral 

replication kinetics and cytopathic effects of parental LGTV and rescued recombinant LGTV 

were completely identical. Therefore, this stable reverse genetics system can be used as a tool 

to establish tagged LGTV clones or flavivirus chimeras which will contribute to the 

understanding of LGTV localization and infection dynamics as well as to the development of a 

potential LAV for TBEV.  

  

Keywords: Langat virus; reverse genetics system; recombinant virus, virus rescue, flavivirus   
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Introduction 

Langat virus (LGTV) is a member of the tick-borne encephalitis sero-complex within the 

genus Flavivirus of the family Flaviviridae. LGTV has a single-stranded positive sensed RNA 

genome of 11 kb in length. The genome encodes for polyprotein which is co-and post-

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

protein (prM) and envelope protein (E)) as well as seven non-structural proteins (NS1, NS2A, 

NS2B, NS3, NS4A, NS4B and NS5) (1). LGTV is closely related to other members of the tick-

borne encephalitis serocomplex including other arthropod-borne viruses such as Louping ill, 

Omsk Hemmorrhagic fever, Kyasanur forest disease viruses and tick-borne encephalitis virus 

(TBEV). These viruses are endemic in different regions of the Northern Hemisphere and can 

cause fatal disease in human and animals (2,3). TBEV, a virus transmitted predominantly by 

tick bite, has a growing disease burden worldwide with approximately 10,000 clinical cases 

reported annually in Europe and Asia (4). Despite the availability of formaldehyde-inactivated 

whole-virus vaccines, vaccination coverage is low in most endemic countries and breakthrough 

cases have been reported. Several attempts have been made previously to use LGTV as live-

attenuated TBEV vaccine. In the 1970s a large trial in the former Soviet Union involved the 

vaccination of more than 649,000 volunteers with Elantcev 15-20/3, a variant of the LGTV 

TP21 strain. However, this trial was stopped due to the development of neurological sequelae 

in vaccinees at a rate of 1:18,570 , (5–7). Nevertheless, research on LGTV as a live-attenuated 

vaccine (LAV) has remained a research topic of interest in the field with subsequent studies 

published on the potential of mutants or chimeras with an LGTV-derived back-bone to function 

as an LAV (7–10). Many reverse genetics systems of flaviviruses have been developed 

previously based on the transfection of RNA generated using T7 polymerase to in vitro 

transcribe a full-length cDNA clone which is flanked by a 5’ T7 promoter and a 3’ hepatitis 

delta ribozyme (10). Alternatively, a full-length cDNA clone of a flavivirus of interest is flanked 

by a 5’ CMV promoter and a 3’ SV40pa signal which can generate infectious virus following 

direct transfection of tissue culture cells (11). Finally, infectious clone strategies based on 

bacteria-free methods such as Infectious-Subgenomic Amplicons (ISA) or Gibson assembly 

have been developed to circumvent the problems of maintaining the stability of full-length 

cDNA clones in transformed bacteria (10,12,13). In this study, a novel rescue strategy was used 

to establish a reverse genetics system for LGTV TP21. This system provides the platform to 

study future LGTV mutants and to generate LGTV clones expressing fluorescent proteins, 

which may provide new insights into LGTV pathogenesis, localization and infection dynamics.
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Results 

Generation of an optimized LGTV reverse genetics system 

Our primary aim was to generate an LGTV reverse genetics system based on LGTV TP21 

stain (LGTVparental) from which tagged recombinant viruses can be rescued in the future. 

Therefore, a pSMART BAC vector backbone was prepared containing a synthetic fragment 

consisting of a T7 promotor, GGG motif, a hammerhead ribozyme and LGTV sequence to the 

first unique restriction site at the 5’ end and an LGTV fragment from the last unique restriction 

site, a hepatitis-delta ribozyme, and two T7 terminators at the 3’ end. This provides the essential 

elements necessary for virus rescue. The LGTV genome was inserted in four fragments using 

NEB HiFi DNA assembly in a single step. The sequence of the full-length cDNA clone of 

LGTV was confirmed by Sanger sequencing before the plasmid was transfected into BSR-T7/5 

cells, a cell line expressing T7 DNA dependent RNA polymerase. The virus stock harvested 

from this primary rescue attempt will be subsequently described as ‘rLGTV’ (Figure 1). 

Comparison of the sequence of the rLGTV full-length cDNA clone with the sequence obtained 

by NGS from LGTVparental as well as with two LGTV TP21 strains from Genbank 

(AF253419.1 and EU790644.1) revealed minor changes (Table 1). LGTVparental and rLGTV 

differed by only one synonymous mutation at position 9550 which was retained during 

construction of the clone to use as a genetic tag. Five mutations were identified upon 

comparison of rLGTV with two complete genome sequences from Genbank. Two mutations 

were synonymous and three were non-synonymous resulting in amino acid changes within the 

E and NS5 proteins (Table 1).  
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Table 1. Sequence variation between rLGTV, LGTVparental and two published LGTV TP21 
genome sequences (AF253419.1 and EU790644.1). Sequence changes were identified in the 
precursor (prM), envelope (E) and non-structural protein (NS5). Mutations of a base within codons 
are underlined and an arrow indicates the resulting amino acid (alanine (Ala), glycine (Gly), 
aspartate (Asp), tyrosine (Tyr), histidine (His) and asparagine (Asn)). 

  

Nt 
Position 
(ORF) 

protein Codon LGTVparental rLGTV 
LGTV TP21 

(Genbank 
AF253419.1) 

LGTV TP21 
(Genbank 

EU790644.1) 

970 prM 280 GCT  Ala GCT  Ala GCG  Ala GCT  Ala 

1338 E 403 GGC  Gly GGC  Gly GAC  Asp GAC  Asp 

2282 E 718 TAC  Tyr TAC  Tyr CAC  His TAC  Tyr 

9550 NS5 3140 GGT  Gly GGC  Gly GGT  Gly GGT  Gly 

9734 NS5 3202 AAC  Asn AAC  Asn GAC  Asp GAC  Asp 
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Figure 1. Schematic overview of rLGTV cloning and rescue strategy. RNA was isolated from 
LGTV TP21 stock and the LGTV genome was amplified in four fragments to perform an NEB HiFi 
DNA assembly and ligated into a pSMART vector. The LGTV genome is flaked with a T7 promotor 
(T7p), GGG motif and a hammerhead ribozyme (HH) on the 5’ end and a Hepatitis delta virus 
ribozyme (HDVR) and two T7 terminators (T7t) on the 3’ end. HH is followed by 5’ untranslated 
region (UTR), capsid protein (C), precursor membrane protein (PrM), envelope protein (E), non-
structural proteins 1-5 (NS1-5) and the 3’ UTR. Sequence integrity was verified by Sanger 
Sequencing before LGTV plasmid was transfected into BSR-T7/5 cells. Infectious particles were 
harvested from the supernatant after transfection. Figure was prepared in part using Biomedical 
PowerPoint Toolkits for Presentations (MOTIFOLIO). 

Rescue strategy of LGTV clone 

Virus rescue attempts were performed following confirmation of the sequence identify of 

the full-length cDNA clone of LGTV. This involved the use of Lipofectamine 3000 to transfect 

full-length LGTV plasmids into BSR-T7/5 cells, an immortalized cell line stably expressing T7 

DNA dependent RNA polymerase. Cells were checked daily for the development of virus-

induced cytopathic effect (CPE). One control well treated with lipofectamine only showed 

evidence of reagent-induced toxicity at 24 hours post-transfection. Another well transfected 
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with pCG-EGPP was used as control for assessment of transfection efficiency by detection of 

EGFP fluorescence using UV microscopy. No lipofectamine-induced toxicity was observed in 

control wells at three days post transfection (dpi) (Figure 2B), whereas virus-induced CPE 

effect was detected in all wells transfected with full-length LGTV plasmid (Figure 2C). The 

transfection efficiency in the assay was very high, as indicated by the strong EGFP signal 

obtained by pCG-EGPP plasmid transfection (Figure 2D). Stocks of rLGTV were prepared by 

harvesting the supernatant of transfected wells at 3dpi.  

 

  

Figure 2. Photomicrographs of transfections (passage P0) performed on BSR-T7/5 cells using 
Lipofectamine 3000 reagent. Photomicrographs of (A) media control (B) Lipofectamine toxicity 
control, (C) rLGTV plasmid and (D) pCG-eGFP plasmid, a transfection efficiency control, at three 
days post transfection. Scale bars, 100µm.  

Rescued virus was grown for one more passage on BSR-T7/5 cells (P1) before a final virus 

stock was prepared on Vero E6 cells (P2). A large degree of CPE effects induced by the rLGTV 

infection was observed during both virus passages (Figure 3). A TaqMan-based qPCR assay 

using LGTV-specific primer sets detecting LGTV NS3 protein was used to confirm that the 

observed CPE in all passages (P0-P2) was due to LGTV. Detected virus titers measured by 

qPCR varied between 1,14E+09 to 2,52E+10 copies/µl in the supernatant samples 

(Supplemental Table 3). Since qPCR can only detect LGTV-specific RNA copies, TCID50 

assays were performed on four P2 rLGTV stocks to test viable virus particles (Table 1). All 

four P2 rLGTV stocks grew to comparable titers. 
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Figure 3. Photomicrographs of P1 and P2 rLGTV infections. (A) BSR-T7/5 cells infected with 
supernatant from passage P0, three days post-infection (P1). (B-C) Vero E6 cells infected with 
supernatant of P1 (B) 3 days and (C) 4 days post infection (P2). Scale bar, 100 µm.  

Replicates TCID50/ml FFU/ml 

rLGTV (1) 3,43E+07 2,37E+07 

rLGTV (2) 1,09E+07 7,49E+06 

rLGTV (3) 7,40E+06 5,10E+06 

rLGTV (4) 5,04E+06 3,48E+06 

Table 2. TCID50 assay of four P2 stocks of rLGTV. Assays were performed on Vero E6 cells. Virus 
cytopathic effects in individual wells were recorded at five days post-infection and virus titers were 
calculated using the Spearman-Karber method. 

 

Viral replication kinetics of LGTVparental and rLGTV 

To further characterize rescued rLGTV, analysis of viral replication kinetics of rLGTV and 

LGTVparental was performed on BHK-21, A549 and Vero E6 cells. Cell lines were infected 

with an MOI of 0.01 of rLGTV or LGTVparental and supernatant samples were harvested at 0, 

24, 48, 72 and 96 hours post-infection. Virus titers were determined by TCID50 assays 

(Figure 4A). In all three tested cell lines, rLGTV and LGTVparental demonstrated comparable 
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viral replication kinetics. In addition, the two viruses grew to a very similar titers in all three 

cell lines with the highest titers obtained on BHK-21 cells. Read out of TCID50 assays was 

performed five days post-infection, when cpe effects were maximal (Figure 4B-D). A few 

TCID50 wells were also stained with a TBEV E protein antibody, which cross-reacts with 

LGTV. Within the lowest dilution of TCD50 assays, nearly all cells were positively stained for 

LGTV (Figure 4E-F). 

 

 

Figure 4. TCID50 assays were performed on BHK-21, Vero E6 and A549 cells to compare viral 
growth kinetics of P2 rLGTV and LGTVparental (A). Five days post-infection, wells were examined 
to determine the highest virus dilution leading to cytopathic effects (cpe). Virus titers were 
determined using Kaplan-Meyer calculations. Curves represent the mean ± SD of three experiments 
(each titered in quadruplicates). (B-F) Photomicrographs are shown of TCID50 wells following PFA 
fixation on day six post-infection. Control wells containing uninfected Vero E6 cells displayed no 
cpe (B), Vero E6 cells infected with LGTVparental (C) or rLGTV (D) demonstrated pronounced 
cpe. Wells infected with LGTVparental (E) or rLGTV (F) were stained with a primary TBEV clone 
1768 antibody (14), which is cross-reactive against LGTV in vitro, and a secondary donkey-anti-
mouse AF488 antibody. Scale bars, 100µm. 
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Discussion 

The primary aim of this study was to establish a stable LGTV reverse genetics system that 

can provide the foundations for future investigations using fluorescently tagged recombinant 

viruses. Such a system offers unique opportunities such as investigations into host/pathogen 

interactions, single-point mutations and their impact on virulence, characterization of viral 

proteins or viral immune evasion strategies and generation of chimeric viruses involving gene 

swaps with TBEV to investigate virus attenuation. Insertion of fluorescent proteins would 

enable virus localization and dynamics to be visualized or by gene exchange chimeric viruses 

can get generated.   

In this study we have used a novel rescue strategy which has not been previously described 

for flaviviruses. This involved transfection of a full-length LGTV plasmid, flanked by a T7 

promoter and a hammerhead ribozyme (5’ end) as well as HDVR and T7 terminators (3’ end), 

into BSR-T7/5 cells, an immortalized cell line stably expressing T7 DNA dependent RNA 

polymerase. This circumvents the need to in vitro transcribe RNA from the full-length plasmid 

for use in RNA transfection into cells. The most common strategies used to rescue flaviviruses 

are the infectious clone strategy and bacteria free strategies such as Infectious-Subgenomic-

Amplicons (ISA). For the infectious clone strategy, the full-length cDNA copy of the viral 

genome is cloned into a vector (bacteria, yeast, cosmids) containing a T7 promoter at the 5’end 

a hepatitis delta virus ribozyme at 3’ end. Virus rescue is performed by using T7 DNA 

dependent RNA polymerase to transcribe the cloned flavivirus genome in vitro and then 

transfect the resulting RNA into cells. Alternatively, a plasmid containing a full-length 

flavivirus genome can be transfected directly without transcription into permissive cells if the 

vector contains an eukaryotic promotor at the 5’end and the poly(A) site of SV40pa at the 3’ 

end (10,15). These strategies have been used for several flaviviruses such as TBEV (13,16), 

West-Nile Virus (WENV) (17), Dengue Virus (DENV) (18–20), Kunjin virus (21) and Japanese 

encephalitis virus (JEV) (22). Infectious clones are a straightforward method to generate reverse 

genetics systems for flaviviruses but can be time-consuming due to unwanted mutations 

introduced during transcription/cloning steps or due to instability of the cloned flavivirus 

sequences. In addition, transformed plasmids can induce toxicity in bacteria by overwhelming 

the bacterial cell with high viral copy numbers or expression of toxic proteins (23,24). This has 

led to the development of bacteria free strategies such as Gibson assembly, ISA or a PCR/in 

vivo rescue method first described for TBEV (25). For PCR/in vivo rescue method, transcribed 
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cDNA template is amplified in two overlapping DNA fragments which have been assembled 

by fusion PCR. Alternatively, cDNA has been in vitro transcribed and injected intracerebrally 

into mice to rescue virus. A third strategy has involved using Gibson assembly to generate 

multiple overlapping fragments of a flavivirus genome in which the first and last fragment 

overlaps the vector backbone sequence. Using DNA polymerase, circular cDNA can be 

obtained often incorporating a CMV promotor. With this approach, in vitro transcription can 

be skipped and cDNA can directly be transfected into competent cells. Incorporated HDVR 

generates precise ends of viral RNA (10,26,27). The ISA method is the most minimalistic 

approach, and involves amplifying three overlapping cDNA fragments by PCR, flanked at the 

5’ end with a CMV promotor and at the 3’ end with a HDVR and simian virus 40 

polyadenylation signal. These fragments are transfected into permissive cells in which 

fragments are assembled by in cellulo recombination. Using this approach, reverse genetics 

systems have been established rapidly for many flaviviruses such as DENV, ZIKV, JEV, TBEV 

and Yellow fever virus (YFV) (28–32). Our reverse genetics system used an infectious clone 

strategy in combination with NEB HiFi DNA assembly to clone the whole LGTV genome into 

a pSMART BAC vector which enables LGTV sequences to be stably maintained in transformed 

bacteria. Previous reports of instability of cloned flavivirus sequences are primarily due to 

cryptic prokaryotic promotors. One such promotor has been identified within the 5’UTR region 

of DENV (24). Similarly, this has been shown for a JEV clone in which several cryptic bacterial 

promotor activities (CBPA) were identified within the first 3000 nt (33). Studies investigating 

how to reduce CBPA involved splitting viral genome between multiple plasmids (23,28) or by 

inserting introns into open-reading frame (34). The use of a BAC as the vector backbone for 

the LGTV clone generated in this study has meant that no instability of cloned LGTV sequences 

has been identified thus far. The standard in vitro transcription step during flavivirus rescue of 

a plasmid clone flanked by a 5’ T7 promoter sequence was replaced by direct transfection of 

BSR-T7/5 cells, a cell line stably expressing T7 polymerase, with the full-length LGTV 

plasmid. 

Some reverse genetics systems have reported differences between parental and rescued 

viruses with respect to virus replication kinetics (35), virus titers or differences in size of virus-

induced cpe (12). This is often due to single-point mutations, incorporated reporter proteins or 

chimeric clones. So far, our full-length LGTV clone is identical to the parental viral genome 

apart from a single synonymous mutation. Therefore, the cpe in all tested cell lines (Figure 4C-

D) as well as viral growth kinetics and resulting virus titers (Figure 4A) were indistinguishable 

from the parental virus. This in combination with sequencing data revealing only one silent 
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nucleotide change at position 9550 provides a stable platform for future genome modifications. 

In future, we will insert reporter proteins such as EGFP or mScarlet into our LGTV clone. Only 

one LGTV clone GFP has been published previously (36). Nevertheless, several tagged clones 

for TBEV (12,37), ZIKV (38,39), DENV (40), JEV (41), YFV (42) have been established. In 

addition to insertion of reporter proteins, construction and rescue of chimeric clones are of 

special interest for LGTV research. Vaccination programs in TBEV endemic areas still has a 

number of drawbacks including low vaccination coverage, and a time-consuming vaccination 

schedule (43,44). LGTV is still discussed as potential LAV against TBEV due to a high level 

of amino acid sequence similarity of 82-88% between LGTV and TBEV strains (45). An LGTV 

clone has been used previously as a chimeric backbone to insert proteins from other flaviviruses 

to obtain vaccines (9). Therefore, a stable reverse genetics system for LGTV will provide many 

opportunities to study virus localization and dynamics, single-point mutations and virus-host 

interactions and might act as a possible vaccine vector to protect against other flavivirus 

infections.  

 

Outlook 

This manuscript is currently in preparation since additional experiments are ongoing which 

will expand the scope of this study. The full-length cDNA clone will be modified to express 

fluorescent proteins such as EGFP, splitGFP or mScarlet. The stability of insertions will be 

investigated since such insertions in recombinant flaviviruses are known to be unstable. The 

availability of tagged recombinant LGTVs will provide new opportunities including the 

establishment of a virus-neutralization assay for LGTV and the localization and imaging of 

infection dynamics in vitro or in infected ticks. LGTV mutants or LGTV/TBEV chimeras will 

also provide an interesting tool to study live-attenuated vaccines for TBEV. Finally, the high 

level of homology between LGTV and TBEV means that the cloning and rescue strategies 

developed in this study can be used for the generation of analogous tagged TBEV clones. 

 

Methods 

Cells  

BSR-T7/5 cells were grown in Dublecco’s modified Eagle’s media (DMEM; Thermo Fisher 

Scientific) supplemented with 10% fetal calf serum (FBS; Thermo Fisher Scientific), 1% 

Penicillin/Streptomycin (Pen/Strep; 10.000 units/ml, Thermo Fisher Scientific), 1% GlutaMax 
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(Thermo Fisher Scientific) and 1 mg/ml Geneticin (Carl Roth). BSR-T7/5 are a derivative of 

BHK-21 clone 13 cells which stably express T7 DNA dependent RNA polymerase under the 

control of a cytomegalovirus promotor. Baby hamster kidney cells (BHK-21; CCLV-RIE 164) 

were grown in DMEM supplemented with 10% FBS, 1% Pen/Strep and 1% GlutaMax. African 

green monkey kidney cells (Vero E6; ATCC® CCL81™) were grown in Eagle’s Minimum 

Essential media (EMEM, Lonza) supplemented with 10% FBS, 1% Pen/Strep and 1% 

GlutaMax. Human lung carcinoma cells (A549; ATCC® CCL-185™) were grown in DMEM 

supplemented with 10% FBS, 1% Pen/Strep and 1% GlutaMax. All cell lines were grown at 

37°C with 5% CO2. 

Virus 

Langat virus strain TP21 (LGTV TP21), subsequently referred to as ‘LGTVparental’ was 

initially isolated in 1956 from a pool of hard ticks which were collected from forest rats near 

Kuala Lumpur, Malaysia (46). Virus stocks for this study were grown on Vero E6 in EMEM 

supplemented with 2% FBS, 1% Pen/Strep and 1% GlutaMax. Virus titers were determined by 

Tissue Culture Infectious Dose 50 (TCID50). An initial stock of the parental virus was provided 

by the Department of Molecular Immunology, Helmholtz Centre for Infection Research, 

Braunschweig, Germany. 

Cloning and rescue strategy 

In order to circumvent previously reported problems with instability of cloned flavivirus 

genome fragments in plasmid vectors, we used a bacterial artificial chromosome (pSMART-

BAC, Lucigen Technologies) as the vector backbone for a full-length cDNA clone. This vector 

was first modified by insertion of a synthetic fragment cloned into pMK-RQ (GeneArt, Thermo 

Fisher Scientific) containing essential 5’ and 3’ sequences flanking LGTV genome. This 

included a unique SwaI restriction enzyme site, a T7 promoter and hammerhead ribozyme at 

the 5’ end, the first 809 nts of LGTV including the 5’ UTR to the first unique restriction site 

(PspXI), the last genome fragment (478 nts) including the 3’ UTR following the last unique 

restriction site (BSiWI), a hepatitis delta ribozyme, two T7 terminator sequences and a unique 

NotI restriction enzyme site at the 3’ end. This synthetic fragment was digested with SwaI and 

NotI, gel purified and ligated using T4 DNA Ligase (New England Biolabs) into pSMART 

vector which had also been cut with the same restriction enzymes. The pSMART-synthetic 

LGTV construct was transformed into Endura electrocompetent cells (Lucigen Technologies) 

according to manufacturer’s protocol and DNA of positive colonies were isolated by Maxiprep 

and sequenced. The remaining 9656 bp of the LGTV genome were inserted in a single step by 
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a four-fragment NEB HiFi DNA assembly (Supplemental Table 1) using RNA isolated from 

LGTV TP21 stock (LGTVparental) as template. Fragments were amplified by Q5® high-

fidelity DNA Polymerase (New England Biolabs) with 0.5 µM of forward and reverse primer-

sets (Supplemental Table 1), one-unit Phusion DNA Polymerase, Q5 Reaction Buffer and 

200µM dNTP mix in a thermocycler (Eppendorf, Mastercycler X50a). PCR conditions for 

fragments 1 and 3 were: 98 °C for 30 s, followed by 35 cycles of denaturation 98 °C for 30 s, 

annealing 63 °C for 30 s, elongation 72 °C for 1 min and final step 10 min at 72 °C while for 

fragment 2 and 4: 98 °C for 30 s, followed by 35 cycles of denaturation 98 °C for 30 s, annealing 

61 °C for 30 s, elongation 72 °C for 2 min and a final step of 10 min at 72 °C. Sizes of individual 

fragments were verified by gel electrophoresis. Bands were gel purified using a Monarch® 

DNA Gel Extraction Kit (New England Biolabs) and DNA concentration was quantified using 

a spectrophotometer (Thermo Scientific, Multiskan Go). HiFi assembly was performed with 

NEBuilder HiFi DNA Master Mix (New England Biolabs) using a 1:2 vector to insert ratio with 

0.02 pmol of each fragment and 0.01 pmol of vector which had been digested with BsiWI and 

PspXI. The HiFi mix was incubated 90 min at 50 °C, stored on ice and directly transformed 

into electrocompetent E.coli cells (Lucigen Technologies). 20 µl of bacteria were mixed with 

3µl of LGTV HiFi assembly reaction mix and 500µL recovery media (Lucigen Technologies), 

incubated for 60 min at 37 °C and plated on YT agar plates (Carl Roth) containing 12 µg/mL 

chloramphenicol. Plates were incubated at 30 °C overnight and for 24 hours at room 

temperature. Colonies were picked and grown in TB media (Carl Roth) containing 12 µg/mL 

Chloramphenicol and 1µL/mL Arabinose (Lucigen Technologies). DNA was isolated using a 

Monarch Plasmid Maxiprep kit (New England Biolabs) and quantified using a Nanodrop 

spectrophotometer. The full-length cDNA LGTV clone was verified by Sanger Sequencing 

(Supplemental Table 2) before transfection into BSR-T7/5 cells and harvesting of cell-free virus 

from supernatant. Rescued recombinant virus is subsequently defined as recombinant 

(r) LGTV.  

Sanger sequencing 

Verification of genome integrity of the full-length cDNA clone following NEB HiFi DNA 

assembly was performed by Sanger sequencing, prior to testing of virus rescue protocols. 

Primers were designed (Supplemental Table 2) every 500 bp of the LGTV genome based on 

the published LGTV TP21 sequence (AF253419.1.) Sequencing was performed by Eurofins 

Genomics and used 50-100 ng/µl plasmid DNA with 10 pmol/µL of region-specific primer per 

sequencing reaction.   
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Cell transfection and cell passages 

BSR-T7/5 cells were seeded in a 6-well tray one day prior to transfection. Cells were washed, 

1 ml Opti-MEM media (Thermo Fisher Scientific) added and incubated for 20 min at 37 °C 

with 5% CO2. Plasmid mix was prepared containing 2 µg/µl LGTVwt plasmid and 4 µl P3000 

reagent in 125 µl Opti-MEM media. Plasmid mix was incubated for 7 min before addition of 

8 µl Lipofectamine 3000 reagent (Thermo Fisher Scientific) diluted in 125µl Opti-MEM. 

Following Opti-MEM pretreatment, plasmid-Lipofectamine mix was added dropwise onto the 

cell layer and incubated at 37 °C with 5% CO2 overnight. The following day, media was 

replaced by DMEM media supplemented with 2% FBS, 1% Pen/Strep and 1% GlutaMax. Intra-

assay controls included one well treated with Lipofectamine reagent only and another well with 

Lipofectamine and pCG-EGPP plasmid. Three days post-transfection, supernatant was clarified 

by centrifugation and 1 ml was transferred into a T25 flask with fresh BSR-T7/5 cells (passage 

1, P1). The supernatant was harvested at 3 days post-infection, clarified by centrifugation and 

transferred into a T75 flask with Vero E6 cells. Four days post-inoculation, supernatant from 

Vero E6 cells was harvested and clarified by centrifugation (passage 2, P2). The supernatant 

from this infection of Vero E6 cells is described as ‘P2 stock’ in subsequent experiments. The 

entire rescue protocol was performed in quadruplicates.  

Tissue Culture Infectious Dose 50 (TCID50) assay 

To determine titers of virus stocks and multi-step growth kinetics, TCID50 assays were 

performed. Vero E6 cells were pre-seeded in 96-wellplates one day prior to infection. Cells 

were washed before 10-fold serial dilutions of virus was performed in EMEM media 

supplemented with 2% FBS, 1% Pen/Strep and 1% GlutaMax. Cells were incubated at 37 °C 

with 5% CO2. Five days post-infection, the trays were examined for presence or absence of 

cytopathic effect (CPE) compared to control wells. Titers were calculated using Spearman-

Karber method.  

RNA extraction and real-time reverse transcriptase PCR (qPCR) assay 

LGTV-specific qPCR was used to verify that CPE was induced by LGTV and to quantify 

the numbers of virus copies in samples. Supernatant (140 µl) from infected cell cultures was 

used for RNA isolation with QIAamp Viral RNA Kit (QIAGEN) in combination with a Qiacube 

machine (QIAGEN). Quantification of RNA copies was performed using a One-Step RT-PCR 

Kit (QIAGEN) in a AriaMX Real-time PCR system (Agilent) which detects a region of the NS3 

gene of the LGTV genome by TaqMan-based assay. Primer and probe sequences were used as 
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described previously (47). Data was analyzed using AriaMX software (version 1.5; Agilent) 

with detected LGTV copies calculated by internal LGTV standard.  

Next generation sequencing (NGS) 

LGTV parental was sequenced to compare complete genome with published LGTV 

sequences. Sample preparation and workflows were used as previously described (48). 

Consensus genome sequences were compared with LGTV TP21 sequences available on 

Genbank (AF253419.1 and EU790644.1). Sequence variation was analyzed using DNAStar 

software.   

Virus replication kinetics 

Viral replication kinetics were performed to compare rLGTV and LGTVparental. BHK-21, 

A549 and Vero E6 cells were seeded one day prior to infection in 6-well trays. One well was 

trypsinized and counted before infection to ensure a multiplicity of infection (MOI) of 0.01 was 

used for the infection. LGTVparental and rLGTV virus were diluted in maintenance media and 

incubated for 3 hours at 37 °C with 5% CO2 cells. Afterwards cells were washed and overlayed 

with maintenance media supplemented with 2% FBS, 1% Pen/Strep and 1% GlutaMax as 

described above. Supernatant was collected 0, 24, 48, 72 and 96 hours post-infection and titers 

were determined by TCID50 as described previously. Experiments were performed in triplicates 

for each cell line.  

Immunocytochemical staining 

Vero E6 cells used for determining viral growth kinetics by TCID50 assay were fixed for 30 

min with 4 % PFA at 120 hours post-infection. Cells were washed once with Phosphate 

Buffered Saline (PBS) and permeabilized for 30 min with 0.2% TritonX/PBS. A blocking 

solution consisting of 0.1% bovine serum albumin/0,2% TritonX/PBS solution was then applied 

to the cells for 30 min. LGTV antigen was detected using a TBEV antibody clone 1786 (14), 

which is cross-reactive against LGTV, at a 1:250 dilution in permeabilization buffer for a one-

hour incubation. After washing with permeabilization buffer, donkey-anti-mouse AF488 

antibody (Invitrogen) was used as the secondary antibody. Secondary antibody was diluted 

1:1000 in permeabilization buffer and incubated for one hour. After a PBS wash, the staining 

was evaluated by fluorescence microscopy.  
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Supplementary Material 

Supplementary Table 1. List of primer sequences used for Hifi DNA assembly of rLGTV  

Name  

virus_starting base_direction 
direction Sequence 5'-3' 

LGTV_00001_fwd Fwd AGATTTTCTTGCGCGTGC 

LGTV_00381_rev Rev GTGCTCACCGTTCTCTTGATC  

LGTV_00465_fwd Fwd GAATGTGCCTCACGGCAACTG 

LGTV_01033_fwd Fwd CACATTGGTTCTCGAGCTGG 

LGTV_01522_fwd Fwd CTTGTGTAGAGTGGCCAGTG  

LGTV_02060_fwd Fwd ATGGAGAACAACGGAGGTGG  

LGTV_02545_fwd Fwd CGACAACTACGTGTTCCACC  

LGTV_03019_fwd Fwd GGTCAAGAATGGAATGGCCG  

LGTV_03577_fwd Fwd GGAGCTGGTGATTAGAAGGCG  

LGTV_04019_fwd Fwd ATCCATGATGGCTTGACCGC  

LGTV_04589_fwd Fwd CCCAGGAGAACGGATCTTGTG 

LGTV_04979_fwd Fwd GCCATTCCCATTGATCTCGCC  

LGTV_05549_fwd Fwd GTTCTCATGACGGCAACACC  

LGTV_06041_fwd Fwd GATGATGACAGTGGTCTTGTGC  

LGTV_06471_fwd Fwd ATGTGCTCATGGGAATGTCTGG  

LGTV_07084_fwd Fwd GCAGACAAGAATCCAGCAGTTG  

LGTV_07572_fwd Fwd CCTGTGGCATGAGTGGAGTG  

LGTV_07988_fwd Fwd GGACATGAATCACCACGCATG  

LGTV_08620_fwd Fwd TTCGCTGCTGAATGGGGTCG  

LGTV_09082_fwd Fwd GGCCATCTGGTACATGTGGC  

LGTV_09473_fwd Fwd GGACAGGTTGTGACTTATGCTC  

LGTV_10080_fwd Fwd CAACCGAAGACATGCTGGAGG  

LGTV_10559_fwd Fwd CCATTGGAGACAACTTCGTGAG  

Supplementary Table 2. List of primer sequences used to Sanger sequence the complete genome 
of LGTV 

Name 

virus_fragment_direction 
direction Sequence 5'-3' 

LGTV_Hifi Fragment 
1_fwd 

Fwd 
CCTGACCGGGCGGGGACACCAATGGCTCGAGGGAGAGGCT 
GTGAAGGCA 

LGTV_Hifi Fragment 
1_rev 

Rev 
CATACCACCAGTCCTTCTCCACATCGGAGCTCCATTCGCTC 
TGTG 

LGTV_Hifi Fragment 
2_fwd 

Fwd 
GATGTGGAGAAGGACTGGTGGTATGGAGAGAGGTGTCAGA 
ATG 

LGTV_Hifi Fragment 
2_rev 

Rev 
CATACGTGTCATTAGTCTTGAGGCCGTTTCCATACAGGCCA 
ACG 

LGTV_Hifi Fragment 
3_fwd 

Fwd 
GGCCTCAAGACTAATGACACGTATGTCAGCAGCATAGCAC 
AGGGT 

LGTV_Hifi Fragment 
3_rev 

Rev 
AGCCCTTTGTGTTAACTCTGCCTCCAGTCCCGACACCACTA 
TG 

LGTV_Hifi Fragment 
4_fwd 

Fwd 
GGAGGCAGAGTTAACACAAAGGGCTCACAAAGTGTTCTTC 
TCG 

LGTV_Hifi Fragment 
4_rev 

Rev 
TTTTCTTGTGTGTTGGAGATCAGCTCGTACGAGTTATCATCT 
CCTGTTG 
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Sample 
cell line_clone_passage 

day of sampling Target 
Ct-value 

(∆R) 

LGTV Quantity 

[copies/µL] 

BSR-T7/5 resc LGTVwt1 P0 3 dpi FAM 16,00 1,92E+09  
3 dpi FAM 15,11 3,65E+09 

BSR-T7/5 resc LGTVwt1 P1 3 dpi FAM 12,49 2,46E+10  
3 dpi FAM 12,41 2,59E+10 

BSR-T7/5 resc LGTVwt1 P2 3 dpi FAM 13,42 1,25E+10  
3 dpi FAM 13,71 1,01E+10 

BSR-T7/5 resc LGTVwt1 P2  4 dpi FAM 14,68 4,98E+09  
4 dpi FAM 14,81 4,53E+09 

BSR-T7/5 resc LGTVwt2 P0 3 dpi FAM 16,53 1,30E+09  
3 dpi FAM 16,88 1,01E+09 

BSR-T7/5 resc LGTVwt2 P1 3 dpi FAM 13,22 1,44E+10  
3 dpi FAM 12,81 1,94E+10 

BSR-T7/5 resc LGTVwt2 P2 3 dpi FAM 14,28 6,66E+09  
3 dpi FAM 15,13 3,59E+09 

BSR-T7/5 resc LGTVwt2 P2  4 dpi FAM 15,60 2,55E+09  
4 dpi FAM 15,15 3,54E+09 

BSR-T7/5 resc LGTVwt3 P0 3 dpi FAM 16,82 1,05E+09  
3 dpi FAM 16,60 1,23E+09 

BSR-T7/5 resc LGTVwt3 P1 3 dpi FAM 12,50 2,44E+10  
3 dpi FAM 13,14 1,53E+10 

BSR-T7/5 resc LGTVwt3 P2 3 dpi FAM 13,86 9,02E+09  
3 dpi FAM 14,35 6,34E+09 

BSR-T7/5 resc LGTVwt3 P2  4 dpi FAM 14,85 4,40E+09  
4 dpi FAM 14,72 4,85E+09 

BSR-T7/5 resc LGTVwt4 P0 3 dpi FAM 16,72 1,13E+09  
3 dpi FAM 16,11 1,77E+09 

BSR-T7/5 resc LGTVwt4 P1 3 dpi FAM 12,64 2,19E+10  
3 dpi FAM 13,06 1,62E+10 

BSR-T7/5 resc LGTVwt4 P2 3 dpi FAM 14,14 7,38E+09  
3 dpi FAM 14,63 5,19E+09 

BSR-T7/5 resc LGTVwt4 P2  4 dpi FAM 14,48 5,77E+09  
4 dpi FAM 15,12 3,63E+09 

BSR-T7/5 resc neg control P1 3 dpi FAM - - 

BSR-T7/5 resc neg control P2 4 dpi FAM - - 

LGTV STD 50.000 copies - FAM 33,07 1,00E+04 

LGTV STD 500.000 copies - FAM 29,34 1,00E+05 

LGTV STD 5.000.000 copies - FAM 25,81 1,00E+06 

LGTV STD 50.000.000 copies - FAM 23,69 1,00E+07 

no template control - FAM - - 

Supplementary Table 3. Taq-Man quantitative real-time PCR detection of LGTV in supernatant 
following transfection in BSR-T7/5 cells (P0). Virus were passaged twice on BSR-T7/5 cells (P1) 
and once on Vero E6 cells (P2) following transfection of plasmid into cells. 
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Chapter 5 
General discussion 

 

5. GENERAL DISCUSSION  

5.1. ESTABLISHMENT OF A TICK-BORNE ENCEPHALITIS MOUSE 

MODEL  

TBE risk areas in Europe and Asia have been expanding for decades despite available TBE 

vaccination. Europe and Asia report 10,000-15,000 cases per year, which is very likely an 

underestimation due to different notification systems in the respective countries (1,2). These 

numbers are alarming, considering that TBE can induce severe neurological symptoms 

resulting in life-long sequelae and death. Comparing the symptoms in humans with those of 

TBEV infections in immunocompetent mice in our study (chapter 2), there are clear similarities 

between infected humans and mice. Even though disease development in experimentally 

infected mice is much faster and does not show a biphasic pattern, neurological symptoms may 

be comparable. After TBEV Hypr challenge, mice demonstrated weakness, piloerection and 

kyphosis (murine pain indicators) often in combination with ataxia as well as paresis of one or 

both hind legs. The dramatic body weight loss starting at 7 dpi can correlate to gastro-intestinal 

(GI) tract problems or be a consequence of general malaise preventing them from eating and 

drinking. Although consequences such as diarrhea or vomiting did not occur, macroscopic 

changes affecting the stomach till upper ileum have been identified upon necropsy. GI tract 

problems in humans are rare, however, a new TBEV isolate from a foci in southern Germany 

reported patients with constitutional and GI tract problems (3,4). Identifying the reason for 

neurological symptoms reveal the first challenge when it comes to CNS entry since knowledge 

about TBEV crossing BBB is lacking. Investigations into post-mortem brains of TBE patients 

confirm large neurons of pons, medulla oblongata, dentate nucleus, anterior horns, striatum and 

Purkinje cells as main targets (5). In our murine model, neurons have also been confirmed as 

main TBEV targets which was shown by an anti-TBEV E protein antibody staining (6) 

detecting infected cells (chapter 2). Histopathological investigation demonstrated highest viral 

burdens in cerebral cortex, thalamus, hypothalamus and pons of murine brains, however, TBEV 

was detected in all brain regions. Interestingly, we did not detect co-localization of TBEV and 
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GFAP, therefore astrocyte infection has not been demonstrated in our in vivo mouse studies. 

Knowing that our experimental setup can mimic TBEV infection-associated disease 

development in the mouse model, we tested if immune-mediated protection could be studied in 

the mouse model as well. Therefore, LGTV, a low-pathogenic flavivirus closely related to 

TBEV, was used as live-attenuated vaccine to evaluate protection against TBEV in the mouse 

model. LGTV and TBEV are closely related with 80-88% amino acid identity (7). Therefore 

and because cross-neutralizing antibodies have been detected in vitro and in vivo studies, LGTV 

was used as LAV in Russia in the 1970s (8–10). Using our mouse model, by immunizing naïve 

mice with LGTV or the naturally avirulent TBEV-280 strain and challenging them 28 days later 

with lethal dose of TBEV Hypr demonstrated full protection against clinical symptoms (chapter 

2). Immunized mice did not develop any clinical signs or body weight loss and their GI tracts 

looked healthy upon necropsy. This indicates the suitability of the mouse model to demonstrate 

protective effects of potential future vaccine candidates.   

Interestingly, immunized mice were protected from clinical symptoms but apparently not from 

TBEV invasion into the CNS. Using a TaqMan-qPCR analysis of TBEV, viral RNA was still 

detected in brains and spinal cord of some immunized mice, although levels were significantly 

lower compared to mock-immunized mice (chapter 2). However, immunohistochemical 

investigations, using an antibody targeting TBEV E protein, demonstrated no detectable TBEV 

protein in brains of LGTV or TBEV-280 immunized mice. This indicates that TBEV had 

entered the brain and had replicated to a limited extent before the day of euthanasia and 

necropsy (14 dpi TBEV Hypr). Even though no protein was detected here, consequences of 

viral CNS infection such as inflammation, gliosis or neuronal damage were demonstrated in the 

immunized mice (chapter 2). This would mean that since the viral infection is cleared, minimal 

viral loads can already lead to brain damage, without causing apparent neurological symptoms. 

An approach to further characterize this phenomenon in the immunized mice would be using 

the same experimental set-up, but euthanizing mice at different time points post TBEV 

challenge. This may indeed provide information on dynamics of viral CNS entry, replication 

and clearance in the CNS, with associated histological changes like gliosis, neuronal loss and 

inflammation, that can either be caused by virus replication itself, or the associated immune 

response. Additionally, it would be interesting to investigate why some LGTV-immunized mice 

demonstrated CNS entry while others did not. This could be due to higher TBEV-neutralizing 

antibody titers at the day of infection. Another option would be a higher frequency or more 

TBEV-specific CD4+/CD8+ T cells providing cross-protection after Hypr challenge in these 

mice. This can be studied by adoptive transfer of serum or T cell populations prior TBEV 
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challenge (chapter 3). This may provide crucial insights for designing future TBE vaccine 

candidates. 

5.2. CORRELATES OF PROTECTION AGAINST TICK-BORNE 

ENCEPHALITIS 

The identification of LGTV infection-induced correlates of immune protection from TBEV 

infection was an important aim of our studies. After the LGTV vaccination trial in 1970s, no 

investigations into LGTV-specific correlates of protection against TBEV were conducted. In 

order to develop live-attenuated TBE vaccines providing long-term protection, it would be 

helpful to have identified critical correlates of protection from TBEV infection. This would 

facilitate designing vaccine candidates that induce optimal protection.   

For several flaviviruses, cross-protection by antibodies and/or T cells have been demonstrated. 

A combination which has been studied extensively in this respect are the two mosquito-

transmitted flaviviruses ZIKV and DENV, also due to their potential to predispose for the 

induction of mutual ADE mechanisms in humans (11,12). In chapter 2, we showed that LGTV-

specific protection against TBEV can be demonstrated using our TBE mouse model. Therefore, 

we immunized mice with LGTV TP21 and obtained blood and spleens to individually transfer 

CD3+, CD4+, CD8+ T cells and serum to naïve mice one day prior TBEV challenge. In vitro 

neuralization assays of LGTV-specific serum pools showed neutralization of TBEV. Adoptive 

transfer of these serum pools demonstrated full clinical protection and survival upon TBEV 

challenge (chapter 3). This indicates high cross-reactive potential of LGTV-specific antibodies 

and identifies these as a major correlate of protection against TBEV infection. Ongoing 

investigations into the pathology of mouse brains after adoptive serum transfer and TBEV 

challenge will address the question to what extent antibodies can protect from clinical 

symptoms and CNS invasion of TBEV.   

ADE can be of major concern upon flavivirus infections. ADE of TBEV infection with sera 

from other viruses of the tick-borne encephalitis sero-complex has been reported in vitro (13). 

In mice ADE between ZIKV and preexisting DENV or WNV infection has been reported (14). 

Human DENV antibodies are able to bind ZIKV but instead of neutralizing the virus, they may 

cause ADE (15). A clinical trial investigating a live-attenuated YFV vaccine even demonstrated 

prolonged vaccine viremia, increased pro-inflammatory responses and antibody-dependent 

infection in subjects prior immunized against JEV (16). Even though ADE has been proven to 

play a role in several flavivirus infections, in vivo evidence of ADE induced by TBEV towards 

TBEV or other flavivirus infections and vice versa is lacking and we did not observe ADE 
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effects in our adoptive transfer studies.  

We also performed T cell transfer studies with cells from pre-infected mice to investigate 

whether these could be another correlate of protection against TBEV. Transfer of CD3+, CD4+ 

and CD8+ T cells did not provide protection against clinical symptoms or death in our mouse 

model. Minimal effects have been shown with CD4+ T cell transfer, as six out of ten mice 

survived one day longer than those of the control group. In SCID mice, CD4+ adoptive transfer 

has already demonstrated prolonged mean survival times as well as increased survival after 

TBEV Hypr infection (17).   

It has been hypothesized that CD4+ T cells are contributing to controlling viral infection by 

production of antiviral and proinflammatory cytokines as well as through activation of CD8+ - 

and B- cell responses. Studies with CD4+-depleted, CD4-/- or MHC class II-/- mice 

demonstrated high impact of CD4+ T cells on survival after WNV and ZIKV infections (18,19). 

Interestingly, cross-reactive CD4+ T cells primed against DENV can reduce viral burden of 

ZIKV in vivo (20). In contrast to these findings, CD4-/- mice did not show increased mortality 

upon DENV infection (21) which leads to the hypothesis that CD4+ T cell protection is virus-

specific even among flaviviruses.    

TBEV-specific CD8+ T cell response and their involvement in providing protection has been a 

matter of debate. Prolonged survival of CD8-/- or SCID mice was demonstrated after TBEV 

infection compared to immunocompetent mice or mice which received CD8+ adoptive T cell 

transfer (17). Brain pathology demonstrated predominance of the CD8+ T cell infiltrates which 

may indicate induced immunopathology instead of contribution to protection after TBEV 

infection (17). CD8+ T cells demonstrated an immunopathological effect after WNV infection 

(22), no influence after YFV infection (23) and protective effects after ZIKV and DENV 

infection (24,25). Cross-protection has also been demonstrated with DENV and ZIKV primed 

CD8+ T cells as well as ZIKV and JEV primed CD8+ T cells mutually protecting from 

subsequent infection (26–28). Collectively, these results indicate that CD8+ T cells can lead to 

protection, even cross-protection between flaviviruses, but can also trigger neuropathogenesis 

indicating a virus-specific effect of CD8+ T cells within flaviviruses.   

In our adoptive transfer study, we did not observe a cross-protective effect or enhancement by 

T cells populations between LGTV and TBEV (chapter 3). Currently, we cannot argue that this 

was due to the absence of cross-reactive T cells, lack of LGTV-specific T cells or too severe of 

a challenge. The frequency of cross-reactive T cells from LGTV against TBEV was not 

investigated, therefore, we cannot eliminate the possibility that we transferred insufficient 

numbers of LGTV-specific T cells (4-5 x 106 T cells/mouse). Alternatively, we may have 



GENERAL DISCUSSION I CHAPTER 5 

  69 

challenged them with too high of a dose of TBEV to detect protective effects. TBEV Hypr has 

been described as a highly pathogenic stain in mice (29,30), therefore the murine immune 

system could have been overwhelmed by our adoptive transfer challenge setup. A subsequent 

ongoing experiment is to identify and enumerate LGTV-primed cross-reactive T cells against 

TBEV by ELISPOT and flow-cytometry. Once the frequency and characteristics of cross-

reactive T cells are determined a subsequent adoptive transfer study will be carried out with a 

lower pathogenic TBEV strain (Neudörfl) and probably higher numbers of transferred LGTV-

specific T cells. This will provide evidence for cross-reactive T cell-mediated protective or 

disease-enhancing immunity between these viruses. Since TBEV CNS entry has been identified 

in our immunization study even in clinically protected mice (chapter 2), we will additionally 

investigate whether cross-protective T cells will also protect against CNS infections. 

In conclusion, we demonstrated that, while LGTV-neutralizing serum antibody transfer 

correlates with protection against TBEV infection in vitro and in vivo, evidence for involvement 

of LGTV-specific T cells in providing protection from TBE or leading to enhanced 

pathogenesis is lacking. Ongoing experiments, as described, will help obtain a complete picture 

about LGTV-driven protective immunity against TBEV. 

5.3. REVERSE GENETICS SYSTEM OF LGTV - A VALUABLE TOOL FOR 

STUDYING PATHOGENESIS AND PROTECTION 

Following the establishment of a TBEV mouse model and proving that LGTV provides 

protection against subsequent TBEV infections, we aimed to establish a stable reverse genetic 

system for the LGTV TP21 stain. This involved the use of a bacterial artificial chromosome as 

a vector backbone in which LGTV genome was incorporated by NEB HiFi assembly using four 

overlapping fragments. The genome was flanked by a T7 promotor and a hammerhead 

ribozyme on the 5’end and a HDVR and T7 terminator sequences on the 3’end. Recombinant 

LGTV was rescued in BHK cells expressing T7 polymerase (chapter 4). This strategy is a novel 

rescue strategy for flaviviruses which has not been described previously. One advantage of our 

new rescue strategy is the use of a T7 promotor in combination with BHK cells expressing T7 

polymerase. Full-length cDNA flavivirus clones with a flanking T7 promotor normally require 

an in vitro transcription step before transfection into permissive cells. Therefore, one step can 

be removed, which could reduce potential nucleotide changes introduced during in vitro 

transcription before transfection into cells. The use of a BAC as the vector backbone also 

ensures sequence integrity before attempted virus rescue. One disadvantage of using bacteria 

during cloning steps is the potential instability of full-length cDNA flavivirus clones. This is 
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due to cryptic prokaryotic promotor activities within the sequence (31,32). So far, we did not 

identify any instability in our established reverse genetics system (chapter 4). Previous 

recombinant LGTVs and TBEVs showed differences in obtained titers and cpe of viral 

replication kinetics in comparison to parental strains (33,34). However, we did not observe any 

phenotypic difference with respect to cpe and growth kinetics of parental and recombinant 

LGTV. An additional experiment to further characterize recombinant LGTV would be to 

perform five to six times passages on Vero cells and perform next-generation-sequencing on 

RNA isolated after the last passage. This could determine the presence or absence of cell culture 

adapted mutations. Thus far, the recombinant virus has only been passaged twice (passage 0 to 

2) with no indication of changes in viral growth kinetics (chapter 4).   

A stable reverse genetics system for LGTV offers interesting opportunities for future 

experiments. The next step will be the insertion of a reporter protein such as EGFP or mScarlet 

into our recombinant clone. This has been published previously for many flaviviruses such as 

ZIKV (35,36), DENV (37), YFV (38), JEV (39) but also for TBEV (34,40) and LGTV (41). 

Such a tagged recombinant LGTV will enable the study of viral infection dynamics, localization 

and pathogenesis in future in vitro and in vivo infections. Another interesting approach is using 

the LGTV reverse genetics system as a platform to design an LAV. The principle of LAVs is 

modify a virus/close relative to be less harmful with reduced virulence and pathogenicity. This 

can either be done by introduced mutations or by adapting the virus to a cell line by multiple 

passages. The use of LAV has been a very successful strategy to develop new vaccines against 

several human viruses. LAV have been used in humans to protect against severe diseases caused 

by poliovirus (42), measles virus (43), mumps virus (44) or rotavirus (45) but also against 

flaviviruses such as YFV (46) and JEV (47). A new approach to LAV design creates chimeras 

using the genome of less pathogenic viruses (such as LGTV) or clinically tested LAV vaccines 

(such as YFV vaccine) and inserting the sequences of the structural/non-structural proteins. 

Interestingly, a combination which has been studied intensively is a chimeric virus of LGTV 

and a low-neuroinvasive DENV type 4 (DENV4) as a potential LAV candidate for TBEV 

(48,49). One chimera which has been clinically tested in humans is constructed of prM and E 

protein of LGTV in a DENV4 genome backbone (50). While the vaccine was safe, the 

neutralizing antibody response to TBEV was low in magnitude and frequency, even after a 

second booster (50). Another approach was a chimera of prM and E proteins of FE-TBEV strain 

Sofjin incorporated into the DENV4 genome, which was highly attenuated in mice and 

monkeys with respect to neuroinvasiveness and induced higher antibody response against 

TBEV compared to LGTV/DENV4 chimera (51). A recently published study incorporated prM 
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and E protein of TBEV-FE Sofjin strain into a LGTV genome and injected this chimera with 

targeted microRNA as a vaccine candidate against TBEV (52). Interestingly, neutralizing 

antibody titers against TBEV after a single dose of this vaccine candidate induced comparable 

titers seen after three doses of inactivated TBEV virus in non-human primates. Immunization 

of mice with the vaccine candidate has demonstrated full protection against a lethal Hypr 

challenge (52).  

In conclusion, we have established a stable reverse genetics system for LGTV based on the 

use of a bacterial artificial chromosome as a vector backbone. This system will offer several 

opportunities such as the rescue of recombinant virus expressing fluorescent or luminescent 

proteins, introduction of genetic modifications to examine their influence on phenotype and 

finally cloning chimeric viruses which can be tested using our established TBEV mouse model.  
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5.4. CONCLUDING REMARKS 

Although inactivated whole-virus vaccines are available to prevent TBE, vaccination 

coverage is generally low, vaccination schedules are time-consuming, and vaccine 

breakthroughs are observed occasionally, especially in older adults. This highlights the need 

for new TBE vaccine strategies for this highly relevant disease.   

The first aim of this thesis was to establish a TBE mouse model as well as a TBEV-related 

toolbox for virological and immunological assays with which we could perform immunization 

studies to elucidate correlates of protection. As described in chapter 2, we established a mouse 

model replicating TBE pathogenesis and showed protection upon immunization with LGTV 

TP21, a low-pathogenic, closely related virus, as well as with the naturally avirulent TBEV-

280 strain. Since we demonstrated LGTV-induced protection against TBEV infection in the 

mouse model we aimed to further characterize LGTV-specific correlates of protection (chapter 

3). We showed that transfer of serum containing virus-neutralizing antibodies against LGTV 

provided protection against TBEV infection. As T cell-mediated protection or alternatively 

enhancement towards flavivirus infection is a largely debated issue, we also carried out T cell 

transfer experiments from LGTV infected mice to naïve mice that were subsequently 

challenged with TBEV Hypr. So far, we could not identify T cell-mediated protection or 

enhancement but results of ongoing experiments will shed light on their possible involvement 

in TBEV infection of mice. Interestingly, in chapter 2 we identified full clinical protection 

against TBEV, but also detected viral TBEV RNA and consequences of viral CNS invasion 

such as neuronal necrosis, gliosis and inflammation in brains of TP21 or TBEV-280 immunized 

mice. Besides in vivo immunization studies and determining correlates of protection, another 

aim of this thesis was to establish a stable reverse genetic system of LGTV TP21. As described 

in chapter 4, we used a cloning and rescue strategy which has not been described for flaviviruses 

before, that lead to stable LGTV with a cpe and growth kinetics indistinguishable from those 

of the parental strain. Our reverse genetic system provides opportunities for viral modifications 

or insertions of foreign genes, while expanding our knowledge on cloning flaviviruses, which 

allows us to adapt this technique to TBEV research in the future  

The established mouse model as well as the adjusted adoptive transfer setup will be used to 

screen future TBEV vaccine candidates by collaboration partners. 
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